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Abstract  

The effects of transformer oil-based nanofluids have been broadly investigated and 

showcased a magnificent improvement in performance. But in natural esters based nanofluids 

characteristic performance persist virtually unexplored and still, there is a room for investigation. 

This work aims to examine the effect of three dissimilar types of nanoparticles such as Aluminum 

Oxide (Al2O3), Boron Nitrate (BN) and Ferrous Ferric Oxide (Fe3O4) at various volume 

concentrations on the characteristic performance of natural esters. Honge oil (HO), Neem oil (NO), 

Mustard oil (MO) and Punna oil (PO) is considered as the base fluid for investigation. The 

characteristic performances of base fluids are tested before and after blending of nanoparticles as 

per standards. The findings are quite promising because the performance of nanofluids shows a 

significant improvement. 

 

Index Terms – Natural esters, nanoparticles, nanofluids, dielectric properties. 
 

1. Introduction 
 

Increasing competition among transformer industries and environmental concerns forces 

the transformer industries to use biodegradable liquid insulation [1]. Advantages of natural ester 

(NE) liquid insulation when compared with mineral oil (MO) liquid insulation are higher 

breakdown strength, fire safety, better hydrophilicity, asset life extension, biodegradability and 

availability drive research and development activities [2]. However, the limited number of research 

works and cost hinders the usage of NE in specific applications [3]. In order to have an extensive 

application, NEs have to exhibit a high standard of electrical performance over a long span under 

all conditions. Hence there is a need to analyze the performance of NEs under various conditions.  

Over the decades, great efforts are taken to prepare nanofluids by blending nanoparticles 

with liquid insulation at various volume concentration and well-blended nanoparticles enhanced 

the electrical and thermal properties [4-6]. In specific, these two prime properties of nanofluids are 

crucial for the transformer industry in the view of reducing the size and weight. In the field of 
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liquid insulation, the term “nanofluid” was introduced by Choi et al., [4] which refers to the 

possibility of enhancing the heat transfer rate by dispersion of different metal oxide nanoparticles 

in liquid insulation. Karthik et al., [5] reported that nanofluids exhibited improvement in 

breakdown voltage for a particular volume fraction. Moreover, flashpoint and fire point of the 

nanofluids increase with volume fraction when applied with Al, Al2O3, Cu and CuO. Enhanced 

thermal and electrical properties of nanofluids attainment are reported in Tijerina et al., [7] using 

BN and Graphene nanoparticles. In this, thermal conductivity, dissipation factor and electrical 

resistivity are the parameters analyzed. Liu et al., [8] enhanced the relative permittivity and 

breakdown strength of nanofluids with the dispersion of nanoparticles. Du et al., [9] improved the 

thermal conductivity and dielectric properties of nanofluids with BN and Fe3O4. The change in 

volume fraction improves the thermal properties and it acts as a significant role in enhancing the 

breakdown strength of nanofluids according to bubble theory. The first study in natural ester-based 

nanofluids was reported by Li et al., [10] with the addition of Fe3O4 nanoparticle. After that 

Andritsch et al., [11] reported natural ester-based nanofluids. Peppas et al., [12] characterized the 

natural esters based nanofluids with iron oxide nanocrystals, which decrease the dielectric loss, 

increased thermal conductivity. 

In this work, different types of nanoparticles are blended with natural esters at various 

volume concentration forms nanofluids. Further, the fundamental electrical and thermal properties 

of those nanofluids are analyzed and discussed. Thermal property includes thermal conductivity 

which is measured for various concentrations. For electrical property, breakdown strength (BDV) 

of the nanofluids is measured with different concentrations. In addition to this, physical properties 

like viscosity (VIS), flash point (FLP) and fire point (FIP) are also determined with various 

concentrations. 

2. Sampling Procedure 

Table 1: Critical properties of base fluids 

 

Oil Samples Sample 

Acronym 

BDV (kV) FLP (◦C) FIP (◦C) VIS 

(cSt) 

Mineral Oil  (TO)  29 175 190 27 

Honge oil (HO) 43 298 310 117 

Neem oil (NO) 43 288 297 109 

Mustard oil (MO) 42 289 300 96 

Punna oil (PO) 42 280 305 130 

 

The natural ester oils (HO, NO, MO and PO) used in this work are collected from 

commercial industries and the basic important parameters of natural esters are shown in Table 1. 
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Natural ester oil selection based on the available saturated and unsaturated fatty acid contents as 

shown in Table 2. The natural esters are chemically stable when it has higher saturated fatty acid 

contents, but at the same time, they have higher viscosity. The unsaturated fatty acid has low 

viscosity and chemically unstable.  

The collected liquid insulations are pre-treated to remove moisture content and particles 

which is present in the oil. Nanofluids are prepared by blending of nanoparticles like Aluminum 

oxide (Al2O3), Boron nitrate (BN) and Ferrous Ferric oxide (Fe3O4) with various volume fractions 

into filtered liquid insulations by mechanical stirring for 45 min and subsequently ultrasonication 

process for 2h at 60% amplitude to have a fine dispersion and reduce agglomeration. A small 

quantity of Oleic acid is used as a stabilizer to reduce the agglomeration of nanoparticles. It is 

observed from the experiments that presence of stabilizing agents has no or very weak influence 

on properties of liquid insulations. Transmission Electron Microscope (TEM) images of Al2O3, 

BN and Fe3O4 nanoparticles are taken on 3rd day from the preparation of samples as shown in Fig.1 

(a-c). The image of Al2O3 shows that the particles are near spherical in shape and average size of 

nanoparticles are in between 30 nm to 70 nm (Fig.1 (a)). The image of BN revels that the average 

size of nanoparticle is around 40 nm (Fig.1 (b)). It is observed from the Fe3O4image the 

nanoparticles are well dispersed and the shape is spherical and the average size of the nanoparticles 

used in this work is between 50 nm – 75 nm (Fig.1(c)). Measurements are carried after 3 days from 

the preparation of samples to observe the agglomeration of nanoparticles. It is found that the 

average shelf life of prepared nanofluids is about 12 days at room temperature. 

 

Table 2: Investigating Base Oil Samples 

 

Vegetable oils 

Percentage of fatty acids compositions (%) 

Saturated 
Mono 

unsaturated 

Poly 

unsaturated 

Honge Oil (HO) 21 62 16 

Neem Oil(NO) 40 20 39 

Mustard Oil (MO) 13 65 23 

Punna Oil (PO) 39 59 2 
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(a)                                                                                (b) 

 

(c) 

Fig. 1: TEM images of nanoparticles dispersed (a) Al2O3, (b) BN and (c) Fe3O4 

3. Experimental details 

In order to understand the effect of different nanoparticles and their concentration in liquid 

insulation, the characteristics such as breakdown voltage, viscosity, flash point and fire point 

measured for nanofluids with various particle volume concentrations as per IEC and ASTM 

standards. The above measurement on the parameters contains sufficient information to find out 

the suitability of these nanoparticles and their concentration in enhancing the properties of 

nanomodified liquid insulations. 

3.1 Breakdown Voltage 

The BDV of the oil samples measured with Megger make BDV measurement kit as per 

IEC 60156 standard. The test setup consists of two spherical electrodes of standard diameter with 

the spacing of 2.5 mm. The test voltage is directly applied with the rate of 2 kV/s. Six progressive 

estimations of BDV are obtained with the delay time of 2 minutes [13]. The prepared nano-fluids 

BDV are measured under AC voltage at room temperature and pressure (RTP) and raised the 

temperature (60 ºC) as given in Tables 3 - 7 and Figures 2 - 7. 
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3.2 Viscosity 

For better cooling, the oil which is circulated in the transformer tank should have greater 

viscosity. As per ASTM D445 [14] standard, the viscosity of oil samples is measured using 

Redwood Viscometer at room temperature (30°C) and raised temperature (90°C). The increment 

and decrement in viscosities of the samples are shown in Tables 3-7 and Figures 2-7. 

3.3 Flash and Fire Point 

As per ASTM D92 standard [15], a closed cup Pensky Martin kit is used to measure the oil 

samples flash point and fire point. Here, the oil samples are loaded in the test cup and through 

energy regulator, oil samples temperature is gradually raised. Enhancement percentage of oil 

samples flash point and fire point are shown in Tables 3 - 7 and Figures 2-7. 

Table 3: Vital parameters of Transformer oil (TO) with nanoparticles 

 
Sample 

Name 

Nano 

particles 

Volume 

Concentration 

BDV (kV) VIS (cSt) 
FLP 

(oC) 

FIP 

(oC) At 

RTP 

At  

60◦C 

Standard 

Deviation 

At 

RTP 

At  

90◦C 

TO1 

(Pure 
oil) 

- - 29 36 1.6 15 9 175 190 

TO2 

Al2O3 

0.05 20 49 2.4 17.4 10.5 177 192 

TO3 0.25 22 48 2.7 18.9 11.8 179 195 

TO4 0.5 22 48 1.9 21.6 13.6 181 197 

TO5 

BN 

0.05 24 50 2.9 17.8 10.8 178 193 

TO6 0.25 24 53 2.6 19.7 12.5 180 194 

TO7 0.5 24 51 2.8 22.4 14.3 183 197 

TO8 

Fe3O4 

0.05 22 51 2.2 18.2 10.4 178 193 

TO9 0.25 24 54 2.6 20.3 11.6 181 196 

TO10 0.5 25 50 2.5 23.6 12.7 184 199 

 
 

Table 4: Vital parameter of Honge oil (HO) with nanoparticles 

 

Sample 

Name 

Nano 

particles 

Volume 

Concentration 

BDV (kV) VIS (cSt) 
FLP 

(oC) 

FIP 

(oC) At 

RTP 

At  

60◦C 

Standard 

Deviation 

At 

RTP 

At  

90◦C 

HO1 
(Pure 

oil) 

- - 43 49 2.7 58 24 298 310 

HO2 

Al2O3 

0.05 42 64 1.9 60 25.4 302 312 

HO3 0.25 45 61 2.8 62.5 26.6 305 315 

HO4 0.5 45 57 2.4 64.6 27.8 304 314 

HO5 

BN 

0.05 43 59 2.2 59.7 25.7 310 327 

HO6 0.25 43 60 1.7 61.3 27.2 308 326 

HO7 0.5 43 59 2.6 64.4 29.5 309 329 

HO8 

Fe3O4 

0.05 44 63 2.5 60.3 25.6 315 321 

HO9 0.25 44 63 2.9 62.7 27.5 316 323 

HO10 0.5 44 61 2.6 65.2 29.2 317 329 
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Table 5: Vital parameter of Neem oil (NO) with nanoparticles 

 

Sample 

Name 

Nano 

particles 

Volume 

Concentration 

BDV (kV) VIS (cSt) 
FLP 

(oC) 

FIP 

(oC) At 

RTP 

At  

60◦C 

Standard 

Deviation 

At 

RTP 

At  

90◦C 

NO1 

(Pure 
oil) 

- - 43 48 2.7 60 26 288 297 

NO2 

Al2O3 

0.05 42 62 3.2 61.3 27.6 301 311 

NO3 0.25 44 59 2.4 62.9 29.2 303 310 

NO4 0.5 44 52 2.9 64.5 30.7 303 309 

NO5 

BN 

0.05 43 58 3.5 61.6 27.3 300 319 

NO6 0.25 44 61 3.1 62.8 28.9 297 321 

NO7 0.5 44 60 2.6 64 30.4 298 323 

NO8 

Fe3O4 

0.05 45 61 2.8 61.4 27.5 305 315 

NO9 0.25 45 61 3.2 62.5 29.5 306 314 

NO10 0.5 44 63 2.7 64.4 30 307 316 

 

 

Table 6: Vital parameter of Mustard oil (MO) with nanoparticles 

 

Sample 

Name 

Nano 

particles 

Volume 

Concentration 

BDV (kV) VIS (cSt) 
FLP 

(oC) 

FIP 

(oC) At 

RTP 

At  

60◦C 

Standard 

Deviation 

At 

RTP 

At  

90◦C 

MO1 

(Pure 

oil) - - 

42 47 2.8 45 21 289 300 

MO2 

Al2O3 

0.05 42 60 3.4 46.2 22.7 290 302 

MO3 0.25 45 58 3 47.6 24.3 292 305 

MO4 0.5 45 51 2.7 49 26.4 293 308 

MO5 

BN 

0.05 42 56 2.9 46.4 22.4 291 303 

MO6 0.25 45 58 2.4 47.5 24 293 306 

MO7 0.5 46 57 3.1 48.9 25.8 294 309 

MO8 

Fe3O4 

0.05 46 60 1.9 46 22.5 291 303 

MO9 0.25 46 59 2.5 47.3 24.4 294 306 

MO10 0.5 44 60 2.8 49.2 26.7 295 310 

 

Table 7: Vital parameter of Punna oil (PO) with nanoparticles 

 
Sample 

Name 

Nano 

particles 

Volume 

Concentration 

BDV (kV) VIS (cSt) 
FLP 

(oC) 

FIP 

(oC) At 

RTP 

At  

60◦C 

Standard 

Deviation 

At 

RTP 

At  

90◦C 

PO1 

(Pure 
oil) 

- - 42 47 2.2 52 23 280 305 

PO2 

Al2O3 

0.05 43 61 2.8 52.8 24.2 282 309 

PO3 0.25 46 59 2.1 54.3 25.5 280 308 

PO4 0.5 45 50 2.7 55.7 26.4 284 311 

PO5 

BN 

0.05 45 60 2.4 53.5 24.5 283 310 

PO6 0.25 46 58 3.2 54.2 25.8 281 311 

PO7 0.5 45 61 2.4 55.5 26.7 287 308 

PO8 

Fe3O4 

0.05 43 57 3.1 53.6 24.6 289 308 

PO9 0.25 46 57 2.4 54.5 25.7 288 310 

PO10 0.5 47 58 2.6 55.8 27 287 313 

 

4. Results and Discussion 

 Breakdown voltage of nanofluids is measured for different volume concentrations as 

shown in Figures 2-7. It’s significant to observe that the breakdown voltage of nanofluids gets 

enhanced compared to pure liquid insulation samples. The breakdown voltage of nanofluids 
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enhanced with the increase in volume concentration for all types of nanoparticles. The existence 

of Al2O3, BN and Fe3O4 nanoparticles in TO samples enhances the breakdown voltage from 33.3% 

to 36.1%, 38.8% to 47.2% and 38.8% to 50% respectively. For HO samples enhancement in 

breakdown voltage from 24.4% to 30.6%, 20.4% to 22.4% and 24.4% to 28.5% respectively. For 

NO samples enhancement in breakdown voltage from 8.3% to 29.1%, 20.8% to 27% and 27% to 

31.2% respectively. For MO samples enhancement in breakdown voltage from 8.5% to 27.6%, 

19.1% to 23.4% and 25.5% to 27.6% respectively and for PO samples enhancement in breakdown 

voltage from 6.3% to 29.7%, 23.4% to 29.7% and 21.2% to 23.4% respectively. The growth of 

streamer between two hemispherical electrodes is proportional to breakdown strength of liquid 

insulation and applied voltage. This evident that, nanoparticles dispersed in liquid insulation 

effectively trap the mobility of electrons which causes positive streamer and breakdown strength 

gets enhanced. 

 Fe3O4 nanoparticle dispersed nanofluids breakdown voltage is high compared to other 

nanofluids (i.e. Al2O3 and BN nanoparticles dispersed nanofluids). Breakdown voltage of 

nanofluids mainly relies on size, shape and relaxation time constant of the nanoparticle. The size 

of nanoparticles which are used in this work is less than 100nm diameter and spherical in shape. 

If the nanoparticle size is less, the density of the nanoparticle in nanofluid is greater than 

nanoparticle with the larger size for similar concentration. This increases the nanoparticle 

population to trap free electrons from streamers at a higher rate and leads to higher breakdown 

strength [6]. Fe3O4 nanoparticles relaxation time constant is low compared with Al2O3 and BN 

nanoparticles, hence, nanofluids with Fe3O4 nanoparticles have greater breakdown strength than 

nanofluids with Al2O3 and BN nanoparticles. Fe3O4 based nanofluids have higher scavenging rate 

of charges from streamer and also changes the electrodynamic properties of nanofluids. The 

volume concentration at which maximum breakdown voltage occurs is called critical particle 

concentration. Beyond that volume concentration breakdown voltage of nanofluids starts 

decreasing. For some nanofluids at 0.25g/L volume concentration, breakdown strength reaches the 

maximum point. Further, for 0.5g/L volume concentration, breakdown voltage begins to fall. With 

the increase in volume concentration, electrodynamics of nanofluids altered and breakdown 

voltage of nanofluids dropped [16]. Moreover, comparing the breakdown voltage of nanofluids, 

HO, NO, MO and PO based nanofluids have greater breakdown strength then TO. Further, this 

proves that natural esters are the competitive alternate for TO.  
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 Relaxation time constant of nanoparticles have a key impact in the electrodynamic process 

of nanofluids and this may be the reason for the enhancement of breakdown voltage of nanofluids. 

When the nanoparticles relaxation time constant is less with regard to the timescale of streamer 

development, it modifies the electrodynamics of nanofluids [17]. Nanofluids relaxation time 

constant is calculated by: 

τ = (2ε1+ε2) / (2σ1+σ2)                   (1) 

Where, 

ε1 – Permittivity of liquid insulation 

ε2 – Permittivity of nanoparticles   

σ1 – Conductivity of liquid insulation 

σ2 – Conductivity of nanoparticles   

The relaxation time constant of a nanofluid is depends on size of nanoparticle, volume 

concentration, density and temperature. With the change in temperature, relaxation time of 

nanofluids gets changed. As temperature rises, relaxation time of nanofluids is short and vice versa 

for lower temperature. 

By substituting the values in the above equation, τ for all the nanoparticles are evaluated. 

We obtain τ=7.4*10-14 for Fe3O4 nanoparticle, which is extremely short and it significantly changes 

the electrodynamics of streamer development. Nanoparticles trap the free electrons which travel 

quickly towards anode and forms negatively charged nanoparticles. Further, it generates spatial 

electric filed, which reduces field strength near the cathode. Consequently, the injection rate of 

free electrons into the nanofluids at cathode gets reduced. Space charge is developed at the tip of 

streamer because of low mobility of negatively charged nanoparticle; this alters the 

electrodynamics of the electric field. Subsequently, the streamer propagation mechanism leading 

to breakdown gets affected [17]. Because of the above process breakdown strength of nanofluids 

are higher than pure liquid insulations. 

Liquid insulations not only act as insulation agent but also act as a coolant in transformers. 

The viscosity of liquid insulation is described as an internal resistance to flow and it is a key anxiety 

for thermal applications [18]. It is inferred from Tables (3-7) at room temperature (30oC) and 

enhanced temperature (90oC) the viscosity of nanofluids has higher value than pure liquid 

insulations. Viscosities of both the liquids get decreased at enhanced temperature. This can be 

described in two aspects. The rise in temperature alters the bond between the molecules and the 

ACCEPTED M
ANUSCRIP

T



bond between the particles is weakened. Simultaneously, liquid molecules are close to one another, 

therefore the kinetic energy of molecules gets increases with increase in temperature. 

Oil samples viscosity is somewhat enhanced with the rise in volume concentration for all 

nanoparticles as shown in Figures 2 – 7. It involves the energy required to overcome the internal 

friction in nanofluids. With the increased volume fraction, more particles dispersed in nanofluids. 

Hence, greater energy is required to overwhelm the internal resistance of the nanofluids. Thereby 

the viscosities of nanofluids have higher value than pure liquids. Blended nanoparticles increase 

the viscosity of TO samples from 14.3% to 33.8%. For HO samples, viscosity increases from 5.5% 

to 18.6%. For NO samples, viscosity increases from 5.8% to 15.3%. For MO samples, viscosity 

increases from 6.2% to 21.3%. For PO samples, viscosity increases from 5% to 14.8%. Viscosity 

of liquid insulation has greater influence in cooling of transformers. With the increased viscosity 

of nanofluids may affect the ability to conduct the heat generated in transformer windings during 

the operation. The viscosity of nanofluids is altered by volume concentration, agglomeration of 

blended nanoparticles and shape and size of nanoparticles in oil samples. Blended nanoparticles 

in oil samples form a structure which leads to less mobilization and causes the oil samples to be 

low viscous [19]. The enhanced viscosity declines the possible interest on nanofluids. For that 

reason, it is important to do further studies on nanofluids viscosity. 

 Generally, flash point is defined as the lowest temperature at which the ignition source 

causes vapor in liquid insulation. Similarly, the temperature at which the ignition source causes a 

fire in the liquid insulation is called fire point. If the flash and fire point is high, then possibility of 

fire hazards is less [20]. With the rise in volume concentration, flash point and fire point values of 

nanofluids get enhanced as shown in Figures. 2 – 7. The presence of nanoparticles enhances the 

TO samples flash point and fire point from 1.1% to 4.9% and 1% to 4.5% respectively. For HO 

samples, flash point and fire point enhanced from 1.3% to 6.3% and 0.6% to 6.1% respectively. 

For NO samples, flash point and fire point enhanced from 3.1% to 6.5% and 4% to 8.7% 

respectively. For MO samples, flash point and fire point enhanced from 0.3% to 2% and 0.7% to 

3.2% respectively. For PO samples, flash point and fire point enhanced from 0.4% to 3.1% and 

1% to 2.6% respectively. It’s evident that nanofluids have better thermal properties than pure liquid 

insulations. With the increase in volume concentration of smaller size nanoparticles, density of 

nanoparticles gets increases. This enhances the probability of population of nanoparticles to form 

chainlike aggregation and this leads to better thermal expansion. Such enhancement in thermal 

properties is predicted that nanofluid containing aggregation of particles and this may be the 
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backbone of thermal expansion. When comparing the flash point and fire point, pure esters and 

nano-modified esters have enhanced flash point and fire point values than pure TO and nano-

modified TO samples. This assures that natural esters are a possible alternative for TO. 

Nanoparticles exist in the liquid insulation alters constantly and unevenly causes Brownian motion 

which can enhance the thermal properties of nanofluids. Thermal properties of nanofluids are 

influenced by agglomeration of nanoparticles dispersed, size, shape, heat transfer ability and 

Brownian motion of the nanoparticles [6].  

 
 

Fig. 2: Vital characteristics of TO oil samples with nanoparticles 

 

 
 

Fig. 3: Vital characteristics of HO oil samples with nanoparticles 

ACCEPTED M
ANUSCRIP

T



 
 

Fig. 4: Vital characteristics of NO oil samples with nanoparticles 

 

 
 

Fig. 5: Vital characteristics of MO oil samples with nanoparticles 

 
 

Fig. 6: Vital characteristics of PO oil samples with nanoparticles 
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(a)                                                                                     (b) 

 
  (c) 

Fig.7: Overall comparison of BDV of nanofluids with respect to volume concentration (a) Al2O3, (b) BN and (c) 

Fe3O4 

Conclusion 

 In this study, the performance of various nanofluids blended with different nanoparticles 

TO, HO, NO, MO and PO are experimentally analyzed for different volume concentrations. 

Further, comparisons are made based on various nanoparticles and its concentration.  

 It is observed that natural ester with Al2O3, TiO2 and Fe3O4 nanoparticles have enhanced 

breakdown voltage. When comparing the breakdown voltage of nanofluids, Fe3O4 nanoparticle 

dispersed liquid insulations have a higher breakdown voltage than others. The oil samples 

containing TO have higher enhancement percentage compared to natural esters. 

 By considering the viscosity, enhancement percentage of the viscosity of all oil samples 

are reported. It clearly shows that the viscosity of natural esters (HO, NO, MO, and PO) are higher 

than TO. With the rise in volume concentration, oil samples viscosity gets enhanced and the 

enhancement rate depends on various factors. 

ACCEPTED M
ANUSCRIP

T



 By concerning over thermal properties, with the increase in volume concentration, oil 

samples flash point and fire point gets enhanced. Compared to TO, natural esters (HO, NO, MO, 

and PO) have higher thermal properties. 

 When comparing the above-accounted investigation results and discussion, natural esters 

(HO, NO, MO, and PO) based nanofluids have greater characteristics than TO except viscosity. 

So there may be a concern over viscosity of natural esters (HO, NO, MO, and PO) is required. It 

is concluded that apart from viscosity, natural esters (HO, NO, MO, and PO) are the promising 

alternative for TO. 
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A comparative study on characterisations
of Cissus quadrangularis and Phoenix
reclinata natural fibres

K Mayandi1, N Rajini1, P Pitchipoo2, VS Sreenivasan3,
JT Winowlin Jappes4 and A Alavudeen1

Abstract

The morphological, physicochemical, mechanical and thermal properties of Veldt-grape stem fibre and wild date palm leaf

stalk fibre are described in this work, which are seldom studied before. The botanical name of Veldt-grape stem fibre and

wild date palm leaf stalk fibre are known as Cissus quadrangularis and Phoenix reclinata, respectively. The morphological

analysis of vegetable fibres showed the presence of cracks, microvoids and impurities on the surfaces of Veldt-grape stem

fibre and wild date palm leaf stalk fibre. Veldt-grape stem fibre possessed the lowest diameter and density of approxi-

mately 0.2668 mm and 1.2128 g/cm3, respectively, compared to wild date palm leaf stalk fibre. An X-ray diffraction and

Fourier transform infrared analysis of Veldt-grape stem fibre and wild date palm leaf stalk fibre exhibited the presence of

cellulose Ib with a crystallinity index of 30.9% and 38.8%, respectively. Wild date palm leaf stalk fibre contained high

surface roughness in the range of 0.904 mm than Veldt-grape stem fibre (0.611 mm). Tensile tests displayed that wild date

palm leaf stalk fibre has highest tensile strength of around 66 MPa, and Veldt-grape stem fibre has highest strain to failure

of around 6% in comparison with other fibre. The thermogravimetric analysis indicates that thermal stability of Veldt-

grape stem fibre and wild date palm leaf stalk fibre is better up to 230�C and 250�C, respectively, which are well within

the polymerisation process temperature.

Keywords

Natural fibres, physical properties, chemical analysis, mechanical properties, electron microscopy, thermal analysis

Introduction

Synthetic fibres are cheaper, stronger, more durable
and less sensitive to temperature and moisture than
natural ones.1 The advantages of synthetic fibre attract
the industries to use it in many applications, but
synthetic fibres are non biodegradable and hazardous
to the people handling them.2 More recently stringent
environmental regulations have been implemented by
several countries and an increased interest in the use
of natural resources by end users, has led to a positive
change among composite industries to produce bio-
degradable natural fibre composite applications.3

Today, a revolution in the use of natural fibres as
reinforcements in technical applications is taking place,
primarily in the automotive industry. European renew-
able fibres such as flax and hemp are now used to
manufacture door panels and roofs of automobiles.3

However, accelerating the substitution of synthetic
fibres by natural fibres requires the greater availability
of such fibres. But their current production level does
not meet today’s demand. New plants must be found
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that enable easy and cost-effective extraction methods
that do not impair the properties of fibre. These new
fibres must be analysed to determine their physical,
chemical and mechanical properties.4 Indran et al.5

identified a plant fibre namely Cissus quadrangularis
root fibre, as a new reinforcement and analysed its
morphology, physicochemical and thermal characteris-
tics. But, no attempt has been made to extract fibres
from other parts of the same plant.

A vegetable fibre is one of the varieties of natural
fibres obtained from the stems, leaves, roots, fruits and
seeds of plants. Vegetable fibres are abundantly avail-
able and have high specific mechanical properties.
Many kinds of textiles, ropes, canvas, strings, cords,
cables, mats, brushes, hats, baskets, fancy articles and
reinforced plastics are produced by using vegetable
fibres today.6 The plant of Veldt grape (VG) (C. quad-
rangularis) belongs to the family vitaceae.7 VG also
known as Devil’s backbone, Asthisamharaka and
Hadjod, is mostly available in the tropical regions of
India with both medicinal value and rich fibre content
in its roots as well as in its stem. VG is probably native
to India and Srilanka, but is also found in Africa,
Arabia and south Asia. VG is a common perennial
climber reaching a height of around 2.5m and has quad-
rangular sectioned stems with internodes of 1.5–1.8 cm
width and 10–15 cm length (Figure 1(a)).5 Till date
there has been only little research work on fibres
extracted from the root of this plant.

The wild date palm (Phoenix reclinata) tree
(Figure 1(b)) belongs to the family arecaceae. The
wild date palm, also known as Senegal date palm, is a
species of flowering plant in the palm family, native to
tropical Africa. The wild date palm is a dioecious
clumping palm, producing multiple stems from 7.5 to
15m height and 30 cm in diameter. The leaves are
2.5–4.5m in length, gently recurved on a 1 -m long
stalk.8 The leaf stalk of the wild date palm contains a
bunch of fibres. To the best of our knowledge, the wild
date palm leaf stalk fibre (WLF) has not yet been char-
acterised physically, chemically and mechanically.

In this work, an attempt has been made to identify a
new vegetable fibre reinforcement, such as Veldt-grape
stem fibre (VSF) (stem fibre) and WLF (leaf stalk fibre),
from different plants growing in the Western Ghats of
India. The present study aims to investigate the poten-
tial use of new vegetable fibres as reinforcements in
polymeric materials. The physicochemical, thermal
and mechanical properties of the new vegetable fibre
reinforcements were measured and compared with
those of other natural fibres. The degree of roughness
on the fibre surface was measured with the help of a
three-dimensional noncontact surface roughness tester.
A pycnometer was used to assess the density of fibres
and a chemical analysis was performed to determine

their lignin, cellulose, wax, moisture and ash content.
The chemical analyses of new vegetable fibre reinforce-
ments were fine tuned, using X-ray diffraction (XRD)
and Fourier transform infrared (FTIR) analysis.
A microscopic examination was carried out with a
scanning electron microscope (SEM). The tensile prop-
erties of VSF and WLF were measured using Instron
universal testing machine. The thermal degradation
properties of new plant fibre reinforcements were inves-
tigated, using thermogravimetric analysis (TGA).

Experimental

Materials

Veldt-grape stems and wild date palm leaf stalks were
collected from farms around the village, called
Kadayam in Tirunelveli district, Tamilnadu, India.
VSF and WLF were extracted from Veldt-grape stems
and wild date palm leaf stalks, respectively, using the
microbial degradation technique. Saravanakumar
et al.9 described the microbial degradation technique
used for extracting vegetable fibres from their source.

Figure 1. (a) Veldt-grape plant with extracted VSF (b) wild date

palm tree with extracted WLF.
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The extracted VSF and WLF were dried in the sunlight
for a week to remove the moisture content and machine
combed for separation. The dried and separated fibres
were used for characterisation. Figure 1 shows (a)
Veldt-grape plant with extracted VSF and (b) wild
date palm tree with extracted WLF.

Characterisation of VSF and WLF

Fibre surface morphology. The fibre surface morphology of
VSF and WLF samples was examined using a SEM,
JEOL model 6390. Prior to the analysis, the samples
were coated with platinum (layer thickness� 30nm) to
avoid sample charging under the electron beam. The
secondary electrons were used for imaging. The surface
morphology of VSF and WLF was examined at different
magnifications individually.

Physical analysis. The goal of this section is to describe
the methodology for measuring cross-sectional area,
density and fineness of VSF and WLF. The average
fibre diameters of VSF and WLF were determined
from 30 samples each through optical microscope
images taken in the longitudinal direction using
Image-pro software (Figure 2). The surface of the
fibre has been observed using a Motic optical micro-
scope equipped with a Moticam 2500 camera, digitally
controlled by Motic Images Plus 2.0 ML image process-
ing software. Both fibres show a variation in diameter
along the length of the fibre.

The density measurements of VSF and WLF were
carried out individually using a pycnometer for solids,
with toluene as the immersion liquid following the pro-
cedure of Beakou et al.3 The fibres were dried for 96 h
in a desiccator containing silica. They were then cut
into lengths of 5–15mm, and were introduced into the
pycnometer, which was then placed in the desiccator for
24 h. The temperature in the room was 18.1�C. The
hygrometry was 57% in the room and only 3% in the
desiccator. Before carrying out the hydrostatic weigh-
ing with toluene, the fibres were impregnated with tolu-
ene for 2 h to evacuate the microbubbles in the fibres.
The density of toluene is rt¼ 0.866 g/cm3. In this work,
the average density value of the five measurements was
reported in each type of the fibres.

The density of the vegetable fibre was calculated
using the following formula

�vegetable fibre ¼
m2�m1ð Þ

m3�m1ð Þ m4�m2ð Þ
�t ð1Þ

where �vegetable fibre is the density of VSF/WLF (g/cm3),
�t is the density of toluene (g/cm

3), m1 is the mass of the
empty pycnometer (kg), m2 is the mass of the pycn-
ometer filled with chopped fibres (VSF/WLF) (kg), m3

is the mass of the pycnometer filled with toluene (kg)
and m4 is the mass of the pycnometer filled with
chopped fibres (VSF/WLF) and toluene (kg).

The fineness of VSF and WLF was determined sep-
arately, in terms of the linear density in accordance with
ASTM D 1577-92.4 The linear density was obtained as
Tex/denier from the weight of 100 single fibres that were
each 60mm in length.

Chemical analysis. The goal of this analysis was to deter-
mine the content of lignin, cellulose, wax, moisture and
ash of VSF and WLF individually using conventional
chemical, XRD and FTIR analyses. The determination
of the lignin content was carried out according to the
Klason method.10 The cellulose content was measured
according to Kurschner and Hoffer’s method.11 The
wax content of VSF and WLF was determined follow-
ing the method developed by Conrad.12 The ash con-
tent was analysed as per the ASTM E 1755-61
standard13 and the samples were dried in an oven at
104�C for 4 h to determine the moisture content.4 The
percentage of cellulose, lignin, wax, moisture and ash

Figure 2. Optical microscope images of (a) VSF and (b) WLF

for the determination of fibre diameter using Motic images 2.0ML

software.
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content was found, and the average of three samples
with standard deviation values had been reported.

X-ray spectra (scan range (2y) ¼ 10–80�; y ¼ diffrac-
tion angle; scan speed ¼ 5.0�/min) of VSF and WLF
were obtained separately with a Rigaku X-ray diffract-
ometer D/Max Ultima III, with an X-ray tube produ-
cing monochromatic Cu Ka radiation. The integrated
intensities of the Bragg peaks in the spectra of VSF and
WLF were identified, and their crystallinity indices
were estimated.

FTIR spectra of VSF and WLF were recorded
singly, using a Perkin Elmer Spectrum RXI FTIR
spectrometer in a KBr matrix with a scan rate of 32
scans per minute and a resolution of 2 cm�1 in the wave
number region from 400 to 4000 cm�1. Vegetable fibre
(VSF/WLF) samples were chopped into small particles
using scissors, and ground to a fine powder using a
mortar and pestle. This powder was mixed with KBr
and pelletised by pressurisation to record the FTIR
spectra under standard conditions.

Tensile behaviour. VSF and WLF were tested one by one
in dry conditions under tensile loading, at a gauge
length of 50mm in an INSTRON universal testing
machine of type 5500R, according to the ASTM D
3379 standard.14 Pneumatic grips were used to clamp
the fibre with a pressure of 0.4MPa. A 1.0 kN capacity
load cell was used to measure the load. The displace-
ment of the fibre was measured by a short-stroke trans-
ducer with a resolution of approximately 0.1 mm. The
tensile tests were conducted with a crosshead speed of
10mm/min. The average strain rate was in the order of
0.6 s�1. To account for the variability of natural fibres,
25 samples were tested from each type of vegetable
fibres, and the average value was reported. All the
tests were conducted at ambient temperature (� 21�C)
and a relative humidity of about 61%.

Thermogravimetry/Differential Thermal Analyzers(TG/DTA).

The thermal stability behaviour of VSF and WLF
was assessed independently by the TG and DTG ana-
lysis using Jupiter Simultaneous thermal analyzer
(Model STA 449 F3, NETZSCH, Germany). To
avoid oxidation effects, the TGA analysis was carried
out in a nitrogen atmosphere at a flow rate of 20ml/
min. Ten milligrams of vegetable fibre (VSF/WLF)
were crushed and kept in an alumina crucible, to
avoid the temperature variations measured by the
thermocouple. The heating rate was maintained at
10�C/min for heating it from 28�C to 1000�C.

Surface roughness measurement. A noncontact 3D profiler
(Talfsurf CCI MP, UK) was used to measure the
surface roughness of VSF and WLF separately. The
mean surface roughness was measured and the average

value of five measurements was reported in each case.
The fibres of 50mm length were used for the measure-
ment. The measurement was carried out along the
length of the specimen. The procedure for the surface
roughness test is as follows. The fringes are made
visible and then a raw profile is made. Then the fill in
nonmeasuring point is obtained. The levelling profile is
fixed and the 3D view is obtained. The 2D reference
graph is made, and the filtering waviness and roughness
graph are drawn.

Results and discussion

Fibre surface morphology

SEM provides an excellent technique for the
examination of surface topography of natural fibres.
Figure 3(a,b) shows the SEM micrographs of the lon-
gitudinal views of VSF. A rougher and more uneven
surface morphology of VSF is observed in Figure 3(a).
In order to have a close look at the microstructure of
VSF, the magnified image is taken and shown in

Figure 3. SEM micrograph of Veldt-grape fibre surface (a) the

longitudinal view of VSF in lower magnification and (b) higher

magnification.
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Figure 3(b). This morphology reveals that cracks,
microvoids and impurities appear on the surface of
VSF. The rough fibre surface enhances its mechanical
interlocking with resins.2,4,15 Moreover, thick lines were
observed in VSF surface with rectangular tray-shaped
surface texture. Figure 4(a,b) shows the SEM micro-
graph of longitudinal view of WLF surface with
lower and higher magnifications. It shows regularly
arranged and square-shaped cell arrays over the entire
fibre surface. The thickness of lines on WLF surface
appears to be thinner than that of VSF. The rectangu-
lar and square shaped boxes on VSF and WLF surface
can also be clearly visualised from the surface texture
(Figure 5) of both fibres, obtained from surface rough-
ness tester. The surface irregularities of VSF and WLF
will provide good interfacial bonding with matrix, when
these fibres are used to manufacture composites.

Physicochemical properties

The physicochemical characteristics of VSF and WLF
are compared with those of natural fibres from the

literature and reported in Table 1. The diameter of
the natural fibre depends upon the source and growth
rate of the plant.15 The fibre diameter is one of the
factor which determines its strength and modulus.
Generally, when the fibre diameter is low, then the
strength of the fibre is high and vice versa.16,17 The
average fibre diameter was calculated from 30 samples
through optical microscope images taken in the longi-
tudinal direction using image pro software (Figure 2).
VSF and WLF have the lowest (0.2668mm) and high-
est (0.572mm) diameters, respectively, among the vege-
table fibres analysed. Moreover, the tensile result of
individual fibre also depends on the factors such as
area of lumen, number of lumens, the number and
size of the fibre cells and thickness of the secondary
cell walls. The increasing internal area of the lumen
with decreased secondary cell wall thickness can be
seen in the cross section of VSF as shown in Figure 6.
The decreasing secondary cell wall thickness is one of
the reason for lowering the fibre strength and Young’s
modulus of VSF as reported by others.16 Whereas, the
increasing secondary cell wall thickness is reported in
Sbiai et al.,18 the morphological cross-section studies of
date palm family fibre. It can be the reason for possess-
ing higher tensile properties in the case of WLF.

Fibre density is believed to be closely related to the
mechanical properties, moisture absorption, homogen-
eity and degree of order of the fibre.19 The densities of
VSF and WLF computed using equation (1) are
reported in Table 1. There is no significant change in
the densities of natural fibres studied. Comparatively,
VSF possessed the lowest density of 1.2128� 0.7 g/cm3

(Table 1). This low density is favourable for producing
lightweight applications using VSF. Another applica-
tion for this low density is in the construction of ther-
mal and acoustic insulation using panels reinforced
with VSF. The fineness of VSF and WLF was deter-
mined in terms of their linear density. VSF has a fine-
ness of 10.6� 0.66 Tex, which is less than that of WLF
(70.3� 3.8 Tex).

The chemical composition of the fibre influences its
properties, and in many ways the fibres themselves can
be considered fibrous composite materials.20–24 For
example, the cellulose content has an important influ-
ence on the mechanical properties of natural fibres.25

As shown in Table 1, VSF possesses the highest holo-
cellulose (a-cellulose hemicellulose) content of 81.38%,
however it can exhibit lower tensile properties com-
pared to WLF. It implies that the percentage of a-cel-
lulose content only plays a significant role to decide the
final tensile strength of the fibres.22 Accordingly, the
increased relative percentage of a-cellulose is the
reason for possessing higher tensile strength in WLF.
It is further confirmed from the higher crystallinity
index (CI) value of XRD by the presence of more

Figure 4. SEM micrograph of wild date palm fibre surface

(a) the longitudinal view of WLF in lower magnification and

(b) higher magnification.
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crystalline region. The increasing crystalline region
indicates the presence of higher a-cellulose content in
natural fibres.23 WLF possesses the lowest lignin con-
tent of 14.11%. The wax content in raw fibres affects
the interfacial bond between the fibre and the matrix,
during composite formation.4 From Table 1, a very low
wax content is reported for VSF (1.2%) and WLF
(0.29%). Therefore, the better interfacial bonding
between the raw fibres (VSF/WLF) and thermosetting
is expected with less amount of wax content. No

significant change is obtained in the moisture content
of VSF (10.11%) and WLF (10.26%). VSF contains the
lowest ash content, when compared to WLF. This low
ash content (1.67%) increases the fire-resistant charac-
teristics of VSF.

Surface roughness. The mean average roughness (Ra) was
found out for both fibres, to explore the compatibility
between fibres and the matrix. In general, the strength
of the fibre-reinforced composites is mainly based on

Figure 5. 3D surface texture combined with 2D line diagram and roughness parameters of (a) VSF and (b) WLF.
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the interfacial adhesion between the fibre and the
matrix. Moreover, the magnitude of adhesion depends
upon the degree of roughness of the fibre surface. The
shear resistance to the failure of composites is quanti-
fied from the existence of the frictional force at the
interface. Accordingly, the value of frictional force
does not depend on the area of contact; instead, it
was mainly influenced by the degree of roughness.
Hence, it is important to study the roughness of fibre
surface, so that the behaviour of interfacial adhesion
can be anticipated. Figure 5(a) shows the surface
texture of VSF in X–Y plan combined with 2D line
diagram and surface parameters. The Ra value of
VSF is 0.611� 0.15 mm. The Ra value of WLF
(0.904� 0.10mm) was found to be higher than that of
VSF. Figure 5(b) shows the surface texture of WLF in
the X–Y plane from the three-dimensional image. With
the help of this Figure 5(b), one can easily find the
variation of the surface texture through visual inspec-
tion, with the help of colour combinations. Figure 5(b)
shows the 2D line diagram of WLF surface pattern. It
clearly indicates the variation of surface roughness
along the length of the fibres. The variation in peak
value shows the nonuniform surface roughness of
fibre. Accordingly, WLF surface contained large
number of peaks, which were attributed to maximum
value of average mean roughness (Ra) of WLF.
Moreover, the presence of voids in the surface textures
of VSF and WLF indicates the existence of
irregularities.

XRD analysis. Figure 7 displays the X-ray spectra of
VSF and WLF. From Figure 7, it is observed that
both spectra contained two peaks, that are particularly
well defined for the natural fibres. The presence of these
diffraction peaks indicates that VSF and WLF were
semicrystalline. According to several authors26,27 the

two peaks situated at 2y¼ 15.9� and 2y¼ 22.3� can be
attributed to cellulose I and IV, both of which exhibit a
monoclinic structure.26–28 However, the FTIR analysis
also showed the characteristic band for cellulose Ib

27–29

in VSF and WLF. This result indicated that the type of
cellulose present in VSF and WLF is cellulose Ib.

The two peaks in all the spectra (Figure 7) are attrib-
uted to the [0 0 2] and [1 1 0] crystallographic planes
that are corresponding to the amorphous and crystal-
line peaks, respectively.26,30,31 The CI was estimated
using the following expression32

CI ¼
ðI002 � IamÞ

ðI002Þ
� 100 ð2Þ

where I002 is the height of the peak at 2y angle close to
22.3�. This is due to the contribution of both amorph-
ous and crystalline fractions. Iam is the diffracted inten-
sity at 2y angle close to 15.9� where the intensity is
minimum.31,33,34 The CIs of VSF and WLF calculated
using equation (2) are presented in Table 2.
Comparatively, VSF had the lowest CI of 30.9%.
This may be due to the presence of the amorphous
constituents in VSF. WLF had the highest CI of
38.8%. This result suggests that the crystallites of
WLF were more ordered than that of VSF.

FTIR analysis. FTIR spectroscopy is used to characterise
lignocellulosic fibres, by using the infrared characteris-
tic transmittance bands of their constituents. The FTIR
spectra for VSF and WLF are presented in Figure 8.
The reported values of band positions vary from author
to author.28,29,33,35,36 The positions of the vegetable
fibre bands vary by about 16 cm�1, and a given band
can have several origins.36 Cellulose Ib at 3400 cm�1

and 760 cm�1 28,29 was present in both fibres. The C–
O aromatic ring of cellulose at 1335 cm�1 37 was also

Table 1. Comparison of physical and chemical properties of various natural plant fibres.

S. No

Fibre

types

Cellulose

content

% [SD]

Lignin

content

% [SD]

Wax content

% [SD]

Moisture

content

% [SD]

Ash

content

% [SD]

Density

g/cc [SD] Refs.

1 VSF 81.38 [1.61] 15.918 [0.38] 1.20 [0.12] 10.11 [0.36] 1.67 [0.31] 1.2128 [0.07] –

2 WLF 77.94 [0.87] 14.11 [0.27] 0.29 [0.08] 10.26 [0.52] 4.86 [0.22] 1.2520 [0.05] –

3 Sancevieria 79.7 3.8 0.09 6.08 – 0.915 [4]

4 Borassus 68.94 5.37 0.64 6.83 – 1.256 [19]

5 Banana 83 5 – 10.71 – 1.35 [6,20,21]

6 Sisal 78 8 2 11 1 1.45 [20,22]

7 Jute 61–71.5 11.8–13 0.5 12.5–13.7 0.5–2 1.3–1.46 [21,23]

8 Coir 37 42 – 11.36 – – [6,21]

9 Bamboo 20–43 1–31 – 9.16 – 0.91 [6]

Note: VSF, Veldt-grape stem fibre; WLF, wild date palm leaf stalk fibre.
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Figure 6. Cross-sectional view of VSF.

Figure 7. X-ray spectra of VSF and WLF.
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seen in all the fibres. Lignin at 1510 cm�1 28 existed in
VSF and WLF. The CH stretch of nonaromatic com-
pounds at 2810 cm�1 38 existed in VSF and WLF. The
smaller peak at 760 cm�1 39 shows the concentration of
silane on both the fibres. However, it is possible to
detect by FTIR even if the concentration of silane on
the fibre surfaces is too small.

The peak at 1730 cm�1 is attributed to the C¼O
stretching of the acetyl groups of hemicelluloses.40,41

This peak was present in both fibres. The CH2 symmet-
rical stretching of wax is represented by the band at
2850 cm�1.37 This peak was also present in VSF and
WLF. The above results are in agreement with the
previous findings reported in Table 1.

Tensile behaviour

The tensile behaviour of natural fibres depends largely
on their chemical composition. Table 2. presents the
tensile properties of VSF and WLF. WLF had the max-
imum tensile strength of 65.67� 21MPa (Table 2) com-
pared to VSF (61.42� 17.3), even though VSF
possessed the maximum cellulose content of 81.38%
(Table 1). It implies that the tensile strength is

significantly influenced by the cross-sectional area of
the fibre. VSF and WLF had the highest and lowest
strain to failure of 5.6% and 1.8%, respectively. VSF
and WLF had the lowest and highest Young’s modulus
at 1.1� 0.315GPa and 3.64� 1.11 Gpa, respectively.

Thermogravimetric analysis

The thermal stability of VSF and WLF was studied
with the help of TG-DTA measurement system and it
is displayed in Figure 9. Three distinct regions of mass
loss were observed in the TGA thermograms of both
fibres. The initial stage of mass loss occurred up to the
temperature of <220�C. Generally, it can happen in all
the natural fibres due to the presence of the moisture
content. The marginal decrease in mass loss observed in
both VSF and WLF indicates less amount of water
molecules evaporation due to heat. However, VSF
had a lower thermal stability than WLF, which is prob-
ably associated with more evaporation of water and
compounds with lower molecular mass. And also, the
rate of water molecules evaporation also depends on
the kind of interaction between the moisture and the
fibre surface. The maximum of around 70% of weight

Table 2. Tensile properties and crystallinity index of VSF and WLF.

Fibres Tensile strength (MPa) Young’s modulus (GPa) Strain to failure (%) Crystallinity index (%)

VSF 61.42� 17.3 1.1� 0.315 5.6� 1.37 30.9

WLF 65.67� 21 3.64� 1.11 1.8� 0.623 38.8

Note: VSF, Veldt-grape stem fibre; WLF, wild date palm leaf stalk fibre.

Figure 8. FTIR spectra of VSF and WLF.
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loss occurred in both the samples in the intermediate
temperature range of 230–370�C. It was due to the deg-
radation of chemical constituents, such as cellulose and
hemicellulose. VSF and WLF fibres are thermally
stable until about 230�C and 250�C, respectively. The
same kind of initial decomposition temperature was
also reported for other natural fibres, such as bagasse
(222.3�C), kenaf (219�C), cotton stalk (221.6�C), rice
husk (223.3�C) and wood maple (220.9�C).42 Thus,
fibres can be used as reinforcement if the moulding of
thermoset and thermoplastic materials occurs under
this temperature.

Firstly, in a lower range region (210�C–260�C), the
amorphous nature of hemicelluloses got degraded
before the crystalline structure of the cellulose content.
Besides, the presence of contaminants and wax content
was also part of the degrading element in this region. In
this region, an identical thermograph was observed in
both the cases. Similarly, the maximum decomposition
temperatures of some other natural fibres were found to
be 359�C for okra,43 365�C for jute,44 340�C for sisal,45

345�C for flax46 and 363�C for curaua fibres.46 A simi-
lar trend was also observed for the final stage of mass
loss. It indicates that the presence of lignin content can
take up more heat to degrade. Accordingly, the per-
centage of residue of the WLF (2.9%) samples is
higher than that of the other one. However, the influ-
ence of change in the percentage of the constituents was
not explicit in the thermogram graph.

Conclusions

Six major conclusions were drawn from the test results.
Firstly, the SEM investigations revealed that VSF and
WLF contain rougher and more uneven surfaces, which
are favourable to develop good interfacial bonding with
the matrix, while manufacturing composites. Second,

the density and roughness of VSF are around
1.2128 g/cm3 and 0.611 mm, respectively, which are
lower in comparison with WLF. This relatively low
density of VSF is conducive for lightweight applica-
tions and for thermal and acoustic insulation. Third,
the XRD and FTIR analyses showed that VSF and
WLF are semicrystalline and Ib cellulose is present in
both the fibres. Fourth, the tensile strength and
Young’s modulus of WLF are approximately 66MPa
and 4 Gpa, respectively, which are greater than those of
VSF. Fifth, the thermal analysis assures the stability of
VSF and WLF up to 230�C and 250�C, respectively,
which are well above the polymerisation process tem-
perature. Sixth, the characterisation results clearly exhi-
bit that VSF and WLF are better alternative materials
for conventional synthetic hazardous fibres, because of
their significant physicochemical, mechanical and ther-
mal degradation properties. The characterisation
results confirm the favourable usage of VSF and
WLF for various industrial applications.
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ABSTRACT
Natural fiber polymer matrix composites occupy the major percentage in
applications due to its ecofriendly and low-cost nature. This study investi-
gates the mechanical properties of a polyester matrix nanocomposite rein-
forced by the NaOH-treated jute fabric mat (NJM) and untreated jute fabric
mat (UJM). In addition, the effects of egg shell powder (ESP) and nanoclay
(NC) to the above has also been studied. The matrices were prepared with
different combinations of presence and absence of the ESP, NC, and both as
well as different weight percentage using compression molding process.
The mechanical and morphological properties of the composites were
determined. The tensile strength, flexural strength, and impact strength of
NJM with NC 1.5%wt and ESP 1.5%wt were found to be 29.28 MPa,
39.51 MPa and impact strength 3.03 J, respectively. This composition is
superior to the other compositions. Morphological analysis of tensile frac-
tured surface showed interfacial adhesion between UJM and NJM compo-
sites. NJM composites contained smaller amount of pullouts and the splits
compared with the UJM composites, which hold up the better performance.

摘要

天然纤维聚合物基复合材料因其生态友好、成本低廉的特点，在应用中
占有很大的比重。研究了经NaOH处理的黄麻织物毡（NJM）和未处理黄
麻织物毡（UJM）增强的聚酯基纳米复合材料的力学性能。此外，还研究
了蛋壳粉（ESP）和纳米粘土（NC）对上述效果的影响。用不同的ESP、
NC和两者的组合和不同的重量百分比使用压缩模制工艺制备基质。确定
了复合材料的力学性能和形态性能。NC 1.5% WT和ESP 1.5% WT的NJM的
抗拉强度、抗弯强度和冲击强度分别为29.28MPa、39.51MPa和冲击强度
3.03J。该组合物优于其它组合物。拉伸断口形貌分析表明，UJM与NJM复
合材料之间存在界面粘结。NJM复合材料与UJM复合材料相比，具有更小
的拉量和劈裂，具有较好的性能。

KEYWORDS
Hybrid filler composite; jute;
egg shell; nanoclay;
compression moulding

关键词

杂化填料复合材料; 黄麻;
蛋壳; 纳米粘土; 压缩成型

Introduction

Composite materials are employed to produce drastically different chemical, physical, and mechanical
property materials for varities of applications with desired properties which are utilized to generate
materials embedded with high strength and light weight. (Islam et al. 2011; Rajan et al. 2018) . Polymer-
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based composites are used in many areas of industry as insubstantial, robust, and strong materials
(Baskaran et al. 2017; Sanjay, Arpitha, and Yogesha 2015) . Normally, the polymer can be categorized
into two types, thermoplastics and thermosetting. Thermoplastic materials currently take over as
matrices for biofibers; the most frequently used thermoplastics are polypropylene, polyethylene, and
poly vinyl chloride even as phenolic, epoxy, and polyester resins are the most commonly used
thermosetting matrices (Yashas Gowda. et al. 2018). Quite a lot of the latest types of nano and micro
reinforcing materials are used in polymer composite applications. As reinforcements in composite
matrices, natural fibers are available in many ways to produce numerous hybrid composites (Arpitha
et al. 2017 ). The development of polymer-based composites from natural fiber and fillers can reduce the
voids and enhance the physical properties compared to the neat composite which means pure fabric
mat with matrix combination (Arpitha et al. 2017; Sanjay M R et al. 2018). Natural fibers are today
widely used in many industrial fields, such as automotive, marine, and civil industry. It has numerous
benefits, which comprises of good bio-degradability, absolute renewability, recyclability, low production
cost, low density, low carbon hoof marks, high specific mechanical properties, good acoustic and
thermal properties (Scarponi and Messano.2015 ; Manimaran et al. 2017) . On the other hand, few
deterimental properties are existed in natural fibers/polymer composites such as incompatubility among
the hydrophilic natural fibers and the hydrophobic thermoplastic matrices.

Jute is a plant fiber made up of mainly cellulose, hemicellulose, and lignin. In the plant, the jute fiber
has the function of phloem; that is, it carries sap elaborated by the plant. It is situated between the
medulla and the bark. Jute fiber has some inherent advantages over other fibers for its biodegradability,
high strength, and relatively high modulus and is a good substitute for conventional fibers in many
situations, but it also carries some crucial drawbacks of high coarseness and stiffness, low extensibility,
and ready receptiveness to microbial attack (Atith et al. 2017; Hassan 2003; Sanjay et al. 2016; Sanjay and
Yogesha 2017). Interfacial connection between the matrix materials can be improved by proper treat-
ment of the fibers. Alkali treatment is one of the most familiar, expedient, and economically cheaper
practice for the fiber surface treatment (Ray and Sarkar 2001; Ray et al. 2001). The NaOH treatment of
fibers lead to the removal of lignin, which affects the strength characteristics of the fibers. Removal of
hemicellulose by NaOH additionaly improve the fiber surface cleanliness (Ming Liu et al. 2016). When
hemicelluloses are removed, the interfibrillar region is likely to be less dense and less rigid and thereby
makes the fibrils more capable of rearranging themselves along the direction of deformation. The NaOH
assistance of 5% aqueous mix at haddest a get together temperature to refresh the wettability of fibers by a
commercially accessible resin a well known as polyester. By using these conditions, the tensile strength of
the fibers were increased by 15%. Furthermore, the debonding stress of NaOH-treated fibers from
polyester matrix was 90% higher than that of untreated fibers from the same matrix (Gassan and Bledzki
1999). Unsaturated polyester resin is used as matrix because it has a good fracture toughness, however
when it is mixed with nanoclay (NC), it builds the break sturdiness high (Rajini et al. 2012a). Different
fillers have been used to change the polymeric matrix and increase the interfacial strength and subse-
quently the mechanical properties of the composites (Jappes and Siva 2011).

The usage of NC as a filler material in the polymer composite is to improve the mechanical,
thermal, and barrier properties of the composites. Addition of NC changes the structure of the
composite. For example, dispersion of NC in polymers – it reveals improved properties as
compared to the pure polymers (Bozkurt, Kaya, and Tnoglu 2007; Jappes and Siva 2011; Rajini
et al. 2012b). Addition of fillers to polymers changes the properties of the base materials; these
filler materials enhance the performance of the polymeric composites. Inorganic fillers are used
with the commercial resins for cost-effective reasons to amend some properties like mechanical,
electrical, and thermal properties. Egg shell powder (ESP) is an inorganic filler having a chemical
composition nearer to limestone. ESP has good strength properties like compressive strength,
tensile strength, and low water absorption (Supri, Ismail, and Shuhadah 2010). More work can be
done on the hybrid of fibers with NC. The aim of current research is to improve the mechanical
properties (tensile, impact, flextural, and hardness) of NaOH-treated jute fabric mat (NJM)/NC/
ESP/Polyester matrix nanocomposite. In order to manufacture the above-mentioned
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nanocomposite, compression molding method with mechanical stirring process for mixing of the
filler materials had been undertaken.

Experimental work

Materials

Unsaturated polyester resin was used as matrix . Methyl ethyl ketone peroxide (MEKP) used as a
catalyst and Cobalt Naphthanate (CN) as an accelerator were mixed in proper ratio (1.5 weight % of
the total resin weight). NC, which is an organo-modified Montmorillonite K10 (MMT K10) NC
(surface area:220–270 m2/g) was supplied by Sigma Aldrich, India. ESP as an important renewable
filler because of its low price and easy availability. Egg shells contain calcium and other micro
elements, such as magnesium, boron, copper, iron, manganese, sulfur, and zinc. The high content of
CaCO3 creates the egg shells as a commodity that has potential as preliminary biocompatible
biomaterial which contains 90.5% calcium carbonate, 6.8% calcium hydroxide, and 0.7% calcium
oxide and the remaining are organic materials such as type-X collagen, sulfated polysaccharides, and
other proteins (Ashok et al. 2014). The ESP was prepared from the white egg shell by ball milling
process. The composites were fabricated by mixing different combinations of nano clay and
inorganic ESP with different weight percentages. Jute mat of (Plain woven style of 160Gsm thick-
ness) as reinforcing material was purchased in the local market.

Surface modification of jute fabrics

Before the fabrication process, the fabric mat was washed by the distill water for removoal of
additives in the fabric mat. After that, it was drenched in 5% of Sodium Hydroxide (NaOH) aqueous
solution. The fabric mat was swabbed thoroughly, dried, and then dipped in the solution for 45 min.
Then the fabrics were swabbed again thoroughly and then the fabrics were dried at 40°C. Then these
fabric mats were taken for fabrication.

Preparation of composites

For the fabrication process, polyester resin was used along with accelerator CN and catalyst MEKP.
Here, both the accelerator and the catalyst act as hardener. Montmorillonite K10 and the ESP were
used as fillers.

Four different combinations of composites made of NJM/ untreated jute fabric mat (UJM), ESP,
NC, and polyester resin are listed below.

Combination 1: (NJM/UJM)/polyester composite resin systems arranged without fillers.
Combination 2: (NJM/UJM)/NC/polyester composite resin systems arranged with 3%wt

of MMT.
Combination 3: (NJM/UJM)//ESP/polyester composite resin systems arranged with 3%wt of ESP.
Combination 4: (NJM/UJM)/ESP/NC/polyester composite resin systems were arranged with

1.5%wt of Montmorillonite as well as 1.5%wt of ESP used them as fillers of fabric-reinforced
composites.

All four combinations of composites were prepared using compression molding machine
(Figure1) as per above combinations shown in Table 1. NJM/UJM was taken and it was cut into
dimension of 300 × 125 mm2. The fabric to resin ratio is 1:3. JM weighing 42 g was taken and the
plate was prepared with 101 g of polyester resin. The CN and MEKP were taken at 1.5 weight % of
the total resin weight. For the enhancement of the dispersion, the NC/ESP/polyester suspensions
were mechanically stirred in the high-speed shear mixer 500 r/min for about 1 h at room tempera-
ture and then they were held in a vacuum oven to remove the bubbles present in it. After the
removal of bubbles, the mix was mixed with curing agent and applied over the fabric mat, which
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were positioned inside the mold. Then, the mold was closed by applying 100 kgf/cm2 pressure using
compression molding machine, then the composite was cured up to 24 h at room temperature.

Characterization

Tensile testing

The tensile specimens were prepared according to the ASTM D3039 standard. The specimen has a
cross-section of 200 × 20 × 3 mm3. The tensile test was carried out on an Universal Testing Machine
(INSTRON Series 3382) which has a load capacity of 400 kN. A constant gauge length of 50 mm and
testing speed of 5 mm/min was maintained throughout the experiment.

Figure 1. Composite laminate fabrication setup.

Table 1. Experimental details for fabrication of composites.

Sl. No Combinations Fiber weight (g) Resin weight (g) Filler weight (g)

1 NJF+ Resin 42 101 -
2 NJF+ ESP+ Resin 41 97 4
3 NJF+ NC+ Resin 42 109 5
4 NJF+ ESP+ NC+ Resin 41 107 4.6

Table 2. Tensile strength.

Combinations
Tensile strength

UJM combination (Mpa)
Tensile strength

NJM combination(Mpa)

Neat 16.37 ± 0.94 27.65 ± 0.13
ESP(3wt%) + Resin 17.93 ± 1.47 27.4 ± 0.18
NC(3wt%)+ + Resin 17.88 ± 0.50 28.35 ± 0.21
ESP(1.5wt%) + NC(1.5wt%) + Resin 18.22 ± 0.53 29.5 ± 0.24
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Impact testing

The impact strength was measured by the Charpy impact tester according to ASTM D256 standard.
The specimen has a cross-section of 65 × 13 × 3 mm3. The impact test was carried out on the Izod
Impact Testing Machine which has a capability of 25 J. This test results give the average amount of
energy absorbed by the specimens.

Flexural testing

The flexural test of nanocomposites was carried out on a flexural testing machine in accordance with
ASTM D790, the specimen has a size of 127 × 12.7 × 3 mm3 with the following parameters: load 58
kN crosshead speed: 1.3 mm/min; span length: 50 mm. The ultimate flexural stresses were measured
at a maximum deflection of 6 mm.

Surface morphology

The examination of the morphological characteristics of the fiber mat, the effect of the chemical
treatment, and the adhesion of fillers on the surface of composite were observed in the fractured
surface of the composite by JEOL M-6390 Scanning Electron Microscope (SEM). It is an important
tool for determining the cause of the fracture in the matrix, the reinforcement, the interfacial
adhesion, and the failure process in the materials taken by subjecting accelerated voltage of
10–15 kV.

Result and discussion

Surface morphology

SEM images on different samples with fractured surfaces of different combinations of treated and
untreated composites were observed and the images were analyzed. SEM micrograph of treated and
untreated fabric group which shows a significant variance in the interfacial contact between the fabric
and matrix is shown in the Figure2a-h. Some fiber pullouts and debondings can lead the poor
interfacial bonding between the filler and matrix, which indicates by voids on the fracture surface.
As it can be seen in the Figure 2, NC and ESP distribution in the matrix well compares to the
Figure 2a-h. The clearly visible air gaps reduces the strength of the composites. It could be found that
the NJM with hybrid filler appeared is to be well dispersed in the polyester matrix (Figure2.d).
Likewise, the fiber pullout at the tension side of fracture is visible in the figures, which indicates a
poor fabric– matrix adhesion as a result of which the composite strength gets reduced. The factors
which consider the fabric mat–matrix adhesion, dispersion of filler and pullouts, and presence of air
voids are the reasons of reduction of strength of this Fiber Reinforced Polymer (FRP) composite.

Tensile strength

Table 2. shows the tensile strength of UJM- and NJM-reinforced composites. Tensile strength of
composite was found to increase slightly with addition of fillers in the jute fibers with and without
treatment. The increase of tensile strength is higher in case of treated composites. This is due to the
surface bonding of treated fibers with polyester matrix and also the untreated composites tensile
strength were observed. This shows the poor surface bonding of fabric and matrix, which is due to
non-removal of impurities and the presence of pectin and lignin in the UJM as compared to the
specimens of NJM. In the NJM composite, the presence and absence of one filler and the neat
composites lead the air gap and pullout, which results in the reduction of tensile strength compared
to the hybrid filler combination. The tensile strength of both untreated and treated hybrid filler
composites shows a linearly increasing trend with the concentration of hybrid filler content with

JOURNAL OF NATURAL FIBERS 5



equal wt%. It is observed that the tensile strength of the teated composite has produced good result.
It was described above that the treated hybrid filler composite would make uniform dispersion and
less agglomeration in the polyester matrix. Accordingly, it is influenced that the uniform dispersion

(a). NJM+ Resin (b). NJM+ESP+ Resin

(c). NJM+ NC+ Resin (d). NJM+ESP+NC+ Resin

(e). UJM+ Resin (f). UJM +ESP+ Resin

(g). UJM + NC+ Resin (h). UJM +ESP+NC+ Resin

Figure 2. SEM micrographs for fractured composite samples.
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and the less agglomeration of the filler should play a more effective role in the enrichment of tensile
strength (Arpitha et al. 2017; ; Ray et al. 2001).

Flexural properties

Table 3 represents the variation in flexural strength of untreated and treated UJM/NJM composites.
It is seen that the flexural strength of the composite increases with the treated NJM composites. The
NJM hybrid filler composite showed notable increase of 39.52 ± 0.52 MPa when compared with UJM
17.52 + 2.48 MPa. This phenomenon can be attributed to the fact that the addition of filler, which
increase in the flexural strength of the composites may be remaining for better contact between
treated fibers and the polyester matrix; alkali increases the interfacial bonding between the fibers and
matrix with filler mixer and also the filler composition resists the stress propagation during the
bending load applied to the samples; which was identified from the result, the neat composite of
treated and untreated shows the lower strength compared with the filler combination. The slight
increment of hybrid filler combination due the less agglomeration and low air voids was compared
to the presence and absence of NC/ESP composition in the UJM and NJM composites. (Arpitha
et al. 2017; ; Hassan 2003).

Impact strength

The toughness is one of the important key parameter for newly developed material in engineering
applications. The charpy/izod is the method to calculate the impact strength of the composite. The
impact strength is measured by the amount of energy required to break the specimen. Energy means
the combination of crack initiation and crack propagation. The phenomenon is based on some
features like fiber-to-matrix adhesion, toughness of matrix and fiber alone, defects in the packing of
fiber/matrix, crystalline morphology, etc.

The effect of impact strength on hybrid filler content of the NJM/UJM composites was measured.
In general observation, increase of filler size lowers the impact strength (Onuegbu 2011). But in the
organic and inorganic combination, it slightly increases the impact strength. It can be seen in Table 4
that the NJM-treated hybrid filler-reinforced composites offer little more resistance to impact in
comparison to NJM and UJM composites. More interestingly, in this case of untreated condition, the
composites developed with and without the presence of filler composite produce the strength more
or less near to the hybrid filler composite. This result showed that the 3 wt% of filler in each
composition having good adhesion strength between the fiber and matrix, however on the addition
of hybrid filler reduces the crack propagation compare to the other combination. The filler well was

Table 3. Flexural strength.

Combinations
Flexural strength

UJM combination (Mpa)
Flexural strength

NJM combination (Mpa)

Neat 18.765 ± 0.43 33.61 ± 0.65
ESP(3wt%)+ Resin 20.22 ± 2.22 36.295 ± 0.69
NC(3wt%)+ + Resin 17.94 ± 2.61 37.12 ± 0.64
ESP(1.5wt%)+ NC(1.5wt%)+ Resin 17.52 ± 2.48 39.52 ± 0.52

Table 4. Impact strength.

Combinations
Impact strength

UJM combination (Mpa)
Impact strength

NJM combination (Mpa)

Neat 2.268 ± 0.10 2.3685 ± 0.31
ESP(3wt%) + Resin 2.429 ± 0.41 2.558 ± 0.45
NC(3wt%)+ + Resin 2.324 ± 0.35 2.549 ± 0.42
ESP(1.5wt%) + NC(1.5wt%)+ Resin 2.103 ± 0.58 3.058 ± 0.18
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dispersed in the hybrid combination and produces the good strength in the NJM composite. Polymer
composites with the filler combination of both treated and untreated do not show any improvement.
The impact strength decreases the UJM with hybrid combination. Such low impact strength for UJM
with hybrid filler content is due to the agglomeration, large particle size of the filler, etc. (Arpitha
et al. 2017; ; Ray and Sarkar 2001; Hassan 2003).

Conclusion

In this study, the addition of new hybrid filler based on different combinations of presence and
absence of NC/ESP with NJM-reinforced polyester matrix composite have been produced. The
incorporation of hybrid filler composite of NJM with NC (1.5 wt%.) and ESP (1.5 wt%.) can produce
good tensile and flexural strength. This composition dominates the presence and absence of NC
(3 wt%.)/ESP (3 wt%.) and also the impact strength of hybrid filler 1.5 wt%NC + 1.5 wt% ESP
composites have produced the acceptable results. The mechanical properties determined from the
tensile, impact, and flexural tests exhibit a similar behavior for each of the specimens with the
accumulation of NC and ESP to the natural fiber composite. Composites may find their applications
as low load comportment to replace the wooden material.
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Atherosclerosis is a condition in human circulatory, where the arteries become narrowed and hardened due to accumulation
of plaque around artery wall. The growth of the disease is slow and asymptomatic. Currently, imaging methods are applied
for predicting the disease progression; however, they are deficient in the required resolution and sensitivity for detection. In
this work, clinical observations and habits of individuals are considered for assorting the pathologic community. Intelligent
machine learning technique, decision tree forest is used for assorting the individuals. A case study was made in this work
regarding the atherosclerosis disease progression and crucial features were extracted. Optimised missing value imputation
strategy, iterative principal component analysis for STULONG data-set and efficient feature subset selection method, hybrid
fast correlation-based filter (FCBF) have been employed for extracting the relevant features and ignoring the redundant fea-
tures. Further proceeding with the methodology, our work has outperformed with extreme overall accuracy of about 99.47%
compared with other state-of-the-art machine learning techniques.

Keywords: atherosclerosis; iterative principal component analysis (IPCA); fast correlation-based filter (FCBF); decision
tree forest algorithm (DTFA); comparison

1. Introduction

The risk of coronary heart disease is predominant among all diseases and it is found in about one in three persons.
Researchers have been focusing on techniques for quantifying atherosclerosis hoping for better patient sieving proce-
dures. Imaging helps in both diagnosis and monitoring of the progression (Az′e, Lucas, and Sebag 2003); (Belardi et al.
2005). Thus, imaging of atherosclerosis can be done in two modes, (1) invasive and (2) non-invasive. The standard
invasive method for atherosclerosis is X-ray angiography, but it has limitations in providing plaque composition
(Bontempi and Meyer 2010). The other invasive procedures like intravascular ultrasound (Choudhury and Fisher 2009)
and angioscopy (Corti and Fuster 2011) help in empathising plaque size regarding composition. The intravascular ther-
mography (Davies, Rudd, and Weissberg 2004) monitors the changes in plaque’s composition and metabolism. The
non-invasive procedures such as B-mode ultrasound (Fleuret 2004), computerised tomography (Garcia-Garcia, Costa,
and Serruys 2010) and magnetic resonance imaging (Gheyas and Smith 2010) provide information on plaque composi-
tion on vascular beds, but they fail to enhance metabolic activity of the plaque inflammatory cells. Nuclear imaging
techniques such as single-photon emission-computed tomography and positron emission tomography (Hossain, Oo, and
Shawkat Ali 2013) identify two-dimensional and three-dimensional surface reconstructions of thrombus using radio
labels and provide information on molecular, cellular and metabolic activities of plaques (Josse and Husson 2012); they
lack in resolution, sensitivity and assessing artery size. By deliberating such limitations of the imaging techniques, there
is still a greater need for developing automated methods for prognosticating the risk factors of atherosclerosis disease in
individuals, which would aid in reducing the disease-related deaths. Though major risk factors were identified, the
development of automated effective risk prediction models using data mining techniques becomes essential for better
health monitoring and prevention of deaths due to cardiovascular diseases (Lange 2004); (Laufer et al. 2009). Liang,
Noble, and Wells (2011) proposed an efficient method to predict the risk factors of atherosclerosis with an in-built
imputation algorithm and particle swarm optimisation (PSO). However, it satisfies aforementioned problems, but the
work was limited to analyse the risk factors of atherosclerosis. The decision rules were used to predict the risk factors
with accuracy of 99.73%, but convergence of the PSO is much slower than decision forest tree (DFT) algorithm. The
proposed work has outperformed with extreme overall accuracy of about 99.94% compared with other state-of-the-art
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machine learning techniques. This work attempts to isolate the normal, risk and pathologic communities in real time
using DFT algorithm. Big data is the term for a collection of data-sets so large and complex that it becomes difficult to
process using on-hand database management tools or traditional data processing applications. Concerning the aforemen-
tioned issues, this work proposes some of the level-headed approaches which are discussed below.

(1) Identifying the missing values (MVs) in the data-set and imputing them using iterative principle component
analysis (IPCA).

(2) Prognosticating the risk factors play a significant role in forecasting the crucial attributes for assorting.
(3) Building a predictive model that eventually classifies the community in real time.
(4) Performance comparisons of the proposed methodology with other state-of-the-art methods are used for assorting

atherosclerosis community.

This paper is organised as follows: Section 1, discusses the background and related work. The Section 2, describes
the MV imputation technique for identifying the MVs in the medical data-set. The feature selection by Fast Correlation-
Based Filter (FCBF) is discussed in Section 3. Experimental design including, A brief case study, data modelling and
predictive model are discussed in Section 4. Section 5 represents the results and discussion of simulation. The work is
concluded in Section 6.

2. MV imputation

2.1 Missing value

One of the inevitable problems that generally occur in a data-set is the presence of MVs. Generally, missing data may
have different sources such as death of patients, equipment malfunctions and abnegate of respondents to answer certain
questions. The randomness of missing data can be classified as three types (Little and Rubin 1987),

(1) Missing completely at random: the probability of a case featured with MV in an attribute does not depend on
either recognised values or missing data.

(2) Missing at random (MAR): the probability of a case featured with MV in an attribute may depend on recognised
values, but not on the value of the missing data itself.

(3) Not missing at random: the probability of a case featured with MV in an attribute depends on the value of that
attribute.

2.2 Imputation

2.2.1 The iterative PCA algorithm

A common approach dealing with MVs in principal component analysis (PCA) consists of ignoring the MVs by min-
imising the least squares criterion over all non-missing entries. This can be achieved by the introduction of a weighted
matrix W in the criterion, with Wik = 0 if Xik is missing and Wik = 1 in filled cases (i.e. Xik not missing). The error func-
tion ζ is defined as:

f ¼
XI
i¼1

XK
k¼1

Wike Xik � mk �
XS
s¼1

Fis ;Uks

 !2

(1)

In contrast to the complete case, there is no denotative solution to minimise the above criterion (1) and it is necessary
to resort to iterative algorithms. IPCA provides an accurate way of predicting the number of independent variables by
looking at the singular values. IPCA works in imputing the MVs by estimating both the model and the error covariance
matrix simultaneously. Generally, IPCA works with two steps, first, optimally scaled principal components analysis and
second, estimation of the error covariance matrix (Liu et al. 2005). IPCA iteratively alternates between these two steps
until convergence. An optimal scaling strategy has been used in IPCA. The PCA is scaling invariant with this scaling
scheme. Number of algorithms are available in the literature such as criss-cross multiple regression which consists in
alternating two weighted multiple regressions till the convergence. It is a direct elongation of (Alternative Least Square)
ALS algorithm for the incomplete criterion. The following algorithm shows the geometric interpretation.

The matrix W implies that the weights of the variables are different from one individual to another and reciprocally
the weights of the individuals are different from one variable to another. In this algorithm, an imputation of the MVs is
achieved during the estimation process. The general concept behind the following algorithm is initially the mean

2 M. Priya and P. Ranjith Kumar

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
N

eb
ra

sk
a,

 L
in

co
ln

] 
at

 1
0:

08
 0

8 
O

ct
ob

er
 2

01
5 



imputation for missed values; second step includes execution of PCA on complete data-set (X) and the parameters,bM ; bF l
I�S , bU l

K�S are estimated, where bF are principal components, bU are principal axes (XI×K is equivalent to find two
matrices) also imputation of fitted values with the imputation step as discussed below in algorithm is included in Step 2;
terminal step includes the repetition of estimation and imputation until convergence. More precisely, the algorithm is the
following:

Step 1: Initialization = 0 : X0 (mean imputation).
Step 2:

(a) Performance of PCA on the completed data-set to estimate the parameters bM l; bF l; bU l
� �

; S dimensions are kept.
(b) MVs are imputed with the fitted values, bX l = bM l þ bFl bU l

� �
; the new imputed data-set is bX l = W*X + (1 − W)

*bX l: observed values are the same and MVs are replaced by the fitted one.

Step 3:

(a) Estimation of parameters via PCA.
(b) Imputation are repeated until convergence.

The eigenvalues that have been generated for the parameters are depicted in Table 1. The eigenvectors are depicted
in Tables 2, 3 and 4. These eigenvalues and eigenvectors contribute to the principal axis.

The iterative PCA corresponds to an expectation maximization algorithm and is thus often named EM-PCA algo-
rithm. This property is important and allows us to position the methodology in the missing data theory, while approach-
ing maximum likelihood-based inference; here, the MVs can be ignored in case of MAR mechanism. EM algorithms
are special cases of MM (maximise/minimise) algorithms (Liu, Liu, and Zhang 2008) where a complex criterion is min-
imised by successive minimisations of a simple criterion. Table 5 represents the principal components that have been
originated as the first principal axis and second principal axis corresponding to the parameters. These components lead
to the generation of scores and coefficient for the missing imputation and the process are repeated until the convergence.
In Table 5 among the 1000 entries in the data-set, only some of the components are included.

Table 1. Estimated component’s standard deviation and cumulative variance corresponding to the attributes.

Components Standard deviation Cumulative variance

PC 1 113.919 0.785
PC 2 55.214 0.970
PC 3 20.662 0.996
PC 4 6.312 0.998
PC 5 3.696 0.999
PC 6 2.932 0.999
PC 7 1.967 1.000
PC 8 1.917 1.000
PC 9 1.046 1.000
PC 10 0.884 1.000
PC 11 0.705 1.000
PC 12 0.538 1.000
PC 13 0.524 1.000
PC 14 0.481 1.000
PC 15 0.461 1.000
PC 16 0.389 1.000
PC 17 0.373 1.000
PC 18 0.367 1.000
PC 19 0.346 1.000
PC 20 0.343 1.000
PC 21 0.204 1.000
PC 22 0.114 1.000
PC 23 0.073 1.000
PC 24 0.058 1.000
PC 25 0.0042 1.000
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Table 2. Eigenvectors generated for each attributes (from PC 1 to PC 8).

Attribute PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8

AGE −0.001 −0.003 −0.028 −0.063 0.993 0.033 −0.075 −0.045
ALKOHOL 0.001 −0.000 0.002 −0.006 0.007 0.001 −0.426 0.903
IM −0.000 −0.000 0.000 0.000 −0.000 −0.000 −0.001 0.001
HT 0.000 0.000 0.006 −0.004 −0.005 0.012 0.010 0.004
ICT 0.000 0.000 0.000 −0.000 −0.000 −0.000 0.000 0.000
DIABET 0.000 0.000 −0.000 −0.000 0.000 0.001 −0.001 0.000
HYPLIP 0.001 0.001 −0.005 0.004 0.086 0.059 0.899 0.424
BMI 0.006 −0.001 −0.041 0.028 0.039 −0.989 0.050 0.024
SYST 0.007 −0.015 −0.863 −0.501 −0.057 0.020 0.001 −0.000
DIAST 0.004 −0.002 −0.502 0.862 0.038 0.047 −0.013 0.000
CHLST 0.192 −0.981 0.016 0.006 −0.002 0.002 0.001 0.000
TRIGL 0.981 0.192 0.006 −0.002 0.001 0.005 −0.001 −0.001
MOC −0.000 −0.001 −0.002 −0.002 −0.000 −0.003 −0.002 0.016
RARISK 0.000 −0.000 −0.000 0.000 −0.006 −0.007 0.002 −0.012
OBEZRISK 0.001 −0.000 −0.005 0.003 −0.001 −0.119 0.006 −0.001
KOURISK 0.001 −0.001 0.003 −0.005 −0.008 0.003 0.009 −0.005
HTRISK 0.000 −0.000 −0.016 0.002 −0.004 −0.006 −0.019 −0.023
CHOLRISK 0.002 −0.010 0.001 −0.008 0.006 −0.001 −0.003 0.008
HODN1 0.000 −0.000 −0.001 −0.001 0.004 −0.001 −0.001 0.003
HODN2 0.000 −0.000 −0.001 −0.004 0.005 −0.007 0.003 0.008
HODN3 0.000 −0.000 −0.001 −0.003 0.010 0.003 −0.007 −0.013
HOD11 0.000 0.000 −0.001 0.000 −0.016 0.008 0.046 −0.014
HODN23 0.000 0.000 −0.000 −0.000 0.000 0.000 −0.000 0.000
HDL −0.000 −0.001 −0.000 0.001 0.007 0.006 −0.007 0.001
LDL 0.000 −0.006 0.001 0.003 −0.008 0.006 0.017 −0.019

Table 3. Eigenvectors generated for each attributes (from PC 9 to PC 16).

Attribute PC 9 PC 10 PC 11 PC 12 PC 13 PC 14 PC 15 PC 16

AGE 0.019 0.009 0.003 0.002 0.003 −0.002 −0.014 −0.003
ALKOHOL 0.034 0.021 0.017 −0.001 0.009 −0.013 0.001 −0.000
IM 0.001 −0.006 0.002 0.000 0.002 −0.001 0.004 −0.008
HT −0.010 0.015 −0.165 0.067 0.029 −0.056 −0.141 −0.132
ICT 0.000 −0.000 0.000 −0.000 0.000 −0.000 0.000 0.000
DIABET 0.001 0.003 −0.010 0.024 −0.020 0.011 0.016 −0.007
HYPLIP −0.036 −0.009 0.027 −0.006 0.003 −0.004 0.012 −0.002
BMI 0.006 0.007 −0.008 −0.002 −0.029 −0.034 −0.000 0.095
SYST −0.001 0.004 −0.013 −0.000 −0.002 −0.003 −0.002 −0.001
DIAST 0.001 −0.002 −0.011 0.005 0.007 0.003 −0.002 0.002
CHLST −0.000 −0.005 −0.001 −0.002 −0.005 −0.008 −0.001 −0.002
TRIGL −0.000 0.001 −0.000 −0.000 −0.000 0.001 −0.000 −0.000
MOC −0.005 −0.018 −0.014 −0.035 0.174 0.200 0.128 −0.166
RARISK 0.031 −0.022 0.037 −0.647 0.662 −0.178 −0.284 0.053
OBEZRISK 0.007 −0.017 0.006 0.079 0.211 0.261 0.029 −0.813
KOURISK 0.028 −0.035 0.025 0.739 0.481 −0.297 −0.297 0.103
HTRISK −0.027 −0.107 0.977 0.019 −0.018 0.014 0.018 −0.015
CHOLRISK −0.001 −0.116 −0.031 0.133 0.330 0.814 0.078 0.303
HODN1 −0.003 0.016 0.015 0.003 −0.006 −0.014 −0.003 0.029
HODN2 0.021 0.017 −0.011 0.008 0.139 −0.056 −0.132 −0.055
HODN3 0.034 −0.051 −0.029 0.042 0.336 −0.291 0.876 0.042
HOD11 0.995 −0.056 0.019 −0.003 −0.055 0.019 −0.013 −0.010
HODN23 −0.000 −0.000 0.000 0.000 0.000 0.000 0.000 −0.000
HDL −0.021 −0.094 −0.008 0.037 −0.040 −0.110 −0.010 −0.417
LDL 0.053 0.978 0.106 0.034 0.084 0.069 0.045 −0.014
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Table 4. Eigenvectors generated for each attributes (from PC 17 to PC 25).

Attribute PC 17 PC 18 PC 19 PC 20 PC 21 PC 22 PC 23 PC 24 PC 25

GE 0.007 −0.006 −0.004 0.007 −0.004 0.000 −0.000 −0.000 0.000
ALKOHOL 0.010 0.008 0.006 0.010 −0.005 −0.000 0.001 0.000 −0.000
IM 0.012 0.001 −0.003 0.003 0.012 0.013 −1.000 0.000 −0.000
HT 0.161 0.439 −0.815 0.206 0.027 0.015 0.006 0.000 0.000
ICT −0.000 0.000 0.000 0.000 −0.000 0.000 −0.000 −1.000 0.000
DIABET −0.018 −0.001 0.017 0.012 −0.021 0.999 0.012 0.000 0.000
HYPLIP 0.004 0.003 0.008 0.000 −0.001 0.001 −0.000 0.000 −0.000
BMI 0.007 0.017 −0.029 −0.049 −0.001 0.002 −0.001 0.000 −0.000
SYST 0.003 0.001 0.001 0.001 −0.001 −0.000 −0.000 −0.000 −0.000
DIAST −0.002 0.002 −0.004 0.001 0.001 −0.000 0.000 0.000 0.000
CHLST −0.000 −0.003 −0.000 0.002 −0.000 0.000 0.000 −0.000 0.000
TRIGL 0.000 0.000 0.000 −0.000 0.000 −0.000 −0.000 −0.000 −0.000
MOC −0.051 −0.668 −0.484 −0.446 0.044 0.011 0.001 −0.000 −0.000
RARISK 0.138 0.038 0.060 −0.010 −0.003 0.038 0.002 0.000 −0.000
OBEZRISK 0.020 −0.071 0.187 0.404 −0.002 −0.014 0.008 −0.000 0.000
KOURISK 0.103 −0.121 0.073 −0.038 −0.011 0.001 0.000 −0.000 −0.000
HTRISK 0.004 0.078 −0.151 0.028 −0.008 0.011 0.004 0.000 −0.000
CHOLRISK 0.020 0.295 0.047 −0.096 0.014 −0.004 −0.001 0.000 −0.000
HODN1 0.015 −0.014 0.037 0.056 0.996 0.020 0.012 −0.000 0.000
HODN2 −0.962 0.156 −0.071 −0.033 0.023 −0.010 −0.011 0.000 0.000
HODN3 −0.034 0.139 −0.033 0.067 0.001 −0.006 0.004 0.000 −0.000
HOD11 0.016 0.004 −0.014 −0.015 0.005 −0.001 0.002 −0.000 0.000
HODN23 0.000 0.000 0.000 −0.000 −0.000 −0.000 −0.000 0.000 1.000
HDL 0.112 0.445 0.153 −0.752 0.053 0.007 0.004 −0.000 −0.000
LDL 0.033 0.067 0.013 −0.084 −0.011 −0.001 −0.005 0.000 −0.000

Table 5. Principal components generated for attributes based on the group.

Normal Risk Pathologic

PC 1 PC 2 PC 1 PC 2 PC 1 PC 2

124.813 40.148 5.711 −64.102 141.139 −54.301
−7.760 66.339 −64.865 4.236 −34.260 −1.1555
92.026 40.871 107.546 −1.316 220.163 −26.476
−88.317 30.215 −83.800 −50.395 −101.946 11.891
−88.328 −15.982 −26.579 0.775 140.465 −65.837
31.072 60.687 288.6371 −0.901 −34.326 −0.973
−115.927 36.040 35.386 23.486 220.058 7.268
−52.472 −2.340 169.249 −10.192 −82.460 15.914
240.113 53.908 −56.687 66.859 −80.744 −3.104
12.956 −8.164 −52.132 27.788 −161.050 −40.254
−119.802 55.648 123.309 −72.238 −96.709 −20.417
3.994 −14.143 249.455 −3.577 −71.095 −26.533
−69.387 58.375 −14.778 55.688 55.568 −12.240
−65.625 13.063 −1.870 −41.663 798.033 52.258
−65.625 13.061 −55.078 6.167 798.034 52.254
−45.241 3.483 −74.121 −5.897 −14.949 −58.368
−101.108 17.523 −43.483 −4.720 −122.443 1.8842
−29.270 4.249 −48.418 −0.547 −74.471 37.898
−76.715 48.8819 261.192 −147.693 −131.873 −31.432
−77.295 −0.224 797.649 158.326 −20.0725 41.191
57.0178 63.5558 156.906 −160.593 −57.092 0.7048
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3. Feature selection

Feature selection is one of the vital preprocessing techniques used in machine learning tasks. Such preprocessing
technique reduces dimension, remove irrelevant data, increases the learning accuracy and improve results directness.
In this work, FCBF, a hybrid technique is used for feature selection (Rao and Kumar 2013). In recent years,
researchers have proposed many techniques to eliminate redundant features (Maciejko 2004); (Magnussen et al.
2011). Ding and Peng proposed the minimum Redundancy-Maximum Relevance method. This method conceives
the problem of feature selection from different motivations and thus various solutions have been suggested. The
major goal is to find the optimal discriminative feature subset by also considering removing feature redundancy.
However, the major limitations of such methods is the feature redundancy and it is computed without considering
label information, where label information have great hit on the estimation of feature redundancy. In order to solve
such problem, some improved methods have been proposed. For instance, Fleuret used the conditional mutual
information maximization to select feature (Pesek 2011). Bontempi and Meyer proposed a causal filter selection
method, called min-Interaction Max-Relevance (Pramokchon and Piamsanga 2014). However, almost all these
improved methods apply information metric to evaluate feature redundancy (i.e.) conditional mutual information.
The main reason may be that information entropy is a good measurement to quantify the presence of uncertainty
for accomplishing feature similarity. But, information metric is applicable only on discrete data, where continuous
data need to be converted into discrete form beforehand.

FCBF algorithm was designed generally for high-dimensional data with more attributes and it has been shown
to a greater extent as effective in removing both irrelevant features as well as redundant features Senliol et al.
(2008). It consists of two phases (algorithm discussed below): the first phase includes the process of relevance
analysis, where it is directed at ordering the input variables depending upon a relevance score exclusively and it is
computed as the symmetric uncertainty with respect to the target output. Also, this stage is used to discard irrele-
vant variables which are those beside the point, whose ranking score is below a predefined threshold. The second
phase includes the analysis of redundancy, targeted at selecting predominant features from the relevant set obtained
in the first stage (STULONG data set 2004, http://euromise.vse.cz/stulong). This sensitive analysis is aimed in this
work and thus it requires fine tuning of data-set, relevant to the target. The aforementioned strategy, FCBF algo-
rithm is found to tackle such need leading to the elimination of irrelevant and redundant features, and thereby pull-
ing out the most associated features which ameliorates the target prognostication. The extracted features along with
their weights relevant to target prediction are shown in the Figure 1. The proposed model contains 30 attributes
works with similar procedure as described below:

4. Experimental design

4.1 A brief case study

Our major contribution in this work for assorting the pathologic community is designing of data with most significant
features. Supervised learning technique generally works best for the most crucial factors. A case study was made in this
work regarding the progression of atherosclerosis.

FCBF Algorithm
Input: S (L1, L2, L3, L4, L5, L6, L7, C) – training data-set containing 7 features and class labels C.
ß : A predefined threshold
Output: Sbest – an optimal subset.
Step 1: Initially, obtain the correlation and find
SU1,c > SU2,c > SU3,c > SU4,c > SU5,c > ß > SU6,c > SU7,c

Step 2: Delete L6 and L7 and get S′list = { L1, L2, L3, L4, L5}.
Step 3:First iteration: Lp = L1, Lq = L2, L3, L4 and L5, respectively, as the inner loop goes, after calculation get SU1,2 > SU2,c,

SU1,3 > SU3,c, SU1,4 < SU4,c, SU1,5 < SU5,c.
Step 4: Delete L2 and L3 from S′list and now S′list = { L1, L4, L5}. The first iteration terminates.
Step 5: Second iteration: Lp = L4, Lq = L5 during the inner loop goes, after calculation get SU4,5 < SU5,c

Step 6: Keep L5 in the S′list and now S′list = { L1, L4, L5}. The second iteration terminates.
Step 7: Third iteration: Lp = L5, Lq = ∅. Since Lq = ∅, the inner loop terminates immediately, besides L5 is the last element of

S′list, so Lp = ∅ later and whole iteration comes to an end.
Step 8: Output Sbest = { L1, L4, L5}. Delete L6 and L7 as they are irrelevant and delete L2 and L3 as they are redundant features.
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Generally, atherosclerosis is a condition where the arteries become narrowed and hardened because of excessive
build up of plaque around the artery wall. The disease disrupts the flow of blood around the body posing serious
cardiovascular complications. Arteries are usually made up of endothelial cells (smooth cells). Atherosclerosis pro-
gresses when endothelium becomes damaged, allows low-density lipoprotein (LDL) cholesterol to accumulate in the
artery wall. As a result macrophage of WBC (white blood corpuscles) is sent to eradicate the LDL, increased level
of such bad cholesterol adheres with macrophages leading to plaque formation. This condition is the onset of
atherosclerosis.

The plaque develops tardily with number of features as discussed below (based on case study) (Ueda, Hirayama,
and Kodama 2003); (Wilson 2003); (Tardif et al. 2011):

• Unhealthy blood cholesterol levels, high LDL (large amount of fat + small amount of protein) and low HDL
(small amount of fat + large amount of protein).

• High blood pressure (BP).
• Smoking.
• Diabetes mellitus is classified as Type I and Type II.
• Obesity.
• High level of C-reactive protein (CRP).
• High level of homocysteine.
• Fibrinogen.
• Chronic inflammatory diseases.
• Presence of xanthelasma.
• Increased level of triglyceride.
• Genetics.
• Sleep apnoea.
• Mental stress.
• Alcohol consumption.
• Increased blood and urine salt (hypernatremia).
• Lack of physical exercises.
• Unhealthy diet.
• Tissue plasminogen activator.
• Hysterectomy.
• Older ageing causes gradual increase in the disease progression.
• Family case history of heart disease.
• Ethnicity.
• History of renal disease/renal failure.
• Metabolic syndrome.
• Susceptible to air pollution.
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Figure 1. Selected attribute with their weights using FCBF technique.
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Table 6. Parameters for DTF.

Parameters Variables

Number of data rows (patient’s data) 870
Maximum trees in decision tree forest 200
Maximum splitting levels 50
Misclassification costs Equal (unitary)
Variable weight Equal
Minimum size node to split 2
Max. categories for continuous predictors 1000
Tree validation method out of bag (OOB)

Table 7. DTF – model size.

Parameters Variables

Total number of trees in the forest 200
No. of Predictors used for each split 4
Maximum depth of any tree in the forest 23
Average number of group splits in each tree 50.2

Table 8. DTF – OBB validation data.

Category

Actual Misclassified

Per cent Cost Overall accuracy (%)Count Weight Count Weight

Normal 198 198 1 1 0.00 0.00 99.47
Pathologic 27 27 2 2 1.33 0.13
Risk 645 645 0 0 0 0
Total 870 870 3 3 0.259 0.005

Table 9. Evaluated parameters using DTF – validation data.

Parameters

Validation data

Normal (%) Risk (%) Pathologic (%)

Accuracy 99.94 99.82 99.91
True positive 22.64 74.14 0.69
True negative 76.90 24.68 96.90
False positive 0.34 2.18 0.00
False negative 0.11 0.00 2.41
Sensitivity 100.00 100.00 96.22
Specificity 99.75 99.66 99.59
GM of SS 99.52 95.68 97.14
PPV 99.50 97.14 100.00
NPV 99.85 100.00 97.57
GM of PP & NPV 99.17 98.56 98.78
Precision 98.50 97.14 100.00
Recall 100.00 100.00 96.22
F-measure 0.9899 0.9855 0.9050
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4.2 Data modelling

Based on the aforementioned study, the data-set which covers all the above habitats of the individuals was explored.
Thus in this work, STULONG (Wintermark et al. 2008) data-set is used. In this work, a new data-set is formed by com-
bining the entry, control and death data-sets. The entry data-set is divided into three groups, namely (i) normal group
(NG) (ii) risk group (RG) and (iii) pathologic group (PG), based on the studied group of patients (KONSKUP) in
(1, 2), (5), (3, 4) and (6), respectively. The entire patients are categorised as NG, RG and PG in this work, based on the
exact definition of all groups from the STULONG data-set. New attributes are formulated which further intensifies the
target. Further, the attributes are selected based on the major factors (case study) that influence the disease progression.
Some of the attributes in the control data-set contributes for the precision in assorting the individuals. Researches expli-
cates that the individual is said to have cardiovascular disease if he had been subjected to any of the positive case on
attributes such as angina pectoris (HODN1), myocardial infarction (HODN2), cerebrovascular accident (HODN3),
ischaemic heart disease (HODN11) and operation on lower limb arteries (HODN23). Based on the above factors and
other serious diseases, making the individuals 10-year-long observation impossible (e.g. malignant illness, advanced
failure of liver or kidneys, serious nerve or psychological problem) the pathologic group is assorted. The pathologic

Figure 2. (a) Gain plot for normal group. (b) Gain plot for risk group. (c) Gain plot for pathologic group.
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group also includes men with diabetes treated with orally administered antidiabetics or insulin and men with pathologic
ECG. The death data-set admitting cause of the death (PRICUMR), attribute equal to 05 (myocardial infarction), 06
(coronary heart disease), 07 (stroke) or 17 (general atherosclerosis) are considered in the pathologic group where the
individual’s attribute based on these identification number are concerned from the entry and control. Following the
aforementioned definition, normal group, risk group and pathologic group are formulated in the new data-set.

4.3 Predictive model

The new data-set that has been constructed is devoid of MV as the missed ones are imputed by the IPCA. In this work
nearly 30 attributes are selected based on the selection criterion mentioned in the above segment, of these the most
appropriate features are selected concerning the target and the most surplus features are ignored. The classifier used in
this model is decision tree forest (DTF). A DTF includes collection of decision trees whose predictions are integrated to
make the overall calculation for the forest. DTF corresponds, Tree Boost model where large number of trees grown.

Figure 3. (a) Lift plot for normal group. (b) Lift plot for risk group. (c) Lift plot for pathologic group.
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Tree Boost generates a sequence of trees where the output of one tree goes to the next one in series. In DTF, number of
independent trees in parallel do not interact until all others are built.

In this work, DTF classifier was employed because of its prominent features as discussed below:

• DTF models are more accurate.
• DTF uses ‘out of bag’ data rows for validation which provides an independent test set without requiring a separate
data-set.

• DTF models have capability to handle thousands of potential predictor variables.
• Surrogate splitters which are sophisticated and accurate method are used for handling MVs.
• The stochastic (randomization) element in DTF makes it highly defiant to over fitting.

DTF of largest size accurate is more accurate. DTF works with two types of size controls (1) the number of trees
within the forest and (2) individual tree’s size. As per the algorithm, about one-third of data rows are barred from each
tree in the forest. The rows that are barred are called the ‘Out Of Bag (OOB)’ rows, each tree will have a different set
of out-of-bag rows. As OOB rows not used to build the tree, they comprise a self-governing test sample for the tree.

Figure 4. (a) Cumulative lift plot for normal group. (b) Cumulative lift plot for risk group. (c) Cumulative lift plot for pathologic
group.

International Journal of Production Research 11
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Figure 5 depicts the generalisation error rate of DTF; error rate of the prediction is computed by running the OOB rows
for each tree. Overall generalisation error rate for the entire forest is then determined by averaging the error rates for all
of the trees in the forest. This method of detecting error rate has the following advantages: (1) all rows are used to con-
struct the model, and not any of them are restrained as a separate test set, (2) the testing is rapid as only one forest has
to be built. In this work, all the preprocessing techniques and model constructions were implemented in MATLAB
R2013a and DTREG.

5. Results and discussions

Our aforementioned methodology has outperformed (see Table 11) the classifiers C5.0, multilayer perceptron (MLP),
naïve Bayes (NB) and support vector machine (SVM) in terms of sensitivity (SE), specificity (SP) and accuracy per-
formance metrics. The best attributes are chosen by the FCBF technique, where they are weighted individually (see
Figure 1). It is found that cholesterol (abbreviated as CHLST), BP (abbreviated as SYST and DIAST), smoking (trun-
cated as KOURISK), obesity or overweight (truncated as BMI), triglyceride (abbreviated as TRIGL), hypertension
(abbreviated as HTRISK), alcohol (abbreviated as ALKOHOL), positive family anamnesis (truncated as RARISK),
age (AGE), diabetes mellitus (abbreviated as DIABET), high-density lipoprotein (abbreviated as HDL) and low-den-
sity lipoprotein (abbreviated as LDL) contributes to a greater extent in prognostication of the target. Based on such
features, the individuals are assorted veritably. Further DTF classifies with extreme accuracy. Required parameters for
training the classifier with the corresponding variables are depicted in Table 6 also suitable DTF model size is
depicted in Table 7. The separated rows with the procedure of OOB, acting as an independent test samples were vali-
dated. The count and weight for the actual and misclassified samples were admitted individually for the categories
normal, risk and pathologic (see Table 8). OOB validation (Table 8) admits overall accuracy. The evaluated parame-
ters for the validation data are shown in Table 9. In this, the parameters such as accuracy, true positive (TP), true
negative (TN), false positive (FP), false negative (FN), sensitivity, specificity, geometric mean of sensitivity and speci-
ficity (GM of SS), positive predictive value (PPV), negative predictive value (NPV), geometric mean of positive pre-
dictive and negative predictive value (GM of PP &NPV), precision, recall and F-measure have been admitted. True
positive – correctly identified; false positive – incorrectly identified; true negative – correctly rejected; false negative
– incorrectly rejected. The gain chart depicts cumulative per cent of the target value on the vertical axis and cumula-
tive per cent of population on the horizontal axis. The lift chart displays the lift for each bin (represents the data
rows that have the highest predicted probability) on the vertical axis and the cumulative population on the horizontal
axis. The cumulative lift chart displays gain on the vertical axis and per cent of population on the horizontal axis.
The gain, lift and cumulative lift plots for the normal, risk and pathologic communities were depicted in Figures
2(a–c), 3(a–b) and 4(a–c), respectively. The model size chart shows the error rate (residual or misclassifications)
change with the number of trees in the forest. The model size and error rate for the generated trees are depicted in
Figure 5 and the corresponding validation statistics for model size and error rate is shown in Table 10. The classifica-
tion made for the independent test set (OOB) is shown in Figure 6, this depicts the classified normal, risk and patho-
logic communities with their percentage. In this, 22.76% of the individuals belong to the normal group, 74.14%

Decision Tree Forest Algorithm (DTFA):
Input: 870 Patient’s observations (N)
Output: (a) Classification accuracy for N observations

(b) Performance metrics
Algorithm

Step 1: Take a random of N observations from the data-set with replacement (‘bagging’). From the data-set, about three-fourth of
the rows will be selected for the sampling. The remaining one-fourth of the rows are called the ‘Out Of Bag (OOB)’ rows.

Step 2: From the selected rows as above (Step 1), build a decision tree,

(a) Construct the tree to the utmost size, and do not prune it.
(b) From the constructed tree, allow only a part of the total set of predictor variables as possible splitters for each node.
(c) Choose the predictor set that is to be considered as a random subset from the available predictors. Execute the new

random selection for each split. Some of the best predictors will not be measured for each split; however, a predictor
barred from one split can be used for a different split in the same tree present.

Step 3: Repeat the above steps until constructing large forest of trees.
Step 4: For generating, ‘score’ in a row, run the row for each tree in the forest and measure the predicted value where the row

ends up. Employ the predicted ones for each tree as ‘votes’ for the best, use the one which comprises most votes as the
predicted.
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belongs to risk group and 3.10% belongs to pathologic group. For the subjects belonging to the classes of normal,
risk and pathologic, our methodology has outperformed with an accuracy of 99.94%, 99.82% and 99.91%, respec-
tively. The corresponding sensitivity, specificity, precision, recall and F-measure are given in Table 11. Further, the

Figure 5. Model size and error rate for the generated trees.

Table 10. Model size and error rate – validation statistics.

Trees Error (%) Error cost

1 4.63 0.0463
2 4.82 0.0482
3 6.42 0.0642
4 5.50 0.0550
5 5.81 0.0581
6 5.65 0.0565
7 4.21 0.0421
8 4.26 0.0426
9 4.09 0.0409
10 4.19 0.0419
20 3.22 0.0322
30 2.76 0.0276
40 2.76 0.0276
50 2.53 0.0253
60 2.64 0.0264
70 2.64 0.0264
80 2.64 0.0264
90 2.53 0.0253
100 2.64 0.0264
110 2.64 0.0264
120 2.76 0.0276
130 2.64 0.0264
140 2.76 0.0276
150 2.64 0.0264
160 2.41 0.0241
170 2.53 0.0253
180 2.76 0.0276
190 2.53 0.0253
200 2.53 0.0253
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performance comparison of other state-of-the-art machine learning techniques is given in the Table 11. The compared
machine learning classifiers used in our work have disclosed their results by undergoing the same preprocessing tech-
niques used in our methodology.

6. Conclusion

The new imputation strategy proposed in this methodology is more precise for medical data-set. Since the patient’s
condition varies depending on the individual’s metabolism, special attention is needed regarding the individuals
health criterion. IPCA for imputing the missed values has fulfilled such demand. The attributes that has been
selected based on the atherosclerosis disease progression has found to enhance the target prognostication. Further,
hybrid-based feature selection technique, FCBF, hauls out the crucial factors for forecasting the target. Proceeding
to reach the assorting, DTF with OOB has outperformed with utmost accuracy of 99.94%, 99.82% and 99.91% for
normal, risk and pathologic group, respectively. Our proposed methodology has ensued with overall accuracy of
about 99.47%.

7. Future research

In this work, we have sorted out normal, risk and pathologic communities from independent data-set. Our work by
employing DTFA attempts to find out the assortment in real time, where we have succeeded with utmost accuracy of

22.76%

74.14%

3.10%

NORMAL

RISK

PATHOLOGIC

Figure 6. Representation of labels for test data.

Table 11. Performance comparison of proposed methodology with other methodologies. (SVM, NB, C5.0 and MLP) on the data-sets
used in the study.

Methods Class Sensitivity (%) Specificity (%) Accuracy (%) Precision (%) Recall (%) F-measure

DTF Normal 100 99.75 99.94 98.50 99.49 0.9899
Risk 100 99.66 99.82 97.14 100 0.9855
Pathologic 99.22 100 99.91 100 99.22 0.9990

SVM Normal 100 97.85 98.89 99.50 100 0.9975
Risk 98.69 96.44 97.08 98.77 100 0.9938
Pathologic 66.67 98.75 97.74 100 66.67 0.8000

NB Normal 93.94 97.32 96.55 91.18 93.94 0.9254
Risk 97.36 90.67 95.63 96.76 97.36 0.9706
Pathologic 62.96 100 98.85 100 62.96 0.7726

C5.0 Normal 100 98.96 99.96 96.59 100 0.9826
Risk 99.22 89.33 96.67 96.39 99.22 0.9771
Pathologic 95.26 99.88 97.78 96.48 69.43 0.7644

MLP Normal 90.41 81.40 83.56 59.02 90.91 0.7157
Risk 81.55 85.75 82.64 94.27 81.55 0.8741
Pathologic 25.93 100 97.70 100 25.93 0.4118

14 M. Priya and P. Ranjith Kumar

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
N

eb
ra

sk
a,

 L
in

co
ln

] 
at

 1
0:

08
 0

8 
O

ct
ob

er
 2

01
5 



about 99.47%. We have made our work successfully with the intention of intimating the patient’s current status (normal,
risk and pathologic) regarding atherosclerosis disease progression in real time.

We are proceeding to implement our proposed novel intelligent algorithms in real time system. We are further direct-
ing our research to give feedback for patients by measuring the depth of each category through data. Our research tar-
gets to make real time system to explicate the major features responsible for their malady and necessary measures to be
carried by the patients to reduce their risk factors in disease progression.

Disclosure statement

No potential conflict of interest was reported by the authors.
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Abstract 

The aim of this study is to investigate optimization process parameters for friction stir welding (FSW) for an optimal parameter 
combination to have better hardness and tensile strength using COPRAS decision model. The friction stir welding parameters 
considered are tool rotational speed (r.p.m), welding speed (mm/min), dwell time (min) and tool tilt angle (degree). Taguchi L9 
orthogonal array design of experiments is used to perform the functions. Multi criteria decision model using COPRAS (COmplex 
PRoportional ASsessment) is proposed to solve the problem. Analysis of variance (ANOVA) is used to determine the percentage 
of contribution of the given process parameters. Finally confirmation test is carried out to verify the outcome. 
 
© 2017 Elsevier Ltd. All rights reserved. 
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Keywords:Friction stir welding; Taguchi method; COPRAS decision model; Process parameters; ANOVA. 

1. Introduction 

Aluminum alloy contain a number of advantages, such as weldability, machinability, low strength, good 
corrosion resistance, good formability and low weight [1]. Friction stir welding (FSW) is a solid-state welding 
process in which the heat for welding is produced by direct conversion of mechanical energy to thermal energy at 
the interface of the work piece with the tool without the application of electrical energy or heat from other sources of 
the work pieces. Various process parameters such as tool speed, tool material, feed etc., influence the mechanical 
and micro structural prosperities of the weld. Different kinds of optimization methods are also reported in literature. 
Friction stir welding (FSW) is the new solid state welding process it has no filler material is required for make a 
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joint also it FSW is pollution free [2]. To produce quality weld compared to conventional arc welding, the friction 
stir welding is used many engineering applications like aerospace industries, automobile industries and ship 
constructions Kinsey and Wu [3].  Taguchi is the most common method for solving optimization problems in 
industries this method runs with limited number of experiments which is called orthogonal array and signal to noise 
ratio, which give out the objective function it may be maximized or minimized within the experimental limit [4].  

The parametric investigations of friction stir welding on AA6061 using Taguchi technique to test the 
mechanical properties tensile strength of the welds. The tool rotational speed, welding speed and tool pin profile act 
as main parameters. As the result found from the study revealed that welding speed plays virtual role for the 
variation of tensile strength [1]. Jayaraman et al [5] have analysed the parameters of FSW of cast aluminium alloy 
A319. The primary process parameters (tool rotational speed, welding speed and axial force) which contribute to 
heat input and subsequently influence tensile strength variation in FSW aluminium alloy joints were selected for this 
study. Using ANOVA and signal noise ratio to find the optimum welding condition and tensile strength. A nonlinear 
regression model developed to correlate tensile strength has been found to be useful in predicting tensile strength. 
Ilangovan et al [6] investigated the tensile properties of AA6061 to AA5086 to join using friction stir welding. To 
examine mechanical properties hardness test, tensile strength of the welds was measured. The tool rotational speed, 
tool transverse speed, axial force, tool pin profile, tool pin diameter tool pin length are selected for the main 
parameter of this welding. This was accredited the defect free stir zone formation and grain size strengthening. 
Rajkumar et al [7] studied the effect of tool design and welding parameters of dissimilar aluminium alloy AA5052-
AA6061 joint by friction stir welding. To examine mechanical properties hardness test, tensile strength of the welds 
were measured. The tool rotational speed, welding speed was considered as the main parameters. The influence on 
mechanical properties was analyzed. 
Abnar et al [8] have investigated the influence of heat input on the mechanical properties of AA3003-H18 joint by 
friction stir welding. In order to find the mechanical properties, hardness test and tensile strength were measured. 
The tool rotational speed, welding speed, tool tilt angle and tool material are apply to the welded region. As the 
result was observed that the increase the tool rotational speed hardness level is decreased in the stir zone but 
increase the welding speed does not make a substantial effect on the hardness of the stir zone. Costa et al [9] have 
studied tool geometry and material properties influence the welding strength on dissimilar friction stir lap welding of 
AA5754-H22 and AA6082-T6. To evaluate mechanical properties, hardness test, tensile shear test, uniaxial tensile 
test of the welds were measured. The tool rotational speed, welding speed, tool tilt angle and tool geometry 
(cylindrical threaded pin, cylindrical non threaded pin, conical non threaded pin) were considered as the main 
parameters. It was demonstrate welding strength is depend upon the well-known hooking defect and that the 
hooking defect is conditioned by base material properties by placing the AA6082-T6 as top and contact with the tool 
shoulder superior weld properties are achieved independently of the tool geometry.  
Palanivel et al [10] studied the mechanical properties of dissimilar aluminium alloys (AA5083-H111 and AA6351-
T6) joint by friction stir welding. To scrutinize mechanical properties, tensile strength of the welds was measured. 
The tool rotational speed, welding speed are act as parameters. It was found that welding speed influences the 
formation of plastic flow region. The lower and higher welding speed region shows the lack of mixed flow region. 
Rodriguez et al [11] evaluated the mechanical properties of dissimilar metals (AA6061 to AA7075) joint obtained 
by FSW. To inspect mechanical properties hardness test, tensile strength of the weld was calculated. The tool 
rotational speed, welding speed, cylindrical threaded tool were considered main parameters. The fracture surface 
inspection shows poor material intermixing produced at low tool rotational speed was the causes for the low 
mechanical strength and failure through the stir zone. On other hand failure is observed in heat affected zone at high 
rotational speeds due to material softening as established by the micro hardness measurements. Shirazi et al [12] 
investigated effect of process parameter on the defect formation in friction stir lap joint of aluminium alloy 
(AA5456). To observe mechanical properties hardness test, tensile strength of the welds were measured. The tool 
rotational speed and welding speed were considered as parameters. It was found that hooking height is decreased 
with increase the welding speed as well as hooking region was extended as the tool rotational speed increased also 
high rotational speed cavity was formed. Trimble et al [13] have investigated characterisation of tool shape and 
rotational speed to join AA2024-T3 by friction stir welding. The tool rotational speed, translation speed, plunge rate, 
plunge depth, dwell time, pin length, pin diameter, pin taper, shoulder diameter, tool tilt angle was considered as 
main parameters. To scrutinize the mechanical properties tensile strength, hardness test, were measured. It was 
execute welding speed at 355mm/min achieved a maximum tensile strength 93.9% of the parent metal with 
relatively good ductility and the presence of no internal or surface defects. 
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The COPRAS method is a common application MCDM which assigns the best alternative between a group 
of alternatives by determining solution with the ratio to the best solution and ratio with the best-worst solution [14]. 
Overall quality and performance of a supervisor has been computed by applying COPRAS method [15]. The success 
of this method (COPRAS) is simplicity. However only limited number of successful application of COPRAS 
method have been literature review in various field of decision making like design, construction etc., [16]. COPRAS 
was used by several researchers to optimize blind s to reduce the road accidents, to optimize the road design and to 
select the quality control manager [17] [18] [19]. In this work, a Taguchi L9 orthogonal array with four parameters 
tool rotational speed (r.p.m), welding speed (mm/min), dwell time (min) and tilt angle (degree) with three levels was 
used to optimize the friction stir welding conditions, in order to achieve greater hardness and tensile strength. 
Further COPRAS decision model was implemented to find the better parameter setup because of its multi objective 
nature. 

2. Experimental Work  

2.1. Materials  

In this study aluminum alloy (AA) 6061-T6 having dimension of 125 x 125 x 6mm square plate was used to join 
the butt edges of the specimen with single pass weld. The chemical compositions of AA6061-T6 are given in table 
1. Mechanical properties of AA6061-T6 are list out in table 2. The two plates were positioned and clamped using 
fixture. The non-consumable tool used in this process is high strength steel (HSS) having shoulder diameter of 
25mm, pin length 5.8mm and pin diameter 10mm [20]. The edges of plates were machined and cleaned with wire 
brush before the welding. The friction stir welding of butting edges joint being performed on AA6061-T6 requires 
eye point view experimentation and hence the tool is gradually plunged in the work piece until the shoulder touches 
the work piece. Then the stirring action takes place it called holding time or dwell time at that time the frictional 
heat is occurs along with the stirring action. In this study there are three dwell time are taken as one parameter then 
the automatic feed is given to complete the welding. The hardness is taken in the welded region at various places 
using Rockwell hardness apparatus. There are nine specimen were prepare to conduct the tensile strength. The 
specimen is cut into required dimensions using EDM wire cutter. The American society for testing materials (ASTM 
E8) regulations was followed for conducting the test specimen. The smooth tensile specimens were prepared then 
evaluate the ultimate tensile strength. 

 
Table 1. AA6061-T6 Chemical Composition 

Material Mg Si Fe Cr Cu Al 
AA 6061-T6 0.92% 0.6% 0.33% 0.18% 0.25% Remaining 

 
Table 2. AA6061-T6 Mechanical Properties 

Material Ultimate tensile strength (Mpa) Yield strength (Mpa) Hardness  Modulus of elasticity (Gpa) 

AA 6061-T6 310 276 40 68.9 

2.2. Taguchi method 

From the literature review the parameters which influence the weld quality and mechanical properties are tool 
rotational speed (r.p.m), welding speed (mm/min), dwell time (min) and tilt angle (degree) and their level which are 
tabulated in table 3. In actual method the selection of optimum level of process parameters is difficult one, in which 
one parameter is varied at a time and other parameter are kept constant. So it was having large number of 
experiments and more time consuming. 

To eliminate this difficulty design of experiment based Taguchi method can be hugely reduce the total number 
of experiments. Taguchi is the single objective optimization it suggested different orthogonal array (OA) for 
performing the experiments. In this work Taguchi L9 OA used to performing the experiments is given in table 
number 4. Taguchi method uses a statistical tool to measure the performance called signal to noise ratio (S/N ratio). 
The S/N ratio is the ratio of the mean (signal) to the standard deviation (noise). This ratio is a measure of robustness 
used to identify control factors that reduce the variability in a process by minimizing the uncontrollable factors. The 
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S/N ratio is classified into three categories: 
• Nominal the best SN = −10log (σ )          (1) 

• Larger the better (Maximize the response) SN = −10log ∑(1/y )/n]         (2) 

• Smaller the better (Minimize the response) SN = −10log ∑(y )/n]          (3) 

n  – Number of experiments; yi – Value of parameter for ith experiment 
Table 3. Parameters and Their Levels 

Symbol Factors Unit Level 1 Level 2 Level 3 
N Tool rotational speed (N) r.p.m 450 560 710 

S Welding speed (W) mm/min 20 40 63` 
D Dwell time (D) min 1.5 2 2.5 
T Tilt angle (T) Degree 0 1 2 
 

Table 4. Taguchi L9 Orthogonal Array and the Parameter Setup 

Ex 
no 

Parameters (Level) Parameters  
1 2 3 4 N S D T  

1 1 1 1 1 450 20 1.5 0 
2 1 2 2 2 450 40 2 1 
3 1 3 3 3 450 63 2.5 2 
4 2 1 2 3 560 20 2 2 
5 2 2 3 1 560 40 2.5 0 
6 2 3 1 2 560 63 1.5 1 
7 3 1 3 1 710 20 2.5 1 
8 3 2 1 2 710 40 1.5 2 
9 3 3 2 1 710 63 2 0 

2.3. Copras Method 

The COPRAS method was introduced by Zavadskas in the year 1996. The detailed step by step procedure of 
COPRAS method is given below [17]:  

• Construct the decision matrix (X)  
The FSW was performed on the specimens using the combination of parameters obtained from L9 orthogonal 

array.  The tensile strength and hardness of the welded specimens were tested. The test results were presented in the 
form of matrix as shown in equation 4.  

X] =
x x ⋯ ⋯ xx x … … x⋮⋮⋮x

⋮⋮⋮x
⋮⋮⋮x          (4) 

Where, 
n = Number of alternatives; m = Number of attributes 

• Formation of Normalized Decision Matrix X 
The decision matrix was normalized using equation (5) to get the normalized decision matrix. 
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X =  
x x ⋯ ⋯ xx x … … x⋮⋮⋮x

⋮⋮⋮x
⋮⋮⋮x          (5) 

Where, X  = ∑  ; I = 1, 2, 3………..n; J = 1, 2, 3……….m 

• Determination of the weight of the  (Wj)  
In this paper, entropy method was used to find the weights of the output responses.  

• Determination of weighted normalized matrix    = =             (6) 
• Calculating the sums PJ (larger value preferable) and RJ (smaller value preferable) of criterion values = ∑           (7)  R = ∑ X            (8) 

Where, 
K = Number of attributes which is to be maximized; C Determination of relative weights of each alternatives (Qj) 

• Calculating COPRAS grade Q = P + ∑ RR ∑ R           (9) 

2.4. Determination of weights using entropy 

First the entropy Ej of the set of experiments for output response ‘j’ from the normalized decision matrix is 
determined using the equation (10) E = ( ) ∑   ( )     (10) 

Where, m – Number of alternatives 
Then the degree of diversification of the in sequence provided by the output of the response ‘j’ is determined 

using equation (11)  = 1 −            (11) 
Finally the weights of each output responses were calculated by the following equation (12) W (j) = D∑ D           (12) 

2.5. Anova 

ANOVA is used to investigate which parameter significantly affect the performance characteristic [1]& [4]. This 
is accomplished by separating the total variability of the COPRAS decision model, which is measured by the sum of 
the squared deviations from the total mean of COPRAS decision model, into contributions by each machining 
parameter and the error. First, the total sum of squared deviations SST from the total mean of COPRAS decision 
model was calculated (equation 13). 

 SST = YL − YL 2        (13) 

Where,  n – Number of experiments; YL – Mean of grey relational grade for Lth experiment 
The total sum of the squared deviations SST is split into two categories one is the sum of the squared deviations 

SSM due to each machining parameter and the sum of the squared error SSe. The percentage of contribution by each 
of the machining parameter in the total sum of the squared deviations SST can be evaluate the importance of the 
machining parameter change of the performance characteristic. SSe is the sum of squared error without or with 
pooled factor, which is the sum of squared corresponding to the insignificant factors. Mean square of a factor MSM 
or MSe is found by dividing its sum of squares with its degrees of freedom. Finally percentage of contribution of 
each of the design parameters is given by the following equations. 
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Percentage of Contribution = 
SSMSST     (14) 

In addition, the fisher’s F test can also be used to determine which machining parameters have a significant 
effect on the performance characteristic. 

3. Results and Discussion  

The experiments (FSW) were conducted based on the L9 orthogonal array setup. After that the tensile specimen 
was cut from the welded material using EDM process. For all the nine specimens, the tensile strength and hardness 
were determined and tabulated in Table 5. Next S/N ratio for tensile strength was determined using equation 2, since 
the higher value is preferable in tensile strength. For hardness, equation 3 was used to find S/N ratio since the lower 
the hardness number reflects the higher the hardness value. Then the S/N ratio values were normalized and shown in 
Table 5.  

The weights of the output responses (tensile strength and hardness) were determined as 0.731 and 0.269 using 
equation 10 to 12. These weights were multiplied with the corresponding output response to get the weighted 
normalized matrix (Table 5). 
Table 5. Experimental results 

Ex no 
Experimental Values S/N  Ratio Normalized Value Weighted Normalized Matrix 

Hardness  Tensile 
strength  

Hardness Tensile 
strength 

Hardness Tensile 
strength 

Hardness Tensile strength 

1.  43.66 212.67 32.7196 46.5541 0.1081 0.1115 0.05576 0.05409 
2.  48 217.16 33.6102 46.7356 0.1111 0.1119 0.05597 0.05556 
3.  46.66 198.18 33.3711 45.9412 0.1103 0.1100 0.05502 0.05516 
4.  47.66 207.07 33.5597 46.3223 0.1109 0.1109 0.05548 0.05547 
5.  49.33 200.52 33.8621 46.0432 0.1119 0.1102 0.05514 0.05597 
6.  51.66 230.35 34.2382 47.2478 0.1131 0.1131 0.05659 0.05660 
7.  44 207.06 32.8187 46.3219 0.1084 0.1109 0.05548 0.05425 
8.  48 219.20 33.5979 46.8168 0.1110 0.1121 0.05607 0.05554 
9.  55.33 188.36 34.6999 45.4998 0.1147 0.1089 0.05449 0.05736 

 
Finally the maximizing index PJ , minimizing index RJ and COPRAS grade Qj were determined using equation 6 

to 9. These values are given in Table 6. From the grade, the higher value is selected as the best. A COPRAS decision 
model is near to one and not exceed one is taken as best process response. In this study the main effects of each 
parameter were calculated (Table 7 and Fig 1). The highest mean value of each parameter is considered as optimum 
parameter. 

 
Table 6 COPRAS Computations 

Experiment No Pj Rj Qj 
Rank 

1 0.082 0.029 0.1121 1 
2 0.082 0.030 0.1116 5 
3 0.080 0.030 0.1104 7 
4 0.081 0.030 0.1109 6 
5 0.081 0.030 0.1102 8 
6 0.083 0.030 0.1119 2 
7 0.081 0.029 0.1116 4 
8 0.082 0.030 0.1118 3 
9 0.080 0.031 0.1085 9 

 
 

Table 7. Main Effects Based on COPRAS Decision Model 
Parameter Level 1 Level 2 Level 3  Max-min 

Tool rotational speed (N) 0.1120* 0.1105 0.1107 0.0015 
Welding speed (W) 0.1125* 0.1109 0.1099 0.0026 

Dwell time (D) 0.1117* 0.1101 0.1115 0.0016 
Tilt angle (T) 0.1105 0.1115* 0.1113 0.0010 
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Fig. 1 Main Effect 

The final step is verifying the improvement in hardness and tensile strength by conducting experiments 
using optimal parameter conditions. The confirmation experiment was conducted using the optimum setting of 
parameters. The tool rotational speed, welding speed and dwell time were set as level 1 and tilt angle set as level 2 
and the hardness and tensile strength of friction stir welded AA6061-T6 was found to be 43.33 and 228.42 MPa. 

Then ANOVA is used to investigate which parameter significantly affects the performance characteristic. 
The ANOVA calculations were shown in Table 8. From the Table 8 it was understood that the welding speed is the 
most influencing factor followed by dwell time, tool rotational speed and tilt angle. 

4. Conclusion  

Friction stir welding experimental results conducted for AA6061-T6. The hardness and tensile strength values 
are collected under different welding conditions for various combinations of welding parameters. The following 
conclusions were drawn. 

 
• Taguchi based COPRAS decision model is a very useful tool to solve the multi objective function 

to predict the hardness and tensile strength in friction stir welding of AA6061-T6 
• The percentage of contribution of FSW process parameters was evaluated for hardness and tensile 

strength. 
• Based on the ANOVA results welding speed (50.63%) is the most significant parameter compared 

to tool rotational speed (19.17%), dwell time (21.98%) and tilt angle (8.20%). 
• The optimum level of friction stir welding parameter are found as 1112, which represents tool 

rotational speed at 450 (r.p.m), welding speed at 20 (mm/min), dwell time at 1.5 (min) and tool tilt 
angle at 1 (degree) 
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Abstract
Most of the existing searchable encryption scheme allows the user to search for the 
encrypted data with the support of Boolean search and this scheme are not so much effec-
tive to meet the data requirements of the user in the presence of large amount of docu-
ments in cloud. In this paper, we propose an effective Securable Fuzzy Logic based Rank-
ing mechanism for document searching on outsourced cloud data. Our approach employs 
ECC based encryption and a fuzzy logic based ranking scheme over the encrypted-data 
to retrieve the documents from the cloud. The newly developed fuzzy logic based rank-
ing scheme adopts six query-expansion  (QE) ‘terms selection’ methods for computing 
the degrees of all the unique-terms comprised in the top retrieved document. Further, our 
fuzzy logic based ranking mechanism greatly enhances the system functionality by sending 
top-most relevant documents based on the relevance scores obtained for the term selec-
tion methods and increases the document retrieval accuracy by sending alone the top-most 
relevant documents instead of transmitting all documents back. As a result, data security is 
increased by reducing the communication and computational overhead. The experimental 
validations are performed on RFC and FIRE dataset. Through experimental analysis, we 
prove that our proposed approach is highly secure and efficient as well as exhibits better 
recall and precision rate in the IR system to deal with the document-retrieval process.

Keywords Cloud computing · Security · Fuzzy logic · Outsourced data · Document 
retrieval · ECC · Query expansion · Information retrieval system

1 Introduction

Cloud computing is considered as the long dreamed-vision of the computing applica-
tions; hence, they allow the customers of the cloud to enjoy the benefits of “on-demand” 
services and applications by storing their essential data into the cloud [1]. Beyond 
these advantages, it is not limited to some of the benefits such as, reducing the hard-
ware expenses, personal and software maintenances, less storage burden and so on [2]. 
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Recently, cloud computing turns to be a modern trend as much highly sensible infor-
mation are stored in the cloud to support the maintenance of government documents, 
company finance data, emails, personal health records etc. In fact, if the data-owners 
and cloud servers are not placed in the similar trusted circumstance then they will force 
the unencrypted outsourced data to the requested user [3]. This criterion leads the leak-
age of essential information to the unauthorized third party or even the essential con-
tents may be hacked [4]. Therefore, to ensure the data privacy it is important to secure 
the sensitive data by encrypting them before outsourcing to the cloud server. Also, it 
should be noted that, in the presence of large amount of outsourced data documents 
then the data encryption process takes a great challenging part in the encryption of 
documents for effective data utilization. Although, the existing Searchable Encryption 
Schemes (SSE) [5–11] without decryption allows the user to search their files using 
the Boolean keyword search process and they fail to analyze the relevancy of the files/
documents in the search result. The two major inadequacies faced with this conven-
tional SSE schemes are: (1) users without sufficient knowledge enters to retrieve the 
file which is not encrypted and they tries to identify the most relevant files from the file 
collection; hence this activity leads to processing overhead; (2) unwanted traffic may be 
generated by sending back the whole files for decryption in the presence or absence of 
the keyword. Moreover, the file retrieval accuracy is highly reduced in SSE schemes due 
to absence of effective securable mechanism. Nonetheless, most of the existing works 
of IR (Information Retrieval) community follows different scoring techniques [11, 12]. 
These scoring techniques are employed to quantify and to analyze the rank order of the 
relevance files with respect to the user query. Though this, IR community has evolved as 
a major thing to search for the plain-text using the ranked search mechanism; yet there 
is still an open issue in the search of encrypted data and this issue should be overlooked 
in IR community. In order to achieve our design goals, with integrate both the benefits 
of IR community and cryptosystem to model a new ranking mechanism in the spirit of 
as-strong as-possible to ensure security [13–16].

Presently, the IR system tries to identify the most relevant documents based on the request 
of user in a particular time interval [17]. Some of the common applications of IR systems are 
social search, filtering the information, blog search, web search and so on. The most favorable 
hot topic of IR community is the query-expansion approach. These QE approaches were com-
monly employed to highlight the efficiency of the IR systems [18–20]. Moreover, to ensure 
the security of the outsourced data several searchable schemes were proposed [21–23]. Con-
versely, the data-owner of these schemes encrypts the data before outsourcing and retrieves 
the data using certain specific ranked keywords. However, these schemes consumes more 
CPU time while performing the encryption and decryption operation. Therefore, these tradi-
tional schemes [21–23] fail to support well in the cloud environment. Also, it should be noted 
that, all these traditional encryption schemes adopts a symmetric key encryption where these 
schemes employs a single key to encrypt and to decrypt the data. In case, if the data-owner 
wishes to share the key used in the trap-door generation stage to entire authorized users then 
the system enters to a high security risk because of the share of secret key to multiple users. 
Therefore, the highly sensitive data can be easily hacked by the unauthorized party and with 
the knowledge of secret key he/she can easily break the system; hence, without any complex-
ity the hackers can access the original data. In order to recover these issues, it is more probable 
to use the asymmetric based encryption standard such as ECC based encryption. ECC is con-
sidered as the public key cryptographic system which employs two different keys for encryp-
tion and decryption [24, 25]. Thus, there is less chance for the hackers to enter into the system 
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to access the secured contents of the documents. Beyond this, it is essential to construct effec-
tive ranking scheme to increase the document retrieval accuracy of the system [26–32].

In this paper, we propose an efficient Securable Fuzzy Logic based Ranking (SFLoRa) 
mechanism to avoid all the above mentioned issues while ensuring the integrity and security 
of the ‘outsourced’ data in the cloud environment. In our mechanism, the data-owner initially 
generates an ‘index’ for the document collection and after index creation both the ‘index’ and 
the ‘documents’ are encrypted and are stored in the cloud. After this, the stored documents 
from the cloud-server can be retrieved by an authorized user. In order to retrieve the docu-
ments, the authorized user creates the trap-door function and passed to the cloud-server.

The short summarizations of our work are as follows:

(a) We propose an efficient Securable Fuzzy Logic based Ranking (SFLoRa) mechanism 
which adopts a ECC based encryption method to minimize the computational overhead 
on data-owner by preventing the leakage of information about the plain-text at the time 
of performing encryption and decryption process.

(b) Our approach uses a new fuzzy logic based ranking scheme on ‘encrypted’ data to 
retrieve the ranked documents back. More importantly, the crisp ‘relevance score’ of 
query-expansion (QE) terms provided by 6 different expansion-term selection tech-
niques are combined using the Fuzzy Information System (FIS).

(c) We imposed some new fuzzy-rules to observe the ‘weights’ of additional query-terms 
and suggested to use the semantic word filtering technique to remove the irrelevant and 
noisy expansion-terms from the retrieved documents.

(d) Finally, an effective query-vector is developed by using both the weights of the original 
user query-terms and the weights of the ‘additional’ query terms to retrieve the docu-
ments. At last, the user decrypts the documents by using the private keys and accesses 
the original data.

(e) We imposed the integrity checking scheme, therefore, the user can verify both the 
integrity of index and the document collection to ensure whether the data stored in the 
‘cloud’ is safe/not?

(f) We conducted an experimental validation on two real-time databases namely, Request 
for Comments (RFC) database (RFC, 2012) and FIRE dataset. Furthermore, the experi-
mental and the performance analysis exhibits that our proposed SFLoRa mechanism 
is more efficient and outperforms better than the conventional baseline models.

The rest of this paper is summarized as follows: Sect.  2 detailed the review of related 
works. Section 3 describes the system model formulation of the proposed approach. Section 4 
describes the theoretical background of the proposed SFLoRa mechanism. Section 5 describes 
the operations of SFLoRa mechanism and the operation of fuzzy logic ranking scheme. The 
detailed description about the experimental analysis and comparative results are discussed 
under Sect.  6. Finally, the paper ends up with the conclusion and future enhancement in 
Sect. 7.

2  Related Works

Most of the traditional searchable encryption approaches were examined in [33–35] and 
these schemes focused only on the improvement of encryption performance and without 
ranking the documents are retrieved by adopting the Boolean keyword search technique. 
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Swaminathan et  al. [21] developed the searchable encryption scenario with rank-order 
retrieval approach with an end goal to improve the privacy of top-k retrieved files compris-
ing both the ranking and the secure indexing with ‘order preserving encryption’ (OPSE). 
In order to ensure the privacy of the document exchange process among the collaboration 
teams in [3] proposed the ranking model which allows the user to retrieve the documents 
from an outsourced inverted index. The security of the ‘indexed’ data is enhanced by estab-
lishing the information of relevance score transformation function. Furthermore, in cloud 
computing top-k retrieval functionality over the encrypted data is imposed by Wang et al. 
[36] and they follow the SSE encryption scheme to enhance the efficiency of the system 
but at the same time they exhibited slight variation in the retrieval accuracy.

However, two-layered encryption scheme is proposed by Song et al. [21] in which each 
word in a document is encrypted using this encryption scheme. Thus, this scheme con-
sumes large memory space and large search time. In order to recover this, later Goh et al. 
[37] tries to minimize the workload by introducing a “Bloom filter based per file index 
scheme”. Curtmola et al. [38] aimed to use a single encrypted hash-table to hold all the 
files. Furthermore, the enhanced version of the ‘Okapi-BM 25’ model is proposed by He 
et al. [39] and the authors developed this model by applying the evidences of term-prox-
imity. In addition to this, same characteristics based scoring functions were presented by 
Bache et al. [40] and these scoring functions delineates better matching probability when 
contrasted to few ‘retrieval’ tasks. Hence, it fails to act as original probability yet it can 
exhibit better performance than the ‘pure ranking’ mechanism. The re-ranking problem is 
resolved by a new method developed by the Pedronette et  al. [41]. This method is con-
structed based on the similarity measure of the top-k lists which is generated through the 
index based structures. More significantly, from the top feed-back documents the ‘query’ 
based context terms are selected through the “Contextual window based approach” devel-
oped by Singh and Sharan [42]. For a particular query numerous topic aspects were 
established and these aspects can be used to resolve the scarcity of the current IR models 
according to Wu [43].

In this work, we focused on the PRF based AQE
 (automatic query-expansion) tech-

nique to boost the IR performance. In the initial retrieval process, top relevant docu-
ments are retrieved and then the most related terms are added and selected after 
applying the feed-back documents. Consequently, the PRF based QE technique proves 
its efficiency in the Information Retrieval performance to the number of “IR” tasks 
[18–20]. The main intuition for the application of PRF based QE technique in our work is 
that the PRF based AQE

 technique fails to show its efficiency because of unequal distribu-
tion of the user query-terms in the high dimensional document set. Next, it provides all 
the terms of the feed-back documents (i.e. top retrieved documents) which are not much 
needed by the user and in term of query-expansion. This reason behind this is that most 
of the query-expansion (QE) terms are noisy and irrelevant. Also, if there is a more than 
one noisy or irrelevant query-expansion term than the most-relevant terms then it may 
mislead the result. The query-expansion term selection approach mainly aims to elimi-
nate all the noisy terms from the term-buffer and the selected terms after removing the 
noisy terms from the top retrieved documents includes the most effective information 
about the original-document. Moreover, certain valuable fuzzy based information was 
proposed in [20] which mean to remove the uncertainty, vagueness of the documents 
the fuzzy logic mechanism supports a lot. The FIS rules [20] were applied to retrieve 
the documents based on the user query. Hence, certain degrees of membership degrees 
are used by the fuzzy logic rules. In this work, after employing the fuzzy rule a set of 
expansion-terms are attained and these terms are analyzed and inferred that most of the 
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attained expansion-terms are not semantically related to the user query. Therefore, to be 
safe from drifting problem, with respect to the user query all the semantic-meaning of 
the obtained expansion-terms are verified.

Fuzzy logic uses degrees of memberships to express relevance, unlike the Binary/
Boolean model that is based on binary decision criterion, i.e., (relevant, not relevant). 
Moreover, as multiple QE terms selection methods are available; it is natural to combine 
them with the help of fuzzy logic for better performance by taking advantage of their 
individual strength. To accomplish this, we employed the semantic-similarity concept 
with the support of “WordNet”. After retrieving the final ranked documents it is essen-
tial to decrypt the document as same as that of Two-Round Searchable (TRSE) scheme 
of Yu et al. [42]. This traditional scheme employs the ‘homomorphic’ encryption tech-
nique to encrypt the documents. It allows the user to enter into the ranking search pro-
cess in which major part of the work is carried out in server-side based on cipher-text. 
Thus, the security is guaranteed by avoiding the information leakage. However, this 
method is quite large in terms of high computational and communication cost.

All the above mentioned schemes, focused only on the satisfaction of security 
through encryption standard and none of the works aim to construct an effective rank-
ing scheme to remove the unwanted terms of the retrieved document to avoid the traffic 
in the IR system during retrieval of documents. The ranking scheme employed in the 
existing works ranks the files based on the encrypted data. This may mislead the result 
if one or more matching files enter into the system. Also, most of the above mentioned 
works applies symmetric key encryption standard to encrypt the data; hence a single 
key is used and this key can be easily hacked by the unauthorized third party. Thus it 
is essential to impose an effective ranking scheme and an encryption standard to secure 
the contents of the documents/file.

3  The System Overview

3.1  System Components

In this work, we consider a system design of CDS (Cloud Data Storage) system, which 
is comprised with three major participants namely, (1) Data-owner (Down), Cloud ser-
vice provider (CSP) and Authorized-users (Auser). Figure  1 clearly depicts the major 
functionalities of these three CSP participants.

Data-owner (Down) This participant is responsible to store large amount of data in the 
cloud.
Cloud Service Provider (CSP) It plays as a mediator between the data-owner and users 
by providing most appropriate computational resources and ‘data storage’ services.
Authorized-users (Auser) The authorized users can only use the documents of data-
owner and in turn the authorized user conveys some essential information to the data-
owner. The data from the cloud in an ‘encrypted’ form is retrieved by the authorized 
user and finally obtains the original data by decrypting the encrypted data.

According to Fig. 1, the typical communications among these three participants of 
the CDS system are as follows:
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Step 1 Initially, the data-owner takes the whole responsibility to provide better interac-
tion on the ‘cloud server’ by outsourcing the set of files in an encrypted form. In order 
to achieve effectual data utilization, they maintain a specific keyword to search the files.
Step 2 The authorized user send a search request to the Cloud Service Provider with an 
end goal to retrieve the set of files (documents).
Step 3 The Cloud Service Provider in turn searches for the documents and send back the 
set of documents to the user with specific hash values.
Step 4 At last, the corresponding plaintext can be obtained by the authorized user (i.e. 
by verifying the integrity of documents and decrypting the documents).

3.2  System Model

According to Fig.  1, the encrypted data files from the data-owner are initially out-
sourced to the CSP via the cloud servers. More importantly, the data-owner loses his/
her full control if once the data begins to move to the ‘cloud’. This issue can generate 
a major security concerned problem even though the Cloud Service Provider tries to 
secure the data from the attackers by providing some effective security scheme (i.e. the 
data are still hacking after employing an effectual security scheme by the CSP). In order 
to recover this issue, it is compulsory to develop an improved secure scheme to preserve 
the security/privacy of the most sensitive data outsourced to the ‘cloud’. In this work, 
we consider the most effectual and securable fuzzy logic based ranking mechanism and 
the development criterions are as follows: the users without any prior knowledge on 
the document collection should retrieve their files from the search result as accurate as 

Fig. 1  Architecture of CDS
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possible. Therefore, to enhance the retrieval accuracy, the search result should follow 
certain ‘ranked-relevance’ criterion in order to return the files to the users. Also, the 
Cloud Service Provider (CSP) sends only the top N most ‘relevant files’ (documents) to 
the users for the input keywords; hence this process reduces bandwidth.

4  Theoretical Background for Fuzzy Based Ranking Method

In this work, we focused on the “Automatic query expansion”(AQE) technique operating 
on the basis of Pseudo-relevance feedback (PRF) method. The Information Retrieval (IR) 
performance can be improved effectively by the PRF based QE technique. This technique 
initially considers that the top ranked documents retrieved in the first pass retrieval are 
relevant. After this process, to add and to select the potentially ‘related terms’ the PRF 
based QE technique uses ‘feedback’ documents as a major source. Moreover, many of 
the IR tasks exhibits its performance by using PRF based QE technique and this tech-
nique is considered as the most effective technique for boosting the IR performance 
rather than the AQE based technique [18, 19]. The common inadequacy faced with PRF 
based AQE technique is that it fails to show its efficiency in the high-dimensional cor-
pus. This criterion is due to the fact that it cannot operate perfectly in the high-dimen-
sional corpus with inherent sparseness of the ‘user query’ terms. Also, this technique 
considers all the terms of the feedback documents (i.e. top-retrieved documents) which 
not so much needed for the query-expansion (QE).

However, some of the query-expansion terms are irrelevant and noisy. Also, in 
some cases these noisy terms will mislead the result if there is more number of noisy 
or redundant QE terms instead of the most relevant ones. Therefore, QE based ‘terms’ 
selection technique is stated as a more beneficial one than the AQE based technique 
because the QE based selection technique aims to eliminate all the noisy and irrelevant 
terms from the feedback documents known as top-retrieved documents for choosing the 
user query-expansion terms (i.e. specifically removing redundant terms from the term 
buffer. This term buffer is a temporary storage pool where it stores only the selected QE 
‘terms’ that comprises enough knowledge about the original document. Also, the good-
ness behind QE based ‘terms’ selection technique is that it not only aims to degrade the 
high-dimensionality issue in the term buffer which contains the top-relevant documents 
(feedback documents) but also it aims to improve the outcome of the AQE based tech-
nique by providing understandable and more convenient information of the documents. 
Also, it has been reported that QE based ‘terms’ selection technique enhances the Infor-
mation Retrieval (IR) performances by increasing its accuracy and efficiency. The theo-
retical background for the selection of top relevant documents using Pseudo-relevance 
feedback (PRF) based QE mechanism is explained below.

4.1  Query Expansion (QE) Terms Selection Mechanism and PRF Documents

The parametric setting of this mechanism is done empirically by considering the value 
of ‘top-relevant’ documents which are utilized for choosing query-expansion terms and 
the number of ‘candidate’ expansion terms.
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4.1.1  Selecting Top Relevant Documents Using Pseudo‑Relevance Feedback  (PRF)

In this approach, the ‘candidate’ terms are selected to expand the user query from an 
initially retrieved document sets. In order to process this, first the top-m documents are 
retrieved from the corpus. Also, it is assumed that the documents retrieved from the corpus 
are relevant. The major criterion that relays on the selection of relevant documents depends 
on the finite selection of “similarity” measure. This “similarity” measure is computed to 
match the document with respect to the user query. In this work, we employed an effective 
similarity measure known as “Okapi-BM25” to select an initially retrieved document sets. 
Also, we employed this measure because it is much more effective than the conventional 
“Cosine” based similarity measure.

The “Okapi-BM25” similarity measure [44–46] is computed as follows:

The term q represents the query that comprises ‘terms’; the term-frequency of term t con-
tains in the document Dj is denoted as tF; the term-frequency in q is represented as QtF; 
subsequently, the parametric constants are represented by the symbols g1, a, and g3. The 
parametric measures related to the works of [45, 46] are evaluated as follows:

whereas the parametric measures of the constants g1, a, and g3 are employed as g1 = 1.23 , 
g3 = 7.05 and a = 0.76 ; the total number of documents presented in the ‘corpus’ is termed 
as N; the number of documents including the ‘term’ t is represented as m. Moreover, the 
length of the document is denoted as d� ; hence the documents average length is repre-
sented as avgd� . More importantly, the “candidate-expansion” terms are generated and are 
stored in a term buffer after selecting top-m documents with “Okapi-BM25” similarity 
measure. The term buffer is now comprised with index of the ‘top-m documents’ (i.e. all 
the unique terms present in the index of top-m documents). Furthermore, different “scor-
ing” measures/methods are employed to rank the terms. The scoring techniques are as 
follows:

(A) Scoring measures based on co-occurrence coefficient:

This measure is commonly employed to identify the strong relationship between the terms 
presented in the document corpuses. In other words, related to [42, 47], the “co-occurrence” 
measures is applied to identify the relationship between the ‘candidate-expansion’ terms and 
the ‘query’ terms. The relationship among them is computed depending upon their “co-occur-
rence” characteristics in the ‘document’ corpus. Also we named this ‘query-expansion’ (QE)
technique as ‘co-occurrence’ based QE statistics (COQE). In order to measure the strength 
of relationship between ‘candidate-expansion’ terms and the ‘query’ terms we derived 
co(tc, tq) . More commonly, Jaccard, Dice and Cosine are the popularly known ‘co-occurrence’ 

(1)Okapi(q,Dj) =
∑

t ∫ q∩Dj

Kw

(g1 + 1)tF

G + tF
×
(g3 + 1)QtF

g3 + QtF

(2)G = g1

(
(1 − a) +

(
a ∗

d�

avgd�

))

(3)Kw = log
(N − m + 0.5)

(m + 0.5)
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coefficient techniques. In this work, to quantify the relationship co(tc, tq) any of the below 
delineated equation can be used and they are as follows:

The number of documents that include the ‘terms’ tc and tq are represented as Cj and Ck 
respectively; whereas, the number of documents that integrates both the ‘terms’ tc and tq 
are denoted as Cjk. In order to determine the “co-occurrence” value between the ‘candidate’ 
term and the ‘query’ term, we used the above mentioned “co-occurrence” coefficients. 
Finally, to determine the scoring measure of ‘candidate-expansion’ terms we employed the 
‘Jaccard’ and ‘Dice’ methods. Also, both these methods are merged using FLCcocc (i.e. 
FLC: co-occurrence).

(B) Scoring measures based on class methods:

This method aims to select the ‘representative features’ of a class and this method is com-
monly employed in the feature selection approaches to improve the classification performance. 
The information obtained from this approach is used in different forms; hence the ‘relevant’ 
and non-relevant’ document collections are assumed as separable classes. We named this QE 
based method as CLQE

(Class based query-expansion).

1. Information Gain (IG)

It is a popularly known parameter [12] that verifies whether there is a term in a document col-
lection or not to compute the degree of ‘class prediction’. For a ‘term’ t of the document set Z, 
the entropy En(tZ) is estimated as follows:

Consider a ‘term’ t and a document set Z; if there is a presence of term t in the document 
set Z then we consider RZ be the subset of the document set Z and in the absence of term t 
in the document set Z then we consider NRZ be the subset of the document set Z. Presently, 
for a term t the  IG (Information Gain) is estimated as shown in Eq. (8)

The probability of a ‘term’ t in the document set Z of the above Eqs. (7) and (8) is rep-
resented by the variable pro(tZ). Moreover, the probability of the absence or presence of a 
term t in the document set Z is represented as pro(tRZ) and pro(tNRZ) . The values obtained 

(4)Jaccard (tc, tq) =
Cjk

Cj + Ck − Cjk

(5)Dice (tc, tq) =
2Cjk

Cj + Ck

(6)Cosine (tc, tq) =
Cjk

√
CjCk

(7)En(tZ) = −pro(tZ) log(pro(tZ)) − (1 − pro(tZ)) log(1 − p(tZ))

(8)IG(t) = En(tZ) −

[ ||RZ
||

|Z|
En(tRZ

) +
||NRZ

||
|Z|

En(tNRZ
)

]
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from Eq. (8) are used to rank the top-retrieved ‘feedback’ documents or the terms in the 
term buffer.

2. Chi square statistics

In order to estimate the degree of relationship between a particular category and a term the 
chi method is used (i.e. �2 statistics) [48]. In this method, to compute the dependency test 
of the � term category two different types of ‘hypotheses’ are considered. Thereby, if the 
specific category and the two variable terms are not dependent to one another; then that 
hypothesis is stated as “null hypotheses”. On the other hand, if there experience a depend-
ency between the two variables than that particular hypotheses are termed as “alternative 
hypotheses”. More importantly, a better comparison is made among the ‘observed frequen-
cies’ and ‘expected frequencies’ to test the null-hypotheses. Also, an assumption is gener-
ated to state that the null hypotheses are ‘TRUE”.

The number of documents (M) that include a ‘term’ t is represented as ‘observed fre-
quency’ O(t,M) and the number of documents (M) of a category (NM) including a ‘term’ t 
is considered as the ‘expected frequency’En(NM) , whereas, the number of relevant docu-
ments related to the query is termed as M and the collection (set) of non-relevant docu-
ments that are not related to the user query is termed as NM.

The �2 statistics can be defined by Eq. (9)

Based on �2 score of the ‘candidate’ terms in the document collection the terms corre-
sponding to the term buffer or the top ‘feedback’ documents are ranked. Therefore, we used 
FLCC� (FLC: Class) approach to integrate the ranks obtained for the ‘candidate-expansion’ 
terms through the “Chi” and “IG” ranking methods.

5  Proposed Securable Fuzzy Logic Based Ranking (SFLoRa) Mechanism

The conventional file retrieval scheme of Yu et al. [42] (i.e. TRSE scheme) operates on the 
basis of ‘homomorphic’ encryption and searches the keyword through ranking scheme to 
ensure security for the outsourced data. However, this encryption approach maximized the 
computational burden due to the increased collection of data on the data-owner side and 
also this scheme will experience heavy communication overhead with the ranked keyword 
searching process which means for file retrieval this searching process follows “two-round 
communication” between the ‘cloud server’ and ‘authorized user’. Therefore, to withstand 
both the communication and computational overhead and to enhance the security of out-
sourced cloud data while searching for a document, we propose a new Securable Fuzzy 
Logic based Ranking (SFLoRa) mechanism using ECC based encryption and fuzzy logic 
(Fig.  2). The proposed SFLoRa mechanism comprises of three stages namely, (a) setup 
stage, (b) retrieval stage and (c) data-integrity verification stage. The operations of these 
stages are explained below:

The ‘public’ and the ‘private’ key pairs are initially generated by the data-owner in 
setup stage. After that the ‘index’ is created from multiple ‘keywords’ extracted from 
the set of files and compute the relevance scores. Then, the obtained scores are added in 
the indexing list. Subsequently, both the file/document collection and the created index 

(9)�2
t,C =

(O(t,M) − En(t,NM))2

En(t,NM)
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are encrypted by the data-owner to ensure the security. At last, the encrypted files are 
distributed and indexed to the ‘cloud-server’.

Then for multiple keywords a trap-door is generated by an authorized user or by a 
data-owner and then the trap-door generated is send to the cloud-server in the retrieval 
stage. Then the cloud server searches for the relevant documents and their respective 
‘relevance scores’ after receiving the authorized query based on the generated trap-door. 
Moreover, our novel fuzzy logic based ranking mechanism searches for the additional 
query terms raised by the unauthorized third parties to hack the secured contents of the 
documents. This ranking mechanism calculates the weights for both the original query 
raised by the user and the additional query terms raised by the unauthorized user to 
retrieve the documents. Then the proposed ranking mechanism integrates the different 
‘weights’ computed for each terms and by using the fuzzy-rules the ‘weights’ of the 
additional ‘query’ terms are observed easily. In order to retrieve the documents an effec-
tive query-vector is developed by using both the weights of the original user query and 
the weights of the ‘additional’ query terms. Then the word-filter approach employed in 
this proposed ranking mechanism filters the irrelevant and noisy query terms. Finally, 
the user decrypts the documents by using the private keys and accesses the original 
data.

Fig. 2  Block diagram of proposed SFLoRa mechanism
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The user can verify both the integrity of index and the file/document collection by fol-
lowing integrity verification (i.e. it checks whether the data stored in the cloud is safe or 
not?).

5.1  Setup Stage

This stage is comprised with three algorithms namely, (i) key creation, (ii) Index genera-
tion, and (iii) Ensuring privacy.

(i) Key creation

The algorithm begins by generating key-pairs as follows:

 1. The two large ‘primes’ are selected by the data-owner and then compute N = qr . 
Then by applying the “Euclidean algorithm” computes s and t, where qs + ru = 1 . 
Hence, the ‘public key’ is represented as PK = {N} and ‘private key’ is represented 
as PR = {q, r, s, u} . The algorithm for key generation is illustrated below:

(ii) Index generation

The data-owner is responsible to generate an ‘index’ for the set of files or document collec-
tion. This index creation is done only after generating the key-pairs. Therefore, for efficient 
index creation we have followed the index generation process of Wang’s mechanism. The 
procedures adopted for the index generation in our proposed work are stated below:

1. The file collection C = {f1, f2,… , fn} is scanned by the data-owner and extracts its cor-
responding multiple-keywords Kwj

= {Kw1
,Kw2

,… ,Kwn
} . Then, the data-owner gener-

ates the index for each file/document fj ∈ C and is represented as follows:

2. Using ranking-function compute the ‘relevance score’ (Rjk) for multiple keywords in 
file/document fjk. It is represented as follows:

(10)Q(Kwj
) = fjk(id)

/
1 ≤ j ≤ m and 1 ≤ k ≤ n

(11)Rjk =
∑

Q∈t

1

k
⋅ (1 + lnFg.t) ⋅ ln

(
1 +

N

Ft

)
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whereas j represents set of keywords; the term-frequency in document or file f is 
denoted as fg,t; then number of documents that includes that include term-frequency t 
of ‘term’ g in file F is represented as ft. The total number of documents or files is rep-
resented as N and the file length is denoted as k.

3. Store the relevance-score in indexing list

In this work, we construct the ‘index’ based on Information Retrieval (IR) approach 
(e.g. stemming) that are deployed to construct “searchable index” Q from file/document 
collection C as stated by Witten et al. [48]

(iii) Ensuring privacy

To enhance the security the data-owner encrypts both the ‘index’ and files/document 
collection. The data-owner lacks in computational power and therefore to ensure the 
privacy the ECC technique is employed. More commonly, the ECC denotes the “public 
key cryptographic” approach which is widely applied to improve the data communica-
tion security. In this work, we employed ECC based public key cryptographic technique 
instead of ‘Homomorphic encryption’ [42] to encrypt the generated ‘index’ and files. 
The Algorithm 3 depicts the encryption process. The procedures to make the encryption 
are explained below:

1. Consider m be the length of the file f = {n1, n2,… , nm} , in which each nj represents the 
‘binary string’ of index Q(Kwj

) and length �.
2. Chose the ‘random-seed’ u and produce

3. Then pseudo-random bits are generated

(12)Q(Kwj
) = (fjk(id)||Rjk(id)

(13)y = u2 mod N
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whereas the least significant bit (sj) for yj is generated from Eq. (15)

4. The ‘pseudo-random bit sequence’ sj is then  XORed with plain-text and ‘index’ to obtain 
the cipher-text

5. At last, generate next random-bit sequence

After data encryption, the CSP (Cloud Service Provider) receives the encrypted ‘index’ 
and ‘file collection’ from the data-owner. As a result, the finally obtained ‘random-bit 
sequence’ ym+1 is maintained locally or it is send to the Auser (authorized user).

5.2  Retrieval Stage

In this stage, the Auser (authorized user) retrieves the documents from the Cloud Service 
Provider through a new fuzzy logic based ranked search process. This stage is comprised 
with three steps namely, (i) Trap-door creation, (ii) Fuzzy-logic based ranking and, (iii) 
Data-decryption.

(14)
yj = y2

j−1
mod N

(15)sj = y mod 2

(16)Q
�

(Kwj
) = sj ⊕ Q(Kwj

)

(17)Whereas, cj = sj ⊕ nj

(18)ym+1 = y2
m

mod N
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(i) Trap-door creation

The data after storing in the cloud, initiates the authorized user to retrieve the docu-
ment. If the authorized user wishes to retrieve the document comprising certain specific 
‘keywords’, then the trap-door is generated for the ‘keywords’ Kwj

∈ Kw and it is send as 
a ‘search request’ to the CSP (Cloud Service Provider). The procedure for trap-door 
computation is explained in Algorithm 4.

 1. From the data-owner, the user access the trap-door information
 2. Then, calculates the trap-door for the inserted ‘keywords’ as

   The “collision resistant hash function” is represented as H (i.e. similar to SHA-1). 
In this case, Rk be the random key and sj is considered as 160 bits.

 3. Finally, to the CSP the user sends the generated trap-door (TKwj
,Kw) ; whereas, Kw is 

considered as an ‘optional’ value.

(ii) Fuzzy-logic based ranking

The cloud server searches for the relevant documents and their respective ‘relevance scores’ 
after receiving the authorized query based on the generated trap-door (TKwj

) . In order to 
process this, we follow an effective “query-expansion terms selection” techniques which can 
effectively remove all the redundant and irrelevant malicious terms from the ‘top-retrieved 
feedback’ documents based upon the user query. It should be noted that while employing a 
single term selection technique it lacks in the determination of multiple queries raised by the 
users. In order to rectify this, we collectively used multiple term-selection techniques. In 
this work, we developed a new fuzzy logic based ranking scheme by employing a query 
expansion (QE) scheme and Pseudo-relevance feedback (PRF) methods for choosing the 
‘expansion’ terms as ‘additional query’ terms. The proposed fuzzy logic based ranking 
method initially integrates the query-expansion terms acquired from 6 various kinds of 
‘term selection’ techniques. Then our proposed ranking mechanism applies the fuzzy-logic 
to compute the weights of the QE terms. Finally, to retrieve the documents a new query-vec-
tor is developed by using the weights of both the ‘original’ user query terms and the ‘addi-
tional’ query terms.

(A) Operations of fuzzy logic based ranking

(19)TKwj
=

n∑

j=1

H(Kwj
)Rk
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The working procedures of fuzzy logic based ranking approach are as follows:

1. Initially, at different levels the fuzzy logic is used by the score-combination of various 
methods.

2. At next level, the irrelevant and noisy terms are removed by applying semantic word 
filtering technique.

Figures 2 and 3 depict the block diagram of newly developed fuzzy logic based ranking 
technique. Initially, the idea of Pseudo-relevance feedback (PRF) based QE mechanism is 
used, where it retrieves the relevant documents with respective to the query by adopting the 
similarity measure referred to as “Okapi-BM 25” [34, 38]. In order to form the ‘candidate-
term’ buffer or the term buffer we selected some top-relevant documents commonly con-
sidered as the PRF documents. Therefore the term buffer/candidate-term buffer comprises 
all the terms of the selected PRF documents. However, various term ranking (weighing) 
methods such as,, class-based (CHI and IG), and ‘co-occurrence’ based (Jaccard and Dice) 
were used to weigh the ‘candidate-terms’ of the term buffer.

Moreover, three different forms of Fuzzy Logic Controllers (FLCs) were utilized in the 
initial stage of Fuzzy Inference System (FIS). In order to integrate the “class” based rank-
ing methods (i.e. CHI and IG) FLCC� is used and to integrate the “co-occurrence” based 
ranking methods (i.e. Jaccard and Dice) FLCcocc is utilized. In the next level of FIS, the 
scores obtained for the FLCC� , and FLCcocc are combined using FLCcombine and the com-
bined scores generates a single ranking (weighing) score for the candidate-terms. In the 
final FIS level, the scores of “Tf-idf” and FLCcombine are combined using FLClast. The last 
score (rank) of the candidate-term or the buffer-term is determined from the score attained 
by employing FLClast. More importantly, based on the last (final) score the top-m ‘terms’ 
are sorted and with these sorted terms the original user query is expanded. This process of 

Fig. 3  Architecture of fuzzy inference system



191A Novel Securable Fuzzy Logic Based Ranking Scheme for Document…

1 3

expanding the original user query using the FLC score is referred to as Fuzzy based query-
expansion (FQE

) . It should be noted that, it is essential to construct such type of effec-
tive query-expansion technique to remove the redundant and noisy terms from the top-m 
retrieved relevant (feedback) documents sets with respect to the query raised by the user. 
The noisy and the redundant terms are removed from the top-m retrieved documents to 
enhance the efficiency and accuracy of the system. Therefore, we applied the word filter 
to filter all the non-relevant and noisy terms appeared after employing the FLClast over 
candidate-term buffer. Moreover, based on the user query the word ‘similarity’ inferred is 
used to select few top-n terms and they are chosen as the ‘expansion-terms’ with respect to 
the user query. This type of expansion scheme is referred to as the Fuzzy based word filter-
ing query-expansion technique (FWQE

) . The Algorithmic elucidation for the Fuzzy based 
query-expansion (FQE

) technique are described below.

(B) Illustration of Fuzzy based query-expansion technique

Initially, from each term ‘selection’ techniques such as, COQE,SQE
, and CLQE

 we obtained 
various “scoring-list” of query-expansion (QE) terms. Next to this, all the “scoring-list” of 
query-expansion (QE) terms are combined together to form a single score-list of ‘expan-
sion’ terms. In order to accomplish this, we followed the user query and selected few top 
scored ‘expansion’ terms from the single score-list of ‘expansion’ terms and these selected 
top scored terms are considered as the query-expansion terms. Furthermore, in this sec-
tion, we aimed to explain the functions of FIS (Fuzzy Inference System) that operates on 
the basis of different term ‘selection’ techniques which we employed (i.e. FIS using fuzzy 
based score combination of expansion terms).

The reason behind applying the fuzzy logic approach is that its goodness in the conver-
sion of idea expressed in a ‘natural language’ into more convenient ‘fuzzy logic rules’. 
The score-combination’ function that is processed with the fuzzy logic can be analyzed, 
viewed and extended without any difficulty. In this work, the score-combination function 
is constructed using various kinds of term ranking (weighing) methods possessing various 
evidences of relevancy which holds the characteristics (features) of the queries and docu-
ments. The proposed score-combination function utilized the “Mamdani-type FIS” model 
[49]. The composite Fuzzy Inference System (FIS) model used in our proposed score-com-
bination function is depicted in Figs. 2 and 3. The terminologies used in both the input and 
output variables of Figs. 1 and 2 are depicted in Table 3. The algorithmic steps followed 
to model the fuzzy logic based ranking scheme to retrieve the documents is described in 
Table 1 and the steps employed in Fuzzy Inference System (FIS) or Fuzzy Logic Control-
lers (FLC) is elucidated in Table 2.
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Table 1  Using fuzzy-rule base to combine the statistics, class based and co-occurrence methods

1 If Wtcl is (High) and Wtcocc is (High) then Wtcombined is High (1)
2 If Wtcl is (Medium) and Wtcocc is (High) then Wtcombined is High (1)
3 If Wtcl is (Low) and Wtcocc is (High) then Wtcombined is Medium (1)
4 If Wtcl is (Low) and Wtcocc is (High) then Wtcombined is Medium (1)
5 If Wtcl is (Medium) and Wtcocc is (High) then Wtcombined is Medium (1)
6 If Wtcl is (High) and Wtcocc is (High) then Wtcombined is High (1)
7 If Wtcl is (Low) and Wtcocc is (High) then Wtcombined is Medium(1)
8 If Wtcl is (Medium) and Wtcocc is (High) then Wtcombined is Medium (1)
9 If Wtcl is (High) and Wtcocc is (High) then Wtcombined is High (1)
10 If Wtcocc is (Low) then Wtcombined is Low (1)
11 If Wtstat is not (Low) and Wtcl is not (Low) and Wtcocc is (Medium) 

then Wtcombined is Medium (1)
12 If Wtcl is not (Low) and Wtcocc is (Medium) then Wtcombined is Low (1)

Table 2  Using fuzzy-rule base to combine Wtcombined (i.e. combined weights) and Tf-idf

1 If Tf-idf is (Low) and Wtcombined is (Low) then Wtlast is Low (1)
2 If Tf-idf is (Low) and Wtcombined is (Medium) then Wtlast is Medium (1)
3 If Tf-idf is (Low) and Wtcombined is (High) then Wtlast is Medium (1)
4 If Tf-idf is (Medium) and Wtcombined is (Low) then Wtlast is Low (1)
5 If Tf-idf is (Medium) and Wtcombined is (Medium) then Wtlast is Medium (1)
6 If Tf-idf is (Medium) and Wtcombined is (High) then Wtlast is High (1)
7 If Tf-idf is (High) and Wtcombined is (Low) then Wtlast is Medium (1)
8 If Tf-idf is (High) and Wtcombined is (Medium) then Wtlast is Medium (1)
9 If Tf-idf is (High) and Wtcombined is (High) then Wtlast is High (1)
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In this work, we employed the fuzzy logic to evaluate the score of the integrated (com-
bined) expansion terms that utilizes the fuzzy logic rules of the combined Fuzzy Inference 
System (FIS). Figure 1 shows that the Fuzzy Inference System (FIS) operates on the basis 
of three Fuzzy Logic Controllers (FLC). In which, all the measures of ranking methods 
(i.e., CHI and IG, Jaccard and Dice) wholly stated as the input variables are accepted by 
all the three Fuzzy Logic Controllers (FLCs). The next subsequent “FIS” depends on only 
one FLC (i.e. the FLC that combines the output of all three FLCs used in first FIS). Also, 
the third “FIS” depends on only one “FLC” (i.e. to the FLC that combines the output of 
FLC used in second FIS and TFIDF measures). Moreover, the “FLC” employed in “FIS” 
follows three procedures namely, Fuzzification, Approximate-reasoning, and De-Fuzzifica-
tion. These procedures are explained below.

• Fuzzification

The major goal of fuzzification process is to make use of the membership functions and 
linguistic variables to transform a crisp set of ‘input values’ into a fuzzy-set. More com-
monly, the input or the output variables of the FIS are referred to as Linguistic variables 
(i.e. FIS possess the values in the form of sentences or words corresponding to the natural 
language rather than the numerical values). Conversely, in the fuzzification and de-fuzzi-
fication steps of a Fuzzy Inference System (FIS), the membership functions are employed 
to map the ‘non-fuzzy input values’ to the fuzzy based ‘linguistic’ terms. Significantly, to 
measure a ‘linguistic’ term we employed the membership function. Some of the typical 
kinds of membership functions are ‘triangular’, ‘trapezoidal’ and ‘Gaussian’ shapes. In this 
paper, to compute the membership degrees of the FIS (i.e. all the input variables) we used 
the “triangular” membership function. More specifically, High (H), Medium (M), and Low 
(L) are denoted as the range of the ‘input variables’ (i.e. for CHI, IG, Jaccard and Dice). 
The High (H), Medium (M), and Low (L) membership functions are also represented as 
the range of the  FLClast (i.e. final output variable).

• Approximate-reasoning

In order to handle the vagueness, uncertainty and imprecision an approximate-reasoning is 
employed. The fuzzy inference engine and fuzzy rules is the two sub processes applied for 
approximate-reasoning and are explained below:
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(a) Fuzzy rules

In Fuzzy Inference System (FIS), the output variable is controlled by constructing a rule 
base. A simple “IF–THEN” rule is commonly termed as a fuzzy-rule that comprises both 
the ‘condition’ and a ‘conclusion’. Tables 4 and 5 express the human knowledge into ‘natu-
ral language’ expressions.

The Eq.  (20) expresses the “IF–THEN fuzzy rule based form” and it significantly states 
an ‘inference’ which means that if premise, hypothesis, antecedent are a known fact, then 
we can observe or we can obtain another consequent fact called as conclusion (ROSS 
1997). The Eq. (21) expresses the multi-conjunctive antecedents to the “IF–THEN fuzzy 
rule-based form”. These forms expresses the human knowledge into natural communica-
ble language. In our work. We followed the ranking methods (i.e. weighing schemes) of 
the query-expansion terms and the IR system knowledge to derive the fuzzy rules. More 
importantly, the second FIS are comprised with 12 ‘fuzzy rules’ and the third FIS are com-
prised with 9 fuzzy rules. The output factors are not highly affected with the order of the 
‘fuzzy rules’. The fuzzy rules used to frame our proposed approach is depicted in Tables 1 
and 2.

(b) Fuzzy inference engine

For score combination of our proposed approach highly adopts the functionalities of fuzzy 
inference engine and the steps employed are explained below:

(i) Fuzzy operator

For each fuzzy rule, the member ship degree determines which part of the premise (ante-
cedent) is ought to be satisfied and this knowledge can be obtained only after ‘fuzzifying’ 
the inputs [46].

(ii) Implication technique

The output derived from the antecedent is in the form of number and this can be obtained 
after employing the fuzzy operator. Conversely, this scheme considers this number as an 
input and emits the ‘fuzzy-set’ as an output. Moreover, this method imposes the built-in 
techniques of “MATLABTM fuzzy logic toolbox” [50]: in which the output ‘fuzzy set’ 
are truncated with minimum (min) function and the output ‘fuzzy set’ are scaled with the 
product (prod) function. In this paper, we consider the product (prod) as an implication 
technique.

(iii) Output integration

In order to take the decision all the fuzzy rules should be integrated (combined) together. 
Thus, all the ‘fuzzy-sets’ are combined by an integration process to form a single ‘fuzzy-
set’. Moreover, this method imposes the 3 built-in techniques of “MATLABTM fuzzy logic 
toolbox” [50], namely, probabilistic “OR”, Sum, Max. In this work, we employed the Sum 

(20)IF antecedent (premise) THEN consequent (conclusion)

(21)
IF antecedent (premise 1) AND antecedent (premise 2) THEN consequent (conclusion)
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integration scheme; hence according to common domain knowledge, entire ‘fuzzy rules’ is 
ought to be involved to determine the ranking (weighing) of documents.

• De-fuzzification

The total result obtained after the approximate-reasoning process is known as a ‘fuzzy 
value’. Therefore, to attain a final crisp-output, the ‘fuzzy value’ should be de-fuzzified. 
Moreover, based upon the membership function of the ‘output’ variable, the de-fuzzifica-
tion process is performed. Notably, various sorts of de-fuzzification techniques are availa-
ble such as, bisector and centroid, smallest-of-maximum, largest-of-maximum and middle-
of-maximum. In this paper, we consider the centre-of-sums or centroid technique [17] as a 
de-fuzzification method. It is depicted clearly in Eq. (22)

whereas the combined (integrated) output fuzzy set Cj(x) is considered as the input for the 
de-fuzzification process. Also, the obtained output is termed as a unique number X.

• Semantic word filtering method

A ‘weighted set’ of candidate-terms attained by FQE
 (fuzzy based query expansion) method 

with respect to the original query of the user includes many of the irrelevant and noisy 
terms and these terms affects the efficiency of the query-expansion process. Therefore, it is 
suggested to remove those noisy and irrelevant terms from the candidate-term set. With this 
in mind, we applied Semantic word filtering technique which possess the ability to identify 
the semantic identical (similarity) depending upon their lexical and semantic meaning. In 
other words, this technique identifies the semantic identity (i.e. synonym, meronym, holo-
nomy and hypernym) among the query-terms and the candidate-terms using the “WordNet 
linguistic ontology”. Moreover, there are various semantic-similarity approaches namely, 
Wu and Palmer, Resnik and Leacock-Chodorow technique. These techniques maintain the 
‘semantic similarity’ among two word or concepts in ‘numerical’ form. In this paper, we 
applied the “Leacock-Chodorow”  (LCh) semantic-similarity measure [5].

The “Leacock-Chodorow”  (LCh) semantic-similarity measure determines the shortest 
distance among two term or concepts represented as (s1, s2) from the maximum ‘depth’ of 
the “WordNet hierarchy” and in the “WordNet ontology graph”. This is stated in Eq. (23) 
as follows;

whereas the term d represents the maximum ‘depth’ of the “WordNet hierarchy” and the 
semantic identity (similarity) between the query-term and the candidate-term is stated in 
Eq. (24) as follows;

(22)X = ∫
x

m∑

j=1

x.�Cj
(x)dx

/

∫
x

m∑

j=1

�Cj
(x)dx

(23)SimilarityLCh (s1, s2) = max

[
− log

[
distance(s1, s2)

2d

]]

(24)Semantic Similarityq = S(C, q) =
∑

Qj in q

SimilarityLCh (C,Qj)
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The terms q and C represents the query-term set and the candidate-term set in which the 
jth term of the ‘query’ is denoted as Qj. However, with the help of Eq. (24), we determine 
a new refined candidate-term set by filtering entire irrelevant and noisy terms and these 
refined candidate-terms can be used to expand the original user query. The query-expan-
sion QE approach employed in this Fuzzy based semantic word filtering technique is named 
as FSWQE.

• Reweighting methods

The necessity of query-expansion criteria is satisfied with a ‘weighted list’ of candidate-
terms that we obtained after employing “fuzzy based semantic” methods on the candidate-
term set. Beyond this, we are in need to develop a simple and effective ‘term reweighting’ 
technique to differentiate the original user query-terms and the expansion-terms. In this 
work, we applied a well effective ‘term reweighting’ technique reffered to as Rocchio’s 
algorithm [44]. Als, in our work, we make use of the � parameter (i.e. beta version) of 
the “Rocchio’s” algorithm. More significantly, the Eq. (25) is used to determine the new 
‘weight’ of the candidate-terms (Qwt) which can be used an expansion-term along with the 
original user query-term.

whereas the old weight of the candidate-term t is represented as ow(t) and the maximum 
‘weight’ of the expanded query-terms is denoted as wmax(t). The setting parameter of the 
Rocchio’s algorithm is represented as � . The frequency of the query-term t is termed as Qtf  
and the maximum frequency of the query-term t is represented as Qtfmax

 . Also, 0.2 is the 
value fixed to the parametric constant � in our experiment.

• Decryption

After obtaining the final ranked documents the authorized user uses the private key to 
decrypt the secured data of the documents and finally, their corresponding plain text is 
obtained. The algorithm 6 explains the decryption process.

 (i) The user computes the following functions to decrypt the document

 (ii) The same as the encryption process done by the data-owner, the user in the decryp-
tion process uses y to built yj and qj

(25)Qwt =
Qtf

Qtfmax

+ �
ow(t)

wmax(t)

(26)D1 = (q + 1)∕4m+1 mod (q − 1)

(27)D2 = (r + 1)∕4m+1 mod (r − 1)

(28)a = y
D1

m+1
mod q

(29)b = y
D2

m+1
mod r

(30)y = bkq + alp mod M
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 (iii) At last, the XOR operation is performed between qj and cipher-text blocks cj; hence 
the user obtains the plain-text mj as the final decrypted output.

5.3  Integrity Checking

The secured data in the documents have been corrupted with the existence of internal 
attackers. In other words, the false documents may be returned to the user with respective 
to the search result if the insider attacker tries to attach ‘scrambled’ data into the encrypted 
‘index’ or documents. Therefore, it is essential to construct an efficient security mechanism 
to check whether the user retrieves the appropriate documents with their search results. 
With this in mind, we modeled an integrity-verification scheme to announce data corrup-
tion issues against the returned ‘search’ results. The “collision resistant hash function” (i.e. 
SHA-1) is used to verify the data-integrity and the procedures are as follows:

(i) Initially for each document the data-owner evaluates the index and the hash value prior 
to preserving them in the cloud.

whereas the hash-function is denoted as h, the number of keywords is termed as n and 
total number of documents is represented as m.

(ii) After this process, the hash values are shared to the authorized users with the help of 
data-owner or the hash values are stored locally by the data-owner.

(iii) Then, the cloud server generates another hash value H2 for the document set and then 
transmits this H2 together with the ‘ranked search’ results. This process is done after 
receiving the ‘query’ request from the user.

(31)yj = y2
j−1

mod M

(32)mj = qj ⊕ cj

(33)H1 = {h(I�(kwj)�(Dj)}1≤j≤n, 1≤j≤m
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(iv) Next the user is responsible to compare the hash values of document set and index after 
receiving the ‘search result’ from the cloud server. This should be done before upload-
ing the documents to the cloud and after check the similarity between hash values of 
the document set ‘receiving’ from the cloud as

(v) Finally, we can ensure that the document returned from the cloud server possess the 
‘integrity’ and maintains the appropriate ranking order same as the final ranked docu-
ments retrieved from the proposed fuzzy logic based ranking mechanism if satisfied 
the criterion H1 = H2. Otherwise, (i.e.H1 ≠ H2 ) then we can assure that the data of the 
documents are corrupted in the ‘cloud’. In this way, the integrity-checking mechanism 
satisfies the design goals of our proposed SFLoRa mechanism.

6  Experimental Analysis

The experimental evaluation of our proposed Securable Fuzzy Logic based Ranking 
(SFLoRa) mechanism is conducted on two real-time databases namely, RFC (Request for 
Comments) database (RFC, 2012) and FIRE dataset; an Ad hoc retrieval dataset published 
in 2011. The user and the server are the two main participants in our experimental environ-
ment. The C-programming language is used by the user in a Linux-machine with “dual 
Intel Xeon CPU” running at 2.1 GHZ. Also, the “open ssl” and the “MATLAB” librar-
ies are used by the algorithms and C-programming language is used by the server in a 
Linux-machine with “dual Intel Xeon CPU” running at 2.3 GHZ. The user behaves as a 
data-owner and as an authorized-user; whereas, the server behaves like a Cloud Service 
Provider (CSP). The efficiency and the performance of our proposed mechanism are evalu-
ated in terms of both the ‘computational’ and ‘communication’ costs.

(34)H2 = {h(I�(kwj)�(Dj)}1≤j≤n, 1≤j≤m

(35)H1 = H2?

Fig. 4  Computational cost required by the data-owner to encrypt the documents
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6.1  Computational Cost

The computational cost required by the data-owner, authorized-user and cloud-server is 
evaluated as follows:

(a) Data-owner

More specifically, key-creation, ensuring privacy (encryption) and index-generation algo-
rithms are the stages included in the set-up phase and here, we evaluate the computational 
cost required by the data-owner to operate these stages, especially, while on encrypt-
ing the document collection. The experimental results are compared with security based 
conventional schemes such as TRSE [42] and RRSE [40]. Figure  4 depicts the encryp-
tion process of the SFLoRa mechanism compared with the conventional TRSE and RRSE 
schemes. From the Fig.  2, we observed that our proposed SFLoRa mechanism exhibits 

Fig. 5  Time required for generating trap-door on varying the number of documents

Fig. 6  Time required for generating trap-door for different number of queries
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better encryption performance due to the fact that our proposed mechanism encrypts the 
k-bits of plain-text by adopting only a singular modular multiplication (i.e. 1 modular mul-
tiplication). Also, when compared to the conventional TRSE [42] and RRSE [40] mecha-
nisms, the proposed SFLoRa mechanism requires less computational cost for larger docu-
ments in GB. Furthermore, compared to the encryption process the proposed mechanism 
shows more satisfactory computational cost for index-generation and key-creation opera-
tion. This satisfactory result arises due to the fact that our proposed mechanism uses more 
effective ECC based encryption; whereas the conventional mechanism uses the homomor-
phic and deterministic encryption algorithms. As much as, these conventional encryption 

Fig. 7  Computational cost required by the authorized-user to decrypt the documents

Fig. 8  Time required by the cloud server to search for the documents based on user queries
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approaches maximized the computational burden due to the increased collection of data on 
the data-owner side and also the TRSE [42] and RRSE [40] schemes will experience heavy 
communication overhead with the ranked keyword searching process which means for file 
retrieval this searching process follows “two-round communication” between the ‘cloud 
server’ and ‘authorized user’.

 

(b) Authorized-user

The authorized-user generates trap-door function for multiple keywords in the document 
and decrypts the relevant retrieved documents in the ‘retrieval’ stage. The computational 
cost required by the authorized-user to generate the trap-door function and to decrypt the 
documents is analyzed as follows:

(i) Trap-door creation

More importantly, the addition operation is used to generate the trap-door function (Tkwj) 
from multiple ‘keywords’ (terms). Figure 5 depicts the time required to generate a trap-
door by varying the length of the keywords. Figure  6 illustrates the time required to a 
trap-door for ‘queried keywords’; hence the number of ‘keywords’ used are about 4000. 
Through analysis, we inferred that our proposed SFLoRa mechanism exhibits effective per-
formance than the conventional TRSE [42] and RRSE [40] schemes due to the fact that 
these conventional schemes tried to encrypt the trap-door.

Fig. 9  Time required by the cloud server to select top-m relevant documents, where the total number of 
documents = 2000
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(ii)   Data-decryption

The user decrypts the documents/files soon after receiving the documents/files from the 
server and after decryption the user access their corresponding plain-text. In order to decrypt 
the km cipher-text bits the ECC based scheme of our proposed mechanism shows well-effec-
tive performance because it requires one-exponentiation modulo q − 1, one-exponentiation 
modulo r − 1, one-exponentiation modulo q, one-exponentiation modulo r and m-multiplica-
tion modulo “N” for decryption. But, when comparing the homomorphic and deterministic 
decryption of the conventional TRSE [42] and RRSE [40] schemes for larger documents the 
ECC based decryption of our proposed scheme intakes minimum computational cost. Fig-
ure 4 depicts the computational expense required by the user to decrypt the larger documents 
with SFLoRa mechanism; hence it consumes minimal computational cost than other conven-
tional schemes. We also claim that our proposed SFLoRa mechanism minimizes the compu-
tational overhead by minimizing the real client problems and we analyzed the computation 
expense of our proposed mechanism with the conventional mechanisms while performing the 
encryption and the decryption operation as depicted in Figs. 4 and 7, respectively.

(iii)   Cloud server

Here, we compute the time required for the ‘server’ to search for the relevant documents 
based on the trap-door (search request) produced by the ‘user’ and the newly proposed 
fuzzy logic based ranking mechanism employed to select the top-relevant documents with 
respective to the user query by adopting the similarity measure referred to as “Okapi-BM 
25”. Also, this is processed based on the idea of Pseudo-relevance feedback (PRF) based QE 
mechanism. Figure 8 depicts the time needed to search the documents based on the gener-
ated trap-door. From Fig. 8, we inferred that our SFLoRa mechanism shows better overall 
search time than the conventional TRSE [42] and RRSE [40] schemes. Figure 9 illustrates 

Fig. 10  Communication cost

Table 3  Details of the datasets and number of queries used in our proposed scheme

Datasets Queries Documents Total no. of unique terms Avg doc length

RFC 150–200 7,41,857 14,83,71,201 350
FIRE 128–176 4,56,343 6,27,56,469 275
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the time required by the server to choose top-m relevant documents from entire retrieved 
relevant documents based on the score-combination measures of the term ranking methods 
of the newly developed fuzzy logic based ranking mechanism. From Fig. 9, we observed 
that the computational cost of ‘server’ consumed to retrieve top-m documents from entire 
document collection is minimum compared to the conventional TRSE [42] and RRSE [40] 
schemes.

  

6.2  Cost of Communication

The communication cost for the proposed SFLoRa mechanism is analyzed between the 
‘authorized user’ and ‘server’ at the document retrieval stage. Figure 8 depicts the com-
munication expense of our proposed mechanism compared to the conventional TRSE [42] 
and RRSE [40] schemes. From Fig. 10, we inferred that the proposed SFLoRa mechanism 
gradually minimizes the communication-overhead burden compared to the conventional 
TRSE [42] and RRSE [40] schemes due to the fact that our proposed mechanism uses a 
single communication round between the ‘user’ and ‘server’ to retrieve the relevant docu-
ments whereas, those existing mechanism [40, 42] make use of two-round of communica-
tion among the ‘user’ and the cloud server.

6.3  Performance Analysis

In order to analyze the fairness of the newly developed fuzzy logic based ranking mech-
anism of our proposed SFLoRa mechanism we examined the probabilistic based model 
(i.e. Okapi-BM25) [16, 34] and the baseline models of Singh and Sharan’s technique [51], 
Parapar et  al. [52], Tomiye et  al. [53], TRSE [42] and RRSE [40] techniques. We con-
ducted a thorough experimental validation of the proposed approach on a real time data 
sets namely, Request for Comments (RFC) database (RFC, 2012) and FIRE dataset; an 
Ad hoc retrieval dataset published in 2011. While writing, the “RFC” database includes 
‘5563’ plain-text entries and totally it forms 277 MB. Moreover, large quantity of techni-
cal ‘keywords’ are included in this file set and among them many of the files are unique in 
nature. Also, “FIRE” dataset is a commonly known ad-hoc dataset that includes the details 
provided by the ‘Indian Statistical Institute Kolkata’ such as “The Telegraph” and “BD 
News24”. The detailed descriptions about both the datasets are illustrated in Table 6. The 
details about the set of query-collection used to compute our proposed methods (FQE

) and 
(FSWQE

) of fuzzy logic based ranking mechanism on both the RFC and FIRE datasets are 
elucidated in the second column of Table 3.

6.3.1  Tuning of Parameters

In order to maintain fair comparisons with the proposed approach it is essential to find the 
optimal parameters setting, therefore, to accomplish this we utilized the ‘training’ models 
derived in “Diaz and Metzler” [4] which is most famous in Information Retrieval’s field. 
Initially, for both the baseline and the proposed methods we used various numbers of ‘top 
feed-back documents’ in the range of 5, 10, 15, 25 and 50 (i.e. for parameters in PRF mod-
els). Furthermore, we fixed the range of the ‘top-retrieved feed documents’ count in this 
range to balance the appropriate collection of expansion-terms by means of identifying 
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the optimal number of ‘feed-back documents’. From the analysis, we inferred that our pro-
posed approaches performed well for top 10 feedback-documents. That’s why we fixed top 
10 documents as feed-back documents in term buffer throughout our experiment. Next, 
based on the similarity measure along with the query-terms and the expansion-terms, we 
selected various numbers of top-candidate terms from ranked (weighed) candidate-terms 
as 10, 20, 30, 50 and 75 for both the proposed and the baseline methods. From the analy-
ses, we inferred that our proposed approaches perform well with top-20 candidate-terms. 
Therefore, to reformulate the ‘original query’ in our experiment we fixed top-20 terms as 
most suitable candidate-terms.

6.3.2  Evaluation Metrics

To analyze the performance of both the proposed FQE
 and FSWQE

 approaches, we used 
precision, recall and F-measure as the evaluation metrics. The recall metrics is computed 
as follows:

whereas SRr denotes the set of all ‘relevant documents retrieved’ and SR represents the set 
of all ‘relevant documents’ in the document collection. In this work, to average the recall 
rate of a set of ‘queries’ we used the parameter AR (i.e. average recall).

where the set of all ‘retrieved documents’ is represented as SRt . In this work, to average the 
precision rate of ‘relevant document sets’ we used the parameter AP (i.e. average precision). 
This AP measure estimates the average precision measure of m number of retrieved ranked 
documents. For a set of ‘queries’ the MAP (Mean Average Precision) is defined as the 
mean average ‘precision scores’ (AP) for each query.

Hence, the term q represents the number of ‘queries’.
To ensure the performance of our proposed scheme we used the F-measure to compute 

the ‘accuracy’ of the result. Moreover the F-measure is represented as a “harmonic” com-
bination of the MAP and AR measures used in the Information Retrieval (IR) system.

The F-score or the F-measure is computed as follows:

6.3.3  Validation of Datasets

The performance of our proposed query-expansion based FQE
 and FSWQE

 approaches were 
compared with the baseline models of (i.e. Okapi-BM25) [16, 34] and the baseline models 

(36)Recall (R) =
||SRr

||
||SR||

(37)Precision (P) =
||SRr

||
||SRt||

(38)MAP =

q∑

Q=1

AP(Q)

(39)F-measure =
(2 ∗ MAP) × (AR)

(MAP) + (AR)



206 S. N. Manoharan, K. R. Soundar 

1 3

Ta
bl

e 
4 

 M
A

P 
on

 d
iff

er
en

t t
op

 re
tri

ev
ed

 d
oc

s (
do

cu
m

en
ts

) o
f t

he
 p

ro
po

se
d 

te
ch

ni
qu

es
 c

om
pa

re
d 

to
 o

th
er

 b
as

el
in

e 
m

od
el

s (
i.e

. e
va

lu
at

ed
 u

si
ng

 1
0 

fe
ed

-b
ac

k 
do

cu
m

en
ts

 a
nd

 to
p 

20
 e

xp
an

si
on

-te
rm

s o
n 

R
FC

 d
at

as
et

)

A
pp

ro
ac

he
s

To
p-

10
 d

oc
um

en
ts

To
p-

25
 d

oc
um

en
ts

To
p-

50
 d

oc
um

en
ts

To
p-

10
0 

do
cu

m
en

ts
To

p-
50

0 
do

cu
m

en
ts

To
p-

10
00

 
do

cu
m

en
ts

To
m

iy
e’

s [
53

]
0.

27
78

0.
26

45
0.

24
36

0.
21

18
0.

17
74

0.
10

16
Si

ng
h’

s [
51

]
0.

27
89

0.
27

59
0.

24
31

0.
21

54
0.

17
61

0.
10

14
Pa

ra
pa

r’s
 [5

2]
0.

28
18

0.
27

63
0.

24
92

0.
21

56
0.

17
81

0.
10

29
Y

u’
s [

42
]

0.
29

80
0.

28
98

0.
25

62
0.

22
53

0.
13

01
0.

07
65

W
an

g’
s [

40
]

0.
29

86
0.

28
58

0.
26

62
0.

22
59

0.
15

52
0.

08
52

O
ka

pi
-B

M
25

0.
23

15
0.

22
76

0.
19

58
0.

16
12

0.
17

54
0.

09
73

C
oc

c Q
E

0.
25

36
0.

23
78

0.
22

37
0.

18
18

0.
17

52
0.

09
74

C
l Q

E
0.

26
37

0.
25

70
0.

23
45

0.
20

02
0.

17
59

0.
09

72
St

Q
E

0.
27

59
0.

26
46

0.
24

10
0.

21
21

0.
17

56
0.

10
01

F Q
E 

(p
ro

po
se

d)
0.

31
61

0.
28

03
0.

26
97

0.
23

32
0.

19
03

0.
11

75
FS

W
Q

E 
(p

ro
po

se
d)

0.
32

52
0.

29
77

0.
27

41
0.

24
66

0.
20

82
0.

12
23



207A Novel Securable Fuzzy Logic Based Ranking Scheme for Document…

1 3

Ta
bl

e 
5 

 A
R
 o

n 
di

ffe
re

nt
 to

p 
re

tri
ev

ed
 d

oc
s 

(d
oc

um
en

ts
) o

f t
he

 p
ro

po
se

d 
te

ch
ni

qu
es

 c
om

pa
re

d 
to

 o
th

er
 b

as
el

in
e 

m
od

el
s 

(i.
e.

 e
va

lu
at

ed
 u

si
ng

 1
0 

fe
ed

-b
ac

k 
do

cu
m

en
ts

 a
nd

 to
p 

20
 e

xp
an

si
on

-te
rm

s o
n 

R
FC

 d
at

as
et

)

A
pp

ro
ac

he
s

To
p-

10
 d

oc
um

en
ts

To
p-

25
 d

oc
um

en
ts

To
p-

50
 d

oc
um

en
ts

To
p-

10
0 

do
cu

m
en

ts
To

p-
50

0 
do

cu
m

en
ts

To
p-

10
00

 
do

cu
m

en
ts

To
m

iy
e’

s [
53

]
0.

13
92

0.
18

01
0.

26
65

0.
30

76
0.

43
33

0.
58

10
Si

ng
h’

s [
51

]
0.

14
01

0.
18

42
0.

27
16

0.
31

24
0.

43
20

0.
58

51
Pa

ra
pa

r’s
 [5

2]
0.

14
06

0.
18

80
0.

27
44

0.
31

80
0.

45
63

0.
59

98
Y

u’
s [

42
]

0.
13

02
0.

15
43

0.
18

38
0.

32
16

0.
35

62
0.

43
21

W
an

g’
s [

40
]

0.
12

12
0.

14
42

0.
20

20
0.

32
43

0.
35

42
0.

43
43

O
ka

pi
-B

M
25

0.
11

71
0.

14
36

0.
22

36
0.

25
57

0.
34

13
0.

45
92

C
oc

c Q
E

0.
12

28
0.

16
54

0.
24

76
0.

28
24

0.
40

01
0.

50
10

C
l Q

E
0.

12
92

0.
16

40
0.

25
76

0.
29

02
0.

41
38

0.
54

40
St

Q
E

0.
13

76
0.

17
53

0.
26

77
0.

31
06

0.
43

60
0.

55
82

F Q
E 

(p
ro

po
se

d)
0.

15
37

0.
21

11
0.

28
07

0.
33

15
0.

48
81

0.
62

54
FS

W
Q

E 
(p

ro
po

se
d)

0.
16

49
0.

23
64

0.
28

16
0.

34
90

0.
48

95
0.

62
18



208 S. N. Manoharan, K. R. Soundar 

1 3

Ta
bl

e 
6 

 F
-m

ea
su

re
 o

n 
di

ffe
re

nt
 to

p 
re

tri
ev

ed
 d

oc
s 

(d
oc

um
en

ts
) o

f t
he

 p
ro

po
se

d 
te

ch
ni

qu
es

 c
om

pa
re

d 
to

 o
th

er
 b

as
el

in
e 

m
od

el
s 

(i.
e.

 e
va

lu
at

ed
 u

si
ng

 1
0 

fe
ed

-b
ac

k 
do

cu
m

en
ts

 
an

d 
to

p 
20

 e
xp

an
si

on
-te

rm
s o

n 
R

FC
 d

at
as

et
)

A
pp

ro
ac

he
s

To
p-

10
 d

oc
um

en
ts

To
p-

25
 d

oc
um

en
ts

To
p-

50
 d

oc
um

en
ts

To
p-

10
0 

do
cu

m
en

ts
To

p-
50

0 
do

cu
m

en
ts

To
p-

10
00

 
do

cu
m

en
ts

To
m

iy
e’

s [
53

]
0.

18
62

0.
21

43
0.

25
46

0.
25

10
0.

25
19

0.
17

32
Si

ng
h’

s [
51

]
0.

18
65

0.
22

08
0.

25
66

0.
25

51
0.

25
10

0.
17

32
Pa

ra
pa

r’s
 [5

2]
0.

18
76

0.
22

37
0.

26
13

0.
25

72
0.

25
36

0.
17

63
Y

u’
s [

42
]

0.
17

71
0.

11
36

0.
11

13
0.

15
72

0.
11

32
0.

13
11

W
an

g’
s [

40
]

0.
16

51
0.

11
54

0.
11

20
0.

15
51

0.
12

58
0.

14
55

O
ka

pi
-B

M
25

0.
15

58
0.

17
61

0.
18

97
0.

19
79

0.
18

86
0.

16
56

C
oc

c Q
E

0.
16

55
0.

19
55

0.
21

23
0.

22
13

0.
22

69
0.

16
97

C
l Q

E
0.

17
34

0.
20

03
0.

22
89

0.
23

69
0.

24
65

0.
17

32
St

Q
E

0.
18

36
0.

21
09

0.
24

44
0.

25
22

0.
25

47
0.

17
32

F Q
E 

(p
ro

po
se

d)
0.

20
77

0.
24

09
0.

27
56

0.
26

68
0.

27
30

0.
19

86
FS

W
Q

E 
(p

ro
po

se
d)

0.
21

88
0.

26
36

0.
27

80
0.

28
99

0.
28

92
0.

21
45



209A Novel Securable Fuzzy Logic Based Ranking Scheme for Document…

1 3

Ta
bl

e 
7 

 M
A

P 
on

 d
iff

er
en

t t
op

 re
tri

ev
ed

 d
oc

s (
do

cu
m

en
ts

) o
f t

he
 p

ro
po

se
d 

te
ch

ni
qu

es
 c

om
pa

re
d 

to
 o

th
er

 b
as

el
in

e 
m

od
el

s (
i.e

. e
va

lu
at

ed
 u

si
ng

 1
0 

fe
ed

-b
ac

k 
do

cu
m

en
ts

 a
nd

 to
p 

20
 e

xp
an

si
on

-te
rm

s o
n 

FI
R

E 
da

ta
se

t)

A
pp

ro
ac

he
s

To
p-

10
 d

oc
um

en
ts

To
p-

25
 d

oc
um

en
ts

To
p-

50
 d

oc
um

en
ts

To
p-

10
0 

do
cu

m
en

ts
To

p-
50

0 
do

cu
m

en
ts

To
p-

10
00

 
do

cu
m

en
ts

To
m

iy
e’

s [
53

]
0.

27
17

0.
25

28
0.

23
42

0.
20

10
0.

17
95

0.
01

82
Si

ng
h’

s [
51

]
0.

28
68

0.
26

25
0.

24
39

0.
20

09
0.

17
99

0.
10

20
Pa

ra
pa

r’s
 [5

2]
0.

29
18

0.
26

64
0.

24
76

0.
20

54
0.

18
00

0.
10

36
Y

u’
s [

42
]

0.
11

51
0.

15
32

0.
15

32
0.

19
98

0.
17

65
0.

10
21

W
an

g’
s [

40
]

0.
11

60
0.

14
32

0.
14

32
0.

18
76

0.
17

43
0.

10
11

O
ka

pi
-B

M
25

0.
22

79
0.

21
85

0.
18

56
0.

15
18

0.
15

43
0.

06
89

C
oc

c Q
E

0.
24

44
0.

22
57

0.
19

30
0.

17
65

0.
12

93
0.

07
64

C
l Q

E
0.

25
08

0.
23

86
0.

20
26

0.
19

02
0.

14
42

0.
08

40
St

Q
E

0.
27

15
0.

24
42

0.
22

61
0.

20
01

0.
16

97
0.

09
57

F Q
E 

(p
ro

po
se

d)
0.

31
66

0.
28

40
0.

25
45

0.
21

66
0.

18
88

0.
11

02
FS

W
Q

E 
(p

ro
po

se
d)

0.
31

73
0.

29
48

0.
27

20
0.

23
85

0.
19

59
0.

11
46



210 S. N. Manoharan, K. R. Soundar 

1 3

Ta
bl

e 
8 

 A
R
 o

n 
di

ffe
re

nt
 to

p 
re

tri
ev

ed
 d

oc
s 

(d
oc

um
en

ts
) o

f t
he

 p
ro

po
se

d 
te

ch
ni

qu
es

 c
om

pa
re

d 
to

 o
th

er
 b

as
el

in
e 

m
od

el
s 

(i.
e.

 e
va

lu
at

ed
 u

si
ng

 1
0 

fe
ed

-b
ac

k 
do

cu
m

en
ts

 a
nd

 to
p 

20
 e

xp
an

si
on

-te
rm

s o
n 

FI
R

E 
da

ta
se

t)

A
pp

ro
ac

he
s

To
p-

10
 d

oc
um

en
ts

To
p-

25
 d

oc
um

en
ts

To
p-

50
 d

oc
um

en
ts

To
p-

10
0 

do
cu

m
en

ts
To

p-
50

0 
do

cu
m

en
ts

To
p-

10
00

 
do

cu
m

en
ts

To
m

iy
e’

s [
53

]
0.

14
32

0.
18

58
0.

24
24

0.
30

82
0.

45
06

0.
62

27
Si

ng
h’

s [
51

]
0.

14
60

0.
19

13
0.

25
22

0.
30

55
0.

46
27

0.
62

01
Pa

ra
pa

r’s
 [5

2]
0.

14
78

0.
20

00
0.

25
84

0.
30

15
0.

46
87

0.
62

90
Y

u’
s [

42
]

0.
13

52
0.

18
76

0.
11

72
0.

22
22

0.
35

70
0.

53
43

W
an

g’
s [

40
]

0.
13

43
0.

18
66

0.
11

63
0.

21
43

0.
41

78
0.

52
12

O
ka

pi
-B

M
25

0.
10

36
0.

13
84

0.
17

65
0.

24
43

0.
43

89
0.

46
29

C
oc

c Q
E

0.
12

20
0.

15
02

0.
20

19
0.

29
36

0.
44

32
0.

59
98

C
l Q

E
0.

13
83

0.
17

93
0.

22
36

0.
31

90
0.

44
36

0.
61

18
St

Q
E

0.
14

08
0.

17
34

0.
24

72
0.

31
98

0.
45

36
0.

61
55

F Q
E 

(p
ro

po
se

d)
0.

15
55

0.
21

77
0.

26
43

0.
31

40
0.

49
50

0.
63

79
FS

W
Q

E 
(p

ro
po

se
d)

0.
15

83
0.

22
08

0.
28

86
0.

32
26

0.
49

39
0.

65
19



211A Novel Securable Fuzzy Logic Based Ranking Scheme for Document…

1 3

Ta
bl

e 
9 

 F
-m

ea
su

re
 o

n 
di

ffe
re

nt
 to

p 
re

tri
ev

ed
 d

oc
s 

(d
oc

um
en

ts
) o

f t
he

 p
ro

po
se

d 
te

ch
ni

qu
es

 c
om

pa
re

d 
to

 o
th

er
 b

as
el

in
e 

m
od

el
s 

(i.
e.

 e
va

lu
at

ed
 u

si
ng

 1
0 

fe
ed

-b
ac

k 
do

cu
m

en
ts

 
an

d 
to

p 
20

 e
xp

an
si

on
-te

rm
s o

n 
FI

R
E 

da
ta

se
t)

A
pp

ro
ac

he
s

To
p-

10
 d

oc
um

en
ts

To
p-

25
 d

oc
um

en
ts

To
p-

50
 d

oc
um

en
ts

To
p-

10
0 

do
cu

m
en

ts
To

p-
50

0 
do

cu
m

en
ts

To
p-

10
00

 
do

cu
m

en
ts

To
m

iy
e’

s [
53

]
0.

18
75

0.
21

43
0.

23
82

0.
25

02
0.

25
83

0.
16

96
Si

ng
h’

s [
51

]
0.

19
35

0.
22

12
0.

24
80

0.
24

23
0.

25
90

0.
17

56
Pa

ra
pa

r’s
 [5

2]
0.

19
62

0.
22

82
0.

25
30

0.
24

46
0.

25
98

0.
17

62
Y

u’
s [

42
]

0.
17

65
0.

11
17

0.
11

25
0.

13
12

0.
15

26
0.

15
43

W
an

g’
s [

40
]

0.
17

64
0.

11
23

0.
18

72
0.

14
12

0.
17

32
0.

14
42

O
ka

pi
-B

M
25

0.
14

24
0.

16
94

0.
18

09
0.

18
72

0.
18

99
0.

11
96

C
oc

c Q
E

0.
16

27
0.

18
01

0.
19

70
0.

22
06

0.
21

46
0.

13
58

C
l Q

E
0.

17
83

0.
20

47
0.

21
25

0.
23

86
0.

24
47

0.
14

79
St

Q
E

0.
18

54
0.

20
28

0.
23

62
0.

24
62

0.
24

77
0.

16
58

F Q
E 

(p
ro

po
se

d)
0.

20
86

0.
24

66
0.

25
99

0.
25

64
0.

27
19

0.
18

79
FS

W
Q

E 
(p

ro
po

se
d)

0.
21

13
0.

25
25

0.
28

02
0.

27
48

0.
27

80
0.

19
45



212 S. N. Manoharan, K. R. Soundar 

1 3

of Singh and Sharan’s technique [51], Parapar et al. [52], Tomiye’s et al. [53], Yu et al. [42] 
and Wang et al. [40] techniques. The main intuitions behind the selection of the additional 
baseline methods such as Singh and Sharan’s technique [51], Parapar et al. [52], Tomiye 
et al. [53] altogether with the security based conventional schemes Yu et al. [42] and Wang 
et  al. [40] for comparison in our work are as follows: Tomiye et  al. [53] determines the 
semantic similarity between the query-terms and document-terms by presenting a “fuzzy 
ontology-based IR system” with an end goal to combine the synonyms of both the terms. 
Therefore, based on the meaning of query-terms the documents are retrieved. Moreover, 
Singh and Sharan’s technique [51] follows the multiple term-selection technique same as 
our proposed mechanism and applies the ‘Borda ranking fusion’ approach to rank the rel-
evant documents.

But, this baseline method utilized only the strength of single PRF based query-expan-
sion technique and the developed fusion approach can show its efficiency to only a certain 
limit with less number of document collections. Whereas, the Parapar et al. [52] technique 
removed the unwanted documents/files from the PRF sets by imposing an original filtering 
approach to remove the irrelevant documents. But, this baseline method on removing the 

Fig. 11  MAP, F-measure, and 
Recall measures of the proposed 
techniques compared to other 
baseline models on RFC and 
FIRE datasets by varying the 
average number of top-retrieved 
documents as 10, 25, 50, 100, 
500 and 1000 depicted in 
Tables 7, 8 and 9
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non-redundant documents may lose essential terms from the documents that are impor-
tant to rank the documents based on the original user query. Tables  4, 5, 6, 7, 8 and 9 
depicts the retrieval efficiency of entire QE (query-expansion) based techniques examined 
with the fuzzy combined fuzzy combined ‘class’ based techniques (ClQE

) fuzzy combined 
‘co-occurrence’ based techniques (CoccQE

) and with the base line methods such as, Singh 
and Sharan’s technique [51], Parapar et  al. [52], Tomiye’s et  al. [53], Yu et  al. [42] and 
Wang et al. [40] techniques, fuzzy based query-expansion approach (FQE

) and fuzzy based 
semantic word filtering approach (FSWQE

) in terms of MAP (Mean Average Precision), 
recall rate and F-measure on RFC and FIRE datasets. In our experiment, we used top-m 
retrieved documents (10, 25, 50, 100, 500 and 1000) to compute the performance of both 
FIRE and RFC datasets.

6.4  Comparison on RFC Dataset

The performance of all the query-expansion based approaches is analyzed in terms of recall 
rate, MAP and F-measure on RFC datasets. The results obtained are depicted in Tables 4, 

Fig. 12  The ‘Precision–Recall’ 
curve measures of the proposed 
query-expansion techniques com-
pared to other baseline models on 
RFC and FIRE datasets
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5 and 6. In order to analyze the retrieval performance we used top (10, 25, 50, 100, 500, 
1000) retrieved documents.

6.5  Comparison on ‘FIRE’ Dataset

The performance of all the query-expansion based approaches is analyzed in terms of 
recall rate, MAP and F-measure on FIRE datasets. The results obtained are depicted in 
Tables 7, 8 and 9. In order to analyze the retrieval performance, we used top (10, 25, 50, 
100, 500, 1000) retrieved documents. From the experimental result, initially we inferred 
that when compared to the Okapi-BM 25 model the query-expansion term selection tech-
niques exhibits more satisfactory performance.

After, analyzing different term-selection techniques, we inferred that when compared to 
the co-occurrence based and class based selection technique exhibits better performance.

Next, when compared to the term-selection techniques of class and co-occurrence 
approaches, the baseline models such as Singh and Sharan’s technique [51], Parapar et al. 
[52], Tomiye’s et  al. [53], Yu et  al. [42] and Wang et  al. [40] techniques exhibits more 
satisfactory performance. Finally we observed that the performance of our proposed fuzzy 
based query-expansion approach (FQE

) and fuzzy based semantic word filtering approach 
(FSWQE

) is better than the above illustrated baseline models and query-expansion tech-
niques. Also, we observed that FSWQE

 performs better than all the other query-expansion 
techniques (i.e. discussed in our experiment) due to the fact that all the unwanted terms 
are removed from the retrieved feedback documents by employing semantic word filtering 
technique.

Figure  11 depicts the efficiency of fuzzy based query-expansion (FQE
) approach in 

the absence or presence of a semantic word filtering technique over the baseline models 
of Singh and Sharan’s technique [51], Parapar et  al. [52], Tomiye’s et  al. [53], Yu et  al. 
[42] and Wang et  al. [40] in terms of Mean Average Precision (MAP), F-measure, and 
recall rate. From Fig. 11, we observed that semantic word filtering approach shows bet-
ter improvement in the performance of the system without any deviation in the average 
measures. Also, we observed that the performance of the RFC dataset is slightly better 
than the performance of the FIRE dataset. Moreover, Fig. 12 depicts the “11-point preci-
sion call” curve of the proposed (FQE

) and fuzzy based semantic word filtering approach 
(FSWQE

) and the baseline models Singh and Sharan’s technique [51], Parapar et al. [52], 
Tomiye’s et al. [53], Yu et al. [42] and Wang et al. [40]. The “11-point precision call” curve 
is defined as the graph-plot of the ‘interpolated’ precision of the Information Retrieval (IR) 
system by embedding 11-standard levels such as, {0.0, 0.1, 0.2, 0.3, 0.4, 0.5,…, 1.0}. From 
Fig. 12, we inferred that our proposed approaches exhibit better performance than the base-
line models due to the fact that the integration of semantic word filtering approach and the 
fuzzy based term-weighing combinations delineated positive effect in the improvement of 
query-expansion terms quality.

7  Conclusion

In this paper, we addressed the issues of supporting the securable document searching 
over the ‘encrypted’ data in order to attain better data-utilization. Moreover, the essential 
data of users are protected against unauthorized hackers. Therefore, we proposed a novel 
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Securable Fuzzy Logic based Ranking (SFLoRa) mechanism that embed the ECC based 
encryption and new Fuzzy logic based ranking approach. The proposed SFLoRa mecha-
nism comprises of three stages namely, (a) setup stage, (b) retrieval stage and (c) data-
integrity verification stage. The ‘public’ and the ‘private’ key pairs are initially generated 
by the data-owner in setup stage. Then for multiple keywords a trap-door is generated by an 
authorized user or by a data-owner and then the trap-door generated is send to the cloud-
server in the retrieval stage. Our novel fuzzy logic based ranking mechanism searches for 
the additional query terms and this ranking mechanism calculates the weights for both the 
original query raised by the user and the additional query-terms to retrieve the documents. 
In order to retrieve the documents an effective query-vector is developed by using both the 
weights of the original user query and the weights of the ‘additional’ query terms. Then the 
semantic word-filter approach was employed in this proposed ranking mechanism filters 
the irrelevant and noisy query terms. Finally, the user decrypts the documents by using the 
private keys and accesses the original data. The user can verify both the integrity of index 
and the file/document collection by following integrity verification. Finally we proved 
the efficiency of our proposed mechanism over two well datasets namely, FIRE and RFC 
datasets. The SFLoRa mechanism proves its efficiency in the retrieval of relevant docu-
ments with respect to the user query. Furthermore, better recall and the precision rate were 
achieved in the retrieval of documents compared to the other baseline models. In future, 
we will improve our SFLoRa mechanism to support the ‘dynamic data-operations’ over the 
large encrypted cloud data.
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Video inpainting is an important video improvement technique used to reconstruct or  editing of 

digital videos. In our research work, we present video inpainting for repairing the damaged frames 

in a video and focus on good results. All over world, video inpainting is used to change the cultural 

artifacts such that superior videos and films into digital form. Generally videos are much low quality 

and most of the time videos contain unstable luminance and damaged content. In our proposed 

method, first we find transformed coefficients followed by the filtering method which is used to 

overcome the problem of impaired videos. The transformation process is carried by utilizing the 

Fast Discrete Curvelet Transform (FDCT) and the filtering process is performed by using digital 

notch filter. The inpainting method presented in this paper shows remarkable improvement when 

compared with compared with conventional method. 

Keywords: MSE, Video Inpainting, PSNR, Digital Notch filter, Fast Discrete Curvelet Transform. 

 
 

 

1. PREAMBLE 

Efficient method of reconstructing lost or deteriorated parts 

of videos and images are called as Inpainting. In the dig- 

ital world, inpainting refers to the wide range of appli- 

cations to change debased parts of the image  or  video  

data and also known as image or video interpolation. 

Today video inpainting plays a  very  important  role  in 

the image processing field. The main objective is to cre- 

ate the sequence of video in which the inpainted part is 

merged smoothly and in parallel the visual flexibility is 

maintained. The flexibility here refers that, when the video 

is played, human retina does not detect the any  distor- 

tion. This method is to repair the sequence in the video  

and finally provide the best quality video as an output. 

Video inpainting can support various application ranging 

from photograph restoration, eliminating occlusion, mod- 

ification of video and image frames and accumulate the 

some special effects, etc. The video inpainting algorithms 

depending on how the images are restored and it can be 

classified into texture-synthesis based techniques, Partial 

Difference Equation (PDE) and patch based techniques.1 

In the texture synthesis method, we have to select the tex- 

ture from input image and then insert into the damaged or 

missing area as shown in Figure 1. In PDE based  method, 

 
∗Author to whom correspondence should be addressed. 

reproduce the information from boundary towards the cen- 

tre of the missing region. Generally Video inpainting clas- 

sified into two types: 

(1) Patch based methods. 

(2) Object based methods. 

The patch based video inpainting has been continued from 

another patch based image inpainting method. But the 

patch based video inpainting methods have difficulty in 

managing spatial and temporal continuity problems. The 

object based video  inpainting  overcomes the  constraints 

of spatial and temporal continuity problem also with high 

visual quality. Video inpainting is a common term that may 

be moving in the foreground or in the background. Also it 

can prevent any object or it can block any object by some 

other objects. Video inpainting consists of preprocessing 

steps and the background and foreground of each frame is 

segmented in this stage. This segmentation is used to con- 

struct the image mosaics that help to give the time consis- 

tent result and also improve the performance of algorithm 

by reducing the space. In the first step of video inpainting, 

in the foreground we reconstruct the moving object that is 

occluded by that region is to be inpainted. In the final step, 

using a priority-based scheme, we fill the gap as  possi-  

ble by copying the content from the moving foreground    

in some other frames. In the second step of video inpaint- 

ing, we have to inpaint the remaining hole with the back- 

ground. To  achieve  this,  we  first  arrange the frames and 
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Fig. 1.    Data flow diagram of Inpainting process. 

 

copied directly. The background with remaining pixel is 

filled by spatial texture synthesis. Automatic video restora- 

tion is a general problem with video inpainting  process 

and automatic image pixel removal is the novel area that 

attracts the research scholar. In this paper, the frequency 

components are determined via wrapping technique and 

apply the filtering method to inpaint the image data or 

video. 

 
2. LITERATURE REVIEW 
The damaged frame in the video is rectified using time- 

space completion method.2 The cost of optimization for 

problem (i.e., Video completion) faced by the world is 

high. The space time work is extended to develop a tech- 

nique of nonparametric sampling3 to improve the inpainted 

videos and images. In this implementation method, the 

object is moved in a regular aspect without changing the 

scale and angle values. The scale and angle values are 

fixed since the change in value will lead to poor result 

when compared to the results of copy and paste method. 

The low resolution video used in this method shows that   

it will near optimal to smoothing techniques also the pixel 

combined with weighed average of best image leads to the 

blurred results. Here, they did not discuss the Region of 

Interest (ROI). 

In Ref. [4], the technique for video modeling is 

explained by showing video inpainting as an example. 

Their technique involves the “epitomes” as patch based 

probability models, which are learnt and used to synthe- 

size the damaged video or object removal. In Ref. [5], the 

efficiency of inpainting videos is determined by utilizing 

the spatio-temporal pyramid method. 

In the literature, the problems of disocculation overcome 

by two ways. The logical color information is utilized for 

substitution of the region missed.6 This way of replace- 

ment is called as “disocclusion rejection” scheme. The 

depth map is preprocessed by applying the low pass filter 

in the next step. A Gaussian low pass filter7 or asymmet- 

ric filters8 may be used these techniques. A new idea9 is 

proposed in which, bilateral filter is used to compute the 

depth map and the damaged area in the textured image is 

fill with background information. 

 
3. FDCT 
The limitation of wavelet and Gabor transforms are over- 

come by curvelet transform. The wide range of image pro- 

cessing application use wavelet transforms. Wavelets  find 

difficulties in managing the edges of the object and eccen- 

tricity of the object. On the other hand, curvelet trans- 

forms overcomes the limitation of the wavelet transform 

and arrange the particular edges of the  object. 

Curvelet transform is completely obtaining  the  spec- 

tral information content of the image and maintain with  

the different direction of the video data or image  data.  

The ridgelet transform concept is the beginning approach 

of the curvelet transform implementation. The ridgelet 

curvelet has been successfully  used  as  an  efficient  tool 

in applications of image denoising, astronomical imaging 

process,10 contrast image enhancement10 and video decon- 

volution. Two types of Discrete Curvelet Transform algo- 

rithm are used. At first the non equispaced FFT Transform 

is used to found the operations of different Fourier samples 

of an image. The second is Wrapping transform algorithm 

which is faster in computation time and more robust result 

when compared with ridgelet based USFFT curvelet trans- 

form. In the above two algorithms having same output and 

wrapping algorithm gives the fast computation time so we 

have to ignore the Unequispaced FFT. FDCT  is  one of  

the simple and easy methods to find the angles and scale 

values of curvelet transform. 

The Wrapping function based on new implementations 

of curvelet transforms. The curvelet transform necessity 

arrives, when the defined windows are of 3D image. The 

curvelet coefficients are found by an inverse Fast Fourier 

Transform (iFFT) from the image. The images with sup- 

port region have non zero values, where the remaining 

place are filled with zero. On the wrapping function of 

FDCT, before we applied the inverse FFT algorithm, the 

folding of FFT coefficient regions are shown in Figure  2. 

 
 Curvelet Transform for Edge detection 

The magnitude and  direction of  the  original image can  

be identified by utilizing fast discrete curvelet transform. 

From Ref. [11], the original image edge is detected using 

canny edge detector. It is used to extract the images using 

‘non-maximal algorithm’ and ‘hysteresis thersholding’. In 

this method, edge detector is determined by the width of 

the curvelet. Edge detection methods are used by curvelet 

transform consisting following steps: 

(i) Initially, the input image should be  read. 

(ii) Followed by choosing the curvelet transform level, 

folding and wrapping. 

(iii) Finally, the image edges are detected by canny edge 

detector followed by selection using curvelet  transform. 

 
 Curvelet Transform for Object Detection 

The crucial part of Object extraction based video inpaint- 

ing is  frame which is  the output of image segmentation.  

In an object based removal technique, we use algorithm 

called Region of Interest (ROI).11, 12 The best quality image 

is achieved by allowing the coded region with better 

fidelity  than  background image.  The  advantage of using 
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Fig. 2.    Process of fast discrete curvelet transform. 

 

ROI  is  that,  it  provides  high  reconstruction  quality and 

high compression ratios. The algorithm is followed on 

curvelet transform via wrapping function. 

To develop an appropriate transfer function for the digi- 

tal notch filter, so we can apply the bilinear transformation, 

 
4. PROPOSED WORK 

                           4.1 Filtering 

Narrow Band digital filters are broadly used in DSP (Digi- 

tal Signal Processing) applications. Narrow bandstop filters 

are  generally  used  to  remove  a  single  frequency  com- 

s 
z −1 

S= 
z + 1 

G(z) = H(s)|s=(z−1)/(z+1) 

(1 + λ2)−2(1 − λ2)z−1 + (1 + λ2)z−2
 

= 
(1 + λ2

 + b)−2(1 − λ2)z−1 + (1 + λ2− b)z−2
 

(2) 

 

 

 
(3)  

ponent of the signal spectrum and this filter is  called  

notch filters. Band reject or Band stop filter passes the 

frequencies are unchanged, but attenuates the some   other 

Here G(z) is expressed to define the digital notch filter 

transfer function with minimum number of coefficients. 

1 (1 + a2) − 2a1z−1 + (1+a2)z
−2

 

frequencies in a very low level. The three types of digital 

notch filter can be classified as follows, Adaptive notch 

filters, Fixed notch filters, and Tunable notch filters. From 

Ref. [13], the digital notch filter transfer function is 

expressed as in (1), 

S2       λ2 
H(S) (1) 

 + bs + 

 
 

Where 

G(z) = 
2

 
 

 

 
a1 = 

1 − a1z−1 + a2z−2 

 

2(1 − λ2) 

1 + λ2+ b 
 
 
 
1 + λ2− b 

(4)  
 

 

 
 

(5)  
 

 
(6)  

 
The Figure 3 schematically explains the notch filter 

frequency components. All the signal components are 

attenuated by more than 3 dB and hence 3 dB rejection 

bandwidth is denoted as b and the  dc  gain     value dB  is 

a2 = 
1 + λ2

 + b 

Neglecting the constant value 1/2 from above equation and 

rewrite the transfer function  G(z), 

noted. (z−2 

G(z) = 
+ 1) − 2a1 + a2(z

−2 + 1) 

1 − a1z−1 + a2z−2 

(7)  

|H(j )| The  above  equation  is  transferred function  of  the notch 
dB 

0 filter. The dc gain obtained by using z  = 1. a1 and a2 are 

–3 the distinct  parameters of transfer function. The    relation 

among a1, a2, ω0 and  can be expressed as in (8), 

|G[exp(jωT )]|2
 

 
{(1 + λ2)cosωT − (1 − λ2)}2

 

Fig. 3.    Frequency component. 
= 

{(1 + λ2)cosωT − (1 − λ2)}2 + b2sin
2
ωT 

(8)  
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The numerator in (8) is equal to zero by finding the notch 

frequency ω0  is expressed  by, 

1 − λ2 

cos ω0T  = 
1

 
(9)  

+ λ2 
1 −1 1 − λ2 

ω0 = 
T 

cos 
(10)  

1 + λ2

From (8), we also mention that the frequencies c1 and c2 

where the magnitude |G[exp(jωT )]| is fall 3 dB from its  

dc values are determined by  using 
 

{( λ2
 + 1) cos ωT − (1 − λ2)}2 = b2sin

2
ωT (11) 

 

 

Fig. 4.   (a) Original image with target region  K and its    boundary  &K 

and source region Ø. (b) $p marks the area which we needs to   remove. 

(1 + λ2)
2 
− b2

 
contour lines  and filled with the colour, matching  those 

d. Missing parts of videos or image filled up based on 

cos(T ) = cos(ω2 − ω1)T = 

(1
 

+ λ2)
2

 + b2
 

(12) 
patch wise method. In next step, the sizes of the patch is 

1 −1 (1 + λ2)
2 
− b2

 filled on the front and considers the probability of   bright- 

 = 
T 

cos (1 + λ2)
2 
+ b2

 

(13) ness value for a given pixel value of the rested image  I . 

The reference pixel is used to form the square   window 

From (9) and (12) h2 and b can be determine. Then (8) is 

expressed by, 

 λ2
 = tan2(ω T /2) (14) 

From Eq. (12) given as, 
 

b = (1 + λ2) tan(T /2) (15) 

We find the constant value of a1 and  a2  expressions is 

given below, 

with current pixel. The size of window is larger than the 

source, if the text content has spatial frequency (i.e., both 

low and high). Here, we take input for the inpainting as 

video, that means sequence of frames. If we take the input 

is video, calculate the number of rows, number of columns 

and number of frames. Then apply a fast discrete curvelet 

algorithm via  wrapping method to  a  given input    video, 

a1 = (1 + a2) cos (ω 0T) = 

1
 

2 cos ω 0T 
(16)

 

+ tan(T /2) 

a 
1 − tan(T /2) 

2 = 
1 + tan(T /2) 

(17) 

Keeping the 3-dB rejection band and dc gain constants 
while the notch  frequency ω 0  can  be  changed. Similarly, 

by  varying  the  constant  a1  the  rejection  bandwidth can 

be changed. According to the a1 adjustments, the notch 
frequency can be maintained. 

 

                            4.2 Implementation 

The fast discrete curvelet transform is used to represent the 

line in an image. Curvelet coefficients can be found using 

FDCT. In our work, we present video inpainting, which 

means the process of recovering missing parts of videos  

by using FDCT algorithm and digital notch filter used to 

extract the object and to give better results.14 The perfor- 

mance measure is made by analyzing the PSNR (Peak- 

Signal-to-Noise-Ratio), and MSE (Mean Square Error). 

The proposed algorithm can be described as shown in 

Figure 4. Consider the input image I with a missing region 

 and filling process is denoted by d. The picture found 

how to fill in the gap, so we use restoration process for 

inpainting the given image (i.e., frames). Consider the area 

surrounding  is continued fill into the gap, and draw  the 

 

 

 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

 
 

Fig. 5.    Block diagram of proposed method. 
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then canny edge detector is used to remove the blurring of 

the image and find the edges of the sub-band in the using 

the canny edge detector algorithm.15
 

Use a filtering process to reduce the noise from an 

image  before applying the  inverse curvelet transform. It  

is known that notch filter operations are dilation, erosion, 

opening and closing. Repeat the frames until the following 

steps can be done. 

• Check the image pixel which is to be  inpainted. 

• If the pixel is found, check the prior column and row, 
then next row and column for restoring the matching pixel. 

• If the pixel is not found, image window has been 
increased 

• Then replace the current pixels with the determined 
pixel. 

Figure 5 shows the block diagram of our proposed 

method. Thus finally, we have successfully removed noise, 

scratches, removal of superimposed data and removing 

unwanted objects from videos. Video inpainting algorithms 

are commonly time consuming due to the huge searching 

spaces. The video inpainting applications  are: 

(i) Natural scratch removal: The basic inpainting appli- 

cations are eliminate scratches from old portrait image, 

painting and photos. 

(ii) Archaeological application: Using the restoration 

work  of  inpainting,  the  visual  quality  of  the  most    of 

the archaeological monuments have improved. The best 

appearance of the monuments are obtain as the result of 

inpainting. 

(iii) Image super imposed characters elimination: It is 

used to eliminate the super imposed images from the writ- 

ten format. 

(iv) Removal of specular region in endoscopic image: The 

light source reflection results in bright appearance in the 

endoscopic images that would lead to faulty diagnosis. In 

such scenario, the inpainting method is used to remove the 

negative effect of the endoscopic images providing better 

medical diagonosis. 

 
 

5. EXPERIMENTAL RESULTS 

The proposed method was implemented on Matlab plat- 

form. Day-to-day the feature of video images is there for 

fixed surveillance and it has been improved. The contin- 

uous wavelet transform and Haar transform16 are used to 

analyze the performance of proposed method. The exper- 

imental evaluation of the proposed algorithm is explained 

in this section and we implement the segmentation pro- 

cess explained in the some test using image processing 

technique. The results are evaluated only for below exam- 

ple videos. First, we choose parameters for the speckle  

part of the image. For example the image size is 512   KB. 

 

Table I.    Performance of PSNR rates compared with other transformation  techniques. 

MSE PSNR 
  

Original video Haar wavelet transform CWT Proposed method Haar wavelet transform CWT Proposed method 
 

Frame 1 35.2639 25.3642 23.0181 32.6575 34.0886 34.5101 

Frame 2 29.0249 24.1007 20.1159 33.5031 34.3105 35.0954 

Frame 3 25.1108 20.7582 15.3451 34.1322 34.9589 36.2711 

Frame 4 19.0152 17.2211 9.3461 35.3398 35.7702 38.4245 

 
 

Before Inpainting After Inpainting Before Inpainting After Inpainting 

    

    

 

Fig. 6.    Inpainting results comparing the original image. 
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Fig. 7.    Performance of the PSNR rates of video  inpainting. 
 

The below equation show the addition of multiplicative 

noise and speckle noise to the image  ‘I ’, 

I = I + n ∗ I 

The distributed random noise ‘n’ here, have ‘V ’ as vari- 

ance  and noise as  ‘0’. The  deviation o = 0.1  is added   

to the image, where deviation is  of  speckle  noise  ‘n’. 
The PSNR (Peak-signal-to-Noise-Ratio) and MSE (Mean 
Square Error) are expressed as follows, 

PSNR = 20. log 10(2552/MSE) 

Where, 

 m−1 n−1 

                        MSE = (1/mn)  |I(i, j) − K(i, j)|        
  i=0 j=0 

Where i, j is the pixels of an image, k is the original 

image, I is the reconstructed image. The PSNR is defined 

as the ratio between the maximum power of a signal power 

to the corrupted noise, which is representative of the deci- 

bel value (dB). Mean Square Error (MSE) is calculated 

between input noise signal and reconstructed image.  In 

our method, we can justify the some videos and tabulate 

the performances as shown in Table I and Figure 6. The 

graphical representation of PSNR is presented in Figure 7, 

which prove the efficiency of the proposed  method. 

 

6. CONCLUSION 

In this paper, we have proposed a fast discrete curvelet 

transform by using filtering process based approach into 

video inpainting which provides the  best  quality results  

in different situations. Our extension of the method can 

reduces the time complexity of the algorithm. The Mat-  

lab simulation study  shows that using  curvelet transform 

in inpainting, the objects better visual quality when com- 

pared to the traditional method. The result of the proposed 

method achieved from 34.5101 dB to 38.4245 dB higher 

than the same method in the wavelet  transform. 
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Abstract 

This paper presents the various emotion classification and recognition systems which implement methods aiming 

at improving Human Machine Interaction. The modalities and approaches used for affect detection vary and 

contribute to accuracy and efficacy in detecting emotions of human beings. This paper discovers them in a 

comparison and descriptive manner. Various applications that use the methodologies in different contexts to address 

the challenges in real time are discussed.  This survey also describes the databases that can be used as standard data 

sets  in the process of emotion identification. Thus an integrated discussion of methods, databases used and 

applications pertaining to the emerging field of Affective Computing (AC) is done and surveyed.  

Key Words: Emotion recognition, Affective Computing, Artificial Intelligence, Human Computer Interaction

  
 

1 Introduction 

Artificial Intelligence (AI) [1] is a popular field of research involving computational intelligence. Emotion 

recognition or Affective Computing (AC) being the AI related area imparts intelligence to computers in 

recognizing human emotions.  

With the advances in the field of emotion recognition, increasing number of investigations have been done 

and they have found a significant place in different applications involving human computer communication. 

The primary objective of an emotion recognition system is to interpret the input signals from different 

modalities and use them to convey information about the interpreted emotion. For example, the doctor may 

act based on patient's emotions recognized. 

The nonverbal communication is an important consideration by all these systems. The significant facet of 

such systems is to study the mechanism behind the non-verbal communication by human beings to be taught 

in the computer so that the applications can interpret and connect with user's emotions.  

Previously, publications on surveys have been published in this area where Zeng et al. surveyed the 

multimodal recognition methods including audio and visual input signals with a focus on spontaneous 

http://dx.doi.org/10.5565/rev/elcvia.795
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expressions [6]. Rafael A. Galvo and Sidney reviewed the affect detection models with the methods and 

applications in an interdisciplinary approach [7].  

This survey is structured to provide a better insight into the recent approaches along with the databases 

used and a brief outline of the application areas in which these systems could be successfully implemented 

and used. 

2 Emotions and affective computing 

2.1 Theories of Emotion 

The work conducted by researchers in the recent decades was based on various theories of emotion stated 

by philosophers and psychologists [2]. Charles Darwin proposed the theory of evolution and insisted that 

emotional expressions must be understood in terms of survival value. Walter B. Cannon along with Philip 

Bard developed the Cannon-Bard Theory believing that emotions come first and then the bodily reactions. 

James-Lange Theory proposed by William James and Carl Lange states that an individual has a physiological 

response and then experiences an emotion. 

Joseph E. LeDoux states that the physiological responses are hardwired in the brain and conscious 

emotions are irrelevant to them. Robert Plutchik believed that there were 8 classes of emotions namely anger, 

fear, sadness, disgust, surprise, anticipation, acceptance and joy and states that that all other emotions evolved 

from them. Paul Ekman, a psychologist studied the relation between internal emotions, facial expressions and 

body language. Ekman invented the Facial Action Coding System (FACS) to categorize facial expressions. 

Ekman addressed the issues to improve the emotional life of the people [5] including cross-cultural 

differences. 

With the theoretical perspectives of emotions, researchers have attempted to contribute various 

approaches to emotion recognition including vision based methodologies. 

2.2 Affective Computing 

Being a multidisciplinary field involving computer science, psychology and cognitive science, AC has 

instigated the computer scientists in building up emotion detecting models to promote human-machine 

interfaces. In the book written by Picard [3] the reasons are stated for why the computers should feel and 

identify the emotion as humans can. According to him there are four states of a computer with respect to 

affective computing 1. Computers that cannot express and that cannot perceive 2. Computers that can express 

but not perceive 3. Computers that cannot express but perceive 4. Computers that can express and perceive.  

Picard also has articulated the research challenges in affective computing responding to the criticism raised 

by the scientists [4]. Challenges reported are related to sensing and recognizing emotions, affect modeling and 

expression of emotion. Amidst the challenges in the domain of AC, the scientists have tried to explore the 

possible ventures to reach the ultimate goal in developing an affect receptive interface to model an effective 

emotion detection system.  

Literatures on affective computing [8], [9], [10], [11] emphasize the researcher approaches and future 

enhancements that can be done to improve Human Computer Interaction (HCI).  

3 Emotion recognition modalities and approaches 

Emotions in humans are expressed in different modes which gives a lead to the development of affect 

recognition systems. Different modes, individually or in various combinations contribute to diverse 

approaches for emotion recognition. A possible emotion recognition framework is depicted in the figure 1. 

Features of the selected mode after extraction and processing is used for deciding upon the emotion by 

applying suitable classification method. Final decision is done by the fusion of different outcomes. 
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AC scientists have adopted these approaches and attempted to prove their efficacy. Each modality has its 

significance, which is explored in the systems developed. This section discusses the modality used in those 

systems with the focus on achievements. 

 

 

 

    

 

Figure 1: Emotion recognition framework 

3.1 Facial Expressions 

Facial Expressions are widely used and accepted mode in emotion detection as it is activated immediately 

by the experienced affect. Ekman and Friesen developed FACS where in the facial movements are described 

by the action units (AUs) [12]. Provoked by the system developed, many researchers have incorporated facial 

expressions in their systems as one of the very successful modes in understanding one's mental state. In the 

recent days, many different approaches for facial expression detection and recognition have been proposed. 

Automatic facial expression recognition methodology using neural classifiers has successfully brought in 

good results [13], [14]. Systems were trained with many different images including variety of facial gestures 

for improvement of testing accuracy. Neural classifiers involves computational load in recognition of emotion. 

Appearance and shape features extraction for facial expression recognition is proposed by the researchers 

[15] wherein the decision fusion is done and the emotion is detected. Local descriptors are being used for the 

first time to enhance the performance. Dynamic facial actions were not taken into account in the work. 

Approaches involving facial elements and muscle movements [16] representing dynamic features have 

removed the limitations caused by the approaches using static features leading to higher CRR (Correct 

Recognition Rate). Processing time is effectively reduced in this approach comparatively but again it is not a 

video based approach involving multi frames which is mandatory for real time applications.  

Dynamic texture recognition(combining appearance and motion features) using Local Binary Patterns[ 17] 

which is simple and robust in terms of grayscale and rotation variations, makes it very capable for real time 

problems. Ramchand et al. have proposed an emotion classification method based on Local binary patterns in 

person dependant and person independent mode in which person dependant mode produced more accurate 

results[18]. The degree of templates to be formed in the person dependant mode is more and it increases with 

the number of persons to be considered. 

Video based approaches have emerged amidst the static image based approaches with a focus on 

developing systems to work in real time. Facial action parameters independent of the head pose in continuous 

videos are used in these methods. Dornaika[19], in contrast to the other approaches involving feature 

extraction and then deciding the expression  introduces a new approach allowing the simultaneous retrieval of 

facial actions and expression using a particle filter adopting multi-class dynamics . In the first stage, the 3D 

head pose is retrieved using a deterministic registration technique based. In the second stage, the facial actions 

as well as the facial expression are simultaneously retrieved using a stochastic framework based on second-

order Markov chains. 

 In [20], dynamic warping technique used ensures that the changes in the video rate or facial action 

duration do not influence the accuracy of recognition. Dynamics in the videos are used to explore the 

emotional state of a person by extracting local video patches in [21]. Manual Intervention for annotation of 

facial landmarks is avoided with no requirements of the preprocessing steps which increases the speed of the 

system. Different research works with their approaches and recognition rate achieved is mentioned in  Table 

1. 

Modality 

Selection 

Features 

Extraction & 

Processing  

Applying 

suitable 

classification 

methods 

Decision level 

fusion 
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Systems that work on spontaneous databases have materialized to suit the real time environments. A robust 

emotion recognition system working in challenging situations like illumination and posture variations using a 

method termed ESL(Extreme Sparse Learning) is proposed by Seyedehsamaneh et al. [22]. But, as there are 

parameters to be optimized in this method the computational cost is the constraint. 

Table 1: Emotion Recognition Using Facial Expressions 

 

 

Work Done by 

Approach 

Features used Classification method  
Database & 

Recognition rate 

No of 

Classes 

Recognized 

Zisheg LI 

[15] 

I. Appearance  

 

II. Shape   

I. Component based 

Bag of Words Method 

II. PHOG (Pyramid 

Histogram of Oriented 

Histogram) 

descriptors 

C-K database, 

96.33% 

 

 

6 

Ligang Zhang 

[16] 

Patch based 3D 

Gabor features 

Adaboost,  

SVM (Support Vector 

Machines) 

JAFFE,92.93% 

C-K database, 

94.48% 

 

6 

Ramchand 

Hablani 

[18] 

Local Binary 

patterns 

Template Matching 

I. Person dependant   

II.Person independent  

JAFFE,                 

I. 94.44% 

II. 73.61% 

6 

Fadi Dornaika 

[20] 

3D Tracker based 

Facial actions 

Dynamic Time 

Warping,  

PCA (Principal 

Component Analysis) 

+ LDA (Linear 

Discriminant 

Analysis) 

CMU database, 

Above 90% 
6 

Munawar Hayat 

[21] 

Local video 

patches 

Clustering algorithms, 

SVM 

BU4DFE 

94.34% 
6 

Seyedehsamaneh 

[22] 

Pose-invariant 

features based on 

Optical Flow 

I. Extreme Sparse 

Learning 

II. Kernel extreme 

Sparse Learning 

ECK+ Database 

I.  90.36 

II. 92.74 

 

6 

 Facial gestures always play a prominent role in identifying the emotion of a person, acting as the base 

of an emotion recognition system with other modalities used to promote the accuracy of the system. Systems 

developed aim at increasing the accuracy but at reduced computational load. 

 



28  C.Vinola et al. / Electronic Letters on Computer Vision and Image Analysis 14(2):24-44; 2015 

3.2 Bodily expressions  

In addition to the facial expressions, the body gestures provide an effective input on affect of a person. 

Many AC researches have attempted to use them along with the facial expressions to improve the recognition 

capacity of the system. Body language matches with the inner emotional state, thus helping in the emotion 

classification. Survey publications are available  including discussions about the importance of the body 

gestures and the comparison of the methods used [23]. Table 2 mentions the research works done using body 

gestures as an AC mode.  

Table 2: Emotion Recognition Using Bodily Expressions 

 

Work Done 

by 

Approach 

Features 

used 
Classification method 

Database & 

Recognition rate 

No of Classes 

Recognized 

Ginevra 

Castellano 

[24] 

Body- QOM 

(Quantity of 

Motion) 

I. DTW (Dynamic Time 

Warping) 

II. Meta-Feature Approach 

-- 

 
4 

Hatice Gunes 

[25] 

Face & 

Body- 

Displacement 

features  

I. Feature Level fusion  

II.Decision Level fusion 

I.  96% 

II. > 80% 
7 

Tadas 

Baltruˇsaitis 

[26] 

Face&Upper 

Body- 22 

Feature 

points 

I. HMM (Hidden Markov 

Model) 

II. (DBN) Dynamic 

Bayesian Network 

-- 5 

Hatice Gunes 

[27] 

Face & 

Body- 

Temporally 

segmented 

features 

I. Video based 

II. Frame based  

FABO, 

I. 85% 

II  82.6% 

12 

Shizhi Chen 

[28] 

Facial Land 

mark points, 

HOG 

descriptors, 

Motion 

Information 

I. Temporal Normalization 

II. Bag Of Words  

SVM with RBF Kernel 

FABO 

Database, 

Improved 

recognition rate 

compared to the 

state of art. 

10 

 

As an individual modality, body gestures and dynamics have been used in detecting four classes of 

emotions namely based on high, low arousal, positive and negative emotions  from movement expressivity by 

Ginevra Castellano et al. [24]. The method was novel of its kind but only small data sets are used to test the 

system. Gunes and Piccardi have attempted to perform a feature level fusion (early) and decision level fusion 

(late) of the face and body modalities[25]. Performance evaluation showed that bimodal fusion outperformed 

the classification done using the facial modality alone. In [26], the system developed inferred emotions from 

upper body gestures in addition to facial expressions, including head and shoulder motions. A multilevel DBN 

(Dynamic Bayesian Network)  models the emotional state depending on the probabilities of the gestures. 

Without changing the main architecture  of the system it is possible to improve any module or add features to 

it but the limitation is properties like intensity, offset, and onset of the emotional state are not considered 

which if included could improve the performance further. 
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Research shows that dynamics of the modalities are important in the affective body interpretation and 

therefore methods considering the temporal segments are proposed[27]. System is able to process bimodal 

data and their temporal segments and fuse them at either the feature level or the decision level but the 

limitations are that it does not deal with missing data/multiple expressions in a single video sequence and also 

assumes that the background does not change which is less possible in real time. 

Shizhi Chen et al. combined the local motion and appearance feature in a novel framework to model the 

dynamics of the face and body gesture [28]. Improvement in the recognition accuracy compared to the frame 

based approach is achieved. It outperformed the method already proposed in [26] in accuracy and also the 

latter involved complex features in the process. It also proved that the bimodality improved the system's 

outcome. 

3.3 Speech Signals  

Verbal Communication aids in recognizing the affect of the communicating person effectively. Many 

parameters of the audio signals, including tone of the voice and pitch exhibit the emotional state of the person. 

Audio parameters are used as inputs to the emotion classification system which recognizes the emotions with 

reference to the parameters. Importance of audio based AC can be identified by the various works carried out 

by the scientists. Survey literature focusing only on speech emotion recognition has been written by Ayadi et 

al. with a comprehensive view of the features, classification and databases of the systems developed [29].  

Acoustic characteristics of speech like prosody in different permutations are used in the research works of 

identifying emotions. Different approaches in Speech Emotion Recognition and their findings is listed in 

Table 3. Analysis of different features of prosody, spectral envelope and voice quality is done by Iker et al. 

Evaluation of the emotion identification methods is done in the work where features based on spectral 

envelope outperformed the prosodic ones [30].  

An IFN (Iterative Feature Normalization) approach has been proposed in which the acoustic differences in 

the natural speech of the different speakers are reduced [31]. Due to normalization done in the technique the 

difference between the emotional classes is preserved. It is an attempt made to convey out a speaker 

independent system.  

Convolutional Neural Networks have been used by Qirong Mao et al. [32]  to learn affect salient features 

for Speech Emotion Recognition wherein there are two learning phases, simple features learnt in the lower 

layers and salient features learnt in higher layers and achievement is above 60% recognition rate amidst noise 

and channel distortion. Results show superior performance with respect to speaker, language variation and 

environement distortion. Restriction is that it could work well in labaratory settings but extension is required 

to suit the real time environment. 

[33] suggests a multiview supervised dictionary learning approach where two techniques are proposed and 

application to speech emotion recognition using two feature sets are investigated.Correlation coefficient as the 

evaluation measure in predicting the continuous dimensional affects, the proposed methodology achieves the 

highest performance among the other methods. 

In [34] it is proposed that Fourier parameter features are effective in identifying the different emotions in 

speech with a focus in developing speaker independent emotion recognition. Salient features from emotional 

speech signals are extracted and validated and hence proved that the FP features are effective in characterizing 

and recognizing emotions in speech signals. 

Audio features along with facial features and body gestures increased the recognition accuracy which is 

demonstrated by recent researches. Emotion recognition based on gesture and speech information has been 

proposed in [35], which uses decision level fusion to determine the emotion. The proposed method is able to 

be extended to use other modalities and helpful in automatic emotion recognition system.  

Another bimodal approach is attempted by Kun LU and Yunde JIA using Boltzmann zippers which 

outperformed single modal models [36].It is again one another person independent, induced prototypical 

emotional states recognition technique which proves that Boltzmann zippers outperforms coupled HMM 

because it takes into account the interior relationship between visual and audio modalities. 
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Table 3: Emotion Recognition Using Speech Signals 

 

Work Done 

Approach 

Features used Classification method 
Database & 

Recognition rate 

No of 

Classes 

Recognized 

C.B.Marioor

yad [31] 
 Acoustic features 

I. Iterative Feature 

ormalization 

II. SVM 

 

IEMOCAP Corpus, 

Improved accuracy when 

compared to global 

normalization 

 

-- 

Q.Mao 

[32] 

I. LIF (Local 

Invariant 

Features) 

II. Affect-salient 

discriminitative 

features 

Convolutional neural 

network 

I. SAVEE database, 

73.56% 

II. Emo-DB,85.2% 

III. DES,79.9% 

IV.  MES,78.3% 

(Speaker independent) 

 

 

-- 

 

M.J.Gangeh 

[33] 

Sparse 

Coefficients 

Multiview Supervised 

Dictionary Learning 
AVEC 2012,-- 

 

-- 

K.Wang 

[34] 

Fourier 

Parameters 
SVM 

I. EMODB 

II. CASIA, >90% 

 

6 

K.A.Vu 

[35] 

Gestures  & 

Speech 

Decision level 

fusion(Weight 

Criterion, Majority 

Vote) 

Own Database, 76.28 & 

85.39% 

 

4 

K.Lu 

[36] 

Facial features & 

Speech (Prosodic, 

Spectral) 

Boltzmann Zippers 
Own database, 

>80% 

 

7 

3.4 Physiological signals 

Other than audiovisual signals there are other modes by which the inner emotional state of a person can be 

identified. Taking this into account, recent researches have explored the significance of such signals, 

especially physiological signals which are directly or indirectly related to the emotional state of a person. 

Different recent approaches have been mentioned in Table 4. 

Study of emotion recognition based on physiological signals like heart rate variability parameters and 

respiration frequency is attempted and suggested that it could be combined with other parameters like facial 

expressions to detect emotions [37]. The accuracy obtained is not appreciable and it would increase if other 

important physiological parameters like galvanic skin conductance and electrocardiogram signals. 
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Table 4: Emotion Recognition Using Physiological signals 

 

Work Done 

by 

Approach 

 

Features used 
Classification 

method 

Database & 

Recognition rate 

No of Classes 

Recognized 

J.Kortelainen 

[37] 

Heart rate 

variability, 

Respiration 

frequency and 

Facial Features 

KNN (K nearest 

neighbors) 

CK+ for facial 

expressions, 54.5% with 

arousal, 38% with 

valence    

2 

V.Rozgic 

[38] 

Segment level 

EEG features 

I. NBNN (Naïve 

Bayesian Nearest 

Neighbor) 

II. NN-Voting 

III. RBF-SVM 

(Radial Basis 

Function-Support 

Vector Machines) 

DEAP, 

Valence, Dominance, 

Arousal, 

Liking(>60%) 

 

 

4 

D.Lakens 

[39] 
OXY, GSR & HR 

Random Forests 

Classifier 
Own database, 74% 5 

Wanhui Wen 

[40] 

Biochemical 

features of Breath 

Gas  

Artificial Neural 

Network & SVM 
Own database, 70% 2 

J.Hernandez 

[41] 

GSR, Skin 

Temperature 
Mirror Interfacing Own database,-- -- 

 

EEG (Electro Encephalo Gram) signals are effectively used by scientists in different ways to identify the 

emotions of a person [38]. In order to overcome the limitation of loss of information when the features are 

highly non-stationary, there is a transformation of multiple segment-level feature vectors to a single response 

level feature vector in a manner that retains information relevant for classification task. The work suggests an 

effective modality to recognize the affect. 

Selection of physiological signals which are immediately linked to the internal state of a person like 

Fingertip blood oxygen saturation (OXY), Galvanic Skin Response (GSR) and heart rate [39] are used by 

scientists in the field of AC. The detailed affective data recording of the subjects who are induced emotions by 

watching a film and the multi-variant correlation analysis in the proposed methodology have helped them  to 

achieve better results when compared to previous works. 

 Exploration on emotion recognition using breath gas information is attempted by Kazuhiko 

Takahashi[40]. Sensing devices used for experimenting on the breath gas may be a overhead but it again gives 

an idea of another modality to the researchers of the field which could categorize the emotions as positive and 

negative.   
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[41] offers a novel sensor system to combine physiological data and visual context to capture and reflect on 

their daily activities. For instance, if a person can check his daily activities, he can increase his memory and 

gain more attentiveness of his time allotment. An user interface for daily logging is suggested in the paper 

which could open up different applications in the field. 

3.5 Other Modalities 

Many research works in AC involve individual or different combinations of modalities with an aim of 

producing an emotion detection system. Each modality is directly or indirectly related to the affect of an 

individual which in different ways can be used for the affect recognition.    

 The contribution of the basic and often attempted modalities and the outcomes of the systems have been 

already discussed. Other distinct modalities and their significance in designing an affect sensitive module are 

suggested by several researchers which are listed in Table 5.  

Table 5: Emotion Recognition using other modalities 

 

Work Done 

By 

Approach 

Features used Classification method  
Database & 

Recognition rate 

No of Classes 

Recognized 

P.Ren 

[42] 

Pupil Diameter 

Signal 

K*, MLP (Multi layer 

Perceptron),Naïve Bayes 

classifier, Random 

Forests 

Own Database, 

83.16% 
2 

G.Caridakis 

[43] 

Facial features, 

Body gestures 

and Speech 

parameters 

Bayesian Classifier 
Own database, 

>70% 
8 

K.Tang 

[44] 

2D,3D features, 

speech features 

CCA (Canonical 

Correlation Analysis) 

 

Data from Kinect 

Sensor, 

>70% 
7 

M.Soleymani 

[45] 

 

EEG features, 

Pupilliary 

response & gaze 

distance  

SVM with RBF Kernel 

Own database, 

68.5% for Valence 

76.4% for Arousal 

 

6 

W.Zheng 

[46] 

EEG features, 

Pupilliary 

response 

SVM 

Feature Level Fusion 

Decision level Fusion 

Own database, 

73.59% 

72.98% 

3 

J.Wagner 

[47] 

Vocal Features, 

Facial 

Expressions and 

Gestures 

Naïve Bayesian 

Classification 

CALLAS 

Expressivity 

Corpus,-- 

4 

 

The eye being a potent agent of expressing emotions, is utilized in detecting the affective state of a soul 

through the eye tracking information and variation in pupil diameter(PD) in [42]. Previously, detection of the 
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emotional state of a user using PD had not been completely investigated. This was successfully attempted in 

the work as there is a transition from “relaxation” to “stress" mood. It also included GSR as another modality 

in the evaluation but individually it is able to yield only 65.79% but is able to produce 83.16% when used 

along with PD. 

 Multimodal Emotion Recognition (MER) systems have comparatively outperformed other systems. 

Feature level and Decision level fusion of the multimodal features like facial expressions, gestures of the body 

and speech parameters are done in [43]. Even when some of the feature values of any particular modality is 

missing the other modalities could favor the system in such a multimodal scheme.  

 In [44] a novel MER system is proposed wherein there are two parts, a new database comprising of 2D 

facial images, 3D facial feature points and concurrent time based audio waves and recognition part including a 

new fusion level combination. In the new fusion methodology, decision level fusion and feature level fusion 

results are combined considering feature level fusion result as another feature which is a different thought and 

it yielded good results. 

 [45] introduces a method to recover affective responses to videos using EEG signals, pupiliary response 

and gaze distance. It is an attempt to design a precise and user-independent classification  model to identify 

emotions. The work also tries to evaluate and also proves to an extent that the non-verbal affective cues could 

possibly replace the affective self. 

 Another fusion model is built based on Eye tracking information and emotion relevant features from EEG 

signals to develop a multimode recognition system [46]. Different features contributing to the Pupil diameter 

and EEG signals are effectively used in bringing out good results. Handling all the features may lead to 

computational overhead and including other modalities like facial expressions may improve the accuracy 

further. 

 

 Research on the fusion of the multi modalities is also well carried out as in [47]. This paper concentrates 

on another dimension i.e., missing data in any modality. Taking the vocal, facial and gestural behavior into 

consideration the author evaluates in a broader way the different fusion methodologies and their suitability in 

finding the missing data. Discussion paves way for researchers to think in a different aspect. 

4  Emotion recognition databases  

As a result of wide-ranging research in emotion identification, multiple databases have emerged covering 

different modalities including image, video, audio and physiological data sets. Databases used for different 

works are cited in the tables presented above.  In this section a brief outline on the various databases is 

provided. 

4.1 Image and Video Databases  

Various Image and video based databases are publicly available for the facial expression analysis and 

human gesture analysis and validation to detect emotions.  

 C-K (Cohn-Kanade) database [48]: 

Being a video based action unit coded face database which involves posed expressions, it includes 486 

sequences from 97 posers. Beginning with a neutral expression, the sequence progresses to an extreme 

expression. The peak expression is fully FACS coded. Number of Subjects included is 100. Released in the 

year 2000, for the cause of advancing research into detecting individual facial expressions, It has become one 

of the most commonly used data sets. But the drawbacks found were that emotion labels were not validated 

and  non-availability of common performance measure in order to compare with standard algorithms. 

 C-K + (Extended Cohn-Kanade) database [49]: 

 To address the issues in CK database, extension has been done. It lets in both posed and spontaneous 

manifestations. For posed expressions, the number of sequences is increased from the initial database by 22% 

and the number of subjects is enhanced by 27%. The target expression for each sequence is again fully FACS 
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coded. Number of Subjects included is 123. It serves as a very valuable addition to the already existing data 

set. 

 JAFFE (Japanese Female Facial Expression) database [50]: 

The database contains 213 images of 7 facial expressions  posed by 10 Japanese female models. Each image 

has been rated on 6 emotion classes on 60 Japanese subjects. As it involves multiple subjects exhibiting 

multiple emotions it has been extensively used in the field of research. 

 BU-3DFE (Binghamton University-3D Dynamic Facial Expression) database [51]: 

3D facial models have been extensively employed in research. This database includes 100 subjects with 2500 

facial expression models. With the exception of the neutral expression, each of the six prototypic expressions 

namely happiness, disgust, fear, angry, surprise and sadness are included with four levels of intensity. It 

considered different cultural and race condition subjects in different ages allowing way for research in 

different dimensions. 

 BU-4DFE (BU-3DFE+time) [52]: 

A 3D dynamic facial expression database which is available with six model sequences showing six facial 

expressions of the BU-3DFE database. Each sequence  of expression contains nearly about 100 frames. The 

database comprises 606 3D facial expression sequences captured from 101 subjects. Including dynamic 

characteristics in the ancestor database, it can replace other databases when involving application in real time.  

 MMI [53]: 

A database which consists of over 2900 videos and high-resolution still images of 75 subjects, partially coded 

for frame-level, indicating for each frame whether an AU is in either the neutral, onset, apex or offset phase.  

It also includes audio-visual laughters. In particular, it contains recordings of the sequential pattern of a facial 

expressions, from Neutral, through a progression of onset, apex, and offset phases and back again to a neutral 

face. 

Other databases focusing on expressions of the six basic emotions, the MMI Facial Expression Database 

contains both these classical expressions and expressions with a single FACS Action Unit (AU) activated, for 

all existing AUs including naturalistic recordings also. It is readily available for research community.  

 NVIE (Natural Visible and Infrared facial Expressions) [54]: 

Dataset involves visible and infrared imaging of posed & spontaneous expressions of 215 students. The 

database includes basic expressions. It was the first of its kind involving both visible and infrared videos. The 

advantage of the database is mainly that posed, spontaneous expressions with and without glasses are included 

thus supporting researchers in further algorithm comparison and evaluation 

 Affective-MIT Facial Expression [55]: 

Dataset includes 242 facial videos with 168,359 frames recorded in real world  conditions. Frame- by-frame 

labels are available for 10 symmetrical FACS action units, 4 asymmetric (unilateral) FACS action units, 2 

head motions, smile, general  expressiveness and gender. The videos in this dataset were recorded in real-

world conditions. They exhibit non-uniform frame rate and non-uniform lighting. The camera position relative 

the viewer varies from video to video.  

The videos contain viewers from a range of ages and ethnicities some with glasses and facial hair. It is 

particularly suggested for researchers working in the domains of facial expression recognition, affective 

computing, psychology and marketing as the responses from the video stimuli are recorded.  

 DISFA (Denver intensity of spontaneous facial action database) [56]: 

Video based database involving spontaneous expressions of 27 participants. Intensity of 12 action units is 

coded in 1,30,000 frames. Most previous databases for automated facial expression analysis are limited to 

posed facial expressions and holistic labels. Facial behavior is thoroughly annotated using anatomically based 

descriptions, FACS AUs .  
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The intensity of each AU is annotated on a six-point intensity scale. DISFA thus provides continuous 

annotation of graded changes in spontaneous facial expression of emotion. It will help researchers to develop 

and assess new methods for spontaneous facial expression recognition. 

 LIRIS-ACCEDE [57]: 

Contains 9,800 video excerpts which are selected from 160 feature films and short films. It is the largest video 

database currently in existence interpreted by a extensive population using induced emotional labels. In order 

to address the issue of lack of large databases, this database is developed with an aim to promote sharing and 

usage among research community. 

 FABO (Bimodal Face and Body Gesture) [58]: 

The FABO database contains videos of face and body expressions recorded by the face and body cameras, 

simultaneously. Posed visual data gathered from volunteers in a science lab setting by asking and directing the 

participants along the mandatory activities and operations. This database is the initiative to combine facial and 

body displays in a truly bimodal manner, thus enabling significant future advances in affective computing 

research. 

  Kinect FaceDB [59]: 

Dataset consisting of the multimodal facial images of 52 persons acquired by Kinect. The data is captured in 

different time periods involving 9 different facial expressions under  different conditions. It is the first 

publicly available face database based on the Kinect sensor. The database consists of different data modalities 

and multiple facial variations. The aim is to create database of images of different facial expressions in 

different lighting and occlusion conditions to serve various research purposes.  

Thus the image and video databases have been developed and freely accessible with much use by the research 

community. 

4.2 Speech Databases 

Research in Audio signals which lead to the decision in emotion recognition require standard databases. Some 

of the often used speech emotion databases are discussed in this section. 

 Belfast Naturalistic [60]: 

It consists of audiovisual clips from 125 speakers of both genders. Emotional clippings are events that help in 

interpreting a peak in the emotion display and to demonstrate how it develops over time. To cover a wide 

range of emotions. It aims to develop the first large audiovisual naturalistic database of emotion and also to 

cover a wide range of emotions. 

 Biwi 3D Audiovisual Corpus [61]: 

It contains dynamic 3D scans of faces recorded while uttering a set of English sentences. The information is 

read by tracking the frames using a basic face template, dividing the speech signal into phonemes, and 

evaluate the emotions by an online survey. Database stands out from all available datasets during its time, 

which are either completely posed or missing 3-D information.  

Applications include audio-visual emotion recognition, emotion-independent lip reading, or view-independent 

facial expression recognition. 

 SAVEE (Surrey Audio-Visual Expressed Emotion) [62]: 

SAVEE database has been recorded as an important requirement for the development of an automatic emotion 

recognition system. The database consists of recordings from 4 male actors in 7 different emotions, 480 

British English utterances in total. Database contains emotional speech utterances covering seven emotions 

including anger, disgust, fear, happiness, sadness, surprise, and neutral deliberately displayed by four English 

speakers.  
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 IEMOCAP (Interactive Emotional Dyadic Motion Capture) Corpus: [63] 

To facilitate the investigations involving the combination of visual and audio features for emotion recognition  

the database was developed. Ten trained actors are engaged in five dyadic interactions using scripts and 

spontaneous actions that are selected to bring out  happiness, anger, sadness, and frustration. Naturalistic non-

acted human interactions could be observed in the database.  

The motion capture information, the interactive setting to bring forth emotions, and the size of the database 

make this data set a valuable addition to the existing databases in modeling of multimodal human 

communication. 

 EMODB [64]: 

It comprises 10 sentences that cover seven classes of emotion from everyday communication, namely, anger, 

fear, happiness, sadness, disgust, boredom and neutral. They could be rendered in all emotional contexts 

without semantic inconsistency. Database serves as a basis of numerous studies in the field. 

 DES (Danish Emotional Speech database) [65]: 

Includes emotional speech utterances covering five emotions (i.e., anger, joy, surprise, sadness and neutral) 

displayed by four Danish actors. The work also insisted that it is difficult to identify real time emotions from 

Danish speech. The sample rate is 48 kHz. 

 MASC (Mandarin Affective Speech Corpus) [66]: 

The database contains recordings of 68 native speakers (23 female and 45 male) and five kinds of emotional 

states: neutral, anger, elation, panic and sadness. Each speaker pronounces 5 phrases, 10 sentences for three 

times for each emotional states and 2 paragraphs only for neutral. This corpus is built for prosodic and 

linguistic analysis and detection of emotion expression in Mandarin. It can also be used for recognition of 

affectively stressed speakers. 

 SEMAINE [67]: 

Being an audiovisual database, it serves as a component of an approach in building Sensitive Artificial 

Listener (SAL) agents that employ the persons in emotionally colored conversation. Recordings of the total 

150 participants with 959 conversations are done. Multiple types of gesture are present—facial movements, 

head nods and shakes, and laughs. It provides a resource that computational research can use immediately. 

Beyond that, it is natural to add new types of labeling to the recordings. 

 AVEC (Audio Visual Emotion recognition Challenge) [68]: 

A database which is given as challenge for researchers who use audio and video features to recognize 

emotions. AVEC 2012 challenges to recognize four continuously valued affective dimensions such as arousal, 

expectancy, power and  valence. It provides a benchmark test data set for multimodal data processing and to 

decide on the merits of the two approaches individually and on fusion basis.   

4.3 Multimodal databases: 

 CALLAS Expressivity Corpus [69]: 

Constructed within the European Integrated Project CALLAS and contains affective behavior, incorporating 

vocal utterances, facial expressions, and gesture expressivity in three primary emotion classes. It was 

developed with the objective of the research teams to apply the data set in feature extraction, multimodal 

analysis and synchronization and fusion techniques and, hopefully, will provide reference point for future 

attempts within the affective computing community. 

 

 MAHNOB-HCI(Multimodal Analysis of Human Nonverbal Behaviour) [70]: 

Consists of two experiments. The responses including EEG, eye gaze, audio recording, and facial expressions 

of few people were registered. Two experiments, one with the videos extracted from movies and the other one 
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with the tag agreement where the videos with and without the tag were used. The large collection of 

modalities recorded (multi camera video of face, head, speech, eye gaze, pupil size, ECG, GSR, respiration 

amplitude, and skin temperature) and the high synchronization accuracy between them makes this database a 

valuable contribution  to the research group of emotion recognition. 

 

 DEAP (Database for Emotion Analysis using Physiological signals [71]:  

It holds the highest number of participants in publicly available databases for analysis of spontaneous 

emotions from physiological signals. It uses music videos as emotional stimuli. The database contains 

physiological signals of 32 participants (and frontal face video of 22 participants), where each participant 

watched and rated their emotional response to 40 music videos along the scales of arousal, valence, and 

dominance as well as their liking of and familiarity with the videos. 

5  Emotion recognition Applications 

As the approaches and databases recently used in the field of AC have been discussed in the previous 

sections, the present section focuses on the areas of where to apply them for the benefit of a particular 

community. Research in emotion recognition leads to diverse applications which is substantiated by research 

publications. 

 Education:  

Emotion Integrated e-learning architecture model is developed and machine's ability to read emotions from 

physiological signals is discussed by Shen et al [72]. The work suggests an affective model to promote the 

learning experience in real time learning environment. Noteworthy conclusions from the research included 

that engagement and confusion are the most important and frequently occurring emotions in learning. One of 

the limitations found is that only biophysical signals are used to predict learner's emotional state.  

Much work has been carried out to measure the affective dimension of engagement of students in learning 

to improve the learning environment [73] [74] [75]. [73] presents an automated facial recognition approach to 

analyze student facial movements during tutoring using the Computer Expression Recognition Toolbox 

(CERT), which tracks well-defined facial movements. The predictive models highlighted relationships 

between facial expression and aspects of engagement, frustration, and learning. The work has great potential 

for educational data mining. 

In [74], an attempt for the development of real-time automated recognition of engagement from students’ 

facial expressions is again explored. The remarkable intuition was that teachers constantly assess the level of 

their students’ engagement, and facial expressions play a vital role in such assessments. The results suggest 

that machine learning methods could be used  to develop a real-time automatic engagement detector with 

comparable accuracy to that of human observers.  

In [75], it is  identified that emotion indicators (valence and arousal) that combined with on- and off-task 

variables to represent positive and negative states associated with student learning, as well as physical 

behaviors linked to emotional states. In more detailed manner, correlations between low-level observations 

(i.e., chair movement) and higher-level observations (on-off task behavior) and then between these higher-

level observations and student learning and attitudes were analyzed and used. Additionally there is an 

evaluation done on the impact of the presence of gendered characters on student motivation and achievement 

within learning environments. The motive of the work is to amalgamate examination of expressing factors like 

facial expression, empathy as they influence learning, human interaction and relationship development. 

 Aid for the Disabled:  

AC system can effectively work as a supporting aid for the people with certain disorders like syndrome 

and autism and also elderly people [76] [77]. [76] covers the latest research concerning the measurement of 

physiological signals of children with autism, particularly for the study of changing emotions in various 

environments. Answers to important questions regarding autistic children’s physiological activity are 

examined, and it is observed that  within a non-social environment, physiological responses are the same 

between children with and without autism but different in environments with social contexts. It is insisted in 
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the work that the  physiological signals can be used as a trustworthy indicator of emotions of children with 

autism and the the latest developments in wearable sensor technologies available is also discussed. 

 The model in [77] draws motivation from "emotional-indexing" approach to teach emotions to children 

with autism. An automated mind reading system that infers complex mental states from facial expressions in 

real time video and a reaction advisor that recommend appropriate reactions. This paper presents results in the 

recognition of six classes of complex mental states of the children. Results though promising has to be 

improved.  

 HCI / Robotics :  

To improve HCI is the prime goal of an emotion recognition system which leads to applications in many 

areas including robotics. [78] focuses on the evolution of a real time emotion recognition system  for a 

humanoid robot which conveys the information about emotion to the individual in interaction through speech 

signals. Intelligent neural network-based upper and lower facial action analyzers to recognize respectively six 

upper and 11 lower facial Action Units is proposed. Then another feed forward neural network and linear and 

nonlinear SVMs are employed to respectively build the emotional facial behavior recognizers. The research 

could also be further extended to recognize wider categories of AUs and facial emotional behaviors such as 

interest and stress.  

[92] describe a human-robot interaction application which refers to mimic the facial expressions of a 

person perceived by a robot’s camera. AIBO(Artificial Intelligence Robot)  robot is used for the application. 

The input to the system is a video stream capturing the user’s face. Temporal recognition method classifies a 

given image in the video to one of the emotion classes by modeling the dynamics. Such works will stimulate 

the researchers to use their methodology of emotion detection in the field of robotics so as to promote 

automated systems. 

 Safety aid:  

Human Centered Transportation system by detecting emotions of a driver of a vehicle through facial 

expressions is proposed in [79],[91] wherein the automated safety system acts in the case of difference in 

driver's normal mental state. Large number of road accidents take place due to drowsiness, fatigue  or bad 

mood of the driver. The system proposed in this paper[79] takes into account both the Facial Gesture tracking 

and Emotion recognition so that if there is any sign of less alertness of the driver, the car will switch to 

automatic mode. A novel fuzzy system is created, whose rules are being defined through analysis of Facial 

Gesture variations. The idea behind this paper is to detect Facial Gesture by detecting the motion of eyes & 

lips along with classification of different facial expressions into one of the four basic human emotions, viz. 

happy, anger, sad, and surprise.  

[91] proposes real-time computer vision system for monitoring drowsy driver. It uses one remotely located 

charge coupled device (CCD) camera to acquire video of the driver’s face. From the video, various computer 

vision algorithms are employed and in real time recognize the facial behaviors that closely relate to the 

driver’s level of vigilance. The facial behaviors include rigid head movement (characterized by 3D face pose), 

non rigid facial muscular movement (characterized by facial expressions), and eye gaze movement. The 

system being tested in a simulating environment with different subjects is found to be robust, reliable, and 

accurate in characterizing facial behaviors. 

 Entertainment:  

Applications involving entertainment also use an emotion detection system in maintaining their 

engagement with the entertaining agent. Physiological signals and facial expression features are often used in 

such type of functions. To adapt the gaming level to the difficulty the participants face while playing, [80] 

suggests an emotional assessment method using EEG signals and peripheral signals.  Fusion of physiological 

information with other modalities such as facial expressions, speech, and vocal signals would certainly 

improve the accuracy.  

User Interface applications integrate speech emotion recognition system to supply an improved 

understanding of the emotional state of the user and respond accordingly [81]. The purpose of this work is to 

propose a system framework based on smart logic that can be used to develop an emotional speech-
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recognition and speech-synthesis engine suitable for integration into handheld embedded devices. Future 

development work aims to extend the capabilities of the recognition system to a larger set of emotions, so that 

continuous emotion status may be recognized. 

Music is an important means of deciding the mood. There is a broad application potential for music players 

that support this ability to direct mood. Such devices need to include unobtrusive affect measurements and go 

for  music selection accordingly to be able to direct mood to a target state[93]. The user study illustrated in 

this paper validated the concept of the affective music player and  the affective music player takes in a desired 

mood as input and then selects songs that direct toward that required mood. Experiments were conducted in a 

real-world office setting. 

Applications of AC techniques are still emerging and finding its place in different ventures and gives scope 

for other researchers for their contributions. 

6  Conclusion and Future Directions 

Directions for research in the field of emotion recognition are numerous and have distinct objectives in 

achieving  accurate and effective models.  

Modalities used for emotion recognition are mentioned in the previous sections. It is proved in the 

publications that multiple modal systems outperform single modal systems. Work on different combinations 

of modalities along with the strategies followed for fusing the decisions based  on the modalities is available 

in the literatures [82], [83]. More contributions are expected by the AC scientists in this direction.  

Spontaneous expressions are targeted by the research community in place of the posed ones, in order to 

develop a system that could adapt to the real time environment rather than conventional lab setup [84]. 

Befitting to the demands of the applications which require real time based interface, research trend has found 

a shift with this motif. Design and development of spontaneous standard data sets that act as a benchmark for 

the research perspectives serve as an example of this trend. AC literature has many publications on posed 

expressions and few on spontaneous expressions, which gives open opportunities for other researchers to 

conceive in that way. 

Gender, Age, and Cultural differences between individuals influence the emotional state of  a person and 

thus can act as significant parameters in the system to be developed. Taking them into consideration, 

publications have found their place in the literature [85] [86] [87] [88]. Promising results are expected when 

those parameters are likewise assumed into account in detecting an emotion which is one of the possible 

avenues in which the work can be conducted. 

The context in which other emotions are experienced is another important deliberation required by 

scientists. Context is based on the actual emotional inner state of the person and the environment that induces 

the current emotion. Context sensitive approaches for emotion recognition are attempted by the researchers 

[89] [90]. More contributions can also be expected in this direction. 

  Diverse techniques in the Emotion recognition approaches, Databases designed and in the applications 

used are promising and looking forward for more research to design an accurate emotion recognition system.   
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Abstract—Over the last few years, there is a rapid increase in the usage of mobile devices such as smartphone 
in heavy data processing applications due to high network connectivity and hardware capabilities. Limited 
battery lifetime and processing capacity constraints of the mobile devices hinder the execution of heavy tasks. 
This leads to the slowdown in the task execution process. Offloading of the heavy computational tasks from the 
mobile device into a remote cloud can solve this problem. Also, the tasks can be executed efficiently by 
scheduling to the appropriate Virtual Machine (VM) in the cloud. This paper presents a survey of the 
approaches for offloading and scheduling the tasks from the mobile devices to the cloud computing 
environment. Hence, task offloading and scheduling can improve the computational capacity of the mobile 
devices and increase the lifetime of the device. The user experience on the execution of computationally 
intensive tasks can be improved. 
 
Keywords—Energy Efficiency, Mobile Cloud Computing (MCC), Task Offloading, Task Scheduling. 
 
Introduction 

ith the increase in the Internet applications, the cloud computing has emerged as a significant topic for the 
researchers. The cloud computing allows the users to utilize the infrastructure, platforms and software provided 
by the cloud service providers at low cost in an on-demand manner. Hence, the mobile devices are integrated 
with the cloud computing to form Mobile Cloud Computing (MCC). In the MCC infrastructure, the mobile 
devices can use the advantages of cloud for extending the functionality. The applications such as Google Gmail, 
Maps, etc., are developed based on the advancement in the MCC applications. The advantages of MCC are  

 Increased resource availability rate 
 Unskilled hosting 
 High security and reliability 
 Minimum network latency 

 
Fig.1 shows the schematic representation of MCC architecture. The mobile devices are connected with the 

mobile networks through the base stations and access points. The task offloading requests from the mobile users 
are transmitted to the central processors connected to the servers in the mobile network. The offloading requests 
are delivered to a cloud through the Internet. In the cloud, the cloud controllers process the user requests to 
provide cloud services to the users. 

The major criteria of the mobile devices are battery life, storage capacity, and processor performance. Various 
techniques are proposed to overcome the drawbacks of limited resources and processing capability of the mobile 
devices to access the servers in remote cloud computing environment [1].  
Offloading is a promising solution for improving the capabilities of mobile devices by migrating the heavy 
computational tasks to the servers. It improves the operational performance of the mobile devices by reducing 
the energy consumption. But, this approach depends on the parameters such as network bandwidth and 
exchange rate of data through the networks. Usually, the offloading decisions are made by analyzing the 
parameters such as bandwidth, processing speed and load of the server, available memory space, and amount of 
data exchanged between the mobile devices and servers in remote cloud. Offloading requires access to the 
servers in the remote cloud environment for a short time through the wired or wireless networks. The processing 
overhead of the mobile device is reduced by offloading the computing tasks to the external servers or to the 
cloud. This can reduce the execution delay of the applications and improve the user convenience. Several 
solutions such as MAUI [2], Clone cloud[3], Smart Diet[4] are proposed for computation task offloading. But, 
these solutions mainly focus on optimizing the energy consumption of a single device [5].  
 

 

W
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The sections of the paper are systematized as follows: Section II describes the existing task offloading 
approaches. Section III presents the task scheduling approaches. Section IV illustrates the comparative analysis 
of the task offloading and task scheduling approaches along with the advantages and performance evaluation 
metrics. Section V presents the conclusion of the survey. 
 

 
Fig.1 Schematic MCC architecture 

Task Offloading 
The capacity of the mobile devices is restricted by the battery power and processing overhead. The 

computation offloading technique is used for forwarding the heavy tasks to the servers and receiving the results 
from the servers. Kumar et al. [6] provided an overview of computational offloading techniques based on 
various factors such as offloading decisions, types of application and offloading infrastructures. Shi et al. [7] 
implemented Computation Offloading As A Service For Mobile Devices (COSMOS) system for efficient 
management of the cloud resource. Ko et al. [8] proposed an online live prefetching technique that integrates the 
task-level computation prediction and prefetching a large program with several tasks. The excessive fetching is 
avoided while retaining the feature of prediction to reduce the runtime of the program and transmission energy 
of the mobile device. Zhou et al. [9] introduced a context-aware algorithm for providing code offloading 
decisions during the runtime. The wireless medium and cloud resources are selected as the offloading location 
based on the context of the mobile devices. An iterative decoupling algorithm is proposed for approximating the 
optimal offloading decisions to reduce the energy consumption of the mobile devices [10]. A practical decision 
engine wasproposed for offloading the mobile tasks to the cloud [11]. Zhou et al. [12] presented a flexible task 
offloading scheme for energy saving in MCC. An online resource scheduling strategy is proposed to satisfy the 
feasibility of MCC. Choi et al. 
 
[13] implemented a Reversi Game and remote Graphics Processing Unit (GPU) framework to the Android 
platform for supporting task offloading to General Purpose Computing on GPU (GPGPU)-enabled mobile 
devices. Xia et al. [14] considered online location-aware offloading problem in a two-tiered MCC environment 
for enabling fair sharing of the cloudlet. Zhao et al. [15] proposed energy efficient task offloading for multiuser 
MCC and a heuristic strategy for the allocation of the resource having low computational complexity. Altamimi 
et al. [16] generated an energy-efficient task offloading strategy by developing the energy models of the 
smartphones. Shiraz et al. [17] developed a novel framework for energy efficient offloading of the 
computationally intensive mobile applications in MCC environment. Chen et al. [18] proposed an efficient 
approximate solution and focused on the joint optimization of offloading decision and allocation of computation 
resource. Krishna et al. [19] proposed a decision making algorithm based on the learning automata concept for 
task offloading in the mobile cloud environment. Fahim et al. [20] applied a task offloading approach in Mobile 
Device Cloud (MDC). Jia et al. [21] presented an online task offloading algorithm for the offloading of 
concurrent tasks. Chen [22] designed a decentralized computation offloading mechanism that can achieve Nash 
equilibrium of the game and quantify efficiency ratio over the centralized optimal solution. Cardellini et al.[23] 
developed a game-theoretic approach for computation task offloading in MCC. Qianand Andresen [24] 
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presented an energy based offloading system for offloading the Android applications. Flores and Srirama[25] 
proposed a fuzzy decision engine for code offloading by considering the mobile and cloud variables. Xia et al. 
[26] developed online location-based task offloading algorithm in two-tiered mobile cloud computing 
environment. 
 
Task Scheduling 
Lin et al. [27] presented a linear time rescheduling algorithm for migrating tasks between the local devices and 
cloud to reduce energy consumption. Chen et al. [28] proposed an opportunistic task scheduling over co-located 
clouds to minimize the energy consumption in mobile cloudlet paradigm. Yao et al. [29] presented an energy 
efficient task scheduling strategy (EETS) to determine the type of task to be offloaded under different 
environment. Zhang et al. [30] adopted Lagrangian Relaxation Based Aggregated Cost (LARAC) algorithm and 
collaborative task execution strategy for reducing the energy consumption of the mobile device. Li et al. [31] 
proposed a novel algorithm for dynamic scheduling of tasks to reduce the total energy consumption of the 
smartphones. Liu et al. [32] proposed an one-dimensional search algorithm to find the optimal scheduling policy 
for scheduling the computational tasks. Sindia et al. [33] proposed a customizable scheduler based on the linear 
programming design and a MapReduce framework for scheduling jobs in MCC.  
 
Hung et al. [34] developed an architecture based on the collaboration of thin-thick clients and focused on 
effective task scheduling for improving the processing time in the mobile cloud platform. Wu et al. [35] 
proposed a task scheduling algorithm based on the Quality-of-Service (QoS)-driven according to the priority 
and completion time of each task in cloud computing. Bansal et al. [36] discussed about the task scheduling 
algorithms based on the priority for the tasks and VMs. Tsai et al. [37] proposed an improved differential 
evolution algorithm for optimal scheduling of tasks and allocation of resources in the cloud environment. 
Mathew et al. [38] presented a comprehensive analysis of the task scheduling methods for the cloud 
environment. Awan and Shah [39] provided a detailed analysis of the task scheduling algorithms in the cloud 
platform. Agarwal and Jain [40] presented a Priority-based algorithm for efficient task scheduling in cloud 
environments. Abrishami et al. [41] adapted Partial Critical Paths algorithm and recommended workflow 
scheduling algorithms for the cloud environment based on the deadline constraints. Panda and Jana [42] 
proposed a multi-objective algorithm for scheduling tasks in the heterogeneous multi-cloud environment.  
 
Thomas et al. [43] introduced an enhanced scheduling algorithm based on the user priority and length of the 
task. Guo et al. [44] presented a Fuzzy Clustering Based Workflow Task Scheduling (FCBWTS) by considering 
the resource characteristics of cloud computing. Zhang et al. [45] proposed a new multitask workflow 
scheduling method for cloud platforms. Abdullahi and Ngadi[46] presented a metaheuristic optimization 
technique called as Discrete Symbiotic Organism Search algorithm for optimal scheduling of tasks on the cloud 
resources. Zhang et al. [47] proposed a strategy for optimizing the task scheduling and fuzzy-based resource 
clustering in accordance with the matching degree of task and resource nodes. Su et al. [48] presented a task 
scheduling algorithm based on the dynamic task mapping and cost reduction strategies. Ashouraie and 
JafariNavimipour[49] proposed a task scheduling method by considering the priority of tasks based on genetic 
algorithm. Liu et al. [50] developed a novel algorithm based on Directed Acyclic Graph (DAG) for scheduling 
tasks in the heterogeneous cloud systems.Zhao [51] developed a modified algorithm based on Particle Swarm 
Optimization for task scheduling in the cloud computing environment. 
 
Comparative Analysis 
This section presents the comparative analysis of the task offloading and scheduling techniques. Table I presents 
the comparative analysis of the task offloading and scheduling techniques. 

 
Table I Comparative Analysis of Task Offloading and Scheduling Techniques 

Task Offloading 
Author and 
References  

Year Techniques Advantages Performance Metrics 

Kumar et al. [6] 2013 Computation 
offloading 

The power consumption 
is reduced and battery 
lifetime is reduced. 

1. Peta bytes/Month 

Shi et al. [7] 2014 Computation 
offloading 

The cost of providing 
cloud resources to 
mobile devices is 
reduced while increasing 
the mobile computation 
speed. 

1. CDF 
2. Total cost 
3. Number of servers and 

mobile devices 
4. Local execution time 
5. Speedup  
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Ko et al. [8] 2016 Mobile 
computation 
offloading 

The energy consumption 
of the mobile device is 
reduced. 

1. Expected energy 
consumption 

2. Expected prefetching gain 
Zhou et al. [9] 2015 MCC 

offloading 
The execution cost of the 
heavy computation 
applications is reduced. 

1. Execution time 
2. Energy consumption 

Liu et al. [10] 2016 Multi-device 
task 
offloading 

The energy consumption 
of the mobile devices is 
reduced. 

1. Average energy consumption 
of smartphone 

2. Average time delay of 
smartphone 

3. Average number of 
smartphones for offloading 

4. Average number of total 
tasks selected for offloading   

Altamimi and K. 
Naik[11] 

2014 Task 
offloading 

The offloading decisions 
are made correctly by 
analyzing the impact of 
system parameters on the 
offloading decision. 

 

Zhou et al. [12] 2016 Task 
offloading 

The resource reservation 
is adopted to reduce the 
extra energy 
consumption caused by 
the task multi-offloading 
phenomenon. 

1. Energy consumption 
2. Time overhead 
3. Task rescheduling rate 
4. Task throughput 

Choi et al. [13] 2015 Task 
offloading 

The execution time and 
task offloading overhead 
are reduced. 

1. Winning rate 
2. Execution time 
3. Network usage 
4. Transferred data 
5. Number of transmitted and 

received packets 
Xia et al. [14] 2014 Location-

aware task 
offloading 

The proposed algorithm 
provides promising 
offloading performance. 

1. Minimum residual energy 
ratio 

Zhao et al. [15] 2015 Task 
offloading 

The proposed resource 
allocation scheme is 
easily implementable 
and requires only 
minimum complexity. 

1. Bandwidth allocation 
2. Computational resource 

allocation 
3. Total energy consumption 

Altamimi et al. [16] 2015 Task 
offloading 

The energy required for 
task offloading is 
estimated accurately. 

1. Power consumption 
2. Cumulative energy 

consumption 
3. Packet sequence number 
4. Average energy 

consumption 
5. Round-time-trip 
6. TCP throughput 
7. Total energy consumption 

M. Shiraz, A. Gani, 
A. Shamim, S. Khan, 
and R. W. Ahmad 
[17] 

2015 Computational 
offloading 

It provides an energy 
efficient application 
layer solution for 
computational offloading 
in MCC. 

1. Difference in ECC 
2. Energy consumption 
3. Percent difference 
4. Energy consumption cost 

M.-H. Chen, B. 
Liang, and M. Dong 
[18] 

2016 Offloading 
and resource 
allocation 

The proposed algorithm 
offers nearly optimal 
performance under 
various settings. 

1. Total cost 

P. V. Krishna, S. 
Misra, D. Nagaraju, 
V. Saritha, and M. S. 

2016 Task 
offloading 

The completion time of 
the tasks and energy 
consumption are 

1. Completion time 
2. Total completion time 
3. Energy 
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Obaidat[19] reduced. 
A. Fahim, A. Mtibaa, 
and K. A. Harras[20] 

2013 Computational 
offloading 

The time and energy 
consumed for executing 
the heavy tasks are 
reduced. 

1. Response time 
2. Energy consumed 
3. Offload percentage 
4. Computation time  

M. Jia, J. Cao, and L. 
Yang [21] 

2014 Heuristic task 
offloading 

The completion time of 
the application on the 
mobile device is 
minimized. 

1. Completion time 

Chen [22] 2015 Computation 
offloading 

The proposed 
mechanism can achieve 
efficient computation 
offloading performance 
and scale well as the 
system size increases. 

1. User cost 
2. Potential function 
3. System cost 
4. Number of iterations 
5. Number of controlling and 

signaling messages 
V. Cardellini, V. D. 
N. Personé, V. Di 
Valerio, F. Facchinei, 
V. Grassi, F. L. 
Presti[23] 

2016 Computation 
offloading 

The proposed algorithm 
requires only a limited 
amount of information 
that can be easily 
obtained. 

1. Number of users 
2. Number of cloudlet servers 
3. Task execution time 

H. Qian and D. 
Andresen [24] 

2015 Computation 
offloading 

This minimizes energy 
consumption of mobile 
devices through fine-
grained  
computation offloading 
to the cloud. 

 

H. Flores and S. 
Srirama[25] 

2013 Code 
offloading 

The offloading decision 
process is enriched with 
evidence-based learning 
methods, by exploiting 
cloud processing 
capabilities over code 
offloading traces. 

1. Delivery time 

Q. Xia, W. Liang, Z. 
Xu, and B. Zhou [26] 

2014 Task 
offloading 

The proposed algorithm 
achieves minimum time 
complexity and residual 
energy. 

1. Minimum residual energy 
ratio 

Task scheduling 
X. Lin, Y. Wang, Q. 
Xie, and M. 
Pedram[27] 

2014 Task 
scheduling 

The proposed algorithm 
can achieve maximum 
energy reduction. 

1. Application completion 
time 

2. Energy consumption 
3. Execution time 

M. Chen, Y. Hao, C.-
F. Lai, D. Wu, Y. Li, 
and K. Hwang [28] 

2015 Task 
scheduling 

High flexibility and 
better performance in 
terms of energy and 
delay are achieved. 

1. Receive sub-tasks number 
2. Energy cost 
3. Task duration 
4. Service node number 

D. Yao, C. Yu, H. 
Jin, and J. Zhou [29] 

2013 Task 
scheduling 

The energy usage of the 
mobile system is reduced 
by accurately choosing 
the correct decision. 

 

W. Zhang, Y. Wen, 
and D. O. Wu [30] 

2013 Task 
scheduling 

The optimal 
collaborative execution 
strategy can save the 
energy consumed on the 
mobile device. 

1. Task context 
2. Decision 
3. Expected energy 

Y. Li, M. Chen, W. 
Dai, and M. Qiu[31] 

2015 Dynamic task 
scheduling 

The EDTS algorithm can 
significantly reduce 
energy consumption for 
Cyber Physical System 
(CPS). 

1. Energy consumption 
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J. Liu, Y. Mao, J. 
Zhang, and K. B. 
Letaief[32] 

2016 Task 
scheduling 

The optimal stochastic 
task scheduling policy 
achieves a shorter 
average execution delay. 

1. Average delay 
2. Proportion of tasks locally 

executed 

S. Sindia, A. S. Lim, 
S. Gao, V. Agrawal, 
B. Black, and P. 
Agrawal [33] 

2013 Scheduling  The proposed scheduler 
optimizes the total power 
consumption within 
reasonable latency. 

1. Throughput  
2. Data loss 

P. P. Hung, T.-A. 
Bui, and E.-N. Huh 
[34] 

2013 Task 
scheduling 

Task scheduling 
efficiency is improved 
while optimizing the 
processing time. 

1. Schedule length 
2. Cost 

X. Wu, M. Deng, R. 
Zhang, B. Zeng, and 
S. Zhou[35] 

2013 Task 
scheduling 

The task execution 
performance is improved 
and load balancing is 
achieved by scheduling 
the tasks based on 
priority and completion 
time. 

1. Makespan 
2. Average latency 
3. Load balancing 

N. Bansal, A. 
Awasthi, and S. 
Bansal[36] 

2016 Task 
scheduling 

This algorithm yields 
good scheduling results 
with efficient load 
balancing in the cloud 
environment. 

1. Load balancing parameter  
2. Cost factor 
3. Allocation cost 

J.-T. Tsai, J.-C. Fang, 
and J.-H. Chou [37] 

2013 Task 
scheduling 

Therefore, the proposed 
IDEA shows its 
effectiveness to optimize 
task scheduling and 
resource allocation. 

1. Rent cost and processing 
capacity 

2. Processing time 
3. Mean coverage ratio 
4. Average Spacing  
5. Average Distance 
6. Average Hyperarea 

T. Mathew, K. C. 
Sekaran, and J. Jose 
[38] 

2014 Task 
scheduling 

A better scheduling 
algorithm can be 
developed from the 
existing methods by 
adding more number of 
metrics which can result 
in good performance and 
outputs that can be 
deployed in a cloud 
environment. 

 

M. Awan and M. A. 
Shah [39] 

2015 Task 
scheduling 

Various task scheduling 
algorithms in cloud 
computing environment 
based on distinguishable 
scheduling parameters 
have been analyzed. 

 

D. Agarwal and S. 
Jain [40] 

2014 Task 
Scheduling 

The proposed algorithm 
efficiently schedules the 
computational tasks in 
cloud environment. 

1. Execution time 

S. Abrishami, M. 
Naghibzadeh, and D. 
H. Epema[41] 

2013 Workflow 
scheduling 

The computational cost 
and complexity are 
reduced.  

1. Normalized scheduling cost 
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S. K. Panda and P. K. 
Jana [42] 

2015 Task 
scheduling 

The algorithm balances 
both execution time and 
the total cost as per the 
requirement by the end-
user. 

1. Makespan 
2. Total cost 
3. Average cloud utilization 

A. Thomas, G. 
Krishnalal, and V. J. 
Raj [43] 

2015 Task 
scheduling 

The proposed algorithm 
yields minimum 
makespan.  

1. Makespan 

F. Guo, L. Yu, S. 
Tian, and J. Yu [44] 

2015 Task 
scheduling 

The proposed FCBWTS 
algorithm achieved 
better average SLR and 
speedup. 

1. Average Schedule Length 
Ratio (SLR) 

2. Average speedup 

F. Zhang, J. Cao, K. 
Li, S. U. Khan, and 
K. Hwang [45] 

2014 Task 
scheduling 

The proposed method 
achieved problem 
scalability on any 
virtualized cloud 
platform. On a 16-node 
virtual cluster, the MOS 
method reduced half of 
searching time.  

1. Number of selected layers 
2. Size of selected set 
3. Total cost 
 

M. Abdullahi and M. 
A. Ngadi[46] 

2016 Task 
scheduling 

The proposed algorithm 
has better ability to 
exploit best solution 
regions than PSO. 
The proposed method 
has global ability in 
terms of exploring 
optimal solution points. 

1. Makespan 
2. Response time 
3. Degree of imbalance 

Q. Zhang, H. Liang, 
and Y. Xing [47] 

2014 Task 
scheduling 

By combining the 
partitioned jobs with the 
fuzzy clustering 
optimization strategy 
and implementing 
dynamic scheduling 
through improved 
Bayesian classification, 
the scheduling algorithm 
can achieve the aim of 
faster computation 
efficiency. 

1. Running time 

S. Su, J. Li, Q. 
Huang, X. Huang, K. 
Shuang, and J. Wang 
[48] 

2013 Task 
scheduling 

The proposed algorithm 
can substantially reduce 
monetary costs while 
yielding better 
makespan. 

1. Makespan 
2. Monetary cost 
3. Average SLR 
4. Average Monetary Cost 

Ratio (MCR) 
M. Ashouraie and N. 
JafariNavimipour[49] 

2015 Task 
scheduling 

Newly presented 
algorithm supports 
priority of tasks as 
dependency is common 
in real world. Also, order 
of selection operation as 
a key factor of genetic 
algorithms performance 
is reduced by applying 
stochastic acceptance. 

1. Total execution time 
2. Failure rate 
3. Utilization rate 

Z. Liu, W. Qu, W. 
Liu, Z. Li, and Y. Xu 
[50] 

2015 Task 
scheduling  

The proposed algorithm 
yields minimum 
execution time and 

1. Normalized scheduling 
length (NSL) 

2. Speedup 
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computation cost and 
high speed up. 

G. Zhao [51] 2014 Task 
scheduling 

The proposed task 
scheduling method using 
PSO-based modified 
algorithm can achieve 
the goal of minimizing 
both the processing time 
and resource usage, and 
reach a global optimal 
solution. 

3. Total time cost 
4. Total usage cost 

 
5. Conclusion 

Optimization of the energy consumption and processing capacity plays a significant role in the research area 
of MCC. This paper presented a survey of the various existing approaches for task offloading and scheduling in 
the MCC environment. The energy consumption of the mobile devices is reduced and computational speed of 
the mobile devices is improved through the offloading of the computationally intensive tasks to the remote 
cloud. Also, the operational performance of the mobile device is improved, by scheduling the tasks to the 
appropriate machines in the remote cloud environment. Hence, the offloading and scheduling approaches will be 
developed in future to improve the energy efficiency and battery lifetime of the mobile device. 
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Abstract
For regulating the physical phenomena, for example, temperature, humidity, vibrations, and 
seismic event set cetera; a wireless sensor network (WSN) encompasses different sensor 
nodes over a geological zone. A sensor node is a small device comprising of three funda-
mental parts: a system for sensing data, a system for processing, and a communication sys-
tem that operates wirelessly. Energy effectiveness for WSN is considered as an important 
issue since sensor nodes have constrained batteries. In recent work several numbers of dis-
tributed scheduling algorithms are introduced to solve the energy efficient problem, how-
ever it doesn’t increase network lifetime of the WSN. To solve this problem, artificial bee 
colony (ABC) based clustering with distributed scheduling is introduced here. The major 
objective of this work is to tradeoff between network lifetime and energy efficiency. In the 
main stage ABC based clustering is done to perceive the optimal target node in the all the 
cluster groups. This stage decreases the time utilization and upgrade the network lifetime. 
In the following phase distributed scheduling is performed to recognize the best cluster 
group. Therefore this approach is actualized in matrix laboratory and the results proved the 
efficiency of the examined approach when matched up with the ordinary methodologies. 
The results of the proposed ABC distributed scheduling clustering algorithm is measured 
in terms of energy, network lifetime, packet delivery ratio, throughput, and latency.
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1 Introduction

Wireless sensor network (WSN) is involves group of modest power-compelled nodes 
with the elements of detecting and communication, which can be distributed over wide 
area to distinguish or observe certain special occasions [1]. Sensor networks are a kind 
of wireless networks comprising a substantial amount of miniature devices outfitted 
with processing circuits, one or more than one sensor in addition to a wireless transceiv-
ers. These devices are known as sensor nodes. The measurements of a sensor node are 
sufficiently minor for letting simple positioning of a huge amount of nodes into remote 
as well as cold regions [2]. WSN has numerous classifications of utilizations like mili-
tary survey, Infra-Sensor networks which is employed for many structure protection and 
scientific investigation. Sensor node will be dynamic for just a short period of time. So 
as to transmit a packet, till its receiver turn out to be active, a source might need to wait 
for some time (named sleep latency) [3]. Every individual sensor node is a sensor as 
well as a router in case of the sensor networks. Its storage limit, processing capacity, 
communication capacity and power supply are restrained [4].

Sensors are for the most part outfitted with data preparing and communication capac-
ities. The detecting hardware measures parameters from nature encompassing the sen-
sor and changes them into an electric signal. Every sensor has an onboard radio that is 
utilized to forward the gathered info to interested individuals [5]. By means of radio 
transmitter, the sensor sends gathered information to a command center (sink) unswerv-
ingly or via information focus (a gateway) [6]. In designing WSN, the significant test is 
the assistance of the data latency as well as the data integrity needs when adapting to 
the calculation, energy as well as communication imperatives [7].

In WSN, a dangerous problem is the power shortage which is powered by size of 
the battery as well as weight restrictions. A sensor node’s radio could be in any of the 
accompanying four states in particular transmit, receive, idle or sleep. The sleep state is 
the point where the radio is initially switched off and the idle state is the point at which 
the transceivers are neither transmitting nor receiving [8].

Energy effectiveness for WSN is considered as an important issue since sensor nodes 
have constrained batteries. In case of WSNs comprising static (immobile) sinks and the 
nodes near the sinks will probably exhaust their battery supplies before different nodes 
because of the convergence of multi-hop routes and centralization of information traffic 
towards the sinks which is known as hotspot problem [9]. The information is incompre-
hensible to energize the battery, as the nodes might be sent in an unpractical condition. 
Then again, the sensor network must contain a lifetime adequately lengthened to satisfy 
the application needs [10].

In WSN, the primary goal is limiting the energy utilization and under the restricted 
battery limit, the lifetime is improved. For evaluating the amount of contenting nodes as 
the distinct wireless sensor nodes don’t contain this data promptly, the energy enhancing 
as well as delay enhancing contention window sizes were determined [11]. A method 
was composed in the current review to alleviate the irregular energy scattering issue 
by adjusting the portability of specialists that was attained by an energy expectation 
system with the aim of discovering their locations. To do a balancing in the cluster 
routing dependent upon a mobile specialist was employed for WSNs [12]. The signifi-
cant difficulties in sensor networks is improving the efficiency and enhancing the energy 
efficiency and exaggerating the duration of the network. An algorithm was utilized for 



A Swarm Intelligence Based Clustering Technique with Scheduling…

1 3

decreasing energy utilization as well as drawing out the lifetime of the system known as 
an energy effective clustering algorithm with ideal parameters.

A scientific clustering method containing one-hop distance as well as clustering angle 
was provided [13]. In WSN, because of the utilization of computationally-restrained as 
well as asset restrained micro-sensors, Routing is a major problem. Along these lines a 
basic, energy-efficient, minimum time consuming, routing protocol was planned with 
single-level information total that guarantees expanded network life time [14]. For the 
upgrade of energy consumption in sensor network a component was discussed. This sys-
tem was separated into three groups: instruments utilizing mobile sinks, components using 
mobile sensors redeployment, and mechanism utilizing mobile transfers [15]. In order to 
limit energy utilization scheduling algorithms was developed in real-time WSNs by utiliz-
ing the energy-delay tradeoff. Assurance of the information relationship at every node by 
way of neighborhood calculation was done and transmission of comparable information 
was avoided. This can prompt unutilized time spaces while running, that is exchanged off 
for reducing energy [16].

In this paper a new ABC-clustering with distributed scheduling algorithm is proposed 
for handling the issue of power and time constraints in WSN. Identifying the ideal target 
node with lesser time and best cluster formation is done by using ABC clustering algo-
rithm. Ideal CH determination algorithm is performed by using improved ABC meta-
heuristic with enhanced energy productive clustering protocol. The results of the proposed 
ABC distributed scheduling clustering algorithm is measured in terms of energy, network 
lifetime, packet delivery ratio (PDR), throughput, and latency.

2  Related Work

Fateh and Govindarasu [17] detailed a mixed integer linear program (MILP) for the com-
bined arrangement of computing activities as well as communication messages in informa-
tion gathering networks. A three stage heuristic was prearranged that initially carries out 
combined scheduling of tasks as well as messages. And after that, by means of the business 
of power restricting systems such as dynamic voltage scaling (DVS) for assignments as 
well as dynamic modulation scaling (DMS) for messages alleviates the energy utilization 
of the network. These procedures used to compromise energy with latency. Hence solid 
placements of WSN with trivial transmitter as well as receiver distances, DMS doesn’t 
decrease the energy utilization monotonically. As a result, with the aim of carrying out 
slack allocation professionally, this info was utilized. In order to get the perfect solution, a 
MILP plan was as well presented. The performance of the aforesaid method was assessed 
for a numerous conditions. And the outcomes demonstrate that the energy savings acquired 
by the above method contends intimately with that of the MILP solution.

Xu and Song [18] examined about continuous multicast scheduling in multi-hop WSNs. 
With the goal of energy reduction, a few scheduling schemes in writing makes utilization 
of interference aware message scheduling, however the issue of combined scheduling of 
tasks as well as messages for energy reduction in impedance aware way is not examined. 
For this type, different heterogeneous periodic multicast tasks were given and for each task, 
the information created by the recognized source node for a specific control application 
with adequately long time horizon need to be delivered to all target nodes periodically, 
the point was to outline an obstruction aware routing and scheduling protocol to fulfill the 
delay requirements. In this work, an effective distributed routing and scheduling protocol 
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was introduced under the protocol impedance model. Schedulability investigation was con-
ducted and demonstrated that this protocol optimize the schedulable load. In light of this 
protocol outline, a schedulability test scheme was utilized for an arrangement of real-time 
multicast tasks. Performance evaluation results validate the hypothetical examination.

An energy effective sensor scheduling as well as management methodology with assured 
nature of-detecting for each and every tasks were planned by Zeng et al. [19]. In this case, 
three problems were examined. To begin with the sensor activation that was the subset of 
sensor nodes that is actuated. Second issue was the assignment of the entire sensor node, to 
be exact task mapping; in addition, the last was the sensing scheduling that is to say the rate 
of sampling for an objective. They were mutually taken and detailed as a Mixed-Integer 
with quadratic constraints programming (MIQP) issue that was after that reformed into a 
MILP formulation with low calculation multifaceted nature through linearization. With the 
aim of handling dynamic occasions, sensor node participation as well as departure, for the 
period of SDSN operations, a competent online technique utilizing nearby enhancement 
was created. Simulation outcomes demonstrate the worldwide enhanced network energy 
effectiveness with minimum rescheduling time as well as control overhead.

Alghamdi et al. [20] introduced a new scheduling scheme for handling time and power 
limitations. While taking scheduling decisions, Conventional real-time message scheduling 
techniques don’t consider energy effectiveness., Power-aware real time message (PARM) 
was introduced with the intension of stating the problem of scheduling real-time mes-
sages in WNs relating to power as well as timing restraints so as to provide ideal schedules, 
which alleviates power utilization as well as the likelihood of lost due dates for real-time 
messages. With a power-aware scheduling approach, an energy effective PARM scheme 
was utilized. In addition, to this power consumption model was also utilized to compute 
control utilization rates in agreement to message transmission rates. By means of experi-
mentation outcomes, it is clear that PARM pointedly progresses the performance to the 
extent that missed rate, energy productivity, and general performance more than four base-
line message scheduling plans.

Xiang et  al. [21] built up an energy-efficient routing algorithm for software-designed 
wireless sensor networks (SDWSNs). According to this technique, control nodes were cho-
sen to relegate diverse activities vigorously, with the aim of creating the network to be 
practical. The determination of control nodes was defined as a non probabilistic (NP)-hard 
problem, by considering the remaining energy of the nodes as well as the transmission 
distance. Non-linear weight particle swarm optimization (PSO) method was utilized with 
the purposed of dealing with the NP-hard problem. This algorithm was used to upgrade 
the energy utilization of the network and to diminish the transmission distance. Simula-
tion results demonstrate that this method does fine compared to the other relative meth-
ods under different situations for the most part regarding network life time. In this area 
a detailed clarification is given for the issue that happens in WSN. The major issue to be 
solved in WSN is the utilization of high energy and decreased lifetime.

3  ABC‑Clustering with Distributed Scheduling Algorithm

To defeat this issue artificial bee colony (ABC) clustering algorithm is displayed and to 
schedule the network with decreased effective delay distributed scheduling algorithm is 
utilized. When compared to all swarm intelligence algorithms ABC has higher searching 
capability for selecting cluster head (Fig. 1). 
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3.1  ABC‑Clustering

Acquire the capacities of introduced metaheuristic with the aim of resolving the NP-hard 
optimization problems of power-productive grouping in WSNs [22] by the work of bee 
cluster, an enhanced ABC based grouping protocol is proposed for cluster head (CH) 
choosing capability. Moreover ideal area of the BS through logical assessment of energy 
conditions is also characterized which decreases the power utilization of the network and 
aid to improve the duration of the existing WSN network.

3.1.1  Network Model

The model that is depicted here is dependent upon the subsequent symbolizations in the 
discussed research:

1. N is known as the group of sensor nodes N = {n1, n2,… , nn} , which are arbitrarily scat-
tered over a topographical region of defined dimensions o × o ⋅ nn+1 represents the BS. 
Every node that includes a sensor contains a communication radius r.

2. The group of bidirectional wireless links amid two sensor nodes is denoted by L, in 
which the wireless link amid node nx and ny is denoted by lx,y ∈ L

3. Nch = {ch1, ch2,… , chk} denotes the group of cluster heads (CH’s) in which Nch ∈ N.
4. The utmost distance amid a senor node nx and ny is represented by Dny

nx
(max) that is 

calculated by squared Euclidean distance among them as in Eq. (1)

Best target node

Sink node

Sensor node
Clustering 

Bee 
algorithm

Distributed scheduling

Fig. 1  Proposed architecture
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5. The utmost distance amid a senor node nx and BS is denoted by Dnn+1
nx

(max) that is com-
puted by squared Euclidean distance among them as in Eq. (2)

6. The utmost distance amid a senor node nx and cluster head chy is represented by 
D

chy
nx
(max) that is computed by squared Euclidean distance among them as in Eq. (3)

7. The utmost distance amid a cluster head chy and BS is represented by Dnn+1
chy

(max) , is 

computed by squared Euclidean distance among them as in Eq. (4)

8. Transmission power of a sensor node nx is as follows in Eq. (5):

Here Tdelay is known as the totality of three delay components in Eq. (6):

The primary one, Tque is known as the time delay in queuing; the next one,Ttran is known 
as the delay that occurs in the transmission; and the final component, Tack is known as the 
delay because of acknowledgement packet. γ, α, and dc are the ratio that occurs in the sig-
nal to noise, path loss exponent, and constraints in the delay correspondingly in which k is 
called as a power constant.

3.1.2  Energy Model

The energy model is thought to be equal that has been utilized as a part of past work wherein 
CHs get data packets from SNs for accumulation however incorporate a one more acknowl-
edgement packet (ACK) consequently to the sender node subsequent to accepting a right 
packet. In WSNs, this is considered as the first-time that the importance of energy utilization 
is hybridized by the trading of an ACK. The radio hardware that incorporates a device for 
transmitting that disseminates energy to execute transmitter radio electronics as well as power 
amplifier while the beneficiary scatters energy to run the received radio electronics. Hence 
the energy utilization for transferring of a single bit of data is made out of three sections: 

(1)
D

ny
nx
(max) = Max{dis

(
nx, ny

)
}|∀nx, ny ∈ N =

‖‖‖nx − ny
‖‖‖
2

=
∑(

nx − ny
)2|∀nx, ny,∈ N

(2)
D

nn+1
nx

(max) = Max{dis
(
nx, nn+1

)
}|∀nx ∈ N = ‖‖nx − nn+1

‖‖
2

=
∑(

nx − nn+1
)2|∀nx ∈ N

(3)
D

chy
nx
(max) = Max{dis

(
nx, chy

)
}|∀nx, chy ∈ N =

‖‖‖nx − chy
‖‖‖
2

=
∑(

nx − chy
)2|∀nx, chy ∈ N

(4)
D

nn+1
chy

(max) = Max{dis
(
chy, nn+1

)
}|∀y ∈ Nch

=
‖‖‖chy − nn+1

‖‖‖
2

=
∑(

chy − nn+1
)2|∀y ∈ Nch

(5)Ptranx
=

1

k

(
� ⋅ Tdelay

dc

)�

(6)Tdelay = Tque + Ttran + Tack
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Etrans denotes the energy utilized by the transmitter, Erec represents the energy utilized by the 
receiver and Eack denotes energy consumed by the ACK packet exchange in Eq. (7)

Here, energy utilized for transferring l bits of data is as follows in Eq. (8):

Moreover, when the distance among transmitter, and receiver is in Eq. (9):

Here d0 is known as the distance to receive a single bit message the radio expends Erec(l, d) 
in this manner in Eq. (10):

Energy utilized for ACK packet exchange is as follows in Eq. (11)

Where, the proportion amid lengths of acknowledgement packet to data packet is denoted 
by �ack =

lack

l
 . As a result the residual energy of every sensor node is computed in this way 

in Eq. (12)

When there is n nodes uniformly distributed in a o × o field with k clusters, after that 
there will be n

k
 nodes per cluster. There will be one CH node and residual n

k
− 1 non-CH 

nodes further than these. Here energy utilized by a non-CH node is denoted as follows in 
Eqs. (13, 14):

Energy utilized by a CH node is as follows in Eq. (15):

Here Eda is known as the energy utilized by CH for data aggregation at its end. Here the 
entire energy utilized in a cluster is computed as follows in Eq. (16):

As a result energy utilized in the complete network for each round is as follows in Eq. (17):

(7)Etotal(l, d) = Etrans(l, d) + Erec(l, d) + Eack

(8)Etrans(l, d) = l ⋅ Eelec + Eamp(l, d)

(9)
Etrans(l, d) = lEelec + l𝜀fsd

2 if d < d0&Etrans(l, d) = lEelec + l𝜀mpd
4 if d ≥ d0

(10)Erec(l, d) = l ⋅ Eelec

(11)Eack = �ack
(
Etrans + Erec

)

(12)Eres = Etotal −
(
Etrans + Erec + Eack

)

(13)Enon−ch(l, d) = Etrans(l, d)

(14)Enon−ch(l, d) = l ⋅ Eelec + Eamp(l, d)

(15)
Ech(l, d) = Etrans(l, d) +

(
n

k
− 1

)
⋅ l ⋅ Eelec

+
n

k
l ⋅ Eda +

(
n

k
− 1

)
Eack

(16)Ecluster = Ech(l, d) +
(
n

k
− 1

)
Enon−ch

(17)Eround =

k∑

y=1

Ecluster(y)
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3.1.3  Optimal CH Selection Phase

In WSNs, CH determination impacts the over-all performance of the network, it is a vital 
activity for cluster formation. CH is accountable for gathering the info originating from differ-
ent SNs and transferring of aggregated data to the BS. Choice of proper node as a CH would 
continue a testing multi-modular optimization issue. In this manner, we propose an ideal CH 
determination algorithm in view of proposed iABC meta-heuristic for an enhanced energy 
productive clustering protocol. The functioning of introduced technique is along these lines.

3.1.3.1 Initialization Phase The population number (PN) and corresponding food sources 
(SN) are initialized in consort with control parameters control parameter � , maximum cycle 
number (MCN), and crossover rate (CR).

With the aim of producing the i {th} food source axy , the enhanced sampling method of 
iABC meta-heuristic is applied for which we produce r ∈ [0, 1] in keeping with uniform dis-
tribution and get axy as follows in Eq. (18):

3.1.3.2 Fitness Function Derivation Here, with the aim of assessing the fitness of distinct food 
source of the population, we build a fitness function. In CH selection algorithm, three main 
goals are there; primarily, the node chosen as CH would contain supreme residual energy, that 
is to say in Eq. (19)

Then, we guarantee to lessen the highest distance amid chosen node as CH and BS with 
minimum transmission power to transfer aggregated data from CH to BS in Eq. (20):

Aggregating Eqs. (19) and (20)

Here K is known as the constant of proportionality take up k = 1

Therefore Eq. (23) would identify the fitness value of every solution of population.

(18)axy =
1

2
−

1

2
I a2xy

k+a2xy

(
1

2
,
k

2

)
, if r ≤ 𝜉 and axy =

1

2
+

1

2
I a2xy

k+a2xy

(
1

2
,
k

2

)
, if r > 𝜉

(19)fx ∝ Max
(
Eres

)

(20)fx ∝
1

Min
(
D

nn+1
chy

(max) + Ptranx

)

(21)fx ∝
Max

(
Eres

)

Min
(
D

nn+1
chy

(max) + Ptranx

)

(22)fx = K
Max

(
Eres

)

Min
(
D

nn+1
chy

(max) + Ptranx

)

(23)fx =
Max

(
Eres

)

Min
(
D

nn+1
chy

(max) + Ptranx

)
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3.1.3.3 Employed Bee Phase Here every employed bee selects a novel solution ixy by means 
of the following iABC meta-heuristic equation

Now the new solution of individual employed bee is given as in Eq. (24):

The attained value of jxy is matched up with axy and when the fitness of jxy is superior to 
axy , the bee would disremember the former solution and recollect the novel ideal solution 
aopt,y identified up to now, or else, it would continue working on axy.

3.1.3.4 Onlooker Bee Phase Here, by means of a waggle dance performed at their hive, 
employee bee would share the info of their food source with the onlooker bee, then every 
bee would produce a food source ixy in line with distribution as in Eq. (25):

Here, the crossover rate is denoted by CR, additionally, fitness of produced food source 
f
(
ixy
)
 is computed and matched up with the former food source in this manner in Eq. (26):

where, the fitness value of axy is denoted by f
(
axy

)
 . After that, the Onlooker bee would 

select a food source with greater fitness as well as carry out a local search on axy , when the 
novel solution contains a better fitness, at that time it would substitute axy with ideal solu-
tion aopt.y and allotted as a CH, or else the previous solution would be taken.

3.1.3.5 Scout Bee Phase Here, when the fitness could not enhance, at that time an amount 
of trials after that the equivalent employed bee turn out to be a scout for generating a novel 
food source arbitrarily by means of Eq. (18) again. The cluster head (CH) Selection Algo-
rithm 1 is as follows.

ixy = jxy, if r[0, 1] ≤ CR, Otherwise, ixy = aopt,y

(24)jxy = axy + �xy

(
aopt,y − axy

)
+ �xy

(
ar1y + ar2y

)

(25)ixy = jxy, if r[0, 1] ≤ CR, Otherwise ixy = aopt,y

(26)axy = ixy, if f
(
ixy
)
≤ f

(
axy

)
, Otherwise axy = aopt,y
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3.1.4  Cluster Formation Phase

Subsequently the choice of CHs, every CH would broadcast a join-request (JREQ) infor-
mation to each and every nodes that are adjacent to each other. Here, every non-CH node 
would combine the closest CH node dependent upon squared Euclidean distance amid 
them Eq. (4) via a join acknowledgment (J-ACK) short information that is transferred for 
the period of a CSMA/CD MAC protocol, to end up individual from the cluster. For the 
period of this communication, each and every CH nodes should retain their receivers and 
adjust into the channel. When a specific node obtains multiple J-REQ messages from simi-
lar CH after that it disposes of the message to take out duplicate frames. Subsequently 
getting J-ACK messages from each and every neighboring nodes every CH should sustain 
a member table that is clustered and make a TDMA plan [23] for every member node of 
the cluster for the purpose of information transmission. During group development it is 
guaranteed that every non-CH node should link with a cluster underneath a CH for evading 
node isolation.

3.1.5  Data Transmission Phase

Subsequent to the cluster arrangement, while TDMA schedule is conversed to every part 
node for data transmission, SNs gather info as well as transfer it to their CH for the period 
of their distributed TDMA schedule. The non-CH nodes switch on their radio transmitter 
for the duration of diverse individuals transmission swing to save energy utilization. After 
getting the complete info, using data aggregation techniques, CH nodes summative and 
route the data packets.

3.2  Distributed Scheduling Algorithms

As WSNs are organized and distributed equally, concentrated algorithms cannot be utilized 
unless there is a leader who has been predefined. In this way, it is important to create com-
patible algorithms. Here, a couple of distributed algorithms distributed scheduling as well 
as distributed scheduling coupled with effective delay is proposed.

According to the distributed scheduling, we utilize an arbitrary order as opposed to 
reducing order on weights, and we expect the presence of a MAC (for example B-MAC) 
readily present for a node for distributive scheduling, that is simple and effective with the 
intension that every sensor node could execute the scheduling with minimum calculation. 
In Algorithm 2, the distributed scheduling is appeared. 
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According to the scheduling that occurs in a distributed manner, initially, a node vi bat-
tles to get the channel, after that allocates the least successive time slots for its adjacent 
deprived of interferences by means of the first-fit heuristic similar to scheduling that occurs 
in a centralized manner. Then, vi and its adjacent must review the nodes within their inter-
ference ranges the time slots they cannot utilize. For node vi , it publishes the equality info 
to the nodes, which are in the interference range of vi , and as their transmissions would 
interfere vi ’s packet reception in these wi time slots, these nodes are not able to transfer in 
these wi time slots. For every link lj,i occurred to vi , time slot tj is allocated. At that time, 
Node vi publishes the assignment info to the nodes, which are within its interference range, 
and as their packet receiving is interfered by vi ’s packet transmitting in time slot tj , these 
nodes could not be able to utilize time slot tj to get packets.

3.2.1  Distributed Scheduling with Efficient Delay

According to TDMA sleep scheduling, the node remains in the idle condition for numerous 
duration, and every so often checks for action. Since a forwarding node must wait till the 
subsequent node begins up and is set to get, the time lapse in the messages would raise. If 
packets are dispatched to an outward link from an inward link, they can just be sent to the 
outward link in the subsequent period T  when the inward link is planned to be effective and 
operating subsequent to the outward link. This type of delay would gather at each hop in 
the network that might result in an extensive latency. let us consider that the line topology 
with network example, the data is transferred from v5 to v1 along the line. As depicted in 
example, when links e1, e2, e3, e4 are allotted time slots t1, t2, t3, t4 correspondingly (Sched-
ule 1), the time delay for a packet transmission from v5 to v1 is nearly 3T,. On the other 
hand, hen links e1, e2, e3, e4 are allotted time slots t4, t3, t2, t1 correspondingly (Schedule 
2), v5 can transfer the data to vi in one period T. With the intention of decreasing this, we 
schedule the links from bottom to top, to be exact, a node with greater depth must be pre-
arranged formerly. Henceforth, a node vi could be fixed earlier till each and every children 
nodes of vi are previously fixed. Algorithm 3 is as follows.
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Fig. 2  Performance comparison for throughput



 B. Guru Prakash et al.

1 3

Fig. 3  Performance comparison for energy consumption
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Fig. 4  Performance comparison for packet delivery ratio (PDR)

Fig. 5  Performance comparison for network lifetime
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From the above algorithm the scheduling problems in the network during data trans-
mission are rectified.

4  Performance Evaluation

This segment illustrates the performance of our discussed bee-cluster with time division 
multiple access (TDMA) approach with existing approaches like bee-cluster, HSACP 
and particle swarm optimization (PSO).

4.1  Throughput

It is known as the degree of victorious message delivery through a communication 
channel. Through a physical link or logical link, the messages would be taken, or it is 
transmitted to a particular node in the network. This is quantified by bits per second 
measurement (bits/s). This could also be measured by the rate of transmission of data 
packets in one second. In a detailed system, the through put should be relatively high. 
The chart beneath demonstrates the throughput correlation of bee cluster with TDMA 
with existing systems like bee cluster, HSACP and PSO.

The Fig. 2 demonstrates the throughput comparison of the discussed approach with 
existing approach. It has been clearly showed that when the no of nodes increases the 
percentage of throughput will get decreased.

4.2  Energy Consumption

This could be defined by the quantity of power used up for transmitting the information. 
The life span of the network increases with the reduction in energy consumption. So the 
expended energy must be constantly low for accurate transmission. The Fig. 3 demon-
strates the energy consumption examination of bee cluster with TDMA with existing 
procedures like bee cluster, HSACP and PSO.

Fig. 6  Performance comparison for latency
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The Fig. 3 demonstrates the energy comparison of the discussed approach with exist-
ing approach. It has been clearly showed that when the no of nodes rises the percentage of 
energy consumption as well improves.

4.3  Packet Delivery Ratio (PDR)

This denotes the proportion of data that has been actually conveyed in the form of packets 
at the target to the packets of data actually the sender transmits. PDR for a flawless system 
should dependably be high. The Fig. 4 beneath demonstrates the PDR examination rate for 
bee cluster with TDMA with existing procedures like bee cluster, HSACP and PSO.

The above Fig. 4 demonstrates the PDR rate for the discussed approach with existing 
approach. It has been clearly showed that when the no of nodes increases the percentage of 
PDR will get decrease.

4.4  Network Lifetime

This denotes the duration of time that a Wireless Sensor Network remains active. It is 
based on the energy used by the network and when the utilization is low the network will 
have longer lifetime. The Fig. 5 demonstrates the network lifetime examination of bee clus-
ter with TDMA with existing procedures like bee cluster, HSACP and PSO.

The Fig. 5 demonstrates the network lifetime for the discussed approach with existing 
approach. It has been clearly showed that when the no of nodes increases the lifetime will 
get decrease.

4.5  Latency

This denotes the time taken for the packets that is send by the sender gets returned back 
to the sender. The Fig. 6 demonstrates the latency examination of bee cluster with TDMA 
with existing procedures like bee cluster, HSACP and PSO.

The Fig. 6 demonstrates the latency for the discussed approach with existing approach. It 
has been clearly showed that when the no of nodes increases the latency also get decrease.

5  Conclusion and Future Work

Energy effectiveness for WSN is considered as an important issue since sensor nodes 
have constrained batteries. With the goal of energy reduction, a few scheduling schemes 
is introduced in the recent work, however the issue of scheduling of tasks as well as 
messages for energy reduction in higher network lifetime is not examined. To solve 
this problem a new ABC-clustering with distributed scheduling algorithm is proposed 
for handling the issue of power and time constraints in WSN. Identifying the ideal tar-
get node with lesser time and best cluster formation is done by using ABC clustering 

(25)PDR =
packetreceived

packetsent
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algorithm. The proposed ABC-clustering consists of two major phase: employment and 
distributed scheduling. The employment of ABC-clustering algorithm is done in first 
phase and distributed scheduling algorithm in second phase. Ideal CH determination 
algorithm is performed by using improved ABC meta-heuristic with enhanced energy 
productive clustering protocol. The proposed method provides better performance when 
compared with the conventional approaches in regard to increased lifetime of the net-
work, throughput, packet delivery ratio, efficient delay with reduced energy consump-
tion and latency. In future work introduces a distributed scheduling algorithm to real 
time WSN.
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Abstract 
The rapid development of computer technology,  
cloud-based services have become a hot topic. 
They not only provide users with convenience, 
but also bring many security issues, such as data 
sharing and privacy issue. In this paper, we pre-
sent an access control system with privilege sepa-
ration based on privacy protection (PS-ACS). In 
the PS-ACS scheme, we divide users into private 
domain (PRD) and public domain (PUD) logical-
ly. In PRD, to achieve read access permission and 
write access permission, we adopt the Key-
Aggregate Encryption (KAE) and the Improved  
Attribute-based Signature (IABS) respectively. In 
PUD, we construct new multi-authority cipher 
text policy attribute-based encryption (CP-ABE) 
scheme with efficient decryption to avoid the 
issues of single point of failure and complicated 
key distribution, and design an efficient attribute 
revocation method for it. The analysis and simu-
lation result show that our scheme is feasible and 
superior to protect users’ privacy in cloud-based 
services. 
 
 

Sažetak 
Nagli razvoj računalne tehnologije, usluge temel-
jene na oblaku, postale su aktualna tema. Oni ne 
samo da korisnicima pružaju praktičnost, nego i 
donose mnoga sigurnosna pitanja, kao što je dijel-
jenje podataka i problem privatnosti. U ovom 
radu predstavljamo sustav kontrole pristupa s 
razdvajanjem povlastica na temelju zaštite 
privatnosti (PS-ACS). U PS-ACS shemi, podi-
jelimo korisnike na privatnu domenu (PRD) i 
javnu domenu (PUD) logično. U PRD-u, da bi se 
postiglo dopuštenje pristupa za čitanje i 
dopuštenje za pisanje, usvajamo ključno šifriranje 
(KAE) i poboljšani potpis na temelju atributa 
(IABS). U PUD-u konstruiramo novu shemu ši-
friranja (CP-ABE) koja se temelji na pravilima 
šifriranog teksta s učinkovitim dešifriranjem kako 
bismo izbjegli probleme s jednom točkom 
neuspjeha i komplicirane distribucije ključeva i 
dizajnirali učinkovitu metodu opoziva atributa za 
nju. Rezultati analize i simulacije pokazuju da je 
naša shema izvediva i superiorna za zaštitu 
privatnosti korisnika u uslugama temeljenim na 
oblaku. 
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Ι. ΙNTRODUCTΙON 

The rapid development of cloud computing, 
big data and public cloud services have been 
widely used. Users can store their data in the 
cloud service and rely on the cloud service pro-
vider to give data access to other users. How-
ever, the cloud service provider can no longer 
be fully trusted. Because it may give data access 
to some illegal users or attackers for profit gain. 
For users, it is necessary to take full advantage 
of cloud storage service, and also to ensure data 
privacy. Therefore, the study of access control 
scheme to protect users’ privacy in cloud envi-
ronment is of great significance. Since tradi-
tional access control strategy /1/ cannot effec-
tively solve the security problems that exist in 
data sharing, various schemes to achieve en-
cryption and decryption of data sharing have 
been proposed. In 2007, Bettencourt et al. /2/ 
first proposed the cipher text policy attribute-
based encryption (CP-ABE). However, this 
scheme does not consider the revocation of 
access permissions. Attrapadung et al. /3/, /4/ 
came up with two us-er-revocable ABE scheme. 
However, they are not applicable in the out-
sourcing environment. In 2011, Hur et al. /5/ 
put forward a fine-grained revocation scheme, 
but it can easily cause key escrow issue. Lewko 
et al. /6/ used multi-authority ABE (MA-ABE) 
to solve key escrow issue. But the access policy 
is not flexible. Later, Li et al. /7/ presented a 
data sharing scheme based on systemic attrib-
ute encryption, which endows different access 
permissions to different users. However, it 
lacks of efficiency. Xieet al. /8/ presented a rev-
ocable CP-ABE scheme. Compared with Hur’s 
scheme, in the key update phase, the computa-
tion load of the data service manager will be 
reduced by half. Liang et al. /9/ proposed a CP-
ABE proxy encryption scheme which supports 
any monotonic access structures. However, 
their construction which is built in the Compo-
site order bilinear group. 

 cannot be converted to the prime order bilinear 
group. In 2014, Chu et al. /10/ proposed Key-
Aggregate Encryption algorithm, which effec-
tively shortens the length of the cipher text and 
the key, but only for the situation where the 
data owner knows user’s identity. The above 
schemes only focus on one aspect of the re-
search, and do not have a strict uniform stand-
ard either. In this paper, we present a more 
systematic, flexible and ef-ficient access control 
scheme. To this end, we make the following 
main contributions: We propose a novel access 
control sys-tem called PS-ACS, which is privi-
lege sepa-ration based on privacy protection. 
To achieve read access permission, in PRD, the 
Key-Ag-gregate Encryption (KAE) scheme 
which greatly improves access efficiency is 
adopted. And in PUD, we construct a new mul-
tiauthority cipher text policy attribute-based 
encryption (CP-ABE) scheme with efficient 
decryption to avoid the issues of single point of 
failure and complicated key distribution, and 
design an efficient attribute revocation method 
for it. Compared with the MAH-ABE scheme 
which does not refer to the write access control, 
we exploit an Improved Attribute-based Signa-
ture (IABS) /11/, /12/, /13/ scheme to enforce 
write access control in PRD. In this way, the 
user can pass the cloud server’s signature veri-
fication without disclosing the identity, and 
successfully modify the file.We provide securi-
ty and performance analysis of our proposed 
PS-ACS scheme. The functionality and simula-
tion results provide data security in acceptable 
performance impact, and prove the feasibility 
of the scheme. The remaining of this paper is 
organized as follows. We first provide some 
preliminaries in Section 2. In Section 3, we give 
the definition of the system model. Then, we 
present the access control scheme in PRD in 
Section 4 and the access control scheme in PUD 
in Section 5. Section 6 gives the security and the 
performance analysis of our scheme. Finally, 
the conclusion is given in Section 7. 
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Abstract 
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scheme with efficient decryption to avoid the 
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lation result show that our scheme is feasible and 
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jelimo korisnike na privatnu domenu (PRD) i 
javnu domenu (PUD) logično. U PRD-u, da bi se 
postiglo dopuštenje pristupa za čitanje i 
dopuštenje za pisanje, usvajamo ključno šifriranje 
(KAE) i poboljšani potpis na temelju atributa 
(IABS). U PUD-u konstruiramo novu shemu ši-
friranja (CP-ABE) koja se temelji na pravilima 
šifriranog teksta s učinkovitim dešifriranjem kako 
bismo izbjegli probleme s jednom točkom 
neuspjeha i komplicirane distribucije ključeva i 
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naša shema izvediva i superiorna za zaštitu 
privatnosti korisnika u uslugama temeljenim na 
oblaku. 
 
 

 



184

Shanmugasundaram Singaravelan, Ramaiah Arun, Dhiraviyam Arun Shunmugam, Raja Veeman Vivek, 
Dhanushkodi Murugan: ACCESS CONTROL SCHEME IN CLOUD SERVICES BASED 

 ON DIFFERENT USER ROLES 

Informatol. 51, 2018., 3-4, 182-188 

 
ISSN 1330-0067                                                                                                                            Coden: IORME7 
 
 

2. SYSTEM ANALYSIS 

2.1 EXISTING SYSTEM 

Our existing system enhances a general ap-
proach to protect the data is encryption 

methodology, they are keyword based encryp-
tion system and it supports for plain text data. 
Fully homomorphic encryption is used to solve 
the problem of the data user.  Searchable en-
cryption schemes are very efficient, its func-
tionality and security is well and also allows 
users to search in the cipher text in cloud stor-
age. 

2.2 DISADVANTAGES 

The single keyword search is not smart enough 
to support advanced queries and it is unrealis-
tic since it causes high communication cost. 

The time complexity of search in the number of 
keywords in dictionary and the time complexi-
ty of trapdoor construction is also very high. 
Due to the size of indexes, the space consump-
tion also becomes larger. 

3. PROPOSED SYSTEM 

We proposed an access control system, which is 
privilege separation based on privacy protec-
tion. A number of hierarchical authorisation 
structures are also presented, which can be 
used in organizations or companies to meet the 
requirement of authorization grant right decen-
tralization. The domain authorities will distrib-
ute the security parameters to users or sub-
domain authorities.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 System architecture 

 

In Fig.3.1 describe the architecture efficient 
construction for those schemes, denoted as 
Secret Shares Algorithm in Encryption Based 
Construction, which assigns to each class a 
single private information, whereas, the public 
information depends on the number of classes, 

as well as on the number of edges in the hier-
archy. The security of the proposed construc-
tion relies on the ones of the underlying en-
cryption and secret sharing schemes using 
Shamir Secret Sharing Algorithm. 
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3.1 ADVANTAGES 

The proposed method achieves high efficiency 
of privacy protection. We present a secure 
authentication protocol for the hierarchical 
authorization structure in the cloud big data 
access control system to authenticate authori-
ties or users. We extend the protocol to sup-
port multiple levels authentication in the hier-
archical attribute authorization structure.  

Our methodology provides security properties 
of forgery attack resistance, replay attack re-
sistance and privacy preservation. 

 

4. MODULES DESCRIPTION 

4.1 Root Authority 

The root authority is the top authority and responsible for generating system parameters.  

Fig 4.1 describes the root authority will first login to the system and verify whether it is a valid 
domain authority. Authorise top-level domain authorities (DA) by creating Master Key. 

 

 

 

 

 

 

 

 

 

Fig:2 Root Authority 

 

4.2 Domain Authority 

 Domain Authority (DA) is managed by its 
parent domain authority or a trusted root au-
thority. Fig 4.2 describe the inherited structure 
of domain authority reduces the computation 
and disperses the burden and risk of the au-
thority of the central attribute authority. After 
obtaining the master key from root authority, 

DA will login to the system after master key 
verification and authorize the next level do-
main authorities or users in its domain. Enrols 
the next level data owner and user by generat-
ing Unique Authentication Code. DA can view 
the user data access request in its domain and 
grant access permission after verifying access 
policy of the corresponding user. 
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Fig 3.Domain Authority 

4.3 Data Owner 

The Data Owner login to the system after 
verifying unique authentication code. The 
Fig 4.3 describe DOwill encrypt the file us-

ing secret key and outsource the data file 
into the cloud. To ensure the confidentiality 
and integrity of the data, DOadditionally 
DO generates certain pieces of Secret shares 
for each data file stored in the cloud. 

 

Fig:4. Data Owner 

4.4 Data User 

The Data User (DU) login to the system after 
verifying unique authentication code. Fig 4.4 
describe the DU can view the data files out-
sourced in the cloud. DU send data access 
request to the corresponding domain author-

ity. DU will be provided secret shares by the 
domain authority after Access Policy verifica-
tion. DU should submit the Secret shares  
corresponding domain authority.  

After verification only DU can get Secret Key 
to download the decrypted data file. 
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Fig. 5 Data User data downloading 

 

5. CONCLUSION 
Secure sharing of data plays an important 
role in cloud computing, it can realize data 
confidentiality in the untrusted environment 
of server-end, fine-grained access control and 
large-scale dynamic authorization which are 
the difficult problems to solve the traditional 
access control. This paper proposes a struc-
ture of hierarchical authority based on cloud 
computing which reduces the burden and 
disperses the risk of the single authority. In 
addition, we have implemented Shamir Se-
cret Sharing Algorithm for high level securi-
ty, this shows our scheme has good adapta-
bility and scalability in cloud computing. 
 
6. FUTURE ENHANCEMENT 

Our scheme has lower computational and 
communication overhead, which has a 
promising future in secure authentication 
in cloud big data. In further research, we in-
tend to focus on making the Secret Sharing 
algorithm simpler and more efficient along 
with making it even more suitable for ac-
cess control in a cloud environment. 
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Abstract—“Molecular cloning” meaning creation of recombinant DNA molecules has impelled advance-
ment throughout life sciences. DNA manipulation has become easy due to powerful tools showing exponen-
tial growth in applications and sophistication of recombinant DNA technology. Cloning genes has become
simple what led to an explosion in the understanding of gene function by seamlessly stitching together mul-
tiple DNA fragments or by the use of swappable gene cassettes, maximizing swiftness and litheness. A novel
archetype might materialize in the near future with synthetic biology techniques that will facilitate quicker
assembly and iteration of DNA clones, accelerating the progress of gene therapy vectors, recombinant protein
production processes and new vaccines by in vitro chemical synthesis of any in silico-specified DNA con-
struct. The advent of innovative cloning techniques has opened the door to more refined applications such as
identification and mapping of epigenetic modifications and high-throughput assembly of combinatorial
libraries. In this review, we will examine the major breakthroughs in cloning techniques and their applications
in various areas of biological research that have evolved mainly due to easy construction of novel expression
systems.

Keywords: cloning, restriction, ligation independent cloning, recombination, applications
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INTRODUCTION
The term clone derived from the Ancient Greek

word klōn meaning, “twig”, refers to the process
whereby a new plant can be created from a twig. The
word ‘clone’ may be simple but its precise meaning is
genetic copy of a molecule, cell, plant, animal or
human being. Gene cloning is the process in which
identical copies of a particular gene are manufactured
by using molecular biology tools. The seclusion of a
DNA sequence or a gene from any species and its
introduction into a vector for proliferation, without
any modification of the original DNA sequence is
known as “Molecular Cloning.” After the isolation,
molecular clones can be exploited to engender many
copies of DNA for the expression analysis of the gene
sequence or protein and can also be modified in vitro
to alter the expression and function of the protein.

The restriction enzyme cutting and ligating the
recombinant DNA assembly was the greatest triumph
in the 20th century [1–4] and presently various other
methods have come into the limelight allowing high
accuracy in gene sequence alterations. Site-directed
mutagenesis and PCR techniques have made an

incredible contribution facilitating the alteration of
specific sequences, structure-function studies of mol-
ecules. The four fundamental invariable steps for clon-
ing of any DNA fragment by classical restriction and
ligation-based approach involve DNA fragmentation
with restriction endonucleases, ligation of DNA frag-
ments to a vector, transformation and screening/selec-
tion. Generally, the named above traditional steps are
unwavering among the cloning procedures; however, a
number of alternative routes can be selected at diverse
points depending on the particular application.

Many other techniques have emerged in the
21st century, where DNA sequence and coding abili-
ties of organisms can be determined, providing in turn
a system to alter and analyse large genes for novel
unknown genetic properties. A more advanced field,
synthetic biology, uses a complex blend of heritable
elements to construct a track with new fangled charac-
teristics. These accomplishments require the most
sophisticated and highly superior cloning techniques
like Gateway, plasmid fusion system, Golden gate and
sequence & ligation independent cloning [5–10]. This
review describes in brief the various refined processes
that are used for the manipulation of DNA sequences.1 The article is published in the original.
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VARIOUS ADVANCED CLONING 
TECHNIQUES

Conventional Cloning

The basic cloning workflow by the conventional
way includes isolation of the target DNA fragment,
ligation of inserts into an appropriate cloning vector,
transformation of recombinant plasmids into a suit-
able host for propagation and screening of hosts con-
taining the intended plasmid. To increase the effi-
ciency of molecular cloning, many specialized tools
and methodologies were developed by means of the
properties of unique enzymes (Fig. 1). TA cloning
exploits the benefit of Taq polymerase and ligation
independent cloning uses T4 DNA polymerase that
generates single stranded DNA overhangs. Recently,
GC cloning has come into the pipeline, where non-
proof reading DNA polymerases like Taq, TfI and Tth
add a single 3'-G to blunt DNA molecules by means of
PCR or G-tailing reaction. The 3'-G overhang on the
DNA insert is then ligated to vectors containing a sin-
gle 3'-C overhang [11].

Gateway Cloning

The current day transgenic study in biological sys-
tems relies to a huge scope on DNA cloning technolo-
gies. Cloning technologies and their immense use in
research investigations have become very important in
the field of biology for the analysis of recombinant
genes. The robust site-specific recombination based
on Gateway cloning forms a platform and has a vital
asset in molecular biology for efficient cloning, mod-
ular assembly and expression in diverse perspectives

[13, 14]. Modern Gateway cloning technology has
made a considerable advancement because of its
arrangement of DNA fragments in a predefined order,
orientation, and reading frame regardless of their
sequence. The Gateway cloning technology developed
originally by “Life Technologies” [6] and marketed by
Invitrogen has been approved by a huge society facili-
tating the assembly of expression units in a large vari-
ety of in vivo and in vitro systems. The present review
gives an overall idea on the site-specific Gateway
recombination cloning system.

The Gateway system exploits the principle of site-
specific recombination allowing the integration and
excision of the λ phage back and forth out of a bacterial
chromosome by itself [15]. This etiquette requires two
enzymes BP Clonase and LR Clonase to catalyze the
BP and LR reactions respectively shuttling the
sequences between plasmids bearing flanking compati-
ble recombination attachment (att) sites. The BP clonase
enzyme mix (“Invitrogen”/“Life Technologies”) con-
sisting of the phage integrase and the integration host
factor transfers a DNA fragment of interest f lanked by
two attB sites into a donor vector (pDONR), carrying
two attP sites (Fig. 2). Recombination takes place
between the matching attB and attP sites and the DNA
fragment is inserted into the donor backbone resulting
in an entry clone, which is f lanked, by two L sites. The
LR clonase enzyme mix (“Invitrogen”/”Life Tech-
nologies”) consisting of the integrase, integration host
factor and the phage excisionase catalyse the LR reac-
tion, where the key substrates are entry clones. The
DNA fragment of interest f lanked by two attL sites is
transferred into a destination vector carrying two R
sites (Fig. 2). Recombination again takes place

Fig. 1. Restriction and ligation based cloning [12]. MCS—multicloning site.
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Fig. 2. BP and LR reactions [16]. 
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between the matching attL and attR sites resulting in a
novel expression clone f lanked by attB sites.

Assembly of entry clones can also be done by
restriction and ligation of DNA fragments in vectors,
where attL sites f lank multiple cloning sites. But, there
is no such need, because the inventors of Gateway sys-
tem engineered variants of the original attB, attP, attL
and attR sites so that they will react specifically facili-
tating directional cloning [17, 18].

The Multisite Gateway system includes vectors
allowing to construct transcriptional units from two or
three DNA fragments simultaneously. This system was
used for expression of several genes under the influ-
ence of a strong inducible or tissue specific promoter
[13], for studies involving cis-regulatory sequence
analysis, translation fusion, subcellular localization
[19], for expressing tagged proteins [20]. Gene silenc-
ing, genomic fragment recombination, gene stacking
and protein-protein interactions can also be methodi-
cally implicated using these recombinational Gateway
expression cassettes [13, 21–26].

Golden Gate Cloning

Synthetic biology also depends on standardized
parts to amass genetic constructs, fusing the parts

together following the assembly principles that serve as
rules. The golden gate method and its variants offer
standardized, quasi-scarless, multipart DNA assembly
and is an exceptional choice for combinatorial library
construction. Golden Gate cloning is a DNA assem-
bly method based on the use of type IIS restriction
enzymes [27], which has many features that are most
advantageous for progress of an assembly standard
(Fig. 3). As a DNA assembly method, it reduces some
of the unproductive, time consuming, and luxurious
steps of molecular cloning such as PCR amplification,
gel purification, and the design and ordering of con-
vention primers. It requires only relatively small four
base pair junctions that we call fusion sites to join adja-
cent modules, and even these can be designed to allow
‘scarless’ assembly where necessary [7] unlike the
other cloning methods requiring overlapping f lanking
sequences or recombination sites. The most com-
monly used restriction enzymes are BsaI, BsmBI,
BbsI.

Transcriptional units can be assembled from stan-
dard modular parts using a one-step Golden Gate
cloning reaction, and higher order assembly of multi-
gene constructs can be performed using a similar pro-
cedure [28–30]. Unlike conventional cloning, golden
gate cloning limits itself to less sequence independent
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Fig. 3. Golden Gate cloning.
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sequences i.e., the selected type II’s recognition site
should be deficient from the inner segment of all the
DNA fragments to be assembled. The internal
instances of the recognition sequences for the type IIs
enzymes used for assembly have to be removed from
all starting modules by a process known as domestica-
tion.

The resulting outcome is the structured perfect
assembly of DNA fragments in one effort. However,
Golden Gate assembly is a robust technology that
spawns multiple site-directed mutations and assem-
bles multiple DNA fragments apart from its usage in
the construction of custom-specific TALENs (Tran-
scription Activator-Like Effector Nucleases) for in vivo
gene editing.

Sequence and Ligation Independent Cloning (SLIC)

SLIC is an in vitro method, which follows the Rec
A independent pathway of homologous recombina-
tion. It makes use of single-stranded complementary
overhangs generated by using T4 DNA polymerase on
the intended vector and a PCR-generated insert of at
least 12 bases. A single dNTP is enough in the reaction
mixture that equalizes 3'–5' exonuclease and 5'–3'
polymerase activity at the site of first occurrence of
this nucleotide [31].

A DNA sequence fragment to be cloned into a des-
tination vector is PCR amplified with oligos whose 5'
termini contain about 25 bp of sequence homology to
the ends of the destination vector, linearized either by
restriction digest or PCR amplification. The linear-
ized destination vector and the PCR product contain-
ing the gene of interest are separately treated with T4
DNA polymerase in the absence of dNTPs. Once the

termini of the linearized destination vector and the
PCR product have sufficient complementary single-
stranded 5' overhangs exposed, dCTP is added to
arrest the chew-back reaction of T4 DNA polymerase
which has the 3'-5' exonuclease activity. The chewed-
back linearized destination vector and PCR product
are mixed together, and annealed to each other. Since
there is no ligase in the reaction, this results in a plas-
mid with four single stranded gaps or nicks (Fig. 4).
Recombinant DNA brought together by SLIC accom-
plished a f lawless reassignment of inherent elements
without the need of specific sequences required for
ligation and recombination. This technique can be uti-
lized for any genes predicting the assemblage of the
gene of interest with the vector in a combinatorial
fashion at a greater ease reducing the time, sweat and
cost for the researchers.

CONCLUSIONS AND FUTURE PROSPECTS
In the last four decades, molecular cloning has pro-

gressed from arduously isolating and piecing together
pieces of DNA followed by exhaustive screening of
potential clones to impeccably assembling multi DNA
fragments into a single contiguous stretch of DNA
with remarkable efficiency leading to novel expression
systems. Since the making of thousands of constructs
is not an intractable task anymore, researchers can
envision new functional assays based on cloned
sequence repertoires. Modern molecular cloning
methods are used for production of recombinant pro-
teins, vaccine production, gene therapy, antisense
technology and genetic engineering in agricultural
crops. Innovative cloning technologies accelerated the
development of biotechnology presenting us with new
opportunities and challenges. Modern molecular
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cloning technologies give an amazingly potent toolbox
for exploring, manipulating and strapping up DNA
that will further widen the perception of science.
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ABSTRACT 

In wireless sensor networks (WSNs), due to the restricted resources of the nodes, are highly vulnerable to attacks 

at all network layers; however, the so-called “wormhole attack” is particularly challenging because it resists self-
protective measures exclusively based on cryptographic protocols, this attack that not only diminishes the network capacity 

but also affects the reliability of information being transmitted. No emphasis was made towards the preventing the 

wormhole attack. In this paper a swarm-based framework that uses the security agents and security officer nodes. 

Preserving the legitimate packets coming from reserved route only, thereby discarding the contaminated packets has been 

proposed from another network. 

 
Keywords: wormhole attack, cryptographic protocols, security agents, security officer node, swarm-based network. 

 

1. INTRODUCTION    

A typical wireless sensor network is expected to 

give a certain data that the user is actively enquiring about 

after some amount of time. Many attack schemes tend to 

stop the proper performance of sensor networks to delay or 

even prevent the delivery of data requested by user. 

Despite the fact that the term attack usually refers to an 

adversary’s attempt to disrupt, undermine, or destroy a 
network, a Wormhole attack refers to any event that 

diminishes or eliminates a network’s ability to perform its 
expected function. Such a technique may be helpful in 

specific applications such as utilizing the best of these 

attacks to find the weak tips of presented protocols at 

different layers.  

These attacks consequently would expose 

weaknesses that lead to effective countermeasures. 

Understanding these vulnerabilities can develop 

techniques for identifying attacks that attempt to take 

advantage of them and implement mechanisms to mitigate 

these attacks. In other more serious applications, there are 

situations where network blocking is necessary to protect 

public safety.  

Consider a large-scale wireless sensor network in 

which a massive number of wireless sensor nodes are 

randomly distributed in the target area. Directed Diffusion 

is the underlying protocol. The network consists of a large 

number of sensor nodes such as MICA2 sensors. Every 

sensor node has limited capabilities in terms of 

computation, storage, and wireless communication. The 

sensor nodes operate on non-renewable batteries; once a 

node exhausts its battery it is considered to be dead. We 

assume that the sensors are physically insecure, since the 

physical access to the motes is probabilistically possible in 

hostile environments. The user interacts with the network 

through a data collection unit, called a sink. A sink or base 

station could be any arbitrary sensor node that can inject 

quires (interests) to propagate along the network. The 

queries may be optimized or otherwise processed at the 

place of injection and then they are disseminated in the 

sensor network using multi-hop communication according 

to some query processing mechanism. Sensor nodes whose 

sensing results match the query disseminate data reports 

back to the sink over potentially multi-hop wireless links. 

Wormhole attack that tunnel information  from one to 

another network,  that is it get the data from one network 

replicate it into another network through tunnel that 

particular network may confused due to this action. At that 

time hacker may easily enter and do misuse inside the 

network. Among the variety of threats and risks that 

wireless LANs are facing, wormhole attack occurs more 

common and serious ones. When a wormhole attack 

occurs, an attacker forces base station to confuse and 

terminate its connection to nodes of the particular network 

by first compromising the AP`s MAC address. Current 

techniques by detecting wormhole attack using swarm 

intelligences are mainly based on spoof able and 

predicable parameters such as sequence numbers, which 

can be guessed by the attackers. To enhance the reliability 

of intrusion detection systems swarm based networks are 

used, Swarm intelligence is a collective behavior of self-

organized systems, natural or artificial. The proposed idea 

is based on finding wormhole attack by means of Swarm 

Intelligence.       

 

2. RELATED WORKS 
Wormhole attack prevention using clustering and 

digital signatures in reactive routing of open medium, 

absence of infrastructure, dynamic network topology, 

cooperative algorithms, lack of centralized monitoring and 

resource constraints, ad hoc networks are vulnerable to 

many kinds of attacks, among which wormhole attack is 

chosen as the topic of discussion. A novel technique based 

on clustering and digital signatures for prevention against 

wormhole attacks without use of special hardware, time 

synchronization or dependency on time or hop difference 

between colluding nodes to identify attacked routes. 

Statistical wormhole detection for mobile sensor networks 

attack is one of the most challenging yet detrimental 

security issues in mobile wireless sensor networks 

(MWSNs). However, as most of the existing 

mailto:thangamariappanme@gmail.com
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countermeasures are designed mainly for fixed WSNs 

using hardware devices or information of entire WSNs 

(topology or statistical), they cannot be effectively used in 

MWSNs. As SWAN utilizes the localized statistical 

neighborhood information collected by mobile nodes, it 

apprehends wormholes not only without requiring any 

special hardware device but also without causing 

significant communication and coordination overhead. 

Two-Level Secure Re-routing (TSR) in Mobile Ad Hoc 

Networks static infrastructure, open nature and node 

mobility causes several issues in Mobile Ad Hoc Network 

(MANET), such as energy utilization, node authentication 

and secure routing. In this paper we propose a new 

scheme, Two-level Secure Re-routing (TSR), an attack 

resilient architecture for Mobile Ad hoc networks. It is 

significantly different from existing solutions, as it does 

not focus on any specific attack, but instead, taking a 

general approach it achieves resilience against a wide 

range of routing disruption DoS attacks. TSR is a double-

layer scheme that detects attacks at the transport layer but 

responds to them at the network layer. The potential 

applications and pervasive nature of mobile ad-hoc 

networks (MANETs) has made them an attractive target 

for attackers. The wireless medium of communication 

coupled with constrained resources enable attacks which 

can be executed by a weak adversary. A wormhole is one 

such attack which poses considerable threat, particularly to 

routing protocols. 

 

3. METHODOLOGY 
 

3.1. Characterize the nodes  

First describe the model to characterize a 

Wormhole attack in the wireless network. 

To characterize the attacks, consider two nodes 

involved in a transmission.  We use the commonly used 

statistical model from ITU (International Tele-

communication Unit) recommendations. The ratio of the 

received and transmitted powers, Pr and Pu respectively, in 

dBm is given by 

 

L= 
�� (dBm) = K+ γlog 10d+φdBm+ � dBm                  (1) 

 

Where γlog10 d models the path loss as a 
function of the distance d between the transmitter and 

receiver. Also, γ is the path loss exponent and K is a unit 
less constant. The attenuation from shadowing, φdBm, is 
normally distributed with zero mean and variance σ2 

φ. The 

values of the parameters γ, K and σ2
φ depend on the 

propagation environment. φdBm represents the variation 
caused by small scale fading and can be modeled as a 

Raleigh (for non line-of-sight (non-LOS) channels) or 

Rican (for LOS channels) distribution with appropriate 

parameters which depend on the propagation environment. 

Next we develop a mathematical model for wormhole 

attack using swarm intelligences events. For ease of 

analysis, continuous time signal models are used. 

Although our final detection algorithms are implemented 

using discrete signal models, discretization has no effect 

on the optimality of the detector. We assume that both the 

user and attacker can be mobile or static.  

For infrastructure networks, we denote the 

distance between the user and the AP by d0(t) and the 

distance between the attacker and the AP by d1(t). d0 and 

d1 are continuous functions of time t. Unless the 

movement patterns of the attacker and the user are 

symmetrically exact, d1(t) ≠d0(t). Suppose a wormhole 

attack using swarm intelligences occurs at time t0.  

 

Let  

d1(t0)=d0(t0)+Δd=d0(t0) + ���                                  (2) 

 

We assume that the user and attacker are in 

environments with propagation parameters [Ki,γ i, φi, øi] 

where i=0 for the user and i=1 for the attacker. The 

monitored signal strength x(t) is given by 

 

x(t) = N(t) + f(t) = N(t) + Δm ·  u(t − t0)                          (3) 

 

where f(t) represents the signal and N(t) is the noise u(t) is 

the unit step located at unknown time instance t0. The 

jump amplitude of f(t) at t0 is Δm=K1-K0+γ1log10d1(t0)- 

γ0log10d0(t0) and 

 

 
 

Where  

N1 (t) =K0+γ0log10d0(t)+φ0+ � 0                    (4) 

 

N2(t)=K0+γ0log10d0(t0)+γ1log10

�� + � + �              (5) 

 

By this method we can easily come to know that 

our network has been attacked by the attackers or not. To 

develop detection mechanism in wireless sensor networks 

by correlating the signals transmitted to the Access Points. 

If our network is affected, we can prevent the attack by the 

following Methodology 

 

3.2. Coordinated filters design 

  While transmitting signal from node to Access 

Point it may contains some fading effects of the wireless 

network. Note that small scale fading causes variations in 

the received signal strength within the order of one 

wavelength and is therefore a high frequency component. 

Shadow fading causes variations in the order of tens of 

wavelengths. Path loss is caused by spatial movements in 

the order of hundreds of wavelengths and corresponds to 

the low frequency component. This motivates us to divide 

the whole frequency domain of N (t) into three frequency 

subsets as  

 

W=�  ∪  � ∪ � , 
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where w1,w2 and w3 are the frequency ranges of small 

scale fading component N1(t), shadow fading component 

N2(t) and path loss component   N3(t), respectively.  

Since  

 

N(t) = N1(t) + N2(t) + N3(t) 

N1(t),N2(t),N3(t) are mutually independent,  

SN(w) =SN1 (w)+SN2 (w)+SN3 (w). 

 

This Signal to noise ration can be diminished 

because every network may contain some noise, so limited 

variations will be accepted. The matched filter is used for 

the detection of vulnerable nodes Not only with the 

frequency of signal strength we used some QoS 

parameters such as throughput, packet ratio will be trained 

to the security agents. 

 

3.3. Swarm scrutinization 
Here with some security related mechanisms will 

be used, the swarm agents such as decentralized agents 

will be trained with the quality of parameters these agents 

will act as access points, and it monitors the nodes present 

in the wireless sensor network. These parameters are 

maintained only with the Agents. 

 

 
 

If no attacks detected Security Agents will 

change the QoS parameters randomly and it should be 

informed to the legitimate nodes through key exchange 

algorithm such as Elgamal cryptosystem. One more 

centralized node Security officer node is used here to 

monitor the security Agents. There may be a chance of 

compromising the security agents. So securing the 

network again one more security officer node is used to 

monitor the security agents. 

 

3.4. Bayesian hypothesis test 

Our detection problem in wavelet domain can be 

summarized as follows. Let the observed wavelet detail 

coefficient y transformed from x(t) at time k = t02
j
 and 

scale j(≥ 1) have the form y = s+n, where s = ∆m2j/2│I 

ψ(0)│ and n~�(0,∑),with∑= C2(j)2j . The noise n has a 
Gaussian distribution because it has approximately 

constant power lever C2(j)2
j
. Our aim is to detect the 

signal s from Gaussian noise n.  

The hypotheses to be tested are: 

 

 H0[null] : Y ~�0(0, ∑) 

 H1[alternative] : Y ~� 1(s, ∑) 

We assume that there exists a priori probability 

associated with the hypothesis: P(H0) = π and P(H1) = 1 - 
π. For simplicity, we assume that cij , the cost incurred by 

choosing hypothesis Hi when hypothesis Hj is true, has 

uniform cost. The likelihood ratio test between H0 and H1 

is L(y) =
p yp y . Thus the corresponding Bayesian decision 

rule can be proved to have a form as follows, 

 

 
 

Given a signal strength trace x[n] = [x1, xM], our 

algorithm is described by the following steps: 

1) step-1: Use DWT to obtain the detail coefficients d(j, 

k)at observation scale j = 5. 

2) step-2: Compare d(j, k) with threshold Thrj =  

3) step-3: Generate alarm if d(j, k) > Thrj for some k. 

 

The scale j = 5 is proved to achieve the highest 

detection rate in our testing scenarios. The threshold  

Thrj =  = min{∆m}2
j/2−1

|I (0)| for scale j 

where |I (0)| = 0.5.  

 

The value of min ∆m is obtained empirically for 
each environment and is given in Section V. The detector 

performance varies with the observation scale. Given a 

certain value of ∆m, the highest detection rate is achieved 
at the optimal scale. Our model does not consider the 

impact of interference from other users on the received 

signal strength. This is because in the presence of 

interference, the AP will not be able to successfully 

receive the packet. Thus it will not associate the packet 

with any user and the corresponding signal strength 

measurement will not be used by the detection algorithm. 

If the interference is so small that the packet is correctly 

received, the magnitude of the interference is expected to 

be small enough to be neglected (for example, the 

IEEE802.11b standards require an SNR of 10dB for 

successful reception at 11Mbps). 
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Table-1. Upper bound on the false alarm rate. 
 

observation scale j 4 5 6 7 

false alarm rate 0.0137 0.0274 0.1065 0.2054 

 

3.5. Prevention by path selection algorithm 

The vulnerable nodes can be easily detected by 

the previous methodologies after finding the wormhole 

attack we should block the tunnel through which the attack 

carried, for that we have to use path selection algorithm 

for that particular hacker node. 

 

1. At time instant k, a bandwidth request r arrives 

between nodes I and j. 

2. Run the available bandwidth estimation 

algorithm links with no bandwidth estimation available. 

3. Compute the best path using the shortest 

widest path algorithm with weights as calculated in step 2. 

4. Obtain the available bandwidth A on the 

bottleneck link of the path. 

5. If r>A ∗ threshold, reject this path and return to 

step 3. Else, path is selected for the request. 

6. If no path available, request rejected and 

network is congested. 

 

Finally the wormhole attack will be detected and 

prevented in wireless sensor network. 

 

4. SIMULATION AND RESULTS 

To evaluate the above analysis, NS2 has been 

used for simulation. The network comprises of 30 

homogeneous nodes.  

Out of these nodes last node act as Base Station 

and one node as attacker node. Each node moves with 

constant speed. Some of the experimental parameters used 

in the simulation are listed in Table-2. 

 

Table-2. Parameters in the Network Model. 
 

Parameters Values 

Initial energy Eini 1 Joule per node 

No. of ants 

( N) 3,5,7,10,12,15 times 

the neighboring nodes of 

source node 

Packet size (K) 

 
1 K 

Band width (B) 1 Mbits/s 

Traffic load Random 

 

To evaluate the results we had varied the no. of 

ants at the source node as given in Table. It is clear that 

minimum number of ants can detect maximum number of 

routing attacks. It is observed that energy consumption at 

source node is directly proportional to number of ants 

generated. 

 

 
 

Figure-1. Average detection rate 

 

 
 

Figure-2. Energy consumption rate. 

 

5. CONCLUSIONS AND FUTURE WORK 

WSN is an emerging technology but they are 

prone to security threats, wormhole attacks and intrusion. 

This paper presented an ant based novel approach using 

swarm intelligence to detect anomalies.  

The proposed approach will be tough challenge to 

attackers because of double monitoring. Simulation results 

show the efficiency of using ants for this purpose. In 

future detection of other types attacks using this algorithm 

may be attempted and more adaptive values for some more 

QoS Parameters can be explored. 
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Abstract: The manufacturing industries in India are gearing up to face the 
challenges namely the quality, timely delivery and satisfying customer need. 
This prompted some large manufacturing industries to implement lean thinking 
in their manufacturing process. Most of the manufacturing companies are yet to 
take up this task. Particularly, the pump industries which are mostly occupied 
by SMEs are still to follow the suit. In this context, this study has made sincere 
attempt to survey the implementation of lean in pump manufacturing industries 
in India through an instrument consisting of seven lean implementation 
measures namely, RILP, lean tools employed in the company, RLPTLI, MBLP, 
evaluation of level of waste in the company, success factors of lean practicing 
in the company and lean performance indicators. A survey type research was 
conducted and the results indicated that identified lean implementation 
measures were found to be significant in achieving lean implementation in 
pump industries. 
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1 Introduction 

The manufacturing sector contributes a sizeable amount of GDP to a nation. Besides the 
economic participation, it gives employment opportunity to a number of people and helps 
them improve their status economically and takes part in reducing the unemployment. 
The manufacturing sector primarily started with craft manufacturing then transformed to 
mass manufacturing (Vinodh and Chintha, 2011) using discrete method. The later part of 
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the twentieth century witnessed a paradigm shift in manufacturing sector. Previously, 
manufacturing sector was largely based only on ‘cost’ factor. The effect of globalisation 
brought competitiveness among the manufacturing organisations which made the 
organisations to respond to the new vistas in manufacturing process. Further, the 
constantly and ever changing consumer attitude, their needs and requirements in response 
to the changing socio-economic cultural environment tended the manufacturing 
organisation to compulsorily adhere to the new technologies and processes. In this 
environment, mostly all the manufacturing industries had to largely bent on ‘time’ and 
‘quality’ sans ‘cost’. In addition, consumer satisfaction is considered to be the key by the 
organisations. However, considerable importance has also been given to reduction of cost 
in terms of production and sales. Considering the prime importance of time, quality and 
consumer satisfaction, the organisations have to dispense with the ‘discrete’ method in 
manufacturing process and hence the contemporary manufacturing has now started to 
witness a transformation in the manufacturing paradigm (Chen et al., 2005; Paranitharan 
et al., 2016). Further, the globalisation has facilitated a number of organisations to face 
competition in the world market (Gunasekaran et al., 2008). Successful survival in the 
‘ever changing environment’ that is due to technological innovations, turbulence in the 
marketplace and dynamic customer demands and expectations (Mishra et al., 2014), the 
manufacturing organisations were pushed to update their technology and process akin to 
the changes occurring in the global market. Therefore, the manufacturing organisations, 
with no options except to go for improvement through a strategy to embrace a dynamic 
process in order to optimise the manufacturing process towards effective and better 
performance, thereby; they could face the critical situations and could able to face the 
competitions around them. This barely needs organisational flexibility and 
responsiveness to understand and adapt the changes in the organisation. The present day 
manufacturing organisations are mainly based on the customers. Customer attitude and 
the demand are frequently changing and hence unpredictable. Therefore, every 
manufacturing industry has put in continuous efforts for its survival in the current volatile 
economy (Eswaramoorthi, et al., 2011) and hence, Brown and Bessant (2003) have 
pointed out the necessity of reconfiguration of the existing manufacturing system to 
satisfy the customers. 

One way to stay in the competition in this globalised market is to become more 
efficient and hence manufacturers are started embracing changes and improvements in 
their key activities or processes to cop with the challenges (Wong et al., 2009). In the 
context stated above, a necessity has aroused with all the manufacturing industries to seek 
a suitable remedy in order to successfully face the severe competition in the volatile 
situation. The lean process which happened to be their saviour, because, the various types 
of wastes which consumed a lot of time in the manufacturing process could be reduced or 
eliminated and be able to produce good quality goods. Further, elimination of waste helps 
the manufacturing industry to achieve cost reduction (Muda and Hendry, 2002; Lummus 
et al., 2006). Therefore, Vinodh and Chintha (2011) have suggested that lean would be 
the best option for the manufacturing industries to face the competitors and to meet the 
customer demands because it has a positive and direct relationship between lean 
manufacturing and productivity (Wong et al., 2009). Accordingly, the positive 
relationship of lean implementation measures with manufacturing activities in respect of 
pump manufacturing has been evaluated by framing the following objectives: 
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• To evaluate the fact that whether all the pump industries in India have implemented 
lean process in the manufacturing. 

• To determine the performance of pump industry through implementation of lean. 

• To ascertain from employees (experience) who have associated with the 
manufacturing of pumps, the significant measures acting upon the lean 
implementation measures and its lean performance indicators. 

2 Literature review 

It is a pertinent need to cite literature in support of this research paper. This section brings 
forth the details regarding the lean application in manufacturing industries in general, 
lean application in other industries, like, process, electrical, construction etc. and 
particularly in pump industries. Few important studies supported to draw the lean 
measures namely, the reasons for implementation of lean concept, reasons for low 
priority towards lean implementation, level of waste, success factors of lean practicing 
and the key performance indicators, which are acting upon the implementation of lean 
principles have also been discussed in this section. 

2.1 Lean application in manufacturing industries 

There are more than 50 tools available in the lean package. All the lean tools are not 
applied one and the same time. Selective application is favoured by the manufacturing 
industries according to the size and product of the industry. Mostly, the lean tools are 
used in integrated manner. The use of single tool is mostly avoided because; the 
manufacturing process is a multidimensional one and every process may require a 
specific type of tool. 

2.2 Lean 

Lean is single most powerful tool available for creating value and eliminates waste in any 
organisation (Womack and Jones, 1991) hence, it is a new kind of management concept 
(Paranitharan et al., 2014). The main objective of lean technique is to generate minimum 
waste and satisfy customer needs (Womack and Jones, 2003). It is extremely common 
because; it is not only applied to manufacturing and factories but also useful on 
implementation in production engineering and planning and when applying in 
manufacturing it has a positive impact on the lead-time of the whole supply chain, as well 
as on product costs and quality (Surabhi and Vinod, 2017). Womack et al. (1990) have 
detailed the difference between lean and mass production and the ways of eliminating 
non-value added waste using lean process in different stages. The lean performance can 
be clearly understood through systems approach and not just piecemeal approach 
(Womack and Jones, 1997; Kennedy and Widener, 2008). 
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2.3 Manufacturing industries (general) 

“The principles of lean have been broadly accepted by many manufacturing operations 
and have been applied successfully across many disciplines” (Poppendieck, 2011). 
According to Shah and Ward, (2007) “Lean manufacturing is most frequently associated 
with the elimination of seven important wastes to ameliorate the effects of variability 
supply, processing time or demand” “It is a philosophy of manufacturing that focuses on 
delivering the highest quality product on time and at the lowest cost” (Liker and Wu, 
2000), “systematic removal of waste by all members of the organisation from all areas of 
the value stream” (Worley, 2004) and “uses less or the minimum of everything required 
to produce a product or perform a service” (Hayes and Pisano, 1994). It is an integrated 
system composed of highly inter-related elements and a wide variety of management 
practices, including JIT, quality systems, work teams, cellular manufacturing, etc. (Shah 
and Ward, 2003). When lean is implemented, it serves the purposes like, increased 
productivity, reduce lead time and cost and improve quality (Sánchez and Pérez, 2001; 
Karlsson and Åhlström, 1996). 
Table 1 Few selected studies on lean manufacturing 

Authors Description of the 
study/lean (tools) Study details 

Boyer (1996) Lean performance Quality leadership, use of small groups or 
teams, training and worker empowerment. 

Finegold and 
Wagner (1998) 

Lean Existing German skill-creation system has been 
threatened by the introduction of lean because; 
existence of a highly skilled  
work-force may deter the adoption of 
multifunction work teams. 

Paranitharan et al. 
(2011) 

VSM To reduce the lead time and to meet the 
customer demand on time 

Singh et al. (2011) VSM used in 
simulation model 

To enhance the lean principles and to 
effectively reduce the lead time. 

Behrouzi and 
Wong (2011) 

Lean performance 
indicators 

1 Elimination of wastes 
2 Continuous improvement 
3 Zero defects 
4 JIT deliveries 
5 Pull of materials 
6 Multi functional teams 
7 Decentralisation 
8 Integration of functions 
9 Vertical information systems. 

Seyedhosseini  
et al. (2011) 

Lean performance Financial, customer, processes, employee and 
supplier. 

Eswaramoorthi  
et al. (2011) 

Survey on lean 
implementation 

Discussed the current status of lean 
implementation in Indian machine tool 
industries and found that 31.6% have 

implemented different lean tools techniques in 
different areas and the remaining 68.4% not yet 

implemented lean. 
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Table 1 Few selected studies on lean manufacturing (continued) 

Authors Description of the 
study/lean (tools) Study details 

Keskin (2013) VSM Emphasised on energy utilisation in SMEs. 
Jayaganthan (2014) Lean Described about the ways to reduce the  

non-value added activities. 
Zahraee (2016) Kaizen, 5S, setup time 

reduction, cellular 
manufacturing, 

continuous flow, 
equipment layout, 

product design simplicity 
and error proof 

equipment 

Process and equipment planning and 
control, supplier relationship, human 
resources and customer relations are 

significant practices in lean manufacturing. 

Minh et al. (2015) Studied lean in Vietnam 
manufacturing companies 

using six dimensions. 

The six dimensions namely, strategic 
initiative, process management, change 

management, Human resource management, 
Situation management and external 

management have positive impact on 
different categories of performance, such as 

productivity, quality, delivery and cost. 
Jayswal et al. 
(2017) 

A literature review on 
lean manufacturing 

Techniques 

The authors have described the lean tools 
namely JIT, Kaizen, Poka-Yoke (error 

proofing), TPM, PDCA, Kanban, VSM. 
Priyaadarshini et al. 
(2018) 

Machine tool sector in 
India 

Most of the organisations possess a culture 
of lean thinking and has the support of top 

management. The organisations which 
incorporated lean in their daily operations 

could increase their productivity. 

As mentioned above, there are several tools packed in lean manufacturing. The authors 
have studied the lean by applying one or few tools to evaluate the performance. Different 
performance measures were found by Huson and Nanda, (1995) while comparing JIT 
manufacturing and non-JIT manufacturing. Balakrishnan et al. (1996) have discovered 
decrease in inventory. In this regard few studies on lean manufacturing have been given 
in the following Table 1. 

Pump industry is the one which seems to be in nascent stage in lean implementation 
and requires the lean practice and it has its natural attraction towards lean implementation 
in order to compete the domestic and international markets. The use of lean concept in 
pump industry and its effectiveness and performance has been discussed by many 
researchers. Taking into considerations that those discussions may help in constructing 
this research paper, a few of the selected studies have been presented in Table 2. 

The present study is based on the factors derived from various research studies which 
catalysed the lean performance in manufacturing industry. Few of those studies which 
catered the selection of key success factors have been presented in the following section. 
Few more studies were gone through in order to identify the important factors for this 
study. Out of which, few important studies have been presented in Table 3. 
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Table 2 Selected studies on lean practice in pump industry 

Author(s) Lean tools consulted Findings 
Surabhi and Vinod 
(2017) 

VSM – to reduce lead time 
SICA – to classify Inventor 
5S – to redesign the Storage 

area 

Lead time was reduced and advised to 
check the inventory level frequently. 5S 
technique helped to facilitate to adopt 
new technology to streamline the 
storage of raw materials. 

Diwan and Israr 
(2017) 

5S, VSM and JIT These tools can be applied to improved 
production of submersible pumps. 

Badgujar et al. 
(2016) 

Lean in pump manufacturing Registered increase in productivity and 
reduction in costs and wastes. Lack of 
understanding, supply chain and 
company culture is found to be the 
strongest barriers of lean 
implementation. 

Aravinthkumar 
amd 
Rajenthirakumar 
(2016) 

Kaizen, layout optimisation, 
setup IME reduction and line 

balancing 

Lead time reduced 

Nagesh and Naidu 
(2015) 

Kanban, pull system, VSM The Kanban linked pull system 
reduced/defined inventory levels in the 
loop and reduced the overall lead time 
of production. The critical zones were 
identified through VSM. 

Murugan and 
Selladurai (2014) 

Lean (submersible pump 
diffuser housing) 

Productivity improved by 60%–80%. 
Work in process has been dropped by 
40%–80%. Lead time reduced by  
50%–75%. Defective rates dropped by 
60%–80%. 

Mapokgole and 
Tengen (2013) 

TAKT time To study the relate market needs with 
manufacturing capacity-can lead time be 
well managed. 

Anand et al. (2013) VSM, line balancing, stab 
chart, customer TAKT, 

Kanban, ergonomics and time 
study 

Non-productiveness due to excess 
number of operators and improper 
balancing of line. More lead time and 
space due to unnecessary lengthy 
stations and conveyors. Inventories in 
line and no control on production 
process. After rectifications productivity 
improved. 

Based on the study, the proposed a theoretical framework to investigate the importance of 
lean implementation measures in pump industry (refer Figure 1) and identified seven 
important measures which have an impact upon lean manufacturing practice on the basis 
of extensive literature review and expert opinion. 
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Table 3 Important studies on key success factors of lean implementation 
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Figure 1 Conceptual framework of lean implementation measures 

 

3 Research gap 

A number of studies are available on application of lean philosophy, principles and the 
tools in manufacturing industries, covering all types of manufacturing. However, studies 
on manufacturing pumps seemed to be very few. Most of the studies on lean have 
targeted the lean application in manufacturing industries abroad particularly European 
countries and few are available from countries other than India. This research paper has 
been fully and completely devoted to the lean application measures in the pump industry 
in India whereas the study on pump industry in the context abroad was hardly seen. This 
study may universalise successful adoption of lean principles in pump industry all over 
the world and thus may fill the gap. The Indian studies are more specific dealing with a 
single type of pump manufacturing. It was thought that this gap could be filled with this 
study which has been conducted on manufacturing of different varieties of pumps. 
Further, the studies on performance evolution of lean application are also few in pump 
industry and it has not been done in Indian context. The scarcity of literature with regard 
to manufacturing of pumps and the need to implement lean practice is also felt as a gap. 

4 Methodology 

Survey is a common method and one that could easily be understood and accepted by the 
population in general. This is because most people have been exposed to a survey at one 
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time or another (Zikmund, 2003). Therefore, in this paper, a structured questionnaire was 
prepared by incorporating seven selected lean implementation measures (LIM) namely, 
reasons to implement lean practice (RTILP) – (13 variables), lean tools employed in the 
company (LTEC) – (50 tools), reasons for low priority towards lean implementation 
(RLPTLI) – (16 variables), major barriers for the adoption of lean practices (MBLP) – 
(15 variables), evaluation level of wastes in your company (ELWC) – (eight variables), 
success factors of lean practicing (SFLP) – (17 variables) and lean performance indicator 
(LPI) – (ten variables) to be answered by the higher ranked employees (managing 
directors/CEOs, managers/line executives and supervisors). The experience has been 
considered as a contingency or demographic factor for the analysis and this factor has 
been stratified into five groups (below 5 years, 6–10 years, 11–15 years, 16–20 years and 
above 20 years). The responses were obtained in five-point Likert-scale and then were 
converted to numerical data. The hypotheses were framed and tested statically. 
Table 4 Factor loading of lean implementation measures 

Sl. 
no. 

Lean 
implementation 

measures 
KMO Factor 

loading 
Reliability 
coefficient 

Eigen 
value 

Percentage 
of variance 

Cumulative 
variance 

1 RTILP 
(13 

variables)

RTILP1 0.766 0.657 0.708 3.741 28.779 28.779 
RTILP2 0.623 0.060 1.764 13.573 42.352 
RTILP3 0.760 –0.074 1.259 9.682 52.034 
RTILP4 0.810 0.404 1.002 7.705 59.739 

2 LTEC 
(50 tools)

LTEC1 0.830 0.645 – 19.949 39.898 39.898 
LTEC2 0.602 – 3.714 7.429 47.326 
LTEC3 0.629 – 2.684 5.638 52.694 

3 RLPTLI 
(16 

variables)

RLPTLI1 0.809 0.687 0.819 5.337 33.358 33.358 
RLPTLI2 0.713 –0.112 1.659 10.368 43.726 
RLPTLI3 0.633 0.874 1.467 9.167 52.893 
RLPTLI4 0.771 –0.128 1.062 6.636 59.529 

4 MBLP 
(15 

variables)

MBLP1 0.793 0.640 0.690 4.920 32.797 32.797 
MBLP2 0.680 0.164 1.894 12.627 45.423 
MBLP3 0.715 –0.022 1.194 7.963 53.836 
MBLP4 0.740 0.780 1.086 7.240 60.626 

5 ELWC ELWC 0.844 0.738 – 4.427 55.337 55.337 
6 SFLP (17 

variables)
SLF1 0.602 0.635 0.693 3.037 17.863 17.863 
SLF2 0.924 0.047 2.334 13.727 31.591 
SLF3 0.943 0.054 1.695 9.968 41.559 
SLF4 0.632 –0.334 1.357 7.983 49.542 
SLF5 0.634 0.486 1.290 7.588 57.130 
SLF6 0.738 0.749 1.158 6.809 63.939 

7 LPI (10 
variables)

LPI1 0.750 0.748 0.894 3.250 35.502 35.502 
LPI2 0.726 0.994 1.627 16.271 48.773 
LPI3 0.780 0.899 1.079 10.788 59.560 
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The selected sample was from the pump industries in India that have already been 
practicing lean concept. It was determined to conduct a study with 200 respondents from 
various pump industries (where in lean practice is presently going on) and accordingly 
200 questionnaires were sent to randomly selected pump industries situated all over India 
using electronic media requesting them to return the questionnaire duly filled in. 20 days 
time was given to return the duly filled in questionnaire. The responses were found to be 
not encouraging but satisfactory, because; only 133 out of 200 (66.5%) filled in 
questionnaires were received within the prescribed time and 39 out of 133 (29.32%) 
responses (questionnaires) were rejected due to non-completion or want of particulars. 
Therefore, remaining 94 (70.68%) responses were taken for analysis since it was 
considered reasonable. 

The questionnaire was subjected to content validity by employing five subject experts 
and five experts from manufacturing industries who practice lean in their industry in 
order to enhance the applicability of outcomes in the industry. The ten experts were 
selected based on their experience (15 years and above) in their field. After a hectic 
session of discussion, 135 variables were identified and 6 variables under the measures 
have been removed since those have with less loading in pilot study and same 
meanings/concept of few variables. Further, the data collected were subjected to factor 
analysis in order to validate the contents of the questionnaire and also to test the 
significance of the technique. The significance of the instrument is tested using P value 
where in the total percentage of variance explained in any variable accounted for by this 
seven measures instrument known as the communality of the variable which have been 
shown in Table 4. Then the content validity of the questionnaire was confirmed. Further, 
this analysis reduces the number of variables into fewer measures which have the similar 
characteristics. The result of the factor analysis has been presented in Table 4. 
Table 5 Reliability of lean implementation measures in pump industry 

Sl. no. Lean implementation measures Cronbach alpha Overall Cronbach alpha 
1 RTILP 0.744 0.793 
2 LTEC 0.968  
3 RLPTLI 0.832  
4 MBLP 0.825  
5 ELWC 0.881  
6 SFLP 0.619  
7 LPI 0.687  

The calculated values of KMO are in the standard range (>0.5) that is for  
RTILP-0.766, LTEC-0.830, RLPTL-0.809, MBLP-0.793, ELWC-0.844, SLF-0.602 and 
LPI-0.750. The Eigen values of the major lean measures are also above 1.0. The  
13 variables under the measure RTILP has been grouped under four sub-measures, the 
major measure having 50 tools has been grouped under three sub-measures, the  
16 variables under the major measure RLPTLI has been grouped into four sub- measures, 
the 15 variables under the major factor MBLP has given rise to four sub measures, the 
eight variables under the major measure ELWC has been kept as one measure without 
any groupings, 17 variables under the major measure SFLP has been grouped as six sub 
measures and the ten variables under the major measure lean performance indicator has 
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been grouped as three sub measures. The factor loadings of the seven major and related 
sub measures are above 0.5. Therefore, it is construed that the present conceptual model 
is fit to use for measuring lean implementation and performance. 

In order to establish reliability, Cronbach alpha was calculated. The alpha values of 
the lean implementation measures were above the required level of 0.7 (Nunnally, 1967) 
and hence the reliability was established. 

5 Results and discussion 

As already decided, the analysis was done with the data obtained from the perceptions of 
members of the staff having different years of experience. One sample ‘t’ test was 
considered to evaluate the significant influence of the seven lean measurement measures. 
Since the data were collected in five-point Likert-scale, ‘3’ has been prescribed as base 
value (if it is ten-point Likert-scale, the base value would be ‘5’). The mean of the sample 
was calculated and from which the mean of the population was arrived at. Then both the 
mean values pertaining to the seven measurement measures were fitted to one sample ‘t’ 
test and the result has been presented in Table 6. 
Table 6 One sample ‘t’ test values for lean implementation measures 

Lean implementation 
measures Mean SD 

Test value: 3 
‘t’ value Significance 

RTILP 4.054 0.424 24.042** 0.000 
LTEC 2.095 0.576 –15.292** 0.000 
RLPTLI 3.804 0.501 15.650** 0.000 
MBLP 3.795 0.474 16.335** 0.000 
ELWC 2.550 0.725 –6.041** 0.000 
SFLP 3.491 0.360 13.301** 0.000 
LPI 3.807 0.446 17.726** 0.000 

Note: **2-tail test @ –5% level of significance. 

The result of the one sample ‘t’ test revealed the significant influence over the seven lean 
measures, since the ‘t’ values of all the measures were found to be more significant. 
According to the ‘t’ values, the measure-RTILP stands first with greater significant value 
of 24.042, next comes the measure LPI with 17.726. The other most significantly 
favoured measures are; MBLP-(16.335), RLPTLI-(15.650), LTEC-(–15.292),  
SFLP-(13.301) and though significant, but having less influence and least favoured 
measure is ELWC-(–6.041). The hypothesis “a significant difference of perceptions 
between the sample and the population in respect of influence of the seven identified 
implementation measures” is totally accepted and to confirm the significant influence of 
the above measures towards lean implementation in pump industries. 

The demographic factor ‘experience’ was taken and was categorised into five groups 
namely: 

1 below five years 

2 6–10 years 
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3 11–15 years 

4 16–20 years 

5 21 years and above. 

The data obtained from the five groups of respondents were fitted to one way ANOVA 
analysis in order to find the significant role of the lean measurement measures towards 
performance achievement of the pump industry. The result of the analysis has been 
portrayed in Table 7. 
Table 7 One way ANOVA for lean implementation measures based on experience 

Lean implementation measures Sum of 
squares DF Mean 

square F value Sig. 

RTILP Between groups 3.069 3 1.023 6.710** 0.000 
 Within groups 13.876 91 0.152   
 Total 16.945 94    
LTEC Between groups 4.067 3 1.356 4.357*** 0.005 
 Within groups 27.196 91 0.299   
 Total 31.264 94    
RLPTLI Between groups 4.132 3 1.377 6.438** 0.001 
 Within groups 19.471 91 0.214   
 Total 23.603 94    
MBLP Between groups 4.470 3 1.490 8.124** 0.000 
 Within groups 16.688 91 0.183   
 Total 21.158 94    
ELWC Between groups 0.225 3 0.075 0.138 0.937 
 Within groups 49.319 91 0.542   
 Total 49.544 94    
SFLP Between groups 1.035 3 0.345 2.182** 0.044 
 Within groups 11.165 91 0.123   
 Total 12.200 94    
LPI Between groups 3.913 3 1.304 8.121** 0.000 
 Within groups 14.612 91 0.161   
 Total 18.525 94    

Notes: **5% level of significance, ***10% level of significance. 

It is ascertained from Table 7 that the values of sum of squares between groups in respect 
of the seven lean implementation measures have no much difference among five 
measures, i.e., RTILP (3.069), LTEC (4.067), RLPTLI (4.132), MBLP (4.470) and LPI 
(3.913) whereas, the two measures, ELWC (0.225) and SFLP (1.035) have scored with 
lesser values. The two measures having lesser values of sum of squares show the 
ignorance of most of the pump industry about the lean practice or they may have negative 
attitude towards lean implementation or may be of fear due to various reasons. 
Sometimes, since, most of the pump industries are SMEs, they might have not come 
across the several success factor of the lean implementation or they may not have the 
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qualified workforce with considerable knowledge about all these factors or the lean 
practice. However, the pump industry has understood the significant importance of the 
other lean implement measures. This motivates the authors that in future extend, they 
may implement holistically the lean manufacturing in pump industries. However, except 
the measure ‘ELWC’, the remaining six were perceived by the respondents to be 
significant. Therefore, the hypothesis “There is a positive and significant association 
among the perception of five categories of employees in respect of the seven lean 
implement measures” is mostly accepted. 

In order to estimate the power of the lean implementation measures towards 
performance, regression model was applied. For which the data gathered in respect of the 
seven lean measurement measures were fitted to regression analysis. Out of the seven 
measures, six measures, namely, RTILP, LTEC, RLPTLI, MBLP and ELWC were taken 
as independent variables and SFLP (performance) was taken as dependent variable. The 
result of the regression analysis has been presented in Table 8. 
Table 8 Regression analyses of lean implementation measures towards lean performance 

indicators 

Hypothesis R2 ‘F’ β ‘t’ statistics ‘p’ value Durbin Watson 

RTILP → LPI 0.733 242.720 0.381 3.778** 0.000 1.580 

LTEC → LPI 0.720 255.889 0.509 6.738** 0.000 1.535 

RLPTLI → LPI 0.649 243.910 0.656 5.534** 0.000 2.102 

MBLP → LPI 0.842 356.510 0.897 32.581** 0.000 2.180 

ELWC → LPI 0.632 262.328 0.626 –4.618** 0.000 1.549 

SFLP → LPI 0.618 366.817 0.797 8.174** 0.000 1.487 

Note: **5% level of significance. 

It is observed from Table 8 that the f statistics obtained with regard to all the six 
independent measures are high (‘p’ value = 0.000), thus indicating that the independent 
variables have a significant influence on the dependent variable at 1% level of 
significance. and that the model is effective. The potentiality of the dimensions towards 
lean performance was estimated and contribution of the six lean implementation 
measures are; RTILP – 73.30%, LTEC – 72.00%, RLPTLI – 64.90%, MBLP – 84.20%, 
ELWC – 63.2% and SFLP – 61.8%. The major barriers were estimated to contribute 
84.2% for the performance. This may be due to that if, the major barriers were found and 
necessary measures were taken for successful and holistic implementation of lean 
practice, then there would not be any bottlenecks and the system flow could be achieved. 
Further, most of the pump industries are in SMEs sector, the barriers cause heavily to the 
industry. The large pump industry could easily come out from the barriers, since, they 
have adequate funds, skilled and trained employees, good cultural back ground and have 
the real attitude in implementation of lean practice to show good performance in order to 
satisfy the customers. The pump industries really believe that the 13 reasons (face 
customers’ dynamic demand, enhance customer delight, meet the requirements and 
implementing international quality standards, reduce production cost, reduce all kinds of 
waste, improve product quality, enhance flexibility, reduce inventory levels at all work 
stations, improve involvement and commitment of employees, enhance management  
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efficiency, optimise the utilisation of resources, reduce product lead time and increase 
market share/value) are main and have key importance in implementing lean practice. 
According to the perceptions of respondents, 72.00% of contribution comes from lean 
tools and the importance and selection of lean tools has been discussed in detail by 
Zahraee (2016) and Jayswal et al. (2017). The framed hypothesis is significantly 
contributed to six individual lean implementation measures towards lean performance 
indicators is totally accepted. 

There are 16 reasons for low priority towards lean implementation which contribute 
64.9% towards performance. Elimination of different types of wastes contributes 63.2% 
to the lean performance. Rawabdeh (2005), Ohno (1982) and Magee (2007) have in their 
studies discussed about the different types of wastes and brought the acute need in 
elimination of wastes to achieve performance in all aspects of manufacturing. The  
17 critical success factors as enumerated by researchers like, Netland (2016), Laureani 
and Antony (2012), Bakås et al. (2011) and Achanga et al. (2006) contribute 61.80% 
towards lean performance. The highest percentage of contribution, as perceived by the 
respondents from pump industries is from successfully facing the major barriers of lean 
implementation (Achanga et al., 2006; Pingyu, 2010; Bakås et al., 2011). It could be 
noticed that all the six lean implementation measures have power to contribute more than 
60% to lean performance (Behrouzi and Wong, 2011; Vinodh et al., 2014; Vinodh and 
Balaji, 2011). 

6 Conclusions 

This research study has been taken up to survey the presence of lean practice in pump 
industry in India. As we have discussed above from various study, it was observed that an 
organisation implemented lean practice holistically showed superb performance (Vinodh 
et al., 2014; Vinodh and Balaji, 2011). As such the performance of pump industry has 
been evaluated through a structured questionnaire comprising of six lean implementation 
measures and through ten selected important lean performance indicators. The 
performance of lean implementation in an organisation could be achieved only on holistic 
implementation of lean measures as stated in this study. The study was performed 
entirely on the perception of respondents. According to their perception, the study results 
revealed that the six lean implementation measures are significantly playing a key role in 
successful implementation of lean in pump industry. This could be confirmed through the 
regression result that all the six LIM have a power to contribute towards lean 
performance indicators. Since R2 of the six measures were positively and significantly 
expose its contribution. It is construed that above six LIM on its implementation drive the 
ten key performance drivers towards excellence performance of the industry. This 
research study purports the importance of lean implementation in pump industry in order 
to improve the performance and to sustain in a competitive environment. The findings 
may lead the pump industry to continue with lean implementation of those industries who 
have already a lean enterprise and would enlighten the pump industry who wish to adopt 
the lean implementation measures in order to improve the performance also this study 
may help the pump industry to identify the barriers and rectify the same towards 
achieving benefits in terms of cost, quality of product and customer satisfaction. 
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7 Limitations of the study 

The limitations of this research study are: 

• Particularly, pump industries were taken up for the study. 

• The profile factor ‘experience’ of the workers was considered. 

• The demographic area has been limited to pump industries situated in India. 

8 Scope for further research 

There is more scope for further research on the lean practice. This research study is a 
qualitative one; hence, a quantitative approach can be carried out with regard to measure 
the performance of lean practice. Lean practice in India is in nascent stage, that too, its 
practice in SMEs in India is still needed to take off. Therefore, a study can be conducted 
on implementation of lean practice exclusively of SMEs. There are number of studies 
available on implementation of lean in other industries like, construction, process 
industry, pharmaceutical industry, service industry, healthcare industry abroad but very 
limited such studies in India. A study can also be conducted to survey lean 
implementation measures in such other industries in India. 
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Abstract
Wireless sensor network (WSN) is composed of high density spatially dispersed and dedicated autonomous sensors for moni-
toring or recording the physical conditions of the environment. Still, the sensor nodes are battery-powered with limited energy
supply; moreover, in many of the applications, sensor nodes are deployed in harsh natural environment or vast space so that the
continuous energy supplement is impossible. Many authors focused to achieve trade-offs in terms of energy, and delay for such
data collection tasks; few of them are concerned with sleep scheduling. In this paper, we propose energy efficient and delay aware
routing using multi-objective clustering and a sleep schedules scheme forWSN (E2DR-MCS). The first contribution of this paper
is to propose a multi-objective wolf optimization algorithm for clustering. Additionally, a sleep scheduling scheme is utilized to
save power and increase the lifetime of the entire network. The second contribution is that the efficient data collection is achieved
by a selective track search algorithm, which provides a suitable path between the source-destination pairs. The simulation results
show that E2DR-MCS approach greatly contributes to minimizing energy consumption, delay, and overhead; maximize the
network lifetime and delivery ratio.

Keywords Multi-objective clusters . Sleep scheduling . Data collection .Wolf optimization . Selective track search

1 Introduction

Recent technological advances have empowered the emer-
gence of tiny, battery-powered sensors with restricted onboard
signal processing and wireless communication capabilities.
For a wide variety of applications such as ecological monitor-
ing [1], natural surroundings monitoring [2], battlefield sur-
veillance [3], nuclear [4], chemical [5] and organic attack de-
tection [6] the remote sensor systems might be conveyed. The
data collection becomes a challenging problem when the sen-
sor nodes can be put in imperiled regions and for storing a

buffer is assigned in each sensor node for data collection. The
deadline of the node is the time up to which the buffer will not
overflow. The sensor nodes need to transfer the data to a base
station that are sensed, where it can be scrutinized by the field
experts. In addition to sensing and transmitting their data,
from the nodes, the data are transmitted near the base station
that is farther away which leads to energy drain of the near-by
nodes [7] is the drawback of this scenario.

The most commonly used approach for task schedul-
ing is heuristic-based scheduling approaches, which can
be categorized as priority-based scheduling, duplication-
based scheduling, and cluster-based scheduling. In
priority-based scheduling [8–10], according to the prior-
ities the tasks are assigned and scheduled onto the pro-
cessors. When assigning scheduling priorities without
consideration of inter-processor communication time,
priority-based scheduling techniques is relatively easy
are to implement. In duplication-based scheduling [11,
12], when scheduling a task onto a processor, to dupli-
cate its parent tasks to occupy the idle times of the pro-
cessor so as to eliminate or otherwise from the parent
tasks unavoidable communication delay will occur, that
are already scheduled to other processors.
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In cluster-based scheduling [13], assembling a set of tasks
need to communicate among them to form a cluster. A
distribution-free clustering approach [14] uses the probability
distribution assumption of deployment of sensor nodes. The
measurements including energy utilization and lifetime of the
network are considered for an inaccurate pre-knowledge of
nodes by the discrepancy of system performance. The
energy-efficient data scheduling problem with individual
packet delay constraints to an energy-efficient service curve
construction problem. A joint routing and scheduling scheme
[15] were maximizing the throughput and fairness index in a
densely deployed wireless multi-hop sensor network, within
the network it assumes sensor nodes and tens of neighbor
nodes within the signal range. A clustering method uses the
metric signal-to-leakage-plus-noise (SLNR) and puts up to
make the scheduling set as large as possible [16]. An integer
linear programming (ILP) formulation to achieve optimality
and improve the efficiency by reduces the problem size using
safe graph grouping (SGG). Time-constrained local schedul-
ing (TCLS) [17] adopt with SGG where the total cost for the
input task graph is further reduced. A distributed node sched-
uling algorithm [18] without requiring location information it
allocates all the sensor nodes into different groups, and it can
maintain high coverage ratio and also at the same time, it can
ensure that each group will be still connected. A cluster-based
approach chooses the near-sink nodes to determine a cluster
within a hierarchical tree structure [19], thus the number of
nodes to be visited are minimized. The mobile element im-
plies the visit of the mobile element is limited and the lifetime
of the mobile element is expanded due to the data collection of
all the nodes from these boundary nodes.

1.1 Our contributions

In this paper, we concentrate on both efficient data collection
and sleep schedule to propose energy efficient and delay
aware routing using multi-objective clustering and a sleep
scheduling scheme (E2DR-MCS). The proposed E2DR-MCS
scheme concentrates to provide efficient clusters, cluster
heads, a path between sources to a destination. First, we pro-
pose a multi-objective grey wolf optimization for cluster for-
mation and cluster head selection and sleep scheduling
scheme to enhance the energy. Second, we propose a selective
track search algorithm for selecting a suitable path between
source and destination for data lossless data collection.

2 Related works

Severino et al., [20] have presented a solution for empowering
networks to self adapt to change traffic flows, enhancing the
QoS by redistributing the available bandwidth and minimiz-
ing latency. To the sink of 93%, this strategy reduces the end-

to-end delay from a leaf node and a decrease of the overall
data transmit period of half in spite of the fact that a higher
impact can be achievedwith other network settings. For a real-
world WSN-based Structural health monitoring system this
procedure is applied and set of protocols were executed under
the IEEE802.15.4/ZigBee. This method had the drawback that
a single node failure causes severe damage to the entire net-
work and the data collection is a crucial task.

Wu et al., [21] have proposed an algorithm to solve the
tradeoff between tracking performance and energy con-
sumption is called dynamic cluster members scheduling
(DCMS) algorithm. The optimal mixed weights of the
signal strength and the residual energy of node are de-
signed by exploiting election method, to pick the cluster
head node. Each cluster members are the agent and
Partially Observable Markov Decision Process (POMDP)
are used to model the scheduling problem of cluster mem-
bers. Additionally, an algorithm used to solve the dynamic
cluster members scheduling to generate the collaboration
strategy of sensor cluster members is a point-based online
value iteration algorithm. This method had the drawback
that it is time-consuming.

Lersteau et al. [22] have investigated a robustness problem
of target tracking using WSN, which in two steps a robust
sensor activity is scheduled. The input data is transformed into
a scheduling problem instance by discretization step. In order
to maximize the stability radius, a dichotomy algorithm pro-
cesses are used. If the target trajectory is a piecewise linear
curve then the overall problems are solved by pseudo-
polynomial iterations number and a polynomial iterations
number. The problem of routing collected data to a base sta-
tion was not considered in this paper.

Izadi et al. [23] proposed an algorithm to enhance the en-
ergy consumption for WSNs. The greedy dynamic data col-
lection scheduling algorithm collects the sensory data and to
visit the most urgent virtual clusters in WSNs the mobile base
station (MBS) are being called. To control MBS movement
and compute best destination the type-2 fuzzy logic control
system (T2-FLCs) is used. Considering the local information
of WSN the T2-FLCs prioritize virtual clusters to be visited.
This method had the drawback of uneven distribution and
starvation of nodes.

Gentz et al. [24] have proposed pulse-coupled synchroni-
zation and scheduling (Pulse-SS) protocol for scheduling of
communication activities and concurrent synchronization in
bunched WSNs. In Pulse-SS decentralized network synchro-
nization is achieved by providing a coordination signaling
mechanism and time division multiple access scheduling con-
currently at different time scales for clustered WSNs. The
nodes are associated just locally by means of their individual
group heads. Pulse-SS addresses the issue of propagation de-
lays that may torment the exactness of pulse-coupled oscilla-
tor (PCO) synchronization in practice by giving approaches to
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estimate and pre-compensate these qualities locally at the sen-
sors. This method requires a large bandwidth.

Yang et al. [25] have proposed the deterministic and sto-
chastic scheduling for lifetime maximization in a centralized
sensor network. In deterministic scheduling, three algorithms
used to perform the schedules given by solving convex prob-
lems and then discretizing the scheduling variables. In sto-
chastic scheduling, an upper bound and lower bound metrics
used to indicate the estimation performance. This method was
computationally complex and time-consuming.

Palaniappan et al. [26] have presented a multi-attribute time
slot scheduling approach to maximize the lifetime (MATSS)
of the wireless sensor network. The neighbor discovery is
based on information collection and multi-attribute schedul-
ing. From the accessible nodes, the scheduler selects a small
set of nodes. The selected node picks MATSS performed edge
tracking by computing the transmission support factor. The
list of nodes can be identified by the edge tracking algorithm
used to form transmission path. Form each node the selected
nodes in the edge tracking method computes the transmission
support factor to pick the best nodes. This method was sensi-
tive to noise and computationally complex.

Li et al. [27] have developed a resource allocation optimi-
zation for delay sensitive traffic in front haul constrained cloud
radio access networks (C-RAN). For the downlink transmis-
sion in C-RANs a hybrid coordinated multipoint transmission
(H-CoMP) scheme was designed. A flexible tradeoff between
cooperation gain and front haul consumption was obtained by
H-CoMP scheme. An infinite horizon constrained partially
observed Markov decision process was used to formulate the
queue-aware power and rate allocation with constraints of
average front haul consumption for the delay-sensitive traffic.
The linear approximation of post-decision value functions was
used to deal with the curse of dimensionality involved with the
equivalent Bellman equation. To allocate the queue aware
power and transmission rate with H-CoMP a stochastic gradi-
ent algorithm was used. An online learning algorithm was
implemented to reduce computational complexity. The pro-
posed method had a high convergence rate than the existing
methods. The delay performance of this method was less and
this affects the effectiveness of the proposed technique.

Peng et al. [28] have proposed an energy efficient (EE)
resource al locat ion opt imizat ion for mult imedia
Heterogeneous Cloud Radio Access Networks (H-CRAN).
For queue aware multimedia H-CRANs is an energy efficient
optimization objective function with inter-tier interference
constraints and individual front haul capacity was used. By
introducing the general Lyapunov optimization framework a
stochastic optimization problem is reformulated for solving
the non-convex optimization problem. Under the Lyapunov
framework, the optimization problem was regarded as the
weighted sum EE maximization problem and solved by a
generalized weighted minimum mean square error approach.

The performance of the proposed method depends on the con-
trol parameter V. If the value of V is not optimal the perfor-
mance of the proposed method was reduced.

Li et al. [29] have introduced an energy-efficient joint con-
gestion control and resource optimization in H-CRAN. To
explore the energy efficiency (EE) guaranteed tradeoff be-
tween throughput utility and delay performance in a downlink
slotted H-CRAN the joint congestion control and resource
optimization technique was implemented. The optimization
problem is taken as a stochastic optimization problem. The
stochastic optimization problem can be transformed and
decomposed into three separate sub problems by Lyapunov
optimization technique. The continuity relaxation of binary
variables and the Lagrange dual decomposition method was
used to solve the third mixed-integer nonconvex sub problem.
If the control parameters V is not properly selected the perfor-
mance of the proposed method was reduced.

Peng et al. [30] have presented an energy efficient resource
ass ignment and power al locat ion in (H-CRAN).
Characterizing user association with RRH/HPN was consid-
ered and the traditional soft fractional frequency reuse (S-
FFR) is enhanced to reduce the inter-tier interference and im-
prove EE performances in H-CRAN. The optimization prob-
lem was formulated as a non-convex objective function based
on the RRH/HPN association constraint and the enhanced S-
FFR. By the Lagrange dual decomposition method, an equiv-
alent convex feasibility problem is reformulated. The perfor-
mance of the proposedmethod was depended on the RB set. If
the RB set was not optimally allocated the performance of the
system was reduced.

Li et al. [31] have proposed a queue aware energy
efficient joint remote radio head activation and beam
forming in C-RAN. By considering the effects of time-
varying channel fading and random traffic arrivals a dy-
namic optimization problem was formulated. The tradeoff
between queuing delay and power consumption was
quantified by the stochastic formulation. The stochastic
optimization problem can be transformed into a per-slot
penalized weighted sum rate maximization problem based
on the Lyapunov optimization technique. To efficiently
obtain the joint RRH activation and beam forming policy
the group sparse beam forming optimization based
weighted minimum mean square error (WMMSE) algo-
rithm and the relaxed integer programming based
WMMSE algorithm was used. The performance of the
proposed method depends on the control parameter V. If
the value of V is not optimal the performance of the
proposed method was reduced.

Honglong Chen et al. [32] have presented an asynchronous
energy-efficient neighbor discovery forMSN. The power con-
sumption and time duration of the transient state were formu-
lated. The asynchronous energy-efficient neighbor discovery
protocols called Quick-Connect (Q −Connect) including Q −
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ConnectA, Q −ConnectU and Q −ConnectUI protocols each
can provide a strict upper bound on the discovery latency. For
the slot-aligned case, the Q− ConnectA protocol was greatly
reduced the worst-case discovery latency.

Marcello et al., [33] design a self-organizing strategy with
the aim of minimizing the coexistence interference among
heterogeneous networks sharing the Sub-6 GHZ spectrum
we derive the conditions that assure the optimal allocation of
the available Sub-6 GHZ bands among the different heteroge-
neous networks. The strategy is validated through extensive
performance evaluation. S. Ashrafi et.al., [34] are designed a
Software Defined Network (SDN) controller for controls
communication link configuration by the at least one mm-
wave transceiver between the plurality of small cell network
backhaul nodes of the small cell backhaul network. The link
configurations are established by the SDN controller using
mm-wave communications. SAR Naqvi et.al., [35] paper in-
vestigates dynamic resource sharing between network entities
in a downlink transmission scheme to maximize the energy
efficiency of the cellular users served by either macro cells or
mm-wave small cells while maintaining a minimum quality-
of-service for the D2D users. The inherent tradeoff between
the system EE, the system sum rate, and outage probability for
various QoS level and varying density of D2D pairs and CUs.

Table 1 shows that the performance metrics of the
existing and proposed method. The proposed method
has better values when compared to the existing
methods, the disadvantage of existing methods are over-
come by the proposed method by using the E2DR-MCS
technique.

3 Preliminaries

GWO algorithm mimics the leadership hierarchy and hunting
mechanism of grey wolves in nature. Four types of grey
wolves such as alpha, beta, delta, and omega are employed
for simulating the leadership hierarchy. In addition, the three
main steps of hunting, searching for prey, encircling prey, and
attacking prey, are implemented. A new meta-heuristic also
called GWO is benchmarked on 29well-known test functions.
The results on the unimodal functions show the superior ex-
ploitation of GWO. The exploration ability of GWO is con-
firmed by the results on multimodal functions. The results on
semi-real and real problems confirm the performance of
GWO.

4 Problem methodology and network model

4.1 Problem methodology

Neamatollahi et al. [36] have proposed a dynamic hyper round
policy (DHRP) for scalable, distributed, and energy-aware
scheduling algorithm of the clustering-task. The granularity
of clustering-task scheduling is diminished by this approach.
Here, at the beginning of each dynamic hyper round, the
clustering-task is performed instead of in every round.
Whereas a hyper round was a reasonably long period of time
within which there are many rounds. Depends on the require-
ment, the DHRP schedule can trigger the clustering-task to
eliminate the unnecessary re-clustering activities. The
clustering-task was scheduled by an online algorithm instead
of the disconnected algorithm which does not consider the
dynamism of the sensing region and network conditions, in
order to enhance the performance. Additionally, to evaluate
the performance of DHRP policy a simple energy-efficient
data collecting (SEDC) protocol is used. Totally, this protocol
achieved a low communication overhead, simple implemen-
tation, and energy consumption. From previous works
[20–26], we observe that when the number of clusters is more
than the number of processors a major problem will emerge.
This leads to inevitably increase the scheduling length and the
scheduling of more than one cluster onto a similar processor.
The sensors do not need to communicate directly with the base
station (BS), in cluster-based technique. In order to organize
cluster members and send the data collected within the cluster
to the BS, the CHs are responsible. Most of the existing works
employed metaheuristics search based cluster head selection
search with a single objective with lacking in considering
other objectives. Hence, this approach may not be feasible
for high density, large scale WSNs. The dynamic sleep sched-
uling problem involves to determining when each sensor
should be involved in data gathering and when each of them
should be put on the “standby” mode, so as to maximize the

Table 1 Performance metric

Authors Delay Energy consumption Delivery ratio

Severino et.al., [20] 62% – –

Wu et.al., [21] – 65% –

Lersteau et.al., [22] 60% 75% –

Izadi et.al., [23] – 72% –

Gentz et.al., [24] 80% – –

Yang et.al., [25] 72.63% – 53.26%

Palaniappan et.al., [26] 70% 65% –

Li et.al., [27] – – 70%

Peng et.al., [28] 71.25% 80% –

Li et.al., [29] – 68.36% –

Peng et.al., [30] – 70% –

Li et.al., [31] 70% – –

H Chen et.al., [32] 83% – –

Marcello et.al., [33] 75% – –

S Ashrafi et.al., [34] 68% – –

SAR Naqvi et.al., [35] 76% 78% –

Proposed method 52% 50% 45%
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long-term reliability index of the system. Since the sensors are
heavily energy constrained, activating a sensor whenever pos-
sible may not be a good strategy.

For that reason, the proposed E2DR-MCS approach be-
comes vital for the success of a sensor network. The contribu-
tions of this work to the area of energy efficient and delay
aware routing are manifold. The proposed approach combines
the efficient clustering and sleeps scheduling scheme to en-
hance the performance network. A multi-objective wolf opti-
mization algorithm used for clustering. Here, the clustering
technique includes the cluster formation and cluster head
(CH) selection. The clustering with the sleep scheduling
scheme further enhances the energy and the lifetime of the
entire network. Furthermore, a selective track based search
algorithm used to perform the data collection, which provides
a suitable path. The main contributions of the present work are
as follows:

1. In E2DR-MCS, the clustering technique adopts with the
node sleep scheduling scheme to reduce the energy con-
sumption and improve the network lifetime.

2. The selective track search algorithm utilized to compute
the efficient path for data lossless data collection.

3. The simulation results show the proposed E2DR-MCS
approach perform very efficient than an existing approach
in terms of power, energy consumption, communication
overhead, network lifetime, and delivery ratio.

4.2 System model of proposed work

We consider, in a sensing field a large number of sensor nodes
are deployed as shown in Fig. 1. The group of sensor nodes
forms static clusters and every node has a place with a similar

cluster till displacement. Each sensor node is variable in its
transmission range, so insignificant transmission power is uti-
lized that is fundamental for communication with its cluster
head. The distance between the CH and each node is known to
the CH or node itself. To identify the energy drain rate of all its
cluster members the CH screens the network energy threshold
value. In sleep scheme, to sleep a CH selects the node in the
cluster so as to minimize energy consumption of the entire
cluster while keeping up the required sensing coverage capa-
bility. Moreover, the data gathering and forwarding are per-
formed by proper routing path between source and
destination.

5 Proposed E2DR-MCS approach

In this section, first, we describe the clustering technique with
sleep scheduling algorithm and discuss the path computation
algorithm in the following section.

5.1 Clustering usingmulti-objective wolf optimization
algorithm

Clustering is the process of grouping the sensor nodes into
clusters and electing a cluster head for each cluster according
to some special characteristics. In this work, we group the
sensor nodes according to the energy consumption and delay.
The node which has less energy consumption and delay is
taken as the cluster head. We use a multi-objective grey wolf
optimization for the clustering process. The grey wolf optimi-
zation has some advantages: it has less parameter to adjust, it
preserves the information about the search space over the
course of iteration, it has fewer operators and it is easy to
implement. Because of these advantages we use the grey wolf

Fig. 1 Network model of
proposed E2DR-MCS approach
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optimizer for clustering. The goal of the optimization process
is to obtain energy efficient and delay aware network. Amulti-
objective wolf optimization is a developed meta-heuristic al-
gorithm inspired by the grey wolf optimizer [37] with the
basic idea of the leadership hierarchy, and hunting mecha-
nism. The tracking, encircling and prey assaulting are the three
steps in grey wolf hunting behavior. These algorithms begin
with a population of randomly generated wolves represented
by solutions. Similar to the grey wolves hunting behavior,
through an iterative process the wolf’s population estimates
the optimum solution. The alpha, beta, and delta are the three
best inquiry specialists used to update the rest of the popu-
lace’s area. By prey assaulting the solution tracking represents
the investigation stage. The encircling behavior is mathemat-
ically modeled as follows:

χ!¼ j 2 r!1

� �
X
!

p tð Þ−X! tð Þj ð1Þ

X
!

t þ 1ð Þ ¼ jX!p tð Þ−4 a! r!1 r!2−2 a! r!1j ð2Þ

Where X
!

p tð Þ is the position vector of prey, X
!

tð Þ is a po-
sition of a grey wolf searching a prey and X

!
t þ 1ð Þ is a posi-

tion of multiple grey wolfs searching a prey which are shown
in fig. 2(a) and 2(b) respectively. χ! represents the distance

between the prey X
!

p tð Þ and a wolf X
!

tð Þ, and r!1, r!2 are
random vectors to allow the wolfs reach any position between
0 and 1 and t represents the current iteration number and a! is
linearly decreased from 2 to 0 is performed in the exploitation
phase. A wolf can randomly refresh the position in the area
around the prey, from the Eqs. (1) and (2). By using the Eqs.
(1) and (2) we can observe that the wolf can update its position
at random location around the pray.

The three best solutions are computes as follows:

χ!α ¼ j 2 r!1

� �
X
!

α tð Þ−X!j ð3Þ

χ!β ¼ j 2 r!1

� �
X
!

β tð Þ−X!j ð4Þ

χ!δ ¼ j 2 r!1

� �
X
!

δ tð Þ−X!j ð5Þ

The other search agents are computes as follows:

X
!

1 ¼ X
!

α− A
!

α χ!α

� �
ð6Þ

X
!

2 ¼ X
!

β−A
!

β χ!β

� �
ð7Þ

X
!

3 ¼ X
!

δ− A
!

δ χ!δ

� �
ð8Þ

Then

X
!

t þ 1ð Þ ¼ X
!

1 þ X
!

2 þ X
!

3

3
ð9Þ

Where A is the co-efficient vector, χ!α is the best search
agent, χ!β is the second best search agent, χ!δ − is the third

best search agent. It can be seen from Eqs. (3)–(9) the position

of X
!

is determined by the three best solutions positions. The
next step represents the exploitation phase where hunting ends
by attacking the prey. Hence, the value of a! is linearly de-
creased from 2 to 0 is performed in the exploitation phase,

thus the value of A
!

is decreased. In the exploration phase,
to avoid local stagnation; random values of a! greater than 1
are employed to force the wolf away from the prey. Using

adaptive values of a! and consequently A
!
, which is depicted

by linearly diminishing the values of a! from 2 to 0, guaran-
tees a balance between exploration and exploitation. At the
point when |A| • 1 this balance is accomplished by half of the
iterations are devoted to exploration, while whatever is left of
the emphases is committed to exploitation when |A| < 1. This
balance is one of this algorithm strength. To sum up, values of
|A| < 1 oblige the search agents to move towards the prey
while values of |A| >1 oblige them to diverge from it. In this
calculation, each wolf holds an arrangement of centers that
compare to clusters. D is the dimensional vector in each cen-
ter. Therefore, each wolf is represented by a N ×D vector. A
populace of N wolves cooperatively chases for the most ideal
arrangement of the clusters. The best arrangement of clusters
is reflected by the ideal places of the centers. These centers are
in this way used to develop are clusters points are assigned to

Fig. 2 Wolf Optimizer the prey
position (a) with single wolf (b)
with multiple wolfs
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the cluster with the nearest center. The objective function de-
fined as follows:

F ¼ ∑
N

i¼1
∑
M

j¼1
xi; j−c j

�� ��2 ð10Þ

Where N is the number of nodes,M represents the number
of clusters, the i-th node belongs to the j-th cluster, and cj is
cluster center. For each search agent represents a set of M
centers and it indicates to fit the agent. The one associated
with the minimum value of F is the fittest search agent. In
clustering, the nodes are allowed to each cluster. According
to the minimum distance to center, the classical method for
assignment is performed. Based on the minimum distance
from the center the nodes are assigned to clusters, infeasible
clusters might be formed. After the cluster formation, the base
station collects information such as energy consumption and
delay of every node.

The power is consumed by sensing, communication and
processing data in a sensor node. For data communication
more energy is required for processing data and sensing. The
batteries containing power as the main source of power supply
for sensor nodes. Energy consumption (E) of a node has an
initial value which is the level of energy the node has at the
beginning of the simulation i.e. called initial energy.

E ¼ m� S þ H ð11Þ

Where m represents the incremental component, S repre-
sents the packet size, and H is the fixed component associated
with communication overhead. It also has a given energy us-
age for every packet it transmits and receives i.e. called trans-
mit (Et), receiving (Er) energy respectively as follows:

Et ¼ mt � S þ Ht ð12Þ

Er ¼ mr � S þ Hr ð13Þ

The total energy consumption as follows:

E ¼ Et þ Er ð14Þ

In a wireless sensor network, the time taken for a packet
generated in the network to reach the base station is generally
evaluated by the delay. Thus, the end-to-end delay perfor-
mance is defined by the topology of the network and the
routing protocol. The nodes are assumed to be located in the
network with density ρ in the random deployment. The
routing probability between any pair of nodes x and y is de-
noted as Pf

x;y. Furthermore, in each node x forwards packets to

the neighboring nodes within its feasible region f, i.e., the
region in which nodes are nearer to the base station, still in
the transmission range. The cluster rx depends on the traffic
rate and delivery rate for nodes in their infeasible region.
Therefore, in the inter-cluster nodes the delay distribution is

obtained first, and the intra cluster is decreased order in the
cluster radius. Simply, in the base station the end-to-end delay
distribution is the same for all nodes and same distancerx to
the base station, and is expressed as follows:

De2e tð Þ ¼ ∫
n

o
P f
x;y f rxð Þ � De2e t−1ð Þdn ð15Þ

Where De2e(t) represents end-to-end delay distribution.
The ascending order of the distance to the base station is

established byDe2e(t) distribution. After collects that informa-
tion from every node, the base station computes the CH as
follows:

CH ¼ min E;De2e tð Þf g ð16Þ

From the above equation the minimum energy and delay
consumption owned sensor node act as CH of cluster.

5.2 Sleep scheduling scheme

With the purpose of saving the network energy, node sleep
scheduling is realized to the nodes present in the network
keeping some nodes in the sleep state while remaining in the
active state. The sleeping schedule is executed by CH in every
cluster. For every node, the sleeping possibility is decided
which is based on the sensing coverage, network lifetime,
and distance between the CH and the corresponding node.

The sensing coverage area is done analytically by assuming
circle as the sensor’s coverage area with the Ns as sensing
range of a sensor node and R is the radio communication range
which satisfies the condition as,

Ns < R ð17Þ

In Fig. 3 consider a location l which is at a distance d away
from the center C of the cluster, and all nodes that may cover
this location must reside in the circle with radius r.

Fig. 3 Calculation of sensing coverage area
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We assume that ρ is the cluster node density and according
to two-dimensional Poisson distribution the sensors are dis-
persed. Hence, the probability of all nodes in the circle cen-
tered at location C with radius Ns are slept, therefore in the
inner dotted circle there are n sensor nodes represented as,

P
d
n

� �
¼ exp ∫

dþRs

d−Rs

log P eð Þð Þ:ρ:eφ:de
( )

ð18Þ

Where ρ is the node density and represents as n
πN2

s
, eφ. de is

the area of the arc ring. The metric φ represents as follows:

φ ¼ 2cos−1
d2 þ e2−N2

s

2de

� �
ð19Þ

Where d is the distance.
The ratio of the area of regions that are capped by at least

one sensor to the area of the entire circular cluster region is
defined asR. The value ofR can be predicted as n number of
sensor nodes residing in the shaded circle as follows:

R nð Þ ¼ 1−
1

R2 ∫
R

0

n
πN 2

s

� �φ

ede ð20Þ

The areas that are covered by at least one active sensor to
the entire circular cluster region is called the average ratio of
an area, is given below:

Rc ¼ ∑
∞

n¼0
ρπR2
� �n

exp
−ρπR2
� �

n
R nð Þ ð21Þ

The probability of going to sleep for every sensor is
subject to the area of that sensor. The time in which the
fraction of sensor nf run out of energy is called network
lifetime. Let E be the total energy of each sensor node.
Consider the situation in which the sensor node near the
CH consumes less energy than the sensor nodes away
from CH. In this manner, the external sensor nodes will
come up short on battery considerably speedier than the
inward sensor nodes. Thus nf of battery is the time when

sensor nodes with d≥R⋅
ffiffiffiffiffiffiffiffiffiffi
1−nf

p
all run out of battery,

where it satisfies the condition as follows:

nf ¼
R2− R⋅

ffiffiffiffiffiffiffiffiffiffi
1−n f

p� �2
R2 ð22Þ

The network lifetime is defined as

NLT ¼ E

1−nf
� �

r1 max R⋅
ffiffiffiffiffiffiffiffiffiffi
1−n f

p� �� �þ r2
� � ð23Þ

Finally, the distance (D) between the CH to the member
node is considered for the computation of node sleep schedule
time. After collects that information from every node in the
cluster, the CH determines a node as sleep/operate as follows:

Node ¼ sleep; min Rc;NTLð Þ∪max Dð Þ
operate; otherwise



ð24Þ

The algorithm of the clustering and sleep scheduling is
given in Algorithm 1.
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5.3 Efficient data collection using selective track
search algorithm

The selective track search (STS) is a recently developed evo-
lutionary algorithm (EA), which solves the optimization prob-
lems. The STS algorithm inspired by the backtrack searching
[38]. The path selection is a major problem in multipath
routing, here, the proposed STS algorithm used to search the
best among multiple paths for data transmission and collec-
tion. In order to search for all minimal paths for each source-
destination pair STS algorithm can be adjusted in networks
consisting of multiple source nodes or destination nodes. In
this algorithm, the globally best information of the current
generation and historical information in the STS are combined
to renew individuals according to a random probability, and
the remaining individuals have their positions renewed by
learning knowledge from the best individual, the worst indi-
vidual, and another random individual of the current genera-
tion. The process of STS algorithm similar to the backtrack
searching with modification in Mutation. The four-step pro-
cess of STS algorithm is initialization, selection, mutation, and
crossover. There are two populations such as the evolution and

trial population. The trial population is composed of some
historical information regarding the evolution population,
and by two populations the search-direction matrix is con-
structed to update positions of the individuals. There is only
one control parameter, namely the mix rate, in which the qual-
ities of individual elements are controlled and will mutate in a
trial. The STS procedure steps are demarcated below.

The initial population and history population of STS algo-
rithm are initialized by,

Px;y≈∪ Ly;Uy
� �

; x ¼ 1; 2;…;N ; y ¼ 1; 2;…;M ð25Þ

P−1
x;y≈∪ Ly;Uy

� �
; x ¼ 1; 2;…;N ; y ¼ 1; 2;…;M ð26Þ

Where N is population size, M is the control variables di-
mension size, uniform distribution is∪, Ly and Uy are the low
and up boundaries of variables. In pre-selection process, the
history population P−1

x;y is introduced in STS algorithm as,

P−1
x;y ¼

Px;y; if a < b=a; b∼∪ 0; 1ð Þð Þ
P−1
x;y; otherwise



ð27Þ

The initial form of the trial population of BSA is
generated by Mutation operation. In this paper, we

Table 2 Simulation parameter

Parameter Value

Number of nodes 200–1000

Network size 1000 m × 1000 m

Traffic source CBR

Radio range 50 m

Deployment type Random model

Data rate of node 512 bits/s

Initial energy of node 10 J

Data message size 4000 bits

Control message size 200 bits

Simulation time 1000 s

Number of rounds 0–2000
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modify the conventional Mutation in30 will modify by
the coach and player concept. The coacher distributes
the knowledge for all players in the team, and the
players update their positions according to the coacher
and the mean position of the current team. The player
with the best fitness is chosen to be the coacher. Here,
the optimization problem described the position of the N-
th player be

Ni ¼ xi;1; xi;2;…; xi;M
� � ð28Þ

The N-th player updates its position according to the dif-
ference between the coacher and mean position as follows:

M ¼ Px;y

þ 3rand 0:5 P−1
x;y−Px;y

� �
þ 0:5rand •ð Þ B−Px;y

� �� �
ð29Þ

Where B is the best individual of the current generation,
rand(•) is the random number in the range [0, 1]. The playing
method contains two parts: First, each individual learns knowl-
edge from a random individual from the current population.

Second, each individual learns knowledge from the best indi-
vidual, which is different from the conventional method be-
cause the mean position of the current population is not used.
At any iteration, the zth player is randomly selected as the learn-
ing objectives of the xth player. The method for the learning of
the xth player can be mathematically expressed as follows:

Mx;y ¼
Px;y þ rand Px;y−Pz;y

� �þ rand B1;y−Px;y
� �

−rand W1;y−Px;y
� �

;
f xth individual is better thanzth individual

Px;y þ rand Pz;y−Px;y
� �þ rand B1;y−Px;y

� �
−rand W1;y−Px;y

� �
;

otherwise

8>><
>>:

ð30Þ
where Px, y are the y

th bit of the xth individual and the value of
the yth bit of the zth individual, which is randomly chosen from
the population and is different from the xth individual. Mx, y is
the value of the yth bit of the xth individual after the mutation
operator is applied. In addition, B andW are the best and worst
positions of the current generation, respectively. The initial val-
ue of the trial population comes from the mutation process, and
to process the objective populace individuals the trial individ-
uals with better fitness are utilized. A binary integer-valued
matrix (m) of size N • M guides the crossover process and is
expressed as follows:
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Cx;y ¼ Px;yifmx;y ¼ 1
Mx;yotherwise



ð31Þ

In post-selection, the population of the next generation is
generated according to a greedy selection mechanism. The
algorithm of data collection is given in Algorithm 2.
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6 Simulation results

In this section, the performance of proposed E2DR-MCS,
which employs multi-objective wolf optimization algo-
rithm for clustering, node sleep scheduling, and selective
track search (STS) optimization algorithm for best path
selection is compared with the existing SEDC [36]. The
respective protocols were simulated via Network
Simulator (NS-2).

The node densities are varied from 200 to 1000 with uni-
formly propagated in a 1000 m × 100 m network area. The
coordinates (50 m, 175 m) are sent by the node which is
outside of the network area. Initially, the energy level of each
node is 10 Jules. The size of the data message and control
message is set as 4000 and 200 bits respectively. The simulat-
ed traffic is constant bit rate (CBR). The simulation parameter
of proposed E2DR-MCS is given in Table 2. The two different
testing scenarios used to analyze the performance of proposed
E2DR-MCS as node density and optimization algorithm
rounds. In first, we vary the number of nodes by 200, 400,
600, 800, and 1000. In second, we vary the number of rounds
by 0, 500, 1000, 1500, and 2000 with fixed number node as
1000. The above test performed with the time duration of
1000 s.

6.1 Performance analysis by node density

For this scenario, we have considered a WSN with nodes are
varied from 200 to 1000 in an area of 1000 m × 1000 m net-
work size. The different parameters are considered for evalu-
ating the performance of proposed E2DR-MCS approach. The
energy consumption is the amount of energy consumed during
the process of transmission, reception, idle and sleep time by
the nodes. In idle mode, the amount of energy consumed is
ignored in proposed E2DR-MCS approach. It is observed that
energy consumption is more while transmitting the data
packets than receiving the data packets.

The comparison of energy consumption with number of
nodes is shown in Fig. 4. The energy consumption of pro-
posed method is 11.1% less than the SEDC approach. This
depicts that the proposed approach minimize the energy con-
sumption compare to the SEDC approach.

The time taken by data packets to achieve the destina-
tion nodes is called delay. Such time can be computed by
partitioning the sum of all time difference between the
forwarding and accepting packets. The comparison of de-
lay with number of nodes is given in Fig. 5. Our proposed
method has the delay 13.2% less than the SEDC ap-
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proach. This depicts that the proposed approach minimize
the delay rather than existing SEDC. First node dies
(FND), half nodes alive (HNA), and last node dies
(LND) are the three different metrics scrutinized by net-
work life time. FND is the time during which first node of
the network is dead. Comparison of FND with number of
nodes is shown in Fig. 6. The FND of our proposed meth-
od is 9.37% higher than the SEDC approach. This shows
that our proposed method has high FND than the SEDC
approach.

HNA is the time during which half of the nodes of network
alive and half are dead. The comparison of HNAwith number
of nodes is shown in Fig. 7. HNA of our proposed method is
11.6% higher than the SEDC method. This depicts that our
proposed method has high HNAwhen compared to the SEDC
method.

LND is the time during which last node of the network is
dead. Figure 8 shows the comparison of LND with number of
nodes. Our proposed method has the LND 6.34% higher than
SEDC approach. This clearly depicts that the proposed ap-
proach maximizes the network lifetime than the SEDC
approach.

Figure 9 shows the comparison of number of alive nodes
with number of nodes during the entire simulation time. The
SEDC approach has the alive nodes 6.9% less than the pro-
posed method. This shows that our proposed method has high
number of alive nodes than the SEDC approach.

Figure 10 shows the comparison of clustering overhead with
number of nodes and it computed by the clustering energy over
the total energy dissipated. The clustering overhead of proposed
method is 21.42% less than the SEDC approach. This depicts
the outperforming of E2DR-MCS over the SEDC approach.

The ratio between the total numbers of conveyed data packets
to number of sent data packets are called packet delivery ratio,
and it is used to illustrate the level of data conveyance to the
destination node. Comparison of packet delivery ratiowith num-
ber of nodes is present in Fig. 11. The packet delivery ratio of
our proposed method is 3.21% higher than the SEDC approach.
This shows that our proposed method has high packet delivery
ratio than the existing SEDC method.

6.2 Performance analysis by number of rounds

In this scenario, we have considered the iteration levels
(Rounds) for performance evaluation. The number of
rounds varied from 0 to 2000 with fixed node as 1000.
Similarly, different parameters are considered to evaluate
the performance of proposed E2DR-MCS approach. The
comparison of energy consumption with number of
rounds is shown in Fig. 12. The energy consumption of
our proposed method is 8.5% less than the SEDC ap-
proach. This shows that the SEDC approach has high
energy consumption than our proposed method. The
comparison of delay with number of rounds is shown
in Fig. 13. The delay of our proposed method is
57.14% less than the SEDC approach. This shows that
our proposed method has less delay than the SEDC
approach.

Comparison of FND with number of rounds is shown
in Fig. 14. FND of our proposed method is 16.6% higher
than the SEDC method. This depicts that our proposed
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method has high FND when compared to the SEDC
method. Comparison of HNA with number of round is
shown in Fig. 15. The HNA of our proposed method is
21.5% higher than the SEDC approach. This shows that
our proposed method has high HNA than the SEDC
approach.

Figure 16 shows the comparison of LND with number of
rounds. Our proposedmethod has the LND 12.5% higher than
SEDC approach. This clearly depicts that the proposed ap-
proach maximizes the network lifetime than the SEDC ap-
proach. Figure 17 shows the comparison of number of alive
nodes with number of rounds. The SEDC approach has the
alive nodes 16.8% less than the proposed method. This shows
that our proposedmethod has high number of alive nodes than
the SEDC approach.

Figure 18 shows the comparison of clustering overhead
with number of rounds. The clustering overhead of pro-
posed method is 34.3% less than the SEDC approach.
This depicts that our proposed method has less clustering
overhead than the SEDC approach. Comparison of packet
delivery ratio with number of rounds is present in Fig. 19.
The packet delivery ratio of our proposed method is
8.69% higher than the SEDC approach. This shows that
our proposed method has high packet delivery ratio than
the existing SEDC method.

7 Conclusion

In this paper, the multiple tradeoff parameters are improved by
the combined energy efficient and delay aware routing using
multi-objective clustering and sleep scheduling scheme. The
proposed approach named as E2DR-MCS, which satisfy the
problems in data collection phase by the efficient path selec-
tion algorithm. The proposed approach consists of two folds,
first, clustering performed by a multi-objective wolf optimi-
zation algorithm. Then, it combined with a sleep scheduling
scheme to reduce the energy and maximize the network life-
time. In addition, a selective track search (STS) algorithm
utilized to compute the best path between the source-
destination pairs, which improves the quality of data gathering
and forwarding. Simulation results show the effectiveness of
the proposed E2DR-MCS approach on energy consumption,
delay, network lifetime, cluster overhead, and delivery ratio.
In future work advanced optimization techniques will also
improve the clustering and data collection process. Finally, a
few additional issues should be explored in future research.
Some of these issues include the evolution of a comprehensive
method for finding the optimal number of clusters in order to
maximize the energy efficiency, the estimation of the optimal
frequency of CH rotation/reelection to gain better energy dis-
tribution, the incorporation of several security aspects to

enhance protection in hostile environments, and the further
development of recovery protocols in case of CHs failure.
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Abstract: The third Generation Partnership Project (3GPP) has successfully launched 4G data on 

mobile communication by utilizing the Long Term Evolution (LTE). The multimedia processing 

such as video calling/conferencing, video transmission/reception in mobile communication are in 

need of multiple user support, speed, high data transmission rate, low data loss rate and high 

throughput. In this paper an enhanced scheduling algorithm known as, EM-LWDF (Modified 

Largest Weighted Delay First) is proposed in combination of time/frequency scheduling for 

LTE. The proposed scheduling algorithm is evaluated under various simulation scenarios and 

compared with conventional algorithm such as PF, M-LWDF, EXP/PF, and proposed +LWDF. 

The evaluation is made in terms of system throughput, fairness index and Packet Loss Rate 

(PLR) and the evaluation results shows that the proposed scheduling algorithm shows 

remarkable performance improvement. 

 

Keywords: LTE, Scheduling algorithm, M-LWDF, EXP/PF, Throughput 

 

1. Introduction 

The fourth generation (4G) data processing in mobile communication is made possible by Long 

Term Evolution (LTE) developed by the 3rd Generation Partnership Program (3GPP) [1]. The 

physical layer technologies such as MIMO (Multiple Input Multiple Output) and OFDM 

(Orthogonal Frequency Division Multiplexing) will dominate the LTE in terms of performance. 

The performance of the LTE [2] varies such as latency, bandwidth, mobility and spectral 

efficiency. In the 3GPP LTE downlink, the physical layer is established by OFDM [3] since it 

has a high bandwidth efficiency and transmission rate while avoiding the MF (Multipath Fading) 

and ISI (Inter Symbol Interference). The 3GPP specification defines that the, downlink and 

uplink traffic are avoided by utilizing TDD (Time Division Duplexing) and FDD (Frequency 

Division Duplexing. However, the multimedia applications have strong domination over the LTE 

networks and the multimedia application may vary from live interaction, video conferencing to 

television. The domination of multimedia application is due to the high transmission rate than 

any other data format and as the consequences the traffic rate for mobile communication will be 

increased to greater extent [4]. The Quality of Service (QoS) should be guaranteed in terms of 

delay, quality and data loss by LTE for mobile multimedia application. 

The internet browsing and Video over Internet Protocol (VoIP) are in need of low latency, high 

data rate, and low transmission loss rate. The Quality of Service (QoS) for any LTE system is 

directly depending on the selected scheduling algorithm. The scheduling algorithm has greater 

impact on the Radio Resource Management (RRM) of an LTE system; as a result the 

performance of the LTE networks can be adjusted by proper selection of scheduling algorithm 

[5]. From here, we are clear with the idea that, the scheduling algorithm should be selected based 

on the application, data rate, delay, radio resource management, traffic and available bandwidth. 

The various scheduling algorithms available are Proportional Fair (PF) [6], Logarithmic rule 



  

(LOG) [7], Frame Level Scheduler (FLS) [8], Largest Weighted Delay First (LWDF) [9], 

Exponential rule (EXP) [10], Exponential Proportional Fairness (EXP/PF) [11] and Modified 

Largest Weighted Delay First (MLWDF) [12-15]. 

In our previous work, we have developed a combined (time/frequency) scheduling algorithm for 

downlink LTE. The user selection in background scheduling is achieved by the Largest 

Weighted Delay First (LWDF), which will degrade the performance of LTE in terms of 

throughput, delay, and Packet Loss Rate (PLR). The multimedia application needs higher 

transmission rate, which cannot be supported by Largest Weighted Delay First (LWDF), hence 

in this work we are utilizing an enhanced scheduling algorithm called as Enhanced Modified 

largest weighted delay first (EM-LWDF) [16-23]. The LTE model and conventional scheduling 

algorithm are explained in section 2, followed by the proposed scheduling algorithm in section 3 

and the evaluated results are discussed in section 4 and the section 5 concludes the paper. 

 

2. Long Term Evolution 

2.1 System Architecture 

 

q1 

q2 

q3 

. 

. 

. 

qk 

Queues 

eNB 

(User selection and 

Resource allocation) 

… 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

. 

Smart 

Phone 

 

Phone 

 

PAD 

Laptop 

N
 r

es
o

u
rc

e 
b

lo
ck

s 
20 slots=1 frame (10ms) 

20 slots=1 subframe=TTI (1ms) 
time 

fr
eq

u
en

cy
 

Number of symbols 

N
u

m
b

er o
f su

b
carriers 

UE 

 

Figure 1. Long Term Evolution (LTE) Model  

The eNodeB unit in the LTE system is accompanied by functional block called Base Station 

(BS). The resource scheduling in the LTE system for both uplink and downlink are managed by 

eNodeB. The resources are scheduled for various users based on the expectation and considering 

the Quality of Service (QoS) and application required. The simple system architecture with ‘N’ 

user, eNodeB, and User Equipment (UE) is shown in Fig 1. Let us consider the total bandwidth 

of the system for establishing communication channel be ‘R’. There will be more data buffers for 

single ‘UE’ based on the data rate, delay and uplink logical channel. In similar, the ‘UE’ present 

in the downlink eNodeB has many queues with various QoS constraints. Each user at eNodeB 



  

will be assigned with a buffer. A packet queue is formed at this buffer based on the time stamped 

and transmission of the packet is based on FIFO (First-In-First-Out). In eNodeB, the time 

difference of packet in the queue is computed by considering the arrival time and current time 

and this will result in HOL (Head of Line) delay. The packet in the queue will be discarded, if 

the HOL greater than the threshold value. 
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Figure 2. Long Term Evolution (LTE) Scheduling 

The Scheduling Block (SB) is formed by dividing the total LTE bandwidth ‘R’. Then the 

scheduled data are transmitted by Frequency Domain (FD) and Time Domain (TD). Here, comes 

the crucial variation between the High-Speed Downlink Packet Access (HSDPA) [14] and LTE, 

since in HSDPA only Time Domain (TD) is used for scheduling. Duration of 1ms is allotted to 

Scheduling Block (SB) in Time Domain (TD) and to evaluate the performance of scheduling 

algorithm, the time is converted to discrete unit. The Scheduling Block (SB) in the frequency 

Domain (FD) can be transmitted by any one of the subcarrier having the entire bandwidth of 5 

MHz as shown in Fig 2. The frequency and time resource should be allotted to every Scheduling 

Block (SB) by scheduling algorithm. The allocation should be made in such a way that, the 

performance in terms of delay, latency and throughput should be increased. Periodic computation 

of channel quality is made by the ‘UE’ and this measurement is used to calculate the Channel 

Quality Indicator (CQI). Then this CQI is sent to eNodeB with the control message from LTE 

uplink. The selection of ‘UE’ with high data rate, the optimized modulation scheme will depend 

on the computed CQI. 

2.2 Traditional Scheduling Algorithm 

 The various scheduling algorithms such as Proportional Fair (PF), Logarithmic rule 

(LOG), Frame Level Scheduler (FLS), Largest Weighted Delay First (LWDF), Exponential rule 

(EXP), Exponential Proportional Fairness (EXP/PF) and Modified Largest Weighted Delay First 

(MLWDF) have been explained in reference work and in this work, we are going to utilize the 

enhanced version of MLWDF, so this section explains the MLWDF scheduling algorithm. 

 

 



  

The user with different QoS can be handled by Modified Largest Weighted Delay First 

(MLDWF). The highest priority user is served by MLDWF at every time slot. The user (UE) 

with high priority is computed using (1), 

         
   

     
                 (1) 

Where, 

Di = HOL packet delay 

Ri(k) = average of the achieved rate 

ai = QoS Parameter 

 

Here, Di(k) is packet queuing delay positioned at the interval of ‘k’ in queue Ui. The vital feature 

of MLDWF algorithm is that, it will consider both the state of the queue and CQI. The two 

simple process involved in the algorithm is that timestamp and queue length computation which 

made the algorithm easy to implement as shown in Fig 3. 
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Figure 3. M-LDWF Scheduling 

3. EM-LWDF Based Proposed Scheduling Algorithm 

In our previous work, we have developed a combined domain (time/frequency) scheduling 

algorithm. In this work, we develop a schedule which is aware of the channel and Quality of 

Service (QoS). The conventional LWDF and MLDWF based scheduling algorithm cannot be 

utilized for LTE that supports multimedia application such as video conferencing, video 

telecasting etc. The proposed scheduling algorithm is divided into background scheduling (time 

domain) and foreground scheduling (frequency domain). The time domain scheduling comprises 

of two vital processes, namely, user selection and bandwidth allocation. Here, the user selection 

is established by EM-LWDF. 

 

The basic idea to select the user based on EM-LWDF is to consider the QoS requirement and 

fairness criteria as expressed in (2), 

        
     

        
 
   

   (2) 

To obtain the good fairness, the criterion for (2) is considered from (3) as it provides ‘x’ and ‘y’ 

type service. 
       

       
 

     

     
   (3) 



  

The service queue formation in our proposed work is same as in MLWDF, and at the time instant 

‘t’, scheduling opportunity for service queue in EM-LWDF is expressed as in (4), 
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                (5) 

Where, 

hi = weighted coefficients. 
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    (7) 

 

Finally, the fairness of EM-LWDF scheduling algorithm is computed by sharing the resource 

among the multiple service queues as expressed in (6) and (7). The weighted coefficient for the 

proposed scheduling algorithm is computed as in [13]. The threshold level of the queue should 

be maintained to support the huge data rate needed in multimedia application. The bandwidth 

allocation is another vital process that schedules the excess data in the queue to maintain the 

threshold level. The following expression (8) is used to schedule the excess data in the current 

Transmission Time Interval (TTI), 

                                              (8) 

The final step of allocating the Resource block for the selected user based on EM-LWDF is 

expressed in (9), 

    
  

     
                                               (9) 

Where, 

ki = Total Resource Block (RB) 

Qi = Past average data in the i
th

 queue 

Ri = Past average throughput.  

 

As of now, in time domain scheduling, we have selected the user based on QoS requirement and 

allotted the Resource Block (RB) for the selected user without exceeding the data above the 

threshold level. In frequency domain scheduling, we have to allocate channel bandwidth for each 

and every Resource Block (RB). Here, the ‘UE’ is used to measure the channel condition based 

on CQI indicator. Finally, the channel bandwidth for every RB is allocated based on (10), 

  
                

                           (10) 

Where, 

  
     = Maximum data rate practicable 

SINR = Signal to Interference plus Noise Ratio 

4. Performance Evaluation 

The proposed scheduling algorithm is developed and simulated under various simulation 

parameters such as system bandwidth 5MHz, cell layout as 05m, UE speed as 30km/hr, CQI as 

1ms and sub carrier frequency as 15 KHz. The proposed algorithm is evaluated in terms of 



  

fairness index, system throughput and Packet Loss Rate (PLR) in percentage (%). In addition, 

the evaluated results are compared with conventional algorithms such as, PF, M-LWDF, 

EXP/PF, and proposed +LWDF (i.e. previous work or proposed work combined with the 

LWDF). 

 

4.1 Fairness Index 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Fairness Index with 10 users 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 5. Fairness Index with 20 users 

 

 

 



  

The ‘UE’ average packet delay is varied to measure the fairness index of the proposed 

scheduling algorithm. In addition to complicate the evaluation process in terms of fairness index, 

we have varied the total number of users from 10 to 20. The proposed scheduling algorithm 

achieves high fairness index compared to a conventional scheduling algorithm. The fairness 

index for 10 and 20 users are shown in Fig 4 and Fig 5 respectively. From our evaluation process 

in terms of fairness index, we conclude that fairness index is directly proportional to delay and 

users. In other words, the change in number of users and delay has great impact on the fairness 

index. 

 

4.2 Packet Loss Rate 

 

To complicate the evaluation process and to justify the efficiency of the proposed scheduling 

algorithm, the Packet Loss Rate (PLR) is computed. Here, (8) has great impact on the evaluation 

of PLR, since by applying (8), we can schedule the excess data in current Transmission Time 

Interval (TTI). The Packet Loss Rate (PLR) for the proposed scheduling algorithm is shown in 

Fig 6. The Packet Loss Rate (PLR) of the proposed scheduling algorithm is low compared to a 

conventional scheduling algorithm such as PF, M-LWDF, EXP/PF, and proposed +LWDF. The 

graphical representation shows that the second highest PLR is achieved by the Largest Weighted 

Delay First (LWDF) followed by EXP/PF, M-LWDF and PF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Packet Loss Rate (PLR) Vs Users 

4.3 System Throughput 

Finally, the proposed scheduling algorithm is evaluated in terms of achieved throughput. The 

throughput achieved by various scheduling algorithm is shown in Fig 7. The throughput of the 

proposed scheduling algorithm is improved by considering the available data in the queue, 

Channel Quality Indicator (CQI). The proposed scheduling algorithm achieves higher throughput 

than the conventional algorithm, even when the number of users is increased. 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Throughput Vs Users 

5. Conclusion 

An efficient scheduling algorithm is proposed to improve the performance of Long Tram 

Evolution (LTE) for multimedia applications. The needs of multimedia application such as, 

multiple user support, constant data rate and speed are achieved by utilizing Enhanced M-LWDF 

(EM-LWDF) scheduling algorithm. The proposed algorithm is developed and simulated under 

various scenarios. And the proposed scheduling algorithm is evaluated in terms of fairness index, 

Packet Loss Rate (PLR) and system throughput. Throughout the evaluation process, the proposed 

scheduling algorithm shows a remarkable improvement than the conventional scheduling 

algorithm. In future, the techniques to handle excess data and Channel Quality Indicator (CQI) 

should be enhanced to improve the overall LTE performances.  
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Abstract. In contemporary and future embedded as well as high-performance microprocessors, power consumption is one
of the most important design considerations. Because in current technologies, the dynamic power consumption dominates
the static power consumption, voltage scaling is an effective technique to reduce the power consumption. In multiprocessor
systems, an efficient scheduling of sequential and parallel tasks onto the processors is known to be NP- Hard problem. In this
paper, the problem of minimizing schedule length with energy consumption constraint and the problem of minimizing energy
consumption with schedule length constraint on homogeneous and heterogeneous multiprocessor computers through inde-
pendent sequential and parallel tasks are proposed. These problems emphasize the tradeoff between power and performance
and are defined such that the power-performance product is optimized by fixing one factor and minimizing the other and
vice versa. The performances of the proposed algorithm with optimal solutions are validated using Discrete Particle Swarm
Optimization (DPSO). The proposed algorithms achieve 47.5% of power savings and 45.5% of energy saving with 23.5%
increased schedule length when the processors operate its maximum frequency.

Keywords: Embedded systems, multiprocessor, discrete particle swarm optimization, energy reduction, dynamic voltage
scaling

1. Introduction

In recent years, processor performance has
increased at the expense of drastically increased
power consumption. On the one hand, such increased
power consumption decreases the lifetime of bat-
tery operated systems, such as hand-held mobile
systems or remote solar explorers. On the other
hand, increased power consumption generates more
heat, which causes heat dissipation a problem which
requires more expensive packaging and cooling tech-
nology. Further this problem decreases reliability

1An intelligent approach for optimizing Energy consumption
and Schedule length of Embedded multiprocessors.

∗Corresponding author. Paulraj Ranjith Kumar, Department
of ECE, P.S.R Engineering College, Sivakasi-626140, Tamilnadu,
India. E-mail: p ranjith kumar@rediffmail.com.

of the systems that have many processors. To
reduce processor power consumption, many hard-
ware techniques have been proposed, such as shutting
down unused parts or reducing the power level
of non-fully utilized functional. Nowadays, most
of the processors have multiple supply voltages
which have chosen by the operating frequency of
the processor. A modern high-performance com-
puting system normally consists of heterogeneous
computing and communication resources, including
heterogeneous processors, heterogeneous memories,
and heterogeneous communication interconnections.
The energy consumption problem in heterogeneous
multiprocessor systems has also become more and
more important and received extensive attention
as green computing becomes a new trend. The
energy consumption and schedule length models
for homogeneous Dynamic Voltage Scaling (DVS)
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enabled multiprocessor systems for parallel tasks
were discussed [1]. The concept of Particle Swarm
Optimization (PSO) was applied to find the power
supply among different power supplies. The same
concept is extended to a heterogeneous DVS enabled
multiprocessor systems using Discrete PSO (DPSO)
in this paper. This problem essentially relaxes the rule
in the previous problem that all the processors must
be identical, and instead assumes that each proces-
sor can take a differing amount of time to process
any given task [2]. The objectives of heterogeneous
task scheduling are to map tasks onto processors
and to order their executions, so that the task prece-
dence constraints are satisfied and other performance
and resource requirements can be met. It is well
known that heterogeneous task scheduling problem
with resource constraints is NP-hard. As more and
more heterogeneous processors become available, the
same type of operations can be processed by different
processors with different execution time and different
energy consumption.

This paper is organized as follows: Section 2 dis-
cusses background and related work. The problem
statement and the proposed energy and schedule
length models are discussed in Section 3. Section 4
describes the detailed tasks scheduling concepts
using discrete particle swarm optimization. Section 5
presents the results and analysis of simulation. The
conclusions and future work are stated in Section 6.

2. Related work

The problem of scheduling applications to meet all
deadlines while reducing the processor voltage (and
frequency) as much as possible was first addressed on
uniprocessor platforms. Nowadays, there is an abun-
dant literature covering numerous task and platform
models, including multiprocessor platform models.
An optimal integer linear programming method [3]
has proposed to solve energy-aware heterogeneous
data allocation and task scheduling on various multi-
processor systems for real-time applications problem.
The energy-aware scheduling algorithm with reduced
task duplication known as Energy-Aware Schedul-
ing by Minimizing Duplication (EAMD) [4], which
takes the energy consumption as well as the length of
the task of an applications were considered in multi-
processor environment. The same concept has been
extended as a resource-aware scheduling algorithm
[7], which searches and deletes unnecessary task
duplications dynamically in the process of schedul-

ing. The energy consumption reduction for multicore
server processors by using the technique of workload
dependent dynamic power management has been pro-
posed in recent years. The power-aware scheduling
of sequential tasks [5, 11] with precedence con-
straints on multiprocessor computers were discussed
to reduce the power consumption of the multiproces-
sor. The lightly loaded multicore processors [8] have
less processing cores than running tasks and have
sufficient energetic voltage and frequency scaling
capability to reduce the energy consumption of multi-
core processors. Apart from power consumption, the
reliability-driven task setting up scheme for multi-
processor real-time embedded systems have analyzed
under stochastic fault occurrences [6]. The Reliability
Maximization with Energy Constraint (RMEC) algo-
rithm [9] has been proposed, which contains three
important phases, including task priority establish-
ment, frequency selection, and processor assignment.
An Energy Aware Scheduling algorithm with Equal-
ized Frequency called EASEF [10] has proposed for
parallel applications on various computing systems.
The same concept extended as energy aware list-
based scheduling algorithm called EALS [12] used
for parallel applications in the context of service level
agreement (SLA) on cloud data centers. A real-time
and energy-efficient resource scheduling and opti-
mization framework [13] has proposed to allocate
the tasks by utilizing an energy-efficient heuristic
and a critical path scheduling mechanism subject to
the architectural requirements. The heuristic schedule
algorithms [14] for task graphs on a number of pro-
cessors were discussed to meet the given deadline, but
at the same time minimize the power consumption.
A new variant of continuous Particle Swarm Opti-
mization (PSO) algorithm named Discrete PSO [15]
has proposed to solve the bi-objective task scheduling
problem in cloud which performs the smallest posi-
tion value (SPV) rule [16] based PSO technique. The
main idea of the modified PSO [17] was that the tasks
were allocated on the available resources to minimize
the execution time in addition to the computation cost.

3. Problem Definition

Power dissipation and circuit delays in CMOS can
be accurately modeled by simple equations, even
for complex microprocessor circuits. CMOS circuits
have both static and dynamic power dissipations;
however, the dominant component is dynamic power
consumption P which is directly proportional to fv2,
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where f is the clock frequency and v is the supply
voltage. Since f is directly proportional to v and pro-
cessor speed [5] s is directly proportional to f , power
consumption of the CMOS processor P is directly
proportional to s3. For high supply voltages occur-
ring when carrier velocity saturates, the frequency
f is directly proportional to vγ which implies that

voltage is directly proportional to f
1
γ and power con-

sumption P is directly proportional to f and is also
directly proportional to sα, where α is the variation
factor of the processor and has the constraint [5] that
1 + 2

γ
≤ 3. It is clear that linear change in supply

voltage results in at least linear change in processor
speed and linear change in processor speed results
in at least cubic change in power supply. Assume
that, given n independent parallel tasks to be exe-
cuted on m identical processors. Task i requires πi

processors to execute where 1 ≤ i ≤ n, and any πi of
the m processors can be allocated to task i. πi is called
as the size of task i. It is possible that in executing
task i, the πi processors may have different execution
requirements (i.e., the numbers of CPU cycles or the
numbers of instructions executed on the processors).
Let ri represent the maximum execution requirement
on the πi processors executing task i. pi represents
the power supplied to execute task i. Further, it is

assumed that pi is simply sαi , where si = p
1
α
i is the

execution speed of task i. The execution time of task

i is ti = ri
si

= ri/p
1
α
i .

3.1. Problem 1: Minimizing schedule length
model

Given n independent parallel tasks with task sizes
π1, π2, . . . , πn and task execution requirements are
r1, r2, . . . , rn the problem of minimizing sched-
ule length with energy consumption constraint E
on a multiprocessor is to find the power supplies
p1, p2, . . . , pn and a nonpreemptive schedule of the
n parallel tasks on the m processors such that the
schedule length is minimized and the total energy
consumed does not exceed E. The scheduling prob-
lems contain three nontrivial subproblems, namely,
task decomposition, task scheduling, and power sup-
plying. Scheduling the tasks is essentially to partition
the n tasks into m groups such that each proces-
sor executes one group of tasks. Once a partition
(schedule) is given, power supplies that minimize
the schedule length within energy consumption con-
straint can be determined. The proposed model

considers the case when the n independent parallel
tasks have to be scheduled sequentially. In this case,
the m heterogeneous processors are treated as one
unit, called a cluster, to be allocated to one taskIt is
clear that the problem of minimizing schedule length
with energy consumption constraint E is simply to
find the power supplies p1, p2, . . . , pn such that the
schedule length(T) is minimized as given in (1)

T = r1

p
1
α

1

+ r2

p
2
α

2

. . .
rn

p
n
α
n

(1)

and the total energy consumed E1 + E2 + · · · + En

does not exceed E, where E1, E2, . . . , En represents
the energy consumption of the m1, m2, . . . , mn pro-
cessors respectively.

π1r1p
1− 1

α

1 + π2r2p
1− 1

α

2 + · · · + πnrnp
1− 1

α
n ≤ E

(2)
For sequential tasks (πi = 1)

M = r1π
1
α

1 + r2π
1
α

2 + · · · + rnπ
1
α
n (3)

3.2. Problem 2: Minimizing Energy consumption

Given n independent parallel tasks with task sizes
π1, π2, . . . , πn and task execution requirements are
r1, r2, . . . , rn the problem of minimizing energy con-
sumption with schedule length constraint T on a
heterogeneous multiprocessor computers with dif-
ferent speed of m processors is to find the power
supplies p1, p2, . . . , pn and a nonpreemptive sched-
ule of the n parallel tasks on the m different speed
processors such that the total energy consumption is
minimized and the schedule length does not exceed T.
The problem of minimizing energy consumption with
schedule length constraint is simply to find the power
supplies p1, p2, . . . , pn, such that the total energy
consumption

E = π1r1p
1− 1

α

1 + π2r2p
1− 1

α

2 + · · · + πnrnp
1− 1

α
n

(4)
is minimized and the schedule length T1 + T2, · · · +
Tn does not exceed T, whereT1, T2, . . . , Tn represents
the schedule length of the m1, m2, . . . , mn processors
respectively. i.e.

r1

p
1
α

1

+ r2

p
2
α

2

. . .
rn

p
n
α
n

≤ T (5)
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For a given partition M1, M2, . . . , Mj of the n

tasks into j groups on a heterogeneous multiprocessor
computer partitioned into j clusters, the total energy
consumption is minimized when task i in group k is

executed with power pi = (
Mk
T

)α

πi
where 1 ≤ ki ≤ j.

The minimum energy consumption is

T =
(

Mα
1 + Mα

2 + · · · + Mα
j

T (α−1)

)
(6)

For a given partition M1, M2, . . . , Mj of the n

tasks into j groups on a heterogeneous multiproces-
sor computer partitioned into j clusters, the schedule
length is minimized when task i in group k is sup-

plied with power pi =
(

Ek

Mk

) α
(α−1)

where the ojective

function of the DPSO is given as

Ek =
(

Mα
k

Mα
1 + Mα

2 + · · · + Mα
m

)
E (7)

T =
(

Mα
1 + Mα

2 + · · · + Mα
m

E

) 1
(α−1)

(8)

4. The Flow of Discrete PSO Algorithm for
Task Scheduling

Particle Swarm Optimization algorithm starts with
a population of randomly generated initial solutions
called particles (swarm). It is to be noted that the
particle structure is taken as a string, which consists
of tasks numbers in certain order. The order of tasks
in the string represents a sequence. After the swarm
is initialized, each potential solution is assigned a
velocity randomly. The length of the velocity of each
particle v is generated randomly between 0 and n and
the corresponding lists of transpositions are generated
randomly for each particle. The above formulation
permits exchange of tasks in the given order. Each
particle keeps track of its improvement and the best
objective function value achieved by the individual
particles so far is stored as local best(Pb) solution
and the overall best objective function achieved by
all the particles together so far is stored as the global
best solution(Gb). The particle velocity and position
are updated continuously in all iterations. The itera-
tive improvement process is continued afterwards to
further improve the solution quality.

The details of Discrete PSO algorithm is described
below. The algorithm begins with k random particle
The step by step procedure for implementing the
proposed discrete PSO algorithm is as follows.

Step1: Initialize a swarm Pi with random positions
and velocities in the problem space X.
Step2: For each particle, evaluate the desired opti-
mization fitness function.
Step3: Compare the fitness function with its previous
best. If current value is better than previous best,
then set previous best equal to current value and Pi

equal to the current location Xi.
Step4: Identify the particle in the neighborhood with
the best success so far, and assign its index to the
variable G.
Step5: Apply local search algorithm to all the
particles at the end of each iteration and evaluate for
the objective function.
Step6: Change the velocity and position of the
particle.
Step7: Loop to step (2) until a criterion is met
(usually number of iterations).

The inertia weight called random inertia weight is
calculated using the equation

W = 0.5 + Rand()/2 (9)

the inertia weight called random inertia weight is
calculated using the equation (12) and acceleration
coefficient C1 and C2 are calculated using the equa-
tion (13) and (14) The inertia weight called random
inertia weight is calculated using the equation

C1 t = (C1 final − C1 initial)
Curr iter

Max. iter
+ C1 initial

(10)

C2 t = (C2 final − C2 initial)
Curr iter

Max. iter
+ C2 initial

(11)
The velocity is a continuous value and our task

scheduling is a discrete permutation in PSO algo-
rithm. The Small Position Value (SPV) rule which
is borrowed from the random key representation to
solve the task assignment can convert the contin-
uous value to discrete permutation. Table 4 shows
the solution representation of the particles. The SPV
rule transforms a continuous position vector Xi

k =
Xi

1, X
i
2, . . . , X

i
n to a dispersed value permutation

vector Si
k = Si

1, S
i
2, . . . , S

i
n. In order to counting the

processing time, the algorithm should map each
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element of the vector Si
k into processor’s vector pi

k =
pi

1, p
i
2, . . . , p

i
n. The converting operation is defined

as the equation (12)

pi
k = Si

k mod m + 1 (12)

5. Simulation results

The proposed algorithms were tested through a
series of simulation on the heterogeneous multi-
processor environment. It is to be noted that for a
given heuristic algorithm, the expected Normalized
Schedule Length (NSL) and the expected Normal-
ized Energy Consumption (NEC) are determined by
m, n, α, the probability distributions of the π

′
is and

r
′
is. The r

′
is are treated as independent and identi-

cally distributed (i.i.d.) continuous random variables.
The discrete random variables are defined as the-
follwing range, 1 ≤ ri ≤ 100 and 1 ≤ πi ≤ 5. The
four different speeds of heterogeneous processors are
considered in the simulation of multiprocessor envi-
ronment and assumed that the processing speed of
each processor and the processing time of each task
are known. Figure 1 shows the processing time of
40 independent parallel tasks while numbers of sub
tasks are shown in Figure 2. Table 1 shows the Simula-
tion parameters of Dicrete PSO for obtaining optimal
solution. The four different speeds of heterogeneous
processors are normalized as 0.55, 0.7, 0.85 and 1.
He optimal values of the best solutions throughout
the optimization iterations are recorded and all tasks
are scheduled in different processors.The simulation
results have the following four parts. 1. HOmoge-
neous Multiprocessor (HOM) with equal completion
time 2. Heterogeneous Multiprocessor with Different
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Table 1
Simulation parameters of Discrete PSO

Sl.No. Parameters Values

1. Size of the swarm 50
2. Dimension of the problem 40
3. PSO parameter C1 and C2 C1=C2=2

C1 initial=2.4
C1 final=0.4

C2 initial=0.4
C21 final=2.4

4. Inertia factor 0.8 to 0.4
5. Velocity minimum and Maximum -4 and +4
6. Maximum number of birds steps 500
7. Power supply range 10-50 watts
8. alpha (Îś) 3,4,6 and 10
9. Number of processors (m) 4
10. Number of Tasks (n) 40

Completion Time (HMDCT) 3. Heterogeneous Mul-
tiprocessor with Equal Completion Time (HMECT)
4. Heterogeneous Multiprocessor (HM) with one non
DVS processor.

Homogeneous Multiprocessor with equal comple-
tion time has the operating frequency of m processors
which are equal and all the sequential (πi = 1) or
parallel tasks are scheduled to that processor with
equal completion time using the objective funicon
(1) and (2). It is observed that, the given 40 inde-
pendent sequential or parallel tasks are scheduled
and the given total amount of energy consumption
or schedule length can be equally distributed to the
m processors. When the speed factors (α) increases,
the expected energy consumption has been achieved
while the schedule length of the m homogeneous
multiprocessors is varied but all m processors con-
sume equal energy. Similarly when the speed factor
(α) increases, the expected schedule length has been
achieved while the energy consumption of the m the
homogeneous multiprocessors are varied but all m
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Fig. 3. Tasks schedule of four homogeneous DVS processors for
α=3 when πi=1.

Fig. 4. Tasks schedule of four heterogeneous DVS processors for
α=4 and energy consumption 20000 Joules.

processors complete the tasks in equal time of 450
unit as shown in Figure 3.

Heterogeneous Multiprocessor with different com-
pletion time has the operating frequency of m
heterogeneous processors which are distinct. Each
processor has its own operating frequency. The
sequential or parallel tasks are scheduled to that
processors and the resulting schedules comprising
different completion time 550, 480, 456 and 382
time units are as shown in Figure 4. Heterogeneous
Multiprocessor with equal completion time has the
operating frequency of the m heterogeneous proces-
sors are distinct. Each processor has its own operating
frequency. The sequential or parallel tasks are sched-
uled to that processors and the resulting schedules
comprising equal completion time 550 units are as
shown in Figure 5.

Heterogeneous Multiprocessor with one non DVS
processor has the operating frequency of the m het-

Fig. 5. Tasks schedule of four heterogeneous DVS processors for
α=4 and energy consumption 20000 Joules with equal completion
time.

Fig. 6. Tasks schedule of three HM DVS processors and one non-
DVS processor for α=4 and energy consumption 20000 Joules with
equal completion time.

erogeneous processors are distinct. Each processor
has its own operating frequency, but among m pro-
cessors, one particular processor does not involve
the DVS operations where the particular processor
operates with maximum speed and resulting sched-
ules comprising different completion time 550, 480,
550 and 550 time units are as shown in Figure 6.
The proposed Discrete PSO based algorithm is com-
pared with existing List Scheduling (LS) Algorithm.
Shortest Processing Time first (SPT) is a strategy
for List Scheduling algorithm in which the tasks are
arranged in order of non-decreasing processing time
before the application of List Scheduling algorithm.
The processor 4 takes 490 units of time to com-
plete the tasks. The proposed Discrete PSO algorithm
CPU computation time are compared with existing
Genetic Algorithm(GA) and List Scheduling Heuris-



P.R. Kumar et al. / An intelligent approach for optimizing Energy consumption and Schedule length 585

Fig. 7. CPU execution time of tasks by Discrete PSO, GA and
LSH.

tic (LSH) as shown inn Figure 7. List scheduling
is taken because the tasks are arranged as per the
precedence relations. The proposed task scheduling
method using GA also takes the tasks in their prece-
dence relation sequence.

Table 2 shows the simulation results of Discrete
PSO minimizing schedule length with energy con-
sumption constraint for parallel tasks of four different

types speed level.It is observed that when the pro-
cessor operates at maximum speed (α=3), there is
no power saving of the homogeneous and heteroge-
neous multiprocessor systems. It shows that as the
value of α increases (speed decreases) the expected
energy consumption is achieved by increasing the
schedule length. It is also noticed that as the speed
of the multiprocessor decreases, the deadline of the
tasks are increased to attain the expected energy level.
If the processors operate at maximum speed, i.e.
(α=3), HMDCT has 50% excessive schedule length
and HMECT has 23.5% excessive schedule length
compared with HOM with the expected energy con-
sumption of 10000 Joules. Further it is noticed that
if the processors operate at minimum speed, i.e.
(α=10), HMDCT has 31% excessive schedule length
and HMECT has 23.5% excessive schedule length
compared with HOM with the expected energy con-
sumption of 10000 Joules.

Table 3 shows the simulation results of Discrete
PSO minimizing energy consumption with schedule
length constraint for parallel tasks of four different
types speed leve usnig the objective function (7) and

Table 2
Discrete PSO minimizing schedule length with energy consumption constraint for parallel tasks

EEC (Joules) α HOMECT-SL (seconds) HM-SL (seconds) HMECT-SL (seconds)

3 1274.34 2572 1658
10000 4 1435.85 2386 1870

6 1583 2433 2065
10 1692 2465 2210
3 901.09 1667 1172

20000 4 1139.63 1894 1484
6 1378.14 2118 1798
10 1556.58 2282 2046
3 805.96 1473 1946

25000 4 1058 1758 1378
6 1318 2025 1719
10 1528.22 2226 1996

Table 3
Discrete PSO minimizing energy consumption with schedule length constraint for parallel tasks

ESL (Seconds) α HOM-EC (Joules) HM-EC (Joules) HMED-EC HOM-EC (Joules)

3 7217.58 9327 10976
1500 4 8771.22 13076 16007

6 13093 24876 34350
10 29566 56981 161510
3 4060 5087 6174

2000 4 3700 4129 6753
6 3107 6391 8151
10 2219 8450 12126
3 2598 3178 3960

2500 4 1894 2622 3451
6 1018 1760 2671
10 298 831 1627
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(8) l.It is observed that when the processor oper-
ates at maximum speed (α=3), there is no power
saving of the homogeneous and heterogeneous mul-
tiprocessor systems. It shows that as the value of Îś
increases (speed decreases) the expected schedule
is achieved by increasing the energy consumption.
It is also noticed that as the speed of the multi-
processor decreases, the energy consumption of the
tasks are increased to attain the expected schedule
length.Iftheprocessors operates at maximum speed,
i.e. (α=3), HMDCT has 22% excessive energy con-
sumption and HMECT has 34.5% excessive energy
consumption compared with HOM with the expected
schedule length of 1500 seconds. Further it is noticed
that if the processors operate at minimum speed,
i.e. (α=10), HMDCT has 48% excessive energy con-
sumption and HMECT has 81.4% excessive energy
consumption compared with HoM with the expected
energy consumption of 10000 Joules.

6. Conclusion

An energy efficient dynamic voltage scaling with
heterogeneous multiprocessor system is discussed
in this paper. The problem of minimizing sched-
ule length with energy consumption constraint and
the problem of minimizing energy consumption with
schedule length constraint on heterogeneous mul-
tiprocessor systems are discussed.The concept of
Discrete PSO is applied to obtain an energy effi-
cient schedule and to find the optimal power supply
among different power supplies. In each iteration, an
independent parallel task is selected and remapped
to a new processor and new schedule is generated.
The evolutionary algorithm calculates the objective
function according to the schedule and adjusts the
power supply of the processor while meeting the con-
straints.The simulation results emphasize the tradeoff
between power-performance product is optimized by
fixing one factor and minimizing the other in DVS
enabled multiprocessor systems.The proposed algo-
rithm achieves 47.5% and 32% of power savings
for scheduling sequential and parallel tasks to the
processors respectively and also 45.5% of energy
saving are achieved for scheduling both sequential
or parallel tasks to the processors. It also achives
when the processors operate at maximum speed, i.e.
(α=3), HMDCT has 50% excessive schedule length
and HMECT has 23.5% excessive schedule length
compared with HOM with the expected energy con-
sumption of 10000 Joules. Further it is noticed that

if the processors operate at minimum speed, i.e.
(α=10), HMDCT has 31% excessive schedule length
and HMECT has 23.5% excessive schedule length
compared with HOM with the expected energy con-
sumption of 10000 Joules. Heat dissipation is a main
factor for multiprocessor embedded system. The
excessive heat leads to system failure and components
reliability. Further, this research can be extended to
reduce the heat dissipation within the multicore pro-
cessors and increase the components reliability of the
multiprocessor.
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An experimental investigation was made on flow properties and compressive strength of self-compacting concrete (SCC) with
ultrafine natural steatite powder (UFNSP) as replacement to cement. The tests were conducted on specimens with 5%, 10%, 15%,
20%, and 25% of replacement of UFNSP to the weight of cement and compared to the control specimens. The flow properties of
all specimens were tested and checked for their limit with the existing guidelines. The compressive strength test was done on all
specimens for strength of 7 days, 14 days, 28 days, and 56 days.The hardened samples were tested for their microstructural behavior
and the elements Mg, Ca, and Si were mapped. Through mapping, the formations of M-S-H along with C-S-H are observed. The
results show that the addition of UFNSP influences the flow property, by reducing the flow, and increases the compressive strength
till 20% replacement. Further the addition of UFNSP increases the denseness of microstructure of the specimens thus resulting in
the strength increment.

1. Introduction

The self-compacting concrete (SCC), also known as self-
consolidating concrete, is in the limelight for the last two
decades in construction industry. Self-compacting concrete
(SCC) is a concrete which can be placed and compacted into
every corner of formwork purely by means of its self-weight
by eliminating the need of external energy. So it does not
require compaction at site or concrete plants. It has been
developed in Japan to improve the durability and uniformity
of concrete [1]. The mix composition is chosen to satisfy all
performance criteria for the concrete in both the fresh and
hardened states. To achieve this, fly ash and silica fume were
used as mineral admixtures, and super plasticizers were used
in mix as chemical admixtures for design of concrete. In this
regard, mass of fine aggregate is typically equal or greater
when compared to coarse aggregate. Selection of coarse
aggregate size also has an impact on requirement of self-
compacting concrete.The development of SCC and its results

on theoretical and experimental aspects were reviewed in
various studies [2–4].The methods of manufacturing of SCC
initially had high content of paste; later on, researches were
made to reduce the paste content and achieve strength [5, 6].
Due to the high content of water and voids, it has become
important to look into theworkability and segregation behav-
ior of SCC [7, 8]. The important property of a SCC is to have
workable and segregation resistant concrete which can flow
through the reinforcement without any external vibrations or
compactions [9]. The bond strength of reinforced bars and
the SCCare higherwhen compared to that of normal concrete
which also made the SCC more predominant material [10].
There were two types of usage of materials in SCC; one is as
a pozzolanic replacement and the other one is filler. In this
study ultrafine natural steatite powder (UFNSP) is used as
cementitious replacement to cement. The steatite was used
as insulators in ceramics, due to its high thermal resistivity.
Its other major uses are in carving and sculpture industry.
It is a proven durable raw material in refractory industry. In
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Table 1: Properties of UFNSP.

UFNSP Cement
Physical properties

Blaine surface area (m2/Kg) 750 380
Particle mean Dia (𝜇m) <5 <32
Density 2.7 3.1
Loss of ignition 3.33% 2%

Chemical properties
SiO

2
62.67% 23%

Al
2
O

3
0.24% 4.20%

MgO 33.26% 0.20%
Fe

2
O

3
0.30% 1.20%

CaO 0.20% 62%

terms of steatite the grinded powder was already proved to
be good replacement to cement until 15% [11, 12]. Durability
and strength of concrete increase with replacement of steatite
powder to certain limit [12–14]. The phase of steatite is
crystalline which belongs to magnesium metasilicate from
talc mineral based on the following reaction [15]:

3MgO ⋅ 4SiO
2
⋅H

2
O → 3MgSiO

3
+ SiO

2
+H

2
O (1)

And this reaction supports the M-S-H formation. Gen-
erally the earlier studies show that the M-S-H gel has
amorphous phase [11, 12]. The magnesium-rich binders can
lead to low pH binding system which has wide range of
applications in adverse concreting condition, and also this
magnesium richness leads to early strength development
and durability [16]. The present proposal will cover the area
on development of SCC based on magnesium-rich steatite
powder replacement and its mechanical behavior.

2. Materials, Mix Proportions,
and Experimental Investigation

2.1. Materials Used in This Study. Ordinary Portland cement
of grade 43 conforming to Indian Standard (IS) 12269-1987
was used and the properties were listed in Table 1.TheUFNSP
of less than 5 microns similar to that of earlier studies
[11–14] is used and the physical and chemical properties
were presented in Table 1. UFNSP was used as pozzolanic
replacement in this study.The river sandprocured fromTamil
Nadu Minerals Limited (TAMIN) with the specific gravity of
2.65 and passing through 2.36mm sieve was used. Crushed
granite was used as coarse aggregate with a maximum
nominal size of 12mm and bulk density of 1640 kg/m3. The
normal potablewaterwas used formixing and curing process.
Polycarboxylic ether based superplasticizer sky 8233 and
viscosity modifier, Mastermatrix VMA 362, were used in this
study as admixtures to maintain the workability.

2.2. Mix Proportion. Themix proportion was finalized based
on trial and error process conforming to the EFNARC
guidelines [17], and the target strength to be achieved was
fixed as 25MPa. The ratio of powder : fine aggregate : coarse
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Figure 1: Results on 𝐿 box test.

aggregate was maintained as 1 : 1.8 : 1.9. The water/powder
ratio was fixed as 0.8 [17]. To achieve the workability 2%
superplasticizer and 0.4% viscosity modifier were added, and
the addition was carried out with respect to weight of cement.

2.3. Experimental Investigation. The workability and flow
properties of the fresh concrete were examined by L box
test, J-ring test, V-funnel flow test, slump flow test, and T50
flow timing conforming to EFNARC guidelines [17]. The
compressive strength of the hardened specimens was tested
on cubes of size 150mm × 150mm × 150mm conforming to
specification of Indian Standard (IS) 10086: 1982 and the tests
were carried out in accordance with IS 516: 1959 (reaffirmed
2004) in hydraulic compression testing machine of 2000 kN
capacity. The microstructural behavior of the specimens
is studied by scanning electron microscopy. Samples for
scanning electron microscopy (SEM) analysis are taken near
the surface (0-1mm depth) of specimens. Microstructural
studies utilized SEM (ZEISS) equipped with EDAX analyzer
for microstructural observations of the surfaces, which is
coatedwith evaporated copper for examination. SEManalysis
is done at a maximum magnification of 1000x with energy
20 keV and a high resolution of 3.5 nm. For this analysis,
samples of size 10mm cubes were cut with a saw cutter.

3. Results and Discussion

The results were observed on the fresh and hardened state
of concrete. The tests were carried out to ascertain the flow
properties of fresh concrete, compressive strength on hard-
ened concrete, and its respective microstructural behavior.

3.1. Workability and Flow Properties of Fresh Concrete. The
results for “L” box test were presented in Table 2 and
Figure 1. The results show that the addition of UFNSP as
replacement to cement increases the water requirement by
reducing the height ratio. The average value of “L” box
height for 25% UFNSP replacement crosses the safe limit of
EFNARC permissible limit. In comparison with the control
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Table 2: Results on flow properties of fresh concrete.

S. number Mix Ids
Percentage

replacement of
UFNSP

Average L box
height ratio

Average J-ring
height (mm)

Average
V-funnel flow
time in sec

Average slump
flow diameter in

mm

Average T50 cm
slump flow in

sec
1 SCCCS 0 1.00 7.88 7.90 710.00 2.60
2 SCC5 5 0.92 7.93 9.20 700.00 2.70
3 SCC10 10 0.87 8.23 9.50 680.00 3.20
4 SCC15 15 0.82 8.45 10.40 672.00 4.00
5 SCC20 20 0.80 8.73 11.20 650.00 4.50
6 SCC25 25 0.77 9.33 11.80 630.00 5.00
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Figure 2: Results on J-ring test.

specimen (SCCCS), specimens SCC5, SCC10, SCC15, SCC20,
and SCC25 lose their height ratio by 8%, 13%, 18%, 20%, and
23%, respectively. The results show that there was a sudden
reduction in height ratio between 0 and 15% replacements
and then the ratio gets stabilized and this is due to the fact that
after certain percentage of replacement the cement UFNSP
reaction was lesser.

The results on J-ring test on fresh self-compacting con-
crete were presented in Table 2 and Figure 2. The test results
shows that the height of fresh concrete in J-ring rises by
0.63%, 4.4%, 7.3%, 10.79%, and 18.41% for the specimens
SCC5, SCC10, SCC15, SCC20, and SCC25, respectively, in
comparison with SCCCS. From Figure 2 it was observed that
height increment is not notable for specimen with 5% of
UFNSP replacement. From5% to 20%ofUFNSP replacement
the height gradually increases from 7.93mm to 8.73mm; with
the replacement of 25% the height gets a steep increase to
9.33mm. Even though the height rises the values were within
the permissible limit which is 0–10mm.

The results on “V”-funnel test on fresh self-compacting
concrete specimens were presented in Table 2 and Figure 3.
The results show that the time period for flow of fresh
concrete through the “V”-funnel increases as the replace-
ment percentage of UFNSP increases. The minimum time
is observed at SCCCS specimen with flow period as 7.90
seconds and maximum time period for flow was observed
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Figure 3: Results on V-funnel flow test.

at SCC25 with 11.80 seconds. The flow timing increases
almost linearly which can be observed from Figure 3. The
flow period for SCC5, SCC10, SCC15, SCC20, and SCC25
increases by 16.46%, 20.25%, 31.65%, 41.77%, and 49.37% in
comparison to SCCCS specimen. The values lie well within
the permissible limit for a typical self-compacting concrete.
The actual permissible limit given by EFNARC is 0–25 Sec.

The slump flow values and the corresponding T50 cm
test results were presented in Table 2 and Figures 4 and
5. The results show that the slump value reduces as the
percentage replacement of UFNSP increases, which shows
the UFNSP has an impact on the workability of SCC. The
SCCCS specimen has the maximum value as observed by
the other tests earlier and the lowest value was observed at
SCC25measuring 630mm.The flow of SCC5, SCC10, SCC15,
SCC20, and SCC25 reduces by 1.41%, 4.23%, 5.35%, 8.45%,
and 11.27% with reference to SCCCS. The time period of
flow for T50 test was presented in Figure 5. The time for
spreading increases and the time for SCC25 is longer with
its value as 5 sec. As the addition of UFNSP reduces the
workability, the flow gets affected and hence the delay in
spreading occurs. The spreading time increases as 3.85%,
23.08%, 53.85%, 73.08%, and 92.31% for SCC5, SCC10, SCC15,
SCC20, and SCC25 in comparison with SCCCS. Even though
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Table 3: Compressive strength of hardened concrete cubes.

S. number Mix Ids Average compression strength in MPa
7 days 14 days 28 days 56 days

1 SCCCS 21.80 25.27 26.60 26.90
2 SCC5 27.95 31.20 32.50 32.65
3 SCC10 31.50 33.61 34.30 34.40
4 SCC15 34.20 35.90 36.20 36.30
5 SCC20 29.07 31.01 32.30 32.37
6 SCC25 22.80 25.44 26.50 26.80
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Figure 4: Results on slump flow test.

the slump value decreases and the T50 test time increases
the values are all well within the limit and show typical self-
compacting concrete characteristics as indicated by EFNARC
guidelines.

The observations shows that the water requirement was
more in samples with UFNSP as replacement, and this is due
to the fact that the M-S-H binder matrix with MgO presence
has large water requirement due to texture, size, and shape
of the particles [18]. This higher water requirement is also
due to the reactive magnesia [19], a part in the UFNSP. From
the tests on workability, even though it was observed that the
replacement of UFNSP reduces the flow, almost all specimen
lies within the typical limit as specified by EFNARC, and
hence the replacement can be done until 25% without any
effect on SCC limiting values.

3.2. Compressive Strength on Hardened Concrete at Various
Ages. The compressive strength is tested on hardened con-
crete and the results are presented inTable 3 and Figure 6.The
results show that at early ages all the replacement specimens
show higher strength gain than the control specimens. The
strength attainment of SCCCS, SCC5, SCC10, SCC15, SCC20,
and SCC25 was 82%, 86%, 92%, 94%, 90%, and 86%,
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Figure 5: Results on T50 slump flow test.
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Figure 6: Results on average compressive strength test on 28 days.

respectively, on 7 days and 95%, 96%, 98%, 99%, 97%, and
95%on 14 days.Through this, the SCC5 and SCC10 specimens
are attaining 90% and above of designed strength on 7 days,
whichmay be a notable parameter.The 7 days’ test shows that
the SCC5, SCC10, SCC15, SCC20, and SCC25 has strength
increment of about 28.21%, 44.50%, 56.88%, 33.35%, and
4.59%, respectively, when compared to SCCCS. From the
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Si Ca

C-S-H

Figure 7: SEM image and its EDAX mapping on Si, Mg, and Ca of
control specimen (CS).

results on 14 days’ test it was evident that the SCC5, SCC10,
SCC15, SCC20, and SCC25 have strength increment of about
23.47%, 33.30%, 42.07%, 22.71%, and 0.67%, respectively, in
comparison with SCCCS. The 28 days’ compressive strength
for SCC5, SCC10, SCC15, and SCC20 has strength gain
of about 22.18%, 28.95%, 36.09%, and 21.43%, respectively.
The SCC25 specimens have a strength reduction of about
0.38% on 28 days in comparison with SCCCS. The 56 days’
compressive strength for SCC5, SCC10, SCC15, and SCC20
has strength gain of about 21.38%, 27.88%, 34.94%, and
20.33%, respectively. The SCC25 specimens have a strength
reduction of about 0.37% on 56 days in comparison with
SCCCS. Through the observations it was evident that until
14 days the strength of all replacement specimens increases.
From 28 days the strength of SCC25 is almost similar to that
of SCCCS and there is very little strength loss for SCC25
on 28 and 56 days’ tests. The strength gain is due to the
presence of right proportion of M-S- and C-S-H [20]. The
concrete attains its strength through the UFNSP; the reason
behind this is the presence of Mg and reduced particle size of
UFNSP, which facilitates the intrusion of particle in cement
matrix [11–14]. The higher hydration rate is the main cause
of early age strength attainment [21]. From the result it was
clear that the strength attainment can be achieved until 20%
replacement. The specimen with 25% UFNSP replacement is
almost equal to and little lesser than SCCCS specimens on 28
days and 56 days.

3.3. Microstructure and Elemental Mapping on 56 Days’ Hard-
ened Specimens. The scanning electron microscopy analysis
on the microstructure of the concrete specimen at 56 days
and its relevant mapping for silica (Si), magnesium (Mg),
and Calcium (Ca) of those specimens are presented through
Figures 7–12. The elemental EDAX mapping is carried out
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Figure 8: SEM image and its EDAX mapping on Si, Mg, and Ca of
SCC-5.

Si Mg

Ca

M-S-H

C-S-H

Figure 9: SEM image and its EDAX mapping on Si, Mg, and Ca of
SCC-10.



6 Advances in Materials Science and Engineering
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Figure 10: SEM image and its EDAXmapping on Si, Mg, and Ca of
SCC-15.
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Figure 11: SEM image and its EDAX mapping on Si, Mg, and Ca of
SCC-20.
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Figure 12: SEM image and its EDAXmapping on Si, Mg, and Ca of
SCC-25.

to ascertain whether the addition of UFNSP has genuine
effect on the strength development. The microstructural
evolution was observed to be similar on all samples. Figure 7
shows the microscopy image of control specimen and its
relevant mapping. This shows conventional specimen has no
traces of magnesium elements. The formation of calcium
silicate hydrates is noted. Figure 8 shows the images of SCC5
specimen has the traces of C-S-H along with M-S-H. The
presence of magnesium is very limited when compared to
calcium and this is due to the lesser replacement of UFNSP.
Themicroscopy andmapping imageswere shown in Figure 9,
and it is observed that the denseness of M-S-H formation
is increasing and it is validated through the mapping, and
a possible trace of magnesium hydroxide is also noted.
Figure 10 shows the results of SCC15, and it is observed that
the formation of M-S-H is more prominent and denser. The
solidity of the magnesium silicate has increased widely in
comparison with the specimens earlier, and also few spots
of free calcium are traced which may cause a break point on
strength gain. The maximum strength is observed at SCC15
which is to be noted at this point. Figure 11 shows the result
images for SCC20 specimen and it shows large formation of
magnesium silicate along with the calcium silicates, and the
microstructure indicates positive attainment of microstruc-
tural evolution of control specimen, but not in comparison
with SCC15 specimen. Figure 12 shows the microscopy and
mapping images of SCC25 specimens; the microstructure
of SCC25 was almost similar to that of SCCCS specimens.
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In SCC25 it is noted that the magnesium silicates tend to
break down to tinyM-S-H crystal which is identified through
mapping, and this phenomenon causes the major strength
reduction which is not observed in earlier specimens. In
all the specimens it is noted that both magnesium based
hydration products and calcium based hydration products
have a vital role in establishing the strength gain.

From the above observations it can be ascertained that
magnesium and magnesium based products are stable in all
specimens, and it is also shown that when water exhausts the
reaction of components end thus stabilizes its microstructure
and attains early age strength in case of replacement up to
20%, this reaction product takes up space aroundmagnesium
compounds thus giving denser structure [22]. The magne-
sium based hydration products were found to be present in
regions devoid of other elements, suggesting the presence
of Mg crystals [23]. The observation shows that the M-S-H
was less crystalline as observed and when this becomes more
crystalline then the strength gain is reduced [24].The process
of increasing the Mg(OH)

2
and other magnesium hydration

products improve the mechanical strength and specimen’s
microstructure as it is observed [21]. The addition of UFNSP
has induced the magnesium based hydration products, and
the results were little bit contrary to earlier studies [12,
13]. The contradiction is due to the increased water usage
in current study through which the brucite development
is accommodated in the pores. In this study as there are
larger voids due to the higher water content and other
admixtures, theMg(OH)

2
which is higher in density than that

of Ca(OH)
2
gets enough space to accommodate itself hence

paving the way to good strength and microstructure, even at
25% replacement, which was not so in earlier studies [11, 12].
From the above study it can be ascertained that the usage
of UFNSP will enhance the strength parameters and denser
microstructural bond.The replacement percentage ofUFNSP
shall bemaintained at 15% formaximum strength attainment,
but still the 25% replacement gives strength similar to control
specimen which shows that the replacement shall be carried
out up to 25%.

4. Conclusions

From the present study it can be concluded that the replace-
ment of UFNSP in self-compacting concrete system can have
an influence on the workability, flow of fresh concrete, com-
pressive strength of hardened concrete, and microstructural
properties. There was decrease in flow properties of SCC
with increase in addition of UFNSP. The entire replacement
percentage exhibits safer limit for the SCC, but the specimens
with 25% of UFNSP replacement reach the limit where the
typical limit ends, which confirms that further replacement
is not possible in terms of flow properties. The early age
strength attainment is seen in samples SCC5, SCC10, SCC15,
and SCC20 even on 7 days’ test where more than the target
strength is achieved. The maximum strength is achieved
in SCC15 specimens. The strength enhancement is seen on
all replacement specimens, wherein the strength of SCC25
specimens is almost equal to that of SCCCS.Themicrostruc-
tures of SCC10, SCC15, and SCC20 are denser and show

denser magnesium hydroxide which has an effect on strength
improvement. Further magnesium and silicate are mapped,
which shows the dispersion over the surface and forms denser
structures.The reduced strength of SCC25 is due to the higher
magnesium content. From the investigation and discussion
it is concluded that the replacement of UFNSP should be
maintained below 20% and the UFNSP will enhance the
strength parameters of the SCC.
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ABSTRACT: Wireless sensor network (WSN) includes a package of energy concentrated on the air devices 
that are interconnected to form a communication system. The performance of the communication system 
relies based upon the nodes which are operated by battery. The nodes are placed in favorable and hostile 
environments due to which the lifetime of the network remains fluctuating. Another reason that influences 
the lifespan of the system model is the rate of data handling that is influenced by the available energy of the 
nodes. It is proposed an energy-efficient load balancing (EELB) method for harmonizing the advantages of 
energy efficiency and load handling rate. EELB is specific in handling different traffic rates by measuring the 
remaining battery power of the nodes to ensure seamless communication and non-overloading energy 
constraints. It manages the communication of the network by distributing traffic flows predicted on the 
residual energy and the capacity of the nodes to ensure prolonged link availability. The performance of the 
proposed methodology is evaluated through simulations graphs using MATLAB and the performance are 
verified using the criteria: Throughput, Signal received at the base station and the first node dies time. 

Keywords: Wireless sensor networks, Energy Efficiency, Clustering, Load Balancing 

I. INTRODUCTION 

In the pastspans, most of the problems occur within the 
wired medium of network. Nowadays the wireless 
medium of network came into existence in order to 
make the communication a relaxed one. The popular 
wireless medium of network is Wireless Sensor Network 
(WSN) [1], as it senses the environmental aspects such 
as Humidity, Temperature etc., via the sensor nodes. A 
WSN is a self-organizable network of minor sensor 
nodes announces within themselves by broadcasting 
Wireless Sensor nodes are called motes signals, and 
placement in amount to sense, observe and recognize 
the physical domain. WSN consist of a many number of 
sensor nodes, based on the wireless communications 
each sensor nodes are connected. Every sensor node 
has the ability of collecting information and transfers it to 
other nodes [6]. Using the Ethernet network, the data is 
connected and its information is transferred via multiple 
nodes with the gateway. The main goals in developing 
next-generation wireless communication systems are 
increasing the link throughput (bit rate) and the network 
capacity [24]. There cognized data by sensor nodes are 
used as an upcoming reference when there is a 
necessity to avoid something that goes incorrect in the 
network. Numerous disputes are related with these 
sensor nodes such as energy depletion, latency time 
and overburden of nodes [7]. To conquer these issues 
efficient clustering routing based protocols are used. 
WSN sadore excessive usage because of their reduced-
cost, limited factor, smooth sensor nodes. They can also 
be deployed to automate unexciting tasks rather than 
Nonintervention of Human and hazardous ones of 

interest, for observing or regulating the region. Sensor 
nodes has the ability to sense the environment, then the 
sensed data are moved for processing and the 
processed data are forwarded to the next nodes, where 
these all actions are done within the battery of the 
sensor nodes. To achieve energy efficiency many 
clustering methods are proposed, HEED is one of the 
clustering protocols used to achieve energy 
consumption [10]. There are several characteristic 
issues such as energy utilization, limited processing 
capacity, vulnerable atmosphere and the time delay 
occurs as a maximum with the wireless. Later the 
sensor nodes are placed in the network, the one with 
limited energy must wait for the stipulated amount of 
time without any action [11]. A significant design 
concern in WSNs is to reduce the consumption of 
energy by the sustaining external device, internal 
mechanism and communication protocols. Generally, 
the wireless sensor networks is sub classified into small 
networks called cluster. A clustering-based protocol that 
utilizes randomized rotation of local cluster based 
station (cluster-heads) to evenly distribute the energy 
load among the sensors in the network [12]. Every 
cluster within the monitored area has one efficient node 
called Cluster Head (CH). Cluster head collects the data 
from the nodes within the cluster [2]. After this collected 
data transfer to base station. At the time of data 
collection and data sending of cluster head there is 
utilization of node energy. Hence the selection of cluster 
head after each round is also play important role in the 
WSN. As transmitting data from the sensor nodes to the 
base station requires a probabilistic function, in order to 
make a communication a reliable one. Fuzzy logic is 

e
t
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introduced so that the real world entities are maintained. 
Type 2 Fuzzy Logic (T2FL) is used for the selection of 
Cluster Head (CH) among the group of clusters [1]. As 
T2FL is much better situations than the Type 1 Fuzzy 
Logic (T1FL) in handling the uncertainty. In this paper in 
addition with the selection of CH using T2FL and 
unbalanced data are made balanced and then an 
optimal data reaches the sink node. The outcome of 
T2FL will be with some traffic and unbalanced data. In 
order to avoid the traffic, the concept of routing protocol 
is introduced for finding the suitable path for the 
transmission of data. For balancing the data, load 
balancing concept is presented. Load balancing 
algorithms are separated into static and dynamic load 
balancing algorithms. Static load balancing algorithms 
do not base their choice on the recent state of the 
system, so, there presentation would not be best when 
compared to the dynamic load balancing algorithms 
which base their choice on the present state of the 
system [5]. But dynamic load balancing algorithms 
deserves more overhead when compared to the static 
load balancing algorithms. Dynamic policies are further 
classified into two classes: Centralized and Distributed. 

 
Fig. 1. General Architecture of uneven clustering in 

WSN. 

II. RELATED WORK 

The optimal CH is selected by various clustering 
schemes and after selection of CH the cluster is formed. 
The nodes are placed in a sensor field, then the CH is 
selected according to the energy consumed ratio and 
existing distance factor among the CHs. The 
methodology applied here is free association model. 
After clustering is made, the data packets are scheduled 
and then the transmission stage starts to transmit the 
data which are sensed by the nodes [1]. The focus of 
this paper [2] is that, the sorted sensors is made in 
ascending order on the number of the gateways which 
is used in allocation of sensors are made in an 
ascending order, should also being a sorted sensor 
range. The continuous sorted sensor nodes start for 
their assignment to the correct gateway. For the 
presentation of a transmission of packets the Radius 
Self-adjust Energy-Saving routing protocol (RSES) are 
involved. In RSES, nodes get minimized as its number 
of packets radius are made for the sake of reaching the 
extreme next node before it directs the data to the initial 
state. The initial work of the On-Demand route discovery 
is made if in case there is a need for source node to 
communicate with its neighbor node for that it does not 

need any routing maintenance table for storing 
information [3]. In paper [4] the aim is to allocate jobs to 
the machines, for that information’s which are gathered 
from the algorithm called Greedy Load Balanced 
Clustering Algorithm (GLBCA), which solve the issues 
on linear programming problem. By using the Load 
Balancing clustering problem (LBCP), the ratio of 
throughput is high when compared to the problems in 
linear programming. An approach to enhance the 
network lifespan is introduced in an algorithm named 
ICLA (Irregular Cellular Learning Automata) based 
clustering algorithm which can progressively select 
cluster heads with the high utilization energy and 
evenhanded number that act together with next nodes 
happens by the process of learning reinforcement. 
Henceforth, it has the drawback as it won’t measure the 
effect of unequal distribution of cluster nodes in real 
systems as a part that may cause unbalanced amount 
of work carried out by the cluster heads [5].A centralized 
algorithm named Centralized Energy Efficient Load 
Balancing Algorithm (CELBA) which reports the 
disputes of energy utilized of the sensor nodes 
simultaneously it will balance the load which happened 
in the cluster heads. In addition to the centralized 
algorithm further more algorithm needs to balance the 
network hence for distribution version purpose the 
Distributed Energy Efficient Load Balancing Algorithm 
(DELBA) is introduced [6].In order to save the battery 
from energy draining which occurs in cluster head 
especially the one that present near the sink node and 
to perform the user friendly mean the approach called 
Energy Aware Sleep Scheduling Clustering based 
Routing scheme(EASSCR) is made for Wireless 
network and mobile networks. Efficient sensor networks 
eliminate the requirement of network reconfiguration 
with respect to sparsity change [13-16]. By using this 
approach some nodes are laid to sleep for the 
prolongation of the network lifetime. The three fuzzy 
descriptors (remaining battery power, distance to base 
station, and concentration) have been chosen to elect 
the Cluster Head (CH) and only CHs can deliver the 
message to the base station [19]. The node with the 
utilized energy which is high than the estimated average 
energy is elected as cluster head by the EASSCR and 
the nodes remaining battery level attains to five percent 
than its start energy level will send its data straightly to 
the sink node. It will partly eliminate the node failure at 
the time when the cluster head gathers the aggregated 
information from the cluster node and its main aim is to 
stipulate the prolongation time and reduce the data loss 
received from the sensor nodes. This is well suited to 
the environment of the distributed unequal clustering 
algorithm field because it takes in term of both 
estimated average energy and the residual energy of 
nodes. EASSCR works with two techniques to transmit 
data to sink node (i.e.,) straight transmission of data to 
the sink node and transmission made with the help of 
cluster head [7]. Routing always reduces the duration 
that are sensed by the sensor nodes for finding the 
optimal path. The selection of optimal path will be based 
on the two approach (i.e.,) Histogram of energy 
consumed and the spectral range of sensors fixed. The 
first method is used to collect the data that are sensed 
by nodes and the second method is used to aggregate 
the collected data for the continuous streaming of data 
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in an optimal way. By this the utilization is allocated in a 
uniform manner so that the flow across the network is 
reduced [8]. The enhancement of network lifespan is 
made by the fuzzy logic and tree based routing protocol. 
The tree based is a general self- deployable based on 
energy balanced algorithm [9]. 

III. PROBLEM FORMULATION 

In the wireless medium, the data are built from the 
signal for the transmission purpose. While transmitting 
data packets from source node to sink node, the sensor 
nodes which are placed in an un aspirated area plays a 
vital role. The sensor nodes form the Cluster Head 
(CH), from which the data are passing to the hops. At 
the time of transmission, the CH is overloaded with all 
the burdens and it will be drained as much as soon. 
Hence replacing the battery in such an unaspirated 
environment is not that much an easier one so that the 
CH consuming energy should be minimized. In order to 
minimize the cluster head prolongation time T2FL is 
proposed. By T2FL the optimal CH is selected based on 
the generated rules, as T2FL handles the real world 
uncertainties than the T1FL [1]. The formation of rules 
for T2FL is same as in T1FL as the Foot of Certainty 
(FOU) remains the same. While transmission of packets 
from source to the final state via CH may result with 
some delay and loss of packets. To make the delayed 
packet a reachable one the load balanced techniques is 
used along with the routing protocol strategy. 

IV. PROPOSED SYSTEM 

Each and every sensors deployed in the network join 
with one cluster according to its coverage range. The 

sensor node is tagged as one of the cluster member. It 
senses the environmental condition around it particular 
range and send it to the cluster head. The data that are 
received from the cluster members are aggregated by 
cluster head then it is transferred to the next cluster 
head. 

 
 

Fig. 2. Proposed model for multi-hop clustering. 

A. System model 
In the proposed model, CH is selected based on the 
T2FL by framing the rules for the optimal selection of 
the CH. Because the T2FL will handle the uncertainties 
in this real complex world without any intervention [9]. 
The system model is sub divided into two modules, they 
are as follows, 
(a) Type 2 Fuzzy Logic(T2FL) module 
(b) Energy Efficient Load Balancing 

 

 

Fig. 3. Proposed Architecture. 

The proposed architecture is modeled in a way that the 
sensor nodes are deployed first as it is the initial step for 
the process. After the deployment of the nodes, each 
node must join with one cluster group for that sake the 
T2FL is used. In our proposed model, there are 27 rules 
on fuzzy inference system. By T2FL the CH is elected 
according to the criteria made on the basis of the three 

fuzzy parameters(i.e.,) A represent remaining battery 
power, B represents distance to base station [1] and C 
represents density of node, then D represents the 
output factor measured. For each of these above 
mentioned parameters where three inputs are available. 
The first fuzzy parameter A uses Less, Average and 
High, the second fuzzy parameter B uses Near, Far and 
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Farthest and the third one which  represents of  C uses 
Low, Medium and High. After considering the fuzzy 
parameters with the inputs, the output factor is framed 
as a 7 membership function (i.e.,) Very poor, poor, 
Below Average, Average, Above Average, Strong and 
Very Strong. The concentration is made by the use of 
fuzzy rule model. The T2FL is considered to be the 
superior one than the T1FL [20]. The method followed at 
the initial stage is as same as the T1FL, as it also 
considers the Foot of Uncertainty (FOU). 

T2FL = FOU+ Principal Member Function (T1FL) …(1) 

The T2FL has the range of FOU which is between 0 to 
1, since the fuzzy logic value is meant to range from 0 to 
1, the difference among the T1FL and T2FL is that the 
member function considered if ƒ°�0,1�, T1FL ranges 
from ƒ->0, but T2FL ranges from ƒ->0 to 1. The 
derivation of output factor is done by given below 
equation, 

              D = ∑ ��	 
 ∑ ��� 
 ∑ �������������
�

�
�

�
� …(2) 

(a) Type 2 Fuzzy Logic(T2FL) Module 
The workflow of the T2FL id depicted as follows, 

1) The clusters are assumed to be k over the region 
M�M, the sensor nodes N are deployed randomly. 

2) Based upon the criteria the sensor nodes 
represented as N are categorized among different 
layers. 

3) Each and every layer is labeled with numbering on 
the basis of measuring the distance from source to 
the sink node. 

                            �0 � ����/�!" …(3) 

                   ��� – Free space energy 
                   �!" – Multipath energy 

4) At every layer the CH is selected on the basis of 
T2FL rules. 

5) The fuzzy model is applied which is an if-then-else 
rule format for the selection of CH. 

6) The number of optimal CH is elected at each round. 
7) The data that are from the top layer reaches from 

one CH to another CH and finally it reaches to the 
sink node. 

8) The sink node that is a destination node will 
aggregate all the data from the CH in an efficient 
manner. 

(b) Energy Efficient Load Balancing Modules 
The second module of the proposed model is Energy 
Efficient Load Balancing methodology where the routing 
protocol happens at its initial stage when the CH 
transmits its data to the intermediate nodes. The routing 
algorithm which is applied here is Ad-hoc On Demand 
Distance Vector (AODV), Simulation results have shown 
that proposed method protocol achieves lower average 
delay, more energy savings, and higher delivery ratio 
than the MCMP protocol [17],[18]. where the shortest 
path is selected upon the table which carries the ranges 
among the network. After the stipulated time path is 
selected for the transmission the data are to be 
balanced among the node so that the delay of packets 
is reduced at the time of transmission. The Pseudo code 
for the energy efficient Load Balancing methodology is 
as follows: 

� Algorithm Steps for Energy Efficient Load 
Balancing 

Step1: Source discovers the routing path (initial) to the 
sink based on distance factor. The shortest routing path 
is selected for transmission. 

 
                                                                          Fig. 4. Sequence of Proposed Model. 
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Step2: At the final stage of every transfer of packets, the 
node’s remaining energy is updated to the predecessor 
node.  
Step3: If the remaining energy of the node is greater 
than the threshold, then the node retains its position in 
the routing path. 
Step4: If Step3 fails, then the node is replaced with a 
next highest remaining energy node to pursue 
transmission. 
Step5: The network traffic is consented with the capacity 
of the node correlating the remaining energy of the 
node. 
Step6: If the remaining energy of the node is sufficient 
to transmit the incoming packets, then the data 
dissemination occurs. 
Step7: If Step6 is not satisfied, then the incoming traffic 
is split into multipath confining to the capacity of the 
nodes. 
Step8: Update the remaining energy of the nodes to 
verify if it is greater than the threshold.  
Step9: If Step3 and 6 fails, then the source initiates a 
new neighbor discovery. 
Step10: Repeat from Step2 for all transmission to the 
sink until the destination is reached.  

V. PERFORMANCE EVALUATION 

The proposed model is analyzed and its performance 
metrics are evaluated in the MATLAB editor with 150 
nodes as its network size as mentioned earlier the 
cluster head is selected according to the rules framed 

by T2FL for the optimal transmission of packets form 
initial node to the sink node. The selection of CH is 
made in such a way that the following three parameters 
of fuzzy such as remaining battery power, distance to 
base station and the density of node. The data which 
are used here is same as I the T1FL, the output factor is 
validated through the fuzzy inferences rules in the 
MATLAB editor. 
The output factor probability for the CH is derived from 
the formula mentioned in equation 2.The considered 
proposed system is an unequal clustering approach with 
dynamic change of the CH. The cluster formation 
algorithm makes the cluster split up into eight cluster 
regions and each CH is dynamically changes as the 
battery gets drained. By using the MATLAB editor the 
graph is plotted from Fig.5 to 7. Fig 5 depicts the 
networks throughput is better in terms of Energy-
Efficient Load Balancing(EELB) compared to T2FL.the 
throughput can be derived from the given below 
equation 4. 

#$��%&$"%� � '()* +, -./0*1∗3*4(5*6*3 789:*6 +, 3.1. -./0*1'
;(9*

                             

…(4) 
From Fig 6 we tend to know that the performance of the 
network is predicted by measuring the data signals 
which are delivered to the sink node successfully as it is 
one of the major parameter for the network lifespan. Fig 
7 shows the First Node Dies in EELB is maximum as 
compared to the T2FL.  

 

 
 

Fig. 5. Throughput vs Time. 

Table 1 depict that the performance rate among the 
T2FL with EELB on the basis of three metric (i.e.,) type-
2 ITS’S account for linguistic uncertainties, it  should be 
possible to use our type-2 TSK [21], [22]. Throughput, 
Data signals to BS and First Node Dies. Hence, it is 

proved that the simulation result after applying the EELB 
is in top as compared to the T2FL, which is suitable for 
the larger applications. The proposed model routing 
strategy in the larger application is discussed in [23]. 
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Fig. 6. No. of. Data signals delivered to BS. 
 
 

 
 

Fig. 7. First Node Dies Time. 

Table 1: Comparison of EELB with T2FL. 

Metric T2FL EELB 
Throughput(Kbps) 27.5 32.6 

Data Signals to BS 12.5 13 
First Node Dies(sec) 80 599 
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VI. CONCLUSION AND FUTURE WORK 

The proposed EELB is effective in adapting the routing 
paths by selecting nodes based on residual energy and 
load handling capacity. It balances the data 
dissemination process based on the available node 
energy to improve the network throughput. The base is 
assisted with type-II fuzzy in selecting cluster heads that 
aids energy conservation besides the distributed energy 
efficient routing. The achievement of the newly 
proposed model is compared with the existing type-II 
fuzzy based clustering for the metrics like Throughput, 
Signal transmitted to the sink node and first node dies 
time. In future, the process is planned to be modeled as 
an opportunistic routing algorithm to enhance the link 
stability and mediate route recovery of the 
communicating nodes. This aids swift transmission with 
distributed energy efficiency.  

Conflict of Interest: Nil 
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Abstract 

This work presents the comparison of various multicarrier based Pulse Width 

Modulation (PWM) techniques for the chosen single phase CMLI (Cascaded Multi Level 

Inverter). In this paper, a single phase symmetrical cascaded multilevel inverter is 

controlled with sinusoidal, THI (Third Harmonic Injection), Trapezoidal, TAR 

(Trapezoidal Amalgamated Reference) and Stepped Wave reference with Equal Amplitude 

Carriers (EAC) and UEAC (Un Equal Amplitude Carriers). The proposed EAC and 

UEAC are applied for various PWM strategies. The PWM methods used for the analysis 

are PD (Phase Disposition) PWM, POD (Phase Opposition and Disposition) PWM, 

APOD (Alternative Phase Opposition and Disposition) PWM, CO (Carrier Overlapping) 

PWM, PS (Phase Shift) PWM and VF (Variable Frequency) PWM with EAC and UEAC. 

For all the PWM methods and references the UEAC produces less THD and higher 

fundamental RMS (Root Mean Square) values except for ma =1. For ma =1 the EAC 

provides less THD (Total Harmonic Distortion) and higher fundamental RMS (Root 

Mean Square) values for all the PWM methods and references. To validate the developed 

technique, simulations are carried out through MATLAB/SIMULINK.
 

 

Keywords: Equal Amplitude, Unequal, Variable Frequency, THD, CMLI 

 

1. Introduction 

MLIs (Multi Level Inverter) have been extensively used in high power applications 

because they can realize high voltage and high power output through the use of 

semiconductor switches without use of transformer and without dynamic voltage balance 

circuits. Single phase five level inverter topology are discussed in this paper. Various 

bipolar multi-carrier modulation strategies with sine, trapezoidal, TAR, THI and stepped 

wave reference have been developed using MATLAB-SIMULINK /R2012a/March 2012.  

and tested for different modulation indices with equal and unequal amplitude carriers. 

Nabae, et al., [1] suggested a new neutral-point-clamped Pulse Width Modulation 

(PWM) inverter composed of main switching devices which operate as switches for PWM 

and auxiliary switching devices to clamp the output terminal potential to the neutral point 

potential has been developed. This inverter output contains less harmonic content as 

compared with that of a conventional type. Two inverters are compared analytically and 

experimentally. In addition, a new PWM technique suitable for an ac drive system is 

applied to this inverter. The neutral-point-clamped PWM inverter adopting the new PWM 

technique shows excellent drive system efficiency, including motor efficiency, and is 

appropriate for a wide-range variable-speed drive system. Takahashi and Mochikawa [2] 

introduced a simplified method to calculate harmonic currents of an induction motor and 

optimum PWM switching patterns to minimize the harmonic loss are presented. 

Neglecting the harmonic iron loss, the harmonic loss of the motor is proportional to the 
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square of the rms current. The waveform of the harmonic current is approximately equal 

to that of the leakage reactance applied to the same PWM voltage. Its approximation error 

is very small under normal operating condition. The main results obtained using these 

approximation are as follows: 1) the optimum PWM patterns of the pulse number from 

seven to 41; 2) how to choose the optimum pattern and calculate it by using a computer; 

3) the effect of a resistance of the windings and skin effect of the secondary conductor; 

and 4) microcomputer PWM optimum voltage control schemes. Comparison with other 

controls is shown by using experimental and calculating results and confirms the 

effectiveness of this control scheme. Carrara, et al., [3] gave idea about generalization of 

the pulsewidth modulation (PWM) sub harmonic method to control single-phase or three-

phase multilevel Voltage Source Inverters (VSI) is considered. An analytical expression 

of the spectral components of the output waveforms covering all the operating conditions 

is derived. The analysis is based on an extension of Bennet's method. The improvements 

in harmonic spectrum are pointed out, and several examples are presented, which prove 

the validity of the multilevel modulation. Peng and Lai [4] discussed multilevel voltage 

source converters which emerging as a new breed of power converter options for high-

power applications. The multilevel voltage source converters typically synthesize the 

staircase voltage wave from several levels of DC capacitor voltages. One of the major 

limitations of the multilevel converters is the voltage unbalance between different levels. 

The techniques to balance the voltage between different levels normally involve voltage 

clamping or capacitor charge control. There are several ways of implementing voltage 

balance in multilevel converters. Without considering the traditional magnetic coupled 

converters, this paper presents three recently developed multilevel voltage source 

converters: (1) diode-clamp, (2) flying-capacitors, and (3) cascaded-inverters with 

separate DC sources. The operating principle, features, constraints, and potential 

applications of these converters are discussed. Kang and Hyun [5] proposed a simplified 

method to calculate the relation between the reference phase voltage and the output phase 

voltage to the load neutral point. Boora, et al., [6] proposes a new single inductor multi 

output DC/DC converter that can control the dc link voltages of single-phase diode-

clamped inverter asymmetrically to achieve voltage quality enhancements. Namei, et al., 

[7] developed a hybrid cascaded converter topology with series connected symmetrical 

and asymmetrical diode clamped H-bridge cells. Pereda and Dixon [8] suggested a 

solution for using only one dc source in asymmetric cascaded multilevel inverter. Najafi 

and Yatim [9] developed a new multilevel inverter which is used to reduce complexity 

and gate circuit. Kangarlu, et al., [10] proposes a new topology with reduced number of 

switches which is used to operate in high power, high voltage, improved output waveform 

quality and flexibility. Judi and Nowicki [11] propose bypass technique for multi level 

inverter to ensure even power distribution in all voltages sources. Kangarlu and Babaei 

[12] developed an optimal structure in different criteria such as number of switches; 

standing voltage on the switches, number of dc voltage sources, etc. Babaei, et al., [13] 

proposed anew algorithm to determine magnitude of dc voltage source. Palanivel and 

Dash [14] developed using carrier pulse width modulation technique which is used for 

lower magnetic interference and high output voltages. Babaei, et al., [15] introduced a 

new single-phase cascaded multilevel inverter is proposed. This inverter is comprised of a 

series connection of the proposed basic unit and is able to only generate positive levels at 

the output. Therefore, an H-bridge is added to the proposed inverter. This inverter is 

called the developed cascaded multilevel inverter. In order to generate all voltage levels 

(even and odd) at the output, four different algorithms are proposed to determine the 

magnitude of dc voltage sources. Reduction in the number of power switches, driver 

circuits, and dc voltage sources is the advantage of the developed single-phase cascaded 

multilevel inverter. As a result, the installation space and cost of the inverter are reduced. 

These features are obtained by the comparison of the conventional cascaded multilevel 

inverters with the proposed cascaded topology. The ability of the proposed inverter to 

http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Najafi,%20E..QT.&searchWithin=p_Author_Ids:37542295100&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Najafi,%20E..QT.&searchWithin=p_Author_Ids:37542295100&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Najafi,%20E..QT.&searchWithin=p_Author_Ids:37542295100&newsearch=true
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generate all voltage levels (even and odd) is reconfirmed by using the experimental results 

of a 15-level inverter. Selvamuthukumaran, et al., [16]   proposes a hybrid multicarrier 

pulse width modulation (H-MCPWM) technique to reduce leakage current in a 

transformer less cascaded multilevel inverter for photovoltaic (PV) systems. The 

transformer less PV inverter topology has the advantages of simple structure, low weight 

and provides higher efficiency. However, the topology makes a path for leakage current to 

flow through parasitic capacitance formed between the PV module and the ground. A 

modulation technique has significant impact to reduce the leakage current without adding 

any extra component. The proposed H-MCPWM technique ensures low leakage current in 

the transformer less PV inverter system with simplicity in implementation of the 

modulation technique using lesser number of carriers. Experimental prototype developed 

in the laboratory demonstrates the performance of the proposed modulation technique in 

reducing the leakage current.  

 

2. Proposed Topology 

The main feature of a MLI is its ability to reduce the voltage stress on each power 

device due to the utilization of multiple DC sources. Though there are several types of 

MLI, the configuration of Modular Structured Multilevel Inverter (MSMI) also called 

cascaded type is unique when compared to other types of multilevel inverter in the sense 

that it consists of several modules that require SDCS. The function of this MLI is to 

synthesize a desired voltage from SDCS which may be batteries, fuel cells or solar cells. 

The number of modules (M) which is equal to the number of DC sources required 

depends on the number of levels (m) in the output of the MSMI. M and m are related by 

m=2M+1. For output voltage consisting of five levels, which are +2Vdc, +Vdc, 0,-Vdc and -

2Vdc, the number of modules required in the MSMI is two. Compared to other types of 

MLI, the MSMI requires less number of components with no extra clamping diodes or 

voltage balancing capacitors that only further complicate the overall inverter operation. 

Each module of MSMI has the same structure whereby it is represented by a single phase 

full bridge inverter. This simple modular structure not only allows practically unlimited 

number of levels for the MSMI by stacking up the modules but also facilitates its 

packaging.  

  

 

Figure 1. Cyclic Switching Sequence of Chosen MSMI 

 

http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=p_Authors:.QT.Selvamuthukumaran,%20R..QT.&newsearch=true
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Figure 2. Five Level Cascaded Inverter 

Figure 1 shows the possible switching states for the single phase five level inverter. 

The cascaded MLI can be used as compensator in power systems because it does not 

present unbalance problem in DC source. The structure of separate DC sources is well 

suited for various renewable energy sources such as fuel cell, photo voltaic cell and 

biomass cell. Figure 2 display the power circuit for single phase five level cascaded 

inverter. 
 

3. Modulation Strategy 

In these proposed topology they are two methods are used 

1. Equal Amplitude Carriers  

2. Un Equal Amplitude Carriers (or) Variable Amplitude Carriers (VAC) 

 

3.1. Equal Amplitude Carriers (EAC) 

In this method, all the triangular carriers used will have the same amplitude. The 

proposed PWM methods are PDPWM, PODPWM, APODPWM, COPWM, PSPWM and 

VFPWM with sine, THI, trapezoidal, TAR and stepped wave references. Figure 3 to 5 

shows the sample carrier arrangement, output voltage and FFT plot for PDPWM strategy 

with sine reference (ma = 0.8 and mf=20). Where ma and mf are the amplitude and 

frequency modulation index. 
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Figure 3. Sample Carrier Arrangement for Equal Amplitude Carriers with 
PDPWM Strategy (Sine Reference for ma = 0.8 and mf =20) 

 

Figure 4. Output Voltage of Five Level Inverter based on Equal Amplitude 
Carriers with PDPWM Strategy (Sine Reference for ma = 0.8 and mf =20) 
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Figure 5. THD Plot for Five Level Output Voltage based on Equal Amplitude 
Carriers with PDPWM Strategy (Sine Reference for ma = 0.8 and mf =20) 

3.2. Un Equal Amplitude Carriers (UEAC) (or) Variable Amplitude Carriers (VAC) 

In this method, all the triangular carriers used will not have the same amplitude. The 

PWM methods used are UEAPD (Un Equal Amplitude Phase Disposition) PWM, 

UEAPODPWM, UEAAPODPWM, UEACOPWM, UEAPSPWM and UEAVFPWM 

with sine, THI, trapezoidal, TAR and stepped wave references. Figure 6 to 8 shows the 

sample carrier arrangement, output voltage and FFT plot for PDPWM strategy with sine 

reference (ma = 0.8 and mf=20). Figures 9 to 12 show the sample reference waveforms. 

The following parameters are used for the simulation Vdc1 = Vdc2 = 100V, R (Resistance) 

= 100 ohms, Ac (Amplitude of the carrier signal) = 0.5, 1 and 1.5, Am (Amplitude of the 

modulating signal = 2, fc (frequency of the carrier signal) = 1000 Hz and 2000Hz and fm 

(frequency of the modulating signal) = 50 Hz. ma is varied from 1 to 0.6 for equal 

amplitude carrier methods. In EAC method if ma is varied from 1 to 0.51 then the inverter 

will work as a five level inverter and if the ma is varied from 0.5 to zero then the inverter 

will work as a three level inverter. But in case of UEAC method if ma is varied from 1 to 

0.26 then the inverter will work as a five level inverter and if the ma is varied from 0.25 to 

zero then the inverter will work as a three level inverter. This paper focuses on bipolar 

carrier with sinusoidal, third harmonic injection, trapezoidal, TAR and stepped wave 

reference function. Four carriers are not equal in amplitude. Intermediate carriers below 

and above zero level have half the amplitude of the outermost two carriers. Simulations 

are performed with different values of ma ranging from 0.25 to 1. In paper mf is chosen as 

20 as a trade off in view of the following reasons: (i) to reduce switching losses (which 

may be high at large mf) (ii) to reduce the size of the filter needed for the closed loop 

control, the filter size being moderate at moderate frequencies (iii) to effectively utilize 

the available FPGA/dSPACE system for hardware implementation. The simulated output 

voltages are shown for only one sample value of ma=0.8. For the single phase system the 

carrier frequency is limited up to 1000Hz. For the three phase system the carrier 

frequency range may be from 2 KHz to 10 KHz. In this paper we have chosen carrier 

frequency as 1 KHz. So the frequency modulation index is 20. 

Where 

               
m

a 

c

A
m = 

A
      - (1) 

         

c
f 

m

f
m = 

f
     - (2) 
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Figure 6. Sample Carrier Arrangement for Unequal Amplitude Carriers with 
PDPWM Strategy (Sine Reference for ma = 0.8 and mf =20) 

 

Figure 7. Output Voltage of Five Level Inverter based on Unequal Amplitude 
Carriers with PDPWM Strategy (Sine Reference for ma = 0.8 and mf =20) 
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Figure 8. THD Plot for Five Level Output Voltage based on Unequal 
Amplitude Carriers with PDPWM Strategy (Sine Reference for ma = 0.8 and 

mf =20) 
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Figure 9. Sample Carrier Arrangement for Equal Amplitude Carriers with 
PDPWM Strategy (THI Reference for ma = 0.8 and mf =20) 

 

Figure 10. Sample Carrier Arrangement for Equal Amplitude Carriers with 
PDPWM Strategy (Trapezoidal Reference for ma = 0.8 and mf =20) 
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Figure 11. Sample Carrier Arrangement for Equal Amplitude Carriers with 
PDPWM Strategy (Stepped Wave Reference for ma = 0.6 and mf =20) 
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Figure 12. Sample Carrier Arrangement for Equal Amplitude Carriers with 
PDPWM Strategy (TAR Reference for ma = 0.8 and mf =20) 
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Table 1. THD for Five Level Output Voltage based on Equal Amplitude and 
un Equal Amplitude Carriers with Various Modulation Indices 

Ref. ma 

% THD for 5-level inverter 

PDPWM PODPWM APODPWM COPWM PSPWM VFPWM 

PD UEAPD   POD UEAPOD APOD UEAAPOD CO UEACO PS UEAPS VF UEAPD 

S
in

e 
re

fe
re

n
ce

 

1 26.79 27.53 26.80 27.70 26.80 27.70 33.63 30.20 26.85 26.65 26.77 28.19 

0.9 32.98 31.46 33.01 31.67 32.02 31.64 38.56 34.43 33.73 29.83 33.39 32.13 

0.8 38.29 34.99 38.29 35.13 38.29 35.13 43.90 37.90 38.22 32.47 38.22 35.44 

0.7 41.81 38.04 41.82 38.08 41.82 38.08 49.39 40.43 42.12 34.97 42.17 38.27 

0.6 44.35 39.39 44.36 39.39 44.36 39.39 58.98 43.43 43.88 37.07 44.58 39.75 

0.5 

3
-l

ev
el

 40.38 

3
-l

ev
el

 40.39 

3
-l

ev
el

 40.39 

3
-l

ev
el

 46.10 

3
-l

ev
el

 40.49 

3
-l

ev
el

 40.43 

0.4 40.32 40.33 40.33 49.03 44.22 40.44 

0.3 42.49 42.50 42.50 59.32 63.56 42.72 

T
H

I 
re

fe
re

n
ce

 

1 27.45 32.15 27.76 32.27 27.76 31.36 33.28 33.53 29.45 32.27 28.19 31.29 

0.9 35.37 35.61 35.56 35.65 35.56 34.29 37.75 37.79 35.80 35.65 35.80 36.21 

0.8 41.14 39.75 41.20 39.83 41.20 37.49 41.46 41.34 41.27 39.83 41.33 40.42 

0.7 43.84 43.13 43.84 43.24 43.84 39.80 45.66 44.75 44.13 43.24 44.09 43.79 

0.6 42.62 45.02 42.62 45.17 42.62 41.08 52.50 47.16 42.40 45.17 42.84 45.68 

0.5 

3
-l

ev
el

 45.49 

3
-l

ev
el

 45.76 

3
-l

ev
el

 43.30 

3
-l

ev
el

 48.73 

3
-l

ev
el

 45.76 

3
-l

ev
el

 46.26 

0.4 44.47 44.53 42.95 48.34 44.53 44.84 

0.3 38.88 38.89 54.90 51.54 38.89 39.21 

T
ra

p
ez

o
id

al
 r

ef
er

en
ce

 

1 22.41 26.53 22.48 26.57 22.48 26.57 29.38 29.28 22.54 27.53 22.67 27.22 

0.9 31.49 32.11 31.50 32.17 31.50 32.17 34.28 33.97 31.46 31.33 31.61 32.75 

0.8 37.37 36.67 37.33 36.76 37.33 36.76 39.55 38.39 37.85 34.59 37.66 37.26 

0.7 41.76 40.03 41.73 40.13 41.73 40.13 44.18 42.15 41.40 37.01 41.83 40.64 

0.6 41.97 42.33 42.03 42.54 42.05 42.54 48.60 44.94 42.69 38.73 42.41 42.98 

0.5 

3
-l

ev
el

 43.89 

3
-l

ev
el

 43.98 

3
-l

ev
el

 43.98 

3
-l

ev
el

 46.57 

3
-l

ev
el

 40.09 

3
-l

ev
el

 44.22 

0.4 42.75 42.75 42.75 47.79 42.53 43.15 

0.3 37.46 37.48 37.48 58.85 64.91 37.66 

S
te

p
p
ed

 w
av

e 
re

fe
re

n
ce

 

1 40.15 34.86 37.77 34.90 37.77 34.90 48.10 41.17 37.46 34.44 37.76 34.86 

0.9 43.61 37.87 43.68 37.88 43.68 37.88 52.46 43.47 43.19 36.93 44.03 37.87 

0.8 47.70 39.94 47.65 39.97 47.65 39.97 56.06 45.11 47.23 38.34 48.53 39.94 

0.7 48.80 41.19 48.74 41.20 48.74 41.20 69.01 46.83 48.24 38.11 49.47 41.28 

0.6 60.24 41.08 60.40 41.14 60.40 41.14 82.63 47.95 60.25 3.24 60.71 41.11 

0.5 

3
-l

ev
el

 38.66 

3
-l

ev
el

 38.79 

3
-l

ev
el

 38.79 

3
-l

ev
el

 53.19 

3
-l

ev
el

 48.08 

3
-l

ev
el

 38.78 

0.4 45.39 45.34 45.34 56.79 59.99 46.27 

0.3 60.24 60.40 60.40 83.31 90.09 60.71 

T
A

R
 r

ef
er

en
ce

 

1 23.08 20.40 23.06 20.48 23.06 20.48 29.94 23.97 23.12 20.90 23.11 20.90 

0.9 33.66 27.57 33.69 27.58 33.69 27.58 36.12 29.86 33.04 26.13 33.53 27.79 

0.8 41.18 32.79 41.21 32.82 41.19 32.82 41.37 35.11 40.42 30.75 40.83 32.94 

0.7 45.72 36.74 45.80 36.72 45.80 36.72 46.19 39.91 45.37 35.37 45.51 37.06 

0.6 45.77 40.39 45.82 40.45 45.88 40.45 50.21 44.12 46.55 39.77 45.75 40.43 

0.5 

3
-l

ev
el

 42.94 

3
-l

ev
el

 43.03 

3
-l

ev
el

 43.03 

3
-l

ev
el

 48.02 

3
-l

ev
el

 43.30 

3
-l

ev
el

 43.09 

0.4 44.54 44.59 44.63 50.75 46.16 44.27 

0.3 41.55 41.60 41.60 52.58 50.74 41.56 

 

Table 1 and 2 shows the THD and VRMS values for the proposed five level inverter. In 

Tables it is represented as 3-level for ma = 0.5 to 0.3. The equal amplitude carrier methods 

will give five levels only up to ma = 0.59 but the UEAC method will give five levels up to 

ma = 0.26. The Tables compare the total harmonic distortion and Voltage in terms of 

RMS for various references and carriers. 
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Table 2. VRMS Fundamental for Five Level Output Voltage based on Equal 
Amplitude and un Equal Amplitude Carriers with Various Modulation 

Indices 
 

Ref. ma 

VRMS for 5-level inverter 

PDPWM PODPWM APODPWM COPWM PSPWM VFPWM 

PD UEAPD   POD UEAPOD APOD UEAAPOD CO UEACO PS UEAPS VF UEAPD 

S
in

e 
re

fe
re

n
ce

 

1 141.5 153.6 141.5 153.5 141.5 153.5 151.5 155.2 141.9 157.2 141.6 153.5 

0.9 127.3 144.2 127.3 144.1 127.3 144.1 141.6 145.8 127.2 148.6 127.1 144 

0.8 113.2 134.7 113.2 134.7 113.2 134.6 130.8 139.6 113.5 140.8 113.3 134.6 

0.7 98.89 124.4 98.89 124.4 98.89 124.4 119.8 127.6 98.18 130.3 98.72 124.6 

0.6 84.92 114.9 84.91 114.9 84.91 114.9 106 117.8 84.87 120.6 84.99 114.8 

0.5 

3
-

le
v

el
 104.7 

3
-

le
v

el
 104.7 

3
-

le
v

el
 104.7 

3
-

le
v

el
 108 

3
-

le
v

el
 106.5 

3
-

le
v

el
 104.8 

0.4 93.53 93.53 93.52 96.64 84.66 93.63 

0.3 80.23 80.23 80.28 80.93 64.1 80.36 

T
H

I 
re

fe
re

n
ce

 

1 164 169.2 163.9 169.2 163.9 170.4 168.3 169.2 163.4 169.2 163.8 169 

0.9 147.7 157.9 147.7 157.9 147.7 162.5 157.8 159 147.6 157.9 147.7 158.2 

0.8 131.2 146.8 131.1 146.8 131.1 153.9 147.3 148.7 130.9 146.8 131.3 147 

0.7 114.6 135.9 114.6 135.9 114.6 144.5 136.2 138.4 114.6 135.9 114.6 136.1 

0.6 98.06 124.8 98.09 124.7 98.09 135.3 122.8 128.3 97.95 124.7 98.18 124.7 

0.5 

3
-

le
v

el
 114.1 

3
-

le
v

el
 114 

3
-

le
v

el
 122.7 

3
-

le
v

el
 117.5 

3
-

le
v

el
 114 

3
-

le
v

el
 113.9 

0.4 102.5 102.5 98.4 106.6 102.5 102.7 

0.3 90.17 90.16 73.81 92.43 90.16 90.26 

T
ra

p
ez

o
id

al
 

re
fe

re
n
ce

 

1 165.8 170 165.7 170 165.7 170 169.3 170.6 165.8 171.3 165.8 170.3 

0.9 149.2 158.9 149.2 158.8 149.2 158.8 158.6 160.1 149.2 162.6 149.3 159.1 

0.8 132.3 147.8 132.4 147.8 132.4 147.8 147.3 149.7 132.8 153.7 132.3 148 

0.7 115.8 136.5 115.9 136.5 115.9 136.5 136.2 139.3 115.8 144.6 116 136.6 

0.6 99.39 125.6 99.35 125.5 99.36 125.5 124.2 128.4 99.39 134.9 99.19 125.4 

0.5 

3
-

le
v

el
 114 

3
-

le
v

el
 114 

3
-

le
v

el
 114 

3
-

le
v

el
 117.6 

3
-

le
v

el
 124.3 

3
-

le
v

el
 114 

0.4 102.4 102.4 102.4 106.3 99.58 102.3 

0.3 85.36 85.36 85.36 83.58 65.99 85.46 

S
te

p
p
ed

 w
av

e 

re
fe

re
n
ce

 

1 166.7 130.7 153.1 130.7 153.1 130.7 177.3 132.3 153.7 137.7 153 130.7 

0.9 138.5 123 138.4 123 138.4 123 164.7 124.8 138.4 128.2 138.1 122.9 

0.8 128.8 115.6 122.9 115.7 122.9 115.7 153.2 117.8 122.9 119.3 122.2 115.6 

0.7 107.5 107.9 107.5 107.9 107.5 107.9 134.7 11.3 107.9 110.8 106.9 107.8 

0.6 92.33 99.92 92.27 99.9 92.27 99.9 115.5 104.1 92.13 97.11 91.85 99.91 

0.5 

3
-

le
v

el
 91.81 

3
-

le
v

el
 91.77 

3
-

le
v

el
 91.77 

3
-

le
v

el
 93.45 

3
-

le
v

el
 81.51 

3
-

le
v

el
 91.77 

0.4 80.06 80.1 80.1 83.02 64.96 79.58 

0.3 65.29 65.24 65.24 63.98 48.89 64.95 

T
A

R
 r

ef
er

en
ce

 

1 157 164.1 157.1 164 157.1 164 159.8 164.4 157.1 161.9 157.2 164 

0.9 141.5 153.7 141.6 153.7 141.6 153.7 149.6 154.9 141.6 153.2 141.6 153.7 

0.8 125.3 143 125.4 143 125.4 143 139.4 144.8 126.1 145 125.6 143 

0.7 109.4 131.8 109.8 131.9 109.5 131.9 128.7 134 110.4 136.4 109.6 131.7 

0.6 93.57 120.1 93.55 120.1 93.59 120.1 117.8 122.8 95.04 128 93.61 120.2 

0.5 

3
-

le
v

el
 108.2 

3
-

le
v

el
 108.2 

3
-

le
v

el
 108.2 

3
-

le
v

el
 111.1 

3
-

le
v

el
 119.1 

3
-

le
v

el
 108.3 

0.4 95.57 95.55 95.6 99.87 95.2 95.94 

0.3 84.18 84.16 84.16 89.45 71.23 84.22 

 

4. Conclusion 

The proposed work compares the various multicarrier based Pulse Width Modulation 

techniques for the chosen single phase CMLI. For all the PWM methods and references 

the UEAC produces less THD and higher fundamental RMS (Root Mean Square) values 

except for ma =1. For ma =1 the EAC provides less THD (Total Harmonic Distortion) and 

higher fundamental RMS (Root Mean Square) values for all the PWM methods and 

references.  

 If the equal carrier waves are chosen means the THD will be slightly more and Vrms 

will be slightly less. For the equal amplitude carriers if the amplitude modulation index 

ma is varied from 1 to 0.6 means the five level output will be maintained and the ma is 

varied from 0.5 to zero means it will work as a three level inverter. But in the case of 

unequal amplitude carriers if the amplitude modulation index is varied from one to 0.26 it 

will work as a five level inverter and the amplitude modulation index is varied from 0.25 

to zero it will work as a three level inverter. So the THD will be reduced and Vrms will be 
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increased compared to equal amplitude carriers. The specific applications of the variable 

amplitude PWM method are in the area of UPS (Uninterruptible Power Supply). The 

proposed PWM methods with less THD and higher RMS voltage can be implemented in 

industrial applications such as AC Power conditioners, static VAR compensators, drive 

systems, etc. and in power generation industries.
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ABSTRACT 
 
An organ that is vital in order to survive is the liver. It is however quite prone to several diseases such as hepatic tumours. These tumours are 

routinely investigated by the use of Computed Tomography (CT) mainly for the evaluation of primary and secondary hepatic tumours prior to 

surgery. In the case of large amount of data however, it is challenging to do a manual segmentation of the CT images. Here, fully automated 

techniques that require minimal or no supervision remove the need for manual segmentation. This paper evaluates Spatial Fuzzy C Means 

(FCM) clustering as compared to unified level set method to segment the liver from CT images. 

 

INTRODUCTION 
  
The liver constitutes for one of the vital organs present in the human body. It carries out several functions 

such as detoxification, synthesis of protein and manufacturing of bio chemicals essential for digestion. The 

liver lies in the right upper quadrant of the abdomen just below the diaphragm. As the liver carries out 

several functions and due to its location in the abdomen it has been noted to be prone to masses. Here 

the masses may be either benign or malignant. The detection of these masses are now reliant on the 

advancements made in imaging modalities such as Magnetic Resonance Imaging (MRI), CT, and digital 

mammography to name a few. This technology serves to image the many complexities of the human 

anatomy [1]. In this regard, CT allows for the surgeon to determine the presence, size, location and extent 

of involvement, making CT the most preferred for hepatic tumours. From the abdominal CT, the liver has 

been previously segmented using various techniques like FCM, graph cut and adaptive threshold. Along 

the same lines a researcher JeongjinLeea et al [2] depicted a level-set method for segmentation. This 

technique involves the use of level-set speed images that determine the initial hepatic boundary. This is 

done by coupling the level-set speed images to a two-step Seeded Region Growing (SRG). Of the two steps, 

in the first step if the iteration number of the specified curvature is determined to be too small then the 

SRG segregates the CT images into a smaller number (also with the increase in the iteration number). 

From this, the liver boundary is seen to be smoother and can be more easily detected. The calculation time 

is also increased.  

 

Graph cuts were developed by Jean Stawiaski et al [3] for the purpose of image segmentation. This 

technique use the graphs based on input data and find a global optimal cut. The graph is construucted by 

each voxel being assigned with a node. This algorithm was seen to have issue with locating the liver border 

as the border is darker than the rest if the liver and hence it marks the liver on the whole as a tumour. The 

accuracy hence was lowered. Adaptive threshold along with morphological was proposed by S.S.Kumar et 

al [4] for image segmentation of the liver. He also proposed the FCM for the segmentation of hepatic 

tumours. It was determined that the FCM only measures the grey area values hence decreasing the 

accuracy. On the other hand, Fast Discrete Curvelet Transform (FDCT) gives textural information of the 

extracted tumour by making use of artificial neural network classifier. The classification rate thus obtained 

was 93.3%. Artificial neural networks however need a more diverse training in real time situations. 

Classification with local binary pattern images for categorising normal and abnormal liver images with 

cancer was proposed by Vijayalakshmi et al [5]. Non- overlapping segments of 8X8 of liver images are 

obtained. Further, to extract the features of texture and other appropriate features Legendre moments and 

forward selection algorithm is applied. The images are then classified using the neighbourhood minimum 

distance decision rule and Euclidean distance classifier. Hsue et al [6] ascertained that computer aided 

detection using growing algorithm can be used for liver segmentation of CT images. Following this, the CT 

images are transformed into a digital signal through DWPD (Discrete Wavelet Packet Decomposition) after 

which REDUCT sets are employed to segregate the given features and reach a classification.  

Xing Zhang et al [7] evaluated automatic segmentation with the employ of optimal surface detection using 

a statistical shape model. This technique uses the concepts of graph theory that enables for the shape of 

the liver to be localised using a Hough transform after which the shape model deforms in order to conform 

to the shape of the liver. A brute force manner is then applied for the scale and rotation of the object. This 

manner however is associated with a high cost and requires a 6-D parameter. YrjöHäme et al [8] proposed 

semi-automatic liver tumour segmentation with a hidden Markov field model measure. It uses a non-

parametric distribution. Post processing is also including as part of the technique to curtail the overflow to 

the adjacent tissue. The accuracy is decreasing for low contrast images. Sergio Casciaro et al [9] made a 
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comparitive study on two methods namely graph cut method,active contour method for liver segmentation. 

For 3D liver images, both the techniques proved efficient and it was proved for tumour segmentation. This 

method results in high computation time. Xiaoqi Lu et al [10] proposed modified region growing method in 

which the source images are pre-processed using a non-linear mapping method for liver segmentation 

which highlights the liver region. Bing Nan Li et al [11] proposed a unified level set method (LSM) tumour 

segmentation. This method avoids boundary leakage. It overcomes the disadvantage of both region based 

LSM and edge based LSM and provides high accuracy of 97%.  

 

Liver segmentation through constrained convex variation model was tested by JialinPenget al [12]. This 

method was associated with over segmentation as it was involved in categorising those structures that 

had weak borders as well.  

 
Li C et al [13] proposed a level set model with likelihood and constraint for segmentation of the liver 

shape. The method was however found to be only useful for the healthy liver. Xiao Song [14] proposed 

removing the ribs, spine and kidney structures along with a smooth filter to enhance the contrast of 

images by a thresholding operation. Besides this, the researcher also proposed a FMM (Fast Marching 

Method) with an automatic seed point process of selection. ABC (Artificial bee colony) using a clustering 

optimisation algorithm to segment liver from CT images was verified by AbdallaMostafa [15].  Here the 

centroids from each cluster are calculated using mathematical morphological operations. This enables for 

the removal of sharp edges of other organs as well as flesh regions. Following this enhancement of the 

image was achieved by using growing approaches.Nuseiba et al [16] proposed a Distance Regularization 

Level Set (DRLS) model that employs a contour method which is edge-based for liver segmentation. The 

main advantage is that it guides the direction of the contour to evolve with the contours of the liver. 

Xuechen li et al [17] proposed spatial fuzzy clustering for liver segmentation coupled with the level set 

method. In this method, spatial constraints are included in the objective function which is minimised 

through spatial FCM which optimises the membership function resulting in an accuracy of 99.86%. 

 

MATERIALS AND METHODS 
 
This paper depicts the modules for segmenting the tumour from the liver in CT images in figure 1. In this 

work, spatial FCM is used for liver segmentation from abdominal CT images. This method helps in accurate 

segmentation. Then the tumour from the segmented liver is extracted using Unified Level Set Method and 

spatial FCM and the comparison is made between the techniques. 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Fig. 1: Proposed methodology. 

…………………………………………………………………………………………. 

 
Liver segmentation 

 

The segmentation of liver is difficult due to the fact that the CT image includes other organs like spleen, 

pancreas, kidney etc. which are very close to the liver. The liver is extracted from the CT image using Spatial 

FCM clustering. It is an iterative optimization algorithm which aims to reduce the objective function. Initially 

the algorithm starts with FCM clustering which then incorporates spatial constraints in the membership 

function and then the iteration proceeds. 

 

The process of fuzzy clustering implies each data point to be belonging to more than one cluster and not as if 

all points belong to a single cluster as a whole. Hence, clustering points may be found to be less in the 

cluster edges and more at the core centre (when the points in the centroid are as close, it implies 

minimisation of cost function and hence pixels away from the centroid are of high membership values). The 

membership function reveals the pixel probability of pixels in a specific cluster. However, the standard FCM 

utilises the value of grey level intensity which could be overcome in the spatial FCM which encompasses the 

pixel level spatial information. 

Spatial FCM algorithm is presented as , 

Liver segmentation using Spatial FCM 

CT- Abdomen images 

Segmentation of liver tumour 

 Spatial FCM 

 Unified Level Set Method 
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Let X=(x1, x2, ….,xn) denotes an image with n pixels tobe segregated into c clusters 

  1. Initialize the membership matrix (uij) 

  2.  Select the number of clusters 

  3.Calculate cluster centre using,  

 

  

Ci=            

 

 

 

 

       (1) 

The parameter m controls the fuzziness of the resulting partition. 

4. Update the Membership matrix as            

 

 

 

 

 

            

Uij =                                                                               

        (2)                                                                                    

 

Where dij=||ci –xj|| represents the distance between the individual cluster center and pixel value i.e 

Euclidean distance. 

 5. The objective function is defined as 

J=                                                                        

 

 

   (3)                       

 

6. The spatial function is defined as 

 

 

 

 

hij=                                                                             

       (4) 

whereNB(xj) represents a square window centered on pixel xj in the spatial domain. 

7. The spatial function is incorporated in to the membership function as 

 

 

Uij’=                                                                           

        (5) 

 

 

 Where, p and q are parameters to control relative importance of spatial and membership function. 

Convergence is identified by making a valid comparison between all changes that occurs are the centre of 

the cluster in a dual step mode. The liver region is segmented and is fed as input to the tumour extraction 

phase. 

 

Tumour segmentation 

 

From the segmented liver, tumour is extracted using spatial FCM and unified level set method. The unified 

level set method is discussed in this section. Edge based LSM is applicable only for CT images with clear and 

distinct boundaries. Region based LSM is applicable even for CT images not having clear boundaries but it is 

not applicable to detect object of interest with low contrast. To overcome the disadvantage, a unified level 

set method is proposed where boundary leakage can be avoided. This method integrates image gradient, 

region competition and prior information for CT liver tumour segmentation. The probabilistic distributions of 

liver tumours are estimated by fuzzy clustering and are utilized to improve the object indication function, 

defined by the directional balloon force and regulated region competition. 

The algorithm for unified level set method is as follows 

1. Assign the controlling parameters (α, β, γ, λ). (α, β, γ, λ  value ranges from 0 to 1). 

2.  Estimate the object of interest (Prk).   

3. Compute the object indication function and signed balloon function.    

     E  
pi gg ,, =    

pi gg   1,maxexp        

  (6) 
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g(w)= 

  2
*1

1

G
 

G *w represents the convolution of image with Gaussian kernel. 

G (β, σ0, Prk)=[1-2 β(1-Prk)] σ0         

         (7) 

4. Initialize the dynamic interface 

φ0=-4Є[0.5-(Prk>0.5]                                                             

         (8) 

5. Compute the mean curvature k, dirac function  (φ), heaviside function (H Є (φ)). 

6.  Compute the force of region competition. 

      R= 



kj

rirk PP             

       (9) 

7.  Evolve the dynamic interface with temporal step size. 

φ(v,t+Δt)=φ(v,t)+ΔtF         

         (10) 

                      =α δ(φ) E(k+λG)+(1- α) δ(φ)R                              

         (11) 

8. Repeat from step 5 until the result is satisfactory. 

 

RESULTS AND DISCUSSION 
 

 Several sources such as scan centre, internet along with corresponding ground truths for segmentation was 

used to collect CT images for the research. The liver segmentation and tumour of the abdominal CT images 

can be analyzed qualitatively and quantitatively by comparing with the ground truth from medical experts to 

evaluate the performance. The qualitative is done by visual analysis. Accuracy, sensitivity and specificity are 

calculated for quantitative analysis. These are the terms which statistically measure the performance of the 

test. 

 
Liver segmentation 

 
 Liver segmentation from the abdominal CT image is carried out using Spatial Fuzzy C Means clustering 

method. Twenty one images, out of 4 sample images, the corresponding segmented liver images and ground 

truth images are shown in [Table 1] and the quantitative results is shown in [Table 2]. 

 

Table 1: Liver segmentation using spatial FCM 

Abdominal Segmented Liver 

image 

Ground Truth Image 
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Table 2: Liver Segmentation using Spatial FCM–Quantitative Analysis 

 

Image 

 

Sensitivity (%) Specificity (%) Accuracy (%) 

1 90.3 89 96 

2 89 87 95.3 

3 92 89.5 97.8 

4 91.3 90.2 97.3 

 
Tumour segmentation 

 
The tumour region is extracted from the segmented liver using Spatial Fuzzy C Means technique and 

Unified Level Set Method. Out of twenty sample liver images, 4 images are corresponding segmented 

tumour images for both the techniques. Ground truth images are shown in [Table 3] and the quantitative 

result is shown in [Table 4]. 

 

Table 3: Liver tumour segmentation using spatial FCM and unified level set method 

 

Segmented Liver 

Image 

Liver tumour 

segmentation using 

Spatial FCM 

Liver tumour 

segmentation using 

Unified level set 

method 

Ground truth image 
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Table 4: Liver Tumour Segmentation using Spatial FCM and unified level set Method - Quantitative Analysis 

 

 

Image 

Unified level set method Spatial FCM 

 

Sensitivity (%) Specificity (%) Accuracy (%) Sensitivity (%) Specificity (%) Accuracy (%) 

1 92.5 90 95 93 93.2 97.5 

2 89.3 88.7 93.5 93.9 92 95.2 

3 82.7 77.2 85.5 94.3 95 97.8 

4 89.5 88.2 93.6 92.7 94.5 96.3 

 

CONCLUSION 
 
In this research, the liver segmentation and tumour segmentation is implemented. The automatic liver and 

tumour segmentation proves to be efficient which can make computation feasible and less time 

consuming. The liver segmentation accuracy ranges from 91.4-97.8% which is achieved by means of 

spatial FCM, for tumour segmentation, accuracy ranges from 91-98.3% which is achieved by means of 

spatial FCM and for accuracy ranging 85-96.5% is achieved by using unified level set method.   
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In recent days, there has been a growing interest in network-on-chip (NoC), as it o®ers a

promising architecture for future systems on-chip (SoC). The performance degradation is the

major problem in designing NoC, due to the complexity in designing a tra±c generator and
tra±c estimator (TE) modules. In the conventional NoC design, new tra±c modules and low-

power algorithms (LPAS) are introduced. A LPA with an NoC has given performance degra-

dation in the transmission rate, end-to-end delay and overall energy consumption. To address

this power issue, we modeled the Menger's theorem (MT) (graph theory (GT))-based clock
boosting mechanism to produce an e®ective frequency for the router. The following two methods

are introduced to improve the performance of NoCs: (i) development of a real-time tra±c

generation module and software-based tra±c estimator (STE) (ii) GT approach is introduced

into a dynamic frequency scaling (DFS) LPA. In general, the frequency selection process during
various tra±c conditions in history-based dynamic voltage scaling algorithm (HDVS) and

history-based DFS algorithm (HDFS) is more complex and it gives performance degradation.

In the proposed method, MT-based DFS (MT-DFS) parameters are estimated under various

*This paper was recommended by Regional Editor Tongquan Wei.
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conditions using both 65 and 90 nm TSMC CMOS technology. In comparison with conventional

HDFS, the evaluations show that MT-DFS interface achieves 67.7% energy saving, 85%
dynamic power savings of the links in the on-chip network and 74.27% leakage power saving

of the link.

Keywords: System-on-Chip (SoC); network-on-chip (NoC); dynamic frequency scaling (DFS);

dynamic voltage scaling (DVS); graph theory (GT).

1. Introduction

With the advent of technologies, numerous processors are integrated onto a single

chip to obtain Chip MultiProcessor (CMP) architecture. Since the CMP requires a

high demand for network bandwidth, network-on-chip (NoC) concept has been in-

troduced. NoC has improved performance, scalability and power requirements.1 The

interconnection network consumes a substantial amount of power. Also, the high

speed circuits and parallel processing require more amount of power. Hence, the

interconnection network must be con¯gured to have less power dissipation. Dynamic

frequency link is a mechanism that adjusts the frequency to reduce the power dis-

sipation without a®ecting the performance.

A communication link of NoC has scaling power consumption capabilities that

support to execute the energy-agile algorithms e®ectively. Any value of clock fre-

quency can be applied to the link so that power consumption varies according to the

value of the clock frequencies. In order to satisfy the throughput constraints, all links

must be applied with the same clock frequency. To have less power consumption, one

link of the system must be applied with higher clock frequency; all the others must be

at a lower frequency. In NoC, the total power consumption is due to two types; static

power consumption and dynamic power consumption. Dynamic power consumption

is considered in this work. Dynamic power consumption is due to the turning on and

o® of the circuit, which is occurred by charging and discharging of the switched

capacitance. In order to reduce dynamic power consumption, the supply voltage

must be decreased. When the supply voltage is reduced, gate delay increases. Hence,

the clock frequency must be reduced to overcome this e®ect. The implementation of

this method in run time is called as dynamic voltage scaling (DVS). This concept

illustrates how to change the supply voltage and clock frequency of the communi-

cation link. Using this approach, if the link is in under-utilized state due to the

varying network tra±c, it can be hindered. But, the DVS approach needs numerous

clock cycles during switching between voltage levels. Another approach to reduce

power consumption is dynamic frequency scaling (DFS). This method only changes

the clock frequency of the system. The links are ¯xed to have same voltage level.

Here, the power consumption of the network can be decreased by reducing the value

of clock frequency by half. It is not suitable at scenarios when the same amount of

data is transmitted for a long time. It is suitable for reducing peak or average power

dissipation.2
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Clock boosting router is a tool to achieve high throughput and decrease the

latency of an adaptive wormhole router.3 In this method, di®erent clocks are used in

head and body °its. Body °its continue to follow the path created by the head °it,

whereas the head °it needs complex logic system and increases the critical path. By

applying clock frequency at a higher rate during transmission of body °its, the

latency can be reduced and throughput can be improved. The clock boosting router

provides variable frequency link with low cost and fast response time. The critical

path of the router does not a®ect the operating frequency of the design. By o®ering

the variable link, this approach can increase the performance of the interconnection.

Fast response means that the clock frequency of the DFS can be adjusted very often.

Based on the tra±c load conditions, the frequency of clock boosting is altered and

thus power conservation is obtained. By changing the operating frequency required

for sending body °its, the power conservation can be attained.

The conventional boost frequency allocation to router involved in designing

complex frequency scaling which may a®ect the overall system performance. To

overcome this issue, history-based dynamic frequency scaling (HDFS) is used by

introducing graph theory (GT) (Menger theorm (MT)). A conventional HDFS-based

NoC design is to be operated at higher injection rates, and also it should be designed

with a greater number of virtual channels.4 The attention on adaptive DFS-based

NoC systems is increasing highly, as it is capable of making decisions online. Based

on possible time-changing criteria challenges, these approaches cause power and

performance degradation.5 From Ref. 6, the real-time input generation approach is

followed by designing a tra±c generator (TG), and a software-based tra±c estimator

(STE), the frequency and pattern generation with respect to tra±c estimator (TE).

In this paper, a new model, the boost up clock terminal with a heuristic approach for

NoC, is introduced for conquering the issues related to NoC. This proposed approach

enables and enforces a power optimization mechanism that is much more e®ective for

managing the resources than a baseline NoC scheme.

The major contribution of this work is the reduction of power consumption by

incorporating clock boosting. The proposed frequency scaling for clock boosting

router o®ers the power bene¯ts without a®ecting performance. Moreover, the system

requires less hardware cost.

The remaining part of the paper is arranged as follows: Sec. 2 illustrates the

related works. The system model is described in Sec. 3 and the proposed model is

presented in Sec. 4. The low-power algorithms (LPAs) for NoC and their method-

ology are described in Sec. 5. The implementation and the experimental results are

presented in Sec.6.

2. Related Works

Previous NoC research has been dedicated to increase the processing speed and

analyze the system-level performance.7 The problem of data synchronization for

Boost Up Clock Terminal with Heuristic Approach

1850084-3

J 
C

IR
C

U
IT

 S
Y

ST
 C

O
M

P 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
N

E
W

 E
N

G
L

A
N

D
 o

n 
11

/2
1/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.



multiclock-based system-on-chip (SoC) leads to a performance disturbance. Globally

asynchronous locally synchronous (GALS) is a popular technique that can eliminate

these issues.8 An NoC provides extremely high bandwidth by distributing the

propagation delay across multiple switches that may cause a power disturbance in

the circuit.9 From Ref. 10, the Tile 64 processor design considerations such as ar-

bitration, topology and length of physical links, width of physical links, bu®er allo-

cation, switching techniques, routing algorithms and levels of service are adapted to

design this proposed NoC core.

In general, the conventional NoC architecture provides performance degradation

by means of more scalability and high power consumption.11 In Ref. 12, the DVS

algorithm resulted in a scalable architecture due to external circuit combinations of

system con¯gurations. To reduce this complication, HDFS is introduced in Ref. 13.

In Ref. 14, MPEG core is implemented and gives 30% of power consumption by using

the DFS power management mechanism. In this approach, three levels of frequency

are implemented (25, 50 and 100MHz). To give better performance improvement

than that attained in Refs. 13 and 14, in this paper, novel approach is implemented.

Conventional tra±c generation is a novel structural design template that yields a

complicated system- level design.15 In modern research, reducing data access latency

and energy consumption in the NoC design plays a vital role. As tra±c generation

occurs, the time constraint increases the energy consumption.15 Many researchers use

TGs like a random-based TG, or a spatial-based TG, or a uniform TG. These tra±c

generation methods are not able to expose the real tra±c environment, and the

computational time increases due to complex design issues.15 To overcome this kind

of tra±c issue Sakthivel et al.17 introduced the graph theory-based TE (GTE) and

TG and these architectures are incorporated in this proposed design. The theorem

used in the GT concept is called an MT, whose concept is explained in Ref. 18.

Typically, the DFS-based NoC area governs the target source devices and thus

greatly manipulates the power consumption and enhances the clock distribution.19

Deepak et al.20 used dynamic voltage frequency scaling (DVFS) for power reduction

in FPGA. They have used di®erent frequencies for multiplication and addition. Zhao

et al.21 proposed a universal o®line self-calibration scheme to automatically detect

the FPGA frequency and operating voltage limit at di®erent temperatures. This

approach monitors design-speci¯c critical paths. The operating points are accumu-

lated in a calibration table and utilized to dynamically change the frequency and core

voltage based on the FPGA temperature during the run time of the circuit. The self-

calibration process is validated on an Altera Cyclone IV 65-nm FPGA with a digi-

tally controlled dc–dc converter. Thus, 40% of power savings is achieved.

3. System Model

The general block diagram of proposed system shown in Fig. 1 consists of the NoC

model, real-time tra±c generator (RTG), the STE and the LPA performer. The
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RTG gets the tra±c pattern generated by real-time input and applies that to the

NoC model and the standard tra±c model. By using the GTE,11 it is possible to

observe the tra±c progress. Finally, LAPs are applied in the NoC model and the

performance is observed.

3.1. NoC con¯guration module

In the general architecture, the NoC consists of a router, network interfaces (NIs)

and connections. The router can send data to the protocol selected in accordance

with it. The NIs are used to segregate the calculation (IPs) of the communication

network. It acts as a link between the router and the integrated elements. Connec-

tions are the channels that act as the means of transmission. The wormhole switching

technique is used in the asynchronous NoC router.22 In general, it su®ers from packet

blocking problems, although another packet could be used. Figure 2 shows the frame

format of °its transmission from the source to the destination.

The packets in the wormhole switches are divided into sub-packets that are

termed °its (°ow control unit).22,23 The header °its have some control data, and

hence a single packet can be transmitted into di®erent nodes, which will lessen the

latency and causes many tailback problems in the network.

In this NoC architecture,24 each router is connected to its neighbors and the

processing elements, and all the communication between modules is carried out by

the packets.25

Flits delivery °ow consists of the tail and body switches carrying all °its in

sequence to the head switch. The °ow representation of °its is shown in Fig. 3. The

NoC con¯guration module consists of the following components: topology, a routing

algorithm, tra±c generation, the NI unit, the IP identi¯cation unit, virtual channel,

Network on Chip 

(NoC) GT-
based Traffic 

Estimator (GTE)

Traffic 
Generation (TG) 

Low power 
algorithm 
performer 

(HDVS, HDFS, 
MT-DFS) 

Fig. 1. General block diagram for proposed system.

Boost Up Clock Terminal with Heuristic Approach

1850084-5

J 
C

IR
C

U
IT

 S
Y

ST
 C

O
M

P 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
N

E
W

 E
N

G
L

A
N

D
 o

n 
11

/2
1/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.



a process element, a channel allocation and switching mechanism. The NoC basic

diagram with modules is shown in Fig. 4.

3.1.1. Topology

The network topology has routers, NIs and connections.26 There are numerous to-

pologies that may be regular or irregular in structure, such as mesh, ring, fat-tree and

Fig. 2. Flits transmission.

Flits

Head Switch 

Body Switch 

Tail Switch 

Flits

Fig. 3. Flits deliver in the pipeline.
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torus. In this paper, the mesh topology is used because it is deterministic and regular

in structure. The simple NoC with routers and connected elements is shown in Fig. 5.

3.1.2. Routing architecture

In general, routing is data transfer that occurs from the sources to the destination.

For source-based routing, the sender provides a path for the data °ow, if the

Fig. 4. NoC basic diagram.

NI 

Router 

Incoming packet 

Fig. 5. Simple NoC with routers and connected elements.
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transmission is received locally at each node, it is said to be distributed. The transit

path is still de¯ned by only the transmitter and the receiver, and it is deterministic. If

the data transit path between the two network elements is accomplished by routing

at multiple path option, it is called adaptive routing, and typically, adaptive routing

can provide a better data °ow for NoCs.

When the data are transmitted, they can be divided into a packet that has a data

portion and routing information. The path from the sources to the destination is set

aside for the interval required to transfer the data. The purpose of the switches is to

decide the time, at which the input router must be given its output. It has di®erent

categories, such as store and forward, wormhole and virtual cut-through techni-

ques.22 The routing models are represented in Fig. 6. The NoC node consists of ¯ve

ports, namely the north, south, west, east and local ports. Each port consists of the

register, FIFO and the control logic input–output bu®er, and it is connected via the

NI to the router.

3.1.3. Tra±c generator

The tra±c generation module (TGM) contributed in Refs. 16 and 27 is e±ciently

used by many NoC developers. In TGM methods, two key aspects are addressed; the

Fig. 6. NoC basic routing terminal.
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generation and the estimation of network tra±c in the NoC environment. TGM is

able to inject packets into the NoC, according to user constraints such as data rate

and latency.

In this design, we used new design cores for the tra±c generation and the

tra±c measurement. The real-time TG and GTE give superior results over exist-

ing approaches with regard to the complexity, execution table, reliability and

recon¯gurability.

3.1.4. NI unit

To achieve e®ective timing and the best performance at the end of communication,

NIs are frequently connected.9 The area and the power of the NIs must be small, and

the latency should be kept as small as possible.

The NI bonds to all networks via a small holder called a port. For wired networks,

the user places the wire into the port. On the other hand, for wireless networks, the

port contain two radio signals, i.e., send/receive radio signals. By providing a link,

the NIs adapt information on the computer into electrical signals to the network of a

suitable shape and transmission swiftness.

3.1.5. IP identi¯cation unit

If one has to send data to any host in the system, there is a need to uniquely identify

all the hosts in the system. There is a need for an exclusive addressing scheme in

which no two hosts have the same address.

3.1.6. Bus speci¯cation

It is a high clock frequency system module that acts as a high-performance system

backbone bus. It supports good connection establishment between chip memory,

external memory and processor peripherals.28

3.1.7. Process element

Process models are represented in process diagrams, which capture the activities that

are performed. Each module in the NoC is connected to a processing element. The

functionality of process elements is followed from Ref. 29.

3.1.8. Virtual channel

In general, a virtual channel shares the role of physical channels in the intercon-

nect system, which can increase the throughput. A large number of virtual

channels are adverse in the network and so it multiplexes its supplementary

channels. In general, virtual channels are associated with each physical channel of

the con¯gurable router, which provides the latency to progress the overall network

performance.30
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3.1.9. Switching mechanism

Typically, the router architecture ¯ts into one of the two categories:

(i) The circuit switching architecture.

(ii) The wormhole switching architecture.

For assured bandwidth and the best performance, we use circuit switching.31 We use

a wormhole switching technique to implement the asynchronous NoC router to

achieve low-power consumption. For latency reduction of the packet transmission in

the interconnection network, we use the wormhole switching technique.32 This

reduces the in°uence of blocking, avoids deadlock and increases channel utilization.

Designers prefer the virtual channel technique to improve the wormhole switching

technique.22

4. Proposed Model

The proposed design concept overcomes the performance degradation by bringing in

the GT concept. The °ow diagram for the proposed system is shown in Fig. 7. The

tra±c model accepts the real-time tra±c and passes the data to NoC model. The GT

tra±c estimator (GTE)16 estimates the tra±c and provides further id required for

processing the LPAs such as history-based dynamic voltage scaling (HDVS), HDFS

and GT-DFS.

After attaining architecture-level changes by means of TG and the TE, in this

section, three algorithms, namely GT-based DVS, GT-based DFS and GT-based

DVFS are introduced.

Real time input

Traffic generation11 

NoC model 

MT based DFS 

Graph theory based Traffic 
Estimator11

Fig. 7. Flow diagram for proposed NoC with MT-DFS.
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The six steps involved in proposed design are as follows:

Step 1: Real-time input TG

Step 2: STE

Step 3: NoC model

Step 4: LPA performance

Step 5: Performance estimation

Step 6: Performance comparison

4.1. Problem formation

The existing energy optimization is mostly based on a voltage- or frequency-based

approach such as Modi¯ed Dynamic Voltage Scaling (MDVS),12 Modi¯ed Dynamic

Frequency Scaling.13 These algorithms have been implemented and evaluated on a

real-time platform. Simulation-based experimental studies have several advantages.

The main focus of these algorithms is e®ective energy budgets. The main drawback of

this approach is the highly scalable and in¯nite number of experimental steps. Also,

it hides platform dependency issues, which result in appreciably reduced progress

time. To illustrate this, MT-DFS works that have relied on simulation-based ex-

perimental studies made the following assumptions:

(i) An NoC has a continuous range of frequencies.

(ii) The idle state power consumption of an NoC is negligible.

(iii) Non-NoC power consumption is insigni¯cant.

The proposed MT-DFS focuses on timeliness, energy consumption behavior and

actual measurements. The actual NoC power accounts for the power consumption in

the active and idle states, and also for the system power using millimeters. The

conclusions from our experimental study are as follows: this work reveals that

measuring the NoC power consumption as the cube of the NoC frequency can lead to

erroneous conclusions. In particular, it ignores the idle state NoC power consump-

tion, which is an order of magnitude smaller than the active power consumption. The

DFS algorithm is introduced to further improve the system power consumption than

the aggressive energy saving algorithms like DFS and an energy budget algorithm.

The DFS link permits various frequencies: !1; !2; . . . ; and !s. Varying frequencies

do not su®er too much overhead. The system performs two tasks, creating a path

decision (jh) for a head °it and transmitting body °its (jb). A path decision is the ¯rst

task which should be performed before the transmission of body °its. whi
and wbi

represent the number of incoming head and body °its at a link during ith period

correspondingly. It takes whi/!1 for creating path decision at frequency !1 and wbi/fi
transmit body °its at frequency fi. Thus, the time consumed (ti) by the packets,

forwarding the ith period workload is given by

ti ¼
whi

!1

þ wbi

fi
þ wIi

!1

; ð1Þ
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PDi
¼ 1

2
/ CV 2!1

ðwIi þ whi þ wbiÞfi
ðwIi þ whi

Þfi þ wbi!1

; ð2Þ

where �- switching factor (SF), C-physical capacitance and V -supply voltage.

DFS algorithm dynamically changes its frequency to reduce power without af-

fecting the performance. It decides whether boosting clock frequency must be raised

to a higher level or to be reduced to a lower level, or to be unchanged. This algorithm

trades o® power and performance. If a link exploitation becomes high, the boosting

clock frequency will be raised. If a link exploitation becomes less than the threshold

value, the boosting clock frequency will be decreased. The threshold values may be

either single or multiple values.

4.2. History-based dynamic voltage scaling

Using the GTE,17 the system can predict the tra±c intensity. The pseudo code of the

HDVS strategy12 is shown in Algorithm 1. From the given voltage set, a voltage is

selected and the minimum operating voltage is chosen. Then, the tra±c states like

high and low states are detected. Based on tra±c intensity, the stages are classi¯ed

into two, namely high and low (equal to the threshold level). The ideal voltage is

applied in both the ideal and the sleep mode stages. For high tra±c condition, high

voltage is applied to the clock boosting router. And for low tra±c condition, low

12
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voltage is applied to the router. According to the tra±c level, the supply voltage is

adjusted to reduce the power consumption.

4.3. History-based dynamic frequency scaling

Tra±c intensity of the system is predicted using the software-based estimator. The

pseudo code of the HDFS13 strategy is shown in Algorithm 2. From the given fre-

quency set, a frequency is selected and the minimum operating voltage is chosen.

Then, the tra±c states like high and low states are detected. Based on tra±c in-

tensity, the stages are classi¯ed into two, namely high and low (equal to the

threshold level). The ideal frequency is applied in both the ideal and the sleep mode

stages. For high tra±c condition, high frequency is applied to the clock boosting

router. And for low tra±c condition, low frequency is applied to the router.

According to the tra±c level, the clock frequency is adjusted to reduce the power

consumption. In Fig. 8, Lee and Bagherzadeh's13 basic construction of DFS is shown,

where the clock boosting mechanism is used to generate boost up clock for the router.

4.4. Menger's theory-based DFS

4.4.1. Graph theory

GT is the mathematical technique which is used for many researches in real-time

application such as networking, scheduling, mapping, data access manipulation, time

Boost Up Clock Terminal with Heuristic Approach

1850084-13

J 
C

IR
C

U
IT

 S
Y

ST
 C

O
M

P 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
N

E
W

 E
N

G
L

A
N

D
 o

n 
11

/2
1/

17
. F

or
 p

er
so

na
l u

se
 o

nl
y.



management and low complexity application. Inside this GT, MT is promising work

for many real-time applications.

4.4.2. Menger's theorem

The purpose of MT34 is to identify the frequency pattern to the corresponding

modules, also known as max °ow cuts theorem. This is used to provide correct

DFS control unit 

: 

: 

Link controller 

Clock Boosting 
Router 

Outgoing packet 

F1 

F2 

F3 

FS 

Link 
utilization

F1 
F2 
. 
. 
. 
. 
F4 

Select 

Fig. 8. DFS basic construction.13

DFS control unit 

        : 

         : 

           Select 

Link controller 

MT based 
Clock Boosting 

Router 

Incoming packet 

Outgoing packet 

F1 

F2 

F3 

FS 

Link 
utilization 

F1 
F2 
. 
. 
. 
. 
F4 

Fig. 9. Proposed MT-DFS basic diagram.
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connection establishment between the clock boosting mechanism and relevant

modules in the router. This theorem will play inside the clock boosting mechanism12

and that will place the required frequency in the correct modules.

Theorem 1 (Menger 1927). Let G ¼ ðV ;EÞ be a graph and A;B�V . Then, the

minimum number of vertices separating A from B in G is equal to the maximum

number of disjoint A<B paths in G.29

The general block diagram of the GT-DFS is shown in Fig. 9. According to MT,

the relevant clock frequency is provided to the clock boosting router.
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From the given voltage and frequency sets, a voltage and frequency value is

selected and the minimum operating voltage and frequency is chosen. Then, the

tra±c states like high and low states are detected. The pseudo code of our proposed

MT-DFS strategy is shown in Algorithm 3. Using the STE, the system can predict

the tra±c intensity. Based on tra±c intensity, the stages are classi¯ed into two,

namely high and low (equal to the threshold level). The ideal voltage is applied in

both the ideal and the sleep mode stages. With respect to tra±c intensity, the GT

approach leads to two levels of frequency points by means of MT (GT). Three

di®erent tra±c states are set for high (F1), medium (F2), low (F3) tra±c states.

According to the tra±c state, required clock frequency is applied to the router, as per

the GT concept.

5. Result and Discussion

5.1. Case study 1

The performance improvement of NoC is always achieved through reduction in

power consumption. The experimental setup is made to evaluate the characteristics

of a single MT-DFS link. For this experiment, the source router sends packets to the

sink router, and a FIFO is located between the routers. The above parameters are the

mathematical equations using Refs. 17 and 35.

The power consumption of the interconnection network is extracted using 65 and

90 nm technology. The RTL description is synthesized to the gate level net list with

a synopsys design compiler.36 A power analysis is carried out using the synopsys

prime time PX tool.36 In this analysis, the power consumption under a given tra±c

pattern is investigated. The conventional tra±c approach cannot realistically reveal

all types of tra±c, that will traverse the network, but using this Random tra±c

pattern provides a reasonable measurement for the performance of this method. The

SEs are reported by the proposed design, which has been examined in an Intelr 3.1-

GHz LGA 1155 core i3-2100 processor, and in a system that has Window XP. The

total simulation cycles for each of the experiments are 1,200,000. The following

experimental parameter can be used to measure the NoC parameters, namely av-

erage °it latency (AFL), average throughput (AT), switching factor (SF), and en-

ergy per useful °it.

The NoC VHDL-synthesized code is made to evaluate 90 nm TSMC CMOS

technology under a 500-MHZ operating frequency, a supply voltage of 1.8V and an

SF of 0.5.

The dynamic and the leakage powers are tested in di®erent terminals such as the

TG, the TE, the router, the input bu®er, the output bu®er, and links under various

LPAs. The results are presented in Tables 1–3, and the comparison plots are plotted

in Fig. 10. It is inferred that the MT-DFS algorithm gives a superior result in terms of

power consumption, compared with the HDVS and HDFS algorithms.
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The NoC VHDL-synthesized code is made to evaluate 65 nm TSMC CMOS

technology under a 1-GHz operating frequency, a supply voltage of 1V and an SF

of 0.5.

The dynamic and the leakage powers are tested at di®erent terminals, such as the

TG, the TE, the router, the input bu®er, the output bu®er, and links under various

LPAs. The results are presented in Tables 4 and 5, and the comparison plots are

plotted in Fig. 11. It is inferred that the MT-DFS algorithm gives a superior result in

terms of power consumption, compared with the HDVS and HDFS algorithms. The

performance comparison of the tra±c injection rate, the throughput and the average

°its latency are tested. The results are presented in Tables 5 and 6, and the com-

parison plots are plotted in Fig. 12.

The performance comparison of the °it rate, throughput and the average °its

latency is tested. The results are presented in Tables 7 and 8, and the comparison

plots are plotted in Fig. 13.

The performance comparison of energy per use full °its with °it rate is tested.

The results are presented in Tables 9 and 10, and the comparison plots are plotted

in Fig. 14. It is inferred that the MT-DFS algorithm gives a superior result in

terms of energy consumption, compared with the HDVS and HDFS algorithms.

Simultaneously, the above algorithms produce a pattern and tra±c index.

Table 1. Dynamic power of LPA's with NoC @ 90 nm.

LPA

TG

(mW)

TE

(mW)

Router

(mW)

Input

bu®er (mW)

Output

bu®er (mW)

Links

(mW)

HDVS 39 18.8 8.3 140 18.6 26.2

HDFS 30 14.9 7.1 120 13.4 21.4
MT-DFS 28 12.7 5.6 110 11.3 20.1

Table 2. Leakage power of LPA's with NoC @ 90 nm.

LPA

TG

(�W)

TE

(�W)

Router

(�W)

Input

bu®er (�W)

Output

bu®er (�W)

Links

(�W)

HDVS 2.2 2.8 0.96 3.29 1.98 0.00189

HDFS 1.9 2.1 0.73 2.67 1.16 0.00113

MT-DFS 1.3 1.6 0.45 1.14 1.08 0.00098

Table 3. Dynamic power of LPA's with NoC @ 65 nm.

LPA

TG

(mW)

TE

(mW)

Router

(mW)

Input

bu®er (mW)

Output

bu®er (mW)

Links

(mW)

HDVS 10.8 14.78 19 40.9 17.1 4.8
HDFS 9.73 11.36 16 30.4 15.2 3.9

MT-DFS 8.45 9.89 13 20.7 14.1 2.3
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5.2. Case study 2

The conventional experimental setup made and results are observed for performance

comparison with HDVS and HDFS. To evaluate and compare the performance of the

proposed MT-DFS interface with the conventional HDVS and HDFS interface, the

components of interconnection network are modeled with reference to Ref. 13 (in-

cluding 7 � 7 NoC, 400 (1�) clock frequency). The NoC VHDL-synthesized code is

made to evaluate 90 nm TSMC CMOS technology under a 1-GHz operating fre-

quency, a supply voltage of 1V and an SF of 0.5. The RTL description is synthesized

to the gate level net list with a synopsys design compiler.36 A power analysis is

carried out using the synopsys prime time PX tool. The benchmark from the

SPLASH-237 suite is used to obtain the workload for the NoC interface system.

Figure 15 shows the simulation result of proposed link policy. It shows the fol-

lowing parameters obtained from simulation:

(i) Injected workload (Fig. 15(a)).

(ii) Link utilization estimation (Fig. 15(b)).

Fig. 10. Power of LPA's with NoC @ 90 nm.
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Fig. 11. Power of LPA's with NoC @ 65 nm.

Table 4. Leakage power of LPA's with NoC @ 65 nm.

LPA

TG

(�W)

TE

(�W)

Router

(�W)

Input

bu®er (�W)

Output

bu®er (�W)

Links

(�W)

HDVS 5.3 6.7 19.89 98.67 6.198 1.721

HDFS 4.2 5.6 16.51 78.25 6.118 1.692
MT-DFS 2.8 3.3 12.89 62.98 6.092 1.401

Table 5. Tra±c injection rate versus throughput.

Tra±c injection rate

(packet/cycle/node)

Throughput

(cycles)

0.1 0.21
0.2 0.39

0.3 0.46

0.4 0.57
0.5 0.66
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(iii) DVS power consumption (Fig. 15(c)).

(iv) HDVS power consumption (Fig. 15(d)).

(v) HDFS power consumption (Fig. 15(e)).

(vi) MT-DFS power consumption (Fig. 15(f)).

Fig. 12. Tra±c injection rate versus throughput and average °its latency.

Table 6. Tra±c injection rate versus average °its latency.

Tra±c injection rate

(packet/cycle/node)

Average °its latency

(°its/cycle/node)

0.1 198

0.2 294
0.3 367

0.4 419

0.5 487
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Table 8. Throughput versus °it rate.

Flit rate

HDVS throughput

(°its/cycle/node)

HDFS throughput

(°its/cycle/node)

MT-DFS throughput

(°its/cycle/node)

1.0e�04 0.017 0.015 0.015

1.0e�03 0.013 0.011 0.012
1.0e�02 0.008 0.012 0.014

1.0e�01 0.007 0.011 0.019

Table 7. Average latency versus °it rate.

Flit rate

HDVS (average

latency (cycle))

HDFS (average

latency (cycle))

MT-DFS (average

latency (cycle))

1.0e�04 890 756 667

1.0e�03 710 698 619
1.0e�02 689 576 562

1.0e�01 623 610 551

Fig. 13. Flit rate versus average °its latency and throughput.
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Table 10. Flitrate versus average energy per useful °its (pJ) at 90 nm.

Flit rate

HDVS (avg energy

per use ful°its) (pJ)

HDFS (avg energy

per use ful°its) (pJ)

MT-DFS (avg energy

per use ful°its) (pJ)

1.0e�04 588 452 349
1.0e�03 586 455 346

1.0e�02 587 454 348

1.0e�01 584 453 348

Table 9. Flitrate versus average energy per useful °its (pJ) at 65 nm.

Flit rate

HDVS (avg energy

per use ful°its) (pJ)

HDFS (avg energy

per use ful°its) (pJ)

MT-DFS (avg energy

per use ful°its) (pJ)

1.0e�04 48 32 27

1.0e�03 49 33 27
1.0e�02 36 34 29

1.0e�01 36 34 29

Fig. 14. Flitrate versus average energy per useful °its (pJ) at 65 and 90 nm.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 15. Simulation result of the MT-DFS policy when Tc is eight cycles. (a) Injected workload, (b) link

utilization estimation, (c) DVS power consumption, (d) HDVS power consumption, (e) HDFS power
consumption and (f) MT-DFS power consumption.
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Figure 16 shows the simulation results of the various link policies when control period

is eight cycles with the following parameters:

(i) HDVS latency (Fig. 16(a)).

(ii) HDFS latency (Fig. 16(b)).

(iii) MT-DFS latency (Fig. 16(c)).

The overall simulated results show that MT-DFS interface attains 85% leakage

power saving, 74.27% dynamic power saving and 67.7% energy saving in NoC when

compared with HDVS and HDFS interface in the same experimental setup.

(a)

(b)

(c)

Fig. 16. Simulation result of the MT-DFS policy when Tc is eight cycles. (a) HDVS latency, (b) HDFS
latency and (c) MT-DFS latency.
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6. Conclusion

In this paper, a MT-DFS approach is introduced for the low-power NoC system.

Conventional method used voltage and frequency scaling approaches to attain

better performance in the NoC model. To accomplish further performance im-

provement, this work introduces Menger's theory concept in clock boosting

mechanism. The proposed algorithm is generated with very simple code that can be

used for any real-time application under various tra±c conditions. The experi-

mental results for MDFS, MDVS and MT-DFS are evaluated using both 65 and

90 nm TSMC CMOS technology. Also, the conventional experimental setup is

made and observed the performance result. The proposed MT-DFS interface is

compared with conventional low power interfaces such as MDVS and MDFS, and

the performance metrics such as dynamic power, leakage power, AT, average la-

tency, and average energy per useful °its are evaluated using 90 nm technology.

The experimental results reveal that the MT-DFS is the ¯nest energy and power

optimization interface (energy (67.7%), leakage power (85%) and dynamic power

(74.27%) for an NoC platform than the conventional one. The MT-DFS algorithm

yields better results when compared with the conventional LPAs such as HDVS

and HDFS algorithms.
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Characterization of natural cellulosic fiber from Epipremnum
aureum stem
M. V. Maheshwarana, N. Rajesh Jesudoss Hynessb, P. Senthamaraikannan c,
S. S. Saravanakumarc, and M. R. Sanjayd

aDepartment of Mechanical Engineering, P.S.R. Engineering College, Sivakasi, Tamilnadu, India; bDepartment of
Mechanical Engineering, Mepco Schlenk Engineering College, Sivakasi, Tamilnadu, India; cDepartment of Mechanical
Engineering, Kamaraj College of Engineering and Technology, Virudhunagar, Tamilnadu, India; dDepartment of
Mechanical Engineering, Malnad College of Engineering, Ramaiah Institute of Technology, Bangalore, Karnataka, India

ABSTRACT
The natural fiber Epipremnum aureum was extracted from its plant. E.
aureum fibers (EAFs) were investigated by chemical analysis, Fourier trans-
form infrared spectroscopy (FTIR), X-ray diffraction, thermogravimetric ana-
lysis, scanning electron microscopy, and single fiber tensile test. Chemical
analysis, FTIR, and X-ray analysis evidenced that these fibers has 66.34%
cellulose content with crystallinity index of 49.33%. The thermogravimetric
analysis reveals that EAFs can thermally withstand temperatures until 328.9°
C. The morphology of the EAFs was observed by scanning electron micro-
scope. It was established that the fiber can be utilized as reinforcement in
polymer composites.

摘要

天然纤维是从植物中提取的epipremnumaureum。E.材料纤维（电弧炉）
进行了化学分析，傅里叶变换红外光谱（FTIR）、X射线衍射、热重分
析、扫描电子显微镜和单纤维的拉伸试验。化学分析、红外光谱和X射线
分析表明，这些纤维的纤维素含量为66.34%，结晶度为49.33%。热重分
析表明，电炉热承受温度直到328.9°C.用扫描电子显微镜观察形态的电
炉。结果表明，纤维可以作为聚合物复合材料的增强材料。
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Introduction

Natural fibers are most favorable renewable bio-sources due to their easy availability, low cost, less
weight, moderate strength, high specific modulus, easy processing, recycling, no toxic emissions to
the environment, and flexibility to chemical modification (Jawaid and Abdul Khalil 2011;
Jayaramudu et al. 2013; Sanjay and Yogesha 2017; Lewin 2007). In particular, several researchers
focused their attention in the last decade on the extraction and characterization of novel natural
fibers such as artichoke, isora, ferula, althaea, piassava, sansevieria, buriti, Arundo donax L.,
Grewiatilifolia, Prosopisjuliflora, and Acacia leucophloea (Arthanarieswaran, Kumaravel, and
Saravanakumar 2015; Fiore, Scalici, and Valenza 2014; Jayaramudu, Guduri, and Varada Rajulu
2010; Saravanakumar et al. 2013). Natural fiber–reinforced composites are extensively used in many
applications, such as automotive, packaging, electrical, industrial, household appliances, etc. (Kim
Pickering 2008; Malkapuram, Kumar, and Yuvraj 2009; Sanjay et al. 2016). The properties of the
fibers, resin, and the strength of their interfacial bonding influence the quality of a composite. Bio-
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fiber-extracted plants are typically developed in different areas with fluctuating atmospheres. The
local atmospheric conditions and the age of the plant determine the chemical composition and other
physical and mechanical properties of fibers. The raw plant fibers have more hydrophilic groups in
cellulose structure. The incompatibility between the hydrophilic natural fibers and hydrophobic
matrix may disturb the interfacial bonding between the natural fibers and matrix. Hence, it is
necessary to identify the new natural fibers having good characteristics. In the present work, a new
natural fiber from Epipremnum aureum (EA) plant (common name, golden pothos) was extracted
and its properties were studied using chemical analysis, Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), thermogravimetric analysis (TGA), scanning electron microscopy
(SEM), and single fiber tensile test. EA belongs to a large family Araceae having 110 genera and 2500
species in the world distributed mostly in the tropics and subtropics of both the hemispheres. This
plant is native to Southeastern Asia and New Guinea. It is a scrambler shrub and it can climb by
means of aerial roots over the trees and plants which hook over the tree branches. It is a hardy plant
which requires very little care. No direct sunlight is required. It can stand bright light, but the best
results are achieved with a medium indirect light; minimal temperature: 14–16°C (57–60°F); optimal
temperature: 22–26°C (71–78°F). At a temperature lower than 10°C, leaves turn yellow and develop
spots (Croat 1979; Huxley et al. 1994). From the experimental data, it is clear that the EAFs could be
used as reinforcement for the polymer matrices.

Materials and methods

Materials

The EA plant collected from Tirunelveli, Tamilnadu, and India. EAFs were extracted from the stems
of the plant as shown in Figure 1. Stems were immersed in water for 2 weeks for water retting, then
the inner layer was separated from outer layer manually (Indran, Edwin Raj, and Sreenivasan. 2014).
The inner layer of the stem yielded fine fibers. The separated fiber strands were washed thoroughly
using deionized water.

Chemical analysis

Cellulose, hemicellulose, and lignin contents of EAFs were determined using the typical test
methods. Density of EAFs (Eq.1) was appraised employing the meltbertoledoxsz05 balances

Figure 1. Epipremnum aureum Plant and fibers.
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methodology, while its wax content was quantified as per the standard protocol (Sathishkumar,
Navaneethakrishnan, and Shankar 2012). The EAFs were analyzed for ash content as per ASTM
methodology E1755-01 and moisture content following a method described by Sartorious, model
MA45. In each test, five specimens were examined and the average values were noted.

ρEAFs ¼
m2 �m1

ðm3 �m1Þðm4 �m2Þ
� �

ρT (1)

where m1 is the mass of the empty pycnometer (kg), m2 is the mass of the pycnometer filled with
chopped fibers (kg), m3 is the mass of the pycnometer filled with toluene (kg), and m4 is the mass of
the pycnometer filled with chopped fibers and toluene solution (kg).

Fourier transform infrared spectroscopy (FTIR)

FTIR studies of EAFs were performed using a spectrophotometer in absorbance mode (Model FTIR-
8400S spectrum, SHIMADZU, Kyoto, Japan). Some of the specimens were powdered by using ball
mill. This powder was mixed with KBr and pellets were made utilizing a press. All the spectra were
recorded in the 4000–500°cm−1 region with 32 scans in each case, at a resolution of 4°cm−1.

X-ray diffraction (XRD)

X-ray diffractograms of EPFs were taken on an X’Pert-Pro diffractometer. The system has a rotating
anode generator with a copper target and a wide-angle powder goniometer. The generator operated
at 40°kV and 30°mA. The experiment was operated in the reflection mode at a scan speed of 6 min–1

in steps of 0.05. The diffracted intensity of CuKα radiation wavelength of 0.1542˚nm was recorded
between 10° and 80°.

Thermogravimetric analysis (TGA)

The thermal stability of EPFs was analyzed using a thermogravimetric analyzer (STA 449 F3 Jupiter).
The quantity of specimen taken for the experiment was about 10°mg. All the measurements were
executed under nitrogen atmosphere with a gas flow of 20°mL/min and heated from room tem-
perature to 1000°C at a heating rate of 10°C/min. The samples were retained in alumina with lid
crucible in order to maintain a good connection among the specimen and thermocouple.

Scanning electron microscopy

A scanning electron microscope (Carl Zeiss EVO 18) was used with an accelerated voltage of 20˚kV
and magnification of 300× for visualization of EPFs. In order to avoid the accumulation of electrical
charges during examination, the sample was covered with a thin gold layer.

Single fiber tensile test

The maximum tensile strength was determined through a single fiber tensile test using a universal
testing machine (INSTRON 5500R) according with the ASTM D 3379–75 standards. Tensile testing
of EAFs was performed at a cross-head speed of 0.1°mm/min for 50°mm gauge length using 1.0 kN
load cell. The test was conducted at room temperature of 25°C and humidity of about 65%. In this
test, five specimens were examined and the average values were noted.
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Results and discussion

Chemical analysis of EPFs

The chemical constituents of the natural fiber was soundly affected by the growing region, soil
condition, age of the plant, and extraction methods (Batra 1985). The cellulose content of EPFs is
61.34°wt% and hemicellulose is 13.42°wt%. High lignin content (14.01°wt%) of the EPFs retains
water in the fiber, behaves as a shield against bacterial attack, and hypothetically contributes to the
fiber arrangement, properties, and morphology. The density of the EPFs was 654°kg/m3, which was
outstandingly less than that of man-made fibers (e.g., E-glass fiber (2500°kg/m3)) and it may lead to
develop the light-weight composites. The chemical composition of other bio-fibers was obtained
from the published literatures and used for the purpose of comparison as shown in Table 1.

Fourier transform infrared spectroscopy (FTIR)

FTIR peaks of EAFs are illustrated in Figure 2. The peak positions and probable allocations are
given in Table 2. It can be detected that there are clear peaks at 3378, 2915, 2351, 1757, 1647,
1305, and 1043˚cm−1 in the spectra. The peaks at 3378 and 2915 cm−1 are respective peaks of α-
cellulose. Another noticeable peak at 1757 cm−1 can be attributed to the C=O stretching
vibration of the acetyl groups in hemicellulose (Obi Reddy et al. 2014). The presence of wax
or wax-like substance is witnessed through peak at 2351 cm−1. However, the peaks at 1647, 1305,
and 1043˚cm−1 correspond to lignin content (Sreenivasan et al. 2011). Concerning the peaks
attributed to the lignin content, a little peak at about 1500˚cm−1 could be attributed to the C=C
stretching of benzene ring of lignin. Moreover, the peak at 1043˚cm−1 can be attributed to the
C–O stretching modes of hydroxyl and ether groups in cellulose (Paiva et al. 2007). A little peak
at about 1240˚cm−1 refer to the C–O stretching vibration of the acetyl group in lignin (Liu et al.
2004). In particular, the little peak at about 900˚cm−1 can be attributed to the presence of
b-glycosidic linkages between the monosaccharides (Igor et al. 2010; Fiore, Scalici, and Valenza

Table 1. Comparison of chemical compositions of raw EPFs with various natural fibers.

Fiber name
Cellulose
(wt.%)

Hemicelluloses
(wt%)

Lignin
(wt%)

Wax
(wt%)

Moisture
content
(%)

Density
(kg/m3) Ash (wt%) Reference

Epipremnum aureum
(golden pothos)

66.34 13.42 14.01 0.37 7.41 654 4.61 Current work

Acacia leucophloea
(white bark Acacia)

68.09 13.6 17.73 0.55 8.83 1385 0.08 Arthanarieswaran,
Kumaravel, and
Saravanakumar
(2015)

Acacia planifrons
(umbrella thorn)

73.1 9.41 12.04 0.57 8.21 660 4.06 Senthamaraikannan
et al. (2016)

Cordiadichotoma
(fragrant manjack)

59.7 23.6 14.7 – – – – Jayaramudu et al.
(2013)

Cyperuspangorei
(Galingale)

68.5 – 17.88 0.17 9.19 1102 – Mayandi et al. (2016)

Prosopis juliflora
(Algaroba)

61.65 16.14 17.11 0.61 9.48 580 5.2 Saravanakumar et al.
(2013)

Acacia arabica
(Vachellia nilotica)

68.10 9.36 16.86 0.49 – 1028 – Manimaran et al.
(2016)

Azadirachta indica
(neem)

68.42 13.72 13.58 0.43 – 740 – Manimaran et al.
(2017)

Perotisindica (Indian
comet grass)

68.4 15.7 8.35 0.32 9.54 785 4.32 Prithiviraj et al.
(2016)

Artisditahystrix
(Pottapullu)

59.54 11.35 8.42 – – 540 – Kathiresan et al.
(2016)

Dichrostachyscinerea
(sickle bush)

72.4 13.08 16.89 0.57 9.82 1240 3.97 Baskaran et al (2017)
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2014). On the other hand, the absorbance peak at about 600 cm–1 corresponds to the C–OH
bending (Mwaikambo and Ansell 2002).

X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis was used to assess the crystallinity index of the EPFs. The X-ray
diffractograms of EPFs can be seen in Figure 3. It can be detected that the foremost crystalline peak
occurred at 2θ˚=˚22.23° (0 0 2), which corresponds to the crystallographic plane of cellulose-I. The
lower-intensity peak at 2θ˚=˚15.46° (1 1 0) indicates the fiber contains higher amounts of amor-
phous material such as hemicelluloses, amorphous cellulose lignin, and pectin (Mayandi et al. 2016).
The crystallinity index of EPF was estimated by Eq. (2):

CI ¼ H22:23 � H15:46

H22:23
(2)

where H22.23 and H15.46 are heights of the peaks at 2θ˚=˚22.23° and 15.46°, respectively. The
calculated crystallinity index for the EPFs was 49.33%, which is higher than other natural fibers
such as Grewiatiliflia (8.8%), Cordia dichotoma (12.14%), and Prosopisjuliflora (46%)
(Jayaramudu, Guduri, and Varada Rajulu 2010; 2013; Saravanakumar et al. 2013). However, the
crystallite size (CS) of the EPFs was determined as 15˚nm using Scherrer’s formula
(Senthamaraikannan et al. 2016):

Figure 2. FT-IR spectrum of EAFs in the frequency of 4000-500cm-1.

Table 2. FT-IR peak positions and allocations of chemical stretching in the Epipremnum aureum fiber.

Peak positions (wavenumber (cm−1)) Allocations

3378 OH-stretching of α-cellulose
2915 CH stretching of α-cellulose
2351 C=C stretching of wax
1757 CO stretching of hemicellulose
1647 Aldehydic group of lignin
1305 Asymmetric C–O–C (ester) stretching of lignin
1043 Symmetric C–O–C (ester) stretching of lignin
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CS ¼ Kλ
β cos θ

(3)

where K˚=˚0.89 is Scherrer’s constant, β is the peak’s full-width at half-maximum, and λ is the
wavelength of the radiation.

Thermogravimetric analysis (TGA)

Thermal degradation curves of EPFs was recognized from the TG and DTG thermograms as shown
in Figure 4. It is clear that the thermal degradation of EPFs occurred in four phases. The first phase
of weight loss occurred from room temperature to 110°C which was evaporation of moisture from

Figure 4. TG and DTG curves of EAFs.

Figure 3. XRD spectrum of EAFs.
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the fiber, and the second phase at 240°C which may be assigned to degradation of hemicellulose in
the fibers (Obi Reddy et al. 2013). The third phase of weight loss occurred from 240°C to 380°C in
which a prominent peak at 328.9°C displayed a major mass loss of about 61.33% due to degradation
of cellulose (Ashok et al. 2015). The fourth phase of weight loss occurred from 380°C to 600°C in
which a small peak at 491.3°C was evident of the thermal depolymerization of wax. The degradation
of lignin, whose structure is a complex composition of aromatic rings with various branches, occurs
at a very low weight loss rate within the whole temperature range from ambient to 1000°C (De Rosa
et al. 2010; Fiore, Valenza, and Di Bella 2011).

Scanning electron microscopy

The SEM micrographs in Figures 5(a–h) show the morphology of EAFs, respectively, at
different magnifications. Figures 5(a) and (b) micrographs reveal that the EAFs had multi-
cellular structure and composed of cellulose enclosed and covered together with lignin and
hemicellulose (Obi Reddy et al. 2014). From Figures 5(c) and (d), it is clear that the range of
diameter of the fiber was about 105–150 µm. Figures 5(e) and (f) show an overview of non-
degraded suitable cellulosic fibers with a rough surface for good bonding with the matrix
polymer (Fiore et al. 2014). The micrographs of a surface of the EAF is shown in Figure 5(g)
which show that the impurities are located on the surface. Further, the void regions present in
the fibers were visible at higher magnification (Figure 5(h)).

Single fiber tensile test

Tensile strength of natural fibers principally depends on the chemical composition, especially
cellulose content of the fiber (Mitchell et al. 2005). Tensile strength of EAFs was discovered to
be of 317–810 MPa with 1.38–4.24% of strain rate. An average Young’s modulus value of 8.41–
69.61 GPa for the EAFs was detected due to deviation in fiber diameters. The tensile properties
of EAF were matched with other natural fibers from the previous works, listed in Table 3. The
tensile strength of EAF was found to be more when compared with the BNH fiber and more
flexible as the elongation at break was observed to be higher than that of EAF (Yusriah et al.
2014). The microfibrile angle of the EAFs was calculated using Eq. (4):

ε ¼ ln 1þ ΔL
Lo

� �
¼ � lnð cos αÞ (4)

where ε is the global deformation (or) strain, αis the microfibril angle (degrees), Lois the gauge
length (mm), and ΔL is the elongation at break (mm). The calculated microfibrile angle of the EPFs
which was (9.46°–12.18°) offered the great tensile strength. The micro fibril angle of other natural
fibers like jute, flax, hemp, and banana fibers are 8.1°, 5°, 6.2°, and 11–12°, respectively
(Saravanakumar et al. 2013).

Conclusion

The chemical, structural, thermal, and tensile properties of the EAFs were investigated and the
outcomes were reported in this paper. It has been shown that lignin content has little effect on
biological attack, and relatively lesser density of the EAFs may evidently enable light-weight
applications. X-ray diffraction analysis and functional group analysis confirmed that the EAFs
have rich cellulose content with crystallinity index of 49.33%. Thermal analysis showed that the
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EAFs can thermally withstand temperatures up to 328.9°C. Rough surface appropriate for
bonding with polymers was witnessed by SEM. The EAFs had suitable tensile strength that
make them a substitute reinforcement material for the synthetic fibers in polymer composites.

Figure 5. SEM micrographs of the EAFs.
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ABSTRACT 
Increased power densities drive researchers to enhance and improve the life of insulation 
system employed in transformers. In order to reduce the oxidation process and enhance the 
life of liquid insulation, Anti-Oxidant (AO) additives are usually added with Liquid Insulation 
(LI). The main aim of this research work is to understand the behaviour of LIs with AO 
additives under thermally aged condition. Here, Butylated Hydroxy Toluene (BHT) AO and 
natural esters like Sunflower oil (SFO) and Rapeseed oil (RSO) are used for analyses and then 
subjected to an accelerated ageing test. Important life determining properties of inhibited and 
uninhibited Mineral Oil (MO), SFO and RSO samples are examined and compared. From the 
experimental results, it is concluded that the degradation rate of inhibited samples are lesser 
than that of uninhibited samples. Also, inhibited SFO samples show similar or better 
performance compared to MO and RSO samples. 
 
   Index Terms — Mineral oil, natural Ester oil, anti-oxidant, aging, partial Discharge. 

 

1 INTRODUCTION 
RELIABLE and efficient function of transformers in a 

power system network majorly depends on the performance of 
insulation systems which are employed in them. The 
transformer insulation systems are usually composed of kraft 
paper as solid insulation (cellulose materials) and mineral oil 
(MO) as liquid insulation over a century [1, 2]. The MO is a 
non renewable resource, it has a poor biodegradation rate and 
low fire point. In addition to that, it could pollute the soil and 
waterways if serious spills occur and MO is unable to meet the 
environmental laws [3]. The above said drawback leads to 
search for possible alternatives. In early 1970s, silicon oil, 
natural and synthetic ester oils were introduced. These oils 
have excellent dielectric properties, higher fire point and 
higher biodegradation rate than conventional MO [4-7].  

Liquid insulation is taken as a key source to detect incipient, 
fast developing faults and also assist to assess the condition of 
insulation [8-10]. In majority of cases, failure of a transformer 
is due to the degradation of its insulation systems.  

Partial Discharge (PD) is one of the important tools to 
diagnose incipient faults and to evaluate the degradation 
condition of insulation systems. Basically, PD is a localized 
discharge in both liquid and solid insulation material under 
electrical stress. This discharge accelerates thermal aging and  

 

deteriorates liquid insulation. PD pulses are of short duration 
and have rise time in nanoseconds. Pompili et al, [11-13], 
carried out widespread PD measurements in liquid dielectrics. 
Earlier they performed PD measurements on dielectric liquids 
using narrow band PD detectors [12], and later on, they 
introduced simultaneous ultra wide and narrowband detection 
of PD pulses [13]. 

Once the transformer gets energized, it undergoes thermal, 
electrical, mechanical, chemical and environmental stresses 
[14 - 17]. This results, chemical modifications and releases the 
acidic contents as the by-product of oxidation process, which 
degrades the characteristics of insulating liquids (such as 
breakdown voltage, acidity, tan delta, viscosity and partial 
discharge) over the years and produces a free radical chain 
reaction. When such a chain reaction occurs, it damages 
characteristics of entire insulation system. Hence, this paper 
analyses a method to inhibit the oxidation process and its 
effects. These radical reactions are prevented by natural and 
synthetic anti-oxidants like Butylated Hydroxy Toluene 
(BHT), Butylated Hydroxy Anisole (BHA), Ascorbic Acid 
(AA), Citric Acid (CA), Propyl Gallate (PG) and Alpha 
Tocopherol (a-Tocopherol) [18]. These anti-oxidants (AO) are 
also called as free radical scavengers. 

In order to improve the oxidation stability and retardation of 
auto-oxidation, synthetic anti-oxidation additives are mixed 
with oil [19, 20]. Karthik et al [21] tried to improve the 
characteristics of reclaimed and new mineral oil with various 
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anti-oxidants. They measured the breakdown voltage, 
viscosity, flash point and fire point of reclaimed aged oil with 
anti-oxidants and concluded that anti-oxidants enhance the 
properties of reclaimed aged oil. N’cho et al [22] reclaimed 
the aged mineral oil with fuller’s earth and activated alumina. 
The main aim of the proposed work is to evaluate the 
dielectric strength, acidity, tan delta, viscosity and partial 
discharge of LIs (Mineral Oil (MO), Sunflower Oil (SFO) and 
Rapeseed Oil (RSO)) along with anti-oxidants under 
laboratory based accelerated aging conditions. 

1.1 NEED FOR THE WORK 

Nowadays, the major challenge faced by the power 
industry is to operate the transformers for longer life and to 
ensure the reliability of insulation system. Hence, the study 
must be conducted based on aging characteristics of LIs and to 
understand the significance of additives in the thermal aging 
process. Accordingly, in the present work, BHT is used for 
preventing the oxidation degradation of LIs and degradation 
characteristics of natural esters with additives in the same 
condition as inhibited (i.e added with some amount of 
antioxidant) MO was analyzed under accelerated aging 
conditions. 

 
2 EXPERIMENTAL SETUP  

2.1 PREPARATION OF SAMPLES 

Required quantity of unused and uninhibited (i.e. do not 
have any additives) mineral oil (MO) is provided by Crompton 
Greaves, Mumbai, India and unused and uninhibited (i.e. do 
not have any additives) natural esters like sunflower oil (SFO) 
and rapeseed oil (RSO) were purchased from commercial 
industries. Initially, the oil samples are thermally treated at 
100oC to remove the moisture content present in oil. 
Thermally treated samples are allowed to cool down to room 
temperature, since determination of aging effects of liquid 
insulations may be affected by initial moisture content and 
particles present in oil. Butylated Hydroxy Toluene (BHT) 
anti-oxidant is provided by Apar Chemicals, Mumbai, India. 
Anti-oxidant is mixed by using magnetic stirrer with pure 
(unused and uninhibited) MO, SFO and RSO at 0.25%, 0.3% 
and 0.35% weight concentrations and the samples are 
numbered as shown in Table 1.  

 
Table 1. Various samples with description. 

Sample 
No. 

Name of 
the sample 

Sample 
No. 

Name of 
the sample 

Sample 
No. 

Name of the 
sample 

MO1 Pure MO RSO1 Pure RSO SFO1 Pure SFO 

MO2 
MO with 
0.25 % AO 

RSO2 
RSO with 
0.25 % AO 

SFO2 
SFO with 
0.25 % AO 

MO3 
MO with 
0.3 % AO 

RSO3 
RSO with 
0.3 % AO 

SFO3 
SFO with 
0.3 % AO 

MO4 
MO with 
0.35 % AO 

RSO4 
RSO with 
0.35 % AO 

SFO4 
SFO with 
0.35 % AO 

 

2.2 ACCELERATED AGING 

Pure and anti-oxidant mixed LI samples and bare copper 
are taken in glass vessels. In order to simulate actual 
conditions in transformers, 52 g of bare copper is added with 

liquid insulation during accelerated aging. Vessels are kept 
inside the temperature controlled oven upto 21 days at 140oC 
and properties are measured at periodical interval of 7 days.  

3  RESULTS AND DISCUSSION 

3.1 BREAKDOWN VOLTAGE 

A fully automatic megger oil breakdown tester is used to 
measure AC breakdown voltage of liquid insulations as per 
IEC 60156 standard [23], using spherical electrode with 
spacing of 2;5 mm. A step input voltage is applied on the 
electrodes at a uniform rate of 2 kV/s and the average of six 
successive measurements is taken as breakdown voltage of oil. 
The time delay between successive measurements is two 
minutes. 

 
(a) 

 
(b) 

 
(c) 

Figure 1. Aging characteristics of breakdown voltage of LI samples, a) MO, 

b) RSO and c) SFO. 
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Generally, unused refined LIs do not have any oxidation 
inhibitors on their own. The oxidation inhibitors added with 
LIs slow down the oxidation process and extends the life of 
insulation system. The deteriorate of the LIs depends on 
water, oxygen, acid contents and operating temperature. 
Due to the unavailability of oxidation inhibitors in LIs, the 
deteriorate of uninhibited samples are higher than inhibited 
LI samples. In order to reduce the deterioration rate, LIs are 
inhibited by adding some amount of oxidation inhibitors. 

The breakdown voltage of uninhibited MO, SFO and 
RSO are 42, 73.4 and 53.4 kV respectively at unaged 
condition and at the same time, there is a slight variation in 
breakdown voltage of LIs after inhibited with BHT anti-
oxidants for various concentrations. When the liquid 
insulations are aged upto 21 days, breakdown voltage of 
uninhibited MO, SFO and RSO decreased to 50%, 21% and 
33% respectively and at the same time, the inhibited MO, 
SFO and RSO decreased to 30%, 17% and 22% 
respectively as shown in Figure 1. Moreover, the 
degradation rate of MO is higher than that of SFO and RSO 
samples. Because of the above reason, the breakdown 
voltage of the uninhibited LIs deteriorates quickly 
compared to inhibited ones.   

3.2 ACIDITY 

When the liquid insulation is exposed to thermal stress 
with the presence of copper, oxidation process of liquid 
insulation begins to start. It increases the acid contents in 
LIs, which diminishes the performance of LIs and leads to 
failure of LIs [24]. The total acid content in liquid 
insulation is measured as per standards [25, 26].  

The acidity values of all the LI samples show an 
increasing trend with aging and the uninhibited samples 
acid values are peaks at all aging periods as shown in 
Figure 2. For about unaged condition, the acidity of both 
uninhibited and inhibited samples is same for all cases. The 
rate of increase in acid content is high in case of 
uninhibited MO, SFO and RSO samples as 62%, 41% and 
51% respectively compared with inhibited MO, SFO and 
RSO samples as 39%, 21% and 34% respectively.  

Due to the absence of oxidation inhibitors, large 
quantities of peroxides, alcohols and acids are produced. 
Furthermore, increase in acid content dissolves the 
contaminating particles in LI, this leads to increase in 
dielectric losses and decrease in resistivity. In comparison 
to MO samples, SFO and RSO samples have high acid 
content. During the oxidation process, organic long chain 
fatty acids are formed in SFO and RSO samples. Whereas 
in MO, short chain organic acids are formed. These long 
chain fatty acids formed in SFO and RSO samples do not 
have any aggressive effect on insulating materials 
compared with MO. It is noteworthy that, according to 
Jung-II Jeong et al [24], natural esters have higher acid 
content than MO under thermal aging conditions. Overall, 
it is inferred that, uninhibited LIs have higher acid contents 
than inhibited LIs because of reduction in the free radical 
chain process. 

 
 

 
(a)     

                     
(b) 

 
(c) 

 
Figure 2. Aging characteristics of acidity of LI samples, a) MO, b) RSO and 
c) SFO. 

 
3.3 DIELECTRIC DISSIPATION FACTOR 

Dielectric properties of materials are defined by their 
relative permittivity, dielectric dissipation factor (DDF) and 
conductivity. Ionic conduction and dipolar interactions are the 
major mechanisms cause electromagnetic energy dissipation 
in the materials, further alters the DDF. When applying an 
electric field, it creates inter and intra molecular friction 
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because of interaction of ions and dipoles, which generates 
heat on the entire volume of materials [27]. The DDF of the 
material is measured at 90oC as per IEC 60247 standards [28]. 
When the LI samples are unaged, DDF of both uninhibited 
and inhibited samples remains same. After 21 days of aging, 
DDF of uninhibited MO samples changes from 0.0056 to 
0.509, for SFO samples from 0.14 to 3.55 and for RSO 
samples from 0.32 to 4.53. At the same time, the DDF of 
inhibited MO samples changes from 0.009 to 0.345, for SFO 
samples from 0.13 to 2.61 and for RSO samples from 0.35 to 
3.52 as shown in Figure 3. This shows that, natural esters have 
higher DDF than MO and results agree with Daniel Martin et 
al. [29].  

     
(a) 

 
(b) 

 
(c) 

Figure 3. Aging characteristics of dielectric dissipation factor of LI samples, 
a) MO, b) RSO and c) SFO. 

 
In esters based LIs, molecular weight decides the DDF and 

this molecular weight majorly depends on fatty acid profiles of 
the individual esters (triglycerides). The molecular weight of 
SFO is 876.16 g/mol and for RSO, molecular weight is 974.51 
g/mol [30]. It is evident that, RSO samples have higher 

molecular weight than SFO samples. Thereby higher numbers 
of hydrogen bonds are formed. Subsequently, increase in 
intermolecular interaction leads to generation of higher heat 
energy results higher DDF.  

Dielectric dissipation factor of uninhibited LI samples is 
high compared to inhibited samples. A higher value of DDF is 
a sign of existence of contaminations in LIs due to oxidation 
process. Generally, a relationship between DDF and resistivity 
exists, since; these two properties are influenced by similar 
contaminants, i.e. an increase in DDF value leads to a decrease 
in resistivity value [31]. 

 

 
(a) 

 
(b) 

 
(c)  

Figure 4.  Aging characteristics of viscosity of LI samples, a) MO, b) RSO 
and c) SFO. 
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3.4 VISCOSITY 

The viscosity of LI samples is measured at 40oC 
using Redwood Viscometer as per the ASTM D 2162-06 
standard [32]. Viscosity of LI is a crucial character to depict 
the heat transfer ability of the transformer. At operating 
temperatures, when the viscosity of the LIs is low, this leads to 
more fluidity and better cooling. Compared with MO, 
viscosity of RSO and SFO is high, since MO is composed of 
hydrocarbon and the RSO and SFO are composed of 
triglycerides. When the RSO and SFO samples are subjected 
to thermal stress with copper catalysts, oxidation takes place 
and this causes increase in viscosity. Oxidation inhibiter plays 
a vital role in LI by slowing down the oxidation process and 
leads to decrease in viscosity as shown in Figure 4. These 
results show that RSO and SFO samples have high fluidity 
and the heat transfer ability. In order to ensure the safe 
operation of transformers, there is a need to improve the 
viscosity of natural ester oils and care has to be taken while 
designing the cooling system [33].  
 

 

Figure 5. Schematic diagram for needle – plane electrode configuration for 
PD test. 

4 PHASE RESOLVED PARTIAL DISCHARGE (PRPD) ANALYSIS 

Partial discharge is a localized electrical discharge, it 
occurs in a tiny section of solid or liquid insulation when 
the applied electric field strength higher than insulation 
strength of tiny section and this discharges not fully bridges 
the gap. Generally, PD is classified as corona discharge and 
surface discharge. Due to the presence of conductive 
floating particles in the liquid insulation causes corona 
discharges. Surface discharges in the transformer mostly 
happen at the interface between oil and pressboard. In this 
work, PD activities of liquid insulation samples are 
analyzed by rod-plane electrode configuration for surface 
discharges and needle-plane electrode configuration for 
corona discharges measurements. The electrodes are made 
up of tungsten material, diameter of the needle is 10 μm 
and 5 mm gap spacing is maintained between electrodes 
during the measurements. The high voltage supply is 
connected with top needle electrode and the bottom plane 
electrode is connected with ground. A thickness of 3 mm 

pressboard is placed on the plane electrode for both rod-
plane and needle-plane electrode configurations. Schematic 
diagram for needle – plane electrode configuration for PD 
test is shown in Figure 5. PD and repetition rate 
measurements are carried out as per IEC 60270 [34]. 

4.1 ROD-PLANE CONFIGURATION 

In order to simulate surface discharges with real conditions 
in field transformers, a pressboard is placed between the 
electrodes in a rod-plane electrode configuration. PRPD 
patterns of all the inhibited and uninhibited LI samples are 
obtained from the 21 days aged LI samples under the same test 
voltage of 35 kV for comparison purpose. The test voltage is 
higher than that of PDIV of LI samples. The characteristic 
PRPD patterns of LI samples are shown in Figure 6. The 
horizontal axis of PRPD patterns represents the phase angle 
where the PD occurs and the vertical axis represents the PD 
magnitude in pC. While increasing the applied voltage in 
steps, partial discharge pulses starts to occur. Figure 6 shows 
the pattern of partial discharge pulses initiate during the test 
and their amplitude. 

In this, inhibited LI samples have lesser partial discharge 
pulse magnitudes compared with uninhibited LI samples under 
aged condition. With increase in anti-oxidant content in LI 
samples, partial discharge pulse magnitudes get reduced in the 
aged condition. Anti-Oxidants slow down the oxidation 
process and reduce the presence of degradation products 
concentration in LI samples. Furthermore, compared with MO 
partial discharge pulse magnitudes, RSO and SFO have lesser 
pulse magnitudes. The results observed from the present work 
are in agreement with Imamovic et al. [35]. Commonly, 
irrespective of the type of oil, partial discharge pulse 
magnitudes of LI samples increases with thermal aging. SFO 
samples show lesser PD activity compared with RSO samples 
in both inhibited and uninhibited conditions. In general, 
regarding surface discharges, natural ester oil shows lesser 
partial discharge activity compared with MO.  

 

4.2 NEEDLE-PLANE CONFIGURATION 

To investigate the PRPD patterns of LIs, applied voltage 
is raised above PDIV of LI samples. The 21 days thermally 
aged inhibited LI samples have lower partial discharge 
activity compared to uninhibited LI samples as shown in 
Figure 7, since, inhibited LI samples have lesser 
concentration of degradation products compared with 
uninhibited LI samples under aged condition. From Figure 
7, it is inferred that, partial discharge activity of MO is 
similar to that of SFO and has lesser partial discharge 
activity than RSO. Since, RSO have higher number of low 
magnitude partial discharge pulses. The results of present 
work are in agreement with Pompili et al [14], the natural 
esters and synthetic esters have higher number of discrete 
partial discharge pulses compared with MO. The 
performance of MO samples is similar to that of SFO 
samples, but RSO samples show somewhat lesser 
performance than other samples under aged condition. 
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 MO1 MO2 MO3 MO4 

MO 

  
 RSO1 RSO2 RSO3 RSO4 

RSO 

  
 SFO1 SFO2 SFO3 SFO4 

SFO 

  
 
 

Figure  6. PRPD patterns for rod-plane electrode configuration of both uninhibited and inhibited MO, RSO and SFO oil samples after 21 days of aging at various 
concentrations. 

 

 

 MO1 MO2 MO3 MO4 

MO 
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 RSO1 RSO2 RSO3 RSO4 

RSO 

  

 SFO1 SFO2 SFO3 SFO4 

SFO 

  

 
Figure 7. PRPD patterns for needle-plane electrode configuration of both uninhibited and inhibited MO, RSO and SFO oil samples after 21 days of aging at 

various concentrations. 
 

4.3 PARTIAL DISCHARGE INCEPTION VOLTAGE 
(PDIV) 

The PDIV of LI samples are measured as per IEC 
61294:1993 [36] standard, by increasing the applied voltage in 
steps of 2 kV, for a period of 10 minutes, till the occurrence of 
PDIV in needle – plane electrode configuration as shown in 
figure 8. Initially, at unaged condition, PDIV of both inhibited 
and uninhibited MO, RSO and SFO samples are higher than 
that of 26 kV.  

 

    
(a) 

 
(b) 

 
(c) 

Figure 8. Aging characteristics of PDIV of LI samples, a) MO, b) RSO and c) 
SFO. 
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When the samples are aged, PDIV of uninhibited LI 
samples degrades rapidly and drops below 18 kV and at the 
same time, PDIV of inhibited LI samples are higher than 18 
kV. MO samples remarkably have lesser PDIV than SFO 
samples and nearly similar to that of RSO samples. 

Generally the PDIV of the LIs depends on the gap length of 
the needle – plane electrode and the radius of the needle tip. 
The variation in PDIV level caused by the development of 
cavities in LIs and the local heating process influenced by the 
electrical stress of needle tip. The electric field stress also 
affects the movement of ions in LIs and this movement could 
induce kinetic energy for ions. As the movement of ions 
occurs nearer to the tip of the needle electrode, feasibility of 
discharge is high. 

 

4.4 REPETITION RATE 
 

The repetition rate is a ratio between the total number of 
partial discharge pulses for a time interval and the time period 
of this interval. It is used to provide a quantitative analysis 
from the experimental results [34]. The repetition rate of 
partial discharge pulses mainly depends on the applied 
voltage. Repetition rate of LI samples are measured for 
needle-plane electrode configuration as a function of applied 
voltage as shown in Figure 9. 

In order to analyze the behavior of LI samples repetition 
rate, the applied voltage is increased even after the occurrence 
of PDIV. While increasing the applied voltage in steps, partial 
discharge pulses occur and this increases the repetition rate 
gradually with increase in applied voltage. The repetition rate 
of SFO and RSO samples are almost similar to that of MO 
samples repetition rate and this results are in agreement with 
Imamovic et al [35]. 

 

5 CONCLUSION  
Effect of anti-oxidant in liquid insulations (MO, SFO and 

RSO) is studied under laboratory aging conditions at various 
particle volume fractions (0.25%, 0.3% and 0.35%). In this 
study, important electrical, chemical and mechanical 
properties are investigated and the experimental results are 
summarized. 

Concerning with electrical properties like breakdown 
voltage and dielectric dissipation factor of uninhibited (i.e. 
without any additives) LI samples degradation rate is higher 
than that of inhibited LI samples. Since, increase in acid 
content due to oxidation process and its by-products increases 
the contaminated particles in LI samples and this reduces the 
electrical properties. PD activity of both uninhibited and 
inhibited SFO and RSO samples is less with respect to PD 
activity of MO samples under thermal aged condition. While 
concerning about corona discharges, PD pulses of RSO 
samples is higher than MO samples with respect to aging and 
SFO samples have almost similar PD pulses as like as MO. 
Viscosity of SFO and RSO is high compared to MO.  

When comparing all the above reported experimental 
results, SFO and RSO based inhibited samples having slightly 
better performance then MO except viscosity and they may be 

considered as a promising alternative to MO. Detailed study 
must be needed for improving the viscosity of SFO and RSO. 

 

      
(a) 

 
(b) 

 
(c) 

Figure 9. Repetition rate for needle-plane electrode configuration. 
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Abstract 

The visibility of a driver is the key phenomenon in the road accidents. Reduction of blind spot improves the area of visibility 
which leads to reduce the possibility of the accidents. In this paper an effort is taken to reduce the blind spot area through the 
optimization of design parameters used in the design of rear view mirror in heavy vehicles. This is achieved by using a multi 
criteria decision making (MCDM) approach called COPRAS (Complex Proportional Assessment of alternatives) technique.  The 
effectiveness of the developed model is proved by a case study conducted in a public transport corporation located in the 
southern part of India. The weights of the design parameters are calculated using three different approaches such as AHP 
(Analytical Hierarchy Process), FARE (Factor Relationship) method and Entropy Measurement and the results are compared.  
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Organizing Committee of GCMM 2014. 

Keywords: Blind spots; Rear view mirror design; COPRAS; MCDM 

1. Introduction 

It has been observed that the number of road accidents is increased in line with the raise in the number of 
vehicles, increasing population and road length. Road Traffic Accidents are one of the major public health concerns 
throughout the world. The developing countries are showing very little progress towards addressing this problem 
than the developed countries. The World Health Organization (WHO) estimated that more than 1million deaths 
occur each year worldwide due to road traffic accidents [1].   
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Cho and Han [2] investigated that the vision for the driver as the most critical factor for an unusual driving situation.  
Statistics revealed that most of the road accidents were happened due to visual problems such as vision of the driver, 
brightness of the light and glare during night time and the area of blind spot. Among this blind spot is the key 
attribute. Blind spots exist in a wide range of vehicles such as cars, trucks, motorboats and aircraft. The blind spot in 
a vehicle is the area around the vehicle that cannot be directly observed by the driver while driving. The heavy 
vehicle drivers can’t see certain areas on the roadway in their front, behind the vehicle and on either sides of the 
vehicle. Forward visibility of a driver or the front end blind spots are influenced by many design criteria such as 
vehicle body structure, human anthropometric data, road geometry and the driver seat design [3]. The blind spot in 
the rear or sides of the heavy vehicle can completely hide a small pedestrian, small motor-cycle or even a full 
vehicle. Because, blind spots hide the road to verify them before making such maneuvers on roads while turning, 
reversing, changing lanes, or while overtaking other vehicles. This places the driver in a risky situation resulting 
sometimes in untoward incidents and accidents. 

The area of the blind spot on either sides of the vehicle is depending on the position of the rear view mirror. The 
positioning of the rear view mirrors with larger viewing area will be helpful in reducing the blind spots. Several 
factors are affecting the installation of rear view mirrors. Among them the distance of the driver from the pillar or 
frame structure to the left and right side of the front body structure, driver eye sight height when he is in the driver 
seat and the height of the centre of the mirror from the ground level are the highly influencing data. In this paper, an 
attempt is made to find the optimized distance to reduce the blind spot on either sides of the driver while driving is 
considered. 

The reviews the related works, the development of model and the case study are discussed in the remaining part 
of this paper. Finally the conclusion of the study and some future research directions are also outlined. 

 
2. Literature Review 

Burger [4] conducted an extensive review on the rear vision systems in the real world driving conditions.  Hwang 
et al. [5] optimize the parameters to reduce the vibration in the automobile outside rearview mirror system using 
Taguchi concept. Kouabenan [6] studied the risk perception and causal explanations of road accidents with various 
kinds of experience and knowledge about traffic and automobile driving.  Ayres et al [7] reviewed the safety aspects 
involved in the use of rear-view mirrors and discussed the research directions. Hughes et al [8] discussed the factors 
that are motivating the use of electronic vision systems provided in the heavy vehicles in order to reduce the blind 
zones. Tideman et al. [9] presented the systematic approach when designing a new lane change support system for 
vehicle using scenarios, virtual reality simulation, and gaming principles. The mock-up system consisted of three flat 
screens that offer rear view mirror functionality. Kim et al. [10] studied the surface flow and wake structure around 
an automotive external rear-view mirror and demonstrated that visualizations over the mirror housing surface and the 
driver side vehicle skin.  

Zavadskas et al. [11] demonstrated a case study for the selection of contractor on the basis of multiple attributes 
of efficiency with fuzzy inputs applying COPRAS-G method.  Podvezko [12] compared SAW (Simple Additive 
Weighting) method and COPRAS method for multi criteria evaluation models. The COPRAS method outperform by 
eliminating the drawbacks of the SAW method. Saaty [13] introduced AHP technique to solve complex problem 
using multiple criteria. Velasquez and Hester [14] analyzed various MCDM tools and concluded that AHP performs 
better as compared with others.  Ginevicius and Podvezko [15] determined the criteria weights by applying FARE 
method and the alternative solutions of wall insulation or winter proofing of buildings were found. In the first stage, 
the relationships between the set of criteria and their strength and direction were elicited from experts. Based on the 
conditions of functioning and the specific features of the complete set of criteria, the relations between each criterion 
of the set and their direction are determined analytically. Finally the total impact of each particular criterion on other 
criteria of the set which is nothing but the criteria weights were determined. Lotfi and Fallahnejad [16] used Shannon 
entropy method to find the weight for each for the imprecise data in the fuzzy data cases. Hung and Chen [17] 
proposed fuzzy TOPSIS group decision making model using entropy weight for dealing with multiple criteria 
decision making (MCDM) problems in an intuitionistic fuzzy environment with an investment example. Lee et al 
[18] used entropy method to determine the weight of evaluation indexes and established multi-level fuzzy evaluation 
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model for enterprise resource planning system selection. Shemshadi et al [19] solved the problem of evaluation and 
ranking the potential suppliers with the development of intelligent and automated information system. This paper 
aims to optimize the blind spots for heavy transport vehicles by considering the design parameters used in the design 
and implementation of rearview mirrors. COPRAS method is proposed to achieve the aim. The weights of the 
criteria used in the design of rearview mirrors in heavy vehicles are determined by using three different techniques 
namely AHP, FARE and entropy measurement and the results were compared.  

 
3. Model Development 

The framework of the proposed model used in this study is given in the Figure 1. In this work, a decision model 
based on COPRAS method is proposed.  

 
3.1. COPRAS Method  

The procedure consists of the following steps:  
 

3.1.1. Identification and selection of influencing criteria (attributes) and the available alternatives 
First the attributes which are influencing the decision in the MCDM problem are identified and the available 

alternates are selected. 
 

3.1.2. Preparation of decision matrix (Alternatives vs attributes) (X) 
The collected data (Alternatives and attributes) are shown in matrix form as shown in equation (1). 

          (1) 

where n= number of alternatives; m = number of attributes 
 
3.1.3. Normalization of decision matrix (  

The decision matrix is normalized as shown in equation (2). 

          (2) 

where ; I = 1, 2, …..n; and j = 1, 2, … m 

 
3.1.4. Determination of the weight of the attributes (Wj) 
The weights of the attributes are determined by using AHP, FARE and entropy measurement. 
 3.1.5. Determination of the weighted normalized matrix  

The determined weights are multiplied with the corresponding attribute value of all alternate to get the weighted 
normalized matrix. 

         (3) 

where  
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3.1.6. Determination of maximizing index (Pj) and minimizing index (Rj) 
Based on the qualitative nature of the attribute, the maximizing index (Pj) and minimizing index (Rj) values are 

calculated. If the maximum value is optimum, for that attribute Pj is determined using equation (4). For others Rj 
will be calculated using equation (5).   

(4)
(5) 

where k = number of attributes which is to be maximized 
 
3.1.7. Determination of relative weights of each alternative (Qj) 

Finally, the relative weights of all the attributes will be calculated by using equation(6). 

(6)

The alternative with the highest relative weights is considered as the best alternative. 
 

3.2. FARE Method 
 

Ginevicius [15] developed FARE method for determining the weights of the attributes in multi criteria decision 
making environment. The procedure to determine weights of the attributes is given below: 
3.2.1. Determination of the potential impact of the attributes: 

First the potential impact of the attributes is determined using equation (7).  
P = S (n - 1)           (7) 

where P – Potential of the system’s attribute impact; S – Maximum value of the scale of evaluation used (Table1); 
      Next the attributes are ranked by the experts based on the importance. Then the relationship between the 

attributes is determined based on the rank using Table 1. The procedure is as follows: the attribute of a lower 
rank has the smaller impact on the attributes having higher ranks and, therefore, it should transfer a larger part of its 
potential impact to them.  
 
3.2.2. Determination of the impact of the attributes on the main attribute: 
 
The impact of the attributes ai on the main criterion is determined and then, this impact is transformed as follows: 

(8)
where, 
ai – the impact of ith attribute on the first main attribute; ãi – the part of ith attribute’s potential impact transferred 

to the main attribute. 
Table 1. Scale of quantitative evaluation of interrelationship 
between the system’s attributes 

Table 2.  Measurement scale for pair wise comparison 
 

 
Type of the Effect 

Produced 
Rating of the Effect Produced 
by Interrelationship (in points) 

Almost none 1 
Very Weak 2 

Weak 3 
Lower than Average 4 

Average 5 
Higher than average 6 

Strong 7 
Very Strong 8 

Almost absolute 9 
Absolute 10 

 

 
Verbal judgment or preference Numerical 

rating 

Extremely preferred 9 
Very strongly to extremely preferred 8 

Very strongly preferred 7 
Strongly to very strongly preferred 6 

Strongly preferred 5 

Moderately to strongly preferred 4 
Moderately preferred 3 

Equally to moderately preferred 2 
Equally preferred 1 
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Fig. 1. Proposed Frame work 
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3.2.3. Determination of the total impact 

 The total impact of any attribute, as well as the consistency level of a subset may be determined based on 
the data provided in the form of matrix. The subset considered in the matrix is consistent and stable if the total 
impact of its attributes with a positive sign is equal to their total impact with a negative sign, i.e. their sum is equal to 
zero [15]. Next the total impact Pi calculated using equation (9).  

(9)
After that, the total potential, required for determining the attributes weights, will be calculated based on the data 

presented in the first row of the matrix, thereby making the filling of all other rows of the matrix unnecessary. The 
following equation (10) is used for determining the total potential.  

(10)
where Pi – the total impact (dependence) of the ith attribute. 

3.2.4. Determination of the weights of the attributes 
Finally, the attributes weights can be determined using equation (11).  

(11)
where  PS = Total potential of a set of attributes which is found using equation (12) and   = Actual total 

impact of the ith attribute of the system which is calculated using equation (13) 
(12)
(13)

where Pi = Total impact produced by the ith criterion of the system or its total dependence on other attributes. 
 
3.3. AHP 

The concept of AHP was introduced by Thomas L. Saaty in 1980. It is one of the human judgment based tool 
used to determine the weights of the attributes in the MCDM problems. The weights of the attributes using AHP are 
determined by the following steps: 
3.3.1. Pairwise comparison of attributes 

Each attribute is compared with other attributes in a natural, pairwise mode. The fundamental scale that captures 
individual preferences with respect to quantitative and qualitative data [13] is shown in Table 2. It converts 
individual preferences into a linear additive weight for each alternative. The pair wise comparison matrix is also 
called original matrix which is given by matrix Xatt as shown in equation (14).  

 
All the cell values are assigned based on the importance of the attributes received from the experts.  

(14)
where, aij = Pair wise comparison of ith  and jth  attribute; n = the number of alternatives 

3.3.2. Normalization 

Then the pairwise comparison matrix is normalized using the equation (15) and the normalized matrix Natt is 
obtained. 

(15)

where    
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3.3.3. Computation of weights 

After the normalization, the weights Wj are computed from the normalized matrix using equation (16).  

(16)
From the weights of the attributes Watt matrix will be formulated as shown in equation (17) 

(17)

3.3.3. Consistency checking 
The consistency of the proposed pairwise comparison was checked using the equation (18).  
Consistency Ratio CR = CI/RI         (18) 
where CI = Consistency Index  and RI = Random indices. 

(19)
where max  = Max of  B or n; 

          (20) 

where m=Number of criteria and A1, A2 ….. Am are calculated using the equation (22).  
(21)

(22)

Random indexes (RI) for various number of variables ‘n’ have been approximated by Saaty (1980) as shown in 
Table 3. 
 
Table 3. Random indices  

n 1 2 3 4 5 6 7 8 9 10 
RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 

 
If the CR < 0.10 the decision maker's pairwise comparison matrix is acceptable (Saaty, 1980).  

3.4. Entropy Measurement 
The concept of "entropy" was introduced by Claude E. Shannon in 1948.  The entropy is a measure of the 

uncertainty associated with a random variable of the expected information content of a certain message and the 
uncertainty is represented by a discrete probability distribution [20].  Shannon [21] determined the weights of 
attributes using the following steps: 
3.4.1.Determination of Entropy (Ej) 

The entropy Ej of the set of alternatives for attribute j from the normalized decision matrix ) is determined by 
using the equation (23).  

   (23)
3.4.2. Determination of Degree of Diversification 

The degree of diversification of the information provided by the outcomes of the attribute j is determined using 
the equation (24). 

(24)
3.4.3. Determination of Weights of Criteria 
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Finally the weights of each attribute were calculated by the following equation (25). 
(25)

4. Case Study 

The developed model is tested by a case study which is conducted in a public transport division located in the 
southern part of India with four different types of vehicle bodies. One of the body of the vehicles is built in the same 
organization (IS) and other three are outsourced (OS -1, OS – 2 & OS – 3) bodies. The design and implementation of 
rear view mirror in heavy vehicle is highly influenced by the following variables such as the distance between the 
driver and the right side of the body pillar or frame structure (A), the distance between the driver and the left side of 
the body pillar or frame structure (B), the distance of driver’s eye right height from the platform (C) and the distance 
between the centre of the rear view mirror and the ground level (D).  The data set collected through the case study is 
given in Table 4. The data set is called decision matrix. 
 

Then the decision matrix is normalized using equation (2) and shown in Table 5. After that, the weighted 
normalized decision matrix is determined using equation (3).  To compute the weighted normalized decision matrix, 
the weights of the attributes are calculated. In this paper the weights of the attributes are determined by FARE, AHP 
and Entropy measurement.   

 
Table 4. Data set Table 5. Normalized decision matrix 

 
Types of 

Vehicle 
A  

(cm) 

B 
(cm) 

C 
(cm) 

D 
(cm) 

IS 36 178 122 242 
OS – 1 34 181 123 240 
OS – 2 34 182 123 224 
OS - 3 34 177 119 204 

 
 

 
Types of Vehicle A B C D 

IS 0.261 0.248 0.251 0.266 
OS – 1 0.246 0.252 0.253 0.264 
OS – 2 0.246 0.253 0.253 0.246 
OS - 3 0.246 0.247 0.244 0.224 

 
 

4.1. Determination of weights of the attributes by FARE 
First the potential impact of the attributes is determined using equation (7). The potential impact of the attributes 

for this work is 30. Next the attributes are ranked by the experts based on the importance. As per the experts opinion 
the order of attributes are A, B, D and C. The interrelationships between the system’s attributes (Table 6) based on 
their ranks are quantified by using Table 1.  

 
Table 6. Inter relationship between the attributes Table 7. Potential impact transferred to the first main criterion 

 
Attributes A B C D 

A 2 6 4 
B -2 4 2 
C -6 -4 -2 
D -4 -2 2 

 

 
Attributes A B C D Sum 

A 8 4 6 18 
B -8 6 8 6 
C -4 -6 -8 -18 
D -6 -8 8 -6 

 

Finally the weights of the attributes are determined by using the equations (9) to (11) and tabulated in the Table 8. 
 
Table 8. Actual impact ( ) and weights of the criteria 

Attributes  Weight 
A 48 0.4 
B 36 0.3 
C 12 0.1 
D 24 0.2 
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4.2. Determination of weights of the attributes by AHP 
The pair wise comparison matrix for this study is shown in Table 9. For the quantification, Table 2 is used.  
 

Table 9. Pair wise comparison matrix  Table 10. Normalized matrix 
Attributes A B C D 

A 1 2 5 3 
B 0.5 1 4 2 
C 0.2 0.25 1 0.2 
D 0.333 0.5 5 1 

 

Attributes A B C D 

A 0.492 0.533 0.333 0.484 
B 0.246 0.267 0.267 0.323 
C 0.098 0.067 0.067 0.032 
D 0.164 0.133 0.333 0.161 

 

 
Then the normalized matrix (Table 10) is computed using equation (15). Next the consistency of the proposed 

pairwise comparison was checked using the equation (18) and found as 0.057 which is less than 0.1. Hence the used 
pairwise comparison is acceptable.  
Table 11 Weights of the attributes using AHP 

Attributes Weights 

A 0.461 
B 0.275 

C 0.066 
D 0.198 

 
The weights are computed from the normalized matrix using equation (16) and shown in Table 11.  

 
4.3. Determination of weights of the attributes by Entropy measurement 

First the entropy of the data set is determined by using the equation (23).  Then the degree of diversification is 
determined using the equation (24). Finally the weights of attributes are calculated by using equation (25). 
 
Table 12 Entropy measurement calculations 

 A B C D 
Entropy 0.999775 0.999952 0.999934 0.998355 

Degree of diversification 0.000225 0.000048 0.000066 0.001645 
Weights of attributes 0.113527 0.023992 0.03312 0.829361 

 

4.4. Ranking by COPRAS 
The weights are multiplied with the corresponding attributes to get the weighted normalized matrix. The weighted 

normalized decision matrix is shown in Table 13. Then the maximizing index (Pj) and minimizing index (Rj) values 
are calculated using equation (4) and equation (5).  From these indexes, the relative weights (Qj) of all the attributes 
will be calculated by using equation (6).  The relative weights of all the attributes are shown in Table 14 and Figure 
2.  
Table 13 Weighted normalized decision matrix 

Types of 
Vehicle 

FARE AHP Entropy measurement 
A B C D A B C D A B C D 

IS 0.104 0.074 0.025 0.053 0.120 0.068 0.017 0.053 0.030 0.006 0.008 0.221 
OS – 1 0.099 0.076 0.025 0.053 0.114 0.069 0.017 0.052 0.028 0.006 0.008 0.219 
OS – 2 0.099 0.076 0.025 0.049 0.114 0.070 0.017 0.049 0.028 0.006 0.008 0.204 
OS - 3 0.099 0.074 0.024 0.045 0.114 0.068 0.016 0.044 0.028 0.006 0.008 0.186 

 
Table 14 Relative weights of the attributes  

Ty
pe

s 
of

 
V

eh
ic

le
 

FARE AHP Entropy measurement 

Pj Rj 1/Rj Qj Pj Rj 1/Rj Qj Pj Rj 1/Rj Qj 
IS 0.179 0.078 12.781 0.250 0.188 0.069 14.453 0.251 0.036 0.229 4.370 0.238 

OS–1 0.174 0.078 12.820 0.246 0.183 0.069 14.516 0.246 0.034 0.227 4.403 0.238 
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OS–2 0.175 0.074 13.425 0.250 0.183 0.065 15.289 0.250 0.034 0.213 4.706 0.252 
OS-3 0.173 0.069 14.436 0.254 0.181 0.061 16.525 0.253 0.034 0.194 5.154 0.272 

 

 

Figure 2 Relative weights of the attributes 
The alternative with the highest relative weights is considered as the best alternative. From Table 14, OS - 3 

vehicle has the higher relative weights and hence the body built by OS-3 is having less area of blind spot.   

5. Conclusion 

In this paper COPRAS based MCDM approach was proposed to reduce the area of blind spots in the sides and 
rear side of the heavy vehicle using the design parameters of rear view mirror. The human judgment based 
techniques (FARE and AHP) and mathematical approaches (Entropy measurement) were used to compute the 
weights of the attributes and those weights were used in COPRAS model. All approaches provide the same result 
and so a decision maker is able to make concrete decision. The model was also proved by a case study. It is an 
important study in the vehicle safety area and it can be extended to optimize the blind spot in the other area around 
the vehicle.   
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The supplier selection and purchasing decision in any supply chain have become key decisions because it provides 

opportunities to reduce costs and, consequently, increase profits. The cost of purchase represents the largest percentage of the 

total product cost. Hence, the supplier selection draws the interest of the researchers because the selection of a supplier is not 

only a cost reduction technique but also an important process to add the value to the products. Supplier selection is a complex 

problem, which contains multiple criteria. In this paper, a decision model was developed based on data envelopment analysis 

(DEA) and the weights were calculated using Analytic hierarchy process (AHP), Entropy measurement technique and 

Revised Simos Procedure (RSP). Finally, the results were compared with the help of a case study performed in a chemical 

processing industry. The novelty of this work is in the application of hybrid approaches to a chemical processing industry 

case. 

 

Keywords: supplier selection; data envelopment analysis; analytic hierarchy process; entropy measurement; revised simos 

procedure  

 

(Received on December 08, 2013; Accepted on February 23, 2018) 

 

 

1. INTRODUCTION 

 

Supply chain management (SCM) is the process of planning and monitoring the transformation of raw material into the 

product in an organization. The concept of SCM was originally introduced by consultants in 1980s and has gained 

tremendous attention now. Several issues were identified and addressed by the researchers such as network planning, supplier 

management, and physical distribution. Among those, supplier evaluation and supplier selection are the key issues because 

more than 60% of the sales revenue is spent on the purchase of raw material and other items (Anthony, 1992). This paper is 

focused on the evaluation and selection of a supplier with a specific reference to a chemical processing industry.  

 Dickson (1966) identified 23 criteria that were influencing the supplier selection through a survey, which was conducted 

in 300 business organizations. An extensive review was done on 74 kinds of literature on supplier selection and concluded 

that cost, delivery, quality, production capability, geographical location, technical capability, reputation, financial position, 

performance history, and warranty were the most contributed criteria for supplier selection (Weber et al., 1991).  Wilson 

(1994) reviewed the relative importance of supplier selection criteria and observed that quality, service, price, and delivery 

are the most important selection criteria. A study was performed on the supplier selection process in manufacturing firms and 

found that quality, service, cost, flexibility, reputation, and financial stability were the important criteria in the evaluation 

process (Hirakubo and Kublin, 1998).  

 Luitzen et al. (2001) presented a review of decision methods reported in the literature in the supplier selection process. 

The review was based on the academic literature focused on supplier selection. Pidduck (2006) reviewed the supplier 

selection problem which is a multi-criteria, non-structural decision problem. It was observed that AHP, Analytical Network 

Process (ANP), Elimination Et Choice Translating Reality (ELECTRE), Preference Ranking Organization Method for 

Enrichment Evaluation (PROMETHEE) and Data Envelopment Analysis (DEA) are the main methods to solve the problem. 

William et al. (2010) made a review of the literature of the multi-criteria decision making approaches for supplier evaluation 

and selection appearing in the international journals from 2000 to 2008. As the outcome of the review, several evaluation 
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criteria such as cost, quality, delivery etc. were used by the researchers  and the selection was done using MCDM approaches 

such as the analytic hierarchy process (AHP), data envelopment analysis (DEA), analytic network process (ANP), case-based 

reasoning (CBR), genetic algorithm (GA), fuzzy set theory, mathematical programming, etc. Satty (1990) proposed the AHP 

for the decision making process in the multi-criteria decision-making system. DEA model was developed to evaluate the 

suppliers for a telecommunication industry.  

 Eleven evaluating factors including six inputs and five outputs were considered in the model (Narasimhan et al., 2001). 

Bhutta and Huq (2002) reported the various approaches to evaluate suppliers for a manufacturing company. In this study, the 

detailed comparison was made among the suppliers based on AHP as well as the total cost of the suppliers such as purchasing 

cost, manufacturing cost and marketing cost. Talluri and Sarkis (2002) constructed DEA based model for monitoring the 

performance of suppliers. Ross et al. (2006) developed DEA model for the evaluation of the supplier performance. Three 

sensitivity analyses were performed to prove the robustness of the model. A vendor selection model based on both AHP and 

DEA was developed and applied the model to a case study. The suppliers were evaluated by using data envelopment analytic 

hierarchy process (DEAHP) methodology, and the results were compared with the results obtained through AHP (He Zhang 

et al., 2006 & Mehmet et al., 2007). Teresa et al. (2007) proposed an augmented DEA approach for selection of suppliers. 

Finally, it was concluded that the DEAHP method outperformed the AHP method for supplier selection. A methodology for 

integrating the total cost of ownership (TCO) and AHP through the application of DEA was proposed for selecting 

appropriate suppliers for a firm (Ramakrishnan, 2007).  

 Abraham et al. (2008) described a multi-criteria method to solve the general supplier selection problem using ideal 

solution approach, AHP and Goal Programming.   Shanian et al. (2008) used revised Simos’ method to find the weights of the 

criteria during the material selection of a thermal loaded conductor cover sheet with the ELECTRE III optimization model. 

Teresa and Jennifer (2009) proposed a supplier evaluation and selection methodology based on modified DEA. In this 

approach, the weight constraints were introduced to reduce the possibility of having inappropriate input and output factor 

weights. Finally, the results were compared with the results of the basic DEA model by using the data obtained from a 

communication and aviation electronics company.  

 An integrated AHP-DEA was applied for multiple criteria supplier selection. Kuo et al. (2010) developed a novel 

performance evaluation method by integrating fuzzy AHP method and fuzzy DEA to make the supplier selection decision. 

Fuzzy AHP method was first applied to find the weights, and these weights were integrated with fuzzy DEA.  

AHP was used to determine the weights of criteria and DEA method was used to determine the values of the linguistic terms 

(Xiao and Ying, 2011). Ali et al. (2011) solved the problem of evaluation and ranking the potential suppliers with the 

development of intelligent and automated information system. The evaluation was done by VIKOR method, and the objective 

weights were computed based on Shannon entropy concept. The internet marketing in Taiwanese the hotels was evaluated 

using DEA and grey entropy (Jia-Jane and Wei-Wen, 2011). Pitchipoo et al. (2011) developed an AHP model for the 

evaluation and selection of a supplier for an electroplating industry in India. Pitchipoo et al. (2012) have constructed a distinct 

hybrid model for supplier selection process by integrating the AHP and GRA. First, the mutual information based feature 

selection method was used to select the highly influencing criteria and then the weights of the selected criteria were calculated 

using AHP. Finally, the best supplier was selected using GRA. Amindoust et al. (2012) proposed a multiple attribute utility 

theory bases on DEA approach for the selection process. Kuo and Lin (2012) presented a supplier selection method using 

ANP as well as DEA, in which the green indicators due to environmental protection issues were also considered. Rakesh et al. 

(2012) selected the right supplier using an integrated AHP and DEA - LP based multi-criteria decision-making methodology. 

AHP process was used for supplier ratings derived from pair-wise comparisons and DEA was used to mathematically 

determine the efficient supplier from the chosen suppliers. The objective of this paper is to develop a DEA based decision 

model for selecting the best supplier for a chemical processing industry. Ercan Şenyiğit (2012) solved lot sizing with supplier 

selection for a multi-product supply chain network for an engine blocks manufacturer.  

 Mohaghar  et al. (2013) proposed new method for selection and ranking suppliers by integrating fuzzy VIKOR and 

assurance region- data envelopment analysis (AR-DEA). Parthiban et al. (2013) presented an integrated approach of multiple 

multi-criteria decision-making techniques such as fuzzy logic, strength-weakness-opportunity-threat (SWOT) analysis, and 

DEA using a case study in an automotive component manufacturer involving 20 suppliers. Ashkan et al. (2014) developed 

DEA, AHP and TOPSIS models to solve supplier selection decisions for an automotive parts company. The results were 

compared with a numerical example. Balakannan et al. (2015) developed a hybrid model for supplier selection by integrating 

DEA with FARE (Factor Relationship) for chemical process industry. Jassbi et al. (2016) developed a hybrid 

decision-making system using DEA and linguistic fuzzy models for selecting the best supplier in the presence of multiple 

decision makers. The remaining part of the paper is organized as follows: Section 2 illustrates the development of a model for 

supplier selection. In Section 3, the case study is discussed. Section 4 explains the design implications of the developed model. 

Section 5 concludes the study and outlines some future research directions, and finally, Section 6 shows the list of references. 
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2. MODEL DEVELOPMENT 

 

The framework used for the supplier evaluation selection in this study is shown in Figure 1. For the evaluation and selection 

of supplier, DEA methodology is proposed because it can handle multiple inputs and multiple output models by providing the 

improvement targets. At the same time, DEA has certain limitations such as computation of large problems being highly 

complicated and the DEA scores being sensitive to input, output specification, and the size of the sample.  

 

2.1 Data Envelopment Analysis (DEA) 

 

DEA is a data-oriented approach for evaluating the performance of a set of peer entities called decision-making units (DMUs) 

which convert multiple inputs into multiple outputs. DEA can handle multiple inputs and outputs, which are measured in 

different units (Charnes et al., 1978). Application of DEA requires solving a separate linear program for each 

decision-making unit (DMU). It is non-parametric in a sense it does not require an assumption of normal distribution relating 

to inputs and outputs. Hence, the applications of DEA to problems that have many DMUs are computationally intensive. But 

DEA can handle multiple inputs and multiple outputs with different units. The basic efficiency measure used in DEA is the 

ratio of total outputs to total inputs as given below in equation (1). 

 

Efficiency=  
Output

Input
                                    (1) 

 

 A general mathematical formulation is needed to handle the case of multiple inputs and multiple outputs (Charnes et al., 

1978). Let us use x and y to represent inputs and outputs, respectively. Let the subscripts i and j to represent particular inputs 

and outputs respectively. Thus xi represents the ith input, and yj represent the jth output of a decision-making unit. Let the total 

number of inputs and outputs be represented by I and J respectively, where I, J > 0. In DEA, multiple inputs and outputs are 

linearly aggregated using weights. Thus, the virtual input (equation 2) of a firm is obtained as the linear weighted sum of all 

its inputs. 

 

Virtual Input = ∑ 𝑢𝑖
𝐼
𝑖=1 𝑥𝑖                      (2) 

 

where ui is the weight assigned to input xi during the aggregation and subscripts i to represent particular input. Similarly, the 

virtual output (equation 3) of a firm is obtained as the linear weighted sum of all its outputs. 

 

Virtual Output = ∑ 𝑣𝑗
𝐽
𝑗=1 𝑦𝑗                   (3) 

 

where vj is the weight assigned to output yj during the aggregation and subscripts j to represent particular output. Given these 

virtual inputs and outputs, the Efficiency (equation 4) of the DMU in converting the inputs to outputs can be defined as the 

ratio of outputs to inputs. 

 

Efficiency =
𝑉𝑖𝑟𝑡𝑢𝑎𝑙 𝑂𝑢𝑡𝑝𝑢𝑡

𝑉𝑖𝑟𝑡𝑢𝑎𝑙 𝐼𝑛𝑝𝑢𝑡
                     (4) 

 

𝑚𝑎𝑥 ∶  ℎ1 = 
∑ 𝑣𝑗

𝐽
𝑗=1 𝑦𝑗1

∑ 𝑢𝑖
𝐼
𝑖=1 𝑥𝑖1

 

 

𝑆𝑢𝑏 𝑡𝑜 ∶   
∑ 𝑣𝑗

𝐽
𝑗=1 𝑦𝑗𝑠

∑ 𝑢𝑖
𝐼
𝑖=1 𝑥𝑖𝑠

  ≤ 1;                 𝑠 = 1,2, … 𝑁 

 

where, 

 i   = 1, 2, 3……m are inputs; 

 r   = 1, 2, 3……s are outputs; 

                j   = 1, 2, 3..…. N are DMU’s 

ur = the weight assigned to the rth output 

vi  = the weight assigned to the ith input 

yrj= amount of the rth output for the jth DMU 

Xij = amount of the ith input for the jth DMU 
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 This model is designed to evaluate the relative performance of all DMUs. 

 

 

 
 

 

Figure 1. Proposed Frame Work 

 

2.2 Analytic Hierarchy Process (AHP) 

 

AHP was used to determine the weights of the criteria. AHP was introduced by Thomas L. Saaty, a Mathematics Professor, in 

1980. The AHP is a general measurement theory that depends on the values and judgments of individuals and groups. AHP 
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helps to capture both subjective and objective evaluation criteria, providing a useful mechanism for checking the consistency 

of the evaluation criteria and alternatives recommended by the team thus reducing bias in decision making. The AHP 

methodology compares criteria or alternatives with respect to a criterion in a natural, pairwise mode. The fundamental scale 

which is used to convert the decision maker’s preferences into numerical weight is shown in Table 1 (Saaty, 1980). 

 The AHP process starts with the formulation of pairwise comparison matrix which is made by comparing each criterion 

with others, and that is called criteria matrix (Xatt). All the cell values are assigned based on the importance of the criteria 

received from the decision makers of the organization.   

 

attX  ija ; mji  ,1                     (5) 

 

where, aij = Pair wise comparison of ith and jth attribute. m = the number of alternatives 

 

𝑋𝑎𝑡𝑡 = [

1           𝑎12    … . . 𝑎1𝑚

1/𝑎12   1   … . .    𝑎2𝑚

…… …… … …… … . .
1/𝑎1𝑚   1/ 𝑎2𝑚    …  1

] 

 

 Then the criteria matrix is normalized using the equation (6), and the normalized matrix Natt is obtained. 

 

𝑁𝑖𝑗 =
𝑎𝑖𝑗

𝑇𝑗
                                         (6) 

 

where 𝑇𝑗 = ∑ 𝑎𝑖𝑗 ,1 ≤ 𝑗 ≤ 𝑚𝑚
𝑖=1  

 

Table 1. Measurement scale for pair wise comparison 

 

Preference Numerical rating 

Extremely preferred 9 

Very strongly to extremely preferred 8 

Very strongly preferred 7 

Strongly to very strongly preferred 6 

Strongly preferred 5 

Moderately to strongly preferred 4 

Moderately preferred 3 

Equally to moderately preferred 2 

Equally preferred 1 
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 After the normalization, the weights Watt are computed from the normalized matrix and shown in equation (7). 

 

𝑊𝑎𝑡𝑡 =

[
 
 
 
 
 
𝑤1

𝑤2

𝑤3

∷
∷
𝑤𝑛]
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where  𝑤𝑖 =
∑ 𝑁𝑖𝑗

𝑚
𝑗=1

𝑚
                         (7) 

 

Then the consistency of the proposed pairwise comparison was checked using the equation (8). 

 

Consistency Ratio CR = CI/RI                     (8) 

 

where CI = Consistency Index and RI = Random indices. 

 

𝐶𝐼 =
λ𝑚𝑎𝑥−𝑚

𝑚−1
                            (9) 

 

where max  = Max of B or m; 

 

𝐵 = (

𝐴1
𝑤1

+
𝐴2
𝑤2

+
𝐴3
𝑤3

+⋯+
𝐴𝑚
𝑤𝑚

𝑚
)                            (10) 

 

where m=Number of criteria and A1, A2 ….. Am is calculated using the equation (11).  

 

   AWX attatt 





                   (11) 
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 Random indexes (RI) for various matrix sizes, m, have been approximated by as shown in Table 2 (Saaty, 1980). If the          

CR < 0.10 the decision maker's pairwise comparison matrix is agreeable (Saaty, 1980). 

 

Table 2. Random Indexes (RI) 

 

m 1 2 3 4 5 6 7 8 9 10 11 12 

RI 0 0 0.58 0.90 1.12 1.24 1.33 1.39 1.45 1.49 1.51 1.54 

 

2.3 Entropy Measurement 

 

The entropy is a measure of the uncertainty associated with a random variable of the expected information content of a certain 

message, and the uncertainty is represented by a discrete probability distribution. The Entropy measurement method 

determines the weights of the various criteria from the payoff matrix and is independent of the views of the decision maker.  

The entropy method is used to explore the contrasts between the sets of data (Ching-Lai and Kwangsun, 1981). The idea of 

this method is based on the amount of information available and its relationship with the importance of the criterion. The 

algorithm to compute the weights of criteria using Entropy measurement is shown in Figure 1. If the entropy value is high, the 

uncertainty contained in the criterion is high, and the diversification of the information is low, and correspondingly the 

criterion has the lesser influence. 

 First, from the criteria matrix, which is shown in equation (5), the normalized pay-off matrix (Pij) was prepared using the 

equation (12).   
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where  

 

  𝑁𝑖𝑗 =
𝑋𝑖𝑗

∑ 𝑋𝑖𝑗
𝑚
𝑖=1

                          (12)

  

 xi(j) =  jth criteria value for ith alternative 

 

 The entropy Ej of the set of alternatives for criterion j from the Pij is determined by using the equation (13).  

 

𝐸𝑗 =
−1

ln (𝑚)
∑ 𝑝𝑖𝑗ln (𝑚

𝑖=1 𝑝𝑖𝑗)                    (13) 

 

where,  ‘m’ is the number of alternatives. 

 

 Next, the degree of diversification of the information provided by the outcomes of the criterion j is determined using the 

equation (14). 

 

𝐷𝑗 = 1 − 𝐸𝑗                      (14) 

 

 Finally, the weights of each criterion were calculated by the following equation (15). 

 

𝑊𝑖(𝑗) =
𝐷𝑗

∑ 𝐷𝑗
𝑛
𝑗=1

                            (15) 

 

2.4 Revised Simos’ Procedure (RSP) 

 

Revised Simo’s Procedure (RSP) was used to determine indirectly numerical values for weights using a set of cards (Jose and 

Bernad, 2002). The RSP algorithm is given in Figure 1. First, the information is collected from the decision makers by the 

following stages. The name of each criterion is written on a set of cards, and the same is given to the decision maker. The 

decision maker is asked to arrange the cards in ascending order based on the importance of the criteria (i.e. The criterion with 

criterion with lower importance is arranged first and vice versa). 

 Then the ratio (z) between the weight of the most important criterion and the weight of the least important one in the 

ranking is determined using equation (16).  

 

Z = 
(∑  (𝑇−𝑖)

𝑞−1
𝑖=0 )𝑝

(∑  (1+𝑖)
𝑝−1
𝑖=0 )𝑞

                           (16) 

 

where T - total number of cards,  

q – number of most important criteria and  

p – number of least important criteria in the ranking . 

 

Next, the non – normalized weight of the criterion k(r) is determined using equation (17). 

. 

𝑘(𝑟) =  1 + 𝑢(𝑒0 + … + 𝑒𝑟−1)  𝑤𝑖𝑡ℎ  𝑒0 = 0        (17) 
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where 

 

𝑢 =  
𝑧−1

𝑒
                      (18)  

 

(for u, six decimal places are retained). 

 

𝑒 =  ∑ 𝑒𝑟
�̅�−1
𝑟=1                     (19) 

 

er  = er
,  +  1;                         (20) 

 

 Finally, the normalized weight of each criterion (ki) is computed using equation (24). 

 
ki

, = k(r)                      (21) 

 
K , = ∑ ki

,n
i=1                                (22) 

 

ki
∗ = 

100

k,  ki
,                       (23)  

 
𝑘𝑖 = ki

,, + 10−𝑤                   (24) 

 

where  ki
,, = ∑ ki

,,  ≤ 100,𝑛
𝑖=1  and ki

,,
 is derived by deleting some of the decimal values based on ‘w’. If w = 0: no figures 

after the decimal point is taken into account, for w = 1: only one figure after the decimal point is taken into account and if w = 

2: two figures after the decimal point are taken into account. 

 

2.5 Spearman’s rank correlation coefficient (SRCC) 

 

Spearman's rank correlation coefficient (SRCC) allows identifying whether two variables relate to a monotonic function. 

Since AHP and RSP are the methods which are basically influenced by human judgment, it is essential to justify the methods 

statistically. To calculate SRCC, the data were compared, and their individual ranks are calculated. Then the difference of the 

ranks (d) is computed. Finally, SRCC is calculated using equation (25). 

 

SRCC = 1 − (
6∑𝑑2

𝑛(𝑛2−1)
)                 (25) 

 

where  "n" with the number of pairs of data. 

 

 The SRCC value can vary between -1 and 1. If it is closer to -1, there is a negative correlation between the data; if it is 

closer to 0, there is no linear correlation; and if the value is closer to 1, there is a positive correlation. 

 

3. CASE STUDY 

 

The case study is performed in a medium scaled chemical processing industry which is located in the southern part of India. 

This industry is involved in electro-plating for automobile components. To ensure the quality of their products and to remain 

competitive in the market, it is must that the suppliers of raw material should be selected correctly. At present, the supplier is 

selected using bidding technique based on cost and the past experience. It does not consider other important criteria like 

quality, delivery etc., and no quantitative analysis is conducted to assess the value of the supplier.  

For this study, the supplier evaluation and selection model was developed based on five important evaluating factors 

namely, delivery (D) in days, capacity (Ca) in units, warranty (W) in a number of days, cost (C) in rupees and quality (Q) in 

the percentage of acceptance. The data collected from five suppliers for the aforesaid criteria are shown in Table 3. The 

weights of the criteria are determined by AHP, entropy measurement, and RSP and by using those weights, the DEA 

efficiency for the five suppliers are determined. 
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Table 3. A dataset of inputs and outputs 

 

Suppliers 
Inputs Outputs 

D Ca W C Q 

S1 12 170 28 2439 0.87 

S2 12 260 21 2567 0.90 

S3 14 280 21 2711 0.92 

S4 10 260 24 2800 0.96 

S5 13 290 18 2302 0.89 

 

3.1 Determination of weights by AHP 

 

The first step of AHP process starts with the pairwise comparisons to prioritize the criteria based on a measurement scale 

shown in Table 1. As per the decision maker’s opinion, each criterion is compared with others, and the criteria matrix is 

formulated which is shown in Table 4. 

Table 4. Criteria Matrix 

 

  Delivery Capacity Warranty Cost Quality 

Delivery 1.000 9.000 7.000 5.988 2.000 

Capacity 0.111 1.000 0.333 0.200 0.143 

Warranty 0.143 3.000 1.000 0.200 0.200 

Cost 0.167 5.000 5.000 1.000 0.250 

Quality 0.500 7.000 5.000 4.000 1.000 

Total 1.921 25.000 18.333 11.388 3.593 

 

Then the criteria matrix is normalized using equation (6), and the normalized matrix is shown in Table 5. 

 

Table 5. Normalized Matrix 

 

 
Delivery Capacity Warranty Cost Quality Row Average 

Delivery 0.521 0.360 0.382 0.526 0.557 0.469 

Capacity 0.058 0.040 0.018 0.018 0.040 0.035 

Warranty 0.074 0.120 0.055 0.018 0.056 0.064 

Cost 0.087 0.200 0.273 0.088 0.070 0.143 

Quality 0.260 0.280 0.273 0.351 0.278 0.289 

 

 Next, the consistency of the developed pairwise comparison matrix is checked using equation (9). For this model, the 

consistency ratio is calculated as 0.093 and is less than 0.1. So this model is acceptable. Finally, the weights of the criteria are 

determined using the row average from Table 5.  

 

3.2 Determination of weights by Entropy Measurement 

 

Entropy measurement technique started with the formulation of normalized pay-off matrix using equation (12). The 

normalized pay-off matrix is shown in Table 6. Then the entropy, degree of diversification and the weights of the criteria are 

determined by using equations (13), (14) and (15). Table 7 depicts the weights of criteria using Entropy measurement.  

 

Table 6. Normalized Pay–off Matrix 

 

 
Delivery Capacity Warranty Cost Quality 

Supplier 1 0.197 0.135 0.250 0.190 0.190 

Supplier 2 0.197 0.206 0.188 0.200 0.197 

Supplier 3 0.230 0.222 0.188 0.211 0.203 

Supplier 4 0.164 0.206 0.214 0.218 0.211 

Supplier 5 0.213 0.230 0.161 0.180 0.200 
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Table 7. Entropy Calculations 

 

 

Delivery Capacity Warranty Cost Quality 

Entropy Value (Ec) 0.99626 0.990352 0.993028 0.998466 0.99966 

Degree of Diversification (Dc) 0.00374 0.009648 0.006972 0.001534 0.00034 

Weights of Criteria (Wc) 0.168 0.434 0.314 0.069 0.015 

 

3.3 Determination of weights by RSP 

 

First, a set of cards on which the name of each criterion is written are given to the decision maker for ranking. White cards can 

be included between two successive cards in order to enforce the importance of the criterion. By using equation (16) to 

equation (24), the weights of the criteria are calculated and shown in Table 8. The weights of the criteria determined by AHP, 

entropy measurement, and RSP are shown in Table 9. 

 

Table 8. RSP Calculations 

 

Criteria 
No.  of 

card 

No. of  

white 

cards 
  

er 

Non-normalized  

weight 

Normalized 

 weights 

Normalize  

weights 

for w=1 
Weights of 

criteria 

e'r k( r ) k*i k''i 

Capacity 1 0 1 1 8.196721311 8.1 8.2 0.082 

Warranty 1 0 1 1.6 13.1147541 13.1 13.1 0.131 

Cost 1 1 2 2.2 18.03278689 18 18 0.180 

Quality 1 0 1 3.4 27.86885246 27.8 27.9 0.279 

Delivery 1 0 1 4 32.78688525 32.7 32.8 0.328 

 

Table 9. Weights of Criteria 

 

S.No Criteria 
Weights by 

AHP Entropy measurement RSP 

1.  Delivery 0.469 0.168 0.328 

2.  Capacity 0.035 0.434 0.082 

3.  Warranty 0.064 0.314 0.131 

4.  Cost 0.143 0.069 0.180 

5.  Quality 0.289 0.015 0.279 

 

Finally, the efficiencies of all suppliers were determined, and the results are presented in Table 10. 

 

Table 10. Efficiency of Suppliers 

 

 

 From the Table 10, the supplier with higher efficiency (i.e., supplier 4) is selected as the best supplier. Figure 2 depicts 

the pictorial representation of DEA efficiency of all the suppliers by using the weights obtained by AHP, entropy 

measurement, and RSP.  

Suppliers 
Efficiency 

AHP Entropy measurement RSP 

Supplier 1 72.80 95.06 80.66 

Supplier 2 76.72 93.46 85.81 

Supplier 3 69.67 91.96 80.10 

Supplier 4 94.14 99.20 99.29 

Supplier 5 70.47 83.61 80.14 
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3.3 Sensitivity Analysis 

 

Sensitivity analysis is used to determine how “sensitive” a model is during the changes in the value of the parameters of the 

model and the structure of the model. It is performed to do a tradeoff study and to check the robustness of the model. In a 

sensitivity analysis, the values of any one input parameter were changed and the changes in output performance indices were 

measured.  In this study, equal weights were assumed for the criteria and the efficiency was observed. Figure 3 shows the 

result of the sensitivity analysis.  

From Figure 3, it is observed that the ranking of the suppliers is not changing and hence the robustness of the proposed 

model is proved.  

Finally, Spearman's rank correlation coefficient (SRCC) is calculated using equation (25), and the value is obtained as 1. 

Hence there is a positive correlation between the AHP and RSP solution data.  

 

4. DESIGN IMPLICATIONS 

 

The findings of this research are important in expanding the understanding of the criteria that affect the supplier selection 

process. It helps the decision makers to understand the specific information regarding the criteria used for the supplier 

selection process and various methodologies to be used by organizations for the evaluation and selection of suppliers. The 

proposed supplier selection model will enable the purchasing officials of the chemical process industry namely electroplating 

industry to make the right sourcing decisions. This model also works in the similar kind of industries. This developed model 

may not be suitable for another kind of industries.  

 

 
 

Figure 2. DEA efficiency 

 
 

Figure 3. Sensitivity analysis. 
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5. CONCLUSION 

 

The customer satisfaction is must in all business to remain competitive in the market. The customers are satisfied when they 

are supplied good quality of products at the correct time. This is depending on the supply of the raw material.  In this paper, 

DEA based decision model was developed for the evaluation and selection of the supplier. For the selection of supplier, 

multiple criteria, which include quality, delivery, cost, capacity, and warranty, were considered. And the weights of the 

criteria were computed based on three different techniques such as AHP, entropy measurement, and RSP. The results were 

compared, and finally, the robustness of the developed model was checked by the sensitivity analysis. This model gives a 

reliable result, and it can be extended for the same kind of industries. The model may be extended using knowledge-based 

techniques such as fuzzy and a decision support system may be developed.  
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Abstract
Background/Objectives: The objective is to reduce the Quantum Cost (QC), Garbage Output (GO) and Gate Counts in the design 
of the adder by incorporating the Novel Reversible Gates. Methods/Statistical Analysis: In recent day’s energy dissipation is the 
major complex problem in circuit designing in order to recede this problem the reversible logic is employed, where the input 
vectors can be derived from the output vectors and from the output vectors the input vectors can be procured. Using this technique 
the Quantum Cost, Garbage Outputs and Gate Counts of the design is reduced. Findings: Based on the technique of reversible 
logic a novel reversible Gates is proposed from that the novel reversible adders have been designed. The novel reversible gates satisfy 
the property of reversibility and universality which shows the uniqueness of the proposed gates. The comparative analysis have 
been made with the existing work, the proposed work shows a significant improvement in the design optimization parameters. 
Application/Improvements: The proposed structures can be employed in the ALU design and in Floating Point Multiplier design. 
The comparative analysis shows that Number of Gates, Garbage Outputs and Quantum Cost is minimum for the proposed gate 
based structure rather than conventional one
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1.  Introduction

The irreversible circuits which emits a tremendous 
amount of heat and results in an enormous emission of 
energy during computation. This contribution of heat 
and energy must be reduced in a huge amount. Hence 
in order to further proceed on this way reversible logic 
technique is used. The reversible logic circuits can also 
be named as the charge recovery circuits. Reversible logic 
has an ability to reduce power dissipation and its does not 
lose information during its information bit processing 
and it generates unique outputs. The gate is considered 
to be reversible if and only if every input has unique 
output vectors and input vectors can be derived from 
the output vectors. Researchers like Landauer computed 

that each irreversible the heat generated will be in the 
order of KT, the power dissipation is mainly due to the 
erasure of the intermediate states that are been used in 
the computation process. When one bit of data gets 
erased means the energy dissipation will be in terms of 
KTln2, where K is the Boltzmann’s constant and T is the 
absolute temperature1. Bennett proposes the concept of 
reversibility, thermodynamically the reversible computers 
can dissipate less amount of heat that is less than KT of 
energy per logical step and capable of producing useful 
computations at useful speed2. Further the conservative 
logic is also employed to reduce the power dissipation3. 
Quantum cellular automata are the philosophical model 
of quantum computation, it should be made universal 
for quantum computation and QCA computation will be 
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reversible. 

2.  Basics of Reversible Logic

The parameters that are considered for computing 
reversible logic is Quantum Cost, Garbage Outputs, Gate 
Counts. 

2.1 Quantum Cost (QC)
Each reversible circuit has a cost associated with it called 
as the quantum cost it is defined to be the number of 1x1 
and 2x2 primitive gates used in the quantum circuitry.

2.2 Garbage Outputs (GO)
Garbage outputs are defined to be the number of outputs 
left unused during the quantum computation.

2.3 Gate Counts
The number of gate used to compute the certain circuitry 
in quantum implementation.

3.  Proposed Reversible Structure

This paper solicits the new reversible gate called 
Reversible Gate 1, Reversible Gate 2 and Reversible Gate 
3 as shown in Figures 1, 2 and 3. The significant aspect 
of this gate is that it satisfies the property of Reversibility 
and Universality. The novel Reversible half adder, half 
subtractor, full adder, full subtractor and ripple carry 
adder is designed using this novel Reversible Gates. 

Figure 1.    Proposed Reversible Gate 1.

Figure 2.    Proposed Reversible Gate 2

Figure 3.    Proposed Reversible Gate 3..
This proposed reversible structure which serves as the 

basics of computing adders and subtractors. This structure 
serves as a better gate compared to the other existing gate 
proposed in the references.  

4.  Reversibility and Universality

Reversibility represents the one to one mapping between 
the input and the output bit vectors. As the permutation 
side of view the input vectors can be represented by 
1-cycle or 2-cycles4. 1-cycle refers to the bits unchanged in 
their position in the permutation and 2-cycles refer to the 
elements swapping their places in its output bit vectors. 

Table 1.    Reversibility for RG1
A B C P Q R Permutation
0 0 0 0 0 1 2 – cycle
0 0 1 0 0 0 2 – cycle
0 1 0 0 1 1 2  - cycle
0 1 1 0 1 0 2  - cycle
1 0 0 1 1 1 4 -  cycle
1 0 1 1 1 0 4  - cycle
1 1 0 1 0 0 4  - cycle
1 1 1 1 0 1 4  - cycle

The Reversible Gate1 satisfies the property of 
Reversibility in executing that the permutation of output 
bit vectors have two 2 cycles and four 4 cycles combination 
as mentioned in Table 1.
The Reversible Gate 2 satisfies the property of Reversibility 
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in executing that the permutation of output bit vectors 
have two 1 cycles and six 6 cycles combination.

Table 2.    Reversibility for RG2
A B C P Q R Permutation
0 0 0 0 0 0 1 – cycle
0 0 1 1 0 1 2 – cycle
0 1 0 0 1 1 2  - cycle
0 1 1 1 1 0 2  - cycle
1 0 0 1 0 0 1 -  cycle
1 0 1 0 0 1 2  - cycle
1 1 0 1 1 1 2  - cycle
1 1 1 0 1 0 2  - cycle

As only 1 cycle and 2 cycles are employed here the 
reversibility can be easily verified in Table 2.

The Reversible Gate 3 satisfies the property of 
Reversibility in executing that the permutation of output 
bit vector have two 1 cycles and six 2 cycles combination 
as indicated in Table 3. As only 1 cycle and 2 cycles are 
employed here the reversibility can be easily satisfied.

Table 3.    Reversibility for RG3
A B C P Q R Permutation
0 0 0 0 0 0 1 – cycle
0 0 1 0 0 1 2 – cycle
0 1 0 0 1 1 2  - cycle
0 1 1 0 1 0 2  - cycle
1 0 0 1 1 0 1 -  cycle
1 0 1 1 1 1 2  - cycle
1 1 0 1 0 0 2  - cycle
1 1 1 1 0 1 2  - cycle

Universality of the gate which refers to the gate 
utilization in order to compute AND, OR and NOT 
operations. If the reversible structures use to realize these 
following functions then it is said to satisfy the universality 
property. In addition to reversibility, reversible logic gates 
must provide universality properties, so that they can be 
used to design any desired logic. Hence, only a subset of 
the permutation gates is useful as reversible logic gates in 
practice because some of them do not possess universality 
properties. For universality the triad of and, or, and not 
bit operations on 2-bit inputs forms the well-known 
necessary and sufficient operations to realize arbitrary 
computation4. The proposed reversible structure satisfies 

the property of reversibility and universality.

Table 4.    NAND realization of RG1
A B P Q R 
0 0 0 0 1 
0 1 0 1 1 
1 0 1 1 1 
1 1 1 0 0 

The NAND gate realization of RG1 shown in Table 4 is 
achieved when the value of c is equal to zero hence R 
= NAND (A,B) when c value is equal to one the AND 
realization can be done. 

Table 5.    NOT gate realizationin RG1
A B C P Q R 
0 1 0 0 1 1 

0 1 1 0 1 0 

The NOT gate realization of RG1 shown in Table 5 is 
achieved by taking any combinations of input. It can be 
made by R = NOT(C).

Table 6.    NOT realization of RG2
A B C P Q R 
0 1 0 0 1 1 
0 1 1 0 1 0 

The NOT gate realization of RG2 shown in Table 6 is 
achieved by taking any combinations of input. It can be 
made by R = NOT(C).

Table 7.    NOR realization of RG3
A B P Q R 
0 0 0 0 0 
0 1 0 1 1 
1 0 1 1 0 
1 0 1 0 0 

The NOR realization of RG3 shown in Table 7 can be 
achieved by taking the C value as the control input and 
setting it as 1.

Table 8.    NOT realization of RG3
A B C P Q R 
0 1 0 0 1 1 
0 1 1 0 1 0 
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The NOT gate realization of RG3, shown in Table 8 is 
achieved by taking any combinations of input. It can be 
made by R = NOT(C). Thus from the above representation 
we concluded that the proposed reversible gates which 
satisfies the property of universality and reversibility. 

5.  Design of Adders

From the novel reversible gates the design of adder is 
enumerated. The representation depicts the half adder; 
full adder and ripple carry adder design using the 
proposed novel reversible gates. The proposed gates are 
also used to perform the reversible multiplier operation5 
and the reversible subtraction operation6.

Figure 4.    Novel half adder..

The Figure 4 shows the design of novel reversible half 
adder. The number gates required for this design is 1 and 
the number of constant inputs used here is 1.

The Figure 5 shows the novel reversible full adder. The 
number of constant inputs required for this design is 3 
and the number of gates used in this design is 3.

Figure 6.    Novel full adder.

The Figure 6 shows the novel reversible ripple carry 
adder design employing full adders.

6.  Results and Discussion

The proposed novel adders are designed and simulated 
using the cadence environment and QCA framework. 
Assessment submits is made between existing method 
and the proposed method which is shown in Table 1. 
Here, the Quantum cost, Number of Constant inputs and 
number of Garbage outputs are calculated for proposed 
novel adders and the proposed design shows betterment 
as compared to existing adders3,7.

Table 9.    Comparison table of reversible half adder

S. 
NO.

Content
Quantum 
Cost (QC)

No. of 
Constant 

Inputs 
(CI)

No. of Garbage 
Outputs (GO)

1 Fredkin3 7 1 1

2
Proposed 
Method

6 1 1

3

% of 

Improve-

ment

   14.2%        -        -

The Table 9 represents the design of half adder which 
shows a significant improvement in terms of Quantum 
Cost. The Table 10 represents the simulation of reversible 
gates, it can be seen that the proposed reversible gates 
is better in terms of number of cells used, area and 
simulation time. The proposed reversible gates and adders 
are been simulated in Gate Level and QCA environment. 
The proposed gates are seems to be feasible as it shows 
improvement in the number of cells used. Area and 
simulation time as indicated in the comparison table. 
Further the ALU can be designed by using these proposed 

Figure 5.    Novel full adder.
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half adders and full adders8. As the important arithmetic 
operations can be carried out by employing half and full 
adders.

Table 10.    Comparison table of Reversible Gates

S.NO. Content
No of 

cells used

Area

µm^2

Simulation 
time(sec)

1 Fredkin gate6 187 0.19 33
2 DKG gate6 752 1.24 16
3 MRG gate6 456 0.52 45

4
Proposed 

Method(RG1)
108 0.20 23

5
Proposed 

Method(RG2)
113 0.20 1

6
Proposed 

Method(RG3)
168 0.20 33

6.1 Simulation in Cadence Environment
The Figure 7 shows the schematic of RG1, it is simulated 
for various input combinations. The gates used in this 
schematic are XOR, NOT, and AND.

Figure 7.    Schematic of novel gate (RG1 Gate).

Figure 8.    Schematic of novel gate (RG2 Gate).

The Figure 8 shows the schematic of RG2, it is simulated 
for various input combinations. The gates used in this 
schematic are XOR, NOT, and AND. The different 
functionalities of RG2 gate is simulated and it is verified.

Figure 9.    Schematic of novel gate (RG3 Gate).

The Figure 9 shows the schematic of RG3, it is simulated 
for various input combinations. The gates used in this 
schematic are XOR, NOT, and AND.

Figure 10.    Schematic of novel half adder.

The Figure 10 shows the schematic of reversible half adder 
the number of constant inputs employed here is 1.

Figure 11.    Schematic of novel full adder.

The Figure 11 shows the schematic of reversible full adder 
the number of constant inputs employed here is 3.

Figure 12.    Schematic of novel ripple carry adder.
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The Figure 12 shows the schematic of novel ripple 
carry adder. The RCA employs four novel reversible full 
adders. The number of constant inputs employed hare is 
12. The simulation is performed and tested for various 
input combinations.

6.2 Schematics using QCA Framework
In Quantum Cellular Automata (QCA) the polarization 
of each cells must be determined. The polarization of the 
desired cells can be found out by knowing the polarization 
of the neighboring cells this can be determined by the 
number of samples in the bistable environment9.

Figure 13.    QCA layout of RG1.
The Figure 13, shows the QCA layout of Reversible Gate1 
the Quantum Cost of this gate is 6. The number of cells 
need to implement this cell is 108.

Figure 14.    QCA layout of RG2.

The Figure 14, shows the QCA layout of Reversible Gate1 
the Quantum Cost of this gate is 7. The number of cells 
need to implement this cell is 113.

Figure 15.    QCA Layout of RG3.

The Figure 15, shows the QCA layout of Reversible 
Gate 3 the Quantum Cost of this gate is 8. The number of 
cells need to implement this cell is 168.

Figure 16.    QCA Layout of novel half adder.

The Figure 16, shows the QCA layout of Novel Half 
Adder. The Quantum Cost of this reversible half adder is 
6. 

Figure 17.    QCA layout of novel full adder.

The Figure 17, shows the QCA layout of Novel full 
Adder. The Quantum Cost of this reversible full adder is 
18. 

Figure 18.    QCA layout of novel ripple carry adder..

The Figure 18, shows the QCA layout of Novel ripple 
carry Adder. The Quantum Cost of this reversible half 
adder is 72. 
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7.  Conclusion and Future Work

Based on the concept of reversible logic, three novel 
Reversible Gates are proposed. The adders (HA, FA and 
RCA) were designed using the proposed reversible gates. 
The complete schematic is designed in Gate Level using 
Cadence and implementation done in QCA framework. 
The simulated results prove that the Number of cells used 
in the design, area and simulation time was reduced when 
compared to the existing designs in the literatures. Further 
these structures can also be employed in the Reversible 
Multiplier design and ALU design10,11.
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Abstract: In semiconductor industries power dissipation and the size of the computational devices are playing a major role. Size of 
a single transistor may limit the scaling of semiconductor devices. In turn, an alternative technology is needed for computational 
devices; one such technology is Reversible Logic. In this paper, a new set of reversible gates named as KMD Gates are proposed, they 
are capable of producing many logical functions compared to the conventionally available reversible gates. The proposed gates 
satisfy the reversibility and universality properties of reversible logic. In addition, these gates are having parity preservation, so they 
are fault-tolerant. A n-bit fault-tolerant reversible floating point division unit (FTRFPD) is designed in IEEE 754 single precision standard 
using the proposed fault-tolerant KMD reversible gates. This FTRFPD has parallel adder, latch, multiplexer, shift register, rounding and 
normalization register. All the functional blocks are fault-tolerant in nature as they are, they are constructed from the Fault-Tolerant 
Gates. The FTRFPD is capable of dividing two numbers using the non-restoring algorithm. Quantum Cellular Automata (QCA) is 
incorporated for validating the functionality of the reversible logic gates and division unit. The QCA based simulation results confirm 
that the designed unit is having reduction in Quantum Cost by 9.85%, in Delay by 29.63% and in Number of Gates by 33.54 % over the 
existing designs.

Keywords: Reversible Logic; Quantum Cost; Delay.

Načrtovanje proti napakam odpornega reverznega 
deljenja s plavajočo 
Izvleček: Poraba moči in velikost računskih elementov igrajo pomembno vlogo v polprevodniški industriji. Velikost posameznega 
tranzistorja lahko omejuje velikost poprevodniške naprave, zaradi česar je potrebna drugačna tehnologija za računske elemente, 
kot na primer reverzibilna logika. Članek predlaga nov set reverzibilnih vrat kot KMD vrat, ki omogočajo več logičnih operacij kot 
klasična vrata. Vrata zagotavljajo reverzibilnost in univerzalnost reverzibilne logike. Poleg tega predlagana vrata ohranjajo polariteto, 
kar pomeni, da so odporna proti napakam. Enota za deljenje s plavajočo vejico (FTRFPD) je načrtana v IEEE 785 standardu z enojno 
natančnostjo z uporabo predlaganih KMD vrat.  FTEDPD ima paralelni množilnik, zapah, miltiplekser, pomikalni regiter ter zaokroževalni 
in narmalizacijski register. Vsi funkcijski blogi so odporni na napake saj vrebujejo proti napakam odporna vrata. FTEDPD lahko deli 
dve števili brez algoritma obnovitve. Za validacijo vrat in deljenja je uporabljen QCA (Quantum Cellular Automata). QCA simulacije 
potrjujejo zmanjšanje stoška kvanta za 9.85%, zakasnitve za 29.63% in števila vrat za 33.54% glede na obstoječe dizajne.

Ključne besede: reverzibilna logika; strošek kvanta; zakasnitev.
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1 Introduction

In modern VLSI technology, size and power dissipation 
are the major challenges to computational devices. The 
size reduction of a transistor scaling has its own physi-
cal limits. Also, smaller transistors dissipate more pow-
er, and it has other second-order effects, which affect 
the functionality of the circuits. Landauer has proved 
that the irreversible computing devices dissipates heat 

energy in the order of KTln2 Joules for the loss of a sin-
gle bit of information (where K is Boltzmann’s Constant 
= 1.3807 x 10-23 J, T is room temperature) [1]. However, 
Benett has shown that the reversible computation us-
ing reversible gates is the solution to this issue [2]. It 
has two approaches physical and logical reversibility. 
Logical reversibility is the ability of the device to re-
trieve its input and output from each other logically; 
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whereas Physical reversibility is provision to reverse the 
input and output in electronic or quantum circuits [3].

Parity checking is one of the common mechanism 
adapted to detect the error in the transmission and 
data logic. During the computation, if the parity of 
the input data is preserved, then there is no need for 
checking the intermediate stages. Thus, the parity-
preserving functional units can be constructed with 
parity-preserving reversible gates [4]. 

The division is one of the most complicated func-
tions of computer arithmetic. In this paper, we have 
proposed fault-tolerant reversible logic gates to con-
struct division unit. n-bit fault-tolerant reversible float-
ing point division (FTRFPD) circuit is constructed with 
these gates. The proposed design is vulnerable to er-
rors, and it is better than the existing ones in terms of 
quantum costs, garbage outputs and constant inputs.

The entire paper is organized as follows: in Section II, 
the basic definitions and performance measuring pa-
rameters are discussed. Section III discusses the rel-
evant work previously done by various researchers in 
the same field. Section IV & V deal with the proposed 
new fault-tolerant reversible gates and fault-tolerant 
reversible floating point division unit. Finally, in Section 
VI the results obtained for the proposed division unit 
are being discussed.

2 Basic definitions 

In this section basic definition of QCA, QCA clocking 
and performance measures commonly used are dis-
cussed.

2.1 QCA Basics

The basic element of QCA is a cell, which represents a 
bit of information as in Fig.1a. Each cell has four metal 
islands known as quantum dots. In quantum dots, two 
electrons occupy the four dots in “diametrically oppo-
site” positions to polarize the dot. Logic ‘0’ or Logic‘1’ 
is represented by the polarization position of dots as 
shown in Fig.1b[5].

The polarization can be computed as, 
P= ((P1+P3)-(P2+P4))/(P1+P2+P3+P4), 
where Pi= Charge in the ith quantum dot.

2.2 QCA Clocking

QCA circuit’s information flow is controlled by the Ben-
nett Clocking scheme. It has four phases to process the 

information which is a switch, hold, release and relax 
as in Fig. 2. Each clock zone is 90-degree phase-shifted, 
which enables the computation to be carried out in a 
sequential manner [6].

Figure 2: QCA Clocking with four phases

2.3 Performance measures

Four Performance measures encountered  in this work 
are listed below:
- Quantum Cost: Quantum cost is calculated as 

the total number of 2*2 primitive gates required 
to derive the given reversible logic function [7]. 
Here the primitive gates refer to the conventional 
gates. They are Feynman, Toffoli,  Fredkin and Pe-
res gates.

(a)

(b)

Figure 1: (a) QCA cell; (b) QCA cell polarized with logic 
‘0’ and logic ‘1’

A. Kamaraj et all; Informacije Midem, Vol. 48, No. 3(2018), 161 – 171
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- Garbage output: The unwanted output of the re-
versible circuit is known as garbage output [7].

- Constant inputs: The input set to a stable value 
throughout the computation of the reversible cir-
cuit is known as constant inputs [7]. 

- Number of gates: It is defined as the total number 
of reversible gates that are utilized to obtain the 
desired reversible logic [7].

- Delay: The delay of the reversible circuit is equal 
to the total number of gates in the circuit. [8]. In 
other words, the maximum number of gates be-
tween the input to the output of the function is 
the delay of the reversible circuit.

- Simple Reversible Gates: Fredkin, Feymann 
(CNOT), Toffoli and Peres are the most popularly 
used reversible gates. Toffoli is known as univer-
sal reversible 3 input gate, from this any reversible 
circuit can be derived [9]-[12]. 

- Other reversible gates: There are many other au-
thors who proposed their own reversible gates 
such as DKG gate, MRG gate [13], NFT gate, TR 
gate and BVF gate [14]. Since, except NFT other 
gates are not fault-tolerant and the circuits de-
rived from those gates are not fault-tolerant.

2.4 Fault-tolerant reversible logic

A Gate is said to be fault-tolerant reversible logic gate 
only when it satisfies the following three properties:
- Reversibility: In reversibility, input and output 

functions are uniquely derived from each other 
and vice versa for a reversible gate [15].

- Input Output
- Universality: When a reversible gate is able to re-

alize NOT, NAND / AND & NOR / OR functions in 
the output, it satisfies universality property [15].

- Fault Tolerance: Nowadays, a reversible circuit is 
expected to be reliable under all environmental 
conditions. In other words, it should be vulner-
able to the fault occurrence. A gate having the 
same parity as in equation (1) in its input and out-
put is said to be a fault-tolerant gate [4].

I1⊕I2⊕I3…..⊕In = O1⊕O2….⊕On     --------      (1)

where, Ii = Inputs and Oi = Outputs of a gate

3 Related reversible logic works

A new reversible Half adder, Full Adder, Ripple carry Ad-
ders are being built using the proposed reversible logic 
gates. These gates satisfy the universality and revers-
ibility conditions as a fundamental requirement for a 
reversible gate [16]. 

Fault-tolerant full adder (FTFA) is proposed using two 
Islam Gates (IG) which have 3 garbage outputs and 2 
constant inputs. A carry skip BCD is designed with the 
proposed FTFA functional unit [17]. A fault-tolerant 
reversible adder (FTRA) is proposed in [18] and ripple 
carry adder (RCA), carry skip adder (CSA) and n-bit ALU 
are constructed using FTRA, which are fault-tolerant 
[18].  Low-cost parity-preserving reversible adders such 
as Carry look ahead adder (CLA), Carry skip adder (CSA) 
and BCD adder are constructed with less quantum cost 
and garbage output using LCG gates [19]. A fault-tol-
erant reversible decoder (n to 2n) is constructed using 
Double Fredkin and RDC gates [20].

A signed multiplier is designed with MNFT gate which 
is fault-tolerant. The operating speed of the multiplier 
is improved using Wallace tree structures [21]. A revers-
ible single precision floating-point square root is pro-
posed using a modified non-restoring algorithm with 
Reversible Controlled-Subtract-Multiplex [22].

As an initial step towards the sequential circuit design, the 
latches have been designed with reversible gates. RS Flip-
flop is proposed in [23] with reversible gate BME and Pe-
res. Also, D, RS and JK latches and flip-flops have been de-
signed using MFG, FG and Toffoli reversible gates in [24].

Two approaches are proposed for n-bit fixed point 
division unit. Here, fault-tolerant reversible gates are 
utilized to make the entire division unit fault-tolerant. 
Both the approaches utilize nearly equal number of 
resources (quantum cost, garbage output etc.) [25]. A 
reversible floating point division is carried out with two 
different approaches which are conventional division 
and high-speed division. The results confirm that this 
approach is better than the previous [22] architectures 
in terms of quantum cost, garbage output [26]. A new 
fault-tolerant reversible RR gate is proposed to design 
a reversible division unit with fault-tolerance of n-bit. 
The module is constructed to meet the IEEE 754 for-
mat, which includes rounding register and normaliza-
tion unit. Also, the division unit consumes less number 
of quantum cost, garbage output and number of gates 
than the previously available designs [8].

4 The proposed logic gates

A new reversible gate is introduced in two different 
methods: one is heroic act on the existing reversible 
gates and another is the creation of new gate to per-
form the desired operation. Fault tolerant 3*3 revers-
ible gates are proposed to obtain the full adder func-
tion using Feynman and Fredkin gates [19]. These gates 
may not satisfy the universality property of a reversible 
gate.

A. Kamaraj et all; Informacije Midem, Vol. 48, No. 3(2018), 161 – 171
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Here, we propose 4 reversible gates, namely KMD gate 1, 
KMD Gate 2, KMD Gate 3 and KMD Gate 4 as shown in Fig. 
3 (a-d). These gates satisfy the fundamental requirements 
(reversibility and universality) of a reversible gate [15]. In ad-
dition, they are fault-tolerant in nature, i.e. EXOR function of 
the inputs and the outputs are equal (parity preservation).

(a)

(b)

(c)

(d)

Figure 3: Block diagram (a) KMD gate 1 (b) KMD gate 2 
(c) KMD gate 3 and (d) KMD gate 4

4.1 Fault-Tolerance, reversibility, and universality

The fault-tolerant (parity preservation) and reversibility 
characteristics of the proposed gates are satisfied for 
the proposed gates. The inputs and the outputs of KMD 
Gates are having the same priority. So, the EXOR of In-
puts and Outputs gives always zero for a fault-tolerant 
gate. 

Reversibility can be defined in two ways; one is, the 
computation overwriting the input vector with the 
output vector, and the other is, an unmodified copy of 
the input vector available elsewhere in the design [15]. 

For universality, a reversible gate must be able to pro-
duce NOT, AND & OR functions of 2-input format or it 
must be able to generate NOT, NAND / NOR functions 
of 2-input format [15]. The universality property of KMD 
Gates is represented in Table 1. From the above table, 
it is evident that all KMD Gates satisfy the universality 
property as stated in [15]. 

The proposed reversible gates can be constructed with 
fewer cells and occupy less area as shown in Table 2. 
Moreover, DKG and MRG are not fault-tolerant gates 
[13] [14]. But KMD Gates are fault-tolerant reversible 
gates. Thus, the construction of reversible circuits us-
ing these gates will have efficient fault-tolerant revers-
ible circuits.

5 The Proposed methodology

In arithmetic operations, the basic operations are ad-
dition, subtraction, multiplication, and division. Of 
them, the division is the most challenging arithmetic 

Table 1: Universality property of KMD gates

S. No. Reversible Gate Constant Input Logic Function Expression

KMD Gate 1
A=1; C=0 / 1 Q=NOT (B) Q = R’

C=1 Q = NAND (A,B) Q = A’ + AB’
C=0 R = OR (A, B) Q = A + A’B

KMD Gate 2
B=C=0 R = NOT (A) R = A’

C=0 Q = NOR (A,B) Q = A’B’ = (A+B)’
C=1 R = AND (A,B) R = AB

KMD Gate 3

B=D=0; C=1 S = NOT (A) S = A’

B=1 R = OR (A, C) R = A + A’C

C=0 R = AND (A, B) R = AB

KMD Gate 4

B=C=1;D=0 Q = NOT(A) Q = A’

B=1 Q = NAND (A,C) Q = A’ + AC’

B=1; D=0
C=0

T = OR (A,C)
Q = OR(A,C)

T = AC’ + C
Q = AC’ + C

A. Kamaraj et all; Informacije Midem, Vol. 48, No. 3(2018), 161 – 171
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operation in computer architecture design. A dedicat-
ed hardware module is incorporated into the division 
as part of the processor.  It is a fundamental issue to 
identify the efficient division algorithm as per the IEEE 
754 standard [27]. A complete division operation is a 
compound of sequential basic operations.

A proposed fault tolerant floating point division unit 
consists of the following elements: multiplexer, Parallel 
In Parallel Out (PIPO) left shift register, adder/subtrac-
tor unit, and rounding and normalization registers. All 
these functional units are designed as fault-tolerant. 

There are two possible methods available for the divi-
sion of integer numbers. They are restoring and non–
restoring divisions. In both the methods, the base 
operations are addition/subtraction and shifting the 
variables [28].

For n bit D is a dividend (2n bits to store remainder and 
quotient after division), V is divisor, and Q is quotient 
register,

Restoring Division:
1. Shift the D (2n) to left one position.
2. Subtract V (n) from D(V-D) and place the result

back in D.
3. If the Sign of D is 1, set MSB of Q0 to 0 and add V

back to D (Restore); otherwise, set Q0 to 1.

Non-Restoring Division:
Step 1: (n times)
1. If the sign of D is 0, shift D left to the one-bit posi-

tion and subtract V from D; otherwise, shift D and
add V to D (V+D).

2. Now, if the sign of D is 0, set Q0 to 1; otherwise, set 
Q0 to 0.

Step 2: 
1. If the sign of D is 1, add V to D (V+D).

In the restoring division, the left shift and subtract op-
eration are equivalent to 2D-V. If D is negative, restore 

D and left shift, then subtract V which is equivalent to 
2D+V. The latter case is used in the non-restoring divi-
sion; which reduces the number of logical operations.

The following significant changes are made in the 
above algorithm and flow diagram which are shown in 
Fig.4: 
- In the normal division, the dividend is shifted to

the right side, here in the proposed method, it is
left shifted.

- The shifting is advanced to the first place rather
than after the subtraction.

- The remainder and quotient register are com-
bined to form a single dividend register.

The complete flow diagram of restoring division is 
shown in Fig.4; in the case of non-restoring, and the 
path is slightly changed as combining 3a and 3b of 
Fig.4 without restoration. In addition, to meet the IEEE 
754 standard of floating point representation, the 
rounding and normalization are carried out.

Algorithm:
Inputs: D (Dividend); V (Divisor) and Sel=0.
Outputs: R (Remainder) and Q (Quotient)

Steps:
1. Initial: Clk=High; SP=0; Sel=0; Count=0; D=0; V=0

(Registers are Initialized)
2. If (Clk)

If (SP= =0)
n-bit Inputs are parallel loaded in operand 
registers(D & V).

3. Else if (SP= =1 & Hold = = 0& Count <n)
The operands are forwarded to n-bit paral-
lel adder (as per non-restoring algorithm 2’s 
complement addition).
The output of the previous step is loaded into 
the D register and serial left shift one position 
in PIPO shift register.

4. If the partial result is positive (MSB=0) set Q0=1;
otherwise set Q0=0;

5. Count = Count + 1;
6. If (Count>=n)

If the result is negative; restore D and do 
rounding and normalization.

7. Dividend register MSB = Remainder; LSB = Quo-
tient.

8. End.

5.1 Working Principle

The complete data path of fault-tolerant floating point 
division is shown in Fig.5. The significant units are mul-
tiplexers, registers (F2G), parallel adder, rounding and 
normalization units. The necessary control signals are 

Table 2: Comparison of the proposed gates

Gates Number of 
Cells used

Quantum 
Cost

Area 
(in µm2)

Fredkin gate [13] 187 5 0.19
DKG gate [13] 752 6 1.24
MRG GATE [13] 456 6 0.52
NFT gate[14] 128 - 0.142
KMD Gate 1 169 10 0.19
KMD Gate 2 121 10 0.13
KMD Gate 3 116 6 0.19
KMD Gate 4 244 12 0.42
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Clk, load, sel, SP, set q0, shift and hold. These signals are 
released from the control unit at the appropriate time 
based on the Clk timing. 

Figure 5: Fault-tolerant floating point division unit

When Clk is available and load & SP signals are high, 
the multifunctional registers are parallel loaded with 
‘0’ in ‘A’ register, and dividend in the Q register and di-
visor register are already loaded. In the next Clk, the 
dividend and divisor are loaded into (n+1) parallel ad-
der. The adder performs the 2’s complement addition, 
and the partial results are again stored back to higher 
order bits of the multifunctional register. In the mean-
time, left shifted (via F2G register) dividend is loaded 
back through the multiplexer and the MSB bit is serially 
shifted to the ‘SO’ of A register.

Here, non–restoring division is followed in order to 
reduce the number of computations [28]. So, it is not 

necessary to restore the dividend after an unsuccessful 
subtraction (ie. the partial result is negative). Instead, 
the partial result is 2’s complemented via F2G register 
bank and an FRG register during the next cycle. The 
sign bit of the partial result decides the Q0 value (ie. 
Q0=0, if sign =1; 1, otherwise). The same procedure is 
repeated for ‘n’ Clk cycle. After n-cycle, if the result is 
negative, restoration takes place; otherwise, register Q 
contains the quotient and ‘A’ register contains the re-
mainder of the successful division.

5.2 Key elements of reversible fault-tolerant division 
unit

The major functional units of reversible fault-tolerant 
division unit are multiplexers, operands registers, ad-
der/subtractor, PIPO register, rounding and normali-
zation registers. These functional units are being con-
structed using fault-tolerant gates; thereby the circuit 
becomes a fault-tolerant one.

Multiplexer: 
KMD Gate 3 can be configured as a multiplexer with ‘A’ 
input as select line and others (B & C) are input data. 
The 3rd output provides the selected data. Fig.6 rep-
resents the 2 input multiplexer; when Sel=0; then C is 
selected; otherwise B is selected. The n-bit multiplexer 
can be derived by cascading the single bit structure. 
Here, the input D=0 provides ‘sel’ to be passed on to 
the next stage. The quantum cost of the n-bit Mux is 7n, 
and it has 2n garbage outputs.

Figure 6: 2-input n-bit multiplexer

Reversible Parallel In Parallel Out (PIPO) Shift Register:
D latch can be derived from KMD Gate 3 as shown in 
Fig.7a. The 3rd output of the gate generates the neces-
sary Q for the latch. A n-bit Parallel in Parallel Out (PIPO) 
is constructed by cascading the D-latches as shown in 
Fig.7a. The quantum cost of the n-bit PIPO is 7n, and it 
has ‘n’ garbage outputs.

A multifunctional register is designed using D-latch 
and multiplexers. It acts as a left shift register; PIPO reg-
ister, SISO register, and normal storage register accord-
ing to the control signal. Fig.7b shows the multifunc-
tional register with control signals hold & SP and data 
signals SI (Serial Input) & PI (Parallel Input). The symbol 
of the register is shown in Fig. 7c. n-bit register has the 
quantum cost of 21n, number of gates 3n and 4n gar-
bage outputs.

Figure4: Flow Diagram of floating point division
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Figure 7: (a) n-bit PIPO Register (b) Construction of 
Multifunctional Register and (c) Symbol of Multifunc-
tional Register

The output behavior of the multifunctional register is 
tabulated in Table 3 which is derived from equation (2). 
Here, the parallel load operation selects the external in-
put, and the serial input transfers the previously com-
puted data to the next register.

Qi
+ = Hold’SP’Ii + Hold’SP.Qi-1 + Hold.Qi     …….  (2)

The proposed D-latch using KMD Gate is having less of 
quantum cost, garbage output and gate count com-
pared to the available latches as from Table 4. From the 
table, it is observed that the number of reversible gates 
used to construct D-latch in [8] is 7 which lead to high 
quantum cost and more garbage output, whereas the 
proposed design consists of one gate and least quan-
tum cost of 9.

Table 3: Truth table for multifunctional register

Hold SP Qi+ (Next Output)
0 0 Ii (Input Loaded to Register in Parallel)
0 1 Qi-1 (Left Shift & LSB receiving input 

from Serial Input)
1 X Qi (Maintaining Previous Value)

Fault Tolerant Reversible Adder:
The reversible fault-tolerant adder is being construct-
ed using KMD Gate 4 with the quantum cost of 24 as 
shown in Fig.8. So, an n-bit adder consists of 21n quan-
tum cost, 2n constant inputs, and 3n garbage outputs.

Table 4: Performance analysis of D-latch

Parameters [22] [23] [8] Proposed 
design

Improvement 
% w.r.t

[22] [23] [8]
Quantum 
cost 14 10 47 9 35% 10% 80.8%

Garbage 
outputs 4 2 6 1 75% 50% 83.3%

Gate Count 3 3 7 1 66.6% 66.6% 85.7%

Number of 
Cells - - - 116 - - -

Area - - - 0.52µm2 - - -
Clock Zone - - - 4 - - -

6 Results and Discussion

To perform the comparison between different revers-
ible division logic circuits, few chosen parameters are, 

(a)

(b)

(c)

Figure 8: n-bit Fault-Tolerant Reversible Adder

     A) (n+1)-bit Multiplexer 
    B)  n-bit Multiplexer 
    C) (n+1)-bit Shift Register 
    D)  n-bit Shift Register 
    E)  Rounding Register 
    F)  Normalization Register 
    G) Parallel Adder

Figure 9: 2-bit fault tolerant reversible divider circuit
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major components are derived from KMD Gate 3, F2G, 
and KMD Gate 4. Since KMD Gate 3 is utilized to con-
struct the multiplexer and multifunctional register, the 
uniformity of the divider is majorly improved.

Table 5b-e shows the comparison of quantum cost, 
number of gates, delay, and constant inputs of the divi-
sion unit for 2 bits to 256 bits. From those tables, it is 
observed that the conventional and high-speed divi-
sion array is exponentially increasing of Quantum Cost, 
Delay, and Constant Inputs with respect to a number 
of bits. But the proposed methodology is having linear 
relationship with the number of bits. So, proposed divi-
sion unit can be utilized in any of the processor design. 
It is inferred that quantum cost, number of gates and 
delay are improved on a significant level compared to 
[25, 26]. For example, for the 256-bit division unit, the 
best available method has 3346 number of gates and 
delay [8]; while the proposed method has only 3076.

The pictorial representation of the consumption of quan-
tum cost, number of gates, delay and constant inputs are 
shown in Fig. 10a-d. It is evident that the proposed method 
is having linear relation with number of bits, while the exist-
ing methods having quadratic relation with number of bits.

Table 5a: Performance measure calculations of individual modules of the division unit

S. No. Module Number of 
Bits Gates Used Number of 

Gates Delay Quantum 
Cost

Garbage 
Output

Constant 
Input

Multiplexer
n

KMD Gate 3

n n 6n 2n n
n+1 n+1 n+1 6n + 6 2n+2 n+1

Multifunctional 
Register

n 3n 3n 18n 5n 3n
n+1 3n+1 3n+1 18n+18 5n+5 3n+3

Divisor Register n F2G n n 2n 2n n

Parallel Adder n+1 KMD Gate 4 n+1 n+1 12n+12 3n+3 2n

Register
n

F2G
n n 3n - n

n+1 n+1 n+1 3n+3 n+1 n+1
Other Gates 1 Fredkin 1 1 5 2 1

Total Cost 12n+4 12n+4 68n+44 20n+13 13n+6

Table 5b: Comparison of quantum cost for the existing and the proposed division unit. 

Number Of 
Bits 

Existing [25] Existing [26] 
Proposed

Restoring Non-Restoring Conventional Division Array High Speed Division Array
2 210 203 33 82 180
4 360 353 74 165 316
8 660 653 204 415 588

16 1260 1253 656 1251 1132
32 2460 2453 2328 4267 2220
64 4860 4853 8744 15675 4396

128 9660 9653 33864 59995 8748
256 19360 19253 133256 234651 17452

quantum cost, garbage outputs, number of gates and 
constant inputs.

The QCA realization of the above functional units and 
entire division unit is done using QCADesigner 2.0.3 
tool as shown in Fig.9. The structure consists of multi-
plexer, registers, adders, normalization and rounding 
off units. All those modules are integrated to form the 
fault-tolerant reversible floating point division unit. 

Single bit multiplexers are combined to form the 2-bit 
and 3-bit multiplexers which receives dividend and ze-
ros. At the same time, divisor register receives another 
divisor. The operands are then forwarded to the mul-
tifunctional register. This register is constructed using 
D-latch and multiplexer as in Fig.7. Then the operands 
are forwarded to the reversible adder. In the adder after 
every clk signal, the partial output is shifted one bit left. 
After n (number of bits) clk pulses, the adder output is 
forwarded to the rounding and normalization register 
to normalize the division as per the IEEE 754 single pre-
cision standard.

The cost and other parameters calculated for individual 
units of the n-bit division unit is shown in Table 5a. The 
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Table 5c: Comparison of number of gates for the existing and the proposed division unit. 

Number Of 
Bits 

Existing [25] Existing [26] 
Existing [8] Proposed

Restoring Non-Restoring Conventional 
Division Array

High Speed 
Division Array

2 59 57 13 34 44 28
4 95 93 33 69 70 52
8 167 165 79 175 122 100

16 311 309 251 531 226 196
32 599 597 883 1819 434 388
64 1172 1173 3299 6699 850 772

128 2327 2325 12739 25675 1682 1540
256 4631 4629 50051 100491 3346 3076

Table 5d: Comparison of delay for the existing and the proposed division unit. 

Number Of 
Bits 

Existing [25] Existing [26] 
Existing [8] Proposed

Restoring Non-Restoring Conventional 
Division Array

High Speed 
Division Array

2 54 52 24 12 43 27
4 88 86 54 27 69 51
8 156 154 150 85 121 99

16 292 290 486 297 225 195
32 564 562 1734 - 433 387
64 1108 1106 6534 - 849 771

128 2196 2194 25350 - 1681 1539
256 4372 4370 99846 - 3345 3075

Table 5e: Comparison of constant inputs for the existing and the proposed division unit. 

Number Of 
Bits 

Existing [25] Existing [26] 
Proposed

Restoring Non-Restoring Conventional Division 
Array

High Speed Division 
Array

2 36 34 5 20 32
4 58 56 13 39 58
8 102 100 41 95 110

16 190 188 145 279 214
32 366 364 545 935 422
64 718 716 2113 3399 838

128 1408 1406 8321 12935 1670
256 2830 2828 33025 50439 3334

Table 6: Comparison of performance measures for n-bit division unit

Parameters
Existing [25] Existing [26] 

Proposed
Restoring Non-Restoring Conventional Division Array High Speed Division Array

No. of Gates 18n+23 18n+21 3(n+2)2+2n/4 (n+2)(3n+11)/2 12n+4
Delay 17n+20 17n+18 3(n+2)2/2 - 12n+3

Garbage out-
puts 12n+18 12n+16 (n+2)2/2 (n+2)(3n+22)/4 20n+13

Quantum Cost 75n+60 75n+53 4(n+2)2+n/2 (n+2)(7n+27)/2 68n+44
Constant Input 11n+14 11n+12 (n+1)2+1/2 (n+2)(3n+14)/4 13n+6
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The estimated performance measurement of n-bit divi-
sion unit is tabulated in Table 6. It is observed that the 
dependency factor ‘n’ – the number of bits is greatly 
reduced by the proposed method with respect to the 
existing [25, 26]. For example, conventional and high-
speed division array have exponential relation with ‘n’, 
whereas the proposed method has a linear relation-
ship. Moreover, the additional constant cost involved 
in ‘n’ is also reduced for the proposed method. From 
the last column of Table 6, it is observed that, the worst 
case additional cost is 44, but in the existing method, it 
is up to 60.

7 Conclusion

In this paper, we have proposed a new n-bit fault-tol-
erant reversible floating point division unit (FTRFPD) 
which functions according to the non-restoring algo-
rithm. The proposed division unit is being constructed 

(a)

(b)

(c)

(d)

Figure 10: a. Number of bits vs Quantum cost; b. Number of bits vs Number of gates; c. Number of bits vs Delay; d. 
Number of bits vs Constant inputs

by the fault-tolerant reversible KMD Gates. The number 
of cycles and the number of computations required 
to complete the division is drastically reduced. Here, 
KMD Gate 3 is utilized to construct multiplexer and 
multifunctional register, for maintaining uniformity in 
the entire circuit design. The comparative results prove 
that the proposed method has greater improvement 
in the number of gates (12n+4), delay (12n+3) and 
quantum cost (68n+44) with respect to the existing 
methodology. Also, it has significant improvement in 
garbage output and constant input. The entire work 
is functionally verified using QCADesigner 2.0.3 tool. 
Furthermore, the efficient division unit can be incorpo-
rated into any ALU for floating point operation.
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a b s t r a c t 

In recent years, design of low power high-speed nano computing systems have drawn more attention. 

Reversible Logic is a technique popularly used to design the computing systems to achive them. In a 

computer, the arithmetic logic unit (ALU) is the fundamental computing module. In this paper, a novel 

Reversible Arithmetic and Logic Unit is proposed, where a single module performs both arithmetic and 

logical operations. The possible arithmetic operation includes transfer, addition with carry, subtract, com- 

plement and increment. The possible logical operations are AND, OR, XOR, COPY and CONSTANT. The con- 

trol signal is a key element which defines and alters the data path in order to produce either arithmetic 

or logical output. The fault-tolerant KMD gates are utilized to construct the ALU. Here, two approaches 

are discussed for the construction of ALU. In the first approach, ALU is constructed using KMD gates only, 

whereas in the second approach, combination of KMD, Toffoli and Fredkin gates are used. The functional 

realization is performed in Quantum Cellular Automata. Quantum circuit is also derived for the same. 

The obtained results are evident for the improved Quantum cost up to 69%, Constant input up to 40% 

and Number of gates up to 21% compared to the existing designs. 

© 2019 Elsevier B.V. All rights reserved. 

1. Introduction 

The International Technology Roadmap for Semiconductors 

(ITRS) prediction states that, after Nanometer technology (beyond 

2021), it is very hard to shrink the size of the individual tran- 

sistor. Also, shrinking transistor would cause many second-order 

effects such as leakage power, heat dissipation, subthreshold and 

tunneling etc. A new technology must evolve in order to make the 

Moore’s Law alive in future [1,2] . 

Landauer proved that, any irreversible or conventional compu- 

tation will dissipate KTln2 Joules (k is Boltzmann’s constant and T 

is the temperature) of heat since it loses bit information from in- 

put to output transition [3] . Many conservative logic schemes such 

as non-dissipative computation, billiard ball computation are pro- 

posed to overcome the heat dissipation. These computations are 

reversible in nature to have zero internal power dissipation [4] . 

Bennett introduced a logically reversible computing machine [5] . 

Initially researchers found, Feynman, Fredkin, Toffoli and Peres 

[6–8] reversible gates which are a fundamental building block for 

reversible logic design. Later HNG, MRG, DKG, RM & RUG [9–12] 

gates are proposed towards the construction of reversible func- 

tional units. All these gates are having reversibility property; some 
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E-mail addresses: kamarajvlsi@mepcoeng.ac.in (Kamaraj. A), 

pmarichamy@psr.edu.in (Marichamy. P). 

of them are having universality property [13] ; while very few gates 

are having fault-tolerance [14] . Fault-tolerance is necessary to have 

reliable fault-free reversible logic systems. Fault-tolerant gates are 

having parity preservation between inputs and outputs. So, in or- 

der to construct reliable reversible logic systems, their modules 

must be of Fault-Tolerant Reversible one. 

Simple arithmetic and logical operations are the basis for any 

data manipulation. Nearly, all the data manipulations and compu- 

tations are derivatives of simple arithmetic and logical operations. 

So, Arithmetic Logic Unit (ALU) is the heart of all computing sys- 

tems. There are some significant contributions are done in the de- 

sign of ALU [9,11,12] using RUG, RM, and HNG gates. Though, these 

designs efficiently do all the necessary operations; they are lagging 

in fault-tolerance. Moreover, the arithmetic, logical operations are 

carried out in a distinct module; which degrades their performance 

factors. 

Therefore, it is necessary to design an ALU in a single structure 

with fault-tolerance. In this paper, a Reversible Fault-Tolerant ALU 

(FTALU) is designed using fault-tolerant KMD Gates. The significant 

contributions of this work is, 

• Fault-tolerant gates are introduced. 

• Designed a single structure which is capable of doing all the 

necessary arithmetic and logical operations. 

• Quantum realization of KMD gates and ALU structure; which 

proves that the proposed design is having better performance. 
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Table 1 

Functionality and characteristics of the various reversible gates. 

S. No. Gate No. of IOs R, U, FT Characteristic expression 

1. Feynman 2 × 2 R, U P = A; Q = A �B 

2. Fredkin 3 × 3 R, U P = A; Q = A’B �AC; R = A’C �AB 

3. Toffoli 3 × 3 R, U P = A; Q = B; R = AB �C 

4. Peres 3 × 3 R, U P = A; Q = A �B; R = AB �C 

5. HNG 4 × 4 R, U P = A; Q = B;R = (A �B) �C; S = (A �B)C � (AB �D) 

6. MRG 4 × 4 R, U P = A; Q = A �B; R = (A �B) �C; S = (AB �D) �((A �B) �C) 

7. DKG 4 × 4 R, U P = B; Q = A’C’ �AD’; R = (A �B)(C �D) �CD; S = B �C �D 

8. TSG 4 × 4 R, U P = A; Q = A’C’ �B’;R = (A’C’ �B’) �D; S = (A’C’ �B’)D � (AB �C) 

9. MKG 4 × 4 R, U P = A; Q = C;R = (A’D’ �B’) �C; S = (A’D’ �B’) � (AB �D) 

10. RM 3 × 3 R, U, FT P = A �BC; Q = A’B + AC; R = A’C + AB 

11. RUG 3 × 3 R, U, FT P = AB + BC + CA; Q = AB + A’C’; R = B �C; 

This paper is organized as follows; Section 2 discusses 

certain preliminaries and basic definitions of reversible logic; 

Section 3 deals with the previously proposed reversible gates and 

ALU designs; Section 4 focuses on the design of FTALU and its ca- 

pable operations; Section 5 spotlights the results obtained and its 

related discussions and finally concluded the research work. 

2. Preliminaries and basic reversible logic definitions 

The reversible logic circuits are measured and validated with 

the following parameters; 

• Quantum cost 

Quantum cost is the cost of the primitive gate and it is cal- 

culated as the number of primitive logic gates (1 × 1 or 2 × 2) re- 

quired to realize the circuit. Every 2 × 2 gate has same quantum 

cost unity [15] . For a gates greater than 2 × 2, the quantum cost 

cannot be found directly, so for the bigger gates implementation is 

done based on the quantum primitives [16] . 

• Garbage output and constant input 

The number of outputs added to make an (n, k) function re- 

versible is known as garbage outputs. 

The word “constant inputs” is used to denote the pre-set value 

inputs that were added to an (n, k) function to make it reversible. 

The constant inputs are known as ancilla inputs. The relation be- 

tween garbage outputs and constant inputs is [17,18] . 

Input + constant input = output + garbage 

• Logical calculations 

Logical calculations refer the total number of XOR ( α), AND ( β) 

and NOT ( γ ) operations required to realize the function [16] . In 

other words, the hardware complexity of the circuit to generate 

the output is represented in terms of logical calculations. 

• Reversibility 

The function f(x 1 , x 2 … x n ) of n Boolean variables is called re- 

versible if the number of outputs is equal to the number of inputs 

and any input pattern maps to a unique output pattern. In other 

words, the output of a reversible function is a permutation of the 

set of its input [17,18] . 

• Universality 

A reversible gate is said to be satisfying universality property 

only when it could be able to realize NOT, NAND / AND & NOR / 

OR functions. For example, NAND operation can be derived from a 

Toffoli gate by setting its third input as logic ‘1’ [13] . 

• Fault-tolerance 

Fault-tolerance is a method to preserve same parity between 

input and output vectors over one to one mapping of the reversible 

circuit [14] . The input and output vectors of any fault-tolerant gates 

are I v {I n-1 ,I n-2 ,…I 0 } and O v {O n-1 ,O n-2 ,…O 0 } where the following 

Eqs. (1) and (2) must be preserved for them: 

I v ⇔ O v (1) 

I n −1 � I n −2 � . . . � I 0 = O n −1 � O n −2 � . . . � O 0 (2) 

• Reversible gates 

Feynman, Fredkin, Toffoli, Peres are the fundamental reversible 

gates introduced in the earlier days of the reversible era. Later 

in the last decade, many reversible gates are proposed by the 

researchers such as HNG, MRG, DKG, TSG, MKG, RM, and RUG 

[9,11,12] . 

The summary of functionality and characteristics of various re- 

versible gates are listed in Table 1 . 

3. Related ALU works 

Many works are done in the reversible logic field like adders, 

multiplexers, multipliers, logical units etc. [15,16,19] . The re- 

searchers concentrated on the development of arithmetic logic unit 

(ALU) in the reversible computing systems are presented in the lit- 

eratures [9,11,12,20–23] . 

Initially, the reversible ALU designs are presented in [20–23] ; 

which are performing simple arithmetic and logical operations (OR, 

AND, XOR, ADD & SUB) using basic reversible gates. Moreover, 

these structures are consuming many number of gates and also 

capable of producing lesser number of functions (max. of 8 opera- 

tions) with more number of garbage outputs [12] . 

A set of reversible gates (HNG, MRG, PAOG, Feynman & Fred- 

kin) are employed to perform 8 ALU operations [9] . In [11] a new 

reversible gate called reversible multiplexer (RM) is used for the 

construction of ALU, which performs 16 distinct operations. In a 

similar way, Reversible Universal Gate (RUG) gate [12] is utilized 

towards the construction of ALU that could perform 16 distinct 

operations. In both the cases, the ALU is doing arithmetic opera- 

tions and logical operations in a separate functional module and 

also they are not fault-tolerant in nature [11,12] . 

So, From the Tables 1 and 2 , the research of this paper is moti- 

vated towards, 

• The design of an integrated unit performing both arithmetic 

and logical operation in a single structure. 

• The ALU design must be Fault-Tolerant 

4. Reversible KMD gates 

A new reversible gate is introduced in two ways, one is, heroic 

act of the existing reversible gates and another is the creation of 

new gate to perform the desired operation. 
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Table 2 

Comparison of existing ALU structures. 

S. No. ALU Gates used No. of operations Characteristic 

1. [9] HNG, PAOG, MRG 8 Less functionality; less number of gates 

2. [11] RM 16 More functionality; more number of gates; high quantum cost 

3. [12] RUG 16 

4. [21] HNG, MG, UPG 14 Less functionality; more number of gates and garbage. 

5. [22] DXOR 4 

6. [23] DPG, YAG 8 

Fig. 1. Block diagram (a) KMD Gate1 (b) KMD Gate2 (c) KMD Gate3 and (d) KMD Gate4. 

Fig. 2. Proposed ALU architecture. 

Here, we used four reversible gates named as KMD Gate1, KMD 

Gate2, KMD Gate3 and KMD Gate4 as shown in Fig. 1 (a–d) [25] . 

These gates satisfy the fundamental requirements (reversibility and 

universality) of a reversible gate [13] . In addition, they are also 

Fault-tolerant; i.e. EXOR function of the inputs and outputs are 

equal (Parity preservation). The fault-tolerance of these gates is 

shown in Table 3 . 

The Performance evaluations of KMD Gates for the 13 Stan- 

dard Functions realization is shown in Table 4 . From the table, it 

is proved that 1.76 numbers of gates on an average required to im- 
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Table 3 

Fault-Tolerance KMD Gates. 

Fault-Tolerant KMD Gate1 

Inputs Outputs Fault-Tolerant 

A B C P Q R 

0 0 0 0 0 0 0 

0 0 1 0 1 0 1 

0 1 0 0 0 1 1 

0 1 1 0 1 1 0 

1 0 0 1 1 1 1 

1 0 1 1 1 0 0 

1 1 0 1 0 1 0 

1 1 1 1 0 0 1 

Fault-Tolerant KMD Gate2 

Inputs Outputs Fault-Tolerant 

A B C P Q R 

0 0 0 0 1 1 0 

0 0 1 0 1 0 1 

0 1 0 0 0 1 1 

0 1 1 0 0 0 0 

1 0 0 1 0 0 1 

1 0 1 1 1 0 0 

1 1 0 1 0 1 0 

1 1 1 1 1 1 1 

Fault-Tolerant KMD Gate3 

Inputs Outputs Fault-Tolerant 

A B C D P Q R S 

0 0 0 0 0 0 0 0 0 

0 0 0 1 0 0 0 1 1 

0 0 1 0 0 0 1 0 1 

0 0 1 1 0 0 1 1 0 

0 1 0 0 0 1 0 0 1 

0 1 0 1 0 1 0 1 0 

0 1 1 0 0 1 1 0 0 

0 1 1 1 0 1 1 1 1 

1 0 0 0 1 0 0 0 1 

1 0 0 1 1 0 0 1 0 

1 0 1 0 1 0 1 0 0 

1 0 1 1 1 0 1 1 1 

1 1 0 0 1 1 1 1 0 

1 1 0 1 1 1 1 0 1 

1 1 1 0 1 1 0 1 1 

1 1 1 1 1 1 0 0 0 

plement the functions and 18.23 is the average quantum cost is for 

the functions to be implemented using KMD gates. 
∗G—number of gates; ∗QC— quantum cost 

V. Proposed reversible fault-tolerant ALU (FTALU) architecture 

The ALU is an inherent building block of a computing device 

in today’s scenario. The expected requirement of an ALU must per- 

form maximum possible operations with minimum hardware com- 

plexity. The proposed ALU structure is shown in Fig. 2 . The sig- 

nificant signals of this ALU are three inputs (A, B & Cin), Select 

lines (S A , S B & S OP ) and Control Signals (Constant Inputs). The ma- 

jor functional units are Inverter, AND, OR, XOR gates and a 1-bit 

adder. The multiplexers are acting as a data router to forward the 

necessary signals from input to output result. 

The proposed structure has 3 major modules; 

• Input module: the 2 × 1 multiplexer selects either True of Com- 

plement form of the Input and forwards it to the next comput- 

ing module. 

• Data processing module: It does the arithmetic and logical 

operations on the input data come from the input module. 

The possible list of arithmetic, logical operations are shown in 

Tables 5 and 6 . 

• Output module: The data received from various functional 

modules are available in the output module; the select line of 

the 4 × 1 multiplexer decides which output has to be forwarded 

to the final Result. 

The proposed structure is having two advantages over 

[12,13] which are, 

• The same structure is performing both arithmetic and logical 

operations. 

• The input signals (A, B & Cin) are functioning as constant inputs 

also, which in turn reduces the number of constant inputs. 

The realization of the ALU architecture in reversible hardware 

is done in two approaches; 

Approach 1: All the functional modules (input, data processing 

and output) are realized only with KMD gates. 

Approach 2 : The functional modules of the ALU are realized us- 

ing the combination of KMD gates, Fredkin and Toffoli gates. 

In both approaches, the ALU is performing most popular arith- 

metic as well as logical operations. The possible list of operations 

and its related control signals are listed in Tables 5 and 6 . The 

Select lines (S A , S B & S OP ) and the input signal (A, B & Cin) are 

providing various functionalities like Transfer, Addition, Increment, 

Subtraction and 1 ′ s complement. 

Using the proposed reversible ALU architecture, 18 distinct op- 

erations (10 Arithmetic & 8 Logical) could be done; whereas in 

[11,12] only 16 distinct operations are possible and in [26] 12 dis- 

tinct operations as shown in Table 7 . 

Approach 1 : In this approach, the KMD gates are utilized to 

construct the Reversible Fault-tolerant ALU (FTALU) architecture as 

Table 4 

Performance evaluation of KMD gates. 

S. No Standard functions Toffoli Peres TR Fredkin RM RUG KMD 

G QC G QC G QC G QC G QC G QC G QC 

1 F = ABC 2 10 2 8 2 12 4 20 2 70 2 62 2 18 

2 F = AB 1 5 1 4 1 6 2 10 1 35 1 31 1 9 

3 F = ABC + AB’C’ 3 15 3 12 2 12 3 15 2 70 2 62 4 36 

4 F = ABC + A’B’C’ 10 50 10 40 9 54 4 20 3 105 3 93 3 27 

5 F = AB + BC 5 25 4 16 4 24 2 10 2 70 2 62 2 18 

6 F = AB + A’B’C 8 40 6 24 7 42 5 25 2 70 3 93 3 27 

7 F = ABC + A’BC’ + AB’C’ 8 40 7 28 8 48 6 30 3 105 3 93 5 45 

8 F = A 1 5 1 4 1 6 1 5 1 35 1 31 1 9 

9 F = AB + BC + AC 9 45 9 36 6 36 5 25 5 175 1 31 1 24 

10 F = AB + B’C 6 30 6 24 5 30 1 5 1 35 1 31 1 9 

11 F = AB + BC + A’B’C’ 4 20 4 16 3 18 6 30 2 70 2 62 2 18 

12 F = AB + A’B’ 2 10 2 8 2 12 2 10 2 70 1 31 1 9 

13 F = ABC + A’B’C + AB’C’ + A’BC’ 2 10 2 8 2 12 3 15 2 70 2 62 1 24 

Average 4.69 23.4 4.38 17.5 4.23 24 3.15 16.9 2.15 75.3 1.84 57.2 1.76 18.23 
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Table 5 

Reversible arithmetic operations. 

S A S B S OP Result Operation Constant inputs Inputs 

0 0 0 0 A Transfer A B = 1 A = A 

0 0 1 0 A + B Add Cin = 0 A = A; B = B 

0 0 1 0 A + B + 1 Addition with carry Cin = 1 A = A; B = B 

0 0 1 1 A + 1 Increment A B = 1 A = A 

0 1 1 0 A + B’ SUB - A = A; B = B 

0 1 1 1 A + B 1 ′ S complement - A = A; B = B 

1 0 0 0 B Transfer B A = 0 B = B 

1 0 1 0 A �B �C SUM Cin = Cin A = A; B = B 

1 0 1 0 (A.B) + (A + B).C Carry - A = A; B = B; Cin = Cin 

1 0 1 1 A + B 1 ′ S Complement - A = A; B = B 

1 1 1 1 B + 1 Increment B A = 0 B = B 

Fig. 3. Proposed reversible fault-tolerant ALU architecture (Approach 1). 

Table 6 

Reversible logical operations. 

S A S B S OP Result Operation Constant inputs Inputs 

0 0 0 0 AB AND - A = A; B = B 

0 0 0 1 A | B OR - A = A; B = B 

0 0 1 0 0 Constant A = 0; B = 0; - 

0 0 1 1 1 Constant A = 1; B = 0; - 

0 1 0 1 A COPY B = 1 A = A 

0 1 1 1 A �B EXOR - A = A; B = B 

1 0 0 1 B COPY A = 1 B = B 

1 1 0 0 (A.B)’ NAND - A = A; B = B 

in Fig. 3 . The denoted variables in this Fig. 3 are; A, B, Cin—inputs; 

1 or 0—constant inputs; G—garbage outputs and Z—final result. 

The functional modules of the Fig. 3 are derived as follows; the 

inverter function obtained from KMD gate1 for the inputs A & B, 

2 × 1 multiplexer & XOR gate is derived from KMD Gate 3 and 

the other functions are derived using KMD gate2 & KMD gate4. 

The Quantum circuit of the above reversible fault-tolerant ALU is 

obtined in RCViewer simulator [24,25] as shown in Fig. 4 a. The 

ALU structure is realized in quantum cellular automata (QCA) using 

Bennett clocking [5] as shown in Fig. 4 b. 

Approach 2: Here, the Fredkin, Toffoli and KMD gates are used 

to construct the reversible ALU as shown in Fig. 5 . The Fredkin 

gate replaces the KMD gate1 in the input module to invert the in- 

Table 7 

Number of operations in proposed reversible ALU. 

Type of operation RM [11] RUG[12] NHG [26] Proposed architecture 

Arithmetic operation 7 7 5 10 

Logical operation 9 9 7 8 

Total 16 16 12 18 



Kamaraj. A and Marichamy. P / Microprocessors and Microsystems 69 (2019) 16–23 21 

Fig. 4. (a). Quantum circuit of proposed ALU architecture. (b). QCA realization of proposed ALU architecture. 

Table 8 

Performance measure comparison of proposed and existing ALU. 

Architecture Arithmetic Logical Existing ALU architecture Proposed ALU architecture 

Method RM [11] RUG [12] RM [11] RUG [12] RM [11] RUG [12] Approach 1 Approach 2 

Quantum cost 140 67 140 94 320 197 118 99 

Constant inputs 2 0 2 1 10 6 6 7 

Garbage outputs 6 3 7 6 15 11 21 22 

No. of. gates used 4 3 4 4 14 14 11 11 

Logical calculation 2 α+ 8 β+ 3 γ 3 α+ β α+ 9 β+ 4 γ α+ 6 β+ 6 γ 8 α+ 20 β+ 9 γ 9 α+ 12 β+ 11 γ 12 α+ 14 β+ 6 γ 12 α+ 14 β+ 6 γ

puts A, B and Toffoli gate replaces the KMD gate2 & KMD gate3 to 

generate AND & XOR logic function. Here, the positive side of the 

design is, quantum cost and the number of garbage outputs are 

reduced. 

5. Results and discussion 

Quantum cost, garbage outputs, number of gates, constant in- 

puts and logical calculations are the parameters considered for 

comparison of ALU. The quantum cost and other parameters cal- 

culation for individual units (Arithmetic, Logic unit) are shown in 

Table 8 . In the proposed ALU, the majority of the functional units 

are derived from KMD Gate1 and KMD Gate3 reversible gates (In- 

verters and Multiplexers), hence the quantum cost and number of 

gates are reduced. 

Table 9 

Percentage of improvement in proposed ALU. 

Parameter Improvement w.r.t. RM [11] Improvement w.r.t. RUG [12] 

Approach 1 Approach 2 Approach 1 Approach 2 

Quantum cost 63% 69% 40% 49% 

Constant input 40% 30% 0% –

No. of gates used 21% 21% 21% 21% 

From the above Tables 8 and 9 , the quantum cost of the 

proposed ALU system is tremendously reduced up to 99; which 

is approximately 69% better compared to the existing method- 

ology. Also, the number of gates needed to design the ALU is 

also less compared to [11,12] , which is 21% of improvement. 

More functionalities could be obtained from the KMD gates by 
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Fig. 5. Proposed reversible ALU architecture (Approach 2). 

Table 10 

Performance measure comparison of proposed and existing N-bit ALU. 

Architecture Arithmetic Logical Existing ALU architecture Proposed ALU architecture 

Method RM [11] RUG [12] RM [11] RUG [12] RM [11] RUG [12] Approach 1 Approach 2 

Quantum cost 140n 67n 140n 94n 320n 197n 118n 99n 

Constant input 2n 0n 2n 1n 10n 6n 7n 8n 

Garbage output 6n 3n 7n 6n 15n 11n 21n 22n 

No. of. gates 

Used 4 3 4 4 14 14 11 11 

Logical calculation 2 α+ 8 β+ 3 γ 3 α+ β α+ 9 β+ 4 γ α+ 6 β+ 6 γ 8 α+ 20 β+ 9 γ 9 α+ 12 β+ 11 γ 12 α+ 14 β+ 6 γ 12 α+ 14 β+ 6 γ

Fig. 6. Comparison of ALU in graph. 

changing the constant inputs; which increases the garbage out- 

put of the system; that is the reason behind more number 

of garbage outputs in the proposed method than the available 

methods. 

The n-bit ALU, whose performance measures are available in 

Table 10 and the graphical representation of comparison, is shown 

in Fig. 6 . This n-bit structure can be utilized for big data analysis 

[27] in cloud based computing environment [28] with high perfor- 

mance. 

6. Conclusion 

Arithmetic Logic Unit is a heart of the processor for data ma- 

nipulation. In this paper, a novel arithmetic logic unit is proposed, 

which is performing both kind of operations on the single struc- 

ture. This ALU is producing 10 arithmetic and 8 logical operations 

on the input operands for the different control signals. The pro- 

posed ALU is built with KMD, Toffoli and Fredkin gates in two 

different approaches. These gates are fault-tolerant in nature; thus 

the proposed ALU structure also fault-tolerant. In addition, the ca- 

pability of the KMD gates are also validated using the 13 standard 

Boolean function realizations. The functional simulation performed 

in Quantum Cellular Automata. Quantum circuit for the ALU also 

obtained. The simulation results confirm that the proposed ALU 

performs better in terms of Quantum cost, Constant input and 

Number of gates by 69%, 40%, and 21% respectively. The compar- 

ison is extended for logical calculation (12 α+ 14 β+ 6 γ ) also; which 

is better than the existing (8 α+ 20 β+ 9 γ ) design. It is worth noting 

that, the proposed ALU design requires less quantum cost, constant 

inputs, and number of gates. Future extension of work will be in 
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the direction of reducing the garbage outputs and increasing the 

functionalities of ALU. 
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Design of optimised logic interface for
network-on-chip architectures

E. Sakthivel✉, M. Arunraja, K.D. Uma, T. Shanthi and
A. Muthukrishnan

Achievement of low power consumption in the field of network-
on-chip (NoC) is a prominent research in recent days. Many works
have attempted to improve performance in NoC using architectural
and algorithmic models. The researches attempted to mitigate certain
factors like power consumption, speed, complexity, scalability, and
flexibility. Currently, NoC engineers incorporated external or internal
sense amplifier (SA) in the architectural model of NoC. In the conven-
tional double-tail SAs (DTSAs), more amount of energy is consumed
in the heavy traffic state. Hence, many improved DTSAs like
reconfigurable DTSA (R-DTSA), variable energy aware SA link for
asynchronous NoC (VELAN) DTSA (V-DTSA) were proposed in
the previous works and employed with the transceivers. They were
evaluated on TSMC 90 nm technology with the real-time data traffics
which are obtained using traffic estimators and traffic generators. An
optimised logic interface for transceivers of NoC which is superior
to the conventional DTSA, R-DTSA, and V-DTSA is developed.
The proposed design is implemented with transceivers and evaluated
on TSMC 90 nm technology for comparing the performance with the
previous SAs.

Introduction: Network-on-chip (NoC) is a prevalent technology for
employing in many fields such as multimedia, telecommunication,
and real-time simulations. Many works have been presented in literature
to improve the performance of NoC. Algorithmic [1] and architectural
models [2] were incorporated with the NoC to improve the performance
of NoC in the aspects of power, speed, latency, complexity, and scalabil-
ity. In recent years, the engineers intended the utilisation of external
or internal sense amplifier (SA) for the architectural level NoC in
order to obtain the improved performance [3]. In general, on chip com-
munication needs a transmitter with pre-emphasis capacitance (PEC) to
increase speed and to reduce energy. However, it entails DC bias circuits
in the receiver, which makes the circuit more complex. These concerns
are removed by Larsson [4] with the help of voltage SA (VSA) and eval-
uated in 90 nm complementary metal–oxide–semiconductor (CMOS)
cross-coupled circuit. When the VSAs are implemented in small
circuit applications, the significant improvement cannot be noted.
Hence an upgraded design of double-tail SA (DTSA) is introduced in
[5] which contains PEC at the transmitter side and DTSA at the receiver
side. The DTSA transceiver introduced in [5] reduces data rate and link
power. However, they are not evaluated for high traffic states. By con-
cluding that the conventional DTSA shows poor performance after
testing it under high traffic states, we have presented reconfigurable
DTSA (R-DTSA) transceivers in [6] by combining four individual
DTSAs. R-DTSA involves modified DTSA (M-DTSA), modified
clock gating with DTSA (MCG-DTSA), modified dual edge triggered
with DTSA (MDET-DTSA), soft-DTSA (S-DTSA), graph theory-based
traffic estimator (GTE) [7] and a multiplexer. M-DTSA is obtained by
incorporating energy recovery clock with the conventional DTSA. By
integrating clock gating, dual edge trigger MCG-DTSA and
MDET-DTSA are constructed. S-DTSA is obtained by combining
clock gating and energy recover clocking with DTSA. Hence it requires
more area and not economic. Hence in [8], we designed V-DTSA trans-
ceiver by introducing the bootable concept with DTSA, in order to
improve latency in DTSA transceivers. V-DTSA consists of bootable
DTSA (B-DTSA) and bootable CG DTSA (BCG-DTSA), GTE.
Bootable concept is the combined approach of the clock enable and
clock gating approaches [9]. In works [6, 8], the real-time traffics are
generated and the suitable DTSA is selected to transform data to the
receiver based on the traffic rate information. In this work, a new inter-
face circuit is introduced to implement with the transceivers use din on
chip communication. This circuit attempts to drive similar current at
the output as in the input. Here, SOUT is connected to the gate terminals
of both the PMOS transistors S2 and S5 and it turns ON the transistors.
C1 is the storage capacitance 0.01 µf and C2 is the parasitic capacitance
1.2 µf which are connected to five switches, S1 enables the entire circuit,
which gives a proper output signal to the Sout, clock gating [9] concept is
also applied into this circuit to obtain better performance. GTE and
traffic generator (TG) is employed in the design to generate real-time
traffic patterns.

Experimental results: RTL description of the proposed design is
synthesised to the gate level net list with a Synopsys Design
Compiler. VHDL code of the proposed design is implemented
on 90-nm TSMC CMOS technology under a 500 MHz operating
frequency with a supply voltage of 1.8 V and a switching factor 0.5.
The performance of the proposed design is analysed by computing
the parameters such as data rate, delay, power, and energy by syn-
thesising VHDL model in the Synopsis environment with 90 nm tech-
nology. The circuit diagram and the simulation results of the
optimised logic interface (OLI)-based transceiver are given in Figs. 1
and 2.
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Fig. 2 Simulation results of OLI transceivers

The proposed design is tested under three different modes as
specified in Table 1. The real-time traffic patterns generated from
GTE and TG. OLI is tested by applying the low traffic (LT) state
and high traffic (HT) state and the results are compared with the
results provided in [6, 8]. LT is the data with the size of 192 bytes
and with 200 cycles. HT is the video with the size of 576 bytes and
with 780 cycles. The image and audio inputs are the intermediates
traffic with the size of 384 and 480 bytes, respectively. The period
of those traffics is 430 and 610 cycles, respectively. Table 2 shows
the comparison of energy, data rate, delay parameters obtained for
the conventional DTSA and OLI, under LT and HT conditions.
The dynamic power (DP) and leakage power (LP) are measured at the
different terminals of the NoC and listed in Table 3 for comparative
analysis. The average traffic mode denotes the average of all traffics
(data, image, audio, and video). Under average traffic mode,
the values of parameters for different SAs are given as follows. Data
rate in Gbit/s, link power in mW, latency in cycles during
single-stage and latency in cycles during five-stage operation are
4.6/6.1/6.157/7.124 (DTSA/R-DTSA/V-DTSA/OLI), 0.8/1.1/0.32/
0.27/0.08 (DTSA/R-DTSA/V-DTSA/OLI), 300/377/590/354/280
(DTSA/R-DTSA/V-DTSA/OLI), 1500/2950/2950/1770/1300 (DTSA/
R-DTSA/V-DTSA/OLI), respectively.
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Table 1: Technical specifications

Modes
Inter

connect
Technology Supply voltage

Voltage
swing

Driver size

Full swing
Shielded
single
ended

1.2 v, 6
metal,
90 nm
CMOS
2 mm, R

wire = 400 Ω

1.2 V 1.2 V
Wn = 8 lm
Wp = 20 lm

Multi Vdd
mode

Twisted
differential

VDDH = 1.2
VDDL = 1.08 V

120 mV
Wn = 8 lm
Wp = 20 lm

Capacitive
low swing

Twisted
differential

1.2 V 120 mV
Wn = 1.6 lm
Wp = 4 lm

Table 2: Energy comparison of DTSA modules

DTSA [5] R-DTSA [6] V-DTSA [8] OLI

LT LT HT LT HT LT HT

Transmitter → full swing (energy/trans)

Energy

Total 420 150 160 80 110 55 60

Wire 350 120 130 90 90 60 70

Tx/Rx 70 50 50 40 42 24 26

Delay

Normal 120 60 70 40 45 30 32

Slow 150 70 90 70 65 42 38

Interconnect 100 60 60 40 45 30 33

Data rate

50% eye 5 6 4 14 12 18 16

0% eye 8 9 17 15 14 20 18

Transmitter → multi Vdd full swing (energy/trans)

Energy

Total 120 100 100 40 35 20 18

Wire 20 22 24 16 10 8 6

Tx/Rx 120 80 80 40 40 22 26

Delay

Normal 90 70 60 30 35 20 26

Slow 125 60 70 55 60 36 38

Interconnect 115 55 60 45 50 30 32

Data rate

50% eye 5 6 4 13 12 17 16

0% eye 8 9 7 15 14 19 17

Transmitter → capacitive low swing (energy/trans)

Energy

Total 100 50 50 25 27 14 16

Wire 60 60 60 25 26 15 17

Tx/Rx 30 20 20 15 16 8 10

Delay

Normal 60 40 45 25 35 18 24

Slow 80 50 55 40 45 26 28

Interconnect 80 50 60 45 50 28 30

Data rate

50% eye 8 9 7 15 14 19 18

0% eye 11 12 12 20 18 24 22

Table 3: DP and LP comparison

Module
TG

(mW)

Traffic
estimator
(mW)

Router
(mW)

Input
buffer
(mW)

Output
buffer
(mW)

Links
(mW)

— DP

[5] 18 11.4 3.4 97 8 13.2

[6] 16 10.6 2.8 80 7.2 12.6

[7] 14 8.3 2.1 71 6.1 11.3

OLI 8 2.4 1.1 40 3.2 5.6

— LP comparison

[5] 1.8 2.1 0.81 1.91 0.91 0.00096

[6] 1.4 1.7 0.62 1.73 0.88 0.00077

[7] 0.9 1.3 0.41 0.51 0.73 0.00065

OLI 0.4 0.7 0.23 0.27 0.45 0.00022

Conclusion: The proposed OLI-based transceiver is implemented
and tested by comparing the results with conventional DTSAs. The
data rate in the conventional DTSA is 4.6 Gbit/s with the average of
all traffics, which is increased in R-DTSA, V-DTSA to 6.1 and

6.157 Gbit/s, respectively. This value is increased in the proposed
OLI to 7.124. Similarly, the latency is decreased in the proposed
method to 280 and 1300 in single-stage and five-stage operations,
respectively. It is reduced by 20.9% for single-stage operation and
26.5% for five-stage operation.
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Design of Space-Efficient Nano Router
in Reversible Logic with Multilayer
Architecture

A. Kamaraj, P. Marichamy, J. Senthil Kumar,
S. Selva Nidhyananthan and C. Kalyana Sundaram

Abstract The reversible logic is a promising technology for zero power dissipa-
tion. The reversible logic circuits are realized in quantum cellular automata (QCA),
which are called as quantum circuits. The router is a predominant device in the
modern communication era. The router is expected to perform faster with minimum
area requirement and power consumption. In this paper, a nano router is designed in
reversible logic and it is realized in quantum cellular automata. The memory plane
and the routing data plane are the major functional components of the router. These
are constructed from the basic peripherals decoder, memory array, multiplexer,
switch fabric and parallel-to-serial converter. The constructed router peripherals are
combined together to form the integrated router and it is realized in QCA. The QCA
realized structure has the significance of multilayer crossing for its wire crossing.
The multilayer crossing reduces the number of cells required for realization and also
it passes the signal without any degradation. The simulation results confirm that the
proposed router consumes minimum resources for its realization (up to 50%
improvement) than the existing. The nano router is suitable for nano-
communication applications. The realization is performed in QCADesigner tool.

A. Kamaraj (&) � J. Senthil Kumar �
S. Selva Nidhyananthan � C. Kalyana Sundaram
Mepco Schlenk Engineering College, Sivakasi, India
e-mail: kamarajvlsi@mepcoeng.ac.in

J. Senthil Kumar
e-mail: senthilkumarj@mepcoeng.ac.in

S. Selva Nidhyananthan
e-mail: nidhyan@mepcoeng.ac.in

C. Kalyana Sundaram
e-mail: kalyan@mepcoeng.ac.in

P. Marichamy
PSR Engineering College, Sivakasi, India
e-mail: pmarichamy@psr.edu.in

© Springer Nature Singapore Pte Ltd. 2020
A. K. Singh et al. (eds.), Design and Testing of Reversible Logic, Lecture Notes
in Electrical Engineering 577, https://doi.org/10.1007/978-981-13-8821-7_13

233

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-8821-7_13&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-8821-7_13&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-8821-7_13&amp;domain=pdf
mailto:kamarajvlsi@mepcoeng.ac.in
mailto:senthilkumarj@mepcoeng.ac.in
mailto:nidhyan@mepcoeng.ac.in
mailto:kalyan@mepcoeng.ac.in
mailto:pmarichamy@psr.edu.in
https://doi.org/10.1007/978-981-13-8821-7_13


1 Introduction

Gordon Moore has forecasted, in 1965, that the capacity of an integrated chip grows
exponentially with time, whereas the advances in the microelectronic industry
depend upon the ever-shrinking size of transistors. The physical limitation of the
realization of the transistors is the major challenge in the CMOS technology. The
International Technology Roadmap for Semiconductors (ITRS) prediction states
that, after 2021 in nanometre technology, it is very hard to shrink the size of the unit
transistor [1]. There has been extensive research in recent years at nanoscale to
supersede conventional CMOS technology. It is anticipated that these technologies
can achieve a density of 1012 devices/cm2 and operate at THz frequencies [2]. One
possible solution is to go with the nanostructure based on quantum-dot cellular
automata (QCA).

The significant advantages of the QCA are it has a high packing density, low
power-delay product, memory-in-motion and processing by wire (PBW
Computation, and Communication occurs simultaneously) [3]. It does not dissipate
its signal energy during the transition. Laundauer has proved that the irreversible
circuit elements dissipate KTln2 Joules of heat energy (K—Boltzmann constant, T
—Room temperature) [4]. Benett has stated that the heat occurs due to the loss of
information; which could be avoided by using the reversible logic [5, 6]. The
performance factors of the various conventional reversible logic gates are measured
and using these gates fundamental combinational circuits are designed [7]. Hence,
the low power, high-density computation is possible with the combination of
reversible logic circuit realization in QCA.

The router has a data plane and control plane for its function. The control plane
has the routing protocols and the data plane does the transfer of data packets. The
data plane consists of mux/demux, crossbar and serial-to-parallel converter [8].
There are two types of wire crossings in QCA; named as coplanar and multilayer
wire crossing. The coplanar crossing is generally used, but it is suffering from
delay, loss of synchronization among signals, discontinuity in propagating signals
and more number of cells for its realization. A careful scheduling of clocking is
needed to attain the stable output in coplanar crossing. In multilayer, the signal
connectivity is more strong and stable and need less control over the clock [9, 10].
Thus, it is desirable to a multilayer crossover in QCA design.

Multistage interconnection networks (MIN) are used in connections in parallel
systems to have maximum bandwidth and maximum access rate to memory
modules. Here, the switching elements are realized with the multiplexers [11]. The
flip-flops are the basic elements of the sequential circuits, which are being con-
structed with the conventional reversible gates. The flip-flops DFF, SRFF, JKFF
and TFF are designed in Master–Slave mode [12]. Two types of memory structures
are available: serial and parallel. Serial memory has high latency and multiple-bit
storage facility; whereas, parallel memory as low latency and single storage facility.
The serial memory is realized in QCA known as SQUARE (Standard Quantum
Cellular Automata Array Elements) [13]. As a part of the RAM design, a decoder is
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designed for accessing the memory. Also, a 2D grid of memory cell is addressed by
the QCA decoder [14].

In a bottom-up approach, the Parallel-to-Serial and Serial-to-Parallel converters
were designed for data communication purpose. Here, a coplanar based wire
crossing is used for communication over the wires [15, 16]. QCA realized
sequential circuits are modelled and testing procedure is proposed to reduce the
quantum cost and ancilla bits. Simple flip-flops and up–down counter is synthesized
and modelled for quantum realization with testing capability [17]. More recently,
the reversible circuits design are being promoted towards the universality [18] in
2D rectangular arrays and simulations are done in reversible cellular automata.

The following sections are organized as follows; Sect. 2 describes the required
components for the router design, its specifications and its construction in reversible
logic. The QCA realization of the proposed architecture is carried out in Sect. 3.
A case study and the results discussions are presented in Sect. 4 and is finally
concluded.

2 Design Parts of Reversible Router

The basic router has majorly two functional units, they are; a memory block and
router block. The memory block consists of a decoder, memory array, multistage
interconnection network and multiplexer. The router block has DE multiplexer,
switch fabric and a parallel-to-serial converter as shown in Fig. 1. The integral
specification of the router is listed in Table 1.

Fig. 1 Functional modules of router

Table 1 Particularization of
the router

Components of the router Specification

Decoder 2 to 4

Memory array 4 � 4

Multiplexer 4 � 1

DE multiplexer 1 � 4

Parallel-to-serial converter 4 � 1

Switch fabric 4 � 4
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2.1 Decoder

A decoder is a circuit that changes a code (S0, S1) into a set of signals (A0, A1, A2,
A3). The basic function is to accept a binary word (code) as an input and create a
different binary word as an output. By applying a specified input signal, it is
possible to steer the required output. The generic decoder architecture (2 to 4) is
shown in Fig. 2 and is switching actions at different time instances are depicted in
Fig. 3. It represents A0 is enabled at the time instance 0 and select signals S0 and
S1 whose inversion line is closed. Similarly, the other outputs are enabled, when the
S0 and S1 are switched at the specified instances. This decoder selects the particular
row of memory array for read or write.

Fig. 2 Generic 2 to 4
decoder

Fig. 3 Switching instances of decoder
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2.2 Memory Cell

The arrangement of the single memory cell (1-bit) is depicted in Fig. 4. The row
select line enables the particular row of the memory array. The read/write line
decide whether the input data to be written (RW = 1) into the memory loop or the
memory information to be forwarded to the output (RW = 0). The memory loop
retains the value written into the memory cell [14]. Here, the intended design is
4 � 4 array structure; so the single cell has to be replicated 16 times with each row
4 cells.

2.3 Multiplexer and Demultiplexer

A Multiplexer is a circuit with many inputs and one output. By applying a control
signal, it is possible to steer any input to the output which satisfies Eq. (1). The
switching action instances are shown in Fig. 5, where MV represents the majority
voter, A, B, C, D are inputs and S0 and S1 are control signals. The multiplexer
selects any one of the memory array data and forward it to the router data plane.

Y ¼ S00S
0
1ÞAþðS00S1

� �
BþðS0S01ÞCþ S0S1ð ÞD ð1Þ

A Demultiplexer is a circuit with one input and many outputs. The inputs are a
data line, two select lines (S0, S1) and a constant enable input (−1) to perform the
Demultiplexer operation. The outputs are D0, D1, D2 and D3. By applying a
control signal (S0, S1), it is possible to steer any input to the output.

Fig. 4 Single memory cell
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The purpose of 1 � 4 Reversible Demultiplexer is done to perform the process
of delivering data packets into the switch fabric as in Fig. 6. One more added
advantage is that naturally, the demultiplexer satisfies the reversibility.
Demultiplexer forwards the incoming data to the output via selected switch fabric.

Fig. 5 Reversible multiplexer switching instances

Fig. 6 Reversible demultiplexer
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2.4 Switch Fabric

The Switching fabric is to connect input ports to the output ports. The switch fabric
includes 4 � 4 interconnections; this is to connect 4-input port (Demultiplexer) and
4-output port (parallel-to-serial converter), thus, switch fabric avoids the collision.
This utilizes the multilayer crossing shown in Fig. 7.

2.5 Parallel-to-Serial Converter

In a Parallel-to-Serial Converter, a set of input data are carried by different wires
and arrive in the device at the same time. These data are buffered in the horizontal
wire by the use of D flip-flop and produced at the output at different instant of time.
The switching instances of the parallel-to-serial converter are shown in Fig. 9;
where the flip-flops of Fig. 8 are switched at various time instances.

2.6 Integrated Router

The router has two major planes: memory and data planes. The memory plane is
constructed using a decoder, memory array and multiplexer. In memory plane, the
decoder (2 to 4) acts as a row selector, memory array (4 � 4) is constructed by

Fig. 7 QCA multilayer crossing
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cascading of memory cells in an array and the array is replicated to form the
complete memory structure, the multiplexer (4 � 1) functioning as data/bit selec-
tor. The row selector selects any one of the rows of data to be forwarded to the
output port. The data present in the memory array is available in the data selector
through the interconnection network.

The data selector does the forwarding of data serially to the data plane as shown
in Fig. 10. The operation of the memory plane is controlled by the sequence of
control signals released at distinct time instances.

In data plane, the demultiplexer (1 to 4) receives the data serially from the
memory plane. It is sent to the switch fabric for further processing. The switch
fabric receives data in parallel from all the demultiplexers. This parallel data is
forwarded to the output port serially via parallel-to-serial converter. The switching
actions at various time instances control the entire operation to be performed
without any confusion in data forwarding. The component level detailed repre-
sentation is shown in Fig. 11, which is being controlled by the switching actions as
shown in Figs. 3, 5 and 9.

Fig. 9 Switching instances parallel-to-serial Converter

Fig. 8 Parallel-to-serial converter
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3 QCA Realization and Functional Verification

In Sect. 1, it has been discussed that the multilayer architecture provides better data
communication than its counterpart coplanar. The reversible gates Feynman,
Fredkin, Toffoli and Peres gates are realized in QCA using majority voter gate with
multilayer (crossover and vertical cell used—bridge type) [19] and coplanar
(45° rotation in horizontal wire for crossing) architecture. The realization and
simulation results confirm that the multilayer architecture is having a fewer number
of cells, area, and simulation runtime than coplanar as shown in Table 2. Also, the
coplanar structure requires careful alignment of cells and clocking to have proper
propagation of signals.

Fig. 11 Components level description of router

Fig. 10 Functional representation of router

Design of Space-Efficient Nano Router … 241



T
ab

le
2

C
om

pa
ri
so
n
of

co
pl
an
ar

an
d
m
ul
til
ay
er

ar
ch
ite
ct
ur
e

Pa
ra
m
et
er
s

Fe
yn

m
an

ga
te

Fr
ed
ki
n
ga
te

T
of
fo
li
ga
te

Pe
re
s
ga
te

C
op

la
na
r

M
ul
til
ay
er

C
op

la
na
r

M
ul
til
ay
er

C
op

la
na
r

M
ul
til
ay
er

C
op

la
na
r

M
ul
til
ay
er

N
o.

of
ce
lls

12
2

77
39

2
13

3
13

1
90

31
0

19
4

A
re
a-
nm

2
39

,5
28

24
,9
48

12
7,
00

8
43

,0
92

42
,4
44

29
,1
60

10
0,
44

0
62

,8
56

Si
m
ul
at
io
n
tim

e
(s
)

34
27

96
45

45
35

87
65

242 A. Kamaraj et al.



The major components of the router are realized in the QCA environment and
their functionality is being verified. Here, the crossover is structured in multilayer
configuration and the same is indicated in Figs. 12, 13, 14, 15, 16 and 17. Also, as
discussed in Sect. 2, the router has memory and data plane; whose realization is
shown in Fig. 16, 17 and the complete integrated router architecture is shown in
Fig. 18. The integral part of the designed router is also indicated.

Fig. 12 Demultiplexer
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Fig. 13 Decoder

Fig. 14 Parallel-to-serial converter
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Fig. 15 Multiplexer

Fig. 16 Router plane structure
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Fig. 17 Memory plane structure

Fig. 18 Complete router architecture
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4 Results and Discussion

Ratification of the Router was done in different aspects and are revealed as below.

Case 1
The decoder is provided with select lines as ‘00’ and Read/Write line as ‘1111’
which performs its respective operations as shown in the simulation output Fig. 19.

Case 2
The decoder is provided with select lines as ‘10’ and Read/Write line as ‘1010’
which performs its respective operations as shown in the simulation output Fig. 20.

The router is realized in multilayer crossing, its individual components resource
utilization is listed in Table 3. It is observed that there are three layers are required
for realizing the router architecture. The coplanar realization requires 45° rotation of
horizontal cells wherever the crossing is required, and also it requires sufficient
clocking sequence for polarization of the cells without interference [20, 21]. In
multilayer crossing, it requires only crossover cells and vertical cells to make the
crossing.

The proposed router design is compared with the existing router [8] design. In
the proposed design, the minimum amount of resources is utilized for the router
realization due to the proper clock scheduling and organization. Here, no needs of
additional cells for signal boosting as in the case of coplanar. Thus, the improve-
ment in complexity and area is achieved for the integrated router design in QCA as
shown in Table 4.

Fig. 19 Simulation result of the integrated router case 1
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Fig. 20 Simulation result of the integrated router case 2

Table 3 Resource utilization of router components

Parameters Demux P to S
converter

Router Decoder Mux Memory Complete
router

Complexity 22 cells 41 cells 3057 cells 188 cells 277 cells 7465 cells 10,932 cells

Simulation
time (s)

4 4 25 4 5 75 128

Area (µm2) 212,400 50,150 7,910,900 203,500 448,500 16,747,500 30,394,500

Latency (s) 1 4 6 3 5 20 44

Layers 3 1 3 3 3 3 3

Table 4 Comparison of existing and the proposed router

Parameters Router existing design [8] Router proposed design Percentage of improvement

Complexity 4026 3057 cells 24%

Latency 48 24 50%

Area (µm2) 13.81 7.91 42.7%

Simulation time – 25 s –

Layers 3 3 –
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5 Conclusion

The design of nano router architecture in reversible logic and realizing them in
quantum cellular automata is one of the viable solutions in order to achieve the
low-power dissipation and high-speed device. Here, an integrated router with
memory plane and control plane is designed using the combination of digital
components decoder, memory cell, multiplexer, demultiplexer and parallel-to-serial
converter. The designed nano router structure is realized in the QCA platform with
multilayer architecture for wire crossing. The multilayer crossing effectively
propagates and computes the information while propagation without any interfer-
ences in the signal. The simulation work is carried on in QCADesigner 2.0.3. From
the simulation and realization results, it is evident that the reversible logic based
router realization in QCA with multilayer architecture effectively improves the
performance up to 50% than the existing method. The designed router could be
deployed in communication and networking environment in the near future.
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ABSTrACT

 In Aerospace applications, pressure measurement plays a vital role as it serves as one of the input to onboard 
controller to aid decision- making on initiating or terminating some of the critical events. In this paper, the design 
aspects of pressure sensor using linear eddy current displacement sensor (ECDS) are presented along with its 
performance evaluation. The static calibration is carried out to select the best position of ECDS in the proposed 
pressure sensor. The effect of target temperature on sensor output is presented with test results to aid compensation. 
A compensation algorithm is developed to minimise the error due to target temperature. The developed compensation 
algorithm is validated using thermal calibration. The designed pressure sensor is calibrated using Arson dynamic 
pressure calibrator to evaluate its bandwidth. The calibration results are analysed to aid future sensor design towards 
improvement of accuracy, bandwidth and miniaturisation.

Keywords: Eddy current principle; Non-contact transduction; Piecewise linearisation; Calibration; Harsh 
environment

1. INTrODUCTION
In Aerospace applications, strain gauge type pressure 

sensors play a vital role in pressure measurement due to their 
excellent repeatability and reliability1-3. In strain gauge type 
pressure sensor, diaphragm converts applied pressure into 
proportional strain. Four strain gauges connected with wheat 
stone bridge act as transduction element which converts the 
strain into proportional output voltage. But, these sensors have 
the following limitations.
(a) Service temperature of strain gauge is limited
(b) Requires compensation beyond compensating 

temperature  
(c) Compensation is limited only up to operating 

temperature
Mostly, long tubes are used to solve the temperature 

problem of strain gauge type pressure sensor in static test 
environment. But, the tubing method reduces the bandwidth 
of the sensor due to resonance cavity4,5 formed by tube and 
the cavity of sensor. The temperature problems acquainted 
with the strain gauge type pressure sensors are mainly due to 
strain gauges6 and contact transduction method. Hence, the 
non-contact transduction principles like optical, capacitive, 
inductive and magnetic7-9 shall be employed to overcome 
the temperature problems. The applications of capacitive 
method and optical method are limited to static measurements 
and laboratory environment respectively. The magnet based 

pressure sensor is not preferred in harsh environment as it 
requires frequent calibration to meet the specified accuracy.

In chamber pressure measurement during static testing of 
aero space engines, harsh environment means the diaphragm 
temperature and the transient pressure generated by combustion 
gases. From the data base, the maximum diaphragm temperature 
is 340 °C at 20 s and the minimum rise time of the transient 
pressure is about 4 ms. The maximum vibration and shock levels 
experienced by the pressure sensor are 5 grms (20-2000Hz) and 
20 g half sine wave for 11 ms duration, respectively.

In pressure sensor using linear eddy current displacement 
sensor (ECDS) shown in Fig. 1, when the pressure is applied on 
the sensing diaphragm, it moves towards ECDS. This increases 
the eddy current induced on the target surface and reduces the 
inductance of the ECDS coil. The conditioner circuit available 
in ECDS converts the change in inductance of the coil in to 
the corresponding output voltage. Aluminium is used as target 
material due to its high conductivity and light weight. The 
target diameter of 1.5 times the diameter of the shielded ECDS 
is required to achieve better resolution. The diameter of ECDS 
is 12 mm. Hence, the diameter of the target is 18 mm. The 
skin depth of the Aluminium target is 82 µm. The thickness 
of the target more than three times the skin depth is preferred 
for precision measurement. Further, the target thickness 
recommended for Aluminium is 250 µm10. The dimensions of 
circular Aluminium target are 18 mm x 250 µm. The pressure 
sensor using ECDS with Aluminium target is not preferred 
due to loading effect, bonding problem and compensation. Received : 15 August 2017, Revised : 01 January 2018 

Accepted : 18 January 2018, Online published : 13 March 2018
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The diaphragm meets the dimensional requirement of the 
target and suits the harsh environment applications. In case of 
pressure sensor without target, diaphragm acts as the target and 
the primary sensing element. The major issues associated with 
pressure sensor using ECDS are
(i)  Selection of best position of ECDS and
(ii)  Target temperature compensation

Any one of the following two compensation schemes can 
be employed to compensate the effect of target temperature on 
pressure sensor output. 
(a) Dual ECDS scheme and
(b) Temperature sensor scheme

In dual ECDS scheme, ECDS (A) senses the diaphragm 
deflection corresponding to the applied pressure due to high 
temperature gas and ECDS (B) senses mainly the diaphragm 
temperature as it is positioned near periphery of diaphragm. 
Hence, the differential output of ECDS (A) and ECDS (B) 
provides the minimum error due to target temperature. In 
temperature sensor scheme, ECDS measures the deflection of 
diaphragm against the applied pressure and its output contains 
components related to pressure and target temperature. 
Temperature sensor measures diaphragm temperature and aids 
target temperature compensation.

Researchers analysed the temperature compensation 
of ECDS11,12 but rarely pointed out the target temperature 
compensation13. In this paper, selection of ECDS, design of 
pressure sensor using ECDS, selection of best position of ECDS 
and the performance evaluation of developed pressure sensor 
are presented with experimental results. A target temperature 
compensation algorithm is developed to achieve the measured 
value of accuracy ± 1% FS and stability ± 0.1% FS against 
target temperature variation up to 120 °C. 

 
2. PrOPOSED PrESSUrE SENSOr WITH 

TArGET TEMPErATUrE COMPENSATION
In the proposed pressure sensor as shown in Fig. 2, 

ECDS senses the deflection of the diaphragm and provides the 
output proportional to the applied pressure. A surface mount 
thermocouple is used to measure diaphragm temperature . The 
compensation algorithm uses ECDS output and thermocouple 
output as input and provides pressure value close to true 
pressure.

3. DESIGN ASPECTS OF PrESSUrE SENSOr 
USING ECDS 
The design of pressure sensor using ECDS with target 

temperature compensation is divided into four major parts.
(a) Diaphragm
(b) ECDS
(c) Target temperature compensation scheme and
(d) Compensation algorithm

3.1 Design of Sensing Diaphragm
In the proposed pressure sensor, the transduction 

requirement is displacement. The circular diaphragm yields 
more deflection than rectangular diaphragm for the given 
pressure14. Hence, circular diaphragm is selected. The 
corrugated diaphragm has advantages over flat diaphragm like 
better sensitivity and natural frequency15. Due to ease of design 
and fabrication, flat diaphragm is selected. 

Diaphragm material 17-4 PH has high yield strength (1000 
MPa) with young modulus 197 GPa and medium corrosion 
resistance than other diaphragm materials. Hence, 17-4 PH 
is selected as diaphragm material. The effective diaphragm 
diameter is taken as 24 mm to evaluate the proposed pressure 
sensor. The rated and safe overload pressure of the sensor 
are taken as 6.89 MPa and 10.34 MPa, respectively. In case 
of diaphragm design, finite element analysis (FEA) is more 
accurate than analytical solution15. Hence, FEA is carried out 
using ANSYS software version R17.1 and thickness of the 
diaphragm is selected as 1.0 mm. The natural frequency of the 
diaphragm (fn) is calculated as 16847 Hz.

3.2  Selection of Eddy Current Displacement Sensor
The maximum deflection of the designed diaphragm 

under safe load is 0.17 mm. The minimum gap of 1 mm 
between the diaphragm and ECDS is required for non-
contact transduction. Hence, the range of ECDS is selected as  
1.0 mm to 1.5 mm. Shielded ECDS is selected as it requires 
smaller target than unshielded ECDS10. Since the diameter 
of diaphragm is 24 mm, diameter of ECDS cannot be more 
than 12 mm. The linear eddy current displacement sensor 
(Make : Omega, Model : lD 701-1/2) is selected as it meets 
the requirements. 

Figure 2. Scheme of proposed pressure sensor.

Figure 1. Pressure sensor using ECDS with and without 
target.
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3.3  Selection of Target Temperature Compensation 
Scheme
when the target temperature increases, the resistance of 

the target material increases and the eddy current flows on 
the target surface decreases. In response, inductance of the 
coil increases, which increases the sensor output voltage. This 
leads to measurement error beyond the specified limits. Hence, 
target temperature compensation is required to minimise the 
error due to target temperature. The dual ECDS scheme is not 
considered due to the following limitations.
(a) Error due to two sensors
(b) Mutual inductance 
(c) Difficulties in positioning of two ECDS
(d) High cost, and
(e) Diaphragm temperature is not uniform 

Temperature sensor scheme is selected as it is economical, 
flexible and easy to configure. Since cement-on thermocouple 
(Make: Omega, Model : CO1K-StyleI) is compact, flexible, 
surface mountable and meeting the requirements of target 
temperature measurement, it is selected. 

3.4 Target Temperature Compensation Algorithm
The calibration results of pressure sensor using ECDS 

vary from one target temperature to another one. Hence, the 
target temperature compensation algorithm is developed 
using the logic illustrated in Fig. 3 to minimise the error due 
to target temperature. Piece wise compensation technique is 
used to achieve the measured value close to true pressure. The 
developed target temperature compensation algorithm serves 

better to extract true pressure value from the recorded test 
data.

4.  TEST rESULTS AND DISCUSSIONS
The pressure sensor using ECDS is designed, fabricated 

and calibrated to evaluate its performance. FEA is carried out 
and the results are as given in Table 1. 

Table 1. Finite element analysis simulation results

Diaphragm 
thickness 

(t) mm

Pressure @ 6.89 MPa Pressure @ 10.34 MPa
Dmax 

(mm)
σmax  

(MPa)
Dmax  

(mm)
σmax  

(MPa)
1.4 0.042 328 0.063 492
1.3 0.052 365 0.078 547
1.2 0.065 466 0.098 699
1.1 0.085 517 0.128 776
1.0 0.113 609 0.170 914

 Figures 4 shows the deflection and stress profile of the 
designed diaphragm under rated pressure. The thickness of 
the diaphragm is selected as 1.0 mm as it yields maximum 
deflection under safe over load with the stress less than yield 
strength. 

Figure 3.  Flowchart illustration of target temperature 
compensation algorithm.

Figure 4.  Deflection profile and stress distribution of diaphragm 
under rated load.

The selected ECDS is calibrated using micrometer as 
displacement standard16 to ascertain the useful range of ECDS 
for the selected diaphragm material. The calibration results of 
ECDS with diaphragm and Aluminium target are as given in 
Table 2. 

Figure 5 shows the calibration curves of ECDS with 
representative diaphragm and Aluminium target. From the 
displacement calibration results, the useful range of ECDS 
with diaphragm and Aluminum target are 1 mm to 1.5 mm and 
0 mm to 0.4 mm, respectively. Aluminum target is not selected 
due to its limited range and zero near gap. 

The selected ECDS is assembled with diaphragm to 
realise the designed pressure sensor. Static pressure calibration 
is carried out using dead weight tester. ECDS is fixed at 1.5 mm 
from the diaphragm surface. Eleven point calibration is carried 
out at 23 ºC ± 2°C and the results are as given in Table 3. 
The similar procedure is repeated for ECDS positions 1.4 mm, 
1.3 mm, 1.2 mm, and 1.1 mm to select the best position of 
ECDS. 

The calibration constants like differential full scale output 
(FSO), linearity (l), repeatability (R), hysteresis (H) and 
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accuracy (A) are calculated and given 
in Table 3. The calibration curves of 
pressure sensor with ECDS at different 
positions are as shown in Fig. 6. The best 
position of ECDS is selected as 1.4 mm 
as it is better than other positions.

The thermocouple is bonded on the 
diaphragm to evaluate the performance 
of the designed pressure sensor against 
target temperature. Hot blower is used 
to conduct target temperature test. The 
test results are as given in Table 4. The 
following design changes are implemented 
to reduce the target temperature. 
(a) Ventilation holes and
(b) Thermal isolation washers 

The target temperature test is 
conducted on the pressure sensor with 
modified design shown in Fig. 7 and the 
results are as given in Table 4. 

Figure 8 shows that the performance 
of modified pressure sensor is better. The 
ECDS temperature test is conducted using 
an additional thermocouple bonded on 
ECDS to measure ECDS temperature. 

Table 2. Calibration results of ECDS

Distance 
(mm)

ECDS output voltage 
with diaphragm (VDC ) Distance

(mm)

ECDS output voltage 
with aluminium target (VDC ) 

run 1 run 2 run1 run2
1.0 1.082 1.081 0 1.026 1.028
1.1 2.761 2.763 0.1 2.634 2.648
1.2 4.042 4.044 0.2 4.603 4.602
1.3 5.274 5.272 0.3 6.702 6.713
1.4 6.946 6.942 0.4 8.767 8.776
1.5 8.772 8.778 0.5 9.532 9.532
1.4 6.962 6.964 0.4 8.758 8.768
1.3 5.263 5.257 0.3 6.697 6.696
1.2 4.036 4.032 0.2 4.573 4.573
1.1 2.763 2.768 0.1 2.621 2.634
1.0 1.085 1.088 0 1.024 1.025

Calibration constants ECDS with diaphragm ECDS with Aluminium target
Sensitivity (V/mm) 14.93 18.01
linearity (± %FS) 3.73 6.20
Hysteresis (± %FS) 0.29 0.35
Repeatability (± %FS) 0.08 0.17
Accuracy (± %FS) 3.74 6.21
Near gap (mm) 1 0 
useful range (mm) 1 - 1.5 0 - 0.4

Figure 7. Various stages of assembly of pressure sensor with 
modified design against target temperature.

Figure 6. Calibration curves of the pressure sensor at different 
positions of ECDS from the diaphragm.
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The compensated temperature of ECDS is 60 °C. 
From the ECDS temperature profile as shown in Fig. 9, the 
temperature of ECDS is 50 °C even when the diaphragm 
temperature is 120 °C for the short period. The developed 
target temperature compensation algorithm has been verified 
using the calibration data at 50 ºC. The verification test results 
are as given in Table 5.

Table 3. Calibration results of pressure sensor with different positions of ECDS 

Applied
pressure
(MPa)

Pressure sensor output voltage (V) position of ECDS from the diaphragm 

1.1 (mm) 1.2 (mm) 1.3 (mm) 1.4 (mm) 1.5 (mm)

r 1 r 2 r 1 r 2 r 1 r 2 r 1 r 2 r 1 r 2

0 2.760 2.764 4.043 4.041 5.278 5.279 6.939 6.936 8.770 8.772

1.378 2.442 2.452 3.708 3.714 4.921 4.928 6.583 6.581 8.509 8.514

2.756 2.142 2.149 3.386 3.392 4.589 4.597 6.235 6.232 8.209 8.213

4.134 1.840 1.846 3.058 3.072 4.246 4.254 5.875 5.880 7.877 7.885

5.512 1.552 1.538 2.735 2.742 3.901 3.912 5.514 5.518 7.562 7.568

6.8947 1.242 1.242 2.412 2.410 3.560 3.563 5.153 5.159 7.197 7.199

5.512 1.542 1.529 2.721 2.732 3.889 3.899 5.502 5.506 7.574 7.578

4.134 1.834 1.839 3.052 3.061 4.239 4.244 5.869 5.872 7.860 7.869

2.756 2.143 2.143 3.384 3.381 4.589 4.593 6.233 6.236 8.196 8.199

1.378 2.453 2.451 3.712 3.710 4.935 4.931 6.585 6.588 8.498 8.498

0 2.762 2.762 4.046 4.044 5.281 5.282 6.940 6.939 8.767 8.768

FSO (V) 1.520 1.631 1.717 1.782 1.573

l (± % FS) 0.59 0.37 0.50 0.38 2.61

H (± % FS) 0.73 0.86 0.82 0.68 1.08

R (± % FS) 0.92 0.86 0.64 0.34 0.57

A (±%FS) 1.31 1.27 1.15 0.85 2.88

Figure 8.  Comparison of target temperature effect on pressure 
sensor output with and without modified design.

Figure 9. ECDS temperature profile.

Table 4. Target temperature test results of pressure sensor 

Target 
temp. (ºC)

Pressure sensor output (V)
Without modified design With modified design

30 6.946 6.943
35 6.952 6.948
40 6.959 6.954
45 6.966 6.959
50 6.974 6.965
55 6.982 6.973
60 6.991 6.981
65 7.006 6.989
70 7.014 6.997
75 7.010 7.011
80 7.002 7.025
85 6.994 7.043
90 6.969 7.065
95 6.926 7.023
100 6.812 6.909
105 6.608 6.699
110 6.296 6.391
115 5.868 5.961
120 5.384 5.473
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The sensitivity of pressure sensor at 23 °C is used to 
convert the sensor output in to the corresponding pressure 
value during the static testing of aerospace engines. But, the 
diaphragm temperature increases as the burn time of engine 
increases. The developed compensation algorithm reads the 
diaphragm temperature and selects the characteristic equation 
corresponding to the diaphragm temperature zone. The 
characteristic equation is used to get the measured pressure 
value with minimum error due to target temperature. From 
Table 5, the accuracy of pressure sensor with and without 
compensation are ± 0.51% FS and ± 1.61% FS, respectively. 
Hence, it is shown that the developed compensation algorithm 
improves the performance of the pressure sensor against target 
temperature variations up to 120 °C. The thermal stability is 
calculated as 0.0015 %FS/°C.

The designed pressure sensor is calibrated using the Arson 
dynamic calibrator (Make : TMS, Model: 9907C) to evaluate 
its bandwidth. The strain gauge type pressure sensor of the 
same range and diaphragm dimensions is also calibrated for 
comparison. Figure 10 shows the step responses of the designed 
pressure sensor and the strain gauge type pressure sensor. From 
the calibration results, the rise time and bandwidth of these 
two sensors are the same and calculated as 0.45 ms and 777 
Hz respectively. Hence, the non-contact transduction does not 
affect the bandwidth of the pressure sensor. 

The following design changes aid the pressure sensor to 
serve better in harsh environment.
(a) ECDS with compensated temperature up to 200 ºC
(b) Non-contact temperature sensor. 

5. CONCLUSIONS
In this paper, the design, fabrication and evaluation of 

pressure sensor using ECDS have been presented with analysis 
of test results. The best position of ECDS has been selected 
through experimental results. The accuracy of the developed 
pressure sensor is ± 1 % FS. In the designed pressure sensor, 
temperature of ECDS is below its compensated temperature 
even when the diaphragm temperature is 120 °C. The 

developed compensation algorithm serves better up to 120ºC 
with accuracy ± 0.6 % FS. From the dynamic calibration 
results, it is shown that the bandwidth of the designed pressure 
sensor is not affected by the non-contact transduction. From 
the analysis of calibration and target temperature test results, it 
is evident that the designed pressure sensor helps to overcome 
the temperature limitations of the strain gauge type pressure 
sensor without compromising the accuracy and bandwidth .

Table 5. Target temperature compensation algorithm verification results

Calibration @ 50 ºC Without compensation With compensation

Applied pressure  
(MPa)

Sensor output (V) Calculated pressure (MPa) Error ± % FS Calculated pressure (MPa) Error ± % FS

run 1 run 2 run1 run 2 run 1 run 2 run 1 run 2 run 1 run 2
0 6.959 6.958 0.066 0.062 0.95 0.90 0.012 0.015 0.17 0.22

1.378 6.604 6.603 1.305 1.309 1.06 1.00 1.382 1.386 0.05 0.11
2.756 6.257 6.253 2.645 2.660 1.61 1.39 2.721 2.736 0.51 0.28
4.134 5.889 5.887 4.066 4.073 0.99 0.88 4.141 4.149 0.11 0.22
5.512 5.534 5.532 5.436 5.444 1.10 0.99 5.511 5.519 0.01 0.10
6.89 5.174 5.173 6.826 6.830 0.99 0.94 6.901 6.905 0.09 0.14
5.512 5.531 5.532 5.448 5.444 0.93 0.99 5.523 5.519 0.16 0.10
4.134 5.889 5.882 4.066 4.093 0.99 0.60 4.141 4.168 0.11 0.50
2.756 6.255 6.254 2.653 2.656 1.50 1.45 2.729 2.733 0.40 0.34
1.378 6.606 6.604 1.297 1.305 1.17 1.06 1.374 1.382 0.06 0.05

0 6.960 6.958 0.069 0.062 1.01 0.90 0.008 0.015 0.11 0.22

Figure 10. Step responses of pressure sensor.
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Abstract
Purpose – The conventional strain gauge type pressure sensor suffers in static testing of engines due to the contact transduction method. This
paper aims to focus on the concept of non-contact transduction-based pressure sensor using eddy current displacement sensing coil (ECDS) to
overcome the temperature limitations of the strain gauge type pressure sensor. This paper includes the fabrication of prototypes of the proposed
pressure sensor and its performance evaluation by static calibration. The fabricated pressure sensor is proposed to measure pressure in static test
environment for a short period in the order of few seconds. The limitations of the fabricated pressure sensor related to temperature problems are
highlighted and the suitable design changes are recommended to aid the future design.
Design/methodology/approach – The design of ECDS-based pressure sensor is aimed to provide non-contact transduction to overcome the
limitations of the strain gauge type of pressure sensor. The ECDS is designed and fabricated with two configurations to measure deflection of the
diaphragm corresponding to the applied pressure. The fabricated ECDS is calibrated using a standard micro meter to ensure transduction within
limits. The fabricated prototypes of pressure sensors are calibrated using dead weight tester, and the calibration results are analyzed to select the
best configuration. The proposed pressure sensor is tested at different temperatures, and the test results are analyzed to provide recommendations
to overcome the shortcomings.
Findings – The performance of the different configurations of the pressure sensor using ECDS is evaluated using the calibration data. The analysis of
the calibration results indicates that the pressure sensor using ECDS (coil-B) with the diaphragm as target is the best configuration. The accuracy of
the fabricated pressure sensor with best configuration is 62.8 per cent and the full scale (FS) output is 3.8 KHz. The designed non-contact
transduction method extends the operating temperature of the pressure sensor up to 150°C with the specified accuracy for the short period.
Originality/value – Most studies of eddy current sensing coil focus on the displacement and position measurement but not on the pressure
measurement. This paper is concerned with the design of the pressure sensor using ECDS to realize the non-contact transduction to overcome the
limitations of strain gauge type pressure sensors and evaluation of the fabricated prototypes. It is shown that the accuracy of the proposed pressure
sensor is not affected by the high temperature for the short period due to non-contact transduction using ECDS.

Keywords Calibration, Colpitts oscillator, Eddy current principle, Harsh environment, Non-contact transduction

Paper type Research paper

1. Introduction

The performance evaluation of the aerospace engines requires
pressure measurement close to the combustion chamber which
results in high temperature environment to the pressure sensor.
The most challenging task is the measurement of combustion
chamber pressure due to its transient nature under high

temperature. The nature of harsh environment (William and
Gary, 2013) and difficulties in measuring pressure under high
temperature are pointed out in Cullinane and Strange (1999),
Fricke et al. (2012) and Zarfl et al. (2016). In aerospace
applications, mostly the strain gauge type pressure sensors are
preferred, as they provide excellent repeatability and reliability.
The output of the strain gauge type pressure sensor varies not
only with the applied pressure but also with the ambient
temperature (Kim et al., 2016). The major problem associated
with the strain gauge type pressure sensor is the error due to the
temperature effect, caused by the hot gases generated by the
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combustion of fuels. The limitations of the strain gauge type
pressure sensor in harsh environment are as follows:
� limited service temperature of the strain gauges; and
� contact transduction method.

Several papers have attempted to develop a pressure sensor to
measure combustion chamber pressure with its design
limitations. The feasibility of glass diaphragm and SiC
diaphragm have been discussed to measure pressure in high
temperature applications (Yalikun and Tanaka, 2017; Zhang
et al., 2016). The pressure sensor with two transduction
elements, namely, piezoelectric and piezoresistive elements
(Zarfl et al., 2016), shall be deployed to capture highly dynamic
pressure peaks and slow varying pressure in harsh environment.
The characteristics of both piezoelectric and piezoresistive
elements are temperature dependent in addition to the
parameter of interest. It leads to an ambiguity in measurement
as both the sensing elements always read different readings.
The temperature compensation techniques shall be

incorporated into sensor design to limit the error due to the
temperature effect of the strain gauge type pressure sensors.
But, this method is limited by the service temperature of the
strain gauges. The temperature experienced by the diaphragm
can be managed well below the operating temperature of the
sensor by introducing longmanifold and cooling agent between
the pressure port and the diaphragm, but it leads to loss of data
as the cooling system absorbs peak pressures like filter. A
thermal insulation layer may be introduced between the
diaphragm and strain gauges, but it leads to poor transmission
of strain. This reduces the sensitivity of the pressure sensor and
increases the error inmeasurement.
From the above facts, it is evident that the strain gauges can

be replaced by a sensing element which uses any one of the non-
contact transduction mechanism like optical, capacitive,
inductive and magnetic (Wang et al., 2017; Scott and Tim,
1997; Nihtianov, 2014; Akshay et al., 2016; Eswaran and
Malavizhi, 2012) to overcome these problems. Capacitive and
optical methods are not suitable, as the parameter of interest is
transient in harsh environment. The feasibility of development
of pressure sensor using magnetic field sensing method and
eddy current sensing method has been discussed (Gobi et al.,
2017a, 2017b, 2017c). The non-contact eddy current sensing
technique used for pressure measurement in high temperature
environment has been discussed (Bogue, 2012).Though
magnet-based pressure sensor serves the purpose of non-
contact transduction, it has the following limitations in harsh
environments:
� loading effect of magnet;
� limited service temperature of magnet;
� degradation of magnet in high temperature exposure; and
� require frequent recalibration.

The eddy current sensing method is proposed to overcome
the limitations of the strain gauge type pressure sensor. It
operates on the principle of impedance variation caused by
eddy currents induced in a conductive target by sensor coil.
The variation of inductance of the sensor coil is a function of
target distance from the coil. As reported in Nabavi and
Nihtianov (2012), Tian et al. (1998) and Wang and Zhihua
(2013), eddy current sensing coil can be used to measure

small deflection of diaphragm accurately corresponding to
the applied pressure.
In this paper, the design aspects of eddy current sensing coil

and its associated electronics to realize pressure sensor have
been presented with test results. The performance evaluation of
the fabricated prototypes of the different configurations of
pressure sensor has been presented, and the best configuration
is selected by analyzing the calibration results. This paper
presents the comparison between the proposed pressure sensor
and the conventional strain gauge type pressure sensor. The
limitations of the fabricated pressure sensor are highlighted
with suitable recommendations to aid the future design. The
target temperature compensation shall be implemented to
improve the accuracy of the designed pressure sensor in high
temperature environment.

2. Proposed schemes of pressure sensor

Two different schemes of pressure sensor using eddy current
displacement sensing coil (ECDS) as shown in Figure 1 are
proposed to overcome the limitations of conventional strain
gauge type of pressure sensor.
1 pressure sensor using ECDS with Aluminum as target;

and
2 pressure sensor using ECDS with diaphragm as target.

2.1 Pressure sensor using eddy current displacement
sensing coil with aluminum as target
In the proposed pressure sensor using ECDSwith aluminum as
a target as shown in Figure 1, a thin layer of target material is
deposited or bonded on the diaphragm to facilitate ease and
accurate detection of deflection of the diaphragm by ECDS.
Under load condition, the diaphragm deflects, and the target
approaches the ECDS. Depending on target movement,
ECDS produces output voltage which is proportional to the
applied pressure. The drawbacks of eddy current-based
pressure sensor with aluminum as target are as follows:
� target alters the deflection characteristics of the diaphragm;

and
� limited service temperature of adhesives used to bond the

target on the diaphragm.

Figure 1 Pressure sensor using ECDS

Eddy current displacement sensing coil
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2.2 Pressure sensor using eddy current displacement
sensing coil with diaphragm as target
In case of pressure sensor using ECDS with the diaphragm as
target shown in Figure 1, the diaphragm plays a dual role, one
role as a force summing device and the another role as a target.
The advantages of this method are as follows:
� no need for target material as the diaphragm acts as target;
� diaphragm deflection characteristic is unaltered; and
� it does not require thermal insulation layer.

3. Design aspects of pressure sensor using eddy
current displacement sensing coil

The proposed pressure sensor uses diaphragm as a primary
sensing element and ECDS as transduction element. The
major components of the proposed pressure sensor are as
follows:
� diaphragm;
� eddy current sensing coil;
� sensor electronics;
� target; and
� signal conditioner.

3.1 Design of sensing diaphragm
The diaphragm design discussed in Gobi et al. (2017a, 2017b,
2017c) is used to fabricate and evaluate the proposed pressure
sensor using ECDS.The rated pressure is taken as 6.8947MPa.
The effective diameter of the diaphragm is considered as
24mm.The details of the diaphragm are listed inTable I.

3.2 Design of eddy current sensing coil
The different types of ECDS and the corresponding signal
conditioners are available in the market (Lion Precision, 2016;
Micro-Epsilon, 2016; Omega Engineering Inc., 2016).
Because the commercially available ECDS are costlier, a tailor-
made ECDS as a prototype is designed and fabricated to
provide a cost-effective solution. The prototype consists of a
sensing coil and sensor electronics.
The measuring range of ECDS mainly depends on the

diameter of the sensing coil and target size. The maximum
deflection of the diaphragm under safe load is 0.17 mm. At
least 0.5 mm air gap between the diaphragm and ECDS is
necessary to minimize the ambient temperature of sensing coil.
Hence, the measurement range is selected as 1 mm. Several
designs (Kaman Aerospace Division, 2016) have revealed that
the sensor range is typically 30-50 per cent of the coil diameter.
Sensing coil diameter about three times of the measuring range
is preferred to achieve better accuracy and resolution. In view of
the above facts, coil diameter of 3 mm is sufficient to meet the
range requirements. But the available coil winding machine
requires at least 5 mm hole in the bobbin to wind the coil.
Further, bobbin wall thickness of 1 mm is required to support
windings and structure stability. Hence, sensing coil diameter is
selected as 8 mm. The effective inductance of the sensing coil
varies as a function of the diaphragm deflection. The
inductance of the coil between 50 and 120 mH is preferred to
facilitate simple and easy measuring circuit with better
resolution. The enamel copper wire of gauge 41 SWG is
selected to have compact design. The total number of turns

Table I Details of sensing diaphragm

Parameters of diaphragm Engineering value

Rated pressure 6.8947 MPa
Effective diameter 24� 10�3 m
Material 17-4 PH
Shape Circular
Configuration Flat
Thickness 1� 10�3 m
Natural frequency 16847 Hz
Safe over load pressure 10.34 MPa
Maximum deflection at safe overload 0.17� 10�3 m

Table II Details of ECDS

Coil parameters
Coil configuration

Coil A Coil B

Wire Size 41 SWG
Wire material Enamel copper
Coil diameter 7.96� 10�3 m 8.2� 10�3 m
Length of coil 5� 10�3 m
Number of layers 4 5
Total number of turns 100 125
Number of turns per layer 25
Number of coils 2 2

Figure 3 Signal conditioner for pressure sensor using ECDS

Figure 2 Sensor electronics circuit

Eddy current displacement sensing coil
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required to meet the sensing requirement is calculated as 100/
125 turns using equation (1):

N ¼
ffiffiffiffiffiffiffiffi
Ll
mA

s
(1)

where m – permeability (H/m),N – number of turns, A – inner
core area (m2), l – length of the coil (m) and L – inductance of
the coil (H).
As a design rule of inductance, length of the coil shall not be

more than 0.8 times of the radius of the coil, and coil length is
fixed as 5 mm. For a given number of turns, multi-layers coil
provides much focused magnetic field strength than single layer
coil. From the wire diameter and length of the coil, number of
turns for each layer is calculated as 25 turns. Increasing number
of layers of coil results in larger diameter which requires larger
target diameter. Hence, number of layers is selected as 4/5 to
meet the compact design requirement of pressure sensor.
Teflon material is selected for fabrication of the bobbin to serve
in harsh environment. The dimensions of the bobbin are
derived from the wire gauge, number of turns per layer and
number of layers. The wall thickness and flap thickness of the
bobbin are selected as 1 and 0.5 mm, respectively, to provide

mechanical strength to the structure. Table II shows the details
of each component of eddy current sensing coil.

3.3 Design of sensor electronics
Sensor electronics is required to extract the change in
inductance of the coil corresponding to the change in
displacement of target. Colpitts oscillator is selected for this
purpose. It serves two functions:
1 It provides high frequency square wave which acts as an

excitation source.
2 It converts diaphragm deflection in to change in frequency

of the excitation signal.

As the higher operating frequency of ECDS requires less target
thickness and provides better resolution, operating frequency is
selected as 1 MHz. Hence, the pulse generator is designed as
shown in Figure 2 to provide output pulse about 1 MHz. The
CMOS inverter 74HC04 is selected to minimize power
consumption and temperature effect due to self-heating of
oscillator circuit. The following concepts are implemented in
the design of sensor electronics to achieve stable frequency
output.
� stable power supply 2.400 V6 10 mV;
� clapp oscillator technique of inserting 2.2 nF capacitor in

series with sensing coil;

Table III Electrical and functional test results of eddy current sensing coils

Electrical parameters of eddy
current sensing coil

Coil configuration
nomenclature

A1 B1 A2 B2

Inductance (lH) 62 102 64 100
Resistance (X) 4.8 6.1 4.8 6.1
Capacitance (lF) 2.64 2.78 2.67 2.72
Oscillator output frequency (MHz) 1.3892 1.0934 1.3704 1.0826

Table IV Validation results of signal conditioner

Subsystems of signal conditioner Output frequency (KHz)

Sense Coil oscillator (Coil A1) 1389.6
Reference coil oscillator (Coil A2) 1370.5
Frequency subtractor 19.1
Sense Coil oscillator (Coil B1) 1093.6
Reference coil oscillator (Coil B2) 1082.5
Frequency subtractor 11.1

Figure 4 Calibration setup for ECDS with diaphragm as target and
aluminum as target

Table VI Displacement calibration results of ECDS with aluminum target

Distance (mm)

ECDS output with aluminum target (KHz)
Coil-A Coil-B

Run 1 Run 2 Run 1 Run 2

0 82.10 82.25 269.6 270.0
0.2 65.56 64.73 228.0 227.0
0.4 53.80 52.78 192.6 194.6
0.6 45.40 44.98 164.2 165.4
0.8 35.12 34.87 142.0 143.0
1.0 30.11 29.89 125.6 126.4
0.8 35.10 35.11 143.0 143.2
0.6 44.22 44.78 167.1 168.4
0.4 51.80 50.78 196.6 198.6
0.2 65.02 65.07 230.0 231.1
0 81.60 81.80 270.0 270.5

Table V Displacement calibration results of ECDS with diaphragm

ECDS output with diaphragm (KHz)

Distance (mm)
Coil-A

Distance (mm)
Coil-B

Run 1 Run 2 Run 1 Run 2

0 26.93 26.92 0 213.6 213.7
0.1 25.20 25.41 0.2 205.2 205.3
0.2 21.94 22.16 0.4 199.2 199.5
0.3 18.83 18.72 0.6 193.0 193.2
0.4 16.04 16.01 0.8 187.2 187.3
0.5 14.25 14.23 1.0 181.4 181.5
0.4 16.10 16.21 0.8 187.0 187.1
0.3 18.51 18.62 0.6 192.6 192.7
0.2 21.85 22.01 0.4 198.7 199.0
0.1 25.30 25.28 0.2 205.0 205.2
0 26.94 26.96 0 213.4 213.6

Eddy current displacement sensing coil
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� resistors of tolerance 61 per cent and non-polarized
capacitors of tolerance 61 per cent with 30 ppm/°C
(Kemet); and

� metallic enclosure to avoid external disturbances.

f ¼ 1

2p
ffiffiffiffiffiffiffi
LC

p (2)

where f – frequency of oscillation (Hz) and L – inductance of
the coil (H).

1
C
¼ 1

C1
1

1
C2

1
1
C3

(3)

The frequency of oscillation is calculated using equations (2)
and (3).

3.4 Design of signal conditioner
The acquisition of ECDS output signal is difficult, and it leads
to poor resolution as it is about 1 MHz. Further, ECDS output
signal frequency difference between no load and full load
pressure is only about 10,000 Hz. Hence, it is necessary to

Figure 5 Displacement calibration curves of ECDS

Table VII Comparison of displacement calibration results of ECDS

ECDS calibration constants

Achieved values
With target With diaphragm
Coil A Coil B Coil A Coil B

Linearity (6% FS) 8.4 7.4 4.9 3.7
Hysteresis (6% FS) 3.8 2.8 2.5 1.6
Repeatability (6% FS) 1.9 1.4 1.7 0.9
Accuracy (6% FS) 9.4 8.0 5.7 4.1
Useful range (mm) 0-1 0-1 0-0.5 0-1
Differential full scale output (KHz) 52 144 12.68 32.2

Figure 6 Various stages of assembly of designed pressure sensor
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acquire only frequency difference signal rather sensing coil
oscillator frequency to achieve better resolution and accuracy.
A signal conditioner is planned for this purpose.
The signal conditioner as shown in Figure 3 consists of a

reference coil oscillator and a frequency subtractor as shown in
Figure 3. Reference coil oscillator produces pulse waveform of
frequency slightly lesser than sensing coil oscillator. D flip-flop
(74HC74) is selected as the frequency subtractor to extract
frequency difference signal and helps to gain better resolution.

3.5 Design of target
Target material is required to enhance the sensitivity and
resolution of the eddy current sensing coil. Aluminum provides
better sensitivity and resolution than other materials. Further,
aluminum is light weight; hence, it is selected as target material.
The dimensions of the target material mainly depend on the
operating frequency of the coil, skin depth of the target material
and diameter of the sensing coil. From Kaman Aerospace
Division (2016), target size shall be at least 1.5 times of the
diameter of the shielded sensing coil. The diameter of the
sensing coil including the shield is 12 mm. Hence, the target
diameter is selected as 18 mm. Thickness of the target is
selected based on the skin depth of the target material. Skin
depth of the target is calculated using equation (4):

d ¼
ffiffiffiffiffiffiffiffiffiffi
r

p fm

r
(4)

where d – skin depth of target (m), f – operation frequency of
probe (Hz), m – permeability of target material (H/m) and r –

resistivity of target (X-m).
Skin depth is calculated as 82 mm.As thinner target degrades

the performance of ECDS due to the conductive material
behind the target, target thickness of at least three times of the
skin depth is preferred. Hence, target thickness is selected as
250 mm. Due to the limitations of the additional element as
target, diaphragm is also selected as target for experimental
purpose.

4. Test results and discussions

Two prototypes of pressure sensor using ECDS are designed
and fabricated to realize four different configurations. All four
configurations of pressure sensor are evaluated by static
calibration using deadweight tester. The various steps involved
in the design of each component of the pressure sensor are
presented in detail. The different stages of testing and
calibration of designed sensor are presented with results and
analysis to aid future design. Two sensing diaphragms are
fabricated as per the details mentioned in Table I. Four
bobbins are fabricated to realize two types of eddy current
sensing coils as per the details listed in Table II. The electrical
parameters of the designed coils are measured using LCR
meter, and the results are tabulated in Table III.
The design of sensor electronics circuit mainly depends on

the operating frequency of the designed ECDS. The operating
frequency of ECDS is selected as 1 MHz to gain better
resolution and compact target size. Hence, the sensor
electronics is designed and fabricated to produce output
frequency about 1 MHz as shown in Figure 2. The sensor

Figure 7 Test setup for calibration of pressure sensor

Table VIII Calibration results of pressure sensor using ECDS with
diaphragm as target

Applied pressure
(MPa)

Pressure sensor with ECDS (Coils A and B)
output with diaphragm @ 0.4 mm (KHz)

Coil-A Coil-B
Run 1 Run 2 Run 1 Run 2

0 16.04 16.05 199.78 199.80
1.378 16.78 16.80 200.42 200.44
2.756 17.49 17.52 201.12 201.12
4.134 18.20 18.21 201.94 201.95
5.512 19.04 19.06 202.71 202.73
6.8947 19.56 19.58 203.58 203.60
5.512 19.06 19.05 202.69 202.70
4.134 18.24 18.26 201.90 201.92
2.756 17.55 17.58 201.08 201.09
1.378 16.80 16.81 200.40 200.42
0 16.06 16.07 199.80 199.79

Table IX Calibration results of pressure sensor using ECDS with aluminum
as target

Applied pressure
(MPa)

Pressure sensor with ECDS (Coils A and B)
output with aluminum target @ 0.4 mm (KHz)

Coil-A Coil-B
Run 1 Run 2 Run 1 Run 2

0 53.86 53.88 192.44 192.45
1.378 55.20 55.26 195.84 195.74
2.756 56.58 56.66 198.66 198.40
4.134 57.92 58.06 203.82 203.52
5.512 58.80 58.92 208.22 208.12
6.8947 60.64 60.74 212.44 212.38
5.512 58.88 59.00 208.02 208.04
4.134 58.07 58.21 203.36 203.06
2.756 56.77 56.85 198.16 198.26
1.378 55.24 55.30 195.62 195.58
0 53.88 53.90 192.42 192.44
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electronics is tested with the designed coils, and the test results
are recorded in Table III.
The signal conditioner is designed to extract the frequency

difference signal between no load condition and full load
condition of the designed pressure sensor. The signal
conditioner as shown in Figure 3 is validated by measuring the
output frequency of each oscillator and frequency subtractor
output. The validation results are recorded in Table IV.
The designed ECDS coils along with signal conditioner are

calibrated with the representative diaphragm and aluminum
target using the test setup shown in Figure 4. The displacement
calibration results of ECDS are recorded in Tables V and VI.
Figure 5 shows the variation ECDS output against the
diaphragmdistance and target distance pertaining to coil-A and
coil-B. The calibration constants are calculated from the
displacement calibration data and recorded in Table VII for
comparison.
FromTable VII, ECDS with aluminum target yields higher

sensitivity and better useful range than diaphragm. But the
output of ECDS with target is non-linear than diaphragm.
The ECDS with coil-B has better sensitivity, useful range and
accuracy than ECDS with coil-A. The various stages of
assembly of pressure sensor using ECDS are as shown in
Figure 6.
Two prototypes of the designed pressure sensors are

fabricated to test and evaluate the performance of the planned
four different configurations. In case of pressure sensor without
target, ECDS is positioned at 0.4 mm from the diaphragm. In
case of pressure sensor with target, ECDS is positioned at 0.4
mm from the target. All four different configurations of the
designed pressure sensor are calibrated using the test setup
shown in Figure 7. The pressure calibration results are
recorded in Tables VIII and IX. Figure 8 shows the calibration

curves of all four configurations of the designed pressure sensor
using ECDS. The calibration constants like linearity,
repeatability, hysteresis and accuracy of the designed pressure
sensors are evaluated using best fit straight linemethod, and the
results are given in Table X.
From the analysis of the static pressure calibration results

of four different configurations of the designed pressure
sensor using ECDS, it is clear that pressure sensor using
ECDS (coil-B) with diaphragm as target provides better
sensitivity and accuracy than other configurations.
The body of the pressure sensor is thermally isolated from

ECDS using two teflon washers of thickness 5 mm with
suitable mechanical fittings to minimize temperature effect on
ECDS. The designed pressure sensor is tested at different
temperatures to analyze the effect of temperature on the
performance of the sensor. The best configuration of the
designed pressure sensor is soaked in a thermal chamber and
conditioned at 50°C for 15 min. The conditioned sensor is
calibrated using the test setup shown in Figure 7. The same

Figure 8 Calibration curves of pressure sensor using ECDS (coil-A and B)

Table X Comparison of calibration results of different configurations of
designed pressure sensor

Calibration constants

Designed pressure sensor
Without target With target
Coil A Coil B Coil A Coil B

Linearity (6% FS) 3.4 2.6 5.3 6.5
Hysteresis (6% FS) 1.7 1.0 2.8 2.5
Repeatability (6% FS) 0.85 0.5 2.0 1.5
Accuracy (6% FS) 3.9 2.8 6.3 7.1
Differential full scale output (KHz) 3.53 3.80 6.78 20

Eddy current displacement sensing coil

Gobi K., Kannapiran B., Devaraj D. and Valarmathi K.

Sensor Review

D
ow

nl
oa

de
d 

by
 G

öt
eb

or
gs

 U
ni

ve
rs

ite
t A

t 1
7:

19
 0

9 
Ja

nu
ar

y 
20

18
 (

PT
)

http://www.emeraldinsight.com/action/showImage?doi=10.1108/SR-07-2017-0145&iName=master.img-007.jpg&w=359&h=262


procedure is repeated for 70°C and 90°C. The calibration
results are recorded in Table XI.
From Table XI, when the temperature of the sensor is up to

70°C, the performance of the designed sensor is within the
specified accuracy of63 per cent FS. When the temperature of
the sensor is above 70°C, the non-linearity of the sensor
increases. The sensor is not calibrated at 110°C as the sensor
output is continuously varying under no load condition. When

the temperature of the sensor falls below 80°C by natural
cooling, the sensor output is stable. The same sensor is
calibrated at room temperature 23 62°C and the accuracy is
calculated as 62.7 per cent FS. This ensures the reusability of
the sensor after high temperature exposure. From the
calibration data at different temperatures, it is shown that
the accuracy of the proposed pressure sensor is not affected by
the temperature of ECDS up to 70°C.
In the designed pressure sensor, the temperature of the

diaphragm is higher than ECDS during the testing of aerospace
engines due to the non-contact transduction and thermal
isolation of ECDS. The temperature test is conducted on the
designed pressure sensor using the test setup shown in Figure 9
to study the temperature of profile of diaphragm and ECDS.
The hot blower is used to rise the temperature of the sensor and
two surface mount cement on thermocouples (Make: Omega,
Model: CO1K) are used to measure the temperature of the

Table XI Comparison of calibration results of the designed pressure sensor at different temperatures

Applied pressure (MPa)

Pressure sensor with ECDS (Coil- B) output with diaphragm@ 0.4 mm (KHz)
50°C 70°C 90°C

Run 1 Run 2 Run 1 Run 2 Run 1 Run 2

0 199.77 199.78 199.70 199.70 199.59 199.60
1.378 200.40 200.42 200.38 200.37 200.25 200.28
2.756 201.13 201.13 201.12 201.12 200.79 200.81
4.134 201.91 201.93 201.89 201.89 201.67 201.71
5.512 202.68 202.70 202.65 202.63 202.39 202.42
6.8947 203.58 203.58 203.51 203.53 203.29 203.30
5.512 202.69 202.71 202.63 202.62 202.41 202.39
4.134 201.90 201.91 201.86 201.85 201.73 201.68
2.756 201.08 201.07 201.11 201.13 200.74 200.75
1.378 200.42 200.42 200.37 200.36 200.26 200.26
0 199.78 199.79 199.70 199.71 199.60 199.61

Calibration constants
L (6%FS) 2.3 2.5 4.6
H (6%FS) 1.57 1.04 1.6
R (6% FS) 0.5 0.5 1.3
Accuracy (6% FS) 2.8 2.75 5.0

Figure 9 Temperature test setup

Table XII Temperature test results

Diaphragm temperature (°C) ECDS temperature (°C)

30 27
40 28
50 30
60 33
70 36
80 39
90 42
100 45
110 48
120 54
130 63
140 67
150 69

Figure 10 Temperature profile of diaphragm and ECDS
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diaphragm and ECDS. The test data is recorded for 300 s and
listed in the Table XII for comparison.
Figure 10 shows the temperature difference between the

diaphragm and ECDS. From the analysis of the temperature
test data, it is evident that the non-contact transduction and
teflon material help to decrease the rate of increase of ECDS
temperature than diaphragm. When the temperature of the
diaphragm is 150°C, the temperature of ECDS is below 70°C
for the short period. From the calibration data at different
temperatures and the temperature test results, it is shown that
the operating temperature of the proposed pressure sensor is
extended up to 150°C with the specified accuracy of
63 per cent FS for the short period. The performance of the
designed pressure sensor is compared with the conventional
strain gauge type pressure sensor and listed in Table XIII.
From the analysis of calibration results and the temperature

test results, the limitations of the designed pressure sensor are
as follows:
� require target temperature compensation;
� frequency stability of the sensor electronics is poor at high

temperature;
� the accuracy of the designed sensor is poor compared to

the conventional strain gauge type sensor as it depends on
ECDS; and

� miniaturization is not possible due to minimum target
(diaphragm) thickness requirement.

In the static testing of aerospace engines, the maximum
duration of the combustion is 20 s. The sensor diaphragm is
exposed to hot gases only during the combustion period. From
the analysis of the calibration data and temperature test data,
the following design changes are recommended to extend the
operating temperature of the designed pressure sensor beyond
200°C for the short period:
� The ventilation holes on the body of the sensor to

minimize the temperature of the diaphragm at target side.
� The sensor electronics shall be kept away from the hot

zone by increasing the body length of ECDS.
� The sensor electronics shall be designed with balanced

bridge circuit or phase circuit instead of Colpitts circuit.
� The temperature compensation of ECDS and the target

temperature compensation algorithm shall be implemented.
� Dual coil ECDS with high level voltage output having

compensated temperature about 120°C and accuracy
60.1 per cent FS shall be used for the non-contact
transduction purpose.

5. Conclusion

In this paper, the challenges in measuring the combustion
chamber pressure and the limitations of the conventional strain
gauge type pressure sensor are presented. The design and
fabrication details of each component of pressure sensor using
ECDS have been presented along with the limitations to aid
better design in future. Two prototypes of pressure sensor using
ECDS with four different configurations are realized and
calibrated using dead weight tester. The calibration constants
pertaining to all four configurations are evaluated from static
pressure calibration data. Pressure sensor using ECDS with
diaphragm as target is selected as the best configuration by
analyzing the evaluated calibration constants. The accuracy of
the selected pressure sensor configuration is 62.8 per cent FS.
The designed pressure sensor is tested at different temperature,
and it is shown that the operating temperature of the designed
pressure sensor is extended up to 70°C with the accuracy of 63
per cent FS without compensation technique for the short
period. But in case of the strain gauge type pressure
sensor, operating temperature is limited to 50°C without
compensation technique to meet the designed accuracy. The
comparison of the performance of the designed pressure sensor
against the strain gauge type pressure sensor is presented to aid
the future design. Further scope of work-like design of ECDS
with high level output and target temperature compensation
helps in improving the design toward minimizing measurement
error due to temperature.
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Abstract 24 

Phytoconstituent’s has significant antioxidant and anticancer activity against various types of 25 

cancer cells. But these water soluble phytoconstituent’s has poor absorption due to their huge 26 

molecular size as well as it cannot be reach at the targeted disease site, thus targeted drug 27 

delivery system is one of the effective approaches to enhancing the bioavailability and 28 

decreasing drug toxicity. To achieve this target, the Proanthocyanidins (Pro) and ethyl cellulose 29 

(EC) was used to formulate nanoparticles (NPs) for effective drug delivery system.  The Pro 30 

encapsulated ECNPs were formulated by simple anti-solvent particle induction method and its 31 

physico-chemical characteristics were examined by FTIR, XRD, Zeta size analyzer, SEM, and 32 

TEM. The graph theoretical network analysis was implemented to identify the drug target and 33 

subsequently molecular docking studies were screened. The identified target using graph 34 

theoretical analysis and molecular docking study reported strong interaction of Pro encapsulated 35 

ECNPs in binding pockets of MAPK. The formulated ECNPs has been very effective in arresting 36 

the proliferation of colon cancer (HT-29) cells with an IC50 value of 33.4 µg/mL after 24 h 37 

treatment. Further, HT-29 cells exposure with Pro encapsulated ECNPs resulted in typical 38 

apoptotic through necrotic cellular morphology, loss of mitochondrial transmembrane potential, 39 

and high ROS generation were also observed. The observed results highlight that EC as a 40 

potential carrier material for enhancing the bioavailability of anti-cancer drugs.  41 

 42 

Keywords: Cytotoxicity, Ethyl cellulose, HT-29 cells, Mitochondrial membrane potential, 43 

Proanthocyanidins. 44 

 45 

 46 
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Introduction 47 

Cancer is presently in the spotlight due to leading cause of death globally, followed by 48 

cardiovascular diseases [1]. In 2012, ~14+ million new cancer cases and ~8+ million cancer 49 

deaths worldwide, and the number of cancer cases will ascend to ~22+ million within the next 50 

two decades [2]. The most widely recognized cancer death were cancers of lung, liver, colon or 51 

colorectal, stomach and breast [3, 4]. Among the above, colon or colorectal cancer originating in 52 

the inner wall of colorectal epithelium, has been the third driving reason for cancer-associated 53 

death paralleling its high rate in the US, where one-fourth deaths were because of this disease [5, 54 

6]. Colon cancer initially creates as colorectal polyps, which are unusual developments in the 55 

inner lining of the bowel. Afterward, it spreads muscular and the nearby lymph nodes and finally 56 

to other organs [7, 8]. Hence, colon cancer has become a major health concern and therefore 57 

proper treatment of colorectal cancer has assumed high priority for the scientific community 58 

across the globe. The colon cancer has a complex etiology involving sedentary life style, 59 

nutritional and environmental factors [9]. In general, the unstable molecules generated due to 60 

free radicals as a byproduct of biological processes, and it is mainly caused by increased levels 61 

of reactive oxygen species (ROS)/reactive nitrogen species (RNS) as a result of oxidative stress 62 

[10]. However, free radicals act as an important role in physiological cell functions (at low 63 

concentration) as well as severe adverse modifications to cell components, such as lipids, 64 

protein, DNA and RNA (at high concentration) [11, 12]. They might be one of the reasons for 65 

cause in the regulation of colon cancer cell growth, and they are produced either from normal 66 

cellular metabolisms or from external sources [13, 14]. Naturally, human body possesses several 67 

mechanisms to neutralize oxidative stress via synthesizing antioxidants [15]. Further, oxidative 68 

stress occurs when the disproportion between cancer prevention agents and ROS/RNS are 69 
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disturbed in depletion of either antioxidants or aggregation of ROS/RNS [16]. Secondary 70 

metabolites of the plant containing excellent antioxidant and anticancer agents in the form of 71 

polyphenolics, terpinoids, glycosides and steroids could reduce the cellular oxidative stress 72 

associated with free radicals which will also significantly ascend the cancer cell apoptosis [17]. 73 

Among them, polyphenols are especially attractive, a result of its natural properties including 74 

cancer prevention agent and inhibition of ROS/RNS [18].  A few plant based anti-cancer agents 75 

including taxol, vinblastine, vincristine, the camptothecin derivatives, topotecan, irinotecan and 76 

etoposide are in clinical utilize everywhere throughout the world.  77 

Proanthocyanidins is natural condensed tannin (catechin, epicatechin, epigallocatechin and 78 

procyanidins) that has received significant attention in cancer therapy, and it’s isolated from 79 

grape seed and purified through chromatography [19-26]. Moreover, the grape seed extract 80 

powder is nutraceutical agent that is normally consumed as wellbeing/dietary supplement and is 81 

sold over-the-counter product in the United States. In this way, there is a chance to prepare 82 

alternative way of therapeutic formulation to increase the bioavailability of Pro and most 83 

encouraging therapeutic formulation would be to exploit nanotechnology based biodegradable 84 

carrier material for exploring the treatment of cancer at its molecular level [27, 28]. Recently, 85 

many biodegradable polymers have been widely used in the development of polymeric 86 

nanoparticles for effective therapeutic applications. Among them, EC is an inexpensive, edible, 87 

biodegradable and natural carbohydrate polymer has been identified for drug delivery application 88 

to enhance the bioavailability of desired hydrophobic drugs [29]. Our primary objective was to 89 

design a Pro encapsulated ECNPs with an aim to increase the bioavailability and thereby 90 

enhancing the therapeutic efficacy in treating colon cancer effectively.    91 

Materials and Methods 92 

Page 4 of 40AUTHOR SUBMITTED MANUSCRIPT - BPEX-101224.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



5 

 

Materials 93 

Ethyl cellulose (viscosity 250-300 cp; 48-49.5% ethoxy content; soluble in acetone) was 94 

procured from Sigma-Aldrich chemicals Pvt. Ltd., Bangalore, Karnataka, India. Acetone, 95 

glutaraldehyde was purchased from Merck, Mumbai, India. Himedia Laboratories Pvt. Ltd., 96 

Mumbai, Maharashtra, India supplied Dulbecco’s Modified Eagles Medium (DMEM), fetal 97 

bovine serum (FBS), Tris-EDTA buffer, phosphate buffered saline (PBS), penicillin G sodium, 98 

streptomycin sulfate, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT), 99 

Rhodamine 123 and Dichloro-dihydro-fluorescein diacetate (DCFH-DA) were used in this study. 100 

Black grape (Vitis vinifera) seeds were received from Farmers, Cumbum valley, Tamilnadu, 101 

India. Human colon carcinoma (HT-29) cells were received from NCCS (National Centre for 102 

Cell Science, Pune, Maharashtra, India). Preparation and characterization were performed using 103 

various advanced instruments, equipment’s namely NMR 600MHz (Bruker 600MHz NMR 104 

Avance with TCI cyroprobe), UV-Visible spectrophotometer (Varian, Cary 50), HPLC (Model 105 

LC-8, Shimadzu, Japan), Mixer grinder (Bajaj electronics, India) and Rotary vacuum dryer 106 

(Varian Rotavac) and LC-ESI-MS (A Liquid chromatography-electrospray ionization-mass 107 

spectrometry, 6200 series TOF, Q-TOF B.06.01 version, Agilent Technologies, Santa Clara, CA 108 

95051, USA) with an automatic liquid chromatographic sampler and an auto injection system. 109 

Pro isolation from grape seed 110 

The fresh grape seeds were cleaned with tap water and shade dried for 72 h and subsequently 111 

thoroughly dried grape seeds were ground to a fine powder (≈60 mesh size) using mixer grinder. 112 

About 30 g of grape seeds powder was extracted using 1500 mL of 80% methanol (50 mL/g of 113 

sample) in a soxhlet extractor for 48 h. The extract was concentrated by evaporation (40-50 °C) 114 

in a rotary vacuum evaporator. 4 g of crude extract was mixed with 10 mL ethanol (80%) and 115 
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applied onto a silica gel packed chromatographic column (3×100 cm) equilibrated with ethanol. 116 

Initially 80% ethanol was used for elution. 10 mL fractions were collected using fraction 117 

collector. Further, petroleum-ethyl acetate (50: 50) solvent was used to elute fraction. The 118 

absorbance of elutes from each tubes were monitored using UV-vis spectrophotometer between 119 

200-600 nm. The two colored fractions (λmax = 532) were combined and lyophilized to convert 120 

fine powder for further compound identification and structural confirmation by FTIR, HPLC, 121 

NMR and Mass spectrum. 13C NMR spectra were recorded on a Bruker 500 NMR spectrometer, 122 

Mumbai, India, with tetramethylsilane as internal standard. 123 

Preparation of Pro encapsulated ECNPs 124 

The purified grape seed powder was used to isolate the Pro encapsulated ECNPs by Pan-In et 125 

al. with light changes [30]. In short, 150 mg of EC and 50 mg of Pro (pre-dissolved in 10 mL 126 

water) were dissolved in 50 mL of acetone under constant stirring. Then, 200 mL water (pre-127 

dissolved with 4 mL of glutaraldehyde) was added dropwise manner into the solution (50 mL) at 128 

the rate of 2 mL/min with continuous stirring in the magnetic heater stirrer. This solution was 129 

then processed in high pressure homogenizer for six cycles. Then, the residual organic solvent 130 

from aqueous solution was removed under reduced pressure. Finally, the formed nanoparticles 131 

were being separated out by ultracentrifugation and followed by washing thrice with distilled 132 

water and subjected to freeze drying used for further characterization. 133 

Entrapment efficiency (EE %) and loading capacity (LC %) 134 

Entrapment efficiency and loading capacity of Pro in ECNPs were measured according to the 135 

method described by Silva et al. with slight modification [31]. Briefly, accurately weighed (10 136 

mg Pro encapsulated ECNPs) were dissolved in 50 mL of phosphate buffer solution (pH 7.2) and 137 

were centrifuged at speed of 15,000 rpm at 4 ºC for 45 min. Then supernatant solution consists of 138 
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free unloaded Pro collected and dissolved in acetone. The amount of Pro in acetone was 139 

measured under UV-visible spectrophotometer at 532 nm. Entrapment efficiency (%) and 140 

loading capacity (%, w/w) were represented by equations 1 and 2 respectively,  141 

Entrapment Efficiency (%) = {[(Proanthocyanidins)added - (Proanthocyanidins)measured]/ 142 

(Proanthocyanidins)added}×100                                                                                 (1) 143 

Loading capacity (%) = {[(Proanthocyanidins)added - (Proanthocyanidins)measured]/ Nanoparticles 144 

weight}×100                                                                                                             (2) 145 

Release study 146 

The in vitro release studies were performed by using dialysis bag through diffusion technique 147 

[32]. In short, accurately weighed ECNPs (50 mg) dispersed into a sephadex column of dialysis 148 

bag and submerged in a beaker containing 10 mL of PBS (0.01 M, pH 7.4) or 10 mL of PBS 149 

(0.01 M, pH 5.0) and were subjected to separation after centrifugation. After completion of 150 

experiment (as the experiment was performed in duplicate), the EC suspension was equally 151 

divided into 10 mL and transferred to two tubes kept in a shaker at 150 rpm and temperature 37 152 

°C.  The samples were withdrawn at predetermined intervals and replaced by fresh medium. 153 

Acetone was used to dissolve the collected resultant supernatant, further, the amount of drug 154 

released ECNPs at specific time interval was determined with UV spectrophotometrically at 532 155 

nm.  156 

%DRC = (A0-A1) × 100/A0                                                                (3) 157 

Where, A0 = absorbance of the control;  A1 = absorbance of the sample. 158 

Enzymatic degradation study 159 

The enzymatic extra cellular degradation of Pro encapsulated ECNPs carrier system was 160 

examined by addition of lysozyme to the nanoparticles suspension [33]. The selected enzyme 161 
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was used to imitating the enzymatic environment of the human body and as an activate for drug 162 

release. 2 mL of Pro encapsulated ECNPs suspension (≈1 mg/mL) incubating in the phosphate 163 

buffer (0.01 M, pH 7.4) with diverse concentrations of enzyme (50 µL equal to 0.5 mg/mL, 75 164 

µL equal to 0.75 mg/mL, 100 µL equal to 1 mg/mL, 150 µL equal to 1.5 mg/mL) at 37 ºC under 165 

constant stirring (50-60 rpm). At selected time intervals, 1 mL of the released medium was 166 

completely removed and replaced with an equal volume of fresh medium. The sampled solution 167 

was dissolved in acetone, further the centrifugation of this solution at 14000 × g at 25 °C. The 168 

amount of drug released via enzymatic degradation was measured by UV-visible 169 

spectrophotometric analysis. 170 

%DRC = (A0 - A1) × 100/A0                                                                                           (4) 171 

Where, A0 = absorbance of the control;   A1 = absorbance of the sample. 172 

Stability studies 173 

About 1 mL of freshly prepared Pro encapsulated ECNPs suspension transferred to a clear 174 

glass vial containing equal volume of physiological (10% NaCl, 0.5% BSA) and phosphate 175 

buffer medium (pH values of 1.5, 3, 5, 6, 7.4 and 9) and maintain at room temperature for 24 h.  176 

Thereafter, immediately measuring the maximum absorbance of Pro encapsulated ECNPs using 177 

UV-visible spectrophotometer.  178 

Characterization  179 

The chemical integrity and possible interactions between Pro and its encapsulated ECNPs 180 

can be determined by Fourier transform infrared spectroscopy (Shimadzu IR Tracer-100) in KBr 181 

discs. Samples of free Pro and Pro encapsulated ECNPs (lyophilized powder) were scanned in 182 

the spectral range of 400-4000 cm-1.  In order to determine the physical nature of Pro 183 

encapsulated ECNPs was carried out by X-ray diffractometer. An X-ray diffraction spectrum 184 
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(XRD) was gained using BRUKER D 8 Advance ECO XRD system with SSD160 1 D Detector. 185 

The X-ray powder diffraction patterns were obtained at room operated at a voltage of 20 keV and 186 

current of 30 mA with Cu Kα 1 radiation (l = 0.1542) in a two-theta (degree) configuration. The 187 

particle size and zeta potential of the Pro encapsulated ECNPs was measured by the Zetasizer 188 

(Nano ZS90, Malvern, UK). The morphology of the prepared Pro encapsulated ECNPs were 189 

considered by scanning electron microscopy (SEM) with a Carl Zeiss EVO 18 microscope at an 190 

accelerating voltage of 20 kV.  Few drops of dispersed Pro encapsulated ECNPs in suspension 191 

were placed on the Aluminum stub, which was air-dried at 60 °C for 5 min, and the sample was 192 

scanned and the photomicrographs were provided. High resolution transmission electron 193 

microscopy (HRTEM-JEOL model 2100 operated at an acceleration voltage of 200 KV) was 194 

used to study the morphological shape and size of Pro encapsulated ECNPs. The sample of 195 

freshly prepared Pro encapsulated ECNPs was diluted about 10 mL of distilled water, and a few 196 

drops of diluted sample was placed on a surface of 200 mesh copper grid and air dried for 30 s. 197 

Then the sample was observed and measured by HRTEM.  198 

Graph theoretical network analysis 199 

The database KEGG (Kyoto Encyclopedia of Genes and Genomes) is a resource and it integrates 200 

efficient information of homo sapiens (hsa: 04010) network of mitogen-activated protein kinase 201 

(MAPK). In the analysis, pathway represents proteins as nodes and interactions as edges Fig. 1 202 

and network contains 122 nodes and 170 edges and it was visualized by Cytoscape software. The 203 

analysis computed by the parameters Degree Centrality, Betweenness Centrality, Eigenvector 204 

Centrality, Radiality Centrality, Stress Centrality and Closeness Centrality and it was used to 205 

recognize powerful proteins in the network [34].  206 

Insilico Modeling  207 
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The program GLIDE (version 11, Schrodinger, LLC, New York, 2016) was used to screen 208 

molecular docking studies. The Research Collaboratory for Structural Bioinformatics (RCSB) 209 

Protein Data Bank used to retrieved X-ray crystal structures of MAPK (PDB: 3LHJ), Cyclin D1-210 

cyclin-dependent kinase 4 (CDK-4) (PDB: 2W96), Vascular endothelial growth factor (VEGF) 211 

(PDB: 1FLT), Human Epidermal Growth Factor and Receptor (EGFR) (PDB: 1IVO), 212 

Cyclooxygenase-2 (COX-2) (PDB: 5KIR). The test and standard structures were constructed by 213 

using Schrodinger, LLC and the docking calculations were measured by extra precision mode of 214 

GLIDE. The G score, Coulombic, van der Waals and ligand strain energy values were used to 215 

select active docked structure [35].  216 

Anticancer screening 217 

The MTT assay was used to screen the in vitro cytotoxicity of Pro encapsulated ECNPs [36]. 218 

Shortly, colon cancer cells (HT-29) were seeded in 96-multi well plate (1×105 cells per well) in 219 

100 μL of DMEM containing 10% FBS and 1% penicillin/streptomycin at 37 ºC in a 5% CO2 220 

atmosphere for 24 h. Then, culture medium was replaced with different concentration of Pro 221 

encapsulated ECNPs (0.5, 1, 2.5, 5, 10, 20, 25, 30, 40, 50 µg/mL)/DMEM medium for a further 222 

24 h incubation. 200 μL (5 mg/mL) of 0.5% MTT prepared in serum free medium solution to 223 

each well and incubated for 4 h at 37 °C in a 5% CO2. Afterward, the medium was removed and 224 

cells were washed with phosphate-buffered saline (PBS, 0.01 M, pH 7.4). The respective 225 

amounts of DMSO in PBS buffer instead of Pro encapsulated ECNPs were used as control. The 226 

optical density of alive cells in the plate was measured in a Spectramax M2 Microplate Reader 227 

(Molecular Diagnostic, Inc.) at a wavelength of 550 nm. The ratio of the absorption of treated 228 

cells to absorption of non-treated cells expressed in percentage resulted in percentage of death 229 
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cells.  Thus, every treatment condition was repeated in triplicate and IC50 of Pro encapsulated 230 

ECNPs obtained was used for treatment for all further studies. 231 

Evaluation of apoptosis and necrosis: acridine orange/ethidium bromide 232 

Pro encapsulated ECNPs induced cellular apoptosis and necrosis was measured by using 233 

acridine orange/ethidium bromide double staining assay [37]. The HT-29 cells were seeded in 234 

96-well plate at a density of 5 × 105 cells per well and incubated with 2 mL of Pro encapsulated 235 

ECNPs (IC50 value)/DMEM at 37 °C for 24 h in a humidified 5% CO2 atmosphere. After the 236 

incubation time, cells were removed by trypsinization and suspended in 50 μL of phosphate-237 

buffered saline (PBS), 2 μL of acridine orange (100 μg/mL in PBS), and 2 μL of ethidium 238 

bromide (100 μg/mL in PBS). A portion of 10 μL of stained cell suspension was immediately 239 

viewed and counted using fluorescence microscopy at 400× magnification. Viable cells have 240 

uniform bright green nucleus with a normal structure, early apoptotic cells have bright green to 241 

yellow nucleus, but perinuclear chromatin condensation is visible as bright green patches or 242 

fragments. Late apoptotic cells have orange to red with fragmented chromatin, and necrotic cells 243 

have a uniformly structured with dark orange to red nucleus. The percentage of apoptotic or 244 

necrotic cells for each sample was determined (at least 500 cells) using the following equation: 245 

% Cell death mode = (Total No. of apoptotic or necrotic cells/Total No. of cells counted)×100  246 

Detection of changes in mitochondrial transmembrane potential 247 

A change in the mitochondrial transmembrane potential (ΔΨm) due to apoptosis was 248 

measured by using fluorescent dye rhodamine 123 [38]. The HT-29 cells were treated with Pro 249 

encapsulated ECNPs (10 µM) for 4 h, and then cells were rinsed with ice cold PBS and 250 

immediately stained with rhodamine 123 (2 µM) for 30 min at 37 ºC, which was easily 251 

sequestered by the mitochondrial membrane. Once the mitochondrial membrane potential was 252 
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lost, rhodamine 123 was consequently removed out of the cells. The fluorescence intensity of the 253 

cells was measured at 480 nm excitation and 530 nm emission by using Spectramax M2 254 

fluorescence spectrophotometer (Molecular devices, USA). A reduction in rhodamine 123 255 

staining is indicative of a cell that has mitochondria with a reduced transmembrane potential 256 

(ΔΨm). 257 

Measurement of ROS generation  258 

Intracellular generation of ROS in control and treated colon cancer cells were measured by 259 

using the fluorescent dye (DCFH-DA) [39]. HT-29 cells (1 × 105 cells/well) seeded in 6-well 260 

culture plate and incubated for 24 h.  Cells were then exposed with 10% FBS supplemented with 261 

33 µg/mL of Pro encapsulated ECNPs for 24 and 48 h further incubation. The time was selected 262 

to give adequate amounts of drug uptake within a time frame in which ROS generation may be 263 

projected. Then after, cells were washed (twice using with 1× PBS) and labelled with 20 μM 264 

DCFH-DA for 15 min at 37 °C, placed on ice, filtered with a 70 μM Cell Strainer. Then, DCFH-265 

DA was replaced with 100 μM of H2O2 into the cells and incubated for another 45 min. The 266 

change in the fluorescence was monitored by fluorescence spectrophotometer at λex=475 nm, 267 

λem=525 nm. 268 

Statistical analysis 269 

All statistical analyses were conducted using SPSS statistics version 20.0 software (SPSS 270 

Inc., Chicago, IL). Statistical significance was inferred at a value of p < 0.01 and data were 271 

expressed as mean ± standard deviation (SD) for at least three independent experiments. 272 

Statistical significance was analyzed using one-way analysis of variance (ANOVA) and 273 

Dunnett’s multiple comparison test. 274 

Results  275 
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Characterization of Pro 276 

In this report, the grape seed extracted Pro lyophilizate powder was amorphous in nature with 277 

a reddish brown color and moisture content is 88.76 ± 0.78%. The high performance liquid 278 

chromatographic analysis of isolated Pro indicated that peak-a (Rt: 13; epigallocatechin), peak-b 279 

(Rt: 20; catechin), peak-c (Rt: 30; epicatechin) and peak-d (Rt: 64; procyanidins) 280 

(Supplementary Fig. 1). The structural identification of each compound was carried out by LC-281 

ESI-MS and 13C-NMR. LC-ESI-MS spectrum (Supplementary Fig. 2) confirmed the same 282 

compounds present in the Pro. 13C-NMR (CDCl3, 500 MHz) δ ppm: 110-152 (Ar-Carbon), 40 283 

(Pyran C Carbon). The observed 13C-NMR spectrums values of Pro encapsulated ECNPs are 284 

supportive to study nature of the carbon at structure (Supplementary Fig. 3). 285 

Characterization of Pro encapsulated with ECNPs 286 

The effective anti-solvent particle induction method was followed to formulate Pro 287 

encapsulated with ECNPs. The water (anti-solvent) was gently added to the solution of EC and 288 

Pro in acetone. After addition of water, the clear solution turned to cloudy and formed crystals. 289 

Followed by overnight stirring the cloudy and crystals solution slowly disappeared and self-290 

assembled to form nanoparticles. The obtained suspension of Pro encapsulated ECNPs was 291 

subjected to freeze dry which resulted in the dry product. IR spectra of Pro and Pro encapsulated 292 

ECNPs are illustrated in Fig. 2(a) and (b).  The spectrums are helpful to analyze different 293 

functional groups at various positions as well as interactions between Pro and Pro encapsulated 294 

ECNPs. The spectra of Pro showed intense peak (Vmax) at 3420 cm-1 originated from a strong O-295 

H bonding of carboxyl groups and N-H stretching of secondary amides; absorption peak at 1750 296 

cm-1 is related to –C-N stretching, 1630 cm-1 indicating the =N-H deformation and -C=C- 297 

aromatic conjugates, 1428 cm-1 indicating –C=O groups from aromatic rings. The peak at 1033 298 

Page 13 of 40 AUTHOR SUBMITTED MANUSCRIPT - BPEX-101224.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



14 

 

cm-1 and 1059 cm−1 corresponds to the C–N stretching of aliphatic amines. Similarly, close 299 

observation of the IR spectra of Pro encapsulated NPs revealed strong interactions with the 300 

functional groups of Pro and EC polymer. Physical nature of the Pro encapsulated ECNPs was 301 

analyzed through powder X-Ray Diffraction method. The X-Ray diffractogram curve of Pro 302 

encapsulated ECNPs is depicted in Fig.3. Strong diffraction peaks were observed at the range of 303 

20º, 32º and 43º indicating the amorphous nature of Pro encapsulated ECNPs. The size of the Pro 304 

encapsulated ECNPs was calculated using Debye–Scherrer’s equation:  305 

D= kλ/βs cosθ                                                                                                (5) 306 

Where, D is crystallite size, k is size-dependent Debye–Scherrer’s constant (0.94 for 307 

spherical particles), λ is incident X-radiation wavelength (1.548 Å), and βs is full peak width at 308 

half maxima. Average size of the Pro encapsulated ECNPs was calculated to be 60 nm. The 309 

accurate characterization of formulated Pro encapsulated ECNPs in solution was measured for 310 

particle size distribution, polydispersity index and zeta potential using dynamic light scattering 311 

(Fig.4). The average size of the NPs was 60±5.6 nm and a polydispersity index (PDI) value of 312 

0.55±0.05 was obtained which indicates that the NPs were monodispersed in nature. With a zeta 313 

potential of 17±2.7 mV Pro encapsulated ECNPs demonstrate a good stability. The Fig.5 shows 314 

the SEM image of Pro encapsulated ECNPs. The overall morphological shape of the formulated 315 

NPs indicates that they were majorly semi-spherical in shape and overall, individual particles 316 

without agglomeration for the lyophilized dry particles. The range of particle size of the 317 

nanoparticles is found to be within the range of 30–100 nm. The Fig.6 (a) and (b) shows the 318 

TEM images of Pro encapsulated ECNPs. From the image, it can be seen that Pro encapsulated 319 

ECNPs were mostly smooth surfaced spheres. TEM images shows the nanoparticles sizes were 320 

ranging from 30 to 100 nm. 321 
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Entrapment efficiency (EE %) and loading capacity (LC %) 322 

The entrapment efficiency and loading capacity of Pro in ECNPs was studied and computed 323 

which was found to be 85±3.65%, and 10.5% respectively. Our findings suggest that the higher 324 

content Pro encapsulation with EC, better the interaction of functional compounds. 325 

Release study 326 

The Fig.7 illustrates the in vitro release pattern of Pro encapsulated ECNPs and control (Free 327 

Pro), which are expressed in terms of cumulative percentage of released drug versus time. 328 

Release study was carried out by using dialysis membrane bag with two different release media 329 

with varying pH (pH 5.0 and pH 7.4) at 37ºC in PBS. In the beginning, ~100% of Pro released 330 

from control in PBS at pH 5.0 and pH 7.4 within 30 min, while the Pro from Pro encapsulated 331 

ECNPs exhibited slow and gradual release in PBS solution at pH 5.0 and pH 7.4, with a release 332 

percentage of 25.24±1.22% and 20.18±1.21% respectively, within 5 h. Then there was a steady 333 

increase in release rate and accumulative amount of Pro released from ECNPs (at pH 5.0 release 334 

rate was 90.43±3.65% and at pH 7.4 release rate was 84.76±2.61%) after 15 h. However, the 335 

obtained results show that the release of Pro was higher in lower pH as compared to neutral pH.  336 

Enzymatic degradation and Stability studies 337 

The enzymatic degradation profile of Pro encapsulated ECNPs is indispensable for stability 338 

as well as better control of drug release. Enzymatic degradation is essential for the release of 339 

encapsulated bioactive molecules due to the absence of a diffusion based release of polymer. The 340 

formulated ECNPs might be degraded by lysozyme enzyme distributed in organelles after their 341 

internalization by cells, since it is reported to be efficient in degrading a variety of different 342 

polysaccharides including EC. Fig.8(a) shows the degradation profile of EC NPs in lysozyme 343 

with various concentrations, ~20% of Pro released from ECNPs in effect of 150 µL equal to 1.5 344 
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mg/mL in 92 h. Observed data highlight the chosen enzyme has very minimal potency of 345 

degrading the encapsulating carrier EC. The enzymatic degradation of ECNPs can be prevented 346 

by the addition of cross-linking agent (glutaraldehyde). The Fig.8 (b & c) illustrates the in vitro 347 

stability of formulated Pro encapsulated ECNPs in physiological medium (b) and different buffer 348 

solutions of varying pH (c). The Pro encapsulated ECNPs showing maximum absorption in the 349 

physiological medium and in the varying pH buffer solutions between the ranges 460-465 nm 350 

and 465-475 nm respectively. In the both medium, Pro encapsulated ECNPs showed 351 

approximately 5-10 nm shifts in their absorption peak of neutral pH, this result highlights 352 

reasonable stability of the ECNPs.  353 

Network analysis 354 

MAPK signaling pathway is retrieved from KEGG database and network analysis was done 355 

to identify the role of certain genes in the signaling mechanism. In the network, totally 122 nodes 356 

(Genes & compounds) and 170 edges were present. Centrality measures such as Degree, 357 

Betweenness, Closeness, Stress, Eigen vector and Radiality were analyzed and results were 358 

shown in Table 1 and Table 2. Totally twenty nodes had crossed the threshold value, in that 359 

MAP3K1, scored highest of all which has a value of Degree (10), Betweenness (7272.795728) 360 

Closeness (0.29016787), Stress (127242), Eigen vector (0.253591601) and Radiality (0.811825). 361 

Insilico Modeling 362 

The scoring function of GLIDE docking program is depicted in the G-score form. The 363 

simplest and direct method of evaluating the accuracy of a docking procedure is to determine 364 

how close the lowest energy pose (binding conformation), predicted by object scoring function. 365 

In the present study, Extra Precision GLIDE docking procedure was validated by removing the 366 

inhibitor compound with MAPK, VEGF, EGFR, CDK-4 and COX-2 has been analyzed from the 367 
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G-score, GLIDE energy and H-bonds. The study of molecular basis of interaction, affinity of 368 

binding at active site for test and standard with MAPK, VEGF, EGFR, CDK-4 and COX-2 and 369 

docking results are given in Table 3 and Fig. 9. The interaction energy includes van der Waals 370 

energy, electrostatic energy, as well as intermolecular hydrogen bonding and it was calculated 371 

for each minimized complex. The docking score using GLIDE was found to be -5.40 for the test 372 

and -3.76 for standard against MAPK, -8.07 for the test and -7.16 for standard against VEGF, -373 

6.14 for the test and -5.40 for standard against EGFR, -5.86 for the test and -4.68 for standard 374 

against CDK-4 and -8.94 for the test and -8.24 for standard against COX-2. The observed results 375 

demonstrate the test analogue could be a potential drug candidate for anti-cancer drug 376 

development. The GLIDE score can be used as a semi-quantitative descriptor for the ability of 377 

the ligands to bind to a specific conformation of protein receptor. Generally, a good ligand to 378 

receptor is depicted by a low GLIDE score. The observed docking scores highlight that, a 379 

significant agreement between localization of inhibitor upon docking and from the crystal 380 

structure of protein. Conformational analysis of docked complexes shows that residues ASP168, 381 

ASP150, LYS152, SER154 for test and ASP150, SER154 for standard having good binding 382 

affinity towards MAPK, ARG56, CYX57, GLU30, LEU32 for the test and CYX57, GLU30, 383 

LEU32, THR31 for the standard having good binding affinity towards VEGF, GLU258, 384 

ARG220, LYS237, GLU221, THR239 for test and ASP239, CYX302, ASP279 for the standard 385 

having good binding affinity towards EGFR, ARG62, LYS114, LEU6, ASN134 for test and 386 

LEU6, ASN134, GLU56 for standard having good binding affinity towards CDK-4 and LEU224 387 

(A and B chain), PHE142, ASN375 for test and SER143, GLN374, PHE142, ARG376, ASN375, 388 

GLY225, LEU224 for standard having good binding affinity towards COX-2. Docking studies 389 

were carried out by GLIDE has confirmed that above inhibitor fit into the binding pocket of 390 

Page 17 of 40 AUTHOR SUBMITTED MANUSCRIPT - BPEX-101224.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



18 

 

selected protein. Test compound was found to be more potent and selective in action against 391 

VEGF and COX-2 protein when compared to standard drug. From the investigation, we may 392 

arrive at a conclusion that, for the successful docking, intermolecular hydrogen bonding and 393 

lipophilic interactions between the ligand and the receptor are very important. The main reason 394 

for the increase in GLIDE score is due to the penalties for close intra-ligand contacts. 395 

Cytotoxicity 396 

As per the network analysis and followed by the insilco docking study report, we initiated 397 

our study by screening the cytotoxicities of various concentration of Pro encapsulated EC NPs 398 

using MTT assay on HT-29 cancer cells. The Pro encapsulated EC NPs showed quantifiable 399 

cytotoxicity of cells in a concentration dependent mode as presented in Fig. 10. The cell viability 400 

was observed to be decreasing with increasing concentration of Pro encapsulated ECNPs.  About 401 

50% cell death was noted at 33.4 µg/mL NPs and this concentration was chosen as the IC50 of 402 

Pro encapsulated ECNPs for further studies. The formulated Pro encapsulated ECNPs changed 403 

the morphology of HT-29 cells after treatment with a concentration of 33.4 µg/mL of Pro 404 

encapsulated ECNPs Fig. 11(a) and (b). 405 

Cell death mode 406 

Fluorescence microscopy with AO/EB staining showed the live, necrotic and apoptotic cells 407 

due to induction of Pro encapsulated ECNPs in HT-29 cancer cell lines. No significant necrotic 408 

and apoptotic cells were observed in the negative control cells Fig. 12(a). The Pro encapsulated 409 

ECNPs treated cells showed live cells with normal nuclei staining which present green chromatin 410 

with organized structure, whereas apoptotic cells contain condensed or fragmented chromatin 411 

(green or orange), and necrotic cells have similar normal nuclei staining as live cells except the 412 
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chromatin is orange Fig. 12 (b). Figure13 showed the ratio (%) of live, necrotic and apoptotic 413 

cells.  414 

Mitochondrial transmembrane potential 415 

Further confirmation of cancer cell death mode, we determined the mechanism involved in 416 

the necrosis of HT-29 cells induced by Pro encapsulated ECNPs by mitochondrial damage i.e., 417 

loss of mitochondrial transmembrane potential. In this study, a notable loss of mitochondrial 418 

membrane potential in HT-29 cells was observed after exposure with Pro encapsulated ECNPs 419 

Fig. 14 (a) and (b). The obtained data suggested that Pro encapsulated ECNPs induce apoptosis 420 

through mitochondrial membrane potential loss.  421 

ROS generation 422 

Subsequently ROS generation assay was conducted to measure level of ROS by the treatment 423 

of Pro encapsulated ECNPs by the fluorescent indicator. ROS generation was induced in a 424 

significant manner by Pro encapsulated ECNPs treatment, as it might be pushing the cellular 425 

physiology to the limits by inducing oxidative stress. Thus, significantly increasing the level of 426 

intracellular ROS generation found in HT-29 cancer cells of treated with IC50 concentration (33.4 427 

µg/mL) of Pro encapsulated ECNPs as compared to untreated control cells shown in Fig. 15. 428 

Discussion 429 

Cancer remains to be a major burden in healthcare sector globally. Chemotherapy is one of 430 

the easy strategies of cancer treatment. The ability of conventional drugs and treatment system 431 

often inefficiently arrest or control the growth of colorectal cancer cells which have also seen to 432 

result in adverse toxic effects. Therefore, it is very important to enhance the therapeutic 433 

modalities with no or less adverse effects. In view of the fact that, many research works have 434 

demonstrated that natural Pro are found to be excellent for protective, antioxidant, and anticancer 435 
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activities [40, 41]. Pro in grape seed are polyhydroxy derivative of dimeric or oligomeric 436 

compounds (catechin, epicatechin, epigallocatechin and procyanidin) which exhibit hydrophilic 437 

character [42]. Unfortunately, the hydrophilic characteristics of Pro are poor bioavailability and 438 

poor stability with shorter duration of plasma half-life [43]. To address these challenges, we have 439 

proposed Pro encapsulated ECNPs for enhanced anti-colorectal cancer activity.  440 

In this study, the conceived natural EC as a delivery vehicle for hydrophilic Pro to improve 441 

bioavailability at targeted colonic cancer site. The role of natural polysaccharides (cellulose) is 442 

attracting tons of care for targeting to the colon. In our study, the biochemically modified 443 

polymer EC was highly stable and resistant to enzymatic degradation. Nevertheless, carrier EC 444 

can be slowly broken down by the targeted colonic microflora to release the encapsulated drug. 445 

These characteristics of ECNPs will prolong the plasma half-life of Pro, increased accumulation 446 

in cancer cells, and ensure control release behavior. Furthermore, the XRD analysis confirmed 447 

the formulated ECNPs were amorphous and monodispersed nature, this might be readily released 448 

at targeted colonic cancer site.  449 

The molecular shape and size of Pro encapsulated ECNPs under SEM and TEM observation 450 

revealed as smooth surfaced, semi-spherical in shape and ~60 nm size. The functional properties 451 

such as size and shape play an important role in cellular penetration, residence in circulation, 452 

degradation and uptake of nanoparticles [44]. This enhanced permeability and retention (EPR) 453 

effect is exploited to induce the cancer cells leak which is an advantage for drug delivery systems 454 

with nanocarrier [45]. The spherical shaped NPs have an increased uptake over rod or rectangular 455 

shaped particles [46]. In addition, the literature reports were also suggesting that the effect of 456 

cytotoxicity is also dependent on size and shape of the nanoparticles [47]. Further, observation of 457 
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FTIR spectrum exposed that the interactions between drug and EC, and high encapsulation 458 

efficiency, in vitro release profile showed successful entrapment of drug.  459 

The present work was performed to identify the differentially expressed protein genes which 460 

could lead to discovery of suitable therapeutic target. Therefore, targeting a key protein in the 461 

disease pathway can impair the entire signaling network and may have unanticipated 462 

consequences [48]. Mitogen Activated Protein Kinases (MAPK) are very important signaling 463 

system and it involves in cell proliferation and cell death and typically it is linked with cancer 464 

cells particularly colon cancer [49]. The graph theoretical analysis signified the key information 465 

and confirmed the importance of MAPK and its interaction to improve insilico modeling for 466 

identification of target especially in colon cancer agents, which may cause fewer side effects. 467 

Research report indicated that grape seed extracted proanthocyanidin’s significant inhibition of 468 

constitutive activation of MAPK proteins treated human epidermoid carcinoma A431 cells, play 469 

a major role in cell growth and proliferation. Hence grape seed extracted Pro induce anti-470 

carcinogenic effects [50]. The identified defected protein gene was introduced for their 471 

molecular docking studies with encapsulated Pro in ECNPs. Based on the docking report, it was 472 

used for screening their anticancer activity against colon cancer cell lines (HT-29). Pro 473 

encapsulated ECNPs significantly decreased the viability of HT-29 cancer cells in a dose-474 

dependent and time-dependent manner. Similarly, quercetin-loaded MPEG-PGL nano-micelles 475 

could enhance cytotoxicity of CT26 colon cancer cells [51]. This cytotoxic effect could be 476 

connected with enhanced uptake of bioactive molecules by the cancer cells when the bioactive 477 

molecules are incorporated into the ECNPs matrix.  478 

Apoptosis or programmed cell death is a major regulatory mechanism of cancer suppression. 479 

Pro encapsulated ECNPs treated cell death was confirmed via apoptosis as reflected by the 480 
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extend of mitochondrial transmembrane damage potential analysis. The live, apoptotic and 481 

necrotic cells were calculated by % of apoptotic and % necrotic bodies within the overall 482 

populations of total cells. When, HT-29 cancer cells treated with 33.4 µg/mL concentration of 483 

Pro encapsulated ECNPs, apoptotic, necrotic cells were detected at 24 h treatment >40%, >10% 484 

respectively.  Seeram et al.  reported berry extracts from various sources of blackberry, black 485 

raspberry, blueberry, cranberry, red raspberry, and strawberry containing a considerable 486 

proportion of Pro were evaluated for their ability to inhibit growth and stimulate apoptosis of 487 

human oral (KB, CAL-27), breast (MCF-7), colon (HT-29, HCT116), and prostate (LNCaP) 488 

tumor cells at concentrations ranging from 25–200 μg/mL [52]. The ability of an EC nano carrier 489 

to promote the delivery of Pro into cancer cells mitochondria through outer membrane and 490 

generates reactive oxygen species (ROS) in mitochondria. The excessive generation of ROS 491 

leads to permeable mitochondrial membrane and induce apoptosis through intrinsic pathway 492 

[53]. Moreover, continuous production of ROS leads to oxidative stress in mitochondria which in 493 

turn activates p53 mediated intrinsic apoptosis pathway [54]. Many reports demonstrated that, 494 

loss of mitochondrial membrane potential will lead to the over-generation of ROS and then break 495 

oxidation-antioxidant balance of normal ROS metabolism [55]. The strong dissipation in 496 

mitochondrial membrane potential suggest a possible disruption of cell mitochondrial membrane 497 

due to a number of stimuli, such as depletion of intracellular glutathione and protein thiols, 498 

possibly due to direct binding of Pro encapsulated ECNPs. Overall, Pro warrant an inherent 499 

ability in modulating multiple regulatory pathways associated with cancer development and 500 

progression and it suggests the possible application of Pro as an effective antineoplastic nano 501 

formulation. 502 

Conclusion 503 
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 In the present work, we designed the Pro encapsulated ECNPs which possess enhanced anti-504 

colon cancer activity by means of elevated bioavailability, retention and targeting efficiency. The 505 

designed NPs were formulated through simple anti-solvent particle induction method with 506 

maximum encapsulation and minimal loss of Pro. The formulated Pro encapsulated ECNPs were 507 

majorly semi-spherical, amorphous in nature, and remarkable colloidal stability in physiological 508 

and buffer media. The very low enzymatic degradation profile indicates the stability of ECNPs. 509 

Further, in vitro release of Pro from ECNPs was sustained release in human body stimulated PBS 510 

(pH 7.4 and 5.0) physiological medium. Further, the molecular docking studies of grape seed 511 

extracted Pro showed strong interaction between the identified drug receptor and ligands. For the 512 

verification of molecular docking study report, 50 µg/mL concentration of Pro encapsulated EC 513 

NPs have shown that 85% colon cancer cell death in 24 h exposure, due to induced apoptosis by 514 

excessive generation of ROS in mitochondria of HT-29 cancer cells. The cell death mode assay 515 

showed that the Pro encapsulated ECNPs induced apoptosis and necrosis by mitochondrial 516 

damage via loss of mitochondrial transmembrane potential. The obtained results have suggested 517 

that EC is a promising carrier for effective drug delivery system and to enhance the 518 

bioavailability of Pro in targeted site. Altogether, the potential applications of Pro encapsulated 519 

ECNPs in anti-colon cancer therapy have opened up a path for a new resource of cost effective 520 

alternative for the treatment of cancer. The introduced graph theoretical analysis and 521 

bioinformatics reports have shown a great impact and it will open a new resource in the 522 

identification of alternative treatment of various cancers. However, in vivo experiments shall be 523 

explored to confirm the formulated Pro encapsulated ECNPs to reduce the colon cancer 524 

occurrence and mortality, and helpful for mankind. 525 
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 698 

Fig.1: The MAPK pathway with nodes and edges interaction visualization using cytoscape. 699 

 700 

Fig. 2: FTIR spectra of purified Proanthocyanidins (a) and Pro encapsulated ECNPs (b) 701 
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 702 

Fig. 3: Powder X-ray diffractogram of Pro encapsulated ECNPs. 703 

 704 

Fig.4: The DLS measurement of average particle size of Pro encapsulated ECNPs (a), zeta 705 

potential of Pro encapsulated ECNPs (b). 706 
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707 
Fig.5: Scanning electron microscope morphology of Pro encapsulated ECNPs. 708 

 709 

Fig.6: Transmission electron microscope images of Pro encapsulated ECNPs. 710 
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 711 

Fig.7: In vitro proanthocyanidins (drug) release pattern of Pro encapsulated ECNPs in pH 5.0 712 

and pH 7.4 at 37 ºC in PBS buffer as a function of time. Data were represented as mean ± 713 

standard deviation (n=3). 714 

 715 

Fig.8: Enzymatic degradation profile of Pro encapsulated ECNPs in lysozyme with various 716 

concentrations at 37 °C. Data were represented as mean ± standard deviation (n=3) (a). The in 717 
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vitro stability of Pro encapsulated ECNPs in different physiological medium (b) and pH buffers 718 

(c). 719 

720 
Fig.9: The molecular basis of interaction and affinity of binding at active site for test and 721 

standard with MAPK, VEGF, EGFR, CDK-4 and COX-2. 722 

723 
Fig.10: Cytotoxic activity of colon cancer (HT-29) cells using different concentrations of Pro 724 
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encapsulated ECNPs after 24 h treatment. The percentage of apoptotic cells increased dose 725 

dependently. Values are mean ± standard deviation of triplicate measurements (P< 0.05). 726 

 727 

Fig.11: Phase contrast microscope images of HT-29 cells showing the morphology of a un-728 

treated cells (a) and treated cells with Pro encapsulated ECNPs (b). 729 

730 
Fig.12: Apoptosis in HT-29 cells before (a) and after (b) the treatment with 33.4μg/mL of Pro 731 

encapsulated ECNPs confirmed by AO/EBr staining (L-Live cells, N-Necrotic cells and A-732 

Apoptotic cells).  733 
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 734 

Fig.13: The ratio (%) of live, necrotic and apoptotic in HT-29 cells. Values are mean ± standard 735 

deviation of triplicate measurements (P< 0.05). 736 

737 
Fig.14: Effects of Pro encapsulated ECNPs on MMP in HT-29 cancer cells. Control cells (a); 738 

Notable loss of MMP on treated cells (b).  739 
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 740 

Fig.15: Effects of 33.4 μg/mL of Pro encapsulated ECNPs on ROS generation (percentage of 741 

control value) in HT-29 cancer cells. Results expressed as mean ± standard deviation triplicate 742 

measurements (P< 0.05). 743 

Table 1: Centrality measures Maximum, Minimum and Threshold value 744 

Centrality measures Maximum Mean Minimum 

Betweenness 7272.79573 533.9179 0 

Closeness 0.290168 0.187747 0.119329 

Degree 15 2.786885 1 

Eigen Vector 0.42426512 0.058233 1.51E-04 

Radiality 0.811825 0.6511 0.432295 

Stress 127242 11312.31 0 

 745 

Table 2: Centrality values of top 20 genes 746 

Rank Gene Name Degree  Betweenness  Closeness Eigen Vector Radiality Stress Average  

1 MAP3K1 10 7272.795728 0.29016787 0.253591601 0.811825 127242 22421.03 

2 RRAS2 11 4538.533333 0.20934256 0.077714744 0.709472 116030 20096.75 

3 MAPK14 15 2673.262453 0.19738989 0.234974103 0.687222 104510 17866.56 

4 MAP2K2 7 3735.602919 0.27252252 0.164462319 0.79466 78638 13730.31 

5 MAP2K1 7 3735.602919 0.27252252 0.164462319 0.79466 78638 13730.31 

6 MAPK8 15 3061.153803 0.23449612 0.42426512 0.748887 64332 11234.93 

7 MAP3K7 8 2091.654951 0.23269231 0.102705189 0.746345 50958 8843.123 
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 747 

Table 3 Molecular docking score of Proanthocyanidins and Standard compounds 748 

Compound  

3LHJ (MAPK) 1IVO (VEGF) 2W96 (EGFR) 5KIR (CDK-4) 1FLT (COX-) 

Glide 

score 

Binding 

site 

Glide 

score 

Binding 

site 

Glide 

score 

Binding 

site 

Glide 

score 

Binding 

site 

Glide 

score 

Binding 

site 

Proanthocyanidins -5.40 ASP168 
ASP150 

LYS152 
SER154 

-6.41 GLU258 

ARG220 

LYS237 

GLU221 

THR239 

-5.86 ARG62 

LYS114 

LEU6 

ASN134 

-8.94 LEU224 
(A and 

B chain) 

PHE142 
ASN375 

 

-8.07 ARG56 

CYX57 

GLU30 

LEU32 

Standard -3.76 ASP150 
SER154 

-5.40 ASP239 

CYX302 

ASP279 

-4.68 LEU6 

ASN134 

GLU56 

-8.24 SER143 

GLN374 
PHE142 

ARG376 

ASN375 
GLY225 

LEU224 

 

-7.16 CYX57 

GLU30 

LEU32 

THR31 

 749 

 750 

 751 

8 MAP2K4 8 2391.066615 0.26477024 0.279365393 0.786395 47236 8272.733 

9 BRAF 4 1833.485714 0.2372549 0.083360844 0.752702 44916 7792.427 

10 RAF1 4 1725.285714 0.23679061 0.086562076 0.752066 43202 7488.727 

11 MOS 3 1365.285714 0.23540856 0.079916249 0.750159 40002 6895.225 

12 MAPK8IP3 5 1996.88087 0.25965665 0.269444105 0.780674 34182 6030.865 

13 MAP2K3 5 1147.074001 0.22201835 0.122817522 0.730451 34228 5896.858 

14 MAP2K6 5 1147.074001 0.22201835 0.122817522 0.730451 34228 5896.858 

15 CHUK 5 1114.328585 0.24948454 0.109901126 0.768595 33736 5809.409 

16 MAP3K8 4 903.1983776 0.2372549 0.099654664 0.752702 32802 5618.381 

17 MAPK1 13 2687.230887 0.22616822 0.141332404 0.736809 26342 4840.556 

18 TRAF2 4 1681.627508 0.25473684 0.077493753 0.774952 21202 3814.789 

19 MAP3K5 6 1759.153699 0.23449612 0.084352735 0.748887 18334 3350.037 

20 PPM1A 4 612.0746341 0.23632813 0.15462843 0.75143 15302 2653.203 
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Abstract
The aim of the present study is to develop keratin nanoparticles (NPs) encapsulated inDunaliella
bardawil (D. bardawil) biomass, in order to improve their glucose uptake in 3T3-L1 adipocytes. The
graph theoretical approach has provided a platform to identify PTP-1B and AMPK as an effective
drug target. Docking results of the active constituents ofD. bardawil showed a strong interaction
with binding pockets of identified PTP-1B andAMPK. The encapsulation efficiency, drug release,
stability and physicochemical properties of preparedNPs were analyzed usingUV−visible
spectrophotometry, Fourier transform infrared spectrophotometry, x-ray diffraction, scanning
and tunneling electronmicroscopy, and Zeta size analysis. Further, encapsulated keratinNPs were
screened for their in vitro cytotoxicity and glucose uptake studies. The study report of biomass
encapsulated keratinNPs showed no toxicity at lower concentrations and 81.23±6.56% cellular
viability at 30 μg in 3T3-L1 adipocytes.Moreover, the effect of keratinNPs (30 μg) on glucose
utilization (58.56±4.54%)was higher than that ofMetformin (10 μM) or insulin (10 μM). The
observed higher level of glucose utilizationmay lead to the development of novel ways to enhance
biological activities.

1. Introduction

The incidence of Type 2 diabetes mellitus (T2DM) has
become a larger medical issue now across the world;
T2DMhas afflicted∼380+million individuals and is
expected to go over 590+ million by 2035 [1]. More-
over, increasing affliction of T2DM was primarily
thought of as affecting adult populations, but it affects
victims at an early age of their growth [2]. T2DM is a
well known syndrome of relative insulin deficiency
and is characterized by the body’s cells not responding
to insulin due to insulin resistance in insulin-sensitive
tissues [3]. Insulin resistance is a phenomenon of

muscle, adipocytes and liver that manifests early in the
disease. As a result, more insulin is required to
convince fat, muscle and liver cells to take up glucose.
Glucose-transporter-4 (GLUT4) is a transmembrane
transporter protein involved in glucose uptake in
adipocytes. The insulin signalling pathway involves
rapid transportation from cytosol to reach the plasma
membrane. Cytosolic glucose utilization can be pre-
dicted through the concentration of cytosolic glucose
entering across the plasma membrane [4]. A number
of therapeutic agents exist to enhance glucose utiliza-
tion in people with T2DM, including biguanides
[5], sulfonylureas [6], meglitinide derivatives [7],

RECEIVED

14December 2017

REVISED

24March 2018

ACCEPTED FOR PUBLICATION

10April 2018

PUBLISHED

4May 2018

© 2018 IOPPublishing Ltd

https://doi.org/10.1088/1748-605X/aabcea
https://orcid.org/0000-0002-6741-5118
https://orcid.org/0000-0002-6741-5118
https://orcid.org/0000-0002-8197-4688
https://orcid.org/0000-0002-8197-4688
mailto:selvapharmabio@gmail.com
https://doi.org/10.1088/1748-605X/aabcea
http://crossmark.crossref.org/dialog/?doi=10.1088/1748-605X/aabcea&domain=pdf&date_stamp=2018-05-04
http://crossmark.crossref.org/dialog/?doi=10.1088/1748-605X/aabcea&domain=pdf&date_stamp=2018-05-04


alpha-glucosidase inhibitors [8], thiazolidinediones
[9], glucagon like peptide–1 agonists [8], dipeptidyl
peptidase IV inhibitors [10], selective sodium-glucose
transporter-2 inhibitors [11], insulins, amylinomi-
metics [12], bile acid sequestrants and dopamine
agonists [13]. Unfortunately, the available therapeutic
agents have inadequate efficacy, low tolerability and
produce mechanism-based undesirable side effects.
Therefore, there is an opportunity to develop alter-
native therapies for the treatment of T2DM, to bring
down the incidence and perhaps arrest its increasing
impact on the global population.

Numerous research reports have showed that
β-cell dysfunction and insulin resistance precedes the
development of hyperglycemia in subjects that even-
tually develop T2DM [14]. Many of the genes or pro-
teins and their signaling were associated with T2DM.
The signaling pathway analyses were identified as reg-
ulators of cell turnover or regeneration [15]. A
graph theoretical analysis was projected for metabolic
networks including enzymes, genes and proteins and
synergistic binding of ligands to active drugs [16].
Graph theoretical network analyses were applied to
identify suitable targets for effective glucose utilization
in adipocytes. The developed network result highlights
PTP-1B and AMP-activated kinase (AMPK) as an
effective drug target; of the PTPs, PTP-1B (also known
as PTP-N1) is known to influence insulin signaling; it
enhances insulin receptor function and furthermore
encourages AMPK intervened GLUT4 translocation
[17]. Moreover, several studies have demonstrated
that down-regulation of PTP-1B and positive regula-
tion of AMPK and their signaling pathways are poten-
tial check points in the advancement of new
medications in the treatment of T2DM and obesity
[18]. Medicinal plants and their natural bioactive
molecules have already been reported as useful ther-
apeutic agents against diabetes [19].

In view of the above fact, theDunaliella bardawil is
a unicellular wall-less biflagellate halotolerant green
alga found naturally in habitats such as salt marshes; it
is effectively involved in the production of bioactive
metabolites and can accumulate very large amounts of
carotenoids, glycerol, lipids, vitamins, amino acids,
polysaccharides and proteins [20]. Among these, car-
otenoids are particularly attractive because of their
biological properties, including antioxidation and
inhibition of reactive oxygen species synthesis, with
possible anti-diabetic action [21, 22]. Additionally,
carotenoids are important precursors of vitaminA and
retinoid synthesis in humans and other animals [23].
The carotenoids are well known singlet oxygen (1O2)
quenchers and scavengers of other reactive oxygen
species (ROS) [24]. Francisco et al studied the effect of
Dunaliella sp. extract on streptozotocin (STZ) induced
diabetic rats in vitro and in vivo. Results showed that
most of the parameters used in the treatment were
beneficial for diabetic animals; though an increase in
hyperglycemia and 8-isoprostane excretion when STZ

treated animals received the extract was observed [25].
Therefore, D. bardawil is an important source for var-
ious bioactive compounds and anti-diabetic agents.

Dunaliella bardawil biomass has been fabricated
into nanoformulations to improve the efficacy of
poorly soluble or limitedly active molecules in tradi-
tional systemic therapies. Among the nanoformula-
tions, nanocarrier based drug delivery systems have
considerable interest in transport and deliver drugs
which are undestroyed in biological fluids, and cannot
readily diffuse across the mucosal barrier [26].
Recently, several nanocarriers such as liposomes, inor-
ganic metals (gold, silver, cerium, platinum, iron
oxide and mesoporous silica), proteins, lipids, synth-
etic polymers, polymer-drug conjugates, dendrimers,
polymeric micelles, etc, have been explored to deliver
therapeutic drugs with excellent efficacy. In general,
proteins are recognized as suitable materials in tar-
geted drug delivery, as they are intrinsically stable in
aqueous environments and have very high drug load-
ing capacity, biodegradability, immunocompatibility
and controlled release profile, so that particular pro-
teins can be chosen as carriers to avoid complications
involved with protein hydrophobicity. The protein
polypeptide found selectively as the protein keratin in
human hair, nails, horns of animals, feathers of birds
was found to be water soluble and biocompatible [27].
Most prominently, keratin is abundantly present in
human hair and is a widely accessible wastematerial in
almost all cities and towns around the world [28].
Waste hair causes environmental trouble through pro-
ducing toxic gases when burnt. The best way to
address such problems is to develop systems which
utilize the waste material as a resource. As a potential
material resource, human hair has the advantages of
being completely biodegradable, renewable, and avail-
able in every locality. Moreover, review of the litera-
ture reveals that keratin contains 20 essential amino
acids; among these L-cysteine, L-leucine, L-isoleucine
and L-valine have been obtained in large amounts and
are used as biomaterials in therapeutic applications
[29]. A mixture of amino acids and polypeptides
obtained from human hair, known as hydrolyzed
human hair keratin protein (HHKP) is used as a
source of biomaterials for therapeutic applica-
tions [30].

Here, 3T3-L1 adipocyte cells have been selected as
a target system for the evaluation of glucose utilization
and metabolism. The glucose uptake on adipocytes
shall be established by down-regulation of PTP-1B
with positive responses of insulin increases energy sto-
rage or utilization involves the regulated transport of
glucose into the cell, mediated by the facilitative glu-
cose transporter GLUT4. Insulin increases glucose
uptake mainly by enriching the concentration of
GLUT4 proteins at the plasmamembrane, rather than
by increasing the intrinsic activity of the transporter
[31]. In this work, 6-(N-(7-nitrobenz-2-oxa-1,
3-diazol-4-yl) amino)-2-deoxyglucose (6-NBDG), a
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fluorescent non-hydrolysable glucose analog has been
used to quantify insulin-stimulated glucose utilization
in 3T3-L1 adipocyte cells. This assaymonitors the effect
of accelerated glucose transport on the quantity of
NBDG accumulation inside the cell. Further, we inves-
tigated the detailed molecular basis underlying the
effective glucose utilization of D. bardawil biomass
encapsulated keratin nanoparticles by focusing on the
down-regulation of PTP-1B andAMPK signaling path-
waysmediating glucose uptake in 3T3-L1 adipocytes.

2. Experimental section

2.1.Materials
Human hair was collected from hairdressers located
near Kalasalingam University Campus, Krishnankoil,
India. The chemicals 2-mercaptoethanol, Tris-HCl,
thiourea, Bradford protein assay reagent, Sodium
dodecyl sulfate (SDS), 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-tetrazolium bromide (MTT), insulin,
L-glutamine, Fetal bovine serum (FBS), Streptomycin,
Penicillin and Dulbecco’s modified Eagle’s medium
(DMEM) were obtained from Himedia Laboratories
Pvt. Ltd., Mumbai, India. 6-(N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl) amino)-2-deoxyglucose (6-NBDG),
1-isobutyl-3-methylxanthine (IBMX) were procured
from Sigma–Aldrich, St Louis, MO, USA. Gibco,
Ontario, Canada supplied the donor calf serum (purity
99%). Alkem Laboratories Ltd., Mumbai, India
donated Pioglitazone, Metformin and Dexametha-
sone drugs. All chemicals and other solvents used were
of analytical category supplied by Merck, Mumbai,
India. D. bardawil (Marine microalgae; Kingdom:
Plantae; Phylum: Chlorophyta; Class: Chlorophyceae;
Order: Volvocales; Family: Dunaliellaceae; Genus:
Dunaliella; Species: D. bardawil) was obtained from
the Central Food Technological Research Institute
(CFTRI) of Mysore, India. The dried algal cells were
subjected to microwave assisted extraction using a
microwave extractor (CATA R) provided by Catalyst
Systems (Pune, India) fitted with a magnetron of
2450MHZ, with nominal power of 850W, and a
reflux unit operating at 2455MHz with 10 power
levels, time controller, exhaust system, beam reflector
and stirring device. This system is operable at a
maximum pressure of 30 bar depending on solvent
composition, volume and working temperature. The
microalgae were sub-cultured and maintained in a
laboratory and used for further investigation. All
laboratory glass items were of BOROSIL quality
supplied by regular established vendors. Cleaning of
all glassware was meticulously carried out using dilute
nitric acid as well as ultra-pure water before drying in a
hot-air oven prior to use.

2.2. Graph theoretical analysis
A graph theoretical analysis [32] was retrieved from
the Kyoto Encyclopedia of Genes and Genomes
database using Cytoscape software 3.3.0 and network
analyses were performed to recognize the roles of
PTP-1B (hsa04910) and AMPK (hsa04152) in the
signaling mechanism. The analyzed network has, in
total, 66 and 81 nodes and 81 and 88 edges for these
enzymes respectively, as shown figures 1(a) and (b),
based on centralitymeasures such as degree, closeness,
eccentricity, eigen vector and radiality. The calculated
value of degree (2), closeness (0.0031), eccentricity (9),
eigen vector (0.2412) and radiality (7.0769) have
indicated the threshold value of all the measures as
well as notable node was found in the network tables 1
and 2 (online supplementary file available at stacks.
iop.org/BMM/13/045012/mmedia).

2.3. in silicomodeling
Molecular docking studies were performed to explain
putative binding aspects of the compounds, as well as
to provide detailed inputs necessary for further
structural optimization. The crystal structure of PTP-
1B and AMPK in complex with STAUROSPORINE
inhibitor and in the absence of a synthetic activator
(PDB ID 4QFG) was extracted from the Brookhaven
Protein Database (PDB http://www.rcsb.org/pdb).
Additions of polar hydrogen atoms, Gasteiger
−Hückel charges and water molecules were removed
as a part of protein preparation. The SKETCHmodule
in the SYBYL program (Tripos Inc., St. Louis, USA)
has been used for generation of 3D structure of the
ligands, Gasteiger−Hückel charges were applied, and
finally a Tripos force field was used for energy-
minimization [33]. Further, a Surflex-Dock program
that was interfaced with Sybyl-X 2.0 was used for
molecular docking study [34]. A default value assigned
by the software was used for miscellaneous other
parameters while docking.

2.4.Dunaliella bardawil culture growth, extraction
and characterization
The sub-cultured Dunaliella bardawil strains were
each grown in a 5 L conical flask containing 3 L of
sterilized modified Johnson’s medium [35, 36]. Each
liter of medium contained [Solution A in 980 ml of
distilled water: NaCl: 5%, MgCl2.6H 2O: 1.5 g,
MgSO4. 7H 2O: 0.5 g, KCl: 0.2 g, CaCl2: 0.2 g, KNO
3:1.0 g, NaHCO3:0.043 g, K2PO4: 0.035 g; Solution
B: Fe-solution in 1 L: Na2EDTA: 1.89 g, FeCl3.6H2O:
2.44 g; Solution C-Trace elements in 1 L: ZnCl2:
4.1 mg, H3BO3:61 mg, CoCl2.6H 2O: 5.1 mg,
CuCl2.2H2O:4.1 mg, MnCl2.4H2O: 4.1 mg,
(NH4)6Mo7O24.4 H 2 O: 38 mg]. Solution A
(2940 ml), solution B (30 ml) and solution C (30 ml)
were taken in 3 L quantities and their pH value
adjusted to 7.5 with HCl. The prepared medium was
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sterilized by autoclaving at 120 °C for 15min; 30ml of
sub-cultured D. bardawil were inoculated into 3 L of
sterilized medium and incubated at 25±2 °C under
white fluorescent light of 52.84 μMol photons m−2 s−1

without aeration. Theflaskwas shaken at 110 rpmmin−1

in an orbital shaker for 15 days. Algae growth and cell
counting was done every day using a light microscope
with Neubauer counter chamber. The intensity of light

Figure 1.PTP-1B insulin-dependent signaling pathway (a); AMPK insulin independent signaling pathway (b).
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was dimmed in the following maximum exponential
growth phase and obtained microalgae cells were sub-
jected to centrifuge for 10 min at 200 RPM using REMI-
R24, followed by microalgae pellets which were air dried
at room temperature to obtain a fine powdery mass.
Microwave assisted extraction (MAE) was carried out by
accuratelyweighing2 gofD.bardawildriedpowderusing
20ml of methanol as solvent with previously optimized
level ofmicrowave power (25%), irradiation temperature
(60 °C) and irradiation time (12.5min). The resulting
extract was filtered and freeze dried by lyophilizer (Christ
Gefriertrocknungsanlagen GmbH Model 1–4) for 48 h
and analyzed for bioactive molecules. The biologically
active compoundswere identifiedusing liquid chromato-
graphy-mass spectrum (LC-MS) (Waters Micromass
Q-ToFMicro,WatersCorporation, 34Maple St.Milford,
MA, USA) with an automatic liquid chromatographic
sampler andanauto injection system.

2.5. Extraction of keratin
Keratin was extracted using human hair according to
the method described by Akira Nakamura et al 2002,
with minor modifications [37]. Disposed short human
hair (Indian male hair) was washed broadly with water
followed by cleanser and air-dried at room temper-
ature. Completely dried hair was washed with ethanol
and outside lipids were expelled using a mixture
of chloroform/methanol (2: 1, v/v) for 24 h. The de-
lipidized hair (20 g)was blendedwith a pH 8.5 solution
(50ml), containing 25mM Tris-HCl, 2.6M thiourea,
5M urea and 5% 2-mercaptoethanol at 50 °C for 1–3
days. Themixturewas filtered and centrifuged at 15000
X g for 20min at room temperature. The supernatant
obtainedwas used as the hair protein portion.

2.6. Preparation ofD. bardawil biomass
encapsulated keratinNPs
The solid dispersion method was followed to prepare
D. bardawil biomass encapsulated NPs [38]: briefly,D.
bardawil biomass (1 mg) was dissolved in 10 ml of
methanol under sonication, and the resulting solution
added to 50 ml of ultra-pure water containing keratin
(4 mg in ethylene glycol pre-dissolved) and sodium
dodecyl sulphate (0.5 mg) drop by drop under con-
tinuousmagnetic stirring. The spontaneous formation
of NPs was identified based on complete disappear-
ance of turbidity upon continuous overnight stirring.
Finally, the organic solvent was removed, which
resulted in NPs being separated out through ultracen-
trifugation. Thus-obtained NPs were washed with
ultra-purewater and used for further characterization.

2.7. Encapsulation efficiency (EE%) and loading
capacity (LC%)
The D. bardawil biomass encapsulation efficiency and
loading capacity were determined using David et al’s
method with slight modifications [39, 40]. Briefly,

D. bardawil biomass in the supernatant (non-encapsu-
lated) after centrifugation of the prepared keratin NPs
solution was detected using UV−visible spectrophoto-
metry. The analysis yielded an absorbance at 440 nm for
D. bardawil. Thus-obtained absorbance values were
converted to quantity D. bardawil biomass using cali-
brated standard plots, and biomass encapsulation effi-
ciency and loading capacity were estimated using the
following equations:

D bardawil

D bardawil

D bardawil

Encapsulation efficiency % Total .

biomass Free . biomass

Total . biomass 100,

=
-

´

( ) [(
)

]/

D bardawil

D bardawil

Loading capacity % Total . biomass

Free . biomass Weight of

Nanoparticles 100.

=
-

´

( ) [(
)

]
/

2.8. in vitro release studies
in vitro studies of D. bardawil biomass release from
keratin NPs were carried out using a dialysis method
[41]. Briefly, free drug (D. bardawil) was separated
from keratin NPs (50 mg) by passing through a
sephadex column of dialysis and immersed in a vial
containing 10 ml of PBS (0.01 M, pH 7.4) or 10 ml of
PBS (0.01 M, pH 5.0), and was subjected to separation
after centrifugation. After completion of the experi-
ment (as the experiment was performed in duplicate),
theNPs suspensionwas equally divided into 10 ml and
transferred into two tubes kept in a shaker at 150 rpm
and 37 °C temperature. Samples were withdrawn at
scheduled time points; the discharged medium was
totally removed and exchanged with an equal volume
of fresh medium. Methanol was used to dissolve and
lipolyze the collected resultant supernatant; further
centrifugation of this solution at 14000×g at 25 °C
ensured collection of biomass which was used for UV
visible spectrophotometric analysis according the
following equation:

A A A%DRC 100 ,0 1 0= - ´( ) /

whereA0=absorbance of the control;A1= absorbance
of the biomass.

2.9. in vitro stability studies
The in vitro stability of D. bardawil biomass encapsu-
lated keratin NPs was assessed using various physiolo-
gical media (10% NaCl, 0.5% BSA) and phosphate
buffer solutions of pH 1.5, 3, 5, 6, 7.4 and 9 [40].
Shortly, 0.5 ml of D. bardawil biomass encapsulated
keratin NP suspension was mixed with 0.5 ml each of
the physiological medium and phosphate buffer solu-
tions, and its maximum absorbance measured after
24 h using theUV−visible spectrophotometer.
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2.10. Physicochemical characterizations ofD.
bardawil biomass encapsulated keratinNPs
2.10.1. Fourier transform infrared spectroscopy (FTIR)
The FTIR analysis of D. bardawil biomass encapsu-
lated keratinNPs were carried out using the potassium
bromide (KBr) disc method. The FTIR spectrum was
obtained on a Shimadzu IR Tracer-100 operated in the
transmission range of 4000–400 cm−1 at a resolution
of 4 cm−1.

2.10.2. Powder x-ray diffraction (XRD) analysis
The physical characteristics of D. bardawil biomass
encapsulated keratinNPswere studied using BRUKER
D 8 Advance ECO XRD system with SSD160 1 D
Detector. Completely dried thin films of the purified
lyophilized D. bardawil biomass encapsulated keratin
NP powder were emplaced, and the detector operated
at a voltage of 20 keV and a current of 30 mA with Cu
Kα 1 radiation (l=1.540 60) in a 2θ (º) configuration.

2.10.3. Scanning electronmicroscopy (SEM)
The morphological characteristics of D. bardawil
biomass encapsulated keratin NPs were studied using
SEM (Carl Zeiss EVO 18). A sample of D. bardawil
biomass encapsulated keratin NPs was placed in a 200
mesh copper grid and observed for particle shape and
size using SEM.

2.10.4. Transmission electronmicroscopy (TEM)
The morphological shape and size of D. bardawil
biomass encapsulated keratin NPs were studied using
TEM (TEM-JEOL model 2100) operated at an accel-
eration voltage of 200 KV. For this purpose, D.
bardawil biomass encapsulated chitosan NPs were re-
dispersed with 1 ml de-ionized water. A few drops of
dispersed NP sample were placed on a carbon coated
copper grid, whichwas air-dried at 60 °C for 5 min.

2.10.5. Particle size analysis
The particle characteristics (average particle size, poly-
dispersity index (PDI) and zeta potential) of freshly
prepared D. bardawil biomass encapsulated keratin
NPs were determined using a Zetasizer Nano ZS
ver.7.03 (Malvern Instruments, Malvern, Worcester-
shire,UnitedKingdom).

2.11. Cell culture
National Centre for Cell Sciences (NCCS), Pune, India
(Order Job No: 1423) supplied 3T3-L1 pre-adipocytes
was preserved in a DMEM medium containing 10%
donor calf serum and 1% mixture of L-glutamine,
penicillin and streptomycin and incubated in a 5%
CO2 humidified atmosphere at 37 °C for 24 h. For
differentiation, 3T3-L1 pre-adipocytes were preserved
in a differentiationmedium (DMEM, 10% fetal bovine
serum, 0.25 mM dexamethasone, 0.5 mM IBMX, and
1 μM insulin) for five days; thereafter, the medium

was changed every two days, resulting in multi-
nucleated differentiated adipocyte cells.

2.12. Study of cell viability
Theviability of 3T3-L1adipocyte cell lines in thepresence
of various concentrations of D. bardawil biomass
(35μgml−1) and D. bardawil biomass encapsulated
keratin NPs (1, 5, 10, 20, 30, 50, 100 and 500 μgml−1)
was measured by 3-(4, 5-Dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) assay. In
short, adipocyte cells were seeded in a 96-multiwell
plate at approximately 6×105 cells/well for 24 h in a
5% CO2 atmosphere to obtain 100% confluence.
After 24 h incubation, the differentiation medium
was replenished with 100 μl of freshly prepared
medium containing various concentrations of D.
bardawil biomass encapsulated keratin NPs. After
24 h of treatment, the mediumwas removed and cells
washed with phosphate-buffered saline (PBS, 0.01 M,
pH 7.4). Subsequently, 100 μl (0.5 mg ml−1) of 0.5%
MTT prepared in serum free medium solution was
added to each well and incubated for 4 h. The cells
thus obtained were fixed, washed and stained with
MTT dye. MTT fixative solution (isopropanol with
0.04 M HCl) of 100 μl was added to the medium,
which was removed after 4 h of incubation. UV
−visible spectrophotometry was used to observe
absorbance at 570 nm for viable cells. Wells of cells
not exposed to D. bardawil biomass encapsulated
keratin NPs were taken as control. The percentage of
cell viability was calculated using the following
equation:

A AViability % 100,t c= ´( ) /

where At and Ac are mean absorbance of D. bardawil
biomass encapsulated keratin NP treated and control
cells respectively (n=5; where n is the number of
independent experiments).

2.13. Glucose uptake assay
Glucose uptake was measured via 6-NBDG uptake
in an enzymatic fluorometric assay developed by
Yamamoto et al and Chowdhury et al with slight
modification [42, 43]. In short, fully differentiated
3T3-L1 adipocyte cells (6×105 cells/well) were
grown in a 24-well plate with insulin and serum
starved DMEM in the night before the experiment.
The cells were then treated with 200 μl of differentia-
tion medium containing various concentrations of D.
bardawil biomass encapsulated keratin NPs (1, 5, 20,
30 μg/well), standard drugs such as Pioglitazone
(10 μM/well), human insulin (10 μM/well), Metfor-
min (10 μM/well) and lyophilized D. bardawil bio-
mass (30 μg/well) for 24 h. The treated cells were
initially stimulated with 10 μM of insulin for 15 min;
after that cells were rinsed carefully with ice-cold
phosphate-buffered saline to stop the reaction and
subsequently incubated with 100 μl of 20 μM
6-NBDG for 30 min. Finally, cells were washed and
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lysed with 0.5 N NaOH/0.1% SDS. The lysed cells were
mixedwith30μl ofDMSOand subjected tofluorescence
measurement by microplate reader using excitation/
emissionwavelengths of 466/540 nm, respectively.

2.14. Statistical analysis
In all cases, experiments were replicated six times and
quantitative data depicted as mean±standard devia-
tion (SD). The data analysis and graphing was carried
out by SPSS statistics version 20.0 software (SPSS Inc.,
Chicago, IL, USA) using one way analysis of variance
(ANOVA) and Dunnett’s multiple comparison test.
All statistical analyses were conducted with statistical
significance at p<0.05 confidence level.

3. Results

3.1. in silicomodeling
The predicted binding free energies of the com-
pounds are listed in table 1. The docking study
revealed that all the compounds showed significant
docking scores against AMPK. As depicted in the
figures 2(a)–(c): compound leutin makes a hydrogen
bonding interaction at the active site of the enzyme
(PDB ID: 4QFG); hydrogen atom of hydroxyl group

makes an interaction with carbonyl group of SER97
(−OH ———— O=C-SER97, 1.99 Å). As depicted
in figures 3(a)–(c), compound zeaxanthin makes a
hydrogen bonding interaction at the active site of the
enzyme (PDB ID: 4QFG); oxygen atom of hydroxyl
group makes an interaction with the hydrogen of
TYR95 (−HO————H-TYR95, 2.63 Å).

3.2. Identification of bioactive compounds
The D. bardawil biomass obtained through microwave
assisted extract was analyzed for bioactive compounds
using LC-MS. The chromatogramobtained displayed six
bioactive compounds, as shown in figure 4. Six major
bioactive compoundswere identified:β-carotene, lutein,
zeaxanthin, phytoene, canthaxanthin andphytofluene.

3.3. Characterizations of humanhair keratin
The purified human hair extract was found to contain
92.5±4.5% keratin as compared to analytical grade
keratin (obtained from Himedia Laboratories, Mum-
bai, India).

3.4.D. bardawil biomass encapsulated keratinNPs
D. bardawil biomass encapsulated keratin NPs were
prepared using the modified solvent dispersion
method. The formation of NPs was confirmed by the

Table 1. SurflexDocking score (kcal/mol) of the compounds.

Compounds C scorea Crash scoreb Polar scorec D scored PMF scoree G scoref Chem scoreg

Betacarotene 8.38 −3.11 0.00 −170.765 5.702 −299.122 −38.598

Leutin 5.88 −3.21 1.10 −144.750 9.554 −188.278 −31.930

Zeaxanthin 5.56 −3.83 0.18 −157.905 -0.742 −183.391 −37.779

a C Score (consensus score), integrating a number of popular scoring functions for ranking the affinity of ligands bound to the active site

of a receptor.
b Crash score, revealing inappropriate penetration into the binding site. Crash scores close to 0 are favorable. Negative numbers indicate

penetration.
c Polar score, indicating the contribution of the polar interactions to the total score. The polar scoremay be useful for excluding docking

results thatmake no hydrogen bonds.
d D score, indicating charge and van derWaals interactions between the protein and the ligand.
e PMF score, indicating theHelmholtz free energies of interactions for protein-ligand atompairs (PMF= potential ofmean force).
f G score, showing hydrogen bonding, complex (ligand–protein) and internal (ligand–ligand) energies.
g Chem score, giving points forH-bonding, lipophilic contact and rotational entropy, alongwith an intercept term.

Figure 2.Docked view of compound leutin at the active site of the enzyme PDB: 4QFG.
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complete disappearance of opalescence and precipita-
tion from the solution. The measurement of absor-
bance at various time intervals also confirms NP

formation. Figure 5(a) shows keratin solution,
figures 5(b) and (c) show D. bardawil biomass
encapsulated slowly with a keratin NPs solution at

Figure 4. LC-MS chromatogramofmethanolic extract ofD. bardawil biomass (a) and identified bioactive compounds (b).

Figure 5.Keratin solution (a); entrapment ofD. bardawil biomass in keratin solutionwas observed at various time intervals including
60 min (b), and 600 min (c).

Figure 3.Docked view of compound zeaxanthin at the active site of the enzyme PDB: 4QFG.
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time intervals of 60 min and 600 min respectively. The
initial color of the solution after adding D. bardawil
biomass was dark green with opalescence; upon
continuous overnight stirring, the color of the solution
changed to light yellowish green and then to a clear
solution. The observed color change and disappear-
ance of opalescence clearly indicated that D. bardwil
biomass was completely encapsulated with keratin,
and thus the formation of D. bardwil biomass keratin
NPs was confirmed. The prepared D. bardwil biomass
encapsulated keratin NPs were further characterized
and used for biological applications.

3.5. Loading and encapsulation efficiency ofD.
bardawil biomass
The effect of loading and encapsulation efficiency of
D. bardawil biomass in keratin solution was found to
be about 9.86% and 88±4.7% respectively. Our
finding suggests that the higher encapsulation effi-
ciency of D. bardawil biomass may be due to better
interaction of functional compounds present in the
keratinwith active compounds present in the biomass.

3.6. in vitroD. bardawil biomass release studies
in vitro drug release studies were carried out using
dialysis membrane with pH 5.0 and 7.4 at 37 °C in
PBS. The data of percentage drug release were shown
in figure 6. The release of D. bardawil biomass from
D. bardawil PBS solution was fast; cumulative release
content was 88% and 90% at pH 5.0 and pH 7.4 within
7 h, respectively. The cumulative release ofD. bardawil
biomass from keratin NPs was 17.5%, 15.0% within
5 h, respectively. The highest amounts of D. bardawil
biomass released from keratin NPs were 77.34±
6.26% and 79.96±4.73% within 30 h in pH 5.0 and
pH7.4 respectively.

3.7. in vitro stability studies
Figure 7 shows the in vitro stability of prepared
D. bardawil biomass encapsulated keratin NPs in
physiological medium (a) and in various buffer solu-
tions (b). The D. bardawil biomass encapsulated
keratin NPs showed maximum absorbance in the
ranges between 410–415 nm and 415–422 nm in
physiologicalmedium and pHbuffer solutions respec-
tively. In both media, D. bardawil biomass

Figure 6. In vitro D. bardawil biomass release behavior of keratinNPs in pH5.0 and pH7.4 at 37 °C in PBS buffer as a function of time.
Data are represented asmean± standard deviation (n=3).

Figure 7. In vitro stability ofD. bardawil biomass encapsulated keratinNPs in physiologicalmedium and various pHbuffers. A stable
peak appeared for 10%NaCl, and 0.5%BSA, between the range 410–415 nm (a); a stable peakwas recorded in phosphate buffer
solutions of various pH (1.5, 3, 5, 6, 7.4 and 9)within the range 415–422 nm (b).
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encapsulated keratin NPs showed approximately
5–8 nm shifts in theirmaximum absorbance at neutral
pH; this result indicates the higher stability of the D.
bardawil biomass encapsulated keratinNPs.

3.8. Physicochemical characterizations
3.8.1. Fourier transform infrared spectroscopy (FTIR)
Figure 8 demonstrates FTIR spectra of D. bardawil
biomass encapsulated keratin NPs. Keratin exhibits
characteristic absorption bands at 1700–1600 cm−1

(amide I) and 1560–1500 cm−1 (amide II) regions of
α-helix, β-sheet, β-turn coil confirmation. Among these
regions, amide I (due to the C=O stretch vibrations of
the peptide linkages) is more sensitive to protein
secondary structures. Itmaybenoteworthy thatα-helical
conformation has amide I and II (mainly from in-plane
N–H bending and from the C−N stretching vibration)

bands between 1657 and 1650 cm−1 and between 1550
and 1540 cm−1, respectively. Further, encapsulated D.
bardawil biomass showed an intense peak at 3352 cm−1

(O−H stretching), 2916 cm−1 and 2360 cm−1 (C−H
stretching), 1662 cm−1 (C=C stretching), 1541 cm−1

(N−H stretching), 1409 cm−1 and 1338 cm−1 (−CH2

stretching), 1111 cm−1, 1051 cm−1 (C=O stretching),
734 cm−1, 675 cm−1, 619 cm−1 and 586 cm−1 (=C−H
bending) showed very successful encapsulation of D.
bardawilbiomass intokeratin.

3.8.2. X-ray diffraction analysis
The XRD diffractogram obtained to assess the physical
characterization ofD. bardawilbiomass encapsulatedNPs
is shown infigure 9; diffractionpeaks at 2θ=5, 22 and43
indicate that the NPs have a mixed amorphous−crystal-
line structure. The size of D. bardawil biomass

Figure 8. FTIR spectra ofD. bardawil biomass encapsulated keratinNPs.

Figure 9.XRDpattern ofD. bardawil biomass encapsulated keratinNPs.
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encapsulated keratin NPs was calculated by the Debye–
Scherrer equation:

D k s cos ,l b q= /

where D is crystallite size, K is the size-dependent
Debye–Scherrer constant (0.94 for spherical particles),
λ is incident X-radiation wavelength (1.548 Å) and βs
is full peak width at half maximum. Average size of the
D. bardawil biomass encapsulated keratin NPs has
been calculated to be 155 nm.

3.8.3. Scanning electronmicroscopy (SEM)
Figures 10(a) and (b) show the SEM images of
D. bardawil biomass encapsulated keratin NPs having
spherical morphological shapes without agglomera-
tion. The particle size of the NPs was found to be
100–160 nm.

3.8.4. Transmission electronmicroscopy (TEM)
The TEM images shown in figures 11(a) and (b) clearly
provided the morphological shape and size of
D. bardawil biomass encapsulated keratin NPs. The

keratin NPs mostly appeared to be spherical in shape
and exhibited variation in particle size ranging from
100–150 nm.

3.8.5. Particle size analysis
Figure 12 showed the average particle size (a) and zeta
potential (b) of D. bardawil biomass encapsulated
keratin NPs. The average size distribution of
D. bardawil biomass encapsulated keratin NPs mea-
sured using DLS was 159±5.65 nm and polydisper-
sity index (PDI) value was 0.56±0.35, indicating that
the NPs were monodispersed. The zeta potential of
D. bardawil biomass encapsulated NSC NPs were
found to be −32±8 mV, demonstrating its good
stability.

3.9. in vitro cytotoxicity studies ofD. bardawil
biomass encapsulated keratinNPs
On the basis of insulin signalling pathway analyses and
subsequent molecular docking study reports, the in vitro
cytotoxicity assay was performed onD. bardawil biomass
encapsulated keratin NPs. Figure 13(a) showed the

Figure 10. SEM image ofD. bardawil biomass encapsulated keratinNPs.

Figure 11.TEM image ofD. bardawil biomass encapsulated keratinNPs.
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cytotoxic effect ofD. bardawil biomass (35μgml−1) and
D. bardawil biomass encapsulated keratin NPs at various
concentrations (1, 5, 10, 20, 30, 50, 100 and 500μgml−1)
in differentiated 3T3-L1 adipocytes for 24 h. The cellular
viability decreased with increasing concentration of
D. bardawil biomass encapsulated keratin NPs in 3T3-L1
adipocytes. Further, the results indicated that higher
concentrations of D. bardawil biomass encapsulated
keratinNPs enable cellular viability in 3T3-L1 adipocytes.
About 51.03±4.86%cellular viabilitywas observedwith
500μg D. bardawil biomass encapsulated keratin NPs,
and 81.23±6.56% cellular viability was observed at
30μg. Figure 13(b) showed the non-toxicity effect at
30μgofD.bardawilbiomass encapsulatedkeratinNPs.

3.10. in vitro glucose utilization efficiency studies of
D. bardawil biomass encapsulated keratinNPs
The effect of glucose utilization efficiency of D. bardawil
biomass encapsulated keratin NPs was measured using
6-NBDG in 3T3-L1 adipocytes. Figure 14 showed the
glucose utilization efficiency of D. bardawil biomass,
various concentrations of D. bardawil biomass encapsu-
lated keratin NPs and standard drugs. The differentiated
3T3-L1 adipocytes were pre-incubated with D. bardawil
biomass (30μg), various concentrations of D. bardawil
biomass encapsulated keratin NPs (1, 5, 20, 30μg),
human insulin (10μM), Pioglitazone (10μM) and
Metformin (10μM) for 24 h. The D. bardawil biomass
treated 3T3-L1 adipocytes showed the lowest

Figure 12.DLSmeasurement of average particle size ofD. bardawil biomass encapsulated keratinNPs (a); zeta potential ofD. bardawil
biomass encapsulated keratinNPs (b).

Figure 13. In vitro cytotoxic effect ofD. bardawil biomass encapsulated keratinNPs at various concentrations. Data are presented as
mean±standard deviation (n=5 in each group) (a); microscopic images of non-toxic effect of 30 μgD. bardawil biomass
encapsulated keratinNPs (at the rate 10% loading efficiency and 88%encapsulation efficiency) before (b) and after 24 h (c) treated
cells.
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(36.35±3.46%) uptake of glucose when compared with
(30μg) ofD. bardawil biomass encapsulated keratin NPs
(58.56±4.52%), insulin (53.34±4.3.23%), Pioglita-
zone (58.54±4.86%) andMetformin (46.56±4.01%).
The D. bardawil biomass encapsulated keratin NPs
treated 3T3-L1 adipocytes showed concentration depen-
dent increase in glucose uptake which is a very significant
observation confirming the site specific drug delivery.
Further, the effect on glucose uptake of 30μg of D.
bardawilbiomass encapsulated keratinNPswas similar to
that of Pioglitazone and higher than that ofMetformin in
3T3-L1adipocytes.

4.Discussion

Nanotechnology and the nanocarrier approach to
drug delivery have come to play a major experimental
role in recent years; this thrust could lead to changes in
the treatment of degenerative diseases to penetrate
cells more efficiently, as well as to effect targeted
interaction at specific sites and faster absorption of
drugs. Further, achieving a controlled release of
intended drugs into cells and membranes will have
minimal side effects. The current study has focused on
this approach in the development of a biodegradable
nanocarrier based delivery system for D. bardawil
biomass and its major bioactive molecules (β-caro-
tene, lutein and zeaxanthin), to examine the efficiency
of glucose utilization on 3T3-L1 adipocytes. The
results obtained suggest that developed D. bardawil
biomass encapsulated keratin NP formulations show
sustained drug release and very high bioavailability,
up-regulate the insulin signaling pathway and have
great potential to enhance the intracellular protein
transport system. Further, the results indicate that
30 μg D. bardawil biomass encapsulated keratin NPs
showed the highest glucose utilization on fully differ-
entiated 3T3-L1 adipocytes. Essentially, glucose

uptake takes place through a group of glucose
transporter protein and is improved through insulin
action via availability of GLUT4 transporters from
vesicles to the cell membrane, enabling increased
transporter density and improved glucose influx [44].

Marine microalgae are an abundant source of
many bioactive molecules, including β-carotene,
zeaxanthin, lutein, canthaxanthin, etc. The car-
otenoids are well known antioxidants with possible
benefits in diabetes mellitus [45, 46]. The high content
of carotenoids from D. bardawil can be successively
extracted through an eco-friendly process of micro-
wave assisted extraction with very low consumption of
solvent. In general, these bioactive molecules cannot
enter cells easily because of their hydrophilicity and
high molecular weight. For effective utilization, cova-
lent attachment of drugs with targeted cells will enable
easy entrapment of cells and thus nanoformulation
will be a suitable nanocarrier system. Protein NPs as
drug delivery cargo have attracted much attention
with respect to the treatment of degenerative diseases.
Nanocarrier based delivery systems not only deliver
drugs, they also increase bioavailability, avoid degra-
dation of the active molecules in the stomach due to
pepsin action of gastric juice and also reduce mech-
anism-based side effects [47]. The carrier selected for
the current study, keratin, is a cysteine-rich structural
protein which has shown excellent biocompatibility
and low toxicity to cells, thus representing a very pro-
mising material in the nanocarrier based drug delivery
system.

TheD. bardawil biomass encapsulated keratinNPs
developed here and manufactured by solvent disper-
sion or evaporation methods should be considered a
major area of drug delivery systems research. The eco-
friendly solvent evaporation method was followed for
biomass encapsulated in keratin with the help of SDS
as cross-linking as well as stabilizing agent. Biomass
encapsulation and NP formation was observed via the

Figure 14. In vitro glucose utilization efficiency ofD. bardawil biomass encapsulated keratinNPs in 3T3-L1 adipocytes. Data are
presented asmean±standard deviation (n=3 in each group). ¥p<0.001 as compared to control.#p<0.001 as compared to
control. **p<0.001 as compared to Pioglitazone. *p<0.001 as compared to insulin. †p<0.001 as compared to insulin andD.
bardawil biomass encapsulated keratinNPs (5, 20 μg) (at the rate 10% loading efficiency and 88% encapsulation efficiency).
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disappearance of precipitate and opalescence. NP for-
mation was also confirmed using UV−visible spectro-
photometry, by measuring absorbance at 260–550 nm
at various time intervals. The obtained absorption
peak (λmax) shift clearly indicated thatD. bardawil bio-
mass was completely encapsulated with keratin, and
the formation of keratin NPs thus confirmed. More-
over, the stability of NPs is an important criterion for
targeted action in drug delivery systems. The prepared
D. bardawil biomass encapsulated keratinNPs showed
significant stability in various physiological and
pH buffer media, as well as site specific delivery and
controlled release. Since in a uniformly embedded
drug nanoparticulate system, the drug release is effec-
ted mainly through diffusion or erosion, several para-
meters like particle size, molecular weight and ratio of
the polymer can affect the drug release rate in a matrix
system.

The formation and physical characterization of
D. bardawil biomass encapsulated keratin NPs were
confirmed by FTIR, XRD, SEM, TEM, zeta potential
and DLS techniques. FTIR spectroscopy is a very pow-
erful technique that can reveal interactions between
the functional biomolecules present in theD. bardawil
biomass and the carrier keratin. The FTIR spectrum
obtained has clearly demonstrated the combination of
α-helix, β-sheet, β-turn and random coil conforma-
tions of carrier keratin and functional bioactive mole-
cules in the D. bardawil biomass. Further, the
prominent IR peaks of D. bardawil biomass bioactive
molecules appearing at 1662 cm−1, 1541 cm−1,
1409 cm−1 and 1338 cm−1, 1111 cm−1, 1051 cm−1,
734 cm−1, 675 cm−1, 619 cm−1 and 586 cm−1 suggest
the bioactive molecules were encapsulated in keratin.
XRD analysis confirmed the physical nature of lyophi-
lized D. bardawil biomass encapsulated keratin NPs.
Very reduced peaks were observed at 2θ=5 (111), 22
(211), and 43 (311), which corresponds to the mixed
amorphous−crystalline nature of the NPs. The TEM
image clearly reveals the well distributed nature of pre-
pared NPs in the nanometer range; their size and
shape are due to the encapsulation of biomolecules
present in the biomass. Themorphology of the nanos-
tructures was viewed under SEM showed smooth par-
ticles with spherical structures in nano range (size:
∼155 nm) has been observed. Zeta potential is another
important key factor for the stability of NPs in colloi-
dal suspension [48]. Many research efforts have
revealed that the stability of NPs depends on their
charge. Further, a high absolute value (positive or
negative) of zeta potential indicates high electric
charge on the surface of the drug-loaded NPs, which
can display greater stability along with strong repellent
forces among particles, and preventNP aggregation.

Sub-optimally active drugs encapsulated in pro-
tein NPs with varying size and shape have been suc-
cessfully used in the treatment of various diseases.
However, the size and morphology of NPs play an
important role in site specific activity, as well as

cytotoxicity. The current study reports evidence that
the significant cell viability at 30 μg ofD. bardawil bio-
mass encapsulatedNPswas 81.23±3.56%, and lower
doses also proved the non-cytotoxicity of 3T3-L1 adi-
pocytes. These clearly demonstrate that D. bardawil
biomass encapsulated keratin NPs might trigger intra-
cellular activity without affecting the cytoarchitecture.

Graph theoretical analysis was developed via cen-
trality measures, which play a crucial role in the devel-
opment of biological databases and are essential for
the construction of biological networks. Biological
networks consisting of points (called nodes) con-
nected in some pattern by a set of lines (called arcs)
emulate the structures of real biological systems [49].
Based on the observed results, PTP-1B was identified
as a drug target concerned in metabolic diseases such
as T2DM and obesity [50]. The degree of PTP-1B is 2,
but that interaction happens with two major proteins,
INSR and IRS1 in the network which have degrees of 9
and 7 respectively. Thus, PTP-1B was identified as a
potential target for type 2 diabetes using centrality
measures. The understanding of PTP-1B in metabolic
disease mechanisms is not only beneficial to patients
but also in the discovery of drug targeting and examin-
ing the utility of 5′-adenosine monophosphate-acti-
vated protein kinase (AMPK) mediation for effective
glucose utilization. It has also been reported that neu-
ronal PTP-1B inhibition results in decreased hypotha-
lamic AMPK activity in peripheral tissues and
downstream gene expression changes that promote
leanness and increased energy consumption [51]. The
glucose utilization efficiency of D. bardawil biomass
and biomass encapsulated keratin NPs, Pioglitazone,
insulin and Metformin was compared and investi-
gated; the results showed D. bardawil biomass encap-
sulated keratin NPs to have the highest utilization of
glucose as compared to D. bardawil biomass, insulin
and Metformin. D. bardawil biomass encapsulated
keratin NPs were able to correct the glucose metabo-
lism through the initiation of glycolysis by enhancing
insulin sensitivity and ameliorating insulin resistance.
Keratin NPs might acquire insulin effects on periph-
eral tissues by promoting glucose consumption and
metabolism. Insulin-stimulated glucose uptake into
adipose tissue and skeletal muscle cells are triggered by
translocation of GLUT4 glucose transporter from
intracellular membrane storage sites to the plasma
membrane [52–54]. The study reveals that keratin NP
delivered bioactive compounds might be bound onto
the target site to stimulate the GLUT4, allowing the
transportation of GLUT4 from the vesicle to the
plasmamembrane. This results in the facilitated diffu-
sion of the free glucose into the cell down its con-
centration gradient. Similarly, our previous research
also showed thatMarsilia quadrifoliamediated synthe-
sized gold NPs enhance glucose utilization in adipo-
cytes through the stimulation of GLUT4 translocation
from the cytosolic phase to the cell membrane [43].
Many flavonoids have been reported to up-regulate
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the insulin-dependent pathway and promote translo-
cation of GLUT4 via PI3K/AKT and AMPK pathways
[55]. It is well known that AMPK increases glucose
transport in the absence of insulin by stimulating
translocation of GLUT4 to the skeletal muscle [56].
AMPK acts as a sensor to monitor the balance of ATP
and AMP in mitochondria. During cellular metabolic
or energetic stress, AMPK is activated in order to
increase the AMP/ATP ratio inmitochondria [57, 58].
It is a heterotrimeric enzyme comprising one catalytic
(α1 or α2) subunit and two regulatory (β1 or β2 and
γ1, γ2, or γ3) subunits, and acts as a metabolic sensor
of AMP level. A recent study reported that a furan car-
boxylic acid derivative (D942) increases the glucose in
L6 myocytes by AMPK activation and seen as potent
AMPK activator [59]. D942 activates AMPK directly at
the molecular level in vitro, but binds specifically to
mitochondrial complexes that inhibit activity, result-
ing in the increased ratio of AMP to ATP [60]. Further,
Metformin—a ‘gold standard drug’—enhances glu-
cose uptake via GLUT4 translocation in skeletal mus-
cles through the activation of AMPKwith suppression
of hepatic gluconeogenesis and fatty acid oxidation
[61, 62]. Therefore, AMPK and its signaling pathway
have been considered as potent drug targets for identi-
fication of new drug entities for the treatment of
T2DM and obesity. In the present study, the glucose
utilization efficiency of D. bardawil biomass encapsu-
lated keratin NPs in 3T3-L1 adipocytes was very sig-
nificant when compared to well known anti-diabetic
drugs Metformin and Pioglitazone. Further, the
results indicated that the glucose utilization efficiency
of keratin NPs showed a dose dependent character.
The highest glucose uptake observed at 30 μg keratin
NPs clearly suggests a high content of bioactive mole-
cules entrapped on keratin. This suggests that the
nanoformulation of keratin NPs successfully pene-
trates and releases the bioactive compounds in adipo-
cyte cells with less toxicity.

5. Conclusions

The results of the present study have demonstrated
that D. bardawil biomass encapsulated keratin NPs
effectively enhance the utilization of glucose in 3T3-L1
adipocyte cells through the down-regulation of PTP-
1B and up-regulation of AMPK pathways. The nano
sized formulation with effective cellular penetration
and prompt release behavior of keratin NPs might be
the reason for the highest utilization of glucose in 3T3-
L1 adipocyte cells. The high content of biomolecules
in keratin NPs have increased bioavailability and
might be acting to stimulate GLUT4 translocation
from cytosolic phase to cell membrane. The in vitro
cytotoxic studies of keratin NPs showed significant
cellular viability might be due to the nutrient nature of
keratin supporting cell growth. These potential

benefits of D. bardawil biomass encapsulated keratin
NPs have opened up a new avenue for the develop-
ment of cost effective, powerful glucose lowering
agents in the treatment of type 2 diabetes mellitus.
Hence, further in vivo animal studies will be required
to reveal the exact molecular mechanisms behind the
increase in the utilization of glucose in 3T3-L1
adipocyte cells by D. bardawil biomass encapsulated
keratinNPs.
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Abstract
A series of 2-(2-substituted benzylidenehydrazinyl-2-oxopropyl)-3-(4-[4-oxo-2-phenylthiazolo

din-3-yl]phenyl)quinazolin-4(3H)-one 7a-7l were synthesized and characterized by IR, 1H-NMR,
13C-NMR, mass spectroscopy and elemental analyses. In this present study, the density

functionality theory was performed to identify drug stability. Further we introduced graph

theoretical analysis by utilised Kyoto Encyclopedia of Genes and Genomes (KEGG) data-

base and Cytoscape software to identify drug target. Based on the observed drug target

insilico modeling was executed to know effective drug. The antiepileptic effects of title

compounds were evaluated by using MES and subcutaneous pentylenetetrazole (scPTZ) test.

Acute neurological toxicity of title compounds was studied by using standardized rotorod test.

After 0.5 hr of period many of the compounds showed anticonvulsant activity at MES or scPTZ

test. Comparison of the biological activity of test compounds with its chemical structures indicates

that, compounds possessing electron donating group exhibited superior activity than the analogs

having electron withdrawing moieties. Among the electron donating group tested, amino deriva-

tive exhibited good activity than rest of derivatives. From the study it was concluded that, the

compound 7j was established as very potent compared with rest of the compounds and standard

drugs subjected to biological studies. Thus the compound 2-(2-[4-aminobenzylidene]hydrazinyl-

2-oxopropyl)-3-(4-[4-oxo-2-phenylthiazolidin-3-yl]phenyl) quinazolin-4(3H)-one (7j) came out as

pilot derivative without any neurotoxicity with a wide spectrum of antiepileptic activity.

Highlights
The performed work is having great significance in terms of

• Graph theoretical analysis used to identify drug target

• In silico modeling used to identify designed drug interaction with identify target

• Density functionality studies used to identify synthesized compound energy band gap which

is correlate with enhancement of its biological activity

• Antiepileptic effects of entire synthesized quinazolinone scaffolds were evaluated by MES

and scPTZ test
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• 2-(2-[4-aminobenzylidene]hydrazinyl-2-oxopropyl)-3-(4-[4-oxo-2-phenylthiazolidin-3-yl]phe-

nyl) quinazolin-4(3H)-one (7j) was established as very potent compared to the rest of the com-

pounds and standard drugs which were subjected to biological studies

KEYWORDS

anticonvulsant activity, density functionality theories, graph theoretical analysis, MES test,

Quinazolin-4(3H)-one, scPTZ test and neurotoxicity, Thiazolidin-4-one

1 | INTRODUCTION

In world's population about 1% of people were affected by epi-

lepsy which is a general neurologic affection categorized by

extreme temporary neuronal discharge (Fisher et al., 2005). Still

there is a critical need for the improvement of more safer and

effective Anti epileptic drugs (AEDs) regardless of many available

AEDs because available AEDs not controlling seizure in about 30%

epileptic patients (Sander, 2003). In addition, only 60–80% of

patients are effective towards numerous AEDs such as Phenytoin,

Felbamate, Phenobarbital, Valproate, Lamotrigine, Carbamazepine,

and Vigabatrin, which possess a few undesirable side effects, for

instance nausea, gingival hyperplasia, headache, hirsutism, gastro-

intestinal disturbance, hepatotoxicity, drowsiness, ataxia, and

anorexia (Brodie, Elder, & Kwan, 2009; Holmes, 2008; Majoie, de

Baets, Renier, Lang, & Vincent, 2006). Hence, there is a massive

require for the improvement of novel AEDs with more potency

and minimal side effects. The conformational analysis (Bruno-

Blanch, Galvez, & Garcıa-Domenech, 2003; Estrada & Peña, 2000)

of the available AEDs demonstrated that the pharmacophoric

model for anticonvulsant activity, must consist of (a) Electron

donor atom, (b) Hydrogen bond acceptor/donor unit, and

(3) Substituted/unsubstituted hydrophobic aryl ring system

(Figure. 1). Literature survey indicates that quinazolines and con-

densed quinazolines possess excellent anticonvulsant activity

(Hisano, Ichikawa, Kito, & Nishi, 1972; Jatav, Mishra, Kashaw, &

Stables, 2008; Srivastava & Chandra, 2002; Srivastava & Kumar,

2002). Thiazolidin-4-ones are five member ring systems possessing

nitrogen and sulphur hetero atom which established a lot attention

of medicinal chemists owing to its excellent pharmacological prop-

erties. Various substituents at C-2 and C-3 of thiazolidinones

results in potent anticonvulsant activities (Hisano et al., 1972;

Kaur et al., 2010; Shingalapur, Hosamani, Keri, & Hugar, 2010). In

present work it was predicted that presence of above mentioned

pharmacophore could be benefit for a drug molecule because it

might have anticonvulsant property. Person involved in a research

plan aspiring to find out novel structure pilot that would act as

powerful anticonvulsant agents, it was of curiosity to produce a

number of new thiazolidin-4-one substituted quinazolinones as a

test to get potent and safer anticonvulsant agents. As well the

neurotoxicity of the derivatives was determined. The general

chemical structure of the title quinazolinones aimed to synthesize

and its vital structural features are highlighted in Figure 1.

2 | EXPERIMENTAL

2.1 | Chemistry

By using Thomas Hoover melting point apparatus, in open capillary

tubes melting points (m.p.) were determined and are uncorrected. Using

a Jasco FT-IR 410 (JASCO Corporation, Tokyo, Japan) spectrometer IR

spectra were recorded in potassium bromide disks or film. In Bruker

Avance-500 NMR (Bruker, Optics-Beijing, China) spectrometer using

CDCl3 NMR spectra were recorded with CDCl3 for
13C-NMR and TMS

(tetramethylsilane) for 1H-NMR as an internal standard. Using FAB posi-

tive (fast atom bombardment) in JEOL-SX-102 instrument mass spectra

was recorded. Perkin-Elmer 2,400 analyzer (Perkin Elmer, Foster City,

Calif) was utilized for micro analysis (C, H, and N). From Merck ready-

made silica gel plates were obtained and monitored the development of

entire chemical reactions. Iodine and UV lamp were used as a develop-

ing agent. From SD Fine Chem (Worli Road, Mumbai, India), CDH,

E. Merck India Ltd., and Qualigens, all chemicals and reagents were pro-

cured and were used without further purification.

2.2 | Graph theoretical analysis

The graph theoretical analysis (Kanehisa & Goto, 2000) was engaged by

use of Kyoto Encyclopedia of Genes and Genomes (KEGG) database

and protein interaction network in Homo sapiens was (hsa: 05152) cho-

sen to recognize the significant proteins. The lane was rehabilitated to

a graph with proteins (nodes) and interactions (edges) and it was men-

tioned in Table 1 and Figure 2. The identified nodes (69) and edges

(81) in the network were calculated by centrality of degree, between-

ness, eigenvector, radiality, stress, and closeness. Based on the mea-

surements of its threshold values α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) was identified as convulsant drug tar-

get. The identified AMPA has more noticed because of its interaction

between convulsant proteins. The graph theoretical analysis report of

AMPA was very understandable that indicates AMPA is a significant

target to identify active quinazolinone motifs.

2.3 | Density functionality theory

Computational calculations of the synthesized and standard compounds

were performed using GaussView molecular visualized program

(Güntepe, Saraço�glu, Çalışkan, Yüksektepe, & Cukurovali, 2012) and

Gaussian 03 W package (İnkaya, Dinçer, Ekici, & Cukurovali, 2012) on

the personal computer (Processor [Intel(R) Core(TM)2 Duo CPU E7200
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@ 2.53 DHz]). The molecular structures of the synthesized and standard

in the ground state were optimized by density functional theory using

B3LYP functional with 6-311G (d,p) basis set. The frontier molecular

orbital energies (EHOMO, ELUMO & their energy gap [Eg]) of all molecules

were derived from the optimized structures. The obtained molecular

orbital energy diagrams of the synthesized and standard molecules were

visualized from GaussView molecular visualized program.

2.4 | Molecular docking studies

Molecular docking was performed to get clear idea about the binding

mode of our designed compounds. The crystal structures used was, x-ray

structure of AMPA subtype ionotropic glutamate receptor in complex

with competitive antagonist ZK 200775 (PDB ID: 3KG2) (Gasteiger &

Marsili, 1980). From the protein data bank the proteins were obtained

for the docking studies. For docking the proteins were primed by remov-

ing water molecules and adding polar hydrogen atom by using Gasteiger-

Huckel charges. SYBYL program (Tripos Inc., St. Louis, Missouri) was

used to draw the 3D structures of compounds and the process of energy

minimization. Surflex-Dock program with Sybyl-X 2.0. (T. SYBYL-X,

2012) was used for molecular docking with default values, miscellaneous

parameters and it was represented in Table 2.

2.5 | Synthesis of 2-methyl-benzo-(1,3)-oxazin-
4-one (2)

To a 0.01 mol (1.37 g) anthranilic acid taken in 250 mL round bottom

flask, 0.1 mol (10.2 mL) acetic anhydride (10.2 mL) was added and refluxed

on water bath for 1 hr. Under reduced pressure excess acetic anhydride

was distilled off. Petroleum ether was added to dissolve the residue left

and kept aside for 1 hr. Filtered and dried the light brown solid 1 which

obtained. Yield: 71% (1.15 g), m.p.: 181–183 �C, Rf value: 0.34 [Ethyl ace-

tate: Hexane: Formic acid (4:4:2)]. IR (KBr, cm−1): 3096 (Ar CH), 2,882

(CH3 CH), 1,712 (C O), 1,636 (C N), 1,600 (C C), 1,055 (C O C). 1H

NMR (CDCl3, 500 MHz) δ ppm: 2.38 (s, 3H, CH3), 6.92–7.40 (m, 4H,

Ar H). 13C NMR (CDCl3, 500 MHz) δ ppm: 163.4 (C-2), 162.9 (C-4),

147.2 (C-9), 138.5 (C-7), 128.1 (C-5), 126.8 (C-6), 120.2 (C-8), 117.6

(C-10), 23.4 (CH3). EI-MS m/z: 161 [M+]. Anal. Cald for C9H7NO2: C,

67.07; H, 4.38; N, 8.69. Found: C, 67.16; H, 4.40; N, 8.66.

2.6 | Synthesis of 3-(4-aminophenyl)-2-methyl
quinazolin-4(3H)-one (3)

To a mixture of 0.01 mol (1.61 g) 2-methyl-benzo-(1,3)-oxazin-4-one 1 and

0.01 mol (1.08 g) p-phenylenediamine in 250 mL round bottom flask,

50 mL pyridine (anhydrous) was added and heated on sand bath for 6 hr.

Using ice bath resulting mixture was cooled, and treated with 100 mL

hydrochloric acid (dilute). Filtered the solid 2 separated out, washed with

water, and crystallized using ethanol. Yield: 73% (1.82 g), m.p.: 226–228 �C,

Rf value: 0.36 (Ethyl acetate: Hexane: Formic acid [5:3:2]). IR (KBr, cm−1):

3380 and 3,274 (NH), 3,068 (Ar CH), 2,954 (CH3 CH), 1,730 (C O),

1,641 (C N), 1,609 (C C). 1H NMR (CDCl3, 500 MHz) δ ppm: 2.63 (s, 3H,

CH3), 3.76 (s, 2H, NH2), 6.92–7.97 (m, 8H, Ar-H). 13C NMR (CDCl3,

500 MHz) δ ppm: 165.3 (C-4), 150.6 (C-2), 148.0 (C-9), 144.2 (C0-4),

135.7 (C-7), 129.4 (C-5), 127.2 (C-6), 125.1 (C0-1), 124.5 (C-8), 123.7 (C0-

2 & C0-6), 119.3 (C-10), 115.4 (C’3 & C0-5), 24.9 [CH3]. EI-MS m/z:

251 [M+]. Anal. Cald for C15H13N3O: C, 71.70; H, 5.21; N, 16.72.

Found: C, 71.92; H, 5.19; N, 16.67.

2.7 | Synthesis of 2-methyl-3-(4-[4-oxo-
2-phenylthiazolidin-3-yl]phenyl) quinazolin-4(3H)-
one (4)

3-(4-Aminophenyl)-2-methylquinazolin-4(3H)-one 3 (2.51 g, 0.01 mol)

and benzaldehyde (1.06 g, 0.01 mol) was dissolved in ethanol (20 mL).

To this thioglycolic acid (0.92 g, 0.01 mol) in ethanol (10 mL) and zinc

chloride (0.25 g) in tetrahydrofuran (10 mL) was added with vigorous

stirring and refluxed for 12 hr. The resulting solution was cooled, poured

in crushed ice and stirred well. The product 4 separated was filtered,

dried, and recrystallised using methanol. Yield: 70% (2.89 g), m.p.:

209–211 �C, Rf value: 0.89 (Ethyl acetate: Benzene [5:5]). IR (KBr,

cm−1): 3094 (Ar CH), 2,970 (CH3 CH), 1,706 (C O), 1,658 (C N),

1,613 (C C). 1H NMR (CDCl3, 500 MHz) δ ppm: 2.27 (s, 3H, CH3), 3.90

(s, 2H, CH2 of thiazolidine), 6.05 (s, 1H, CH of thiazolidine), 7.12–8.09

(m, 13H, Ar H). 13C NMR (CDCl3, 500 MHz) δ ppm: 172.3 (C-4 of thi-

azole), 161.7 (C-4), 154.9 (C-2), 147.3 (C-9), 140.1 (C00-1), 139.6 (C0-4),

133.0 (C-7), 131.8 (C-5), 131.2 (C00-2 & C00-6), 130.9 (C00-3 & C00-5),

129.5 (C0-1), 125.1 (C-6), 124.7 (C00-4), 122.6 (C-8), 120.5 (C0-2, C0-3, C0-

5 & C0-6), 118.4 (C-10), 68.9 (C-2 of thiazole), 31.1 (C-5 of thiazole),

23.0 (CH3). EI-MS m/z: 413 [M+]. Anal. Cald for C24H19N3O2S: C,

69.71; H, 4.63; N, 10.16. Found: C, 69.47; H, 4.64; N, 10.19.

2.8 | Synthesis of 2-(3-chloro-2-oxopropyl)-
3-(4-[4-oxo-2-phenylthiazolidin-3-yl]phenyl)
quinazolin-4(3H)-one (5)

2-Methyl-3-(4-[4-oxo-2-phenylthiazolidin-3-yl]phenyl)quinazolin-4(3H)-

one 4 (4.13 g, 0.01 mol) and chloroacetyl chloride (0.01 mol) in ethanol

(25 mL) was refluxed for 5 hr in water bath. The solution obtained was

cooled to room temperature and poured in crushed ice. The separated

solid product 5 was filtered, dried, and recrystallised using ethanol. Yield:

77% (3.76 g), m.p.: 155–157 �C, Rf value: 0.52 (Ethyl acetate: Benzene

[5:5]). IR (KBr, cm−1): 3062 (Ar CH), 2,876 (CH2 CH), 1,735 (C O),

1,640 (C N), 1,628 (C C), 729 (C Cl). 1H NMR (CDCl3, 500 MHz) δ

ppm: 3.05 (s, 2H, CH2 of CH2CO), 3.68 (s, 2H, CH2 of thiazolidine), 5.13

(s, 2H, CH2 of CH2Cl), 6.26 (s, 1H, CH of thiazolidine), 6.82–8.23 (m,

13H, Ar H). 13C-NMR (CDCl3, 500 MHz) δ ppm: 195.6 (CH2COCH2Cl),

170.8 (C-4 of thiazole), 168.2 (C-2), 159.4 (C-4), 149.7 (C-9), 138.1 (C00-

1), 137.9 (C0-4), 135.5 (C-7), 130.3 (C-5), 130.0 (C00-2 & C00-6), 129.6 (C00-

3 & C00-5), 128.8 (C0-1), 128.2 (C-6), 127.5 (C00-4), 123.3 (C-8), 120.7 (C0-

2, C0-3, C0-5 & C0-6), 120.2 (C-10), 67.4 (C-2 of thiazole), 50.1

(CH2COCH2Cl), 38.3 (CH2COCH2Cl), 34.8 (C-5 of thiazole). EI-MS m/z:

489 [M+], 491 [M+2]. Anal. Cald for C26H20ClN3O3S: C, 63.73; H,

4.11; N, 8.58. Found: C, 63.95; H, 4.10; N, 8.56.

2.9 | Synthesis of 2-(3-hydrazino-2-oxopropyl)-
3-(4-[4-oxo-2-phenylthiazolidin-3-yl]phenyl)
quinazolin-4(3H)-one (6)

Hydrazine hydrate (0.50 g, 0.01 mol) was added to a solution con-

taining 2-(3-chloro-2-oxopropyl)-3-(4-[4-oxo-2-phenylthiazolidin-3-yl]

SARAVANAN ET AL. 3



phenyl)quinazolin-4(3H)-one 5 (4.89 g, 0.01 mol) in ethanol (25 mL).

The above solution was refluxed for 10 hr and poured in ice cold

water. The product separated was filtered, dried and recrystallised

using methanol. Yield: 72% (3.49 g), m.p.: 218–220 �C, Rf value: 0.48

(Benzene: Acetic acid [4:6]). IR (KBr, cm−1): 3341 & 3,278 (NH), 3,043

(Ar CH), 2,890 (CH2 CH), 1,716 (C O), 1,662 (C N), 1,615 (C C).

1H NMR (CDCl3, 500 MHz) δ ppm: 2.06 (s, 2H, NH2 of NHNH2), 2.79 (s,

1H, NH of NHNH2), 3.14 (s, 2H, CH2 of CH2CO), 3.90 (s, 2H, CH2 of

thiazolidine), 4.37 (s, 2H, CH2 of CH2NH), 6.12 (s, 1H, CH of thiazolidine),

7.03–8.38 (m, 13H, Ar H). 13C NMR (CDCl3, 500 MHz) δ ppm: 210.5

(CH2COCH2NHNH2), 172.3 (C-4 of thiazole), 166.8 (C-2), 162.0 (C-4),

146.8 (C-9), 140.4 (C00-1), 138.6 (C0-4), 136.2 (C-7), 131.7 (C-5), 131.4

SCHEME 1 Thiazole fused quinazolinone derivatives
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(C00-2 & C00-6), 131.0 (C00-3 & C00-5), 126.9 (C0-1), 126.5 (C-6), 126.2 (C00-

4), 124.0 (C-8), 122.8 (C0-2, C0-3, C0-5 & C0-6), 121.5 (C-10), 66.1 (C-2 of

thiazole), 61.7 (CH2COCH2NHNH2), 43.5 (CH2COCH2NHNH2), 34.9 (C-

5 of thiazole). EI-MS m/z: 485 [M+]. Anal. Cald for C26H23N5O3S: C,

64.31; H, 4.77; N, 14.42. Found: C, 64.52; H, 4.76; N, 14.38.

2.10 | Synthesis of 2-(2-[substitutedbenzylidene]
hydrazinyl-2-oxopropyl)-3-(4-[4-oxo-
2-phenylthiazolidin-3-yl]phenyl) quinazolin-4(3H)-one
(7a-7l)

2-(3-Hydrazino-2-oxopropyl)-3-(4-[4-oxo-2-phenylthiazolidin-3-yl]phenyl)

quinazolin-4(3H)-one 6 (4.85 g, 0.01 mol) and different aromatic

aldehyde (0.01 mol) in ethanol (50 mL) was taken in round bottomed

flask. To this glacial acetic acid (1 mL) was added and refluxed for

overnight and kept aside for 24 hr. Then the solution was poured in

ice cold water, stirred well and separated product 7a-7l was filtered.

The dried product was recrystallised using ethanol. The method used

for the preparation and isolation of the compounds gave materials

of good purity, as evidenced by their spectral analyses and by thin

layer chromatography.

2.11 | 2-(2-[Benzylidene]hydrazinyl-2-oxopropyl)-
3-(4-[4-oxo-2-phenylthiazolidin-3-yl]phenyl)
quinazolin-4(3H)-one (7a)

Yield: 78% (4.47 g), m.p.: 254–256 �C, Rf value: 0.76 [Benzene: Acetic

acid (4:6)]. IR (KBr, cm−1): 3356 (NH), 3,055 (Ar CH), 2,901

(CH2 CH), 1,674 (C O), 1,549 (C C), 1,532 (CH N). 1H NMR

(CDCl3, 500 MHz) δ ppm: 2.15 (s, 1H, NH of CH2NH), 3.02 (s, 2H,

CH2 of CH2CO), 3.78 (s, 2H, CH2 of thiazolidinone), 4.29 (s, 2H, CH2

of CH2NH), 6.20 (s, 1H, CH of thiazolidinone), 6.91–8.20 (m, 18H,

Ar H), 8.39 (s, 1H, CH N). 13C NMR (CDCl3, 500 MHz) δ ppm: 208.1

(CH2COCH2NHN CH), 170.5 (C-4 of thiazole), 167.6 (C-2), 162.3

FIGURE 1 Pharmacophoric pattern of known antiepileptic drugs & title compounds (7a-7l) [Color figure can be viewed at wileyonlinelibrary.com]
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(C-4), 148.9 (C-9), 145.2 (CH2COCH2NHN CH), 141.4 (C00-1), 139.1 (C0-

4), 135.0 (C00 ’-1), 134.7 (C-7), 133.4 (C00 ’-4), 131.3 (C00 ’-2 & C00’-6), 130.8

(C00’-3 & C00 ’-5), 130.2 (C-5), 129.9 (C00-2 & C00-6), 129.6 (C00-3 &

C00-5), 129.1 (C0-1), 127.4 (C-6), 127.0 (C00-4), 123.8 (C-8), 122.5

(C0-2, C0-3, C0-5 & C0-6), 119.3 (C-10), 68.7 (C-2 of thiazole), 64.0

(CH2COCH2NHN=CH), 41.2 (CH2COCH2NHN=CH), 34.6 (C-5 of

thiazole). EI-MS m/z: 573 [M+]. Anal. Cald for C33H27N5O3S: C,

69.09; H, 4.74; N, 12.21. Found: C, 68.87; H, 4.75; N, 12.25.

2.12 | 2-(2-[4-Chlorobenzylidene]hydrazinyl-
2-oxopropyl)-3-(4-[4-oxo-2-phenylthiazolidin-3-yl]
phenyl)quinazolin-4(3H)-one (7b)

Yield: 75% (4.55 g), m.p.: 190–192 �C, Rf value: 0.35 (Benzene: Acetic

acid [4:6]). IR (KBr, cm−1): 3390 (NH), 3,116 (Ar CH), 2,904 (CH2 CH),

1,738 (C O), 1,551 (C C), 1,527 (CH N), 762 (C Cl). 1H NMR (CDCl3,

500 MHz) δ ppm: 2.08 (s, 1H, NH of CH2NH), 2.97 (s, 2H, CH2 of

CH2CO), 3.51 (s, 2H, CH2 of thiazolidinone), 4.06 (s, 2H, CH2 of CH2NH),

6.05 (s, 1H, CH of thiazolidinone), 7.19–8.34 (m, 17H, Ar H), 8.72 (s,

1H, CH N). 13C NMR (CDCl3, 500 MHz) δ ppm: 205.9

(CH2COCH2NHN=CH), 173.2 (C-4 of thiazole), 162.5 (C-2), 160.7 (C-4),

145.1 (C-9), 144.0 (CH2COCH2NHN=CH), 139.8 (C00-1), 138.4 (C0-4),

137.5 (C00 ’-4), 135.3 (C-7), 132.6 (C00 ’-1), 131.0 (C00 ’-2 & C00’-6), 130.4 (C00’-

3 & C00’-5), 127.0 (C-5), 126.7 (C00-2 & C00-6), 126.2 (C00-3 & C00-5), 125.5

(C0-1), 125.1 (C-6), 124.6 (C00-4), 123.0 (C-8), 122.2 (C0-2, C0-3, C0-5 & C0-

6), 121.4 (C-10), 67.8 (C-2 of thiazole), 60.3 (CH2COCH2NHN=CH), 39.9

(CH2COCH2NHN CH), 32.5 (C-5 of thiazole). EI-MS m/z: 607 [M+],

609 [M+2]. Anal. Cald for C33H26ClN5O3S: C, 65.18; H, 4.31; N, 11.52.

Found: C, 65.41; H, 4.30; N, 11.49.

2.13 | 2-(2-[4-Dimethylaminobenzylidene]
hydrazinyl-2-oxopropyl)-3-(4-[4-oxo-2-phenyl
thiazolidin-3-yl]phenyl)quinazolin-4(3H)-one (7c)

Yield: 79% (4.87 g), m.p.: 273–275 �C, Rf value: 0.80 (Benzene: Acetic

acid [4:6]). IR (KBr, cm−1): 3334 (NH), 3,069 (Ar CH), 2,927

(CH2 CH), 1,741 (C O), 1,568 (C C), 1,530 (CH N). 1H NMR

(CDCl3, 500 MHz) δ ppm: 2.24 (s, 1H, NH of CH2NH), 3.29 (s, 2H,

CH2 of CH2CO), 3.52 (s, 6H, N[CH3]2), 3.73 (s, 2H, CH2 of thiazolidi-

none), 4.21 (s, 2H, CH2 of CH2NH), 6.18 (s, 1H, CH of thiazolidinone),

6.86–7.92 (m, 17H, Ar H), 8.45 (s, 1H, CH N). 13C-NMR (CDCl3,

500 MHz) δ ppm: 206.4 (CH2COCH2NHN CH), 171.9 (C-4 of thia-

zole), 165.1 (C-2), 161.2 (C-4), 154.8 (C00’-4), 148.6 (C-9), 142.9

(CH2COCH2NHN CH), 140.5 (C00-1), 136.3 (C0-4), 134.2 (C-7), 132.7

(C00’-2 & C00’-6), 129.3 (C-5), 129.1 (C00-2 & C00-6), 128.5 (C00-3 & C00-5),

128.3 (C0-1), 126.9 (C-6), 126.7 (C00-4), 125.4 (C00’-1), 121.8 (C-8),

121.4 (C0-2, C0-3, C0-5 & C0-6), 119.5 (C-10), 117.1 (C00’-3 & C00’-5),

64.3 (C-2 of thiazole), 62.6 (CH2COCH2NHN CH), 43.1 (N[CH3]2),

40.8 (CH2COCH2NHN CH), 35.4 (C-5 of thiazole). EI-MS m/z:

616 [M+]. Anal. Cald for C35H32N6O3S: C, 68.16; H, 5.23; N, 13.63.

Found: C, 68.39; H, 5.24; N, 13.60.

2.14 | 2-(2-[4-Nitobenzylidene]hydrazinyl-
2-oxopropyl)-3-(4-[4-oxo-2-phenylthiazolidin-3-yl]
phenyl)quinazolin-4(3H)-one (7d)

Yield: 73% (4.51 g), m.p.: 229–231 �C, Rf value: 0.53 (Benzene:

Acetic acid [4:6]). IR (KBr, cm−1): 3357 (NH), 3,042 (Ar CH), 2,944

(CH2 CH), 1,727 (C O), 1,675 (C C), 1,586 (CH N), 1,520 & 1,342

(NO2).
1H NMR (CDCl3, 500 MHz) δ ppm: 2.10 (s, 1H, NH of

CH2NH), 2.83 (s, 2H, CH2 of CH2CO), 3.50 (s, 2H, CH2 of thiazolidi-

none), 4.42 (s, 2H, CH2 of CH2NH), 6.03 (s, 1H, CH of thiazolidi-

none), 6.95–8.37 (m, 17H, Ar H), 8.86 (s, 1H, CH N). 13C NMR

(CDCl3, 500 MHz) δ ppm: 207.2 (CH2COCH2NHN CH), 172.6 (C-4 of

thiazole), 163.9 (C-2), 160.1 (C-4), 153.5 (C00 ’-4), 146.0 (C-9), 144.8

(CH2COCH2NHN=CH), 141.3 (C00 ’-1), 140.7 (C00-1), 138.4 (C0-4),

133.8 (C-7), 131.9 (C00’-2 & C00’-6), 130.2 (C-5), 130.0 (C00-2 & C00-

6), 129.8 (C00-3 & C00-5), 129.5 (C0-1), 128.7 (C-6), 128.4 (C00-4),

123.1 (C-8), 120.6 (C0-2, C0-3, C0-5 & C0-6), 120.0 (C00 ’-3 & C00’-5),

119.3 (C-10), 66.5 (C-2 of thiazole), 62.8 (CH2COCH2NHN CH),

38.4 (CH2COCH2NHN CH), 33.2 (C-5 of thiazole). EI-MS m/z:

618 [M+]. Anal. Cald for C33H26N6O5S: C, 64.07; H, 4.24; N,

13.58. Found: C, 64.31; H, 4.23; N, 13.56.

2.15 | 2-(2-[3-Nitrobenzylidene]hydrazinyl-
2-oxopropyl)-3-(4-[4-oxo-2-phenylthiazolidin-3-yl]
phenyl)quinazolin-4(3H)-one (7e)

Yield: 77% (4.76 g), m.p.: 245–247 �C, Rf value: 0.71 (Benzene: Acetic

acid [4:6]). IR (KBr, cm−1): 3292 (NH), 3,105 (Ar CH), 2,913

(CH2 CH), 1,746 (C O), 1,574 (C C), 1,538 (CH N), 1,519 & 1,331

(NO2).
1H NMR (CDCl3, 500 MHz) δ ppm: 2.32 (s, 1H, NH of CH2NH),

TABLE 1 Antiepileptic activity and neurotoxicity of compounds (7a–
7l) administered intraperitoneally to mice

Compounds

MESa
scPTZb

screening NTc

0.5 hrd 4.0 hrd 0.5 hrd 4.0 hrd 0.5 hrd 4.0 hrd

7a 300 300 300 300 – –

7b 300 – – 300 ND ND

7c 30 100 100 300 – 300

7d – 300 – 300 ND ND

7e – 300 300 – ND ND

7f – – – – ND ND

7g 100 300 100 300 300 –

7h 100 300 100 300 – –

7i 30 100 100 300 – 300

7j 30 30 100 300 – –

7k 300 – – 300 ND ND

7l 30 300 100 300 300 –

Phenytoine 30 30 – – 100 100

Ethosuximidef – – 100 300 – –

The sign – (en-dash) represents an absence of activity at maximum dose
administered (300 mg/kg). ND = Not determined.
a Maximal electroshock test (administered intraperitoneally to mice at
doses ranging from 30 to 300 mg/kg).

b Subcutaneous pentylenetetrazole test (administered intraperitoneally to
mice at doses ranging from 30 to 300 mg/kg).

c Neurotoxicity (administered intraperitoneally to mice at doses ranging
from 30 to 300 mg/kg).

d Time of test after drug administration.
e Reference drug, data for Phenytoin.
f Reference drug, data for Ethosuximide.
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2.80 (s, 2H, CH2 of CH2CO), 3.64 (s, 2H, CH2 of thiazolidinone), 4.38

(s, 2H, CH2 of CH2NH), 6.25 (s, 1H, CH of thiazolidinone), 7.02–8.19

(m, 17H, Ar H), 8.63 (s, 1H, CH N). 13C NMR (CDCl3, 500 MHz) δ

ppm: 205.7 (CH2COCH2NHN=CH), 169.4 (C-4 of thiazole), 163.0 (C-2),

161.5 (C-4), 150.1 (C00’-3), 148.3 (C-9), 142.9 (CH2COCH2NHN=CH),

140.6 (C00-1), 138.2 (C0-4), 136.0 (C00 ’-6), 135.4 (C00’-1), 134.7 (C-7),

131.8 (C00 ’-5), 129.3 (C-5), 129.0 (C00-2 & C00-6), 128.6 (C00-3 & C00-5),

128.1 (C0-1), 127.8 (C-6), 127.3 (C00-4), 126.2 (C00’-2), 125.5 (C00’-4),

120.3 (C-8), 119.8 (C0-2, C0-3, C0-5 & C0-6), 119.1 (C-10), 65.4 (C-2 of

thiazole), 61.9 (CH2COCH2NHN CH), 39.0 (CH2COCH2NHN CH),

34.8 (C-5 of thiazole). EI-MS m/z: 618 [M+]. Anal. Cald for

C33H26N6O5S: C, 64.07; H, 4.24; N, 13.58. Found: C, 63.84; H,

4.25; N, 13.62.

2.16 | 2-(2-[2-Nitrobenzylidene]hydrazinyl-
2-oxopropyl)-3-(4-[4-oxo-2-phenylthiazolidin-3-yl]
phenyl)quinazolin-4(3H)-one (7f )

Yield: 70% (4.33 g), m.p.: 201–203 �C, Rf value: 0.42 (Benzene: Acetic

acid [4:6]). IR (KBr, cm−1): 3375 (NH), 3,051 (Ar CH), 2,908

(CH2 CH), 1,730 (C O), 1,572 (C C), 1,529 (CH N), 1,504 & 1,337

(NO2).
1H NMR (CDCl3, 500 MHz) δ ppm: 2.13 (s, 1H, NH of CH2NH),

3.06 (s, 2H, CH2 of CH2CO), 3.59 (s, 2H, CH2 of thiazolidinone), 4.05

(s, 2H, CH2 of CH2NH), 6.27 (s, 1H, CH of thiazolidinone), 6.84–8.01

(m, 17H, Ar H), 8.30 (s, 1H, CH N). 13C NMR (CDCl3, 500 MHz) δ

ppm: 207.3 (CH2COCH2NHN CH), 173.6 (C-4 of thiazole), 164.7 (C-2),

159.9 (C-4), 147.2 (C00 ’-2), 146.5 (C-9), 144.1 (CH2COCH2NHN CH),

140.8 (C00-1), 139.4 (C0-4), 134.3 (C00’-5), 132.9 (C-7), 131.7 (C00 ’-1), 129.2

(C00 ’-6), 127.5 (C-5), 127.4 (C00-2 & C00-6), 127.0 (C00-3 & C00-5), 126.6 (C0-

1), 125.1 (C-6), 124.9 (C00-4), 124.3 (C00’-1), 123.8 (C-8), 122.5 (C0-2, C0-3,

C0-5 & C0-6), 122.0 (C00 ’-3), 118.7 (C-10), 63.1 (C-2 of thiazole), 60.9

(CH2COCH2NHN CH), 36.4 (CH2COCH2NHN CH), 30.2 (C-5 of thia-

zole). EI-MS m/z: 618 [M+]. Anal. Cald for C33H26N6O5S: C, 64.07; H,

4.24; N, 13.58. Found: C, 64.30; H, 4.25; N, 13.54.

2.17 | 2-(2-[4-Methoxybenzylidene]hydrazinyl-
2-oxopropyl)-3-(4-[4-oxo-2-phenylthiazolidin-3-yl]
phenyl)quinazolin-4(3H)-one (7g)

Yield: 79% (4.76 g), m.p.: 238–240 �C, Rf value: 0.64 (Benzene: Acetic

acid [4:6]). IR (KBr, cm−1): 3348 (NH), 3,042 (Ar CH), 2,924

(CH2 CH), 1,745 (C O), 1,550 (C C), 1,526 (CH N), 1,053

(C O C). 1H NMR (CDCl3, 500 MHz) δ ppm: 2.38 (s, 1H, NH of

CH2NH), 2.84 (s, 2H, CH2 of CH2CO), 3.70 (s, 2H, CH2 of thiazolidi-

none), 4.05 (s, 3H, OCH3), 4.27 (s, 2H, CH2 of CH2NH), 6.02 (s, 1H,

CH of thiazolidinone), 7.13–8.36 (m, 17H, Ar H), 8.75 (s, 1H, CH N).
13C NMR (CDCl3, 500 MHz) δ ppm: 202.5 (CH2COCH2NHN CH),

174.9 (C-4 of thiazole), 161.4 (C-2), 160.1 (C00’-4), 158.7 (C-4), 150.2

(C-9), 145.0 (CH2COCH2NHN CH), 140.6 (C00-1), 138.4 (C0-4), 134.0

(C-7), 132.5 (C00’-2 & C00’-6), 130.1 (C-5), 129.8 (C00-2 & C00-6), 129.6

(C00-3 & C00-5), 129.1 (C0-1), 127.6 (C-6), 126.9 (C00-4), 125.7 (C00’-1),

123.0 (C-8), 122.9 (C0-2, C0-3, C0-5 & C0-6), 121.5 (C-10), 118.2 (C00’-

3 & C00’-5), 64.7 (C-2 of thiazole), 60.6 (CH2COCH2NHN CH), 52.0

(OCH3), 43.1 (CH2COCH2NHN CH), 37.8 (C-5 of thiazole). EI-MS m/z:

FIGURE 2 The AMPA pathway with nodes and edges interaction [Color figure can be viewed at wileyonlinelibrary.com]
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603 [M+]. Anal. Cald for C34H29N5O4S: C, 67.64; H, 4.84; N, 11.60.

Found: C, 67.87; H, 4.83; N, 11.56.

2.18 | 2-(2-[4-Methylbenzylidene]hydrazinyl-
2-oxopropyl)-3-(4-[4-oxo-2-phenylthiazolidin-3-yl]
phenyl)quinazolin-4(3H)-one (7h)

Yield: 72% (4.23 g), m.p.: 184–186 �C, Rf value: 0.31 (Benzene: Acetic

acid [4:6]). IR (KBr, cm−1): 3281 (NH), 3,064 (Ar CH), 2,917

(CH2 CH), 1,722 (C O), 1,565 (C C), 1,513 (CH N). 1H NMR

(CDCl3, 500 MHz) δ ppm: 2.26 (s, 1H, NH of CH2NH), 2.61 (s, 3H,

CH3), 2.92 (s, 2H, CH2 of CH2CO), 3.58 (s, 2H, CH2 of thiazolidinone),

4.40 (s, 2H, CH2 of CH2NH), 6.39 (s, 1H, CH of thiazolidinone),

7.27–8.48 (m, 17H, Ar H), 8.84 (s, 1H, CH N). 13C NMR

(CDCl3, 500 MHz) δ ppm: 207.8 (CH2COCH2NHN CH), 170.3

(C-4 of thiazole), 165.1 (C-2), 159.6 (C-4), 150.9 (C-9), 142.5

(CH2COCH2NHN CH), 141.3 (C00 ’-4), 137.8 (C00-1), 136.0 (C0-4),

135.2 (C-7), 132.7 (C00’-1), 130.4 (C00 ’-3 & C00 ’-5), 130.1 (C00’-2 &

C00’-6), 127.9 (C-5), 127.6 (C00-2 & C00-6), 127.2 (C00-3 & C00-5),

126.8 (C0-1), 126.0 (C-6), 125.4 (C00-4), 121.9 (C-8), 119.3 (C0-2,

C0-3, C0-5 & C0-6), 118.7 (C-10), 68.1 (C-2 of thiazole), 63.9

(CH2COCH2NHN CH), 41.5 (CH2COCH2NHN CH), 32.4 (C-5 of

thiazole), 28.2 (CH3). EI-MS m/z: 587 [M+]. Anal. Cald for

C34H29N5O3S: C, 69.49; H, 4.97; N, 11.92. Found: C, 69.70; H,

4.95; N, 11.94.

2.19 | 2-(2-[4-Hydroxybenzylidene]hydrazinyl-
2-oxopropyl)-3-(4-[4-oxo-2-phenylthiazolidin-3-yl]
phenyl)quinazolin-4(3H)-one (7i)

Yield: 76% (4.48 g), m.p.: 281–283 �C, Rf value: 0.59 (Benzene: Acetic

acid [4:6]). IR (KBr, cm−1): 3528 (OH), 3,359 (NH), 3,047 (Ar CH),

2,910 (CH2 CH), 1,734 (C O), 1,576 (C C), 1,521 (CH N). 1H NMR

(CDCl3, 500 MHz) δ ppm: 2.03 (s, 1H, NH of CH2NH), 3.15 (s, 2H,

CH2 of CH2CO), 3.52 (s, 2H, CH2 of thiazolidinone), 4.36 (s, 2H, CH2

of CH2NH), 5.29 (s, 1H, OH), 6.14 (s, 1H, CH of thiazolidinone),

6.98–8.03 (m, 17H, Ar H), 8.37 (s, 1H, CH N). 13C NMR (CDCl3,

500 MHz) δ ppm: 204.2 (CH2COCH2NHN CH), 172.5 (C-4 of thia-

zole), 163.8 (C-2), 162.4 (C-4), 162.0 (C00’-4), 145.5 (C-9), 141.6

(CH2COCH2NHN CH), 138.5 (C00-1), 137.1 (C0-4), 131.8 (C-7), 129.2

(C00’-2 & C00’-6), 126.7 (C-5), 126.5 (C00-2 & C00-6), 126.1 (C00-3 & C00-5),

125.9 (C0-1), 125.3 (C-6), 125.0 (C00-4), 124.4 (C00’-1), 121.5 (C-8),

121.0 (C0-2, C0-3, C0-5 & C0-6), 120.6 (C-10), 118.3 (C00’-3 & C00’-5),

66.7 (C-2 of thiazole), 63.2 (CH2COCH2NHN CH), 40.9

(CH2COCH2NHN CH), 35.6 (C-5 of thiazole). EI-MS m/z:

589 [M+]. Anal. Cald for C33H27N5O4S: C, 67.22; H, 4.62; N,

11.88. Found: C, 67.04; H, 4.61; N, 11.92.

2.20 | 2-(2-[4-Aminobenzylidene]hydrazinyl-
2-oxopropyl)-3-(4-[4-oxo-2-phenylthiazolidin-3-yl]
phenyl)quinazolin-4(3H)-one (7j)

Yield: 70% (4.12 g), m.p.: 268–270 �C, Rf value: 0.87 [Benzene: Acetic

acid (4:6)]. IR (KBr, cm−1): 3356 & 3,249 (NH), 3,025 (Ar CH), 2,972

(CH2 CH), 1,741 (C O), 1,627 (C C), 1,587 (CH N). 1H NMR

(CDCl3, 500 MHz) δ ppm: 2.21 (s, 1H, NH of CH2NH), 2.69 (s, 2H,

CH2 of CH2CO), 3.30 (s, 2H, CH2 of thiazolidinone), 4.52 (s, 2H, CH2

of CH2NH), 4.93 (s, 2H, NH2), 6.37 (s, 1H, CH of thiazolidinone),

7.04–8.32 (m, 17H, Ar H), 8.85 (s, 1H, CH N). 13C NMR (CDCl3,

500 MHz) δ ppm: 205.6 (CH2COCH2NHN CH), 171.0 (C-4 of thia-

zole), 162.3 (C-2), 161.8 (C-4), 153.5 (C00’-4), 149.0 (C-9), 143.9

(CH2COCH2NHN CH), 140.4 (C00-1), 139.7 (C0-4), 135.6 (C-7), 132.9

(C00’-2 & C00’-6), 130.0 (C-5), 129.8 (C00-2 & C00-6), 129.5 (C00-3 & C00-5),

128.4 (C0-1), 126.2 (C-6), 125.8 (C00-4), 124.6 (C00’-1), 123.1 (C-8),

122.5 (C0-2, C0-3, C0-5 & C0-6), 121.0 (C-10), 115.7 (C00’-3 & C00’-5),

63.9 (C-2 of thiazole), 60.4 (CH2COCH2NHN CH), 40.6

(CH2COCH2NHN CH), 34.3 (C-5 of thiazole). EI-MS m/z:

588 [M+]. Anal. Cald for C33H28N6O3S: C, 67.33; H, 4.79; N, 14.28.

Found: C, 67.56; H, 4.80; N, 14.23.

2.21 | 2-(2-[3-Chlorobenzylidene]hydrazinyl-
2-oxopropyl)-3-(4-[4-oxo-2-phenylthiazolidin-3-yl]
phenyl)quinazolin-4(3H)-one (7k)

Yield: 74% (4.49 g), m.p.: 199–201 �C, Rf value: 0.79 (Benzene: Acetic

acid [4:6]). IR (KBr, cm−1): 3367 (NH), 3,109 (Ar CH), 2,905

(CH2 CH), 1,732 (C O), 1,556 (C C), 1,534 (CH N), 750 (C-Cl). 1H

NMR (CDCl3, 500 MHz) δ ppm: 2.19 (s, 1H, NH of CH2NH), 3.05

(s, 2H, CH2 of CH2CO), 3.62 (s, 2H, CH2 of thiazolidinone), 4.24 (s,

2H, CH2 of CH2NH), 6.23 (s, 1H, CH of thiazolidinone), 7.20–8.35

(m, 17H, Ar H), 8.41 (s, 1H, CH=N). 13C NMR (CDCl3, 500 MHz)

TABLE 3 The results of threshold parameter values of the network

analysis

Centrality measures Maximum Mean Minimum

Betweenness 2,645.299482 192.1188 0

Closeness 0.36363636 0.2183 0.139059

Degree 15 2.347826 1

EigenVector 0.607887948 0.072565 2.60E-04

Radiality 0.84090909 0.65078 0.437166

Stress 6,780 518.4928 0

Eccentricity 0.166666667 0.123434 0.090909

TABLE 2 Antiepileptic activity and neurotoxicity of selected

compounds administered orally (30 mg/kg) to rats

Compounds

MESa

NTb0.25 hrc 0.5 hrc 1 hrc 2 hrc 4 hrc

7c 1/4 3/4 3/4 3/4 3/4 0/4 (−)d

7g 0/4 0/4 1/4 1/4 0/4 0/4 (−)d

7h 0/4 0/4 1/4 1/4 0/4 0/4 (−)d

7i 1/4 1/4 2/4 2/4 3/4 0/4 (−)d

7j 1/4 3/4 3/4 4/4 4/4 0/4 (−)d

7l 1/4 1/4 2/4 2/4 3/4 0/4 (−)d

Phenytoin 1/4 4/4 3/4 3/4 3/4 0/4 (−)d

a Maximal electroshock test (dose of 30 mg/kg was administrated. The
data indicate: number of rats protected /number of rats tested).

b Neurotoxicity (number of rats protected /number of rats tested).
c Time of test after drug administration.
d (−) No neurotoxicity at dose tested.
e Reference drug, data for Phenytoin.
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δ ppm: 208.3 (CH2COCH2NHN CH), 173.8 (C-4 of thiazole), 168.5

(C-2), 163.2 (C-4), 150.6 (C-9), 143.1 (CH2COCH2NHN CH), 142.7

(C00-1), 140.3 (C0-4), 136.9 (C00’-1), 135.4 (C00 ’-3), 134.6 (C-7), 133.0

(C00’-4), 131.9 (C00’-5), 130.3 (C00’-2), 129.5 (C-5), 129.4 (C00-2 & C00-6),

128.6 (C00-3 & C00-5), 128.1 (C0-1), 127.8 (C-6), 127.0 (C00’-6), 126.5

(C00-4), 124.7 (C-8), 123.7 (C0-2, C0-3, C0-5 & C0-6), 121.9 (C-10), 66.0

(C-2 of thiazole), 62.8 (CH2COCH2NHN CH), 42.0 (CH2COCH2NHN CH),

33.9 (C-5 of thiazole). EI-MS m/z: 607 [M+], 609 [M+2]. Anal. Cald

for C33H26ClN5O3S: C, 65.18; H, 4.31; N, 11.52. Found: C, 64.97; H,

4.30; N, 11.55.

2.22 | 2-(2-[3-Hydroxybenzylidene]hydrazinyl-
2-oxopropyl)-3-(4-[4-oxo-2-phenylthiazolidin-3-yl]
phenyl)quinazolin-4(3H)-one (7l)

Yield: 80% (4.71 g), m.p.: 252–254 �C, Rf value: 0.68 (Benzene: Acetic

acid [4:6]). IR (KBr, cm−1): 3531 (OH), 3,383 (NH), 3,056 (Ar CH),

2,929 (CH2 CH), 1,725 (C O), 1,558 cm−1 (C C), 1,520 (CH N). 1H

NMR (CDCl3, 500 MHz) δ ppm: 2.27 (s, 1H, NH of CH2NH), 3.21 (s,

2H, CH2 of CH2CO), 3.45 (s, 2H, CH2 of thiazolidinone), 4.53 (s, 2H,

CH2 of CH2NH), 5.38 (s, 1H, OH), 6.06 (s, 1H, CH of thiazolidinone),

6.82–8.19 (m, 17H, Ar H), 8.68 (s, 1H, CH N). 13C NMR (CDCl3,

500 MHz) δ ppm: 207.9 (CH2COCH2NHN CH), 172.1 (C-4 of thia-

zole), 166.6 (C-2), 161.5 (C-4), 160.2 (C00’-3), 148.3 (C-9), 145.7

(CH2COCH2NHN CH), 140.0 (C00-1), 139.8 (C0-4), 137.4 (C00’-1),

134.9 (C-7), 133.0 (C00’-5), 130.8 (C-5), 130.2 (C00-2 & C00-6), 129.7 (C00-

3 & C00-5), 128.5 (C0-1), 127.9 (C-6), 126.2 (C00-4), 124.3 (C-8), 123.2

(C0-2, C0-3, C0-5 & C0-6), 123.0 (C00 ’-6), 122.8 (C-10), 119.5 (C00’-4),

116.1 (C00 ’-2), 68.5 (C-2 of thiazole), 64.7 (CH2COCH2NHN CH), 42.3

(CH2COCH2NHN CH), 33.1 (C-5 of thiazole). EI-MS m/z:

589 [M+]. Anal. Cald for C33H27N5O4S: C, 67.22; H, 4.62; N, 11.88.

Found: C, 67.41; H, 4.63; N, 11.85.

2.23 | Pharmacology

Institutional Animal Ethical Committee approved all the animal tests

which are performed as per international valid guidelines. Before

1 week of experiment, in restricted access room using wire mesh

TABLE 4 Surflex docking score (kcal/Mol) of the quinazoline derivatives on PDB ID: 3KG2

Compounds C Scorea Crash Scoreb Polar Scorec D Scored PMF Scoree G Scoref Chem Scoreg

7d 10.74 −1.13 6.32 −168.916 −111.870 −225.659 −41.394

7l 10.24 −3.87 5.84 −2.5.030 −120.392 −317.747 −45.076

7e 10.16 −3.01 5.59 −204.220 −125.007 −278.769 −44.327

7g 9.58 −2.07 4.92 −190.616 −114.656 −263.959 −41.419

7c 9.08 −2.34 3.25 −153.240 −69.354 −319.010 −33.111

7b 8.81 −3.64 4.34 −191.490 −119.136 −305.331 −42.832

7a 8.42 −1.83 4.22 −167.745 −112.536 −250.196 −43.832

7k 8.38 −2.68 3.98 −184.203 −116.609 −291.240 −48.919

7h 8.24 −2.55 4.11 −170.811 −94.071 −260.470 −37.062

7j 7.98 −2.56 4.72 174.064 −116.776 −258.897 −42.768

7i 7.98 −3.20 2.49 −190.877 117.609 −304.559 −36.064

7f 7.56 −4.58 4.03 −2.6.629 −116.488 −335.116 −50.331

a CScore (Consensus Score) integrates a number of popular scoring functions for ranking the affinity of ligands bound to the active site of a receptor and
reports the output of total score.

b Crash-score revealing the inappropriate penetration into the binding site. Crash scores close to zero are favorable. Negative numbers indicate
penetration.

c Polar indicating the contribution of the polar interactions to the total score. The polar score may be useful for excluding docking results that make no
hydrogen bonds.

d D-score for charge and van der Waals interactions between the protein and the ligand (work of Kuntz).
e PMF-score indicating the Helmholtz free energies of interactions for protein-ligand atom pairs (Potential of Mean Force, PMF) (work of Muegge and
Martin).

f G-score showing hydrogen bonding, complex (ligand-protein), and internal (ligand–ligand) energies (work of Willett's group).

FIGURE 3 Docked view of all the compounds at the active site of the enzyme PDB: 3KG2 [Color figure can be viewed at wileyonlinelibrary.com]
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cages animals were retained with stable conditions at 45–55% relative

humidity, 25 �2 �C, sustained under 12 hr dark and light cycle. Puri-

fied water ad libitum and standard lab pellets were given to animals.

Animals were fasted prior to the experiments for 12 hr.

2.24 | Acute toxicity

Acute toxic class method was used to assess the acute toxicity of the

title compounds (Tice et al., 2000). By a step wise procedure the toxicity

of the quinazolinone analogs were tested by using three single sex mice.

3–4 hr prior to dosing the mice was fasted (with held food but not

water). After completion of 3–4 hr fasting, the mice were weighed and

the title compounds were administered at 2000 mg/kg dose orally. Dur-

ing the first 30 min after dosing mouse was observed individually; dur-

ing the first 4 hr special attention were given and periodically over

24 hr. Thereafter for 14 days the mouse were monitored periodically.

3 | ANTICONVULSANT ACTIVITY

3.1 | The maximal electroshock test

MES seizures are exceptionally reproducible and with human seizures

these are electro physiologically reliable. In this method before placing

corneal electrodes, a drop of 0.5% tetracaine hydrochloride in 0.9%

saline was applied to the eyes of all animals. For mice 50 m Ampere,

60 Hz electrical stimulus and for rats 150 m Ampere, 60 Hz, electrical

stimulus was transported for 0.2 s by Woodbury and Davenport

described apparatus (White, Johnson, Wolf, & Kupferberg, 1995;

Woodbury & Davenport, 1952). The endpoint is the eradication of

tonic hindleg extensor phase in seizure. At 0.5 hr and 4 hr intervals

mice are primarily tested by i.p. injection at 30 mg/kg, 100 mg/kg and

300 mg/kg dose of title compounds. Whereas rats are primarily

examined at 0.25 hr, 0.5 hr, 1 hr, 2 hr, and 4 hr time intervals by oral

route at 30 mg/kg dose. Phenytoin was used as reference standard

for comparison of title compounds and the outcomes are depicted in

Table 3.

3.2 | The subcutaneous pentylenetetrazole
seizure test

The test compounds ability to elevate the seizure threshold of mice which

results in protection of clonic seizure was detected by subcutaneous pen-

tylenetetrazole (scPTZ) method. Test compounds were administered to

animals by i.p. injection at 30 mg/kg, 100 mg/kg and 300 mg/kg dose

into a loose fold of skin present in the midline of the neck of mice,

85 mg/kg dose of Pentylenetetrazole is injected. To minimize stress the

mice are positioned in isolation cages and observed the presence or

absence of a seizure at 0.5 hr and 4 hr intervals (Swinyard, Clark, Miya-

hara, & Wolf, 1961). A 3–5 s clonic spasms episode of the hind and/or

forelimbs, jaws or vibrissae is taken as the endpoint. Mice which do not

display these signs are considered protected. Ethosuximide was used as

reference standard and the datas are depicted in Table 3.

3.3 | Neurotoxicity (minimal motor impairment)

The rotorod test was performed in mice to evaluate MMI (minimal

muscular impairment) / MNI (minimal neurological impairment

(Dunham & Miya, 1957). At 0.5 hr and 4 hr intervals mice are pre-

treated by i.p. injection at 30 mg/kg, 100 mg/kg and 300 mg/kg dose

of title compounds. In a 6 rpm rotating rod when mice placed sustain

its balance for extended periods of time. During a period of 1 min if

FIGURE 4 Docked view of compound 7d at the active site of the enzyme PDB: 3KG2 [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Docked view of compound 7l at the active site of the enzyme PDB: 3KG2 [Color figure can be viewed at wileyonlinelibrary.com]
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the animal falls three times then the analog is considered toxic. Addi-

tionally the animals may also show changes in muscle tone, abnormal

body posture, circular or zigzag gait, catalepsy, tremors, stupor, som-

nolence, hyperactivity, lack of exploratory behavior, spread of the legs,

and loss of placing response. Phenytoin (Yogeeswari et al., 2005) and

Ethosuximide (Rajak et al., 2009) was used as reference standard and

the outcomes are depicted in Table 4.

4 | RESULTS AND DISCUSSION

4.1 | Density functionality studies

In general the energies of highest occupied molecular orbital (HOMO) &

lowest unoccupied molecular orbital (LUMO) are very vital in the con-

nection compound biological significance, their energies and HOMO–

LUMO energy gap are calculated by B3LYP level with 6-311G (d, p)

basis set & the HOMO–LUMO diagram of synthesized and standard

were shown in Figure. 3a,b. The calculated frontier molecular orbital

energies (HOMO, LUMO) and their energy gap (ΔE) of synthesized com-

pound were − 0.2675, −0.1878 and 2.1688 eV, respectively. For the

parent standard energies were − 0.2515, −0.1859 and 1.7851 eV. In π–

electron systems for forecasting the most reactive position and in conju-

gated system to elucidate several kinds of reactions the electron densi-

ties of the FMOs (frontier molecular orbitals) were used. The chemical

reactivity and ΔE of test compounds were reflected through the energy

values of the EHOMO (highest occupied molecular orbital) and the ELUMO

(lowest unoccupied molecular orbital). The bioactivity from intramolecu-

lar charge transfer (ICT) was recently proved by using the energy gap

among LUMO and HOMO. The comparison study of standard com-

pound and synthesized compound report is showing that the synthe-

sized compound is having more energy band gap and it was enhances

its biological activity.

4.2 | Molecular docking studies

Entire derivatives displayed very significant docking score against

AMPA subtype ionotropic glutamate receptor in complex with com-

petitive antagonist ZK 200775. The predicted binding energies of the

compounds are listed in Table 2. The molecules showed consensus

score in the range of 10.74–7.56, indicating the summary of all forces

of interactions between the ligands and the protein. Figure. 4a,b),

represents the docked view of all the synthesized compounds at the

active site of the enzyme PDB ID 3KG2.

As depicted in the Figure. 5a–c, compound 7d at active site of

enzyme (PDB ID: 3KG2) makes eight hydrogen bonding interactions,

oxygen atom of carbonyl group at quinazoline ring makes two hydro-

gen bonding interactions with hydrogens of THR480 and one with

ARG485 (C O------H-THR480, 2.50 Å and 2.36 Å; C O-----H-

ARG485). C-4 nitro moiety of the phenyl ring makes three hydrogen

bonding interactions with hydrogens of GLU705 and one with

THR655 (O N O------H-GLU705, 1.95 Å, 2.06 Å and O2N-------H-

GLU705 2.34 Å; O N O-----H-THR655, 2.31 Å) and remaining

another hydrogen bonding interaction raised from the carbonyl group

of thiazolidine ring with hydrogen of THR482 (C O ----- H-THR482,

1.84 Å). As depicted in Figure. 6a–c, compound 7l makes 11 hydrogen

bonding interactions at the active site of the enzyme (PDB ID: 3KG2),

among those three interactions were of carbonyl group present at the

quinazoline ring with hydrogens of SER654 and THR655 (C O-------

H-SER654, 1.94 Å and 2.13 Å; C O-------H-THR655, 2.52 Å).

Carbonyl group of 2-oxo propionyl makes three hydrogen bonding

interactions with hydrogens of ARG485 and THR480 (C O-------H-

ARG485, 1.77 Å and 2.38 Å; C O-------H-THR480, 2.50 Å). Hydro-

gen of the amino group of hydrazinyl makes two hydrogen bonding

interactions with oxygen of GLU705 (N H-------O-GLU705, 2.41 Å

and 2.05 Å). C-3 hydroxyl group of phenyl ring makes two hydrogen

bonding interactions with hydrogen of MET708 and THR707

(H O-------H-MET708, 2.06 Å; H O-------H-THR707, 2.64 Å) and

remaining another hydrogen bonding interaction raised from the car-

bonyl group of thiazolidine ring with hydrogen of THR482 (C O -----

H-THR482, 2.24 Å). Figure. 7a,b represents the hydrophobic and

hydrophilic amino acids surrounded to the studied compounds 7d

(green colour) and 7l (cyan colour).

4.3 | Chemistry

Variety of new thiazolidin-4-one substituted quinazolinone analogs

Scheme 1 were prepared using a multistep synthesis from anthranilic

acid. In the beginning, acetylation trailed ring closure reaction was used

to synthesize 2-methyl-benzo-(1,3)-oxazin-4-one 2 from anthranilic acid

1 and acetic anhydride. In the next step, 3-(4-aminophenyl)-2-methyl

quinazolin-4(3H)-one 3 was synthesized through the condensation of

compound 2 with p-phenylenediamine in pyridine by loss of one water

FIGURE 6 A) Hydrophobic and B) hydrophilic amino acids surrounded around the compounds 7d (green colour) and 7l (cyan colour) (PDB: 3KG2)

[Color figure can be viewed at wileyonlinelibrary.com]
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molecule. On treating with benzaldehyde and thioglycolic acid in pres-

ence of zinc chloride and ethanol, compound 3 converted to

2-methyl-3-(4-[4-oxo-2-phenylthiazolidin-3-yl]phenyl)quinazolin-4(3H)-

one 4 by a ring closure reaction with a loss of two water molecule. The

compound 4 undergoes simple condensation reaction with chlor-

oacetylchloride in ethanol and yielded 2-(3-chloro-2-oxopropyl)-

3-(4-[4-oxo-2-phenylthiazolidin-3-yl] phenyl)quinazolin-4(3H)-one

5 with a loss of hydrochloric acid. In the pre final step, 2-(3-hydrazino-

2-oxopropyl)-3-(4-[4-oxo-2-phenylthiazolidin-3-yl]phenyl) quinazolin-4

(3H)-one 6 was obtained by reacting derivative 5 with hydrazine

hydrate in ethanol with removal of hydrochloric acid. Finally

using Schiff's base reaction the title compounds 7a–7l were syn-

thesized, in which carbonyl compound (different aromatic alde-

hydes) and quinazolin-4(3H)-one analog 6 (amino derivative)

undergoes nucleophilic addition with formation of hemiaminal.

Thus the formed hemiaminal undergoes dehydration to generate

2-(2-[substitutedbenzylidene]hydrazinyl-2-oxopropyl)-3-(4-[4-oxo-2-

phenylthiazolidin-3-yl]phenyl) quinazolin-4(3H)-one 7a–7l by produc-

ing stable imine as per synthetic Scheme 1.

Spectral evidences confirm the assigned structures of the title

compounds. In IR presence of C O and C O C stretching in

2-methyl-benzo-(1,3)-oxazin-4-one 2 was confirmed by its absorption

peak at 1712 and 1,055 cm−1
, respectively. The formation of analog

3 was confirmed by absence of peak around 1,050 cm−1 (stretching of

C O C) and presence of peak at 3380 and 3,274 cm−1 (N H

stretching of NH2). Also in 1H NMR, two protons singlet peak around

δ 3.76 ppm corresponds to NH2 confirms the formation of three. In

compound 4, absence of absorption band around 3,250–3,400 cm−1

(NH2 moiety) proves the formation of compound 4. Further it was

supported by, appearance of singlet peak in 1H NMR spectra at δ

FIGURE 7 HOMO–LUMO energy gap of standard and synthesized compound [Color figure can be viewed at wileyonlinelibrary.com]
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3.90 and 6.05 ppm for C-5 and C-2 protons of thiazolidin-4-one. In IR

spectra appearance of a peak at 729 cm−1 which is assigned to C Cl

group confirms the formation of compound 5. Compound 6 was

proved by absence of peak around 750 cm−1 (absence of chlorine) and

appearance of peak at 3341 and 3,278 cm−1 (presence NH2 moiety). The

IR spectra of title quinazolinones 7a–7l displays absorption peak at

3249–3390 cm−1 (NH), 3,025–3,116 cm−1 (Ar CH), 2,901–2,972 cm−1

(CH2 -CH), 1,674–1,746 cm−1 (C O), 1,549–1,675 cm−1 (C C) and

1,513–1,587 cm−1 (CH N). The conclusions obtained from the 1H-NMR

spectra of synthesized derivatives 7a-7 L are as follows: (a) A singlet

around δ 2.03–2.38 ppm for NH of CH2NH, (b) A singlet around δ

2.69–3.29 ppm for CH2 of CH2CO, (c) A singlet around δ 3.30–3.78 ppm

for CH2 of thiazolidinone, (d) A singlet around δ 4.05–4.53 ppm for CH2

of CH2NH, (e) A singlet around δ 6.02–6.39 ppm for CH of thiazolidi-

none, (f ) A multiplet around δ 6.82–8.48 ppm for Ar H, (g) A singlet

around δ 8.30–8.86 ppm for CH N. More over 13C NMR are in

accordance with chemical structure of title quinazolinones. Further

mass spectrum confirmed their molecular weight. Elemental analyses

of all synthesized compounds were found to be within � 0.4% with

respect to calculated value which confirmed the purity of synthe-

sized compounds.

4.4 | Pharmacology

Test compounds were administered intraperitonially in mice for the

recognition of antiepileptic activity & tested by Maximal Electroshock

Seizure (MES) and scPTZ model. Generally the derivatives which show

activity in these tests are useful candidate for the treatment of gener-

alized, partial and even absence seizures. Antiepileptic screening

results of title compounds and standard drugs are presented in

Tables 3 and 4.

4.5 | Acute toxicity

At a dose of 2000 mg/kg no sign of toxicity observed in group of

animals. The LD50 value of test derivatives may surpass

2000 mg/kg. Hence these derivatives comes under class

5 (2000 mg/kg < LD50 < 2,500 mg/kg). Results of acute toxicity

studies revealed the non-toxic and well tolerance of test com-

pounds by test animals at tested dose levels.

5 | ANTICONVULSANT ACTIVITY

5.1 | MES test

In MES screening, the majority of test derivatives displayed reason-

able to fine antiepileptic activity. Out of many title compounds tested

in electroshock investigation, four compounds (7c, 7i, 7j, and 7l) were

found to be significantly active because after 0.5 hr they displayed

protection at 30 mg/kg dose (lowest tested dose). At same 30 mg/kg

dose out of these derivatives only one compound (7j) continuously

exhibited protection after 4.0 hr. But after 4.0 hr compounds 7c

and 7i at 100 mg/kg dose (higher dose) sustained to display the

potency; whereas 7l requires a dose of 300 mg/kg for demonstrat-

ing quick onset with extended duration of action. The encouraged

potency of these compounds possibly ascribed to the substituent's

present in benzylidene portion (hydrophobic distal aryl ring). At

the distal aryl ring these derivatives possess electron releasing

group like dimethylamino, hydroxy, and amino moiety. At 100 mg/

kg dose compounds such as 7g and 7h were showed protection

after 0.5 hr signifying the capability of compounds 7g and 7h to

shield from seizures at moderately low dosage. At 300 mg/kg dose

these derivatives were also active after 4.0 hr. At a dose of

300 mg/kg compounds 7a, 7b, 7d, 7e, and 7k were found to be

active after 0.5 hr and/or 4.0 hr. In addition compound 7f was

found to be inactive at the doses tested.

5.2 | The subcutaneous pentylenetetrazole
seizure test

Like MES screening many title compounds displayed fair to first-

class activity in scPTZ method also. Protection in scPTZ test by title

compounds revealed their ability to escalating seizure threshold.

Among various tested compounds, 7c, 7 g, 7 h, 7i, 7j, and 7l showed

protection in scPTZ test after 0.5 hr at 100 mg/kg dose. The above

derivatives sustained to exhibit potency at 300 mg/kg dose after

FIGURE 8 Schematic representation of SAR of title compounds (7a-7l) [Color figure can be viewed at wileyonlinelibrary.com]
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4.0 h. The above obtained results were found to equal when com-

pared to Ethosuximide (Standard AED drug for scPTZ test). Except

7f remaining compounds (7a, 7b, 7d, 7e, and 7k) were active at a

dose of 300 mg/kg after 0.5 hr and/or 4.0 hr. From the above

results, we came to know that the most active compounds of these

series contain electron releasing group in distal aryl ring which

improved antiepileptic activity.

At any one of the doses tested many of the test compounds

showed activity after 0.5 hr either in MES and/or scPTZ model. The

study discloses that 75% of the tested compounds displayed activity

in MES test; while 67% title quinazolinones showed activity in scPTZ

screening at one tested doses. The above outcomes exposed that the

majority of derivatives obsessed some MES selectivity.

5.3 | Neurotoxicity-minimal motor impairment

The neurotoxicity study exposed that most of the derivatives of these

series showed neurotoxicity at higher doses than a dose of generally

prescribed AEDs such as Carbamazepine or Phenytoin; However while

assessing an antiepileptic potency, division among neurotoxic, and antie-

pileptic dosage is enviable. After 0.5 hr and/or 4.0 hr none of the ana-

logs were found to be neurotoxic at a dose of 30 mg/kg. In antiepileptic

activity owing to its poor potency, except 7b, 7d, 7e, 7f, and 7k, remain-

ing derivatives were tested for their neurotoxicity. From the study it

was found that after 0.5 and/or 4.0 hr 7c, 7g, 7i, and 7l were neurotoxic

at 300 mg/kg dose. At maximum administered dose rest of all tested

compounds (7a, 7 h, and 7j) were not found to be neurotoxic.

One of the important properties of antiepileptic compound is its

ability to inhibit epilepsy by oral route of administration. This test unveils

the duration, TPE (the approximate time of peak effect), and the time of

onset of neurotoxicity or antiepileptic activity. We identified six com-

pounds (7c, 7g, 7h, 7i, 7j and 7l) from preliminary studies which are fur-

ther screened at 30 mg/kg dose for oral availability in rats by MES test &

neurotoxicity.

From these studies it was identified that the most potent com-

pounds of this series is 7j. This compound protected four out of four

rats (100%) at 2 hr and 4 hr time points, three out of four (75%) at

0.5 hr and 1 hr and one out of four (25%) at 0.25 hr. When compared

to Phenytoin compound 7j was found to exhibit more activity & lon-

ger duration of action. In addition, compound 7c protected 75% (3/4)

of rats at time points 0.5, 1, 2, and 4 hr and 25% (1/4) at 0.25 hr. The

compounds such as 7i and 7l were found to be fairly successful in

screening by MES test (oral route in rat); whereas remaining tested

derivatives (7g and 7h) were found to be least effective. When given

orally entire tested derivatives were nonneurotoxic. The in vivo stud-

ies confirmed the absorption of compounds from GIT and also their

infiltration to CNS. These derivatives may act on voltage depended

sodium ion channels like Phenytoin and other related drugs to inhibit

the electrically induced seizures.

5.4 | Structure activity relationship studies

Structure activity relationship (SAR) studies indicated that various benzy-

lidene derivatives present at C-2 of quinazolin-4(3H)-one nucleus

exerted varied pharmacological activity. The electronic character of the

substituent moiety of distal aryl ring (benzylidene) direct to a significant

difference in antiepileptic potency. In general it was found that com-

pounds possessing electron donating group displayed more activity than

compounds possessing electron withdrawing groups. For instance sub-

stituent's like amino (electron releasing moiety) improved the pharmaco-

logical potency; whereas substituent's like nitro (electron withdrawing

moiety) made the derivatives less active. The unsubstituted derivative

displayed moderate activity. The boost in antiepileptic potency of quina-

zolinone derivatives with electron releasing group may be accepted

owing to the existence of additional electron donating group on title

compounds (which are not present in compounds containing electron

withdrawing group) which might be responsible for added bonding in

binding site. Additionally it was found that p-substituted compounds

showed enhanced potency than corresponding o & m-substituted com-

pounds. Among the series the most active compound was found to be

2-(2-[4-aminobenzylidene]hydrazinyl-2-oxopropyl)-3-(4-[4-oxo-2-phenyl

thiazolidin-3-yl]phenyl)quinazolin-4(3H)-one 7j, which shows longer

duration of action & more potency than that of standard Phenytoin with-

out showing any neurotoxicity. The SAR of 2-(2-[substitutedbenzyli-

dene]hydrazinyl-2-oxopropyl)-3-(4-[4-oxo-2-phenylthiazolidin-3-yl]phe-

nyl) quinazolin-4(3H)-one 7a–7l was schematically represented in

Figure. 8.

6 | CONCLUSIONS

In conclusion, a varied novel 7a–7l have been designed and synthesized

based on the pharmacophore requirements of AEDs. Toxicity of title

compounds were evaluated by acute toxicity study at the dose level of

2000 mg/kg orally in mice. The anticonvulsant potency evaluated by

MES and scPTZ seizure method by the dose level of 30, 100, and

300 mg/kg, i.p. at 0.5 hr and 4.0 hr time intervals. Further, neurotoxicity

study was performed by minimal motor impairment test. The observed

SAR studies of tested compounds indicated that electron donating group

displayed more activity than electron withdrawing groups. The neurotox-

icity study exposed that most of the derivatives showed neurotoxicity

only at higher doses than a dose of generally prescribed AEDs such as

Phenytoin/Carbamazepine. From the initial screen identified potent

compounds 7c, 7g, 7h, 7i, 7j and 7l were additionally screened for their

oral availability test by MES and neurotoxicity at 30 mg/kg dose in rats.

The in vivo studies confirmed that the absorption of compounds from

GIT and also their infiltration to CNS. Among the test compounds,

2-(2-[4-aminobenzylidene] hydrazinyl-2-oxopropyl)-3-(4-[4-oxo-

2-phenylthiazo lidin-3-yl]phenyl) quinazolin-4(3H)-one 7j exhibited the

most potent activity. Based on the biological study report it was con-

cluded that, the compound 7j was found to be very potent compared

with rest of the compounds and standard. Consequently the compound

7j come out as the pilot molecule with broad spectrum antiepileptic

potency and devoid of neurotoxicity for further exploitation.
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Abstract
Purpose – In Aerospace applications, the inlet tubes are used to mount strain gauge type pressure sensors on the engine under static test to
measure engine chamber pressure. This paper aims to focus on the limitations of the inlet tube and its design aspects to serve better in the static
test environment. The different sizes of the inlet tubes are designed to meet the static test and safety requirements. This paper presents the
performance evaluation of the designed inlet tubes with calibration results and the selection criteria of the inlet tube to measure combustion
chamber pressure with the specified accuracy during static testing of engines.
Design/methodology/approach – Two sensors, specifically, one cavity type pressure sensor with the inlet tube of range 0-6.89 MPa having
natural frequency of the diaphragm 17 KHz and another flush diaphragm type pressure sensor of the same range having �3 dB frequency response,
5 KHz are mounted on the same pressure port of the engine under static test to study the shortcomings of the inlet tube. The limitations of the inlet
tube have been analyzed to aid the tube design. The different sizes of inlet tubes are designed, fabricated and tested to study the effect of the inlet
tube on the performance of the pressure sensor. The dynamic calibration is used for this purpose. The dynamic parameters of the sensor with the
designed tubes are calculated and analyzed to meet the static test requirements. The diaphragm temperature test is conducted on the representative
hardware of pressure sensor with and without inlet tube to analyze the effect of the inlet tube against the temperature error. The inlet tube design is
validated through the static test to gain confidence on measurement.
Findings – The cavity type pressure sensor failed to capture the pressure peak, whereas the flush diaphragm type pressure sensor captured the
pressure peak of the engine under a static test. From the static test data and dynamic calibration results, the bandwidth of cavity type sensor with
tube is much lower than the required bandwidth (five times the bandwidth of the measurand), and hence, the cavity type sensor did not capture the
pressure peak data. The dynamic calibration results of the pressure sensor with and without an inlet tube show that the reduction of the bandwidth
of the pressure sensor is mainly due to the inlet tube. From the analysis of dynamic calibration results of the sensor with the designed inlet tubes of
different sizes, it is shown that the bandwidth of the pressure sensor decreases as the tube length increases. The bandwidth of the pressure sensor
with tube increases as the tube inner diameter increases. The tube with a larger diameter leads to a mounting problem. The inlet tube of dimensions
6 � 4 � 50 mm is selected as it helps to overcome the mounting problem with the required bandwidth. From the static test data acquired using the
pressure sensor with the selected inlet tube, it is shown that the selected tube aids the sensor to measure the pressure peak accurately. The
designed inlet tube limits the diaphragm temperature within the compensated temperature of the sensor for 5.2 s from the firing of the engine.
Originality/value – Most studies of pressure sensor focus on the design of a sensor to measure static and slow varying pressure, but not on the
transient pressure measurement and the design of the inlet tube. This paper presents the limitations of the inlet tube against the bandwidth
requirement and recommends dynamic calibration of the sensor to evaluate the bandwidth of the sensor with the inlet tube. In this paper, the
design aspects of the inlet tube and its effect on the bandwidth of the pressure sensor and the temperature error of the measured pressure values
are presented with experimental results. The calibration results of the inlet tubes with different configurations are analyzed to select the best
geometry of the tube and the selected tube is validated in the static test environment.

Keywords Bandwidth, Combustion chamber pressure, Design of inlet tube, Dynamic calibration, Effect of dead volume

Paper type Research paper

1. Introduction

In Aerospace applications, pressure sensor plays a vital role in
various stages of testing of engines including static and dynamicThe current issue and full text archive of this journal is available on
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test as pressure data are the valuable input parameter for design
and decision-making. Mostly, strain gauge type pressure
sensors are used for this purpose. The limitations of the strain
gauge type pressure sensor used in harsh environments are
discussed in detail by Bogue (2012). Generally, the static test
environment is harsh and the sensors are subjected to high-
temperature, transient pressure, shock and vibration (Zhang
et al., 2018; Fricke et al., 2012; Cullinane and Strange, 1999;
William and Gary, 2013; Zarfl et al., 2016). Further, in the
static test environment, the pressure sensor output voltage
depends not only on the applied pressure but also on the other
factors such as ambient temperature, shock and vibration
(Dalgin and Dogru, 2016; Cullinane and Strange, 1999; Kim
et al., 2016). The method of compensating the pressure sensor
output against the change in ambient temperature is described
by Aryafar et al. (2015). The inlet tube is used to mount the
pressure sensor to overcome the space constraints at the
location where the pressure to be measured. The inlet tube of
pressure sensor helps to reduce the ambient temperature of the
sensor for the short period by locating it little away from
the engine. However, the combination of cavity volume of the
pressure sensor and tube volume known as dead volume, acts
as a resonance cavity (Zakrzewski and Wrobel, 2002; Webster
andDavies, 2010) and it reduces the bandwidth of the sensor.
Generally, the pressure sensors are calibrated using dead

weight tester shown in Figure 1 to gain confidence in the
measured values. However, the static calibration cannot reveal
the dynamic characteristics such as rise time and bandwidth.
Hence, the dynamic calibration is required to analyze the
reduction of the bandwidth of the pressure sensor due to inlet
tube.
The different types of equipment used for dynamic

calibration of pressure sensors are discussed with principles and
limitations (Theodoro et al., 2018; Zafer et al., 2017; Damion,
1994). Elkarous et al. (2016) have demonstrated the calibration
setup using hydraulic pressure pulse generator to evaluate
dynamic parameters of ballistic pressure transducers. The
dynamic pressure calibrator using the microphone as a
reference standard is demonstrated by Feero et al. (2018). The
most commonly used dynamic pressure calibrators are shock
tube and Arson shockless pressure step generator. In the shock
tube method, the shock pressure wave is generated by a sudden

burst of the thin-walled diaphragm, which separates
compression and expansion chambers. This shock wave excites
the resonance of the pressure sensor. The dynamic calibration
of pressure sensor using the shock tube to determine the
dynamic parameters is discussed in (Persico et al., 2005; Wang
et al., 2015a, 2015b). The advantage of the shock tube is
producing a shock wave with rise time in the order of
nanoseconds (Yan et al., 2018) and the drawback is less
accurate as the shock wave amplitude depends on shock wave
velocity and ambient conditions.
The pressure sensors used in the aerospace applications are

dynamically calibrated by step input (Theodoro et al., 2016).
Arson calibrator uses the fast acting poppet type switching valve
to generate pressure step with the rise time in the order of
microseconds. The operation of Arson calibrator is easier and
more accurate than the shock tube, but the rise time is limited
to microseconds. The calibration procedure is described in
(Instrumentation, Systems and Automation Society, 2002).
The evaluation of the dynamic characteristics of the strain
gauge type pressure sensor from the response of the sensor to
the applied pressure step is described in (Wang et al., 2015a,
2015b; Bean, 1994).
In this paper, the limitations of the inlet tube used to mount

the cavity type pressure sensor have been presented through a
case study with experimental results and analysis. The design
aspects of the inlet tube of pressure sensors tomeasure chamber
pressure in the static test environment have been discussed in
detail. This paper presents the effect of dead volume on the
bandwidth of the sensor using the fabricated inlet tubes of
different configurations by dynamic calibration. The
temperature effect of pressure sensor because of the presence of
the designed inlet tube is analyzed using the diaphragm
temperature test data.

2. Effect of dead volume

In Aerospace applications, strain gauge type pressure sensor with
an inlet tube is used to measure the chamber pressure of the
engine under static test for performance evaluation. The dead
volume is a combination of the cavity volume of the pressure
sensor and the tube volume. It acts as a resonator (Zakrzewski
and Wrobel, 2002). The resonance frequency of the resonator
reduces the bandwidth of the pressure sensor. Hence, it is
necessary to evaluate the effect of dead volume on the bandwidth
of the sensor to measure transient pressure accurately. Both
cavity type and flush diaphragm type pressure sensors of the same
range 0-6.89 MPa are used to measure chamber pressure from
the same pressure port of the prototype engine under test to serve
this purpose. The inlet tube of outer diameter (OD) 6mm, inner
diameter (ID) 4mmand length (L) 300mm is used tomount the
cavity type pressure sensor, whereas the flush diaphragm type
sensor is directly mounted on the pressure port. The cavity
volume of the pressure sensor is 2.8 cm3. From the test results,
the following limitations are observed from the cavity type
pressure sensor test data:
� loss of transient pressure peak data; and
� ambiguity in the measured value.

The reason for these limitations is the resonance of the dead
volume, which limits the bandwidth of the sensor.

Figure 1 Static pressure calibration setup
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The reduction of the bandwidth of the sensor due to the dead
volume is analyzed by twomethods, namely:
1 resonance frequency method; and
2 bandwidth evaluation method.

In the resonance frequencymethod, the resonance frequency of
the dead volume is calculated theoretically using either by
Helmholtz model or organ pipe model. Helmholtz model is
acceptable when the cavity volume is more than tube volume.
The resonance frequency of the Helmholtz resonator is
calculated using equation (1). The organ pipe model is selected
when the cavity volume is less than the tube volume (Henryk
and Zakrzewski, 2003). The resonance frequency of the organ
pipe resonator is calculated using equation (2):

f ¼ ad

7:09
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L10:85dð ÞV

p (1)

f ¼ a

L
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:51 16V

pd2L

q (2)

f - Resonance frequency;
a - Velocity of sound in gas;
d - InnerDiameter of tube;
V - Cavity Volume; and
L - Length of the tube.

In the bandwidth evaluation method, the bandwidth of the
pressure sensor with and without inlet tube is evaluated by
dynamic calibration. Figure 2 shows the dynamic pressure
calibration setup.
The dynamic pressure calibration setup consists of a pressure

step generator, an excitation source and a recording system.
Aronson calibrator (Make: TMS, Model: 9907 C) is an
aperiodic calibrator, which generates a single pressure pulse
with rise time 5 ms using Helium gas. The calibrator supports
the calibration of pressure sensor with maximum diameter up
to 25.4mm.
From the resonance frequency method, the resonance

frequency of the sensor without and with tube are calculated as
5,851 and 1,813 Hz, respectively. The effective bandwidth of
the sensor is calculated as one-tenth of the resonance frequency
of the resonator. The effective bandwidth of the sensor without
and with tube are calculated as 585 and 181 Hz. From the

dynamic calibration results, the bandwidth of the pressure
sensor without and with tube are calculated as 777 and 97 Hz,
respectively.

3. Design aspects of inlet tube of pressure sensor

In static test environment, the long inlet tubes are used to
protect the sensor from the high-temperature zone and
minimize the error due to temperature for the short period. It
reduces the effective bandwidth of the sensor. Though the short
tube results in higher resonance frequency than the long tube, it
fails to protect the sensor from the high-temperature and
increases the error due to temperature. Hence, the design of the
inlet tube of the pressure sensor is necessary to meet
the transient pressure measurement under high-temperature
environment. The design of the inlet tube depends on the
maximum expected operating pressure, transient nature of the
measurand, range of sensor, burn time, gas temperature and
the safety requirements. It involves the selection of:
� tube material;
� type of tube;
� dimensions of tube; and
� straight or bend configuration.

The material SS 321 has more strength and corrosion
resistance than SS 316L, and hence, it is selected as tube
material. Seamless tube is selected as it provides a higher
range of safety and corrosion resistance than the welded tube.
The inlet tube with bend configurations are required to mount
more sensors in the limited available space. During bending of
tubes, if the reduction of sectional area at the bending point is
not more than the half of the original sectional area of the
straight tube, then the effect of bending on the frequency
response of the pressure measurement system is very less
(Yoshida et al., 2001). Annealed seamless SS 321 tubes are
selected to have a very less reduction of sectional area at the
bending point and the minimum effect of bending on
the bandwidth of the sensor. During the static testing of the
aerospace engine, the unburnt solid aluminium-based particles
of different sizes are thrown out along with combustion gases.
The size of the particle varies from 10 to 100 microns. These
particles coagulate and block the inlet tube. Hence, the
minimum inner diameter of the tube is selected as 4 mm to
avoid the chance of blocking the combustion gas from reaching
the diaphragm of the sensor. The maximum inner diameter of
the tube is taken as 10 mm to avoid mounting problems due to
space constraints.
The safe working pressure of seamless tube of ID 4 mm and

wall thickness 1 mm is 38.2 MPa and the burst pressure is
152.8 MPa. Similarly, the safer working pressure of seamless
tube of ID 10mm andwall thickness 1mm is 19.1MPa and the
burst pressure is 76.4 MPa (Stirlings, 2014). From the engine
design, the maximum expected peak pressure is 5.8 MPa.
Further, the range of the pressure sensor is 0-6.89 MPa. The
seamless tube SS 321 of wall thickness 1 mm is selected to
fabricate the inlet tube of the pressure sensor as it has a factor of
safetymore than 4.
Though the maximum combustion temperature is about

3,400 K, long tubes are not required to minimize the
temperature effect as the test duration is less than 5 s. Hence,
the length of the inlet tube is restricted between 50 and 100mm

Figure 2 Dynamic pressure calibration setup
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to measure the transient pressure under high-temperature. The
following configurations of inlet tubes are fabricated to test and
select the best dimensions of the tube to meet the static test
requirement:
� same inner diameter with different lengths;
� same length with different inner diameters; and
� same dimensions with straight and bend tubes.

From the calibration results, seamless tube SS 321 of ID 4 mm
and L 50 mm is selected as the best configuration of the inlet
tube.

4. Results and discussion

In Aerospace applications, the different sizes of inlet tubes are
used to mount the strain gauge type pressure sensors to
measure the engine chamber pressure. The inlet tube and the
cavity volume of the sensor reduce the bandwidth of the sensor.
It results in the attenuation of the sensor output signal and leads
to loss of transient data.
As a case study, in a static testing of prototype engine, both

flush type and cavity type sensors of the same range 0-6.89
MPa are deployed to measure the chamber pressure from the
same pressure port to analyze the effect of dead volume on the
bandwidth of the sensor. The cavity type sensor is mounted
using the inlet tube of dimensions 6 � 4 � 300 mm. However,
the flush diaphragm type sensor is mounted directly to the
pressure port. The natural frequency of the cavity type pressure
sensor is 17,000 Hz and the bandwidth of the sensor is
estimated as 1,700 Hz. The �3 dB frequency response of the
flush diaphragm type pressure sensor is 5 KHz. Figure 3 shows
the pressure profiles plotted using cavity type and flush type
sensor test data.
From the pressure profiles, the transient pressure peak is not

observed in the test data of the cavity type sensor. The reason
for the loss of transient pressure data is analyzed by the
resonance frequency method and bandwidth evaluation
method.
In the resonance frequency method, the cavity type pressure

sensor without the tube is represented by the Helmholtz model
and the resonance frequency of the resonator is calculated

using equation (1). The cavity type pressure sensor with the
tube is represented by organ pipe model as the cavity volume
(2.8 cm3) is smaller than tube volume (3.768 cm3) and the
resonance frequency of the resonator is calculated using
equation (2). The velocity of sound in combustion gas of
aerospace engine is approximately 1,100 m/s at 3,400 K. It is
closer to the velocity of sound in Helium gas at 23°C, which is
1,012 m/s. Further, the dynamic calibrator uses Helium gas to
generate the sharp pressure step. Hence, the velocity of sound
in Helium gas at 23°C is used for the theoretical calculation of
the resonance frequency. The calculated results are recorded in
Table I.
From Table I, the resonance frequency of the sensor without

the tube is much less than the natural frequency of the
diaphragm due to the cavity volume. The resonance frequency
of the sensor with the tube is less than the sensor without a tube.
The effective bandwidth of the sensor without a tube and with
tube are calculated as 585 and 181Hz, respectively.
In bandwidth evaluation method, the effective bandwidth of

the pressure sensor with and without the tube is evaluated by
dynamic calibration using the calibration setup shown in
Figure 2. The calibration results are tabulated in Table II.
Figure 4 shows the step response of the sensor with and without
tube.
The effective bandwidth of the sensor without and with

tube are calculated as 777 and 97 Hz, respectively. The
effective bandwidth of the sensor shall be at least five times the
bandwidth of the measurand to capture the transient pressure
accurately (Kulite semiconductor products, Inc, 2014),
otherwise, it leads to attenuation of the sensor output signal and
increases the error. From the static test data, the rise time of
pressure peak is 4.12 ms and the bandwidth of the chamber
pressure is calculated as 85 Hz. The minimum bandwidth of
the sensor required to capture the transient peak is 425 Hz. As
the effective bandwidth of the sensor with tube is much less

Figure 3 Pressure profiles of cavity type and flush diaphragm type
sensors

Table I Theoretical resonance frequency of the resonator

Pressure sensor
Resonance

frequency (fr) Hz
Effective bandwidth

(fr/10) Hz

Without tube 5,851 585
With tube (63
43 300 mm) 1,813 181

Table II Dynamic calibration results of sensor with and without tube

Calibration constants
Sensor without

tube
Sensor with tube (6 mm
� 4 mm� 300 mm)

Rise time (ms) 0.45 3.62
Peak time (ms) 0.62 6.22
Settling time (ms) 1.86 8.03
Overshoot (%) 25 7.1
Bandwidth (Hz) 777 97
Damping 0.40 0.646
Damped frequency (Hz) 1,428 217
Natural frequency (Hz) 1,560 284
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than the required bandwidth, the cavity type pressure sensor
did not capture the pressure peak.
From the calibration results, it is shown that the reduction of

the effective bandwidth of the sensor is due to the inlet tube.
The design of the inlet tube is essential to capture the transient
data without attenuation. The different dimensions of inlet
tubes are designed to evaluate the effect of the tube on the
bandwidth of the pressure sensor. The annealed seamless tubes
SS 321 of OD 6 mm and ID 4 mm of different L 50, 75 mm
and 100 mm with end fittings shown in Figure 5 are fabricated
and tested with pressure sensor using the dynamic calibration
setup shown in Figure 2. The calibration results are recorded in
Table III. Figure 6 shows the step response of the sensor with
different lengths of tube.
From the test results, the sensor without tube provides higher

bandwidth than the sensor with the tube. However, a sensor
without tube suffers due to space constraints and temperature
problem. It is observed that the damping ratio and the settling

time, increase when the length of the tube increases. The
effective bandwidth and the natural frequency of the sensor
with tube decrease as the tube length increases. The inlet tube
L 50 mm is selected as it has better bandwidth than other
lengths.
The seamless tubes SS 321 of L 50 mm with different ID

(D2) 4 mm, 6 mm, 8 mm and 10 mm shown in Figure 7 are
fabricated and calibrated to evaluate the impact of the inner
diameter of the tube on the bandwidth of the sensor. The
calibration results are recorded in Table IV. Figure 8 shows the
response of the sensor with tubes of different inner diameters
having the same length of the applied pressure step using the
Arson dynamic pressure calibrator.
FromTable IV, it is shown that the natural frequency and the

effective bandwidth of the sensor with tube increase as the tube
inner diameter increases. The damping ratio and the settling
time of the sensor with a tube decrease as the tube inner
diameter increases. Though the larger diameter of the tube
increases the bandwidth of the sensor than the smaller
diameter, it leads to the mounting problems due to space
constraints. Hence, the tube having an ID 4mm is selected.
The seamless tubes SS 321 of dimensions 6 � 4 � 50 mm

with and without bend as shown in Figure 9 are fabricated and
tested with pressure sensor using the setup shown in Figure 2 to
analyze the effect of bend on the bandwidth of the sensor. The
test results are recorded in Table V. Figure 10 shows the step
response of the sensor with tubes of the same dimensions
having straight and bend configurations.
The calibration results of the sensor with tubes of the same

size with and without bend show the bandwidth of the sensor is
not affected by the tube with a bend.
FromTable VI, it is evident that the effective bandwidth of the

sensor decreases as the dead volume increases. The pressure
sensor with tube dimensions 6 � 4 � 50 mm is selected as the
best configuration as it solves the mounting problems due to
space constraint and it has an effective bandwidth more than the
required bandwidth. Depending on themounting requirement, a
tube with a bend or straight configuration can be used. The same
cavity type pressure sensor with the selected inlet tube of
dimensions 6 mm � 4 mm � 50 mm and the flush diaphragm
type sensor are used to measure the chamber pressure in a static
testing of the same prototype engine to validate the design of the
tube against the requirement.
Figure 11 shows the pressure profiles captured by cavity type

and flush type sensor during a static test. From the static test

Figure 4 Step response of pressure sensor with and without tube (6� 4� 300 mm)

Figure 5 Tubes of same inner diameter with different lengths

Table III Dynamic calibration results

Calibration constants

Pressure sensor with tube L having OD 6 mm
and ID 4 mm

0 mm 50 mm 75 mm 100 mm

Rise time (ms) 0.45 0.71 0.84 0.98
Peak time (ms) 0.62 1.36 1.43 1.58
Settling time (ms) 1.86 2.44 2.52 2.75
Overshoot (%) 25 18 13 10
Bandwidth (Hz) 777 493 416 357
Damping 0.40 0.48 0.545 0.59
Damped frequency (Hz) 1,428 769 704 588
Natural frequency (Hz) 1,560 876 839 728
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data, it is evident that the cavity type sensor with the selected
tube has captured the peak data with the accuracy of 6 1
per cent FS. Hence, the inlet tube design is validated against
the bandwidth requirement.

The diaphragm temperature test is conducted to validate the
test data of the cavity type pressure sensor with the selected
inlet tube against the temperature error. The temperature
profile of the diaphragm is necessary to calculate the
temperature error, which helps to get themeasured value closer
to the true value. The temperature of the diaphragm depends
on the gas temperature, the velocity of combustion gas, length
of the inlet tube and the cavity volume of the sensor. Hence, it is
decided to record the diaphragm temperature profile during the
static test. The representative hardware of pressure sensor
without strain gauges and associated electronics shown in
Figure 12 is used for this purpose.
The surface mounts cement on thermocouple (Make:

Omega, Model: CO1K-Style 1) is selected as it has response
time less than 10 ms. The selected thermocouple is bonded on
the diaphragm to measure the surface temperature of the
diaphragm. Two representative hardware of pressure sensor
without and with the inlet tube (6 mm � 4 mm � 50 mm) are
used in the static testing of the prototype engine with burn time
10 s to record the diaphragm temperature profile. Figure 13

Figure 6 Step response of cavity type pressure sensor with tube of different lengths

Figure 7 Tubes of same length with different inner diameters

Table IV Dynamic calibration results of sensor with tubes of different
diameters

Calibration constants

Pressure sensor with tube L 50 mm having ID
(D2) and thickness 1 mm

4 mm 6 mm 8 mm 10 mm

Rise time (ms) 0.71 0.64 0.60 0.54
Peak time (ms) 1.36 1.32 1.05 0.91
Settling time (ms) 2.44 2.26 1.84 1.62
Overshoot (%) 18 19 20.2 23
Bandwidth (Hz) 493 546 583 648
Damping 0.48 0.467 0.456 0.424
Damped frequency (Hz) 769 781 840 892
Natural frequency (Hz) 876 884 943 985
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shows the diaphragm temperature profiles of the sensor with
and without inlet tube.
From the diaphragm temperature test results, the designed

inlet tube helps to maintain the temperature of the diaphragm

less than the compensated temperature of the pressure sensor
(71°C) up to 5.2 s from the start of combustion of the engine.
However, the diaphragm temperature of the sensor without the
inlet tube reaches 71°C within 3 s. The test data of the cavity
type sensor with designed inlet tube are valid and the errors are
within the specified limits when the duration of the static test is
less than 5.2 s. Hence, the inlet tube design is validated against
the temperature error.
However, the cavity type sensor having larger dead volume

filled with or without oil is recommended for measuring
pressure under high temperature where the requirement is only
the static and slow varying pressure, not the transient pressure.

5. Conclusion

In this paper, the purpose of the inlet tube and its effect on
transient pressure measurement under static test environment
have been presented with experimental results and analysis.
The cause for loss of transient pressure from the data acquired
by the sensor with the inlet tube is investigated by bandwidth

Figure 8 Step response of cavity type pressure sensor with tubes of different inner diameters

Figure 9 Tubes of same size with and without bend

Table V Dynamic calibration results of sensor with straight tube and bend
tube

Calibration constants

Pressure sensor with tube
(6 mm� 4 mm� 50 mm)

Straight tube Bend tube

Rise time (ms) 0.71 0.71
Peak time (ms) 1.36 1.37
Settling time (ms) 2.44 2.46
Overshoot (%) 18 18
Bandwidth (Hz) 493 493
Damping 0.48 0.48
Damped frequency (Hz) 769 766
Natural frequency (Hz) 876 872
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analysis using dynamic calibration. From the dynamic
calibration results of the sensor with and without tube, it is
shown that the loss of transient pressure data is mainly due to
the inlet tube and the cavity of the sensor as they form resonator
and reduces the effective bandwidth of the pressure sensor. The
design aspects of the inlet tube are discussed in detail, including
safetymargins. The annealed seamless SS 321 tube of thickness
1 mm is selected to meet safety, corrosion resistance and the
bending requirements. The different sizes of the inlet tubes are

fabricated with the designed values to quantify the effect of tube
volume on the bandwidth of the pressure sensor.
The effective bandwidth of the sensor with the designed

inlet tubes is evaluated by dynamic calibration and the
results are presented with an analysis. The inlet tube of
dimensions 6 � 4 � 50 mm is selected as the best
configuration as it meets the mounting and the bandwidth
requirement. The pressure sensor with the selected inlet
tube is validated by deploying it in the chamber pressure

Figure 10 Step response of sensor with tubes of same size having bend and straight configuration

Table VI Comparison of results of tubes of different sizes having thickness
1 mm

Sensor with tube
configuration ID (mm) L (mm)

Dynamic calibration
Rise time

(ms) BW (Hz)

Straight tube
without bend

4 0 0.45 777
50 0.71 493
75 0.84 416
100 0.98 357

4 50 0.71 493
6 0.64 546
8 0.60 583
10 0.54 648

Tube with bend 4 50 0.71 493

Figure 11 Champer pressure profiles of cavity type and flush
diaphragm type sensor test data

Figure 12 Representative hardware of pressure sensor

Figure 13 Diaphragm temperature profile of pressure sensor with and
without designed tube
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measurement of the prototype engine under static test. The
static test data show that the sensor with the designed tube
has read the pressure peak with the accuracy of 6 1 per cent
FS. From the diaphragm temperature test results, it is
shown that the designed inlet tube reduces the temperature
rise of the diaphragm. It extends the application of sensor to
the static testing of engines with a maximum burn time of 5 s
instead of 3 s as it limits the diaphragm temperature below
the compensated temperature up to 5 s from the start of the
firing of the engine. Future scope of work such as cooling
methods to manage the temperature of the diaphragm below
the compensated temperature on strain gauge side instead of
pressure inlet side shall be developed to minimize the error
due to temperature and improve the bandwidth of the
sensor.
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Abstract
Purpose – In Aerospace applications, the inlet tubes are used to mount strain gauge type pressure sensors on the engine under static test to
measure engine chamber pressure. This paper aims to focus on the limitations of the inlet tube and its design aspects to serve better in the static
test environment. The different sizes of the inlet tubes are designed to meet the static test and safety requirements. This paper presents the
performance evaluation of the designed inlet tubes with calibration results and the selection criteria of the inlet tube to measure combustion
chamber pressure with the specified accuracy during static testing of engines.
Design/methodology/approach – Two sensors, specifically, one cavity type pressure sensor with the inlet tube of range 0-6.89 MPa having
natural frequency of the diaphragm 17 KHz and another flush diaphragm type pressure sensor of the same range having �3 dB frequency response,
5 KHz are mounted on the same pressure port of the engine under static test to study the shortcomings of the inlet tube. The limitations of the inlet
tube have been analyzed to aid the tube design. The different sizes of inlet tubes are designed, fabricated and tested to study the effect of the inlet
tube on the performance of the pressure sensor. The dynamic calibration is used for this purpose. The dynamic parameters of the sensor with the
designed tubes are calculated and analyzed to meet the static test requirements. The diaphragm temperature test is conducted on the representative
hardware of pressure sensor with and without inlet tube to analyze the effect of the inlet tube against the temperature error. The inlet tube design is
validated through the static test to gain confidence on measurement.
Findings – The cavity type pressure sensor failed to capture the pressure peak, whereas the flush diaphragm type pressure sensor captured the
pressure peak of the engine under a static test. From the static test data and dynamic calibration results, the bandwidth of cavity type sensor with
tube is much lower than the required bandwidth (five times the bandwidth of the measurand), and hence, the cavity type sensor did not capture the
pressure peak data. The dynamic calibration results of the pressure sensor with and without an inlet tube show that the reduction of the bandwidth
of the pressure sensor is mainly due to the inlet tube. From the analysis of dynamic calibration results of the sensor with the designed inlet tubes of
different sizes, it is shown that the bandwidth of the pressure sensor decreases as the tube length increases. The bandwidth of the pressure sensor
with tube increases as the tube inner diameter increases. The tube with a larger diameter leads to a mounting problem. The inlet tube of dimensions
6 � 4 � 50 mm is selected as it helps to overcome the mounting problem with the required bandwidth. From the static test data acquired using the
pressure sensor with the selected inlet tube, it is shown that the selected tube aids the sensor to measure the pressure peak accurately. The
designed inlet tube limits the diaphragm temperature within the compensated temperature of the sensor for 5.2 s from the firing of the engine.
Originality/value – Most studies of pressure sensor focus on the design of a sensor to measure static and slow varying pressure, but not on the
transient pressure measurement and the design of the inlet tube. This paper presents the limitations of the inlet tube against the bandwidth
requirement and recommends dynamic calibration of the sensor to evaluate the bandwidth of the sensor with the inlet tube. In this paper, the
design aspects of the inlet tube and its effect on the bandwidth of the pressure sensor and the temperature error of the measured pressure values
are presented with experimental results. The calibration results of the inlet tubes with different configurations are analyzed to select the best
geometry of the tube and the selected tube is validated in the static test environment.

Keywords Bandwidth, Combustion chamber pressure, Design of inlet tube, Dynamic calibration, Effect of dead volume

Paper type Research paper

1. Introduction

In Aerospace applications, pressure sensor plays a vital role in
various stages of testing of engines including static and dynamicThe current issue and full text archive of this journal is available on
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test as pressure data are the valuable input parameter for design
and decision-making. Mostly, strain gauge type pressure
sensors are used for this purpose. The limitations of the strain
gauge type pressure sensor used in harsh environments are
discussed in detail by Bogue (2012). Generally, the static test
environment is harsh and the sensors are subjected to high-
temperature, transient pressure, shock and vibration (Zhang
et al., 2018; Fricke et al., 2012; Cullinane and Strange, 1999;
William and Gary, 2013; Zarfl et al., 2016). Further, in the
static test environment, the pressure sensor output voltage
depends not only on the applied pressure but also on the other
factors such as ambient temperature, shock and vibration
(Dalgin and Dogru, 2016; Cullinane and Strange, 1999; Kim
et al., 2016). The method of compensating the pressure sensor
output against the change in ambient temperature is described
by Aryafar et al. (2015). The inlet tube is used to mount the
pressure sensor to overcome the space constraints at the
location where the pressure to be measured. The inlet tube of
pressure sensor helps to reduce the ambient temperature of the
sensor for the short period by locating it little away from
the engine. However, the combination of cavity volume of the
pressure sensor and tube volume known as dead volume, acts
as a resonance cavity (Zakrzewski and Wrobel, 2002; Webster
andDavies, 2010) and it reduces the bandwidth of the sensor.
Generally, the pressure sensors are calibrated using dead

weight tester shown in Figure 1 to gain confidence in the
measured values. However, the static calibration cannot reveal
the dynamic characteristics such as rise time and bandwidth.
Hence, the dynamic calibration is required to analyze the
reduction of the bandwidth of the pressure sensor due to inlet
tube.
The different types of equipment used for dynamic

calibration of pressure sensors are discussed with principles and
limitations (Theodoro et al., 2018; Zafer et al., 2017; Damion,
1994). Elkarous et al. (2016) have demonstrated the calibration
setup using hydraulic pressure pulse generator to evaluate
dynamic parameters of ballistic pressure transducers. The
dynamic pressure calibrator using the microphone as a
reference standard is demonstrated by Feero et al. (2018). The
most commonly used dynamic pressure calibrators are shock
tube and Arson shockless pressure step generator. In the shock
tube method, the shock pressure wave is generated by a sudden

burst of the thin-walled diaphragm, which separates
compression and expansion chambers. This shock wave excites
the resonance of the pressure sensor. The dynamic calibration
of pressure sensor using the shock tube to determine the
dynamic parameters is discussed in (Persico et al., 2005; Wang
et al., 2015a, 2015b). The advantage of the shock tube is
producing a shock wave with rise time in the order of
nanoseconds (Yan et al., 2018) and the drawback is less
accurate as the shock wave amplitude depends on shock wave
velocity and ambient conditions.
The pressure sensors used in the aerospace applications are

dynamically calibrated by step input (Theodoro et al., 2016).
Arson calibrator uses the fast acting poppet type switching valve
to generate pressure step with the rise time in the order of
microseconds. The operation of Arson calibrator is easier and
more accurate than the shock tube, but the rise time is limited
to microseconds. The calibration procedure is described in
(Instrumentation, Systems and Automation Society, 2002).
The evaluation of the dynamic characteristics of the strain
gauge type pressure sensor from the response of the sensor to
the applied pressure step is described in (Wang et al., 2015a,
2015b; Bean, 1994).
In this paper, the limitations of the inlet tube used to mount

the cavity type pressure sensor have been presented through a
case study with experimental results and analysis. The design
aspects of the inlet tube of pressure sensors tomeasure chamber
pressure in the static test environment have been discussed in
detail. This paper presents the effect of dead volume on the
bandwidth of the sensor using the fabricated inlet tubes of
different configurations by dynamic calibration. The
temperature effect of pressure sensor because of the presence of
the designed inlet tube is analyzed using the diaphragm
temperature test data.

2. Effect of dead volume

In Aerospace applications, strain gauge type pressure sensor with
an inlet tube is used to measure the chamber pressure of the
engine under static test for performance evaluation. The dead
volume is a combination of the cavity volume of the pressure
sensor and the tube volume. It acts as a resonator (Zakrzewski
and Wrobel, 2002). The resonance frequency of the resonator
reduces the bandwidth of the pressure sensor. Hence, it is
necessary to evaluate the effect of dead volume on the bandwidth
of the sensor to measure transient pressure accurately. Both
cavity type and flush diaphragm type pressure sensors of the same
range 0-6.89 MPa are used to measure chamber pressure from
the same pressure port of the prototype engine under test to serve
this purpose. The inlet tube of outer diameter (OD) 6mm, inner
diameter (ID) 4mmand length (L) 300mm is used tomount the
cavity type pressure sensor, whereas the flush diaphragm type
sensor is directly mounted on the pressure port. The cavity
volume of the pressure sensor is 2.8 cm3. From the test results,
the following limitations are observed from the cavity type
pressure sensor test data:
� loss of transient pressure peak data; and
� ambiguity in the measured value.

The reason for these limitations is the resonance of the dead
volume, which limits the bandwidth of the sensor.

Figure 1 Static pressure calibration setup
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The reduction of the bandwidth of the sensor due to the dead
volume is analyzed by twomethods, namely:
1 resonance frequency method; and
2 bandwidth evaluation method.

In the resonance frequencymethod, the resonance frequency of
the dead volume is calculated theoretically using either by
Helmholtz model or organ pipe model. Helmholtz model is
acceptable when the cavity volume is more than tube volume.
The resonance frequency of the Helmholtz resonator is
calculated using equation (1). The organ pipe model is selected
when the cavity volume is less than the tube volume (Henryk
and Zakrzewski, 2003). The resonance frequency of the organ
pipe resonator is calculated using equation (2):

f ¼ ad

7:09
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L10:85dð ÞV

p (1)

f ¼ a

L
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:51 16V

pd2L

q (2)

f - Resonance frequency;
a - Velocity of sound in gas;
d - InnerDiameter of tube;
V - Cavity Volume; and
L - Length of the tube.

In the bandwidth evaluation method, the bandwidth of the
pressure sensor with and without inlet tube is evaluated by
dynamic calibration. Figure 2 shows the dynamic pressure
calibration setup.
The dynamic pressure calibration setup consists of a pressure

step generator, an excitation source and a recording system.
Aronson calibrator (Make: TMS, Model: 9907 C) is an
aperiodic calibrator, which generates a single pressure pulse
with rise time 5 ms using Helium gas. The calibrator supports
the calibration of pressure sensor with maximum diameter up
to 25.4mm.
From the resonance frequency method, the resonance

frequency of the sensor without and with tube are calculated as
5,851 and 1,813 Hz, respectively. The effective bandwidth of
the sensor is calculated as one-tenth of the resonance frequency
of the resonator. The effective bandwidth of the sensor without
and with tube are calculated as 585 and 181 Hz. From the

dynamic calibration results, the bandwidth of the pressure
sensor without and with tube are calculated as 777 and 97 Hz,
respectively.

3. Design aspects of inlet tube of pressure sensor

In static test environment, the long inlet tubes are used to
protect the sensor from the high-temperature zone and
minimize the error due to temperature for the short period. It
reduces the effective bandwidth of the sensor. Though the short
tube results in higher resonance frequency than the long tube, it
fails to protect the sensor from the high-temperature and
increases the error due to temperature. Hence, the design of the
inlet tube of the pressure sensor is necessary to meet
the transient pressure measurement under high-temperature
environment. The design of the inlet tube depends on the
maximum expected operating pressure, transient nature of the
measurand, range of sensor, burn time, gas temperature and
the safety requirements. It involves the selection of:
� tube material;
� type of tube;
� dimensions of tube; and
� straight or bend configuration.

The material SS 321 has more strength and corrosion
resistance than SS 316L, and hence, it is selected as tube
material. Seamless tube is selected as it provides a higher
range of safety and corrosion resistance than the welded tube.
The inlet tube with bend configurations are required to mount
more sensors in the limited available space. During bending of
tubes, if the reduction of sectional area at the bending point is
not more than the half of the original sectional area of the
straight tube, then the effect of bending on the frequency
response of the pressure measurement system is very less
(Yoshida et al., 2001). Annealed seamless SS 321 tubes are
selected to have a very less reduction of sectional area at the
bending point and the minimum effect of bending on
the bandwidth of the sensor. During the static testing of the
aerospace engine, the unburnt solid aluminium-based particles
of different sizes are thrown out along with combustion gases.
The size of the particle varies from 10 to 100 microns. These
particles coagulate and block the inlet tube. Hence, the
minimum inner diameter of the tube is selected as 4 mm to
avoid the chance of blocking the combustion gas from reaching
the diaphragm of the sensor. The maximum inner diameter of
the tube is taken as 10 mm to avoid mounting problems due to
space constraints.
The safe working pressure of seamless tube of ID 4 mm and

wall thickness 1 mm is 38.2 MPa and the burst pressure is
152.8 MPa. Similarly, the safer working pressure of seamless
tube of ID 10mm andwall thickness 1mm is 19.1MPa and the
burst pressure is 76.4 MPa (Stirlings, 2014). From the engine
design, the maximum expected peak pressure is 5.8 MPa.
Further, the range of the pressure sensor is 0-6.89 MPa. The
seamless tube SS 321 of wall thickness 1 mm is selected to
fabricate the inlet tube of the pressure sensor as it has a factor of
safetymore than 4.
Though the maximum combustion temperature is about

3,400 K, long tubes are not required to minimize the
temperature effect as the test duration is less than 5 s. Hence,
the length of the inlet tube is restricted between 50 and 100mm

Figure 2 Dynamic pressure calibration setup
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to measure the transient pressure under high-temperature. The
following configurations of inlet tubes are fabricated to test and
select the best dimensions of the tube to meet the static test
requirement:
� same inner diameter with different lengths;
� same length with different inner diameters; and
� same dimensions with straight and bend tubes.

From the calibration results, seamless tube SS 321 of ID 4 mm
and L 50 mm is selected as the best configuration of the inlet
tube.

4. Results and discussion

In Aerospace applications, the different sizes of inlet tubes are
used to mount the strain gauge type pressure sensors to
measure the engine chamber pressure. The inlet tube and the
cavity volume of the sensor reduce the bandwidth of the sensor.
It results in the attenuation of the sensor output signal and leads
to loss of transient data.
As a case study, in a static testing of prototype engine, both

flush type and cavity type sensors of the same range 0-6.89
MPa are deployed to measure the chamber pressure from the
same pressure port to analyze the effect of dead volume on the
bandwidth of the sensor. The cavity type sensor is mounted
using the inlet tube of dimensions 6 � 4 � 300 mm. However,
the flush diaphragm type sensor is mounted directly to the
pressure port. The natural frequency of the cavity type pressure
sensor is 17,000 Hz and the bandwidth of the sensor is
estimated as 1,700 Hz. The �3 dB frequency response of the
flush diaphragm type pressure sensor is 5 KHz. Figure 3 shows
the pressure profiles plotted using cavity type and flush type
sensor test data.
From the pressure profiles, the transient pressure peak is not

observed in the test data of the cavity type sensor. The reason
for the loss of transient pressure data is analyzed by the
resonance frequency method and bandwidth evaluation
method.
In the resonance frequency method, the cavity type pressure

sensor without the tube is represented by the Helmholtz model
and the resonance frequency of the resonator is calculated

using equation (1). The cavity type pressure sensor with the
tube is represented by organ pipe model as the cavity volume
(2.8 cm3) is smaller than tube volume (3.768 cm3) and the
resonance frequency of the resonator is calculated using
equation (2). The velocity of sound in combustion gas of
aerospace engine is approximately 1,100 m/s at 3,400 K. It is
closer to the velocity of sound in Helium gas at 23°C, which is
1,012 m/s. Further, the dynamic calibrator uses Helium gas to
generate the sharp pressure step. Hence, the velocity of sound
in Helium gas at 23°C is used for the theoretical calculation of
the resonance frequency. The calculated results are recorded in
Table I.
From Table I, the resonance frequency of the sensor without

the tube is much less than the natural frequency of the
diaphragm due to the cavity volume. The resonance frequency
of the sensor with the tube is less than the sensor without a tube.
The effective bandwidth of the sensor without a tube and with
tube are calculated as 585 and 181Hz, respectively.
In bandwidth evaluation method, the effective bandwidth of

the pressure sensor with and without the tube is evaluated by
dynamic calibration using the calibration setup shown in
Figure 2. The calibration results are tabulated in Table II.
Figure 4 shows the step response of the sensor with and without
tube.
The effective bandwidth of the sensor without and with

tube are calculated as 777 and 97 Hz, respectively. The
effective bandwidth of the sensor shall be at least five times the
bandwidth of the measurand to capture the transient pressure
accurately (Kulite semiconductor products, Inc, 2014),
otherwise, it leads to attenuation of the sensor output signal and
increases the error. From the static test data, the rise time of
pressure peak is 4.12 ms and the bandwidth of the chamber
pressure is calculated as 85 Hz. The minimum bandwidth of
the sensor required to capture the transient peak is 425 Hz. As
the effective bandwidth of the sensor with tube is much less

Figure 3 Pressure profiles of cavity type and flush diaphragm type
sensors

Table I Theoretical resonance frequency of the resonator

Pressure sensor
Resonance

frequency (fr) Hz
Effective bandwidth

(fr/10) Hz

Without tube 5,851 585
With tube (63
43 300 mm) 1,813 181

Table II Dynamic calibration results of sensor with and without tube

Calibration constants
Sensor without

tube
Sensor with tube (6 mm
� 4 mm� 300 mm)

Rise time (ms) 0.45 3.62
Peak time (ms) 0.62 6.22
Settling time (ms) 1.86 8.03
Overshoot (%) 25 7.1
Bandwidth (Hz) 777 97
Damping 0.40 0.646
Damped frequency (Hz) 1,428 217
Natural frequency (Hz) 1,560 284
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than the required bandwidth, the cavity type pressure sensor
did not capture the pressure peak.
From the calibration results, it is shown that the reduction of

the effective bandwidth of the sensor is due to the inlet tube.
The design of the inlet tube is essential to capture the transient
data without attenuation. The different dimensions of inlet
tubes are designed to evaluate the effect of the tube on the
bandwidth of the pressure sensor. The annealed seamless tubes
SS 321 of OD 6 mm and ID 4 mm of different L 50, 75 mm
and 100 mm with end fittings shown in Figure 5 are fabricated
and tested with pressure sensor using the dynamic calibration
setup shown in Figure 2. The calibration results are recorded in
Table III. Figure 6 shows the step response of the sensor with
different lengths of tube.
From the test results, the sensor without tube provides higher

bandwidth than the sensor with the tube. However, a sensor
without tube suffers due to space constraints and temperature
problem. It is observed that the damping ratio and the settling

time, increase when the length of the tube increases. The
effective bandwidth and the natural frequency of the sensor
with tube decrease as the tube length increases. The inlet tube
L 50 mm is selected as it has better bandwidth than other
lengths.
The seamless tubes SS 321 of L 50 mm with different ID

(D2) 4 mm, 6 mm, 8 mm and 10 mm shown in Figure 7 are
fabricated and calibrated to evaluate the impact of the inner
diameter of the tube on the bandwidth of the sensor. The
calibration results are recorded in Table IV. Figure 8 shows the
response of the sensor with tubes of different inner diameters
having the same length of the applied pressure step using the
Arson dynamic pressure calibrator.
FromTable IV, it is shown that the natural frequency and the

effective bandwidth of the sensor with tube increase as the tube
inner diameter increases. The damping ratio and the settling
time of the sensor with a tube decrease as the tube inner
diameter increases. Though the larger diameter of the tube
increases the bandwidth of the sensor than the smaller
diameter, it leads to the mounting problems due to space
constraints. Hence, the tube having an ID 4mm is selected.
The seamless tubes SS 321 of dimensions 6 � 4 � 50 mm

with and without bend as shown in Figure 9 are fabricated and
tested with pressure sensor using the setup shown in Figure 2 to
analyze the effect of bend on the bandwidth of the sensor. The
test results are recorded in Table V. Figure 10 shows the step
response of the sensor with tubes of the same dimensions
having straight and bend configurations.
The calibration results of the sensor with tubes of the same

size with and without bend show the bandwidth of the sensor is
not affected by the tube with a bend.
FromTable VI, it is evident that the effective bandwidth of the

sensor decreases as the dead volume increases. The pressure
sensor with tube dimensions 6 � 4 � 50 mm is selected as the
best configuration as it solves the mounting problems due to
space constraint and it has an effective bandwidth more than the
required bandwidth. Depending on themounting requirement, a
tube with a bend or straight configuration can be used. The same
cavity type pressure sensor with the selected inlet tube of
dimensions 6 mm � 4 mm � 50 mm and the flush diaphragm
type sensor are used to measure the chamber pressure in a static
testing of the same prototype engine to validate the design of the
tube against the requirement.
Figure 11 shows the pressure profiles captured by cavity type

and flush type sensor during a static test. From the static test

Figure 4 Step response of pressure sensor with and without tube (6� 4� 300 mm)

Figure 5 Tubes of same inner diameter with different lengths

Table III Dynamic calibration results

Calibration constants

Pressure sensor with tube L having OD 6 mm
and ID 4 mm

0 mm 50 mm 75 mm 100 mm

Rise time (ms) 0.45 0.71 0.84 0.98
Peak time (ms) 0.62 1.36 1.43 1.58
Settling time (ms) 1.86 2.44 2.52 2.75
Overshoot (%) 25 18 13 10
Bandwidth (Hz) 777 493 416 357
Damping 0.40 0.48 0.545 0.59
Damped frequency (Hz) 1,428 769 704 588
Natural frequency (Hz) 1,560 876 839 728
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data, it is evident that the cavity type sensor with the selected
tube has captured the peak data with the accuracy of 6 1
per cent FS. Hence, the inlet tube design is validated against
the bandwidth requirement.

The diaphragm temperature test is conducted to validate the
test data of the cavity type pressure sensor with the selected
inlet tube against the temperature error. The temperature
profile of the diaphragm is necessary to calculate the
temperature error, which helps to get themeasured value closer
to the true value. The temperature of the diaphragm depends
on the gas temperature, the velocity of combustion gas, length
of the inlet tube and the cavity volume of the sensor. Hence, it is
decided to record the diaphragm temperature profile during the
static test. The representative hardware of pressure sensor
without strain gauges and associated electronics shown in
Figure 12 is used for this purpose.
The surface mounts cement on thermocouple (Make:

Omega, Model: CO1K-Style 1) is selected as it has response
time less than 10 ms. The selected thermocouple is bonded on
the diaphragm to measure the surface temperature of the
diaphragm. Two representative hardware of pressure sensor
without and with the inlet tube (6 mm � 4 mm � 50 mm) are
used in the static testing of the prototype engine with burn time
10 s to record the diaphragm temperature profile. Figure 13

Figure 6 Step response of cavity type pressure sensor with tube of different lengths

Figure 7 Tubes of same length with different inner diameters

Table IV Dynamic calibration results of sensor with tubes of different
diameters

Calibration constants

Pressure sensor with tube L 50 mm having ID
(D2) and thickness 1 mm

4 mm 6 mm 8 mm 10 mm

Rise time (ms) 0.71 0.64 0.60 0.54
Peak time (ms) 1.36 1.32 1.05 0.91
Settling time (ms) 2.44 2.26 1.84 1.62
Overshoot (%) 18 19 20.2 23
Bandwidth (Hz) 493 546 583 648
Damping 0.48 0.467 0.456 0.424
Damped frequency (Hz) 769 781 840 892
Natural frequency (Hz) 876 884 943 985
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shows the diaphragm temperature profiles of the sensor with
and without inlet tube.
From the diaphragm temperature test results, the designed

inlet tube helps to maintain the temperature of the diaphragm

less than the compensated temperature of the pressure sensor
(71°C) up to 5.2 s from the start of combustion of the engine.
However, the diaphragm temperature of the sensor without the
inlet tube reaches 71°C within 3 s. The test data of the cavity
type sensor with designed inlet tube are valid and the errors are
within the specified limits when the duration of the static test is
less than 5.2 s. Hence, the inlet tube design is validated against
the temperature error.
However, the cavity type sensor having larger dead volume

filled with or without oil is recommended for measuring
pressure under high temperature where the requirement is only
the static and slow varying pressure, not the transient pressure.

5. Conclusion

In this paper, the purpose of the inlet tube and its effect on
transient pressure measurement under static test environment
have been presented with experimental results and analysis.
The cause for loss of transient pressure from the data acquired
by the sensor with the inlet tube is investigated by bandwidth

Figure 8 Step response of cavity type pressure sensor with tubes of different inner diameters

Figure 9 Tubes of same size with and without bend

Table V Dynamic calibration results of sensor with straight tube and bend
tube

Calibration constants

Pressure sensor with tube
(6 mm� 4 mm� 50 mm)

Straight tube Bend tube

Rise time (ms) 0.71 0.71
Peak time (ms) 1.36 1.37
Settling time (ms) 2.44 2.46
Overshoot (%) 18 18
Bandwidth (Hz) 493 493
Damping 0.48 0.48
Damped frequency (Hz) 769 766
Natural frequency (Hz) 876 872
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analysis using dynamic calibration. From the dynamic
calibration results of the sensor with and without tube, it is
shown that the loss of transient pressure data is mainly due to
the inlet tube and the cavity of the sensor as they form resonator
and reduces the effective bandwidth of the pressure sensor. The
design aspects of the inlet tube are discussed in detail, including
safetymargins. The annealed seamless SS 321 tube of thickness
1 mm is selected to meet safety, corrosion resistance and the
bending requirements. The different sizes of the inlet tubes are

fabricated with the designed values to quantify the effect of tube
volume on the bandwidth of the pressure sensor.
The effective bandwidth of the sensor with the designed

inlet tubes is evaluated by dynamic calibration and the
results are presented with an analysis. The inlet tube of
dimensions 6 � 4 � 50 mm is selected as the best
configuration as it meets the mounting and the bandwidth
requirement. The pressure sensor with the selected inlet
tube is validated by deploying it in the chamber pressure

Figure 10 Step response of sensor with tubes of same size having bend and straight configuration

Table VI Comparison of results of tubes of different sizes having thickness
1 mm

Sensor with tube
configuration ID (mm) L (mm)

Dynamic calibration
Rise time

(ms) BW (Hz)

Straight tube
without bend

4 0 0.45 777
50 0.71 493
75 0.84 416
100 0.98 357

4 50 0.71 493
6 0.64 546
8 0.60 583
10 0.54 648

Tube with bend 4 50 0.71 493

Figure 11 Champer pressure profiles of cavity type and flush
diaphragm type sensor test data

Figure 12 Representative hardware of pressure sensor

Figure 13 Diaphragm temperature profile of pressure sensor with and
without designed tube
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measurement of the prototype engine under static test. The
static test data show that the sensor with the designed tube
has read the pressure peak with the accuracy of 6 1 per cent
FS. From the diaphragm temperature test results, it is
shown that the designed inlet tube reduces the temperature
rise of the diaphragm. It extends the application of sensor to
the static testing of engines with a maximum burn time of 5 s
instead of 3 s as it limits the diaphragm temperature below
the compensated temperature up to 5 s from the start of the
firing of the engine. Future scope of work such as cooling
methods to manage the temperature of the diaphragm below
the compensated temperature on strain gauge side instead of
pressure inlet side shall be developed to minimize the error
due to temperature and improve the bandwidth of the
sensor.
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Abstract
Now days, health prediction in modern life becomesvery much essential. Big data analysis plays a crucial role to predict future
status of healthand offerspreeminenthealth outcome to people. Heart disease is a prevalent disease cause’s death around the
world. A lotof research is going onpredictive analytics using machine learning techniques to reveal better decision making. Big
data analysis fosters great opportunities to predict future health status from health parameters and provide best outcomes.
WeusedBig Data Predictive Analytics Model for Disease Prediction using Naive Bayes Technique (BPA-NB). It
providesprobabilistic classification based on Bayes’ theorem with independence assumptions between the features. Naive
Bayes approach suitable for huge data sets especially for bigdata. The Naive Bayes approachtrain the heart disease data taken
from UCI machine learning repository. Then, it was making predictions on the test data to predict the classification. The results
reveal that the proposed BPA-NB scheme providesbetter accuracy about 97.12% to predict the disease rate. The proposed BPA-
NB scheme used Hadoop-spark as big data computing tool to obtain significant insight on healthcare data. The experiments are
done to predict different patients’ future health condition. It takes the training dataset to estimate the health parameters necessary
for classification. The results show the early disease detection to figure out future health of patients.

Keywords Big data .Machine learning . Prediction . Naive Bayes . SparkFramework

Introduction

The national and international databases were examined to
identify studies conducted about big data analytics in
healthcare, heart attack prediction and prevention (Salma
and suma [1]). Now a day, Big Data analytics play a vital
role in predicting heart attack and tailoring of treatment for
cardiovascular disease. Big Data (Lidong and Cheryl [2])

provide 360 degree view of patients’ data to perform analytics
for better predict outcomes. Prediction of healthcare increases
the accuracy of diagnosis and helps to preventive medicine
and public health. Predictive analytics with bigdata [3,
4] allow researchers to develop prediction models that do
not require thousands of cases and that become more accurate
over time. This work usesNaive Bayes classification
techniqueto buildan accuracy predictive modelas it is one of
the most commonly applied machines learning technique.
Besides, diseases like heart illnessesoccur when vital health
parameters become anomalous. Hence, predictions of ab-
normal health parameters are required to improve the
health status for improve the quality life. Naïve Bayes
technique plays an important role to predict health labels
from the obtained dataset. Predicting heart disease is hard
to resolve it to improve the health status. Henceforth, it is
very much essential to design an effective technique to
predict the health status from the health parameters. A
few techniques have been proposed in related works sec-
tion to analyze and predict the health status of the patients.

The contributions of the proposed work are as follows:
A Naïve Bayes scheme is implemented and result clearly
shows the high accuracy. The Machine learningapproach
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(Naïve Bayes) is integrated with spark environment and
shown to be a viable predicting solution when dealing with
health parameters. The proposed BPA-NB scheme in-
volved twophases including clustering and prediction
phase. The clustering phase involves cleaning the obtained
data and group the data based on the diseases. The predic-
tion phase finds theclass labels include Yes_p and No_p
using Naïve Bayes technique. As a new finding, we devel-
oped a Big Data Predictive Analytics Model for Disease
Prediction using Machine learning Technique to predict the
future status of the patients. We assess the performance of
the proposed BPA-NB scheme. The rest of the paper in-
cludes five sections. Section 2 presented literature of relat-
ed works. Section 3 illustratesthe proposed BPA-NB
scheme in which build the training model with data.
Section 4 reveals thesimulationresults and performance
analysis of the proposed BPA-NB scheme in terms of exe-
cution time and classification metrics. Finally, Sect. 5 dis-
cusses the conclusions and future direction.

Related Works

Prasan Kumar et.al [5] proposed the probabilistic data col-
lection mechanism. It performed correlation analysis of col-
lected data. Finally, a stochastic prediction model is designed
to foresee the future health condition of the most correlated

patients based on their current health status. Bandwidth utili-
zation of this approach reduces the analysis time. Sudha Ram
et.al [6] proposed a new technique that used multiple data
sources for predicting the number of asthma-related emergen-
cy department visits. This system used Twitter data and envi-
ronmental sensor to predict the number of asthma emergency
department visits. DequanChenet.al [7] proposed Mayo
Clinic healthcaresystem to acquire and store enterprise data.
It performs analytics on clinical data for diagnosis, treatment,
prevention, or clinical reporting and nonclinical data for sci-
entific research health informatics. Alexandraet.,al [8]
discussed the challenges associated with machine learning
approaches in Big Data platform. Finally, they concluded that
the machine learning techniques are best suitable for
identifiedchallenges in the era of Big data analytics. Min
chenet et al., [9] proposed a CNN-based multimodal disease
risk prediction algorithm for healthcare data. It performs

Table 1 Sample Heart disease data set (14 attributes)

Attributes Ai

Age Sex Chest
pain

trestbpss:
(in mm)

Chol:in
mg/dl

Fbs restecg:

67.0 1.0 4.0 120.0 229.0 0.0 2.0

37.0 1.0 3.0 130.0 250.0 0.0 0.0

41.0 0.0 2.0 130.0 204.0 0.0 2.0

56.0 1.0 2.0 120.0 236.0 0.0 0.0

62.0 0.0 4.0 140.0 268.0 0.0 2.0

Table 2 Sample Heart disease data set (14 attributes)

Attributes Ai

thalach: exang: oldpeak: slope: ca: thal: num:

129.0 1.0 2.6 2.0 2.0 7.0 1

187.0 0.0 3.5 3.0 0.0 3.0 0

172.0 0.0 1.4 1.0 0.0 3.0 0

178.0 0.0 0.8 1.0 0.0 3.0 0

160.0 0.0 3.6 3.0 2.0 3.0 3
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medical data analysis for disease detection in healthcare
community. AbdulsalamYassine et al., [10] proposed a
model that utilizes smart home big data as a means of
learning and discovering human activity patterns for
health care applications. They propose the use of frequent
pattern mining, cluster analysis, and prediction to measure
and analyze energy usage changes sparked by occupants’
behavior. Yichuan Wang etal., [11] developed a big data
analytics framework for healthcare sectors that identified
five big data analytics capabilities such as analytical for
patterns, unstructured data analytical, decision support,
predictive, and traceability. Gao Zhuetal., [12] proposed
a novel cluster model such as structured output support
vector machine to provide classification for object track-
ing. The authors are suggested that a set of clustering
algorithms performing well for big data. Daniele
Ravetal., [13] proposedon applications of deep learning
in the fields of bioinformatics, pervasive computing and
s e n s i n g , m e d i c a l d a t a a n d p u b l i c h e a l t h .
MohitDayalandetal., [14] analyzed the health care dataset
against different research queries using actionable data.
They performeddata analytics using specialized Big data
analytics tools. L. Yang et al., [15] proposed feature sets
for twophase biomedical named entity recognition using
semi-CRFs. They used Support vector machine (SVM) in
various text processing tasks including named entity rec-
ognition. Wittekand Daranyi [16] proposed MapReduce-
based text mining workflow foreffective use of shared
memory and optimized coalesced memory access.
Nishitand Anil [15] suggested big data analytics in
healthcare. Marco Viceconti etal., [16] proposed effective
solution for silico medicine that extract by analytical data
to build automatic models for individual patients in
healthcare. Javier Andreu-Perezet.al [17] proposed the
new testing hypotheses about disease management from
diagnosis to prevention for personalized treatment using
characteristics of big data. Health data such as imaging
informatics, Health informatics,sensor informatics,and
translational bioinformatics providepersonalized informa-
tion from a diverse data sources.

H. Tamano et al., [18] proposeda programming model
for large-scale analysis in hadoop ecosystem. They sug-
gested deep learningmethod to make prediction. It takes
advantage of the parallel processing capabilities of a clus-
ter in order to quickly process very large datasets in a
fault-tolerant and scalable manner. Jui-FengYeh et al.,
[19] proposed the conditional random fields that used sta-
tistical word and parts of speech to detect the grammatical
errors. It gave good performance in terms of precision and
recall rate. IndranilPalit et al., [20] proposedtwo parallel
boosting algorithmstocreate a boosted ensemble classifier.
This approach allows for protecting privacy data in dis-
tributed computing environments. This works well in

prediction accuracy and speedup performance metrics. It
is not perform well in classification accuracy in random
stratification. Also, it has more boosting iterations during
scaleup mechanism. Prasan et al., [21] designed a prob-
abilistic data collection model to predict the future health
condition of the patients. Machine learning techniques
such as Markov model [22], Support vector machine
[23], Artificial Bee Colony [24], genetic algorithm [25]
and Hybridized neural network [26] are applied for clus-
tering, classification, prediction in healthcare domain and
real time monitoring the healthcare environment [30, 32].
Game theory model [27–29] play the vital role in medical
application to provide security. Clearly, it is evident from
the recent related works shows that there is no existing
solution to predict the heart diseases based on the health
status. In this paper, we used Naive Bayes machine learn-
ing Technique to predict the heart failure that provide high
accuracy. Naive Bayesian classifiers employ the probabil-
ity mechanism that read the data with assumptions for
features that make to provide accurate results for
prediction.

Proposed Work

The proposed BPA-NB scheme predicts class of heart
test data set. We considered two classes such as Yes-P,
No-P. The proposed BPA-NB scheme used clustering
and statistical classification scheme to form a group
and predict a disease. Data sets are collected from
UCI machine learning repository. Naive Bayes algorithm
was used to build the training model with data. Table 1
and Table 2 show the sample Heart disease data set.
The attributes used are as follows

1. Age in years
2. Sex (1 =male,0 = female)
3. Chestpain(1 = typical angina,2 = atypical angina,3 = non

angina,4 = asymptomatic)
4. trestbpss: resting blood pressure (in mm Hg on admis-

sion to the hospital)
5. chol: serum cholestoral in mg/dl
6. fbs: (fasting blood sugar >120mg/dl) (1 = true; 0 = false)
7. restecg: resting electrocardiographic results
8. thalach: maximum heart rate achieved
9. exang: exercise induced angina (1 = yes; 0 = no)

10. oldpeak: ST depression induced by exercise relative to
rest

11. slope: the slope of the peak exercise ST segment
12. ca: number of major vessels (0–3) colored by flourosopy
13. thal: 3 = normal; 6 = fixed defect; 7 = reversabledefec
14. num: diagnosis of heart disease (angiographic disease

status)
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The patients within the same department are clustered
based on their resemblance. The number of data blocks are
generated and distributed among the active servers and all the

statistical analysis are performed on those data blocks. The
collected data are represented in an intra-cluster matrix┌akd(-
ws). The algorithm 1 describes the cluster formation.

Naive Bayes Classification Algorithm

Naive Bayes classification is based on Bayes theorem with
an assumption of independence between features. The
Bayesian classifier used statistical analysis to predict a fu-
ture attribute also it is suitable for large datasets. The algo-
rithm 2 shows the naïve Bayes classification to predict the
future health status of the clusters. Bayes theorem provides
a way of calculating posterior probability P(c|x) from P(c),
P(x) and P(x|c).

p
c
x

� �
¼ p

x
c

� �
p cð Þ=p xð Þ ð1Þ

where,

P(c|
x)

is the posterior probability of class (c, target) given
predictor (x, Ai), where Ai = {A1,A2,…..A14}

P(c) is the prior probability of class p(yes/no)
P(x|
c)

is the likelihood which is the probability of predictor
given class.

P(x) is the prior probability of predictor.
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Results and Discussions

Accuracy

The proposed BPA-NBscheme provides higher accuracy than
existing system. The proposed BPA-NBscheme initialize and
split the dataset to training (60%) and testing dataset (40%).
The proposed BPA-NBscheme used the feature of Spark exe-
cution environment and its in-memory clustercomputing
[31]. The proposed system maintains the accuracy above
97% while increasing data size as shown in the Fig. 1. The
proposed BPA-NBscheme used Naive Bayes classification

algorithm to predict the future status of the health using health
parameters. The proposed Machine learning approach learns
quickly using normalization that reduces the mean absolute
error. Hence, the BPA-NBscheme achieves high accuracy and
predicted the results.

CPU Utilization

Figure 2 shows the CPU utilization of single node cluster with
varying data size. thatThe proposed system has effectively
used the CPU to process the data than the existing system.
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This is because analysis performed by Naive Bayes
Technique, The CPU utilization of proposed system is more
than existing system becausethe proposed system makes use
of parallelism to process data. The proposed BPA-NB scheme
achieved highCPU utilization than existing scheme. Figure 3,
Fig. 4, Fig. 5 and Fig. 6 shows the CPU utilization with mul-
timode clusters by varying nodes 5, 10, 15 and 20 respective-
ly. The proposed system used required maximum CPU for
processing the healthcare data because the data was distribut-
ed in multi node cluster and executed in parallel.

Processing Time

Fig. 7 shows the processing time ofCPU or process time in
single node cluster. It refers the amountof time for which a
CPU was used for processing data of a cluster node. The CPU
time is measured in nano-seconds. The processing time is
faster than the existing system. Figure 8, Fig. 9, Fig. 10 and
Fig. 11 shows the processing time with multi-node clusters by
varying nodes 5, 10, 15 and 20 respectively. The proposed
BPA-NB scheme takes less time to process the varying size
of healthcare data. The proposed BPA-NB scheme designed in
Hadoop-spark environment to handle the big data. Also, the
proposed BPA-NB scheme used map-reduce Naive Bayes al-
gorithm to process varying data in multi-node cluster in par-
allel manner. It reveals that the proposed scheme used process-
ing time effectively to handle the healthcare data.

Classification report and confusion matrix

Table 4 and Table 5 shows the classification report for training
data and test data respectively. Confusion matrix for training
data of heart disease specifies the good accuracy of the pro-
posed prediction. The proposed scheme provides better results
in terms of precision, recall, F1-score and support for both
training and test data.

Confusion Matrix for Training Data

[[2094 145]
[319 85]]

Classification Report for Training Data

Confusion Matrix For test Data

[[901 62]
[138 32]]

Classification Report For test Data

Conclusion & Future Work

We have presented a Naive Bayes approach for constructing
classifier model to predict the future health condition of heart
disease data. The proposed system used probabilistic classifi-
cation based on Bayes’ theorem to analysis the data. The clus-
tering technique is pioneered in the proposed work to filter the
unnecessary data and make prediction in effective manner. We
designed a map reduce algorithm for Naive Bayes technique
that integrated with Apache Spark framework for performing
big data predictive analytics that helps to reduce the compu-
tation complexity because of its parallelism. The
proposed BPA-NB scheme classify and predict the future sta-
tus from the heart disease data set effectively that discussed in
result and discussion section. Finally, the simulation was car-
ried out on the data set from UCI machine learning repository
and the results in future prediction ensured that the proposed
system improved significantly in terms of accuracy, CPU uti-
lization, and processing time. Future work may be investigate
in heterogeneous environment.
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Table 4 Classification Report for Trained Data

Precision recall F1-score support

0 0.87 0.95 0.90 2240

1 0.37 0.21 0.27 404

Avg/total 0.79 0.83 0.80 2644

Table 5 Classification Report for Test Data

Precision recall F1-score support

0 0.88 0.93 0.91 964

1 0.35 0.20 0.25 172

Avg/total 0.80 0.82 0.81 1132
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ABSTRACT 

Statistics reveals that the visual problems are the prime 
reasons for a larger number of road accidents. The blind spot 
is the major problem related to vision. The aim of this study 
is to develop a fuzzy-based multi criteria decision-making 
model for optimizing the area of the blind spot in the front 
and sides of a heavy transport vehicle. To achieve this, the 
statistical tool ANOVA (Analysis of Variance) and multi crite-
ria optimization techniques like TOPSIS (Technique for Order 
of Preference by Similarity to Ideal Solution), FAHP (Fuzzy 
Analytical Hierarchy Process) and GRA (Grey Relational 
Analysis) were also used in this problem This paper consists 
of three modules: first, the blind spots of the existing body 
structure dimension used in heavy vehicles were studied 
and the optimal design parameters were determined by us-
ing ANOVA and TOPSIS methodologies; next, the weights of 
the design parameters were calculated using FAHP method. 
Finally, GRA-based Multi Criteria Decision Making (MCDM) 
approach has been used to rank the vehicle body structures. 
The proposed model has been implemented in a transport 
corporation to compare four different types of body struc-
tures and concluded that the body structure which was built 
by an outsourced body builder is having a smaller area of 
blind spot and optimal design parameters as well.  

KEY WORDS

blind spot; Grey Relational Analysis; Fuzzy Analytical Hierar-
chy Process; multi-objective optimization;

1. INTRODUCTION
Good driver’s visibility is essential for safe road traf-

fic [1]. Many accidents are caused by drivers of larger 
vehicles who are not aware that other road users are 
very close to or beside their own vehicle in the blind 

spots [2]. A blind spot in a vehicle is the area around 
the vehicle that cannot be directly observed by the 
driver while driving. The heavy vehicle drivers cannot 
see certain areas on the roadway in their front, behind 
the vehicle and on either side of the vehicle. Figure 1 
reveals the area of the blind spot existing in a heavy 
transport vehicle.  

The visibility does not only depend on the individual 
driver’s vision condition but also on the design of the 
driver’s seat and the rear-view mirror. These designs 
are directly related to the area of the blind spot in front 
and on the sides of the vehicle. The driver’s forward 
visibility or the front end blind spots are influenced by 
many design criteria such as vehicle body structure, 
human anthropometric data, road geometry, etc.

In the driver’s seat design as well, the reduction of 
blind spots has to be considered. Among the main fac-
tors to be considered for the driver’s seat design like 
height of the seat from platform, total seat height, dis-
tance from seat backrest to windscreen glass and dis-
tance from seat backrest to the steering wheel centre; 
to reduce the blind spots, the distance between seat 
backrest and windscreen glass has attracted major 
importance[3]. A large enough blind spot in the rear or 
sides of the heavy vehicle can completely hide a small 
pedestrian, a small motor-cycle or even a full vehicle. 
Because, blind spots hide them before making such 
manoeuvres on roads while turning, reversing, chang-
ing lanes, or while overtaking other vehicles. This plac-
es the driver in a risky situation resulting sometimes in 
untoward incidents and accidents.
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Figure 1 – The blind spot area

In this paper the following two important designs 
have been considered:

 – Design parameters involved in the driver’s seat de-
sign,

 – Design parameters involved in rear-view mirror de-
sign.
The remaining part of this paper is organized as 

follows: Section 2 reviews the literature related to the 
study; the development of model is explained in Sec-
tion 3. Section 4 reveals the case study and finally, 
Section 5 concludes the study and outlines some fu-
ture research directions.

2. LITERATURE REVIEW

2.1 Review on optimization of design 
parameters of driver’s seat design

The driver’s seat is the only place from where the 
driver is driving the vehicle. A well designed driver’s 
seat should assure the driver’s satisfaction and less 
fatigue by way of its safety aspects, comfort and versa-
tility. An attempt is made to overcome the blind spot in 
front of the driver by optimizing the parameters used 
in the design of the driver’s seat of heavy public trans-
port vehicles. To design the seat the following criteria 
such as driver’s anthropometric data, driver’s visibili-
ty, driver’s reach to the controls and size, shapes and 
deflection of the seat are considered [4]. The driver’s 
seat design should be such as to overcome the prob-
lems of blind spots with respect to the driver’s visibility 
while sitting in the driver’s seat. Thus, the design of 
the driver’s seat is a very vital point to be considered in 
any automobile vehicle. In the passenger vehicles, the 
driver allows the passengers to alight and board the 
buses at the stops and then moves the vehicles to the 
next stop. Many of the stops are located in the densely 

populated residential areas. Normally, the drivers con-
centrate more on passenger activities and are totally 
unaware of what is happening in front of the vehicle in 
the blind spot area which may lead to fatal accidents. 

The fatigue is directly related to the design of the 
driver’s seat. The driver cannot depend on his feet to 
assist with the support of the body like sitting in a chair 
traditionally since they use their legs to operate the 
pedals. Hence, the seat design should give assurance 
to the driver’s body balance and control [5]. The driv-
er’s fatigue is a prime factor in commercial vehicle ac-
cidents [6]. It is evident that the poorly designed seats 
will cause fatigue in drivers and in turn the fatigue will 
make the driver drive without the concentration on the 
blind spots [7]. Even if the driver drives under the in-
fluence of fatigue, they should be able to manage and 
control the blind spot and the design should support 
this effect. Gundogdu [8] presented genetic algorithm 
based optimization of parameters to design the car 
seat in order to improve the driver’s performance. Javi-
er et al. [3] presented a design methodology for the 
driver cabin of sports vehicles applying the ergonomic 
module. 

2.2 Review on optimization of design 
parameters of rear-view mirror

For the blind spots behind and on either side of the 
heavy vehicle, the role of the rear-view mirrors is very 
important. The adjustment and installation or position-
ing of mirrors with larger fields-of-view will be helpful in 
reducing the blind spots. While considering the instal-
lation of mirrors, the distance between the driver and 
the pillar or frame structure to the left and right side 
of the front body structure, the driver’s eyesight height 
while seated in the driver’s seat from the platform, and 
the centre height of the mirror from the ground level 
are all important data. 

Burger [9] evaluated and reported the rear vision 
systems of twelve passenger vehicles and three trucks 
under real-world driving conditions. Also, a secondary 
study used the expert judgment techniques to obtain 
estimates of rear scene zone criticality. Thomas et al. 
[10] reviewed the safety aspects involved in the use 
of rear-view mirrors and discussed the research direc-
tions. Moreover, major accidents were caused when 
the target vehicle appeared in the driver’s blind spot 
during lane change or crowded urban travelling and 
the driver did not carefully observe the approaching 
vehicle from the rear and side mirrors [11]. Jan and 
Pieter [12] studied the use of cameras to support driv-
ers under low visibility conditions or/and in the blind 
spot area. 

Optimizing the parameters of a vehicle at the de-
sign stage was done by using neural network [13]. 
Hughes et al. [14] discussed the factors that motivate 
the use of electronic vision systems such as wide-an-
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gle and fish-eye camera technologies in vehicles. The 
benefits of using wide-angle lens camera systems to 
minimize the vehicle’s blind-zones were described. 
An overview of the ongoing research in the blind zone 
area has been provided as well as the proposed ideas 
to realize the images and objects in the blind zone us-
ing RFID and Bluetooth technology [15]. The design 
parameters involved in the design and installation 
of rear-view mirrors should be in optimal conditions 
in such a way as to overcome the problems of blind 
spots on the either side of the vehicle. Cho and Han 
[16] investigated that the driver’s vision is the most 
critical factor for an unusual driving situation. Martijn 
et al. [17] presented the systematic approach when 
designing a new lane change support system for vehi-
cles using virtual reality simulation and gaming prin-
ciples. The mock-up system consisted of three flat 
screens that offered rear-view mirror functionality. Kim 
et al. [18] studied the surface flow and wake structure 
around an automotive external rear-view mirror and 
demonstrated the visualizations over the mirror hous-
ing surface and the driver side vehicle skin. The com-
puter-based simulation method is also used to detect 
and warn of objects present within the blind spots of 
automobiles [1]. Gaetano et al. [19] analysed the main 
variables involved in the visual activity of the driver of 
motor vehicles while driving to make appropriate cor-
rective actions to achieve road safety. Through a sur-
vey a number of variables within the road environment 
were collected and analysed by using Fuzzy Logic and 
Artificial Neural Network. 

2.3 Review of optimization techniques

Wu et al. [20] evaluated the safety of vehicles used 
in a coal mine by using TOPSIS. The criteria weights 
were computed based on the grey entropy measure-
ment. Qiong et al. [21] proposed an intelligent decision 
support system (IDSS) to evaluate the road safety per-
formance in the European countries. To develop the 
IDSS, an improved hierarchical fuzzy TOPSIS model 
was used. The experts’ knowledge was incorporated in 
the proposed model. Moataz and Julian [22] evaluated 
the user’s perception of bus transit services by using 
a review. The gap in the perceptions held by the cur-
rent and potential users was also measured. First an 
AHP model was developed to measure the user prefer-
ence. Then a weighted perception index (WPI) of both 
preference and satisfaction was developed through a 
multi-criteria model. Finally, a multivariate analysis of 
variance (MANOVA) was conducted to identify the lev-
el of variation in the perception of both current and 
potential users of bus service quality. The blind spot 
area was optimized using the COPRAS (Complex Pro-
portional Assessment of alternatives) technique [23]. 
Different weights computation methods such as AHP, 

FARE (Factor Relationship) method and Entropy Mea-
surement were compared.

The aim of this work is to optimize the blind spots 
for heavy transport vehicles by optimizing the design 
parameters used for the design of driver’s seat and 
rear-view mirror. First, the influencing parameters to 
design the driver’s seat and rear-view mirror in order 
to reduce the blind spot areas were identified by using 
ANOVA and TOPSIS methodologies. Then GRA-based 
MCDM was developed to rank the vehicle body struc-
tures by using a case study conducted in the transport 
corporation of Tamilnadu, India. 

3. MODEL DEVELOPMENT
The reduction of blind spots in heavy vehicles is 

achieved in two phases. The area of the blind spot in 
the front and on both sides of the vehicle is reduced 
through the optimization of design parameters in-
volved in driver seat and the rear-view mirror. The tools 
and techniques used in this study are ANOVA, TOPSIS, 
GRA and FAHP. Figure 2 depicts the proposed frame-
work followed in this paper.

3.1 ANOVA

Analysis of Variance (ANOVA) is the analysis of vari-
ation in an experimental outcome and especially of a 
statistical variance in order to determine the contribu-
tions of the given factors or variables of the variance 
[24]. It is determined by assuming that the data are 
normally distributed and the variances of dependent 
variable are equal in all populations. ANOVA measures 
two sources of variation in the data and compares 
their relative sizes such as variation between groups 
and variation within groups. 

Variation between groups ( )x xi
2= -  (1)

Variation within groups ( )x xij i
2= -  (2)

where x  = mean for entire dataset, xij = value for 
individual j in group i and x i  = mean for group i

Then the standard deviation (si )is calculated using 
equation (3). 

( )
s n

x x
1

ij iij

n

i

2

= -
-|

 (3)

where n = number of individuals in groups i&j
Next, the sums of the squared differences which 

are called sums of squares (SS) are calculated using 
equation (4). The total sum of squares (SST) is equal 
to the Error Sum of squares (SSE) plus the sum of 
squares among groups (SSG).

SST SSE SSG= +  (4)

where 

( )SST x xijobs
2= -|  (5)
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( )SSE x xij i
obs

2= -|  (6)

SSG x xiabs

2= -^ h|  (7)

After the determination of SS, the mean square 
(MS) will be determined using equation (8). The mean 
squares are equal to the ratio between the sum of 
squares and degrees of freedom (DF).

MS DF
SS=  (8)

Finally, the F statistic value is calculated using 
equation (9). It is the ratio of the average variability 
among groups divided by the average variability within 
groups

F MSE
MSG=  (9)

where MSG is the mean square among groups and 
MSE is the error mean square. 

This F value is compared with the F value obtained 
from the statistical table. If the observed value is more 
than the theoretical value, then that is considered as 
influencing criteria. 

3.2 TOPSIS

Hwang and Yoon [25] developed the TOPSIS based 
on the concept of the distance of the alternative from 
the positive and negative ideal solutions. The reason 
behind this concept is that the most preferred alterna-
tive should simultaneously have the shortest distance 
from the positive ideal solution and the farthest dis-
tance from the negative ideal solution, which also cer-
tainly reflects the rationale of human choice. The steps 
used in TOPSIS process are listed below:

Step 1 - Construction of evaluation matrix: An eval-
uation matrix was constructed using the alternatives 
and the criteria 

X Xij= ^ h  (10)

where i= 1, 2, …..m criteria and j = 1,2,3,….n alterna-
tive

Step 2 - Determination of normalized decision ma-
trix: The data of influencing criteria are normalized us-
ing equation (11). 

( )X
X

ij

j

j n
ij1

2

i&

i m&
ij

C =
=

= =|   (11)

where, Xij is the ith criterion for jth alternative
Step 3 - Calculation of the weighted normalized de-

cision matrix: The weighted normalized decision ma-
trix (WWNM) is determined by multiplying the normalized 
decision matrix by its associated weights (Wij) which 
are calculated using equation (12).

W XWWNMA ij ij$=  

where, ( )
( )

X
X

W ij
ij

ij10

r
r

=
|

 (12) 

Step 4 - Building of positive and negative ideal 
solutions: The positive ideal solution corresponds to 
the set of best or maximum values of each column. 
Conversely, the negative ideal solution constitutes the 
set of worst or minimum values of each column of the 
evaluation matrix. 

Step 5 - Determination of separation measures: 
The separation measures (Ci*) were calculated from 
the ideal solution using equation (13).

C s s
s*

*i
i i

i= + -

-

 (13)

where 

( )S V V*
i

2
j
*

ijj
= -|  (14)

and

( )S V Vi
2

j iji
= -- -|  (15)

where Vj
* = positive ideal solution; Vj

- = negative ideal 
solution; Vij= weighted normalized value for ith criterion 
for jth alternative; i = 1, 2, m and j = 1, 2, n

Step 6: Ranking of alternative: The alternatives are 
then ranked based on their closeness to the ideal solu-
tion (Ci

*)

3.3 Grey Relational Analysis (GRA)

Deng [26] applied the grey theory that provides an 
effective means to solve problems containing uncer-
tainty. It was suitable for decision-making under more 
uncertain environments. The grey system theory con-
sists of the following procedural steps:  

 – (i) Collection of data;
 – (ii) Data pre-processing;
 – (iii) Calculation of the grey relational coefficient;
 – (iv) Calculation of the grey relational grade (GRG).

The collected data are pre-processed (normalized) by 
using equations (16) and (17). In the criterion if the 
larger value is better it can be normalized using equa-
tion (16) while for the criterion if the smaller value is 
better it can be normalized using equation (17).

( ) ( ) ( )
( ) ( )

max min
minX j x j x j

x j x j*
i

i i

i i= -
-

 (16)

( ) ( ) ( )
( ) ( )

max min
maxX j x j x j

x j x j*
i

i i

i i= -
-

 (17)

where, i = 1, 2, …. m (Alternatives); j = 1, 2 … n (Cri-
teria).

Then the absolute difference (∆i (j)) between the 
normalized cell value and the corresponding referen-
tial series value was determined by using equation 
(18).

( ) ( ( ) ( )j abs X j X j* *
i O iD = -  (18)

where ( )X j*
o  = referential series value of jth criterion; 

( )X j*
i  = normalized cell value of jth criterion.

From the normalized data, the grey relational coeffi-
cient is calculated to express the relationship between 
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the best and the actual results by using the following 
equation (19). 

( ) ( )j j max
min max

i
i

c
p
p

D D
D D= +

+
 (19)

where ∆min=miniminj∆i(j); ∆max=maximaxj∆i(j); and 
ξ=distinguished coefficient between 0 and 1.

Finally the grey relational grade (GRG) is calculated 
using equation (20).

( ) ( )p W j ji i ij

n

1
$ cC =

=
l 6 @|  (20)

where Wi (j) = weight of criterion j
In this paper the weights of the criterion Wi (j) are 

calculated by FAHP method. 

3.4 FAHP

In FAHP, the Saaty’s [27] analytical hierarchy pro-
cess is combined with a fuzzy concept. Based on the 
opinion of the decision maker, the evaluation criteria 
are compared. The importance of the criteria used for 
evaluation was collected from the experts. Based on 
this, first the criteria matrix was formed based on the 
Saaty’s nine point scale which is shown in Table 1. 

The pair-wise comparison matrix is called original 
matrix or criteria matrix which is given by matrix Xatt  as 
shown below.

; ,X a i j m1att ij # #=  (21)

where, aij= pairwise comparison of ith and jth attribute; 
m = the number of alternatives.

This was converted into fuzzy original matrix using 
TFN prescribed by Mohamad et al. [28] which is also 
shown in Table 1. The fuzzy number in a fuzzy set can 
be represented by equation (22).

, ( ) ,F x F x x R!n= " ,  (22)

where F is fuzzy set; x is fuzzy number; R:-α≤x≤α and 
µF(x) is a continuous mapping from R in the interval [0, 
1]. TFN expresses the relative strength of each pair of 
elements in the same hierarchy and denoted as TFN 
(M) = (l, m, u) where l ≤ m ≤ u in which l is the smallest 
possible value, m is the most promising value and u is 
the largest possible value in a fuzzy event. The trian-
gular membership function of M fuzzy number can be 
described in equation (23)

Identifi cation of Infl uencing criteria for 
the design of rear-view mirror

Identifi cation of Infl uencing criteria for 
the design of drivers seat

Collection of data

Optimization of design parameters 
using ANOVA and TOPISIS

Weights of the criteria by FAHP Generation of referential series

Determination of grey 
relational coeffi cient

Determination of grey relational grade

Determination of best alternative

G
RA

Figure 2 – Proposed framework
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The fuzzy original matrix is shown in Table 3. Then the 
fuzzy original matrix is normalized using equation (24)

N T
a

ij
j

ij=  (24)

where aij is the cell value of ith row and jth column in the 
fuzzy original matrix; 1 ≤ i, j≤ m; and 

T aj ij
i

m

1
=

=
|  

The weights were calculated by converting fuzzy 
numbers into crisp values by using defuzzification 
technique. The defuzzification has the capability to re-
duce a fuzzy to a crisp single-valued quantity. There 
are seven methods that were used for defuzzification 
of the fuzzy output functions such as max-membership 
principle, centroid method, weighted average method, 
mean–max membership, centre of sums, centre of the 
largest area and the first of maxima or the last of max-
ima. In this study, the centroid method was used for 
defuzzification which is given in equation (25).

Weights (Crisp value) Wi
D

D O
p
ik

p
i i

i

k

1

1
)

= -

|
|

 (25)

where k is the number of rules, Oi is the class gener-
ated by rule i (from 0, 1, …. L-1); L is the number of 
classes and 

D mP
i

i
n

li1P= =  (26)

where n is the number of inputs and mli is the mem-
bership grade of feature l in the fuzzy regions that oc-
cupies the ith rule.

Since the pairwise comparison matrix is formulat-
ed based on human judgment, it must ensure that the 
values collected are the accepted values. To check the 

consistency, the Consistency Ratio (CR) is calculated 
using equation (27)

CR RI
CI=  (27)

where CI is the Consistency Index which is determined 
using equation (28) and RI are random indices for cri-
terion size ‘m’. 

 (28)

where λmax is the maximum eigenvalue and m is the 
number of criteria 

RI was approximated by Saaty [27] which is shown 
in Table 2. If CR is < 0.10 the decision maker’s pairwise 
comparison matrix is acceptable. 

4. CASE STUDY
To prove the effectiveness of the proposed model, 

a case study has been conducted in a transport divi-
sion located in the southern part of India. At present, 
four different types of vehicle bodies are used in that 
division. They include a body built in the same orga-
nization (in-sourcing – IS) and three outsourced (OS 
-1, OS – 2 & OS – 3) bodies. The influencing criteria 
among three different criteria such as types of buses, 
behaviour of the drivers and the specifications related 
to the design of the driver’s seat and the rear-view mir-
ror was determined by ANOVA. The specifications are 
found as the main cause for the issue and variances 
[27].

4.1 Determining the influencing variables of 
driver’s seat design 

Based on the experts’ opinion, the following data 
variables such as distance between the driver’s seat 
and platform (A), total seat height (B), distance be-
tween seat backrest and windscreen (C) and the dis-
tance between seat backrest and steering centre (D) 

Table 3 – Random Indices

m 1 2 3 4 5 6 7 8 9 10 11 12
RI 0 0  0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.58

Table 1 –  Equivalent triangular fuzzy number for Saaty’s nine point scale

Verbal judgment or preference Saaty’s scale of relative importance Triangular fuzzy numbers

Extremely preferred 9 9,9,9
Very strongly to extremely preferred 8 7,8,9
Very strongly preferred 7 6,7,8
Strongly to very strongly preferred 6 5,6,7
Strongly preferred 5 4,5,6
Moderately to strongly preferred 4 3,4,5
Moderately preferred 3 2,3,4
Equally to moderately preferred 2 1,2,3
Equally preferred 1 1,1,1



P. Pandian, et al.: Development of Fuzzy Based Intelligent Decision Model to Optimize the Blind Spots in Heavy Transport Vehicles

Promet – Traffic&Transportation, Vol. 28, 2016, No. 1, 1-10 7

are identified as the influencing criteria for the design 
of the driver’s seat to optimize the blind spot. The data 
of influencing criteria for the design of the driver’s seat 
are given in Table 3.

4.2 Determining the influencing variables of 
rear-view mirror design 

Similarly, for the rear-view mirror design, the influ-
encing variables are identified using ANOVA [27]. The 
following data variables such as the distance between 
the driver and the right side of the body pillar or frame 
structure (P), the distance between the driver and the 
left side of the body pillar or frame structure (Q), the 
distance of the driver’s eye right height from the plat-
form (R) and the distance between the centre of the 
rear-view mirror and the ground level (S) are identified 
as the influencing criteria for the design and imple-
mentation of rear-view mirror in heavy vehicles. The 
data of influencing criteria for the rear-view mirror de-
sign are given in Table 4. 

The data of influencing criteria for the design of 
driver’s seat and rear-view mirror which are given in 
Table 3 and Table 4 are normalized using equation (12). 
The normalized decision matrix is shown in Table 5.

After that, the weighted normalized decision matrix 
(WWNM) is determined using equation (12). Next, the 
positive ideal solution (Vj

*) and negative ideal solu-
tion (Vj

-) are taken from the WWNM and the separation 
measures are calculated from the ideal solution using 
equation (13).

4.3 GRA-based ranking

The collected data are given in Table 3 and Table 4. 
These datasets are known as criteria matrix. From the 
criteria matrix the optimal value for each criterion was 
taken and these values are known as referential data 
( ( )X j*

o ). These data are pre-processed (normalized) by 
using equations (16) and (17). After pre-processing, 
the values are given in Table 7. Then the absolute dif-
ference between the normalized cell value and the cor-
responding referential series value was determined by 
using equation (18).

From the normalized data, the grey relational coeffi-
cient is calculated to express the relationship between 
the best and the actual results by using equation (19) 
and shown in Table 8.

Next the weight of the criterion Wi (j) is calculated 
by FAHP method. 

Table 3 – Data of influencing criteria for the driver’s seat design

Types of vehicles A (cm) B (cm) C (cm) D (cm)

IS 48.5 100 136 62
OS – 1 53 102 166 64
OS – 2 49 99 134 63
OS - 3 49 99 144 66

Table 4 – Data of influencing criteria for the rear-view mirror design

Types of vehicles P (cm) Q (cm) R (cm) S (cm)

IS 34 177 119 204

OS – 1 34 181 123 240

OS – 2 34 182 123 224

OS – 3 36 178 122 242

Table 5 – Normalized decision matrix

Types of vehicles
Design of driver’s seat Design of rear-view mirror

A B C D P Q R S
IS 0.1248 0.2573 0.3499 0.1595 0.537 0.2795 0.1879 0.3222

OS – 1 0.1364 0.2625 0.4272 0.1647 0.0537 0.2859 0.1943 0.3790

OS – 2 0.1261 0.2547 0.3448 0.1621 0.0537 0.2874 0.1943 0.3538

OS – 3 0.1261 0.2547 0.2547 0.1698 0.059 0.2811 0.1927 0.3822

Table 6– Separation from ideal alternative

Design of driver’s seat Design of rear-view mirror
A B C D P Q R S

Ci
* 0.3864 0.4029 0.5119 0.4596 0.6348 0.4978 0.3909 0.4290
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4.3.1 Weights by FAHP

The FAHP process starts with the pairwise com-
parison matrix. Based on the ranking obtained from 
Table 10, the criteria are compared with each other us-
ing the Satty’s nine point scale (Table1). The crisp ma-
trix is converted into fuzzy matrix using triangular fuzzy 
numbers recommended by Mohamad et al. [28]. The 
equivalent triangular fuzzy number for Saaty’s nine 
point scale is shown in Table 1. By using it, the criteria 
matrix is converted into fuzzy criteria matrix which is 
shown in Table 9 (a) and 9 (b). The fuzzy criteria matrix 
was normalized and shown in Table 10 (a) and 10 (b).

The fuzzy numbers are defuzzified using equation 
(25) and the weights are obtained (Table 10 (a) and 
10 (b)). The Consistency Ratio for this proposed FAHP 
model is calculated using equation (27) and found as 
0.0755 for the driver’s seat design and as 0.0873 for 
the rear-view mirror design. Both are less than 0.1 and 
so these models are acceptable. 

4.3.2 Results and discussion

The weights from Table 10 (a) and 10 (b) are used 
to determine the GRG using equation (20) and given 
in Table 11 and Figure 3. The overall GRG is determined 
by computing the average of both GRG values. From 
the overall GRG, the best alternative is selected. From 
Table 15 and Figure 3 it is understood that OS - 3 vehicle 
has the higher GRG values followed by IS, OS-2 and 
OS-1 body built vehicles. Hence the vehicle body built 
by the third outsourced body building unit features the 
minimum blind spot.

With the improved dimensions, in OS -3 vehicles 
the area of the blind spot is reduced to 4.198 square 
metres [28] from 5.03 square metres as in IS vehicles. 

5. CONCLUSION

This paper discusses the elimination of blind 
spots in the front and on the sides of heavy vehicles 

Table 9 (a) – Fuzzy pairwise comparison matrix for the driver’s seat design

A B C D

A 1.00 1.00 1.00 3.00 4.00 5.00 1.00 0.50 0.33 1.00 2.00 3.00
B 0.33 0.25 0.20 1.00 1.00 1.00 0.20 0.17 0.14 1.00 0.50 0.33
C 1.00 2.00 3.00 5.00 5.99 6.93 1.00 1.00 1.00 2.00 3.00 4.00
D 1.00 0.50 0.33 1.00 2.00 3.03 0.50 0.33 0.25 1.00 1.00 1.00

Total 3.33 3.75 4.54 10.00 12.99 15.96 2.70 2.00 1.72 5.00 6.50 8.33

Table 9 (b) – Fuzzy pairwise comparison matrix for the rear-view mirror design

P Q R S

P 1.00 1.00 1.00 1.00 2.00 3.00 4.00 5.00 6.00 2.00 3.00 4.00
Q 1.00 0.50 0.33 1.00 1.00 1.00 3.00 4.00 5.00 1.00 2.00 3.00
R 0.25 0.20 0.17 0.33 0.25 0.20 1.00 1.00 1.00 0.33 0.25 0.20
S 0.50 0.33 0.25 1.00 0.50 0.33 3.00 4.00 5.00 1.00 1.00 1.00

Total 2.75 2.03 1.75 3.33 3.75 4.53 11.00 14.00 17.00 4.33 6.25 8.20

Table 8 – Grey relational coefficient

Types of vehicles
Design of driver’s seat Design of rear-view mirror

A B C D P Q R S

IS 1.000 0.998 0.995 0.989 0.980 1.000 0.994 0.997
OS – 1 0.987 0.993 1.000 0.995 0.980 0.997 1.000 1.00
OS – 2 0.999 1.000 0.995 0.992 0.980 0.996 1.000 0.998
OS – 3 0.999 1.000 0.997 1.000 1.000 0.999 0.999 1.000

Table 7 – Normalized data

Types of vehicles
Design of driver’s seat Design of rear-view mirror

A B C D P Q R S

IS 1.000 0.667 0.063 0.000 0.000 1.000 0.000 0.000
OS – 1 0.000 0.000 1.000 0.500 0.000 0.200 1.000 0.947
OS – 2 0.889 1.000 0.000 0.250 0.000 0.000 1.000 0.526
OS – 3 0.889 1.000 0.313 1.000 1.000 0.800 0.750 1.000
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GRA-based decision model was developed to select 
the best alternative. In the model FAHP method was 
combined with GRA. The model was tested on a case 
study and the effectiveness of the model was proven. 
In this research the blind spot area in the front and on 
the sides of the vehicles was considered. By using the 
parameters determined using the developed model 
nearly 20% of the blind spot was eliminated. This was 
proven by a case study.

which is an important aspect of road safety. An intel-
ligent-based novel hybrid multi-criteria optimization 
model was proposed in the reduction of blind spot 
area in heavy transport vehicles. GRA (Grey Relation-
al Analysis) method is used to rank the vehicle body 
structures. ANOVA was used to identify the influenc-
ing criteria among the three such as the types of bus-
es, types of drivers, and the specifications related to 
the design and implementation of the driver’s seat 
and rear-view mirrors. Then TOPSIS was used to pri-
oritize the criteria among the specifications. Finally, 

Table 10 (a) – Fuzzy normalized matrix for the driver’s seat design

A B C D Weights

A 0.30 0.27 0.22 0.30 0.31 0.31 0.37 0.25 0.19 0.20 0.31 0.36 0.2834
B 0.10 0.07 0.04 0.10 0.087 0.06 0.07 0.08 0.08 0.20 0.08 0.04 0.0860
C 0.30 0.53 0.66 0.50 0.46 0.44 0.37 0.50 0.58 0.40 0.46 0.48 0.4745
D 0.30 0.13 0.07 0.10 0.15 0.19 0.19 0.17 0.15 0.20 0.15 0.12 0.1604

Table 10 (b) – Fuzzy normalized matrix for the rear-view mirror design

P Q R S Weights

P 0.36 0.49 0.57 0.30 0.53 0.66 0.36 0.36 0.35 0.46 0.48 0.49 0.4588
Q 0.36 0.25 0.19 0.30 0.27 0.22 0.27 0.29 0.29 0.23 0.32 0.37 0.2807
R 0.09 0.10 0.10 0.10 0.07 0.04 0.09 0.07 0.06 0.08 0.04 0.02 0.0755
S 0.18 0.16 0.14 0.30 0.13 0.07 0.27 0.29 0.29 0.23 0.16 0.12 0.2098

Table 11 – GRG and ranking of vehicle

Types of 
vehicles

Design of driver’s seat Design of rear-view mirror Overall
GRG Rank GRG Rank GRG Rank

IS Ѓ1 0.99589 3 Ѓ1 0.99009 3 0.99299 2
OS – 1 Ѓ2 0.99503 4 Ѓ2 0.99028 2 0.992655 4
OS – 2 Ѓ3 0.99595 2 Ѓ3 0.98981 4 0.99288 3
OS – 3 Ѓ4 0.99798 1 Ѓ4 0.99969 1 0.998835 1

Figure 3 – GRG and ranking of vehicles
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A decision support system can be developed using 
the proposed model as model base to optimize the de-
sign parameters for the reduction of blind spots. 
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Abstract: In this research work, a fabricated composite fiber is proposed to protect wound surfaces from infectious
organisms present in water. The composite fiber comprising PMMA, ZnO, and zinc stearate was developed using an
electrospinning technique. The fiber surface was scientifically studied using scanning electron microscope, Energy dispersive
analysis of X-rays, powder X-ray diffraction analysis and Fourier transform Infra-Red analysis. The pores present in between
perpendicularly aligned fibers serves as an excellent medium for vapor transport to a wound surface. The maximum water
contact angle of the developed fiber surface was approximately 151 degrees. A commercial cotton bandage after coated with
this composite layer behaves as a perfect barrier to the entry of infectious water towards the wound. The pores in the fiber
surface support rich supply of environmental oxygen and transport of exudate vapor from the wound. This fiber when coated
over a cotton bandage cloth on one side served as an excellent wound protecting bandage against the penetration of external
microbial water and also it admits the air, water vapor etc., towards the interior. Water penetration ability of hydrophilic
cotton bandage and the water arresting ability of superhydrophobic fiber coated bandage were evaluated using a facile
technique. Furthermore, antimicrobial activity of test samples was evaluated against gram positive and gram negative
microorganism. Also, a bacterial infiltration test supports the blocking capability of superhydrophobic fiber to water-borne
bacteria. The results obtained through this experiment may be used in future as wound healing bandages in an efficient
manner.

Keywords: Superhydrophobic bandage, Porosity, Diffusion, ZnO, Antimicrobial activity, Biomedical applications

Introduction

The skin of human beings is one of the most important

parts which covers the whole body by protecting against

heat, light, injury and infection [1]. An abnormality in the

structure of human skin layer caused by physical, chemical,

mechanical or thermal disruptions on its surface is scientifically

termed as wound [2]. Micro-organisms like bacteria and

viruses may easily intrude through the wound on the skin,

which leads to numerous types of infectious diseases. So,

healing the wound without the entry of any pathogenic

organism is vital, normally achieved by protecting the wound

with a bandage coating or antimicrobial fabric [3,4]. During

the healing span of a wound, hemostasis, inflammation,

migration, proliferation, and maturation takes place in steps

[5]. These steps take varying time of totally 8-12 weeks,

depending on the person’s health condition and the injury

[6]. At this healing period, the wounded area should be

immaculate with the support of atmospheric air, the transport

of vapors originated from wound should also be done and it

should be excluded from bacterial infection for proper

curing [7]. From olden days, wound dressing material made

of cotton fabric was employed in spite of these conditions;

but to allay the healing span, honey, and linen embedded

bandages were widely used [8]. In recent years, due to

developments in wound care therapy, artificial fibers were

used as dressing material in lieu of cotton fabric [7]. These

artificial wound dressing materials are differentiated by their

purpose of use viz., passive, interactive and bioactive. All of

these wound dressing materials are akin to mechanical and

thermal insulation, gas transport, sterile and non-scaring

properties. Beyond these qualities, most of the dressing

materials are of the hydrophilic type, obviously, they absorb

the excess exudates from the wound [9]. Chitosan-based

wound dressing materials are biodegradable, biocompatible,

non-toxic and also anti-microbial [10]. Ag-ZnO composite

loaded chitosan wound dressing sponge possessed excellent

wound healing, re-epithelialization and collagen deposition

in mice [11]. Collagen-based wound dressing materials

maintain a moist environment in the wound surface, which

aids the autolytic debridement [12]. Honey based dressing

materials dehydrate microorganisms and possess anti-

microbial property, can absorb fluid from the tissues while in

contact with the wound due to its osmotic action [13,14]. In

addition, some types of artificial wound dressing materials

like non-adherent, hypertonic saline, hydrogel, polyurethane

foam, hydrocolloid, hydrofiber, alginate, and antimicrobial

were also used for wound healing purposes. As the wound

healing process depends upon oxygen delivery for aerobic

metabolism, most of these bandages are semi occlusive.

However, on exposing the wound protected with conventional

cotton based bandage to microbes-rich environment like

contaminated water will delay the healing process due to

absorption [15]. Such a problem can be overcome by using

an occlusive wound dressing material of waterproof type.

But, it should be periodically replaced as the fluid exudates*Corresponding author: kjeya@mepcoeng.ac.in
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cannot get absorbed by them and clogging of these exudates

may promote a bacterial infection [16]. Furthermore, the

usage of full waterproof layers also interrupts the healing

process by restricting the water vapor and other gaseous

exchange, which the wound needs for healing [17]. Despite

the water absorbing property of a wound dressing material, it

should possess water repellant nature on its outer surface

with adequate amount of porosity. This vital surface on the

outer periphery totally protects the wound from the contact

of infectious water and supports the transport of air, wound

exudates vapor (mostly water), etc. Early studies shows that

proper engineering on the porous materials like chitosan

made them in various practical applications [18]. So, herein,

an attempt is made regarding engineering the surface of a

hydrophilic cotton bandage used to prevent the diffusion of

bacterial water towards the wound.

In the fabrication of water repellant surfaces, many people

mimic the natural phenomenon normally found on lotus

leaves. Barthlott and Ehler were the first who reported the

concept of repulsion of water from lotus leaf in the year

1977 [19]. After several studies on this vital behavior of

natural leaves, it was concluded that by controlling the

roughness and surface energy of the material being used, any

artificial substrate can be tuned into a water repellant surface

[20]. In comparison with various roughness developing

methods, electrospinning is one of the vital technique to

fabricate different sized fibers from nanometers to micrometers

for various practical applications [21]. Recently, artificial

fibers embedded with nano silver and collagen/CS have

been employed as wound dressing material that possesses

excellent anti-bacterial and healing properties [22,23]. A

bamboo gauze fabric coated with polymer and a drug

possessed higher wound healing property [24]. But, a proper

engineering method to develop a bandage surface coated

with water repellent additives without affecting the air-

transport property is scarce. This report describes the

fabrication of a novel PMMA-ZnO-ZnSt2
 
(zinc stearate:

ZnSt2) non-woven fibrous mat with adequate pores capable

of repelling water and facilitates the transport of air and

water vapor through them over a commercially available

hydrophilic bandage cloth. Fiber coated bandage cloth

possess superhydrophilic nature on one side and superhy-

drophobic on the other side with required pores. The

efficacy of this coating towards the penetration of air or

water vapor and its water blocking ability was evaluated by

conducting two different in-house experiments.

Experimental

The chemicals used in the whole fiber fabrication process

are polymethyl methacrylate (Alfa Aesar), zinc chloride

(Merck chemicals, 95 %), chloroform (Merck, 99 %), ammonia

(Emplura Merck, 25 %), zinc nitrate (Merck chemicals,

India), hexamine (Merck chemicals, 99 %), and polyethylene

glycol (Merck, M.W - 3500 to 4000 g/mol) proceeded

without any further purification process. The electrospinning

is done using a Nano fiber electrospinning unit (HO-NFES-

040B, Holmark, India). A FTIR spectrophotometer (α

ALPHA-E, Bruker, Germany) is used to record the FTIR

spectra of all the composite fibers. X-ray diffractometer (D8

Advance ECO XRD systems supported with SS160 1 D

Detecter, Bruker, Germany) is employed to study the

crystallinity of ZnO powder. SEM (SU150-HITACHI, Japan)

and energy dispersive X-ray spectrometer (Quantax 200

with X-Flash, Bruker) is used to record the morphological

images and elemental composition respectively. A Scanning

Probe Microscope (XE-70, Park Systems, South Korea) is

used to study the topography of the fabricated fibers. A

WCA goniometer (OCA15 Geottferd dataphysics, GmbH,

Germany) is used to record the contact angles with 3 μl of

ultrapure water droplets. 

Porosity Measurement

The porosity of the fiber coated bandage is calculated

using the procedure reported in literature [25]. The cotton

bandage with and without coating is dipped in a beaker

containing absolute ethanol. The weight of the cotton

bandage before and after the saturation process is accurately

weighed. Porosity of the bandages is calculated using the

equation (1).

(1)

where, P is the porosity of the bandage, m1 and m2 are the

weight of the cotton bandage before and after immersing in

ethanol. V is the volume of the cotton bandage and ρ is the

density of alcohol used.

Synthesis of ZnO Nanoparticles

Highly porous ZnO nano particles used in this work is

prepared by adopting a hexamine assisted self-combustion

route [26]. In this typical synthesis process, 4 g of zinc

nitrate is dissolved in 100 ml of distilled water completely

and then 3 g of polyethylene glycol (PEG) and hexamine

(3 g) are added to the solution with vigorous stirring at 60
oC

for 30 minutes. The pH of the solution is raised to 9 by drop

wise addition of ammonia. The solution is transferred to a

hot plate (~90
oC) and kept undisturbed until a dark brown

gel is formed (~4 hours). The dark brown gel is then

transferred into a silica crucible and kept in a muffle furnace

at 500
oC for calcination. White colored ZnO nanoparticle is

obtained after the calcination process.

Preparation of ZnSt2
In recent years, researchers used the metallic stearates to

develop superhydrophobic surfaces due to its low cost and

facile synthesis technique [27]. 3 g of zinc chloride is mixed

with 150 ml of distilled water and stirred for 15 minutes to

P
m2 m1–

ρV
----------------- 100%×=
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get the appearance of clear transparent solution. This

solution is kept in a water bath at 60
oC for about 30 minutes.

At this time, 3.5 ml of ammonia solution is added dropwise

with continuous stirring. Slowly, zinc hydroxide particles are

formed as a white gelatinous precipitate. The precipitate is

kept as such inside the water bath for about 1 hour at the

same temperature; the precipitates are allowed to settle. The

supernatant liquid is decanted without disturbing the

precipitate. After that 200 ml of distilled water is added to

the precipitate and vigorously stirred using glass rod for

3 minutes. Once again the supernatant liquid is discarded

without disturbing the white Zn(OH)2 precipitate. This

process is used to remove the impurities or unreacted

contents. Meanwhile, 3 g of stearic acid pellets taken in a

100 ml beaker is kept over hot plate, heated to 70 oC. After

the melting of stearic acid, slowly the purified Zn(OH)2

precipitate is added to the stearic acid solution with

continuous stirring, the contents are heated at 70 oC for

1 hour. Fine white powder of ZnSt2 found floated was

collected by filtration, washed thoroughly with distilled

water, collected and dried at 50 oC in hot air oven for 12

hours. Thus obtained ZnSt2 is highly hydrophobic in nature

and pure white in color.

Preparation of PMMA Solution

To obtain a nano-micron size fiber through electrospinning

process, the precursor solution consists of both polymer and

the solvent should have an adequate viscosity, flow character,

etc. The parameters such as surface tension, the polarity of

solvent, molecular weight, polymer conformation, inter-

molecular interactions, elasticity, viscosity, and polymer

chain entanglement etc., normally play a major role [28].

PMMA in chloroform is a suitable polymer solution which

possesses all the characteristics needed for an electrospinning

process for fabricating the required fiber [29]. In a typical

synthesis process, 0.8 g of PMMA powder was taken in a

100 ml beaker and dissolved in 20 ml of chloroform and

heated to 50
oC for dissolution with constant stirring. After

reducing the solution volume to approximately 10 ml, the

solution was taken in the syringe, used for fabrication of

fiber. ZnO loaded PMMA fiber is fabricated by mixing a

well dispersed 100 mg of ZnO in 20 ml of chloroform and

PMMA in chloroform prepared similarly by following the

earlier procedure. After getting the total volume of 10 ml by

heating at 50 oC in a water bath, the solution is loaded into

the syringe and ZnO embedded PMMA fiber was obtained.

Similarly, 0.3 g of ZnSt2, 0.1 g of ZnO and 0.8 g of PMMA

in 50 ml of chloroform was taken in 100 ml beaker and

sonicated for getting a uniform dispersion. This solution is

heated at 50
oC in a water bath till the volume is reduced to

10 ml. This mixture was then loaded into the syringe to get

the PMMA fiber impregnated with ZnO & ZnSt2 through

electrospinning process. 

Electro-spinning Procedure

Electrospinning is a vital technique used to fabricate fibers

in different sizes of natural and synthetic polymers. It mainly

consists of a high voltage power supply, syringe pump, and a

collector. The polymer to be electrospun as fiber may be

taken as a liquid or high viscous solution, loaded into the

syringe. Some polymers require sophisticated atmospheric

conditions viz., humidity, temperature, high potential, etc.

for successful electrospinning process [30]. Electrospinning

process uses a continuous jet of polymer solution ejected

through the nozzle of syringe due to the charged surface of

the liquid drop. The large diameter fibers are generated by

splaying the solution, whereas the smaller diameter fibers in

nano size were generated by whipping the solution [31]. This

whipping process results in breaking the continuous solution

jet and causes the polymer to coat as droplets. To overcome

this drawback of electrospinning, the viscosity of the

polymer solution is maintained at a certain level, so that the

jet will not break on whipping. 

Further, the present work deals with the coating of

superhydrophobic fiber over a hydrophilic cotton bandage.

In order to create a water-repellent surface over a hydrophilic

structure, it is customary to develop a roughened structure in

the dimension of 3.2 µm [32]. So, to develop non-wettable

type surface on the cotton bandage, micron size fibers of

PMMA blended with ZnO and ZnSt2 in adequate composition

has been chosen. Fabrication of micron size fiber is

optimized by tuning the parameters (flow rate, the viscosity

of polymer solution, applied potential etc.) normally adopted

in electrospinning process.

The speed of the rotating mandrel is matched with the

speed of the polymer jet for proper development of the fiber

[33]. A lower rotation speed may cause misalignment of the

fiber and a higher rotation speed will generate a tensile load

on the fiber leads to breaking tendency of the fiber. The

mandrel is optimized to get micron size fibers with a rotating

speed of 500 rpm. The schematic representation of the

electrospinning process is shown in Figure 1.

Woven mat structured fibers are fabricated by applying a

potential of 6 kV between the syringe needle and the rotating

mandrel [34]. Before starting electrospinning, the bandage

cloth was fixed on the mandrel using double sided tape as

shown in Figure 1. Over the bandage cloth, by employing

Figure 1. Schematic diagram of electrospinning setup.
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standard experimental parameters, spinning process is

continued for about 300 seconds. During this process, the

fibers are coated over commercial bandage like a vertical

fiber with an adequate gap. After 300 seconds, the PMMA

coated bandage is removed, tilted at 90 o (as like the process

is shown in Figure 2) and affixed over the rotating mandrel

using double-sided tape. Once again, in the same set of

experimental conditions, the PMMA fiber was coated over it

for another 300 seconds. Thus obtained fibrous mat (after 10

cycles) is carefully removed from the mandrel, used for

various studies.

Evaluation of Antimicrobial Activity

Collection of Bacterial Sample

The antimicrobial activity is carried out with gram positive

(Staphylococcus aureus) and gram negative (Escherichia

coli) bacteria in nutrient medium. As the present work deals

with the entry of microorganisms from contaminated water,

we isolated these gram positive and gram negative bacteria

from natural stagnant contaminated water. Biochemical test

is done to identify the isolated culture and evaluated with the

standard strains (E. coli & S. aureus) collected from gene

bank, IMTECH, Chandigarh, India and maintained in

nutrient medium. The purchased and isolated bacterial

strains are used for the antimicrobial activity studies.

Antibacterial Assay by Well Diffusion Method

Bacterial sensitivity is usually tested by well diffusion and

disk diffusion method. The well diffusion method is used

here to evaluate the test samples against gram positive

(Staphylococcus aureus) and gram negative (Escherichia

coli) bacteria. Based on Mcfarland table, bacterial suspensions

(1*10
6 CFU/ml) is spread equally on the nutrient agar plate

and well are punctured on the plates. To this well, 100 µl of

test sample (ZnO & ZnSt2) at different concentrations

(10 µg/ml, 100 µg/ml, 1000 µg/ml, 5000 µg/ml & 10000 µg/

ml) are added on the well with control as a solvent. All the

plates are kept at 37
oC for overnight incubation, the zone of

inhibition and their diameter is measured after 24 hours.

Determination of MIC and MBC

The antimicrobial activity of the ZnO-ZnSt2 blend is

evaluated through minimum inhibitory concentration (MIC)

and minimum bactericidal concentration (MBC) method.

MIC is used to determine the lowest concentration of the test

sample that inhibits the growth of bacteria. The MIC is

determined using the broth dilution method. Sample suspension

of various concentrations (10 µg/ml, 100 µg/ml, 1000 µg/

ml, 5000 µg/ml & 10000 µg/ml) in nutrient medium is

prepared. Bacterial suspension is then added to each tube to

achieve final volume of 5 ml. Nutrient medium with test

samples and bacterial culture without sample suspension is

taken as controls. The test tubes are incubated at 37
oC for 24

h. The MBC is determined by plating 100 µl drawn from the

incubated culture tubes and incubated at 37 oC for 24 h on

Nutrient Agar. The lowest concentration of the test samples

causing no or less growth of colonies is considered as the

MBC.

Evaluation of Bacterial Infiltration

To determine the bacteria penetration, a sterile piece of

1 cm diameter control and fiber coated bandage pieces are

placed on the nutrient agar plate. The hydrophobic surface is

kept facing up. 100 µl of E. coli (1*106 CFU/ml) suspension

is doused on the control and SH additives coated bandage

are kept at 37
oC for overnight incubation. After 24 hours,

the bacterial infiltration ability is checked.

Results and Discussion

Characterization Studies

FTIR spectroscopy is commonly used to analyze molecules

of any kind having different categories of atoms like C, H,

N, O, the metal atom, etc [35]. Carbon-based low molecular

weight molecules can be easily traced due to their vibrations

in the infrared region. PMMA fiber produces its characteristic

vibration of C-C stretch and C=O stretch at 1141 cm
-1 and

1704 cm
-1 respectively (Figure 3(a)). ZnSt2 exhibit peaks at

742, 1459, 1536, 2846 and 2916 cm-1 (Figure 3(c)) is

attributable to CH out of plane, C-O stretch, CH2 vibration,

C=O vibration, CH2 and CH stretch of the long hydrocarbon

chain respectively [36]. Successful loading of nanoporous

ZnO into the PMMA fibers can be seen through a broad

vibrational band around 520 cm
-1 in Figure 3(b) [37]. The

composite fiber containing ZnO and ZnSt2 embedded

PMMA possess all distinct peaks of these constituents in

Figure 3(d), thus it is confirmed that the stearic acid

molecules got perfectly loaded in the hydrophilic ZnO’s

pores to make it superhydrophobic. This shows the importance

of reduction in solid fraction and low surface energy in

deciding the water repelling property of the fiber surface. A

Figure 2. Schematic representation of the coating process.
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small shift in the FTIR peak positions of the PMMA and

other constituents are observed in the composite, which

confirms the interaction between them [38].

X-ray diffraction technique is a vital technique used to

find the purity of crystalline solids. From the constituents of

the electrospun fiber, the polymer and stearate molecules are

of low molecular weight compounds and are in the

amorphous structure. Thus, only the ZnO used in the

composite fiber has crystalline property to be analyzed with

XRD technique. The XRD peaks obtained at 2θ=31.7
o,

34.4
o, 36.2 o, 47.5 o, 56.6 o, 62.8 o and 67.9 o corresponding to

the reflections of (100), (002), (101), (102), (110), (103) and

(112) planes respectively confirm about the ZnO crystallized

in hexagonal wurtzite structure with space group P63mc

[JCPDS No. 89-7102]. The absence of impurity peaks in the

diffraction graph confirms the purity of ZnO synthesized

using combustion technique (Figure 4).

The morphology of the electrospun PMMA fiber can be

tuned by varying certain parameters in the spinning process

[39]. Fibers can be spun as non-woven mat easily using

static electrospinning method. Besides various methods

adopted to produce aligned fiber mat [40], we followed a

simple rotating mandrel method. The fiber resulted from this

method is appeared like a woven fabric having vertical and

horizontal veins with controlled pores [41]. Scanning

electron microscopic image of three different microfibers

fabricated by an electrospinning process is shown in Figure

5(a-c). The average diameter measured through imageJ

software are 1.6±0.4 µm, 1.2±0.5 µm and 1.3±0.5 µm for

the PMMA, PMMA-ZnO and PMMA-ZnO-ZnSt2 fibers

respectively. The fibers are obtained like a perpendicular

line due to a periodic change in the alignment of the

substrate in between the coating process. In addition to the

two directional arrangements of fibrous structures, tiny

protrusions in nano-scale were found over the surface. Such

a protrusion obtained through electrospinning coating and

the nanoscale pores present in the ZnO nanoparticles (Figure

5(b)) reduces the solid fraction and facilitate the enhancement

in water contact angle (WCA). Further, due to the presence

of ZnSt2, the surface energy of the obtained fiber is

decreased and satisfies the theory of Cassie & Baxter and

repel the water effectively [42]. As obtained ZnO nanoparticles

possessed a size in the range of 150 nm±30 nm [26]. The

particle sizes of the ZnSt2 lies in the range of 165 nm±27 nm.

After coating, the fiber with SH additives, the thickness is

found in the range of 15-22 µm for all the three coatings

over bandages.

Normally, hydrophobic polymers are used to fabricate the

superhydrophobic fibers by mixing with a different additive

for various applications. In this research work, the surface of

the hydrophilic PMMA fiber is modified into water repellant

type by aligning the CH3 groups in an outward direction

using chloroform as a solvent. Earlier, similar treatment is

employed on PMMA surface, aligned the CH3 groups of

PMMA using cyclohexane solvent, attained the hydrophilic

to hydrophobic transition with high WCA in PMMA [43].

Addition of porous ZnO enhances the water repelling

behavior to next level by satisfying the Cassie-Baxter theory.

Proper loading of ZnSt2 with nanoporous ZnO powders

lowers the surface energy of the fiber and in turn increases

the water contact angle. The PMMA fiber showed a water

contact angle of 141.5 o±0.4 o (Figure 6(a)) due to the

Figure 3. FTIR spectra of (a) PMMA, (b) PMMA-ZnO, (c)

PMMA-ZnSt2, and (d) PMMA-ZnO-ZnSt2 fibers.

Figure 4. X-ray pattern of ZnO powder prepared through

combustion route.
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presence of surface CH3 groups. However, in the case of

ZnO blended PMMA fiber (Figure 6(b)), there is a decrease

in WCA (137.4 o±0.7 o). This is attributed to the fact that the

CH3 transformed polymer has not been filled onto the

surface of the pores exist in ZnO. Since the polymer solution

has a lower internal pressure than the capillary force of the

pores, the polymer solution doesn’t load on the porous ZnO

[44]. While impregnating low surface energy ZnSt2 to the

PMMA fiber, the diameter of the fiber was much reduced

with lower strength. This reduction in the size of the fiber is

attributable to the lesser surface tension of the electrospunned

solution with a lesser WCA of 131 o±0.5 o. Figure 6(c) is the

WCA image of the fiber fabricated using ZnO and ZnSt2

additives admixed with PMMA. This composite exhibit the

WCA as 151.5 o±1.3 o, a superhydrophobic type with robust

nature and micrometer in range. The highest WCA found

over these fibers is attributable to the combined effect of

roughness factor (electrospunned fiber, ZnO) and the surface

energy reducing phenomenon of ZnSt2 molecules. Furthermore,

the durability of the surface modified bandage cloth is

evaluated by placing a drop of water. The change in WCA of

the bandage is periodically checked by measuring the WCA

through goniometer [45]. The WCA of the surface is

reduced from 151 o to 136 o supports the fact of sustaining

water repellency even after the water droplet contact is made

for another 24 hours. However, the reduction in WCA is

attributable to the loading of water droplet extinguishes the

air pocket present in between the fibers.

Energy dispersive analysis of X-ray (EDX) is used to

confirm the elements present on any surface [46]. Figure 7

represents the elemental composition of the PMMA-ZnO-

ZnSt2 fiber surface obtained through electrospinning process

over the cotton bandage. EDX graph exhibit characteristic

peak for ‘Zn’, ‘O’, and ‘C’ atoms which are the only

constituents available on the precursors used for the

preparation of superhydrophobic blend. Obviously, zinc

peak originates from the additive consists of ZnSt2 & ZnO,

‘O’ peak appears due to the presence of ZnO, ZnSt2 &

PMMA. Major constituent in the additives is PMMA and

ZnSt2 contains ‘C’ display its presence as ‘C’ peak. The

absence of any peaks other than Zn, O, and C supports the

purity of the fiber fabricated through electrospinning process. 

Figure 5. Scanning electron microscopic images of (a) plain PMMA fiber, (b) ZnO incorporated PMMA fiber, (c) ZnSt2 and ZnO

incorporated PMMA fiber and their corresponding diameter distribution histogram. 

Figure 6. WCA images of (a) PMMA, (b) PMMA-ZnO, (c) PMMA-ZnO-ZnSt2 composite fibers.
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The superhydrophobic property of any surface depends on

the roughness and surface energy of the fabricated surface.

The roughness found on the fabricated fiber can be

measured easily using Atomic force microscopy (AFM)

[47]. In this technique, a cantilever tip is made to float above

the surface to be examined in such a way that the force

between the surface and the tip is constant. The small

deflection happens due to the repulsive forces operated in

between the surface of sample and tip of the cantilever was

recorded and manipulated using a software available in the

instrument, which provides the 3D image of the surface. The

AFM image (3D) of PMMA/ZnO/ZnSt2 fiber is shown in

Figure 8(b), exhibit a clear representation of two fibers

located nearby each other. The 2D view of the surface

topography represents the thickness of the fiber with

markers as 3 µm (Figure 8(a)). The roughness value

measured from three different AFM images through XEI

software is Ra~0.25±0.2 µm. The fiber diameter calculated

from this software is ~1.4±0.01 µm. From this, it is ensured

that the roughness found over the fiber was in the

micrometer range satisfies the condition as like that of

natural lotus leaves [32].

Water Blocking Ability

Wound healing is a natural process but happens at a slower

rate. It can be speed-up by adopting advanced wound

treatment methods like usage of medicinal bandages [48].

These medicinal bandages are having a higher affinity

towards water available in the vicinity of these bandages

(external water). Owing to the water absorption ability,

wound healing process gets delayed and there is a chance for

waterborne infectious diseases. To avoid such a typical

problem, a hydrophobic bandage coating with controlled

porosity (semi-occlusive) is beneficial since these are able to

allow the evaporation and escape of wound exudates from

inner and by not admitting the water from outside, thus

facilitating wound healing effectively. To overcome the

water absorption ability of bandages, as obtained fibrous mat

consist of PMMA-ZnO-ZnSt2 possess superhydrophobic

nature (WCA~151.5
o) was coated over the existing bandages,

it allows the water vapor through the pores and not admitting

the water towards interior while on contact with the moist or

wet environment having rich water. 

To evaluate the water repellent and air permeability of the

fibers, a simple experimental design is adopted in this work.

In this experiment, bottle caps made up of plastic were taken

and pierced with a sharp pin number of times. The perforated

bottle cap was tightly covered with a cotton bandage and

used to close the bottle containing water and tilted down as

shown in Figure 9. After 30-40 seconds, drop of water gushes

out from the bottle having 100 g of water (Photographic

image is shown in Figure 9(a)). It is clear from the figure

that, through the holes, seepage of water takes place and

appears like a pear shaped drop. This supports the fact that,

the hydrophilic nature of conventional bandage material,

that allows the penetration of water from the outer microbial

environment to the wound. Figure 9(b) is the tilted water

bottle containing about 100 g of water, the mouth of the

bottle was closed by a perforated plastic cap. Over the

perforation, a bandage cloth covered by the fibers of PMMA-

ZnO-ZnSt2 is tightly tied in which the superhydrophobic

Figure 7. EDX spectrum of PMMA-ZnO-ZnSt2 fiber.

Figure 8. (a) 2D representation and (b) 3D AFM image of the composite fiber.
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fibers are made in contact with air and the hydrophilic cotton

is in contact with the plastic cap. After keeping the bottle in

the inverted position for a longer duration (more than 30

minutes), there is no escape of water takes place supports the

fact that the air interlayer (plastron effect) does not allow the

percolation of water through the SH fiber. Thus, coating the

superhydrophobic fiber over existing bandage material will

stop the passage of environmental liquid water towards the

interior; thereby prevent the direct contact with the wound.

Water Vapor Transport Ability of Superhydrophobic

PMMA Fiber

Another important property normally required for the

bandage is porosity, through which exchange of air from the

environment and exudate vapor from a wound to environment

facilitate the healing process. In this work, the superhy-

drophobic fiber was coated over a bandage cloth to prevent

the penetration of water from outside to interior. However,

the SH fibrous mat coated bandage possess adequate amount

of pores through which exchange of air from interior to outer

and vice versa is possible, proved by employing a vacuum

desiccator, accurately weighed anhydrous silica gel powder,

a beaker containing water and 500 ml plastic bottles (2 no’s)

containing 100 ml water, tightly closed with a perforated cap

covered with i) Commercial bandage cloth and ii) SH fiber

coated bandage. Water vapor permeability through the SH

fiber coated bandage is evaluated as similar to ASTM E96

water vapor transmission test with a difference in vapor

pressure [49].

In a first experiment, accurately weighed anhydrous silica

powder (3 g in a beaker) and an open beaker containing

water is kept inside the desiccator, sealed properly and the

air present in it is evacuated by connecting to a vacuum

pump. After that, the desiccator is kept undisturbed for about

6 hours to attain equilibrium with water vapor inside the

desiccator. The increase in weight of the silica powder was

immediately weighed after removing from the desiccator. In

a similar manner, a plastic bottle containing water closed

with a commercial bandage cloth is kept along with a 3 g of

accurately weighed silica powder is evacuated. After

6 hours, the increase in weight of silica powder is measured.

In a third experiment, the plastic bottle covered with SH

fiber coated bandage cloth is kept inside the desiccator with

a silica powder; increase in weight of the silica is weighed as

before.

The increase in weight of the silica powder is about 0.32 g,

0.30 g and 0.29 g for the experiment conducted using an

open beaker containing water, plastic bottle covered with a

plain cotton bandage and the plastic bottle closed with SH

fiber coated cotton bandage respectively. All these results

support the fact that, in vacuum conditions, due to the

variation in vapor pressure from the inside of the plastic

bottle to the desiccator chamber causes a movement in the

vapor molecules thorough the vapor barrier layer. At the end

of this test, the anhydrous silica powder absorbs the water in

considerable quantity (around 0.3 g). Escape of water vapor

from the hydrophilic bandage with and without superhy-

drophobic fiber coating permeates the water vapor molecules

uniformly and equally. Thus the use of such fibrous mat in a

bandage as outer layer coating may aid the wound healing

property since it is having both water vapor transport and

water blocking ability. Obviously, the water vapor transport

occurs through the pores found in the bandages. The pores

exist across the bandage before and after coating the SH

additives are evaluated by following the procedure explained

in experimental section. The porosity present in the bandage

Figure 9. Digital photographs of the inverted plastic bottle with (a) commercial bandage loaded on the holed cap and (b) SH fiber coated

bandage on the holed cap.

Figure 10. Experimental setup used to measure the water vapor

transportability of the SH fiber.
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before and after coating the SH additive is 88.13 % and

88.04 % respectively. So, these pores aids the penetration of

water vapor but at the same time, the flow of liquid water is

blocked owing to the water repellent coatings present on the

fiber.

Evaluation of Antimicrobial Activity of ZnO-ZnSt2 Blend

The antimicrobial activity of the additives used to modify

the hydrophilic cotton into non-wettable type are evaluated

against the microbial strains isolated from contaminated

water [50] and commercially available standard strains. For

example, Staphylococcus aureus (S.aureus) are identified by

coagulase, catalase and indole production test etc., and the

results are compared and confirmed with the standard strains

for both gram positive and gram negative bacteria [51].

The antimicrobial activity is studied quantitatively by well

diffusion method and qualitatively by MIC and MBC. In

well diffusion method, the results are evaluated based on

zone of inhibition. Our sample solution (SS) containing ZnO

& ZnSt2 exhibited remarkable antibacterial activity against

all the strains. The control doesn’t show any inhibition to the

bacterial growth, whereas the SS does. The diameter of the

inhibition zone measured for different concentration of SS is

given in Table 1. The photographic images of these zones

are shown in Figure 11. 

It clearly shows that the inhibitory zone increased as the

concentration of the SS is increased from 10 µg/ml to 10,000

µg/ml. No inhibition zone is found in the case of control,

less than 5 mm in diameter is noticed in S. aureus and E. coli

for the concentration 10 µg/ml. At higher concentrations

(10000 µg/ml, 5000 µg/ml), the zone of inhibition is 12 mm

-18 mm. A less diameter zone is observed here due to the

settlement of zinc oxide nanoparticles at higher concentrations

[52,53]. 

Figure 11. Zone of inhibition produced by various concentrations of tested samples against both Gram-positive and Gram-negative

bacterial strains. Antibacterial activity of (A) E.coli (standard), (B) E.coli (Isolated), (C) S.aureus (standard), and (D) S.aureus (Isolated)

of bacterial strains (a), Control, (b) 10 µg/ml, (c) 100 µg/ml, (d) 1000 µg/ml, (e) 5000 µg/ml, and (f) 10000 µg/ml.

Table 1. Zone of inhibition of antibacterial test for samples 

Sample

 concentration

(µg/ml)

Gram positive bacteria

(S. aureus)

Gram negative bacteria

(E.coli)

Zone of inhibition (mm) Zone of inhibition (mm)

Standard 

strain

Isolated 

strain

Standard 

strain

Isolated 

strain

Control ND ND ND ND

10 <4 <4 ND ND

100 9 10 5 8

1000 12 12 11 6

5000 12 13 12 10

10,000 14 16 11 18

*ND - no diameter.
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In MIC, bacterial growth is monitored spectrophoto-

meterically by inspecting the broth medium by following the

turbidity development. The SS which is being tested does

not kill the bacteria but inhibits the growth is called as

bacteriostatic agent. The bacteria can able to grow when it is

removed from the solution containing the SS and plated in

other fresh medium. Whereas in MBC, the test sample acted

as a bactericidal agent, in which the bacteria cannot able to

grow even after it removed from the SS solution and plated

in the fresh medium. The MIC results are given in Figure 12.

From this, it is clear that the lowest inhibition concentration

of SS is found to be 1000 µg/ml for both E.coli and S.aureus.

When plated the aliquots, MBC is found to be 5000 µg/ml

for E.coli and 1000 µg/ml for S.aureus which indicates the

absence of bacterial colonies upon plating. The solution is

appeared as turbid without a single colony formation at

higher concentrations of SS (5000 µg/ml &10000 µg/ml).

MIC and MBC results confirm that gram positive bacteria

are more susceptible than the gram negative bacterium. The

MIC & MBC results of the present data are consistent with

the literature data [54,55]. 

This may be due to the different interactions with gram-

positive and gram-negative bacteria. Generally, gram-

positive and gram-negative bacteria are differentiated based

on their cell wall structure. Gram-positive bacteria consist of

thick layer of peptidoglycan and linear polysaccharide

chains whereas gram-negative bacteria have thin layer of

peptidoglycan and covered by lipopolysaccharide [53]. 

Bacterial Infiltration Test

In fact, the commonly used wound dressing materials are

always hydrophilic in order to absorb the wound exudates

effectively. However, an asymmetric wound dressing materials

are also fabricated i.e., bandage cloth in contact with wound

is termed as inner (hydrophilic), bandage exposed to

environment is designated as outer (hydrophobic) used in

wound healing process reported earlier by so many

researchers [56]. Figure 13 reveals the ability of the bandage

coated with SH additives exhibiting the water repelling

nature thereby is not attacked by the water containing

bacterial strains. However, a fabric/bandage possessing

hydrophilic nature easily absorbs the water, the bacterial

growth will occur spontaneously on the substrate. The

bandage cloth (not coated) able to absorb bacterial strain

Figure 12. MIC of various concentrations of tested samples against both Gram-positive and Gram-negative bacterial strains.

Antibacterial activity of (a) E.coli and (b) S.aureus.

Table 2. Determination of MIC and MBC for samples

Bacterial culture MIC (µg/ml) MBC (µg/ml)

Escherichia coli 1000 5000

Staphylococcus aureus 1000 1000

Figure 13. Bacteria (E.coli) infiltration image of tested sample.
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contaminated water, facilitate the growth on the surface after

24 hrs (Figure 13(a)). However, the non-wettable bandage

cloth repels the intrusion activity of water owing to the

superhydrophobic property, retains the water as droplet

(Figure 13(b)) for more than 24 hrs. Absence of infiltration

of bacterial strain contaminated water eliminates the growth

of bacteria on the medium even after 24 hrs. All these results

ensured the fact that the surface modified bandage cloth

restricts the influence of microbial contaminated water

towards interior.

Conclusion

Thus, in this research work, a hydrophilic polymer was

converted into superhydrophobic by electrospinning with

suitable additives. A stepwise variation in the water

repellency with each additive and their functions in the

composite were elaborated. Structural features of the

composite were characterized using XRD, SEM, EDX,

AFM and FTIR techniques. Two practical tests were used to

determine the water repelling ability and water vapor

transport capability of the composite fibers. Bacterial

infiltration studies had proven the fiber coated bandage’s

potent in blocking water borne microorganisms towards the

wound. Results had proven the usage of this novel

composite fiber as a coating material for the semi-occlusive

type bandage. Extended research in these superhydrophobic

fibers will pave a way to the water repellant wound healing

coatings in near future.
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The coordination of therapeutically interesting designed complexes of stoichiometry [ML(Met)Cl2] [where M=
Cu(II), Co(II), Ni(II), Mn(II) and Zn(II), L = benzylidene-4-aminoantipyrine and Met = methionine] has been
ascertained on the basis of physicochemical techniques. Their interaction with CT DNA reveals that they are
good intercalators. The anticancer mechanism of our complexes is documented from their enhanced DNA split-
ting personalities under physiological conditions. To reveal the chemotherapeutic action of these complexes, we
explored the inflammatory response, analgesic and antioxidant activities. Moreover, all the complexes show
good antimicrobial activity against few bacterial and fungal strains. Our study has identified the mechanism of
action of these complexes on inhibiting tumor cells and suggested that they have great potential as novel antican-
cer agents.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Biopolymer has long been considered as a universal target for antitu-
mor drugs such as cisplatin, doxorubicin, 5-fluorouracil and paclitaxel
which exhibit their therapeutic possessions by bonding to DNA mole-
cules [1,2]. The regions of the DNA involve vital processes like gene ex-
pression, gene transcription, mutagenesis and carcinogenesis [3]. Since
DNA is a significant cellular receptor, many chemicals exert their antitu-
mor effects through binding to DNA thereby changing the replication of
the DNA and inhibiting the growth of tumor cells, which is the basis of
designing new and more efficient antitumor drugs. Their effectiveness
depends on the mode and affinity of the binding [4,5]. It is well
known that the sulfurous α-amino acid methionine is essential to the
human body and a constant level has to be maintained for nutrition.
The main function of methionine includes the building of various
protein molecules. Moreover, it has antioxidant properties and can
therefore protect the body from toxic substances and free radicals.
Methionine's major role in preventing cancer development is based on
the fact that it is the primary methyl donor in cells.

The chemistry of pyrazolone derivatives has attracted scholarly at-
tention because of their structure and applications in diverse areas
[6–8]. As pyrazolones are key structures in numerous compounds of
therapeutic consequence [9], compounds containing this ring system
are known to flaunt diverse pharmacological activities such as inflam-
matory response [10], analgesic behavior [11], antipyretic and antimi-
crobial activities [12] and anti-tumor necrosis factor activity [13,14].

Furthermore, these complexes have been found to bind to DNA by sev-
eralmodes.Many factors such as planarity, aromaticity, type of donor li-
gand and geometry of a coordinated metal ion are important for their
interaction with DNA [15,16].

Of significance, in the progression of inflammatory diseases (cancer,
coronary artery disease, etc.), macrophages produce large quantities of
NO, an inflammatory mediator leading to inflammation [17]. Therefore,
there is a critical need for the development of novel drugs with a broad
spectrum of activities and improved safety profiles that could be used
on a long-term basis for extenuating chronic inflammatory conditions.
Of late due to the constant emergence of antibiotics resistance to clini-
cally used compounds, it is the need of the hour to develop novel anti-
biotics classes, which eventually would target the lipoid layer of the
organisms and other aspects of pathogens' lifecycle. Consequently, sig-
nificant efforts have been made by many research groups to improve
the potency and antibacterial spectrum of existing drugs [18,19]. A
major goal, however, is that of finding new chemical entries rather
than continuing the search for new members of already defined chem-
ical classes [20].

Motivated by this rationale, and in gearing-up our current re-
search, we herein focused on synthesis and structural elucidation
of 4-aminoantipyrine based Schiff base having oxygen and nitrogen
donors, derived from p-methoxybenzylidene-4-aminoantipyrine and L-
methionine and its mixed ligand complexes with Cu(II), Ni(II), Co(II),
Mn(II) and Zn(II)metal ions to assess their in vivo and ex vivo anticancer
behaviors against EAC tumor cells and a fewhuman cancer cell lines. Be-
sides determining the SOD activity of these systems with co-ligand,
other parameters viz. DNA binding, nuclease, antimicrobial and antitu-
mor activities have been evaluated thoroughly. In order to reveal the
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chemotherapeutic action of these complexes, we herein investigate the
inflammatory response, analgesic and antioxidant activities. Moreover,
we keep up their biological characteristics by targeting few microbial
strains. This article presents an exploration of our mixed-ligand com-
plexes as novel therapeutic agents by taking advantage of their biolog-
ical properties.

2. Experimental protocols

2.1. Chemicals

All reagents and chemicals were procured fromMerck. The solvents
used for the electrochemical and spectroscopic studies were purified by
standard procedures [21]. Calf Thymus DNA (CT DNA) was obtained
from the Sino-American Biotechnology Company. pBR322 DNA was
purchased from Bangalore Genei (India). Agarose (molecular biology
grade) and ethidium bromide (EB) were obtained from Sigma (USA).
A Tris(hydroxymethyl)aminomethane–HCl (Tris–HCl) buffer solution
was prepared by using deionized, sonicated triply distilled water.

2.1.1. Instrumentation
The carbon, hydrogen and nitrogen analyses of the complexes were

carried out on a CHN analyzer (Carlo Erba 1108 analyzer) at the Sophis-
ticated Analytical Instrument Facility (SAIF), Central Drug Research In-
stitute (CDRI), Lucknow, India. The infrared spectra (KBr discs) of the
samples were recorded on a Perkin Elmer 783 series FT-IR spectropho-
tometer. The electronic absorption spectra in the 200–1100 nm region
were obtained on a Shimadzu model UV-1601 spectrophotometer at
room temperature. NMR spectra (300 MHz) of the ligand and its zinc
complex were recorded on a Bruker Avance DRX 300 FT-NMR spectrom-
eter using DMSO-d6 with TMS as the internal reference. The X-band EPR
spectra of the complexes were recorded at RT (300 K) and LNT (77 K)
using TCNE as the g-marker (SAIF), IIT Mumbai, India. Molar conductivi-
ties in DMSO (10−3 M) at room temperature were measured using a
Systronics model-304 digital conductivity meter. Magnetic susceptibility
measurements of the complexes were carried out by the Gouy balance
using copper sulfate pentahydrate as the calibrant. The metal contents
of the complexes were determined according to the literature method
[22]. The limpidness of the ligand and its complexes were appraised by
column and thin layer chromatography.

2.2. Synthesis of the Schiff base ligand (L)

The Schiff base ligand was prepared by the condensation of 4-
aminoantipyrine with p-methoxybenzaldehyde (L). A methanolic solu-
tion of (20mL) 4-aminoantipyrine (0.01mol) was added to amethano-
lic solution of p-methoxybenzaldehyde (0.01 mol). The resultant
mixture was refluxed for ca. 3 h. The solid product formed (4-
methoxybenzylidene-4-aminoantipyrine, L) was filtered, washed,
dried and recrystallized from methanol (Scheme 1).

L. Yield: 86%. FT-IR (KBr disc): 1071 ν(\\C\\O\\C\\), 1,628
(HC_N), 1,713 υ(C_O) cm−1; MS: m/z 322. 1H NMR (DMSO-d6)
δppm: 6.9–7.4 (phenyl multiplet), 8.7 (s,\\CH_N), 3.6 (s,\\OCH3),
2.2 (s,\\C\\CH3), 2.7 (s, N\\CH3); 13C NMR (DMSO-d6): d = 112.72,
118.95, 125.81, 129.46, 131.83, 136.34, 142.72 (aromatic C), 56.2
(\\OCH3), 13.7 (\\C\\CH3), 35.4 (N\\CH3), 165.27 (CH_N), 187.68
(C_O) ppm; Anal.Calc. for C19H19N3O2: C, 71.0; H, 6.0; N, 13.1; Found:
C, 70.8; H, 5.9; N, 12.9%. λmax in DMSO 39,185 and 27,724 cm−1.

2.3. Synthesis of mixed ligand complexes

All the newly synthesized mixed ligand metal complexes were pre-
pared by the following general procedure as sketched in Scheme 1.

Amethanolic solution of the Schiff base (0.01mol)washeated under
reflux with the methanolic solution of metal(II) chloride (0.01 mol) in
methanol (30 mL) for ca. 3 h. To the above mixture, 0.01 mol of L-

methionine dissolved in 1:1 water–methanol (40 mL) was added to a
hot methanolic solution (30 mL) of KOH in the appropriate ratio and
refluxed for 2–3 h. The resultant product waswashed and recrystallized
with methanol. The solid product formed was filtered, washed with
methanol and dried in vacuo.

[CuL(Met)Cl2]. Yield: 75%. FT-IR (KBr disc): 3,258 (NH2), 1069
ν(\\C\\O\\C\\), 1,682 υ(C_O) 1,597 (HC_N), 1,568 υasy(COO−),
1,386 υsy(COO−); 512 (M_O), 443 (M_N), 354 (M_Cl) cm−1; MS:
m/z 603. Anal.Calc. for C24H29Cl2N4O4SCu: C, 47.7; H, 4.8; Cl, 11.7; N,
9.3; S, 5.3; Cu, 10.5. Found: C, 47.5; H, 4.8; Cl, 11.6; N, 9.1; S, 5.2; Cu,
10.3%. Λm × 10−3 (Ω−1 mol−1 cm2) 5.4; μeff (BM) 1.89; λmax in DMSO
37,493, 43,502 and 13,228 cm−1.

[NiL(Met)Cl2]. Yield: 73%. FT-IR (KBr disc): 3,252 (NH2), 1070
ν(\\C\\O\\C\\), 1,679 υ(C_O), 1,594 (HC_N), 1,565 υasy(COO−),
1,383 υsy(COO−); 508 (M_O), 432 (M_N), 347 (M_Cl) cm−1; MS:
m/z 598. Anal.Calc. for C24H29Cl2N4O4SNi: C, 48.1; H, 4.9; Cl, 11.8; N,
9.4; S, 5.4; Ni, 9.8%. Found: C, 47.9; H, 4.9; Cl, 11.7; N, 9.1; S, 5.2; Ni,
9.6%. Λm × 10−3 (Ω−1 mol−1 cm2) 1.3; μeff (BM) 3.08; λmax in DMSO
13,809, 15,567 and 24,784 cm−1.

[CoL(Met)Cl2]. Yield: 70%. FT-IR (KBr disc): 3,256 (NH2), 1067
ν(\\C\\O\\C\\), 1,677 υ(C_O), 1,589 (HC_N), 1,562 υasy(COO−),
1,378 υsy(COO−); 510 (M_O), 436 (M_N), 350 (M_Cl) cm−1; MS:
m/z 614. Anal.Calc. for C24H29Cl2N4O4SCo: C, 48.0; H, 4.9; Cl, 11.8; N,
9.4; S, 5.4; Co, 9.8%. Found: C, 47.8; H, 4.8; Cl, 11.7; N, 9.1; S, 5.2; Ni,
9.6%. Λm × 10−3 (Ω−1 mol−1 cm2) 3.2; μeff (BM) 4.83; λmax in DMSO
15,037, 16,524 and 23,756 cm−1.

[MnL(Met)Cl2]. Yield: 72%. FT-IR (KBr disc): 3,254 (NH2), 1069
ν(\\C\\O\\C\\), 1,676 υ(C_O), 1,596 (HC_N), 1,559 υasy(COO−),
1,374 υsy(COO−); 506 (M_O), 438 (M_N), 349 (M_Cl) cm−1; MS:
m/z 595. Anal.Calc. for C24H29Cl2N4O4SMn: C, 48.4; H, 4.9; Cl, 11.9; N,
9.4; S, 5.4; Mn, 9.2%. Found: C, 48.1; H, 4.8; Cl, 11.7; N, 9.1; S, 5.2; Mn,
9.1%. Λm × 10−3 (Ω−1 mol−1 cm2) 8.7; μeff (BM) 5.14; λmax in DMSO
15,738, 24,321 and 29,721 cm−1.

[ZnL(Met)Cl2]. Yield: 78%. FT-IR (KBr disc): 3,256 (NH2), 1068
ν(\\C\\O\\C\\), 1,673 υ(C_O), 1,584 (HC_N), 1,553 υasy(COO−);
1,380 υsy(COO−); 503 (M_O), 434 (M_N) 346 (M_Cl) cm−1; MS:
m/z 605. 1H NMR (DMSO-d6) δppm: 6.8–7.5 (phenyl multiplet), 8.4 (s,
\\CH_N), 3.6 (s,\\OCH3), 2.2 (s,\\C\\CH3), 2.6 (s, N\\CH3); [3.9 (t,
1H, CH), 2.1 (dd, 2H, CH2), 2.7 (t, 2H, CH2) 2.3 (s, 3H, S\\CH3) (Met pro-
tons)] δ; 13C NMR (DMSO-d6): d = 112.69, 118.91, 125.76, 129.42,
131.78, 136.27, 142.68 (aromatic C), 56.0 (\\OCH3), 13.5 (\\C\\CH3),
35.2 (N\\CH3), 21.41–46.39 (Met C), 60.47 (C\\NH2), 174.36 (COO−),
184.72 (C_O), 162.43 (CH_N); Anal.Calc. for C24H29Cl2N4O4SZn: C,
47.6; H, 4.8; Cl, 11.7; N, 9.3; S, 5.3; Zn, 10.8%. Found: C, 47.3; H, 4.7; Cl,
11.6; N, 9.1; S, 5.2; Zn, 10.6%. Λm × 10−3 (Ω−1 mol−1 cm2) 4.6; λmax

in DMSO 29,368, 33,306 cm−1.

2.4. DNA binding and cleavage experiments

Concentrated stock solutions of metal complexes were prepared by
dissolving them in 2% DMSO/5 mM Tris–HCl/50 mM NaCl buffer at
pH 7.1 and diluting suitably with the corresponding buffer to the re-
quired concentrations for all the experiments. For absorption spectral
experiments, the DNA solutions were pretreated with the solutions of
metal complexes to ensure no change in the concentration of the
metal complexes. The absorption spectra were recorded on the
Shimadzu model UV-1601 spectrophotometer using cuvettes of a
1 cm path length. Absorption spectral titration experiments were per-
formed by maintaining a constant concentration of the complex and
varying the nucleic acid concentrations. It was achieved by dissolving
an appropriate amount of the metal complex and DNA stock solutions
whilemaintaining the total volume constant (1mL). This results in a se-
ries of solutionswith varying concentrations of the DNA butwith a con-
stant concentration of the complex. The absorbance (A) of themost red-
shifted band of each complexwas recorded after successive additions of
CT DNA.
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Viscosity experiments were carried out in an Ostwald viscometer,
immersed in a thermostated water-bath maintained at a constant tem-
perature of 30.0 ± 0.1 °C. CT DNA samples of approximately 0.5 mM
were prepared by sonication in order tominimize the complexities aris-
ing from CT DNA flexibility [23]. Flow timewasmeasured with a digital
stopwatch three times for each sample and the average flow time was
calculated. Data were presented as (η/ηo)1/3 versus the concentration
of the metal(II) complexes, where η is the viscosity of CT DNA in the
presence of complex, and ηo is the viscosity of CT DNA alone. Viscosity
values were calculated after correcting the flow time of buffer alone
(t0), η − (t− t0) / t0 [24].

Cyclic voltammetry was performed on a CHI620C electrochemical
analyzer with a three electrode system of glassy carbon as the working
electrode, a platinumwire as the auxiliary electrode and Ag/AgCl as the
reference electrode. The supporting electrolyte was 5 mM Tris–HCl/
50 mM NaCl buffer at pH 7.2. Solutions were deoxygenated by purging
with nitrogen gas for 15 min prior to measurements; during measure-
ment a stream of N2 gas was passed over the solution.

The extent of pBR322 DNA cleavage in the absence and presence of
activating agents ascorbic acid, H2O2, 3-mercaptopropionic acid
(MPA), glutathione (GSH), groove binding agents, DAPI, distamycin,
methyl green (MG) and various radical scavengers like DMSO, EtOH
(hydroxyl radical), sodium azide (singlet oxygen) and SOD (superoxide
dismutase)wasmonitored by using agarose gel electrophoresis. In reac-
tions using super coiled pBR322 plasmid DNA Form I (2 μL, 10 μM) in
Tris–HCl buffer (50 mM) with 50 mM NaCl (pH 7.2) was treated with
the metal complex (30 μM) and activating agents (10 μM) followed by
dilutionwith the Tris–HCl buffer to a total volume of 20 μL. The samples
were incubated for 1 h at 37 °C. A loading buffer containing 25%
bromophenol blue, 0.35% xylene cyanol, 30% glycerol (3 μl) was added
and electrophoresis was performed at 40 V for each hour in a Tris–
Acetate–EDTA (TAE) buffer using 1% agarose gel containing 1.0 μg/mL
ethidiumbromide. The gelwas visualized byphotographing thefluores-
cence of intercalated ethidium bromide under a UV illuminator. The
cleavage efficiencywasmeasured bydetermining the ability of the com-
plex to convert the super coiled (SC) DNA to nicked circular form (NC)

Scheme 1. Synthesis of the Schiff base ligand and its mixed-ligand metal complexes.
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and linear form (LC). Inhibition reactionswere carried out by prior incu-
bation of the SC pBR322 DNA (40 mM) with DMSO (2 mL).

The procedures for all the biological and preclinical experiments are
described in Supplementary files S1–S6.

3. Results and discussion

3.1. Chemistry and confirmation

The Schiff base ligand, L (obtained by the condensation reaction of 4-
aminoantipyrine and p-methoxybenzaldehyde) and its Cu(II), Co(II),
Ni(II), Mn(II) and Zn(II) mixed-ligand complexes with L-methionine,
have been synthesized and characterized by spectral and elemental an-
alytical data. The synthesized ligand and its complexes are stable in air
at room temperature. The ligand is soluble in common organic solvents.
The complexes are insoluble in water, alcohol and acetonitrile but solu-
ble in DMF and DMSO. The proposed reaction of the Schiff base and the
synthesis of the complexes are given in Scheme 1. The lower conduc-
tance value of all the complexes in DMSO reveals that the chloride
ions are present inside the coordination sphere which is further
confirmed by the silver nitrate test and they are non-electrolytic in
nature. The results from the elemental analysis of the metal complexes
are in good agreement with the calculated values (Table S1) showing
that the complexes have a 1:1:1 metal–ligand stoichiometry of
[ML(Met)Cl2].

3.2. Diffuse reflectance spectra

The absorption bands between 39,185 and 27,724 cm−1 in the free
ligand changed a bit in intensity for the metal complexes. The absorp-
tion shift and intensity change in the spectra of the metal complexes
most likely originated from the metalation which increases the

conjugation and delocalization of the whole electronic system and re-
sults in the energy change of the π–π* and n–π* transitions of the con-
jugated chromophore. The spectrum of the copper complex shows
two intra-ligand charge-transfer bands at ca. 37,493 and 43,502 cm−1

which are assigned to charge transfer transition from the pπ-orbitals
of the donor atoms to the d-orbital of the metal and a d–d band at ca.
13,228 cm−1 which is due to the 2Eg → 2T2g transition. This supports
the distorted octahedral copper(II) complex which is usually in the d9

case. The magnetic moment of 1.89 BM was higher than the spin only
value (1.73BM) expected for oneunpaired electron andoffered thepos-
sibility of an octahedral geometry. The electronic spectrum of the Co(II)
complex exhibits bands at 15,037, 16,524 and 23,756 cm−1, assigned to
4T1g(F) → 4T2g(F), 4T1g(F) → 4A2g(F) and 4T1g(F)→ 4T2g(P) transitions,
respectively, corresponding to the octahedral geometry around Co(II).
The observed magnetic moment of 4.83 BM for Co(II) complements
the electronic spectral findings. The electronic spectrum of the Ni(II)
complex exhibits three bands at 13,809, 15,567 and 24,784 attributed to
3A2g (F)→ 3T2g(F), 3A2g(F)→ 3T1g(F) and 3A2g (F)→ 3T1g(P) transitions
respectively, characteristic of an octahedralNi(II) complex,which is fur-
ther supported by itsmagneticmoment of 3.08 BM. The electronic spec-
trum of the Mn(II) complex shows three low intensity bands in the
visible region around 15,738, 24,321 and 29,721 cm−1, assigned to
6A1g →

4T1g(S), 6A1g →
4T2g(G) and 6A1g →

4T2g(D) transitions respec-
tively. These data suggest an octahedral geometry around the Mn(II)
ion. The observed magnetic moment of the Mn(II) complex (5.14 BM)
at room temperature indicates its monomeric nature. It is further sup-
ported by its microanalytical data. The Zn(II) complex is diamagnetic
and from the empirical formula of this complex, an octahedral geometry
has been proposed [25].

3.3. Vibronic spectra

The IR data confirm the coordination of Schiff base through
azomethine nitrogen υ(C_N) by shifting the υ(C_N) stretching fre-
quency of the 4-aminoantipyrine Schiff base ligand (1628 cm−1) to a
lower frequency (1597–1584 cm−1 range) in all the complexes and
the lowering of this wave number may be attributed to the decrease
in electron density on the nitrogen atom of the azomethine group. The
absorption band appeared at 1713 cm−1 in the spectrum of free ligand,
assigned to υ(C_O) of 4-aminoantipyrine, is shifted towards lower
values around 1682–1673 cm−1 indicating the coordination of the car-
bonyl oxygen atom of the 4-aminoantipyrine based Schiff base ligand.
The IR spectra of the metal complexes show a narrow band around
3258–3152 cm−1, attributed to the NH2 stretching vibration of methio-
nine moiety. Chelation through methionine, υas(COO−) and υs(COO−)
at 1568–1553 and 1386–1374 (Δυ=182–179) cm−1, shows downfield
shifts on complexation which confirm the υ(M\\O) bonding through car-
boxyl oxygen. Thus, the IR spectra of the complexes indicate that the
amino and carboxyl groups of methionine moiety are chelated to the
metal ion. Further, the appearance of the bands in the 512–503 and
443–434 cm−1 regions is probably due to the formation of the M\\N
and M\\O bonds, respectively.

Table 1
Electronic absorption spectral properties of mixed-ligand complexes.

Compound λmax Δλ (nm) H%a Kb × 105 (M−1)b Free energy (−ΔG) kJ mol−1

Free Bound

[CuL(Met)Cl2] 384.0 381.0 3.0 28.7 3.80 ± 0.16 33.30
[NiL(Met)Cl2] 342.1 344.8 2.7 22.0 1.17 ± 0.12 15.17
[CoL(Met)Cl2] 343.0 335.5 2.5 29.2 2.79 ± 0.23 25.60
[MnL(Met)Cl2] 340.5 340.9 0.4 18.9 2.31 ± 0.29 20.89
[ZnL(Met)Cl2] 341.0 338.7 2.3 20.4 1.85 ± 0.18 19.35

a H% = [Afree − Abound) / Afree] × 100%.
b Kb = Intrinsic DNA binding constant determined from the UV–vis absorption spectral titration.

Fig. 1. Absorption spectrum of the [CuL(Met)Cl2] complex in buffer at pH= 7.2 and 25 °C
in the presence of increasing amounts of DNA. The arrow indicates the changes in absor-
bance upon increasing the DNA concentration.
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3.4. 1H NMR spectra

The ligand and complexes displayed resolvable 1H NMR spectra in
DMSO-d6. The 1H NMR spectrum of the Schiff base ligand (L) shows
the following signals:\\N\\CH3,\\OCH3, and C\\CH3 which appear
as a singlet at 2.7 δ, 3.6 δ, and 2.2 δ, respectively; the aromatic phenyl
ring appears as the multiplet around 6.9–7.4 δ. In pyrazolone, the
azomethine proton appears as a singlet at 8.7 δ. The azomethine proton
(\\CH_N) signal in the spectrum of the zinc complex is shifted down-
field (8.4 δ) compared to the free ligand, suggesting a deshielding of the
azomethine groupdue to the chelationwith themetal ion. TheNMR sig-
nals of the zinc complex at 5.3–2.1 δ confirm the presence ofmethionine
moiety. It shows a singlet peak at 5.3 δwhich is due to the\\NH2 group
ofmethioninemoiety present in the complex. The C\\Hproton adjacent
to the carboxylate group is observed at 3.9 δ. The carboxylic\\OHgroup
of methionine moiety is observed at 11.7 δ. The absence of this signal
confirms the deprotonation of the\\OH proton with the metal ion

upon complexation. There are no significant changes in the remaining
peaks including their intensities.

3.5. 13C NMR spectra

The 13C NMR spectrum of the Schiff base ligand (L) exhibits the
following signals. The signals at 112.72, 118.95, 125.81, 129.46,
131.83, 136.34, 142.72 (aromatic carbons), 165.27 (azomethine) and
187.68 (pyrazolonyl) are due to carbons of 4-methoxybenzylidene-
4-aminoantipyrine moiety. The (NC_O) pyrazolonyl carbons and
(NC_N\\) imine carbons appear at 187.68 ppm and 165.27 ppm, re-
spectively. The methylene carbons are observed at 56.2, 13.7 and
35.4 ppm. The resonance signals corresponding to the pyrazolonyl,
methylene and azomethine segments in the ligand framework undergo
downfield shifts and appear at 112.69, 118.91, 125.76, 129.42, 131.78,
136.27, 142.68 (aromatic carbons), 184.72 ppm (pyrazolonyl),
162.43 ppm (azomethine) and 56.0, 13.5 and 35.2 ppm (methylene) in-
dicating the coordination of L via oxygen of carbonyl, nitrogen of
azomethine and nitrogen of pyrazolone moiety. The NMR signals of
the Zn(II) complex observed at 21.41–46.39, 60.47 and 174.36 confirm
the presence of methionine moiety.

3.6. EPR spectra

The EPR spectrum of the Cu(II) complex has been recorded in DMSO
at room temperature and LNT. The data are given in Table S2. In the ab-
sence of a single crystal, the reliable parameters for EPR analysis for the
Cu(II) complex can be obtained by running the solution EPR spectrum.
The analysis of the spectrum gives g‖ value of 2.26 and g⊥ value of
2.05. The trend g‖ N g⊥ N 2.0023 observed for the complex indicates
that the unpaired electron is localized in the dx2–y2 orbital of the Cu(II)
ion and is characteristic of the axial symmetry. The gav value is 2.15. The
deviation of gav from that of the free electron (2.0023) is due to the cova-
lence character as per Kivelson and Neiman [26]. The parameter ‘G’ is cal-
culated byusing the expression, i.e., G=g‖−2 / g⊥−2. TheGvalue of 5.2
indicates a negligible exchange interaction between the metal centers in
the complex consistent with the Hathaway approach [27].

Electron paramagnetic resonance and optical spectra have been
used to determine the covalent bonding data for the Cu(II) ion in a vari-
ety of environments. Because of the wide interest in the nature of the

Fig. 3. Cyclic voltammogramof [CuL(Met)Cl2] in buffer at pH=7.2 and 25 °C in the presence of increasing amounts of DNA. The arrow indicates the changes in voltammetric current upon
increasing the DNA concentration.

Fig. 2. Effect of increasing amounts of [EB] (+), [CuL(Met)Cl2] ( ), [NiL(Met)Cl2] ( ),
[CoL(Met)Cl2] ( ), [MnL(Met)Cl2] ( ) and [ZnL(Met)Cl2] ( ) on the relative viscosity
of the DNA. 1/R = [complex] / [DNA] or [EB] / [DNA].
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bonding in this system, we have used the simplified molecular orbital
theory [28] to calculate the bonding coefficients α2 (in-plane σ-
bonding) and β2 (in-plane π-bonding). The in-plane σ-bonding coeffi-
cient α2 is related to g‖ and g⊥ by the equation:

α2 ¼ A‖=0:036
� �

þ g‖−2:0027
� �

þ 3= 7 g⊥−2:0027ð Þ þ 0:04:

The observed value ofα2 (0.71) indicates that the complex has some
covalent character. The out-of-plane π-bonding (γ2) and in plane π-
bonding (β2) parameters have also been calculated from the following
expressions:

β2 ¼ g‖−2:0027
� �

E=−8λα2

γ2 ¼ g⊥−2:0027ð ÞE= −2λα2
� �

whereλ=−828 cm−1 for free ion and E is the electronic transition en-
ergy of 2Eg → 2T2g. The observed values of β2 (0.94) and γ2 (0.68) indi-
cate the significant covalent character to the M\\L bond. Based on the
above results of the EPR parameters, electronic absorption, andmagnet-
ic measurement data, it is revealed that the prepared copper complex
has a distorted octahedral geometry (Scheme 1).

3.7. DNA interaction behaviors

3.7.1. Complex stability in buffer solution
Most of the biological studies have been performed in Tris–HCl buff-

er and hence it is necessary to check the stability of our complexes in
this buffer solution at various pH ranges. Therefore, the stability of the

complexes in 5% DMSO solution of Tris–HCl buffer at both physiological
pH (stomach: 4.7 and blood: 7.2–7.4) has been assessed byUV–vis spec-
trophotometry. Only a little change in absorbance is observed after
2 days. This small change in absorbance without any considerable
shift in wavelengths (λmax) predicts the stability of these complexes
in the above buffer solution. The UV–vis spectrum of the [CuL(Met)Cl2]
complex exhibits no intra-ligand band shifts after a 48 h time period as
shown in Fig. S1. However, a slight change in the intensity of these ab-
sorption bands is observed but there is no formation of any precipitate
during this time period. These results indicate the robust nature of the
complexes [29]. Hence, these findings indicate that our complexes are
sufficiently stable in the Tris–HCl buffer environment even after
reaching DNA.

3.7.2. Evaluation of binding constants
The absorption spectra of the Cu(II) and Mn(II) complexes with CT

DNA are depicted in Fig. 1 and Fig. S2. The UV–vis absorption spectra
of the metal complexes are significantly perturbed by the incremental
increase in the concentration of CT DNA (R = [DNA] / [Complex]). For
metallointercalators, DNA binding is associated with hypochromism
and a red shift in the MLCT and ligand bands. Appreciable changes in
the position of theMLCT band in the 338–384 nmregion for all the com-
plexes have been observedwith the decreasing order of the band inten-
sities, resulting into ‘hypochromism’ along with a red shift of 0.4–3 nm
and significant hypochromicity lying in the range 29.20–18.85%. Hence,
the intrinsic binding constants are in the range of 3.91 ± 0.16 × 105 −
1.17±0.12 × 105M−1 for all the complexes, respectively. This indicates
strong binding propensity of the complex towards CT DNA (non-
covalent interaction) leading to the damaged DNA double helix struc-
ture. Hypochromism and a red shift of absorption band implicates an
intercalative mode of binding and is likely that the metal complexes
with aromatic chromophore stabilizes the DNA duplex [30]. To quantify
the extent of DNA binding, the intrinsic binding constants (Kb) of the
complexes have been determined and the data are presented in
Table 1. Furthermore, the greater Kb value of the Cu(II) complex is as-
cribed to the presence of themetal ion systemwhichmay bind strongly

Table 4
Minimum inhibitory concentration of the synthesized compounds against growth of fungi
(μg/mL).

No. Compound MIC (μg/mL)

A. niger C. albicans A. flavus R. bataticola

1 [L] 5.6 5.3 4.6 6.2
2 [CuL(Met)Cl2] 0.9 0.8 0.7 1.1
3 [NiL(Met)Cl2] 1.2 1.1 0.9 1.3
4 [CoL(Met)Cl2] 1.3 1.4 0.9 1.4
5 [MnL(Met)Cl2] 1.1 1.0 0.8 1.2
6 [ZnL(Met)Cl2] 1.5 1.2 0.8 1.4
7 DMSO – – – –

8 Clotrimazolea 1.1 1.0 0.8 1.2

a Clotrimazole was used as the standard.

Table 3
Minimum inhibitory concentration of the synthesized compounds against growth of bac-
teria (μg/mL).

No. Compound MIC (μg/mL)

E. coli P. aeruginosa B. subtilis S. aureus

1 [L] 5.2 6.7 6.2 4.4
2 [CuL(Met)Cl2] 1.1 1.3 1.1 1.2
3 [NiL(Met)Cl2] 1.8 2.0 2.5 2.3
4 [CoL(Met)Cl2] 2.3 2.5 2.4 3.1
5 [MnL(Met)Cl2] 1.7 1.8 1.9 1.8
6 [ZnL(Met)Cl2] 2.8 3.1 3.9 4.3
7 DMSO – – – –

8 Kanamycina 1.0 1.3 0.8 1.0

a Kanamycin was used as the standard.

Fig. 4.Differential pulse voltammogramof [CuL(Met)Cl2] in buffer at pH=7.2 and 25 °C in
the presence of increasing amounts of DNA. The arrow indicates the changes in
voltammetric current upon increasing the DNA concentration.

Table 2
Redox potential profiles for interaction of DNA with mixed-ligand complexes.

Compound E1/2 (V)a ΔEp (V)b Ipa/Ipc KR/KO

Free Bound Free Bound

[CuL(Met)Cl2] 0.442 0.451 0.036 0.036 0.79 0.71
−0.034 −0.068 0.179 0.138 1.78 2.39

[NiL(Met)Cl2] −0.344 −0.375 1.115 1.246 1.28 1.96
0.386 0.377 1.218 1.068 1.12 1.16

[CoL(Met)Cl2] 0.246 0.225 0.756 0.834 0.93 4.21
[MnL(Met)Cl2] 0.315 0.332 −0.030 −0.078 0.98 3.92
[ZnL(Met)Cl2] −0.067 −0.096 0.942 0.958 0.75 0.38

Data from cyclic voltammetric measurements: aE1/2 is calculated as the average of anodic
(EPa) and cathodic (Epc) peak potentials; E1/2a = Epa + Epc / 2; bΔEp = Epa − Epc.
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with DNA. In addition, the greater value of binding constants of the
investigated compounds may be attributed to their structural pla-
narity due to the phenyl groups of the main ligand and alkyl group
of methionine moiety in the investigated compounds. These results
suggest that upon addition of the DNA to the complexes, the Cu(II)
complex has a marginally higher binding affinity than that of the
Mn(II), Co(II), Ni(II) and Zn(II) complexes. The anomalously strong
DNA binding strength of the complexes is increasing in the order of
Cu(II) N Co(II) N Mn(II) N Zn(II) N Ni(II), which reveals that the size,
ionic radius and charge on the metal ion can also affect the binding af-
finity of the DNA. These results suggest an intimate association of the
compounds with CT DNA and it is also likely that compounds bind to
the helix via an intercalative mode.

Binding constants are ameasure of compound–DNA complex stabil-
itywhile free energy indicates the spontaneity/non-spontaneity of com-
pound–DNA binding. From the values of binding constant, Kb, free
energy “ΔG” of the compound–DNA complex was calculated, using
the following equation:

ΔG ¼ −RT lnKb kJ mol−1
� �

:

The free energies of all the compounds at both pHwere evaluated as
negative values showing the spontaneity of the compound–DNA inter-
action, Table 1. However, the results indicated that the Cu(II) complex
(ΔG = −33.30) binds to the DNA more spontaneously as compared
to other compounds.

3.7.3. Viscosity measurements
Insertion of ligands between adjacent nucleobase pairs causes

lengthening and stiffening of the double helix and such changes are
reflected in an increase inDNAviscosity. A classical intercalation binding
requires the space of adjacent base pairs to be large enough to accom-
modate the bound small molecules and to elongate the double helix,

resulting in an increase of DNA viscosity [31]. The effect of the complex
on the viscosity of the DNA is depicted in Fig. 2 which shows strapping
increases in the viscosity of the DNA with the addition of increasing
amounts of the complexes. This result indicates that all the complexes
can intercalate into the adjacent DNA base pairs, causing an extension
in the helix, and thus increase the viscosity of the DNA. In this study,
the relative specific viscosity of the DNA increases (Fig. 2) which is com-
parable to the classical intercalator (EB) [32]. The increase in viscosity of
the DNA by EB is the highest among all the complexes. Thus, it is con-
cluded that the Cu(II), Co(II) andMn(II) complexes exhibit higher affin-
ity for the intercalative site on DNA as compared to other two
complexes. The increasing degree of viscosity follows the order
[CuL(Met)Cl2] N [CoL(Met)Cl2] N [MnL(Met)Cl2] N [ZnL(Met)Cl2] N

[NiL(Met)Cl2].

3.7.4. Voltammetric studies
Redox potential studies are consequent with other related biophys-

ical techniques that are applied to study the interaction between the
redox active molecules and biomolecules [33]. The imperative criteria
for a complex to act as SOD mimic is its metal-centered redox potential
that facilitates catalytic disproportionation of O2•

−. Fig. 3 shows the
redox potential profiles of the [CuL(Met)Cl2] complex in the absence
and presence of DNA.With the addition of DNA, no new peak is formed,
but the original peaks decrease in intensity suggesting the existence of
an interaction between the complex and the DNA. Moreover, during
DNA addition the anodic peak potential (Epa) shows a positive shift,
which is regarded as the proof for the intercalation of the complex
into the DNA, because this type of interaction is due to hydrophobic in-
teraction. The cyclic voltammograms of all the studied complexes ex-
hibit peak current ratio approximately unity, which is attributed to the
quasi-reversible one electron redox process. All the values correspond-
ing to Epc (V), Epa (V), E1/2 (V), ΔEP and Ipa/Ipc are listed in Table 2. A

1              2              3   4      
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Fig. 7. Agarose gel electrophoresis pattern showing the cleavage of pBR322 (10 μM) plas-
mid DNA (10 μM) by the [CuL(Met)Cl2] complex (40 mM) in the presence of DNA minor
groove binding agents DAPI, distamycin and the major groove binding agent MG at 310 K
after incubation for 30 min. Lane 1, DNA control; lane 2, DNA + [CuL(Met)Cl2] + DAPI
(100 μM); lane 3, DNA + [CuL(Met)Cl2] + distamycin (100 μM) and lane 4,
DNA + [CuL(Met)Cl2] + methyl green (2.5 mL of a 0.01 μg/mL solution).

1             2               3              4               5               
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L

SC

Fig. 6. Agarose gel electrophoresis showing the cleavage pattern of pBR322 plasmid DNA
(10 μM) by the [CuL(Met)Cl2] complex (40 μM) in the presence of different activating
agents at 37 °C after incubation for 30 min. Lane 1, DNA control; lane 2,
DNA + [CuL(Met)Cl2] + GSH (100 μM); lane 3, DNA + [CuL(Met)Cl2] + MPA
(100 μM); lane 4, DNA + [CuL(Met)Cl2] + H2O2 (10 μM) and lane 5,
DNA + [CuL(Met)Cl2] + AH2 (10 μM).
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Fig. 5. Gel electrophoresis pattern showing cleavage of pBR322 supercoiled DNA (10 μM)
by the Cu(II), Ni(II), Co(II), Mn(II) and Zn(II) complexes. Lane 1: DNA alone; lane 2: 5 μM
[CuL(Met)Cl2] + DNA; lane 3: 10 μM [CuL(Met)Cl2] + DNA; lane 4: 20 μM
[CuL(Met)Cl2] + DNA; lane 5: 40 μM [CuL(Met)Cl2] + DNA; lane 6: 40 μM
[CoL(Met)Cl2] + DNA; lane 7: 40 μM [MnL(Met)Cl2] + DNA; lane 8: 40 μM
[NiL(Met)Cl2] + DNA and lane 9: 40 μM [ZnL(Met)Cl2] + DNA.

Table 5
Antioxidant activity of the ligand and its complexes, vitamin C and BHT against various
radicals.

Compounds IC50 (μM)

DPPH H2O2 Metal chelating

[L] 99.6 ± 1.2 102.3 ± 1.5 88.6 ± 0.9
[CuL(Met)Cl2] 35.9 ± 0.2 49.5 ± 2.9 52.3 ± 0.4
[NiL(Met)Cl2] 69.4 ± 1.3 60.9 ± 0.4 83.7 ± 1.3
[CoL(Met)Cl2] 42.5 ± 1.1 56.7 ± 1.6 57.3 ± 0.7
[MnL(Met)Cl2] 49.3 ± 1.4 57.2 ± 0.7 61.4 ± 0.8
[ZnL(Met)Cl2] 71.2 ± 1.7 64.8 ± 0.4 78.1 ± 1.2
Vitamin Ca 146.8 ± 3.6 215.3 ± 2.4 –

BHTa 87.4 ± 2.2 143.6 ± 3.8 –

a Vitamin C and BHT were used as standards.
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significant reduction in their respective peak potentials and cathodic
and anodic peak currents can be attributed to a slow diffusion of the
equilibrium mixtures of these complexes (free and DNA bound) at the
electrode surface. The E1/2 shift of these complexes towards positive po-
tential confirms their binding to CT DNA. However, the positive shift in
the Epc or Epa value is indicative of the intercalation of the complex into
the DNA double helix while a negative shift reveals the involvement of
electrostatic interactions.

The shift in E1/2 values can be used to estimate the ratio of equilibri-
um constants, KR/KO for binding of theM(II) andM(I) forms, respective-
ly, to DNA. For a Nernstian electron transfer system in which both the
oxidized and reduced forms are associated with a third species such as
the DNA in the solution can be applied. KR and KO are the corresponding
binding constants for the M2+ and M+ species to DNA. For the com-
plexes, KR is higher than KO, suggesting that the interaction of the
metal complexes with DNA tends to stabilize the M(II) over the
M(I) state (Fig. 4). This behavior is suggestive of the interaction of the
investigated compounds with DNA via intercalation.

3.8. Biological findings

3.8.1. Antimicrobial activity
Ex vivominimum inhibitory concentration (MIC) values are summa-

rized in Tables 3 and 4. The antimicrobial activities of the mixed ligand
complexes ormetal chelates are usually greater than those of the free li-
gands and the activities depend upon the metal(II) ions i.e., size, charge
distribution, shape and redox potential of the metal chelates [34]. The
MIC values of all the mixed ligand complexes are also verified by the

liquid dilution route in which the efficacy is also observed at a very
low concentration. A representative graph of the measured MIC values
(μg/mL) of the controls, mixed ligand complexes and free ligand against
microorganisms is shown in Fig. S3(a and b) (Supplementary file). Such
a greater activity of the metal chelates can be explained on the basis of
chelation theory, which states that the polarity of the metal ion is re-
duced upon complexation,which results in an increase in the lipophilic-
ity of the metal complexes and makes them easy to permeate through
the cell membrane of the bacterium. From the MIC values, the Cu(II)
complex shows excellent activity (MIC value: 0.9–1.3 μg/mL) against
all the bacterial and fungal strains even than the standard drugs. This
enhancement in the activity can be rationalized on thebasis of the struc-
tures of the ligands by possessing an additional azomethine (C_N) link-
agewhich is important in elucidating themechanism of transamination
and resamination reaction in biological systems. It has also been sug-
gested that the ligands with the nitrogen and oxygen donor systems
might inhibit enzyme production, since the enzymes which require
these groups for their activity appear to be especially more susceptible
to deactivation by the metal ions upon chelation.

3.8.2. Radical scavenging assay
Owing to the ligand and its metal(II) complexes exhibiting good

DNA binding affinity, it is considered worthwhile to study the antioxi-
dant activity of these compounds with a hope of developing potential
antioxidants and therapeutic reagents. The antioxidant activities of the
free Schiff base and the complexes have been evaluated in a series of
ex vivo assays involving 2-2′-diphenyl-1-picrylhydrazyl (DPPH) which
is a stable free radical that is often used for finding the radical scaveng-
ing activity in chemical analysis [35]. Ascorbic acid (AH2) is used as a
reference or positive control and in the determination of 50% activity
(IC50) values. The DPPH radical scavenging activities for the compounds
(Table 5) obtained from two types of assay experiments strongly sup-
port that the complexes presented in this work possess excellent anti-
oxidant activities, which are better than those of the standard
antioxidants including natural antioxidant vitamin C and synthetic anti-
oxidant BHT. All the compounds exhibit moderate to high metal chelat-
ing activity whichmight be due to the chelation of the metal ion by the
electron rich anion COO− present in methionine moiety and organic
ligand with the metal(II) ion. This might be due to the presence of the
carboxyl anion in methionine moiety thus making these complexes
efficient scavengers of free radicals. Among these compounds,
[CuL(Met)Cl2] exhibits the highest DPPH free radical scavenging activi-
ty. The IC50 value of L for DPPH radical is 99.6 μM, whereas the com-
plexes give IC50 values of 35.9–71.2 μM, for DPPH˙ radicals. These
findings are generally much better than those observed for ascorbic
acid which gives an IC50 value of 36.9 μM for DPPH radical.

Table 6
Effect of mixed-ligand metal complexes [Cu(II), Ni(II) and Zn(II)] on the hematological parameters of EAC tumor bearing mice.

Parameters Normal Tumor control [CuL(Met)Cl2] (A) [MnL(Met)Cl2] (C) [CoL(Met)Cl2] (B)

HGB (g/dL) 14.2 ± 0.47 5.76 ± 0.24a 12.54 ± 0.36d 8.76 ± 0.33a,d 11.46 ± 0.53a,d

RBC (M/μL) 5.38 ± 0.17 3.15 ± 0.21a 4.58 ± 0.23d 3.36 ± 0.20a 3.94 ± 0.22a

WBC (K/μL) 6.0 ± 0.27 16.04 ± 0.51a 8.52 ± 0.27c,d 10.48 ± 0.27a,d 11.96 ± 0.99a,d

HCT (%) 16.67 ± 0.49 31.84 ± 0.43a 27.88 ± 2.28a 25.06 ± 1.37b,e 25.02 ± 1.04b,e

Total Proteins (g/dL) 4.96 ± 0.43 14.44 ± 0.68a 6.96 ± 0.36d 10.26 ± 0.55a,d 8.22 ± 0.68b,d

LYM (%) 62.4 ± 2.27 17 ± 1.41a 51.4 ± 2.29b,d 41 ± 2.12a,d 51.2 ± 2.08b,d

MID Cells (%) 16.6 ± 1.36 63 ± 1.82a 27.4 ± 2.06b,d 32.6 ± 1.50a,d 25.2 ± 2.59c,d

Granulocytes (%) 21 ± 1.52 20 ± 1.97 21.2 ± 0.58 26.4 ± 1.69 23.6 ± 2.34

N= 5. Data were expressed asmean± SEM. The hematological parameters like total red blood cells (RBC), white blood cells (WBC), lymphocytes (LYM), hematocrit (HCT), hemoglobin
(HGB), andMID cells (less frequently occurring and rate cells correlating tomonocytes, eosinophils, basophils, etc.,)were determined using a blood automatic analyzer (Celldyn, Abbot Inc.
USA).
Data were analyzed by One Way ANOVA followed by the Tukey–Kramer Multiple Comparison Test.

a p b 0.001 vs normal.
b p b 0.01 vs normal.
c p b 0.05 vs normal.
d p b 0.001 vs tumor control.
e p b 0.05 vs tumor control.
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Fig. 8. Agarose gel electrophoresis pattern showing the cleavage of pBR322 (10 μM) plas-
mid DNA (10 μM) by the [CuL(Met)Cl2] complex (40 μM) in the presence of standard rad-
ical scavengers at 310 K after incubation for 30 min. Lane 1, DNA control; lane 2,
DNA + [CuL(Met)Cl2] + DMSO (4 μL); lane 3, DNA + [CuL(Met)Cl2] + EtOH (4 μL);
lane 4, DNA + [CuL(Met)Cl2] + NaN3 (100 μM) and lane 5, DNA + [CuL(Met)Cl2] +
SOD (1 U).
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3.8.3. pBR322 DNA cracking studies

3.8.3.1. DNA cleavage without an added reductant. Binding of the above
synthesized complexes with DNA has also been studied by gel electro-
phoresis using pBR322 plasmid DNA. This moves on agarose gel under
the influence of electric field. This movement is retarded in agarose
gel electrophoresis when it is bound to metal complexes. To appraise
the concentration dependence DNA cleavage capability of the com-
plexes, supercoiled (SC) pBR322 DNA (10 μM in base pairs) is incubated
with varying concentrations of all the complexes in a buffer containing
5mMTris–HCl/50mMNaCl at pH7.2 (Fig. 5) for 4 h in the absence of an
activator. The Cu(II) complex exhibits an extensive plasmid DNA cleav-
age activity after 4 h of reaction, converting the plasmid supercoiled
DNA into its cleaved forms (open circular and linear DNA) than the
other complexes. The DNA cleavage is clearly concentration dependent
with a similar pattern for both complexes. Under this reaction condition,
the plasmid DNA alone does not show any cleavage (lane 1). However,
in the presence of 5 and 10 μM (lanes 2 and 3), a significant amount of
supercoiled DNA is converted to open circular DNA, as a result of single-
strand breaks over the plasmid molecule. At 20 μM (lane 4) a small
amount of linear DNA becomes present in the gel, originated by DNA
double strand breaks. At the highest concentration assay (40 μM, lanes
5–9), the supercoiled DNA is fully depleted. Among all of them, the
Cu(II) complex which exhibits the strongest DNA binding affinity and
effective DNA cleavage efficiency, is subjected to further cleavage
studies.

3.8.3.2. DNA cleavage with the added reductant. The DNA strand scission
has been studied in a Tris–HCl buffer at pH 7.2 using plasmid SC
pBR322 DNA as a substrate in presence of activators (ascorbic acid
(Asc), H2O2, 3-mercaptopropionic acid (MPA) and glutathione (GSH)),
and the reaction mixture is incubated at 37 °C for 30 min (Fig. 6). In
the control experiment using ascorbic acid or H2O2 in the absence of a
complex, no cleavage of DNA is observed. In the presence of ascorbic
acid or H2O2, a significant conversion of Form I into Form II and Form
III is observed (Fig. 6, lanes 4 and 5), as compared to other activators
(Fig. 6, lanes 2 and 3) and follows the order Asc = H2O2 N MPA N GSH.
Interestingly, the Cu(II) complex converts the SC form to the NC and
LC forms without any evidence of a direct double-strand DNA cleavage.
The prominent DNA cleavage exhibited by the Cu(II) complex suggests
that DNA binding in the form of strong intercalation could be an
important factor for the cleavage activity. The intense nuclease activity
of Cu(II) is apparently caused by enhanced stabilization of the
Cu(I) species formed upon its reduction by ascorbic acid. This is the re-
sult of tuning of the Cu(II)/Cu(I) redox potential of Cu(II) to a positive
value by incorporation of a coordinated co-ligand of methioninemoiety
to confer efficient DNA cleavage activity. All the metal complexes are
able to convert supercoiled (Form I, SC) to nicked circular (Form II,
NC) and the open circular form (Form III, LC) thus revealing that metal
complexes behave as efficient chemical nuclease for double strand
cleavage of DNA.

3.8.3.3. DNA cleavage in the presence of recognition elements (groove bind-
ing). In order to probe the potential interacting site of the complexes
with plasmid pBR322 DNA, the cleavage experiment is carried out in
the presence of minor groove binding agents, DAPI, distamycin and a
major groove binding agent,methyl green (MG). No apparent inhibition
of plasmid DNA cleavage activity has been observedwith the pretreated
plasmid with the minor groove binding agents and the major groove
binding agent. The results (Fig. 7, lanes 2–4) demonstrate that the
DNA cleavage is affected neither by DAPI and distamycin nor methyl
green, implicating the non-affinity of the complex towards the DNA
major/minor groove. These results suggest that DNAcleavage is induced
by the Cu(II) complex via intercalation mode which matches with the
proposed DNA binding behavior by absorption spectrum titration
results.

3.8.3.4. DNA cleavage in the presence of reactive oxygen species. To probe
theDNA cleavagemechanismof the Cu(II) complex, a few standard rad-
ical scavengers were used prior to the addition of the Cu(II) complex to
plasmid pBR322 DNA. The involvement of ROS in the cleavage mecha-
nism is investigated by studying the comparative reactions in the pres-
ence of various radical scavengers like DMSO, EtOH (hydroxyl radical),
sodium azide (singlet oxygen) and SOD (superoxide dismutase). The
cleavage of pBR322 DNA is not induced in the presence of hydroxyl rad-
ical scavengers like ethanol and DMSO indicating that the hydroxyl rad-
ical (OH•) is not likely to be the cleaving agent (Fig. 8, lanes 2 and 3). On
the other hand, the addition of a singlet oxygen quencher like sodium

Fig. 9. a. Smear showing thematured EAC control cellswith definite cellwall and structure
without degeneration. b. EAC tumor cells showing degenerative changes in the form of
membrane blebbing, cell wall fragmentation and low staining intensity. c. Cu(II) drug
treated EAC cells showing degenerative changes like membrane blebbing, vacuolated cy-
toplasm and low staining intensity with complete destruction of the cells.

247N. Raman et al. / Materials Science and Engineering C 53 (2015) 239–251



azide slightly enhances the cleavage efficiencies (Fig. 8, lane 4) which
reveals that 1O2 is the activated oxygen intermediate responsible for
the cleavage. This prompts us to investigate the SOD activity of the
metal complexes with pBR322 DNA. While in presence of SOD, a facile
superoxide anion radical O2

− quencher, the cleavage is improved
which indicates that O2

− might be an inhibitor in the cleavage of the
plasmid and reducing the amount of O2

− could improve the cleavage ef-
fect (Fig. 8, lane 5). The cleavage is not induced in the presence of DMSO
and EtOH while the cleavage mechanism is affected by the presence of
sodium azide and superoxide dismutase. These mechanistic results
clearly suggest that the DNA cleavage activity of the complexes in the
presence of an oxidizing agent presumably proceeds via an oxidative
pathway.

3.8.4. SOD-like activity
The O2•

− scavenging activity (IC50) of the complexes is determined
by the NBT assay using UV–vis spectroscopy. All the complexes demon-
strate SOD activity in micromolar ranges (IC50) varying from 0.56–
6.34 μMas shown in Table S3. The complex [CuL(Met)Cl2] possesses su-
perior SODmimetic activity among all the studied complexes. Although
the IC50 value of the Cu(II) complex is higher than that reported for na-
tive bovine erythrocyte SOD (0.04 μM), it is in good agreement with the
IC50 values of previously reported synthetic SOD mimics [36]. These
findings fulfill the prerequisite for the [CuL(Met)Cl2] complex to act as
a potent SOD mimic.

3.8.5. Anti-tumor evaluation
Several studies have demonstrated that tumor bearing animals can

experience a systemic change of antioxidant enzymes in organs outly-
ing the tumor. Anti-tumor activity of the metal chelates is evaluated
by the procedure described by Raman et al. [37]. From their study, it is
inferred that the Cu(II), Co(II) and Mn(II) complexes are effective anti-
oxidants compared to others and thus we are interested to evaluate
their in vivo antitumor activities. The antioxidant properties of these
metal chelates exhibit radical scavenging activity which receives aug-
mented attention since they have interesting anticancer and anti-
inflammatory activities [38].

3.8.5.1. Hematological parameters. The hematological parameters of
tumor-bearing mice on day 14 are found to be significantly altered
from the normal group. There is a significant decrease in hemoglobin,
RBC and lymphocytes in tumor bearing animals, accompanied by an in-
crease in WBC, hematocrit (HCT), MID cells and protein. At the same
treatment interval, metal chelates at a dose of 100 mg/kg/day (p.o.)
change these altered parameters significantly closer to the normal
levels. All these results suggest the anti-cancer nature of our metal che-
lates (Table 6). The EAC tumor cells from the ascitic fluid of different
treatment groups have been stained with Lieshman stain. They reveal
marked cytological changes and cytolytic activity when compared to
the control tumor cells (Fig. 9a–c). This is mainly due to a reduction in
RBC or hemoglobin production and this may occur either due to iron
deficiency or to hemolytic or other myelopathic conditions [39].

Treatment with metal chelates brings back the hemoglobin content,
RBC andWBC counts near to normal. This indicates that the Cu(II) che-
late has a protective effect on the hematopoietic system. The reliable
criteria for assessing the potential values of any anti-cancer drug are
prolongation of lifespan and decrease ofWBC from blood [40]. Degener-
ative changes in the treated groups have been observed in the form of
membrane blebbing, vacuolated cytoplasm and a reduction in staining
intensity. Our results are in agreement with the above findings and
treatment with metal chelates effectively reduces oxidative stress in
tumor bearing animals and restores the activities of enzymic antioxi-
dants. Further analysis of the hematological parameters shows the
least toxic effects in mice treated with our chelates. In EAC-bearing
mice hematological parameters are reversed to normal by our metal
chelate administration. After 14 days of transplantation, the complexes
are capable to reverse the changes in the hematological parameters sub-
sequent to tumor inoculation.

3.8.5.2.Mean survival time. The consequence of complexes on the surviv-
al of tumor-bearing mice is shown in Table 7. The MST of the treated
groups is comparedwith that of the control groups by the following cal-
culation:

Increase in lifespan ¼ T−C
C

� 100

where

T number of days treated animals survived and
C number of days control animals survived.

A reliable decisive factor for evaluating any anti-cancer drug is that it
should prolong the lifespan of the tumor bearing animals. The effect of
the [CuL(Met)Cl2], [CoL(Met)Cl2] and [MnL(Met)Cl2] complexes on
the survival of tumor-bearing mice shows at dose of 100 mg/kg life
span values 84%, 73% and 62% respectively. These complexes show a
momentous increase in the lifespan of the tumor bearing mice which
is almost analogous with that of 5-fluorouracil (5-FU) (Fig. S4a–c).
There is a significant decrease in the weight gain of the metal chelate
treated mice when compared with tumor control as shown in Table 7.
These results obviously verify the antitumor effect of the complexes
against EAC. Thus, it emerges from our present study that the cleavage
of DNA is one of the requisites for a redox active drug to act as an anti-
cancer agent.

3.8.5.3. Inhibition rates of complexes on the EAC cell lines. Ex vivo antitumor
activity of themixed-ligandmetal complexes has been evaluated against
the EAC cell lines by the Trypan blue dye exclusion method. The IC50

values of all the synthesized complexes are given in Table S4. This table
shows that the complexes reveal different anti-tumor activities. The re-
sults show the excellent potential of the [CuL(Met)Cl2] complex towards
the EAC cell lines with an IC50 value of 104.36 μg/mL, very sensitive with
the value obtained for the standard drug 5-fluorouracil (5-FU), which
was taken as the positive control. It suggests that the amino acid (L-

Table 7
Effect of ligand and its Cu(II), Ni(II) and Zn(II) mixed-ligand complexes on MST and % ILS.

Design of treatment Mean survival time (MST) in days Increase in lifespan (% ILS) Increase in body weight (g)

Tumor control 0.3% CMC, 1 mL/kg/p.o. 20.33 ± 0.49 – 12.47 ± 0.45
5-FU 20 mg/kg/i.p 42.17 ± 0.70a 97.7 3.77 ± 0.3a

[CuL(Met)Cl2] (A) 100 mg/kg/p.o. 39.48 ± 1.42a,b 84.65 4.01 ± 0.24a,ns

[MnL(Met)Cl2] (C) 100 mg/kg/p.o. 29.56 ± 0.12a,b 62.67 6.04 ± 0.31a,b

[CoL(Met)Cl2] (B) 100 mg/kg/p.o. 34.64 ± 1.23a,b 73.28 5.13 ± 0.24a,c

N = 6. Data were expressed as mean ± SEM.
Data were analyzed by One Way ANOVA followed by Tukey Kramer Multiple Comparison test.
ns = non-significant vs 5-FU.

a p b 0.001 vs tumor control.
b p b 0.001 vs 5-FU.
c p b 0.01 vs 5-FU.
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methionine), N-containing primary ligand (4-aminoantipyrine moiety)
and its metal ions have a significant effect on cytotoxicity. These results
indicate that the complexes exert their cytotoxic effects against tested
carcinoma cell lines. The cytotoxicity of complexes is related to tumor
cell species.

3.8.5.4. Ex vivo anti-tumor assay. To test the ability of the metal(II) com-
plexes to inhibit cell growth and induce cell death, the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay has
been performed in various human cancer cell lines such as MCF7,
HeLa, HepG-2 and HEp-2 (Fig. 10). TheMTT assay is based on the mito-
chondrial reduction of the tetrazolium salt by actively growing cells to
produce blue insoluble formazan crystals i.e. only live cells reduce yel-
low MTT to blue formazan products. The calculated IC50 values are in
the range of 10.42 to 72.68 μM for all the complexes in the various cell
lines. The IC50 values also indicate that the Cu(II) complex has the
highest cytotoxicity in all four cell lines (Table 8). DMSO is a biocom-
patible solvent used in several biological tests at lower concentra-
tions. The results of antitumor activity for the studied complexes
show a negligible effect of DMSO in the complex solutions at a
given range of concentrations. In all the four cell lines the cytotoxic-
ity follows the order of Cu(II) N Co(II) NMn(II) N Zn(II) NNi(II). In the
HeLa cell line, the IC50 values for the Cu(II) and Co(II) complexes are
very close to cisplatin. The results show that cytotoxicity of the synthe-
sized complexes is in inclusive agreement with DNA binding and DNA
cleavage activity. Hence, these complexes are active against the tumor
cell lines under ex vivo conditions. This activity of the complexes thus
suggests that the in vivo mechanism of action of the complexes is in-
credibly the simplest one occurring for ex vivo DNA cleavage.

3.8.6. Analgesic activity
Analgesic activity is typically associatedwith a large number of other

imperative pharmacological actions. Thus, the positive result offers a
valuable lead for other significant pharmacological studies. The tail im-
mersion method is used to evaluate analgesic activity involving a cen-
trally mediated mechanism. The painful reactions in the animals are
produced by a thermal stimulus, that is, by dipping the tip of the tail
in hot water. Analgesic effect against thermal noxious stimuli may be
elicited through opioid receptors or through the modulation of several
neurotransmitters involved in relevant phenomena [41]. Since most of
the studies reporting analgesic activity have used a thermal noxious
stimulus based tail-immersion test which indicates opioid type analge-
sia, therefore, the present study also utilizes the same test in light of

greater chances of presence of the opioid type of analgesia. The tail
withdrawal reflux times for untreated and treated groups are given in
Table 9. In the test for analgesic activity the reaction time is seen to be
significantly increased in animals treated with 100 mg/kg of the com-
plexes producing a significant increase in the reaction time. The signifi-
cant increase in the reaction time by 100mg/kg of all the complexes has
been seen at 45 and 60min after administration. The tail withdrawal re-
flux time for the test group is found to be higher than that of the control
group. This suggests that the test samples have a central mechanism of
analgesic action. The ligand and Ni(II) complex show lower activity
compared to standard drugs and other complexes. Thus, the present
study reveals that the Cu(II), Co(II), Mn(II) and Zn(II) complexes pos-
sess potent analgesic activity. However, the Cu(II) complex has greater
potency as it is active at a lower dose. The positive results in the tail-
immersion test on mixed-ligand complexes provide some indication
of an analgesic effect which is probably of opioid type. However, NSAIDs
or aspirin-type of analgesics may sometimes showmoderate activity in
analgesic tests employing heat as the nociceptive stimulus. The present
study demonstrates significant analgesic activity in the tested metal
chelates therefore, the possibility of it being aspirin-like cannot be
ruled out. However, the future studies for confirming the type of analge-
sia may be indicated based on Formalin Test Naloxone blockade, etc.

3.8.7. In vivo anti-inflammatory efficacy
The in vivo efficacy of the ligand and its complexes has been charac-

terized in an acute inflammation model. The carrageenan induced rat
paw edema method is a primary screen for cyclooxygenase-2 (COX-2)
inhibitors. The inflammatory response to carrageenan consists of three
phases. The primary phase is mediated by histamine and 5-
hydroxytryptamine, the secondary phase is mediated kinin notably the
endogenous nonapeptide bradykinin produced by kallikrein. The final
phase is attributed to the local production of prostaglandins (PG) of
the E series. Non-steroidal anti-inflammatory drugs exert their activity
through blocking the synthesis of prostaglandins by inhibiting the cyclo-
oxygenase enzyme [42]. p-Methoxybenzylidene-4-aminoantipyrine is a
pyrazolone derivative and it also belongs to the non-steroidal anti-
inflammatory drug class. The anti-inflammatory effects of L and all the
five compounds are presented in Table 10. L shows only mild activity
(43%) while the Cu(II), Co(II) and Mn(II) complexes show 91%, 78%
and 76% inhibitionwith p b 0.001 respectively at the end hour of the ex-
periment as in the standard drug, diclofenac (92%, p b 0.001) at the dose
level taken. The drug action i.e. reduction of paw volume is observed
from the 2nd hour for the standard drug (100 mg/kg, p.o.). For all the
mixed-ligand complexes (100 mg/kg, p.o.), it is observed even at 1 h.
The activities of all the complexes are higher than those of the ligand
particularly the Cu(II), Co(II) and Mn(II) complexes. It is well known
that the Co(II), Cu(II) and Mn (II) complexes of many non-steroidal
anti-inflammatory drugs exhibit enhanced anti-inflammatory action
[43]. Even the Cu(II) and Co(II) complexes of many non-anti-
inflammatory agents exhibit anti-inflammatory action,where the ligand
may simply acts as a carrier that brings themetal to the therapeutic tar-
get. During inflammation higher concentrations of copper ions are found
in inflamed tissues. There is an increased demand for Cu(II) during

Table 8
IC50 (mg/mL) of complexes and cisplatin against various human cancer cell lines.

Compounds IC50 (μg/mL)a

HeLa HepG-2 MCF-7 HEp-2

[CuL(Met)Cl2] 16.02 ± 0.1 13.18 ± 0.5 10.42 ± 0.3 12.63 ± 0.2
[NiL(Met)Cl2] 27.34 ± 0.2 40.28 ± 0.3 41.81 ± 0.6 72.68 ± 0.5
[CoL(Met)Cl2] 18.69 ± 0.3 21.42 ± 0.6 26.23 ± 0.4 31.32 ± 0.7
[MnL(Met)Cl2] 19.12 ± 0.5 24.53 ± 0.7 28.23 ± 0.4 36.32 ± 0.8
[ZnL(Met)Cl2] 23.33 ± 0.4 27.44 ± 0.6 34.32 ± 0.5 46.42 ± 0.3
Cisplatinb 16.23 ± 0.6 13.02 ± 0.2 9.62 ± 0.4 9.73 ± 0.3

a Concentration of the drug that produces 50% inhibition of the cancer cells.
b Cisplatin was used as a reference metallodrug.

Fig. 10. IC50 (mg/mL) of complexes and cisplatin against various human cancer cell lines.
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inflammatory conditions. So, with the added effect of the metal ions, all
the complexes show enhanced activity, especially for the Cu(II), Co(II)
andMn(II) complexes. The anti-inflammatory activity of the tested sam-
ples concludes that these compounds are efficient cyclooxygenase
inhibitors.

4. Conclusion

The present contribution describes the synthesis of five newmixed-
ligand complexes [Cu(II), Co(II), Ni(II), Mn(II) and Zn(II)] comprising a
versatile amino acid ligand. All the complexes have been extensively
characterized. From the results, we conclude that the complexes in me-
thionine moiety show significant DNA binding affinity. Hypochromism
and bathochromism of the band in absorption titration and increase in
relative viscosity of the DNA suggest that all complexes bind with
DNA via the classical intercalative mode. Among all of them, the Cu(II)
complexwhich exhibits the strongest DNAbinding affinity and effective
DNA cleavage efficiency without adding any activating agents, has been
subjected to further cleavage studies. In the SOD mimetic assay, the
Cu(II) complex shows an excellent IC50 value of 0.56 (±0.04) μM than
the other four complexes. The observed correlation between the SOD
activity and the redox potential of Cu+/Cu2+ emphasize the roles
played by electronic as well as stereochemical factors in the biological
activities of these complexes. Most of the compounds show significant
antioxidant activity while the Cu(II), Co(II) and Mn(II) compounds
show a potent antioxidant activity comparable to that of the standard
antioxidant agents, vitamin C andBHT. The ex vivo antimicrobial and an-
tioxidant evaluations showmore potent activities. Moreover, the Cu(II)
compound shows promising anti-inflammatory activity which could be
beneficial for use in the treatment of inflammatory diseases. The results
of this study may lead to the development of a new therapeutic agent
useful in fighting diseases caused by oxidative stress and inflammation.
The in vivo analgesic study of the Cu(II) and Co(II) complexes shows sig-
nificant analgesic activity than that of the others. Moreover, the fine

points obtained from the cytotoxic studies and various antioxidant as-
says show that all the complexes enclosing the α-amino acid show
good signs of significant cytotoxic activity and excellent radical scav-
enging ability.Work is currently in progress to explore these and related
systems in detail to derive structure-activity relationships.
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Abstract
Gustation is one of the five sensations and is responsible for the inhibition of electrical 
stimulation, thus reflecting in the overall cortical activity of the brain due to the electrical 
stimulation. The information processing of gustation are employed for disorder recogni-
tion such as Parkinson’s disease, etc. and is a source of reimbursement for better clini-
cal diagnosis. EEG signal of gustatory stimulus is preprocessed using IIR band pass filter 
to remove the artifacts due to noise. The advantage of using IIR filter is the requirement 
of lesser memory space and works faster than FIR filter. Extraction of features such as 
Short Time Fourier Transform and Fast Fourier Transform are frequency-domain analysis 
in which the signal is assumed to be stationary. An algorithm for feature extraction used in 
the proposed work is Stationary Wavelet Transform (SWT) which provides time frequency 
representation. In time domain, the statistical features of the detailed coefficients are com-
puted and a filtered EEG signal is decomposed using SWT. The statistical features com-
puted here are the mean which is an average of the absolute value of the EEG signal, vari-
ance which uses the power of the EEG signal as a feature of the signal and power spectral 
density. The different gustatory stimuli of bitter, sour and sweet are classified based on the 
features extracted. Lastly, the feature extraction and preprocessing algorithms are imple-
mented in Spartan—6 FPGA kit. The proposed system possesses an advantage of increased 
computational speed and reduced area utilization compared to existing method.

Keywords EEG · ERP · Gustatory stimuli · IIR filter · SWT · BCI

1 Introduction

Gustation serves as a life giving force for every human. Tongue is the physician for our 
own body and taste is the medicine for all the diseases. Human brain processes the taste in 
the tongue digests form the mouth, stomach and intestine and then mixes it into blood and 
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circulates and it changes into a life giving force faster than other sensory pathways. Tiny 
bumps on the tongue are taste buds with five different basic tastes which activates the vari-
ous regions of the necortex [1]. A change in the electrical stimulation patterns in the brain 
activates when different gustation perception occurs within the millisecond time range and 
it can be monitored by Electroencephalogram (EEG) which provides different neurological 
impairment conditions [2]. These stimulated electrical brain neurons in various neurologi-
cal disorders are believed as changes in neuropathalogical ways as a cognitive dysfunction 
reflection [3]. Brain is acting as a central nervous system for processing the data which 
consists of various neuronal cells which comprises of axons, dendrites and cell bodies. The 
information about the response of nerve cell to stimuli transmitted over long distances. An 
EEG signal is a measurement of neuron movement inside the brain during motor imagery, 
conscious of sensation, emotions and voluntary movement of the body.

The States of Vigilance of EEG Signal comprises of different types of rhythms. They 
are categorized as alpha, beta, theta and delta waves [4]. The frequency range of each 
rhythm varies according to their state of mind. Alpha wave rhythm ranges from 8 to 13 Hz 
produced by the occipital region of the brain. However, an eating disorder causes func-
tional deficits that reports reduced alpha/increased beta EEG pattern states under nutri-
tion [5]. The amplitude of alpha rhythm ranges between 5 and 100 μV. Beta (14–30 Hz) 
ranges from 2 to 20 μV and hence the frontal region of brain is responsible for this type 
of rhythm. Similarly frontal and temporal region of the brain involves in the production of 
Theta (5–7 Hz) waves and it ranges from 5 to 100 μV. Variable region of the brain at times 
produces a last type of rhythm called Delta (1–4 Hz) ranges from 20 to 200 μV [6–8].

The event related potentials (ERP) are measured by means of EEG in the brain activi-
ties such as attention, language usage and senses such as taste, smell, visual perception and 
emotion for human subject [9]. The changes observed in the orbit of parietal region data do 
not support the hemispheric specificity of pleasant and unpleasant taste effects produces 
no differences. Traditionally, voltage peaks are in the range of tens of µvolts and it consists 
of both Positive polarity and negative polarity and it is denoted as P and N respectively. 
The earliest ERP peaks are changed to the cause by some events can interfere or reduce 
the EEG signal power. Decreasing of the EEG power is named as event related desynchro-
nization and increase in the EEG power is named as Event Related Synchronization. This 
ERP signal is recorded in view of gustatory under the taste tangible and glucose infusion 
impacts in ERP parts [10–12].

The Brain has different response for various types of stimuli such as the four common 
tastes are sweet, sour, bitter and salty. Bitter and sour tastes are differentiated by the EEG 
based Brain Computer Interface. EEG was acquired from twelve healthy subjects consists 
of 10 women in the age of 23–25 years and two men in the age of 50–55 years when they 
swelling the taste in their mouth. It comes under Constrained Induced Movement Therapy 
commonly referred to as CMT. Brain Computer Interface (BCI) finds its widespread appli-
cation in mind reading and remote communication. A BCI system has an input of acquired 
EEG signal and an output of device commands depends on the EEG signal which is stimu-
lated by various internal and external stimuli. By the contribution of BCI, it is possible 
to detect abnormal brain structures, seizure prediction, sleep disorder, brain swelling etc. 
[13].

The EEG signal is recorded from the overlying scalp to monitor the electroencephalo-
graphic activity based on the changes to receive different taste afferents to the taste buds 
and the responses are retrieved from the frontal operculum. Adjusting the transfer function 
h(z) is an adaptive process, in which optimizing algorithm is used for adaptive process is 
LMS algorithm and it is sensitive to the scaling of input [14]. It makes hard to achieve 
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stability. Hence these are non-stationary waves; wavelet is used in Feature Extraction pro-
cess. Reconfigurable computing is used in EEG data acquisition. A smart sensor for the 
acquisition of EEG signal from the brain fed into the programmable low noise amplifier 
took after by an incorporated feature extraction and classification circuits. FPGA has the 
capability of implementing different algorithms for Preprocessing and Feature extraction in 
parallel except classification algorithm. The main objective to use Wavelet Transform is to 
localize the artifact component. EEG wave analysis is to extract appropriated information 
from the raw data. This can be done through a transformation like wavelet transform which 
is enabling to study about the relevant properties of the EEG data [15–17]. The Discrete 
Wavelet Transform (DWT) method is having the property of losing the time invariant and 
the signal coefficients length is half reduced involved with the down-sampling method [18, 
19]. For overcoming these limitations, stationary wavelet transform (SWT) is used.

Usage of preprocessing and feature extraction methods during Signal Processing stud-
ies is to remove the artifacts due to noise during the signal acquisition by various sources 
and then the features are extracted. Artifacts have an illogical distribution that resists the 
principle of localization [20]. A pre-processing block aids to improve the performance of 
the system by separating the noise from the actual signal and it is stored in security means 
[21] Introduced a new technique to classify the data based on distributed minhash algo-
rithm and NLP based classification [22–24]. Subsequently, a feature extraction block helps 
to retrieve the most relevant features from the signal. These features will aid the decision 
making mechanism in giving the desired output. Dispersion, Central tendency and range 
are the measures for various preprocessing and feature extraction techniques. Similarly, 
correlation, kurtosis, skewness and cross correlation are the stochastic measures for higher 
order moments. The various types of mean calculations like Geometric Mean, Harmonic 
Mean and Arithmetic mean are calculated based on arithmetical variation communication.

In this paper, pre-processing is performed using IIR band pass filter and the features are 
extracted using SWT. This paper proposes EEG feature extraction techniques of gustatory 
stimuli. The structure of the paper is organized as follows. Section 2 deals with the EEG 
Proposed methodology. Sections 3 and 4 deals with the Results and outcomes respectively.

2  Proposed Method

The proposed method comprises of the following steps. Data acquisition, pre-processing, 
Feature extraction and classification. The block diagram representation of the proposed 
method is shown in Fig. 1.

The raw EEG signal is acquired from human brain using MindWave electrode. The 
obtained input signal is contaminated with noise and hence fed as input to the block 
responsible for performing pre-processing. The pre-processed signal is feature extracted. 
The decomposition of the filtered EEG signal was performed using SWT. Finally based on 
the output of feature extraction, Classification of different types of tastes has been made.

2.1  Data Acquisition

The MindWave Mobile is a wireless electrode which acquires EEG power spectrums for 
different tastes and the acquired signal is measured using Matlab. Data have been col-
lected from 12 subjects using this electrode. It consists of single electrode which is placed 
at the frontal lobe. The setup comprises of EEG acquisition device that is electrode and a 
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computer system. It transfers data via Bluetooth to wirelessly in order to facilitate com-
munication between computer and mobile devices (iOS and Android). The acquired sig-
nal amplitude and potential has various factors play a role such as noise due to electri-
cal source, orientation of the electrode, and distance from the recording electrodes and 
movement of the body during recording. EEG signal having the frequency rate of 256 Hz 
is acquired. In each trial different tastant is given to the subjects and the subjects were 
instructed to swell the tastant in the mouth for the duration of a minute. Mindwave EEG 
electrode used for recording EEG signal is as shown in Fig. 2.

The raw and contaminated EEG signal as obtained from the electrode for different taste 
perception is shown in Fig. 3.

The waveforms are obtained from MATLAB for the acquired EEG signal. It should 
be further processed inorder to retrieve the required data for the classification of human 
gustation.

2.2  Preprocessing

Pre-processing provide smoothing of signal, removes noise and fluctuations and fea-
tures in the filtered waveform are preserved. Artifacts can be removed from the 
recorded EEG signal to facilitate exact interpretation of the original EEG signal for 

Fig. 1  Proposed method for human gustation based EEG signal processing

Fig. 2  MindWave EEG electrode
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further processing. Filtering helps to remove baseline in original EEG signal. The need 
for pre-processing is to remove physiological artifacts such as jaw movement, body 
movement, eye ball movement, chewing etc., and system artifacts like cable defects, 
electrical noise, unbalance impedance of electrode, impedance fluctuation, power line 
noise etc. The pre-processing was performed using IIR notch filter design. Notch filter 
is a bandstop filter having two passbands and a narrow stopband. Use of notch filters 
attenuates frequency from the input spectrum while the amplitude of the other fre-
quencies remains unchanged. It removes noise and power line interferences in EEG 
signal. The significant purpose of processing the signal is to achieve the specific band 
of filtered frequencies in order to gather the crucial information from the gathered sig-
nal. The raw EEG signal is contaminated with unwanted noise contents. The removals 
of such unwanted frequencies are removed using IIR filter at the sampling frequency 
of 500  Hz. The hardware implementation of pre-processing involves IIR filtering as 
shown in Fig. 4. After designing the filter, the co-efficients are computed and the sig-
nal pre-processing is implemented.

Here A and B represents the co-efficient in the feedback and feed forward path as 
shown in Fig. 4.

Fig. 3  Original signal
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2.3  Feature Extraction

The need for feature extraction technique is to extract the necessary features from the initial 
set of measured dataset which is more complex on the nature of data. The extracted fea-
tures are to be non-redundant and informative leads to good interpretation for human. It is 
extracted using different efficient algorithms. The selected features are expected to contain 
two frequency bands makes the extraction of appropriate features pertaining to both raw 
and filtered EEG signal.

To overcome the confines of DWT algorithm, SWT algorithm is used. Decomposition 
and improving the power of the signal denoising, the SWT algorithm is accomplished for 
signal with time invariant. At each level of the SWT algorithm, it uses up sampled method 
for decomposition of the signal as shown in Fig. 5.

The approximated coefficients and details in the similar length with the unique original 
signal are yielded by the decomposition of SWT. The convolution for each coefficient for 
the original signal is done by up sample appropriate filter. The approximated output is cal-
culated by performing convolution between the original preprocessed signal and sample 
low pass filter  (gj).

In addition, the coefficients are calculated from the convolution of original preprocessed 
signal with up sampling high pass filter (hj) to construct the coefficient. For analyzing the 
original signal, SWT is used for the decomposition process because the time invariant of 
the signal is not lost. Identification of changes or transient characteristics of the signal in 
signal processing, Time invariance property plays a key role. The time invariant of the sig-
nal still preserves because the SWT technique uses only up sampling in the decomposition 
to derive the approximation and details coefficients.

Power Spectral Density (PSD) which applies to signals existing over all time, or over a 
time period large enough that it could as well have been over an infinite time interval. The 
measured PSD for different gustation are plotted and it is shown in the below figures for 

Fig. 4  IIR pre-processing filter
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both the raw and filtered data. Figure 6 shows the PSD for normal gustation, Fig. 7 shows 
the PSD for bitter gustation and Fig. 8 shows the PSD for sour gustation.

The mean, indicated by µ is the statistician’s jargon for the average value of EEG signal 
as shown in Eq. 1.

where sum the values in the signal is represented as xi. The index i range from 0 to N − 1.
The standard deviation is the measure of how far the signal fluctuates from the mean of 

the signal as shown in Eq. 2.

where the signal is stored in xi, µ is the mean value, N is the number of samples, and σ is 
the standard deviation.

(1)μ =
1

N

N−1
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i=0
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i

(2)� =
1

N − 1

N−1
∑
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(x
i
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Fig. 5  SWT decomposition

Fig. 6  PSD for raw and filtered signal of normal gustation
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2.4  Classification

Classification and data analysis has been performed offline from the mean and standard 
deviation results. The segregation of different types of gustation finds its application 
once coupled to Brain Computer Interface (BCI) system.

3  Results and Discussion

The EEG data is plotted using Matlab software and the data are stored as .mat file which 
is further processed in Matlab and implemented in FPGA Hardware.

Fig. 7  PSD for raw and filtered signal of bitter gustation

Fig. 8  PSD for raw and filtered signal of sour gustation
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3.1  MATLAB Simulation

The raw EEG signal contaminated with different sources of noise and powerline inter-
ferences are removed using IIR filter during pre-processing. The plot of the original and 
preprocessed signal is shown in Fig. 9. The pre-processed EEG signal is decomposed 
into various sub-bands such as gamma, delta, beta, theta and alpha rhythms. Each sub-
band is responsible for different types of activities. Alpha rhythm refers to alert restful-
ness. Beta rhythms are meant for mental activity whereas theta sub-bands is responsible 
for the characteristics of sleepiness. Delta subband is due to deep sleep.

The decomposition of EEG signal into various sub-bands is shown in Fig. 10.
The mean, median and standard deviation values of different types of gustation are 

tabulated as shown in Table 1.

3.2  Hardware Implementation

The Xilinx summary report of pre-processing and decomposition algorithms are imple-
mented in Spartan—6 FPGA and the device utilization summary is shown in Tables 2 
and 3.

Fig. 9  Original and pre-pro-
cessed signal

Fig. 10  Decomposed EEG signal
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4  Conclusion and Future Work

The acquisition of raw EEG signal was performed using Mindwave electrode. The sig-
nal obtained was contaminated with various types of artifacts generated from both phys-
iologic (eye blinking, eye ball movement etc.,) and extraphysiologic artifacts (equip-
ment, environment etc.,) are treated using pre-processing method. In order to perform 
filtering IIR filter is used. The design of IIR filter was done in MATLAB and the coeffi-
cients were obtained. The pre-processing using IIR filter is advantageous over other pre-
processing methods due to the increased speed. The simulation was done in MATLAB 

Table 1  Feature extraction Trial Type of signal Mean Median SD

Subject-1
Bitter

Raw 42.0391 43 56.4013
Filtered − 0.0112 0.5423 39.0760

Subject-1
Normal

Raw 40.5411 42 55.0753
Filtered 0.0196 1.2470 35.3403

Subject-1
Sour

Raw 33.944 40 201.8063
Filtered 0.1397 4.1520 132.2234

Subject-2
Bitter

Raw 40.1500 41 47.1586
Filtered − 0.0176 0.0211 32.5515

Subject-2
Normal

Raw 41.2027 40 46.2403
Filtered − 0.0761 1.4339 29.3939

Subject-1
Sour

Raw 41.2027 40 46.2403
Filtered 0.0761 1.4339 29.3939

Subject-3
Bitter

Raw 31.4836 35 171.8769
Filtered 0.98727 4.0816 148.0618

Subject-3
Normal

Raw 39.9211 41 51.4669
Filtered − 0.1140 0.4113 34.9531

Subject-3
Sour

Raw 37.8234 36 53.3884
Filtered 0.0504 1.0976 24.9457

Table 2  FPGA device utilisation summary for pre-processed IIR filter

Slice logic utilization Used Available Utilization (%)

Number of slice registers 170 18,224 1
Number of slice LUT’s 154 9112 1
Number used as logic 153 9112 1
Number of occupied slices 49 2278 2
Number of MUXCY’s used 152 4556 3
Number of fully used LUT-FF pairs 139 185 75
Number of bonded IOB’s 66 186 35
Number of slice register sites lost to control set 

restrictions
2 18,224 1

Number of LOCed IOB’s 33 66 50
Number of BUFG/BUFGMUXs 2 16 12
Number of DSP48A1s 16 32 50
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and Modelsim 6.4a. For implementation, Spartan 6 FPGA hardware is used. For decom-
position, SWT is facilitated. The SWT decomposition is effective over other wavelet 
transform due to the analysis in both time and frequency and also due to the reduced 
number of coefficients requirement. For implementing SWT, low pass and high pass fil-
ters was used. The features extracted were mean, standard deviation and power spectral 
density. The deviation from the desired value effectively classifies the type of stimulus. 
The power consumption by the FPGA device is less compared to other devices. As a 
future work, the synthesis can be done with multiple electrodes and optimized classifi-
cation algorithm can be implemented in order to increase the scope of analysis.
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Abstract 
Various man-made and naturally occurring chemicals and substances can modify the chemosensory systems 
of animals and man. This article provides an overview of research studies that investigate the impact of 
pollution on taste perception using an electroencephalography signal analysis in an indoor environment. 
Acute and chronic alterations in taste are discussed for solvents, herbicides, fungicides, pesticides, 
disinfectants, germicides, soil fumigants, dyes, pharmaceuticals, textile wastes, smog, tobacco smoke, 
perfumes, flavors, plastics, synthetic rubber, and other industrial substances. The mechanisms by which 
pollutants may cause physiologic and biologic changes are highlighted. Natural detoxification systems are 
discussed, as well as treatments for chemosensory deficits. Brain Computer Interface (BCI) is a powerful 
tool for creating communication between wired brain and an external device. In this non–Invasive BCI, 
Electroencephalography (EEG) reads the scalp electrical activities for the taste stimuli through 10–20 
electrode system. Taste sensation is one of the five natural senses used to diagnose disease present in our 
body. It is a life giving force and tongue is the physician of our body. Features like Mean, Standard Deviation 
and Kurtosis are extracted from the acquired EEG signals to analyze the signal in an indoor environment. 
Keywords: environmental pollutants, taste perception, taste composition, BCI, EEG, FPGA 
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INTRODUCTION 
The modern world is ruining mankind’s sense of 

smell and making people crave salty and fattening food, 
a leading scientist has said. The harsher smells caused 
by pollution, uncollected rubbish and even messy 
homes are corroding our ability to detect the nuanced 
hues of nature and are making people ill, according to 
Dr Kara Hoover, an expert in olfactory evolution. She 
told a meeting of the American Association for the 
Advancement of Science in Boston that those with an 
impaired sense of smell are more likely to be obese 
because they tend to prefer richer-tasting food. They are 
also at higher risk of mental health problems such as 
anxiety and depression. “Our sense of smell evolved in 
a very rich landscape in which we were interacting 
regularly with the environment,” the Durham 
University academic said. “Today we’re not interacting 
with the environment and we’re in very polluted 
places.” A poor sense of smell also affects people’s ability 
to taste, which means that they are likely to seek out 
stronger tasting food, which is very often salty and fatty. 

By contrast, people with a powerful sense of smell are 
more likely to have lower body weight, previous 
research has indicated. Those who have suffered from a 
loss of smell often have increased anxiety over their own 
body odour because they don’t know if they smell bad 
or not, Dr Hoover said, adding: “They’re anxious about 
not being able to smell danger like gas leaks or smoke.” 
They suffer from poor quality of life and depression 
because they’re no longer engaging with food or loved 
ones in terms of their sense of smell.” She said this 
anxiety increased the risk of developing more serious 
mental health issues. Research this month also 
suggested that diesel pollution could double the chances 
of developing dementia. Poor air quality has already 
been linked to a higher chance of suffering a heart attack 
or stroke. People from poorer backgrounds are in 
general more exposed to pollution, with bus passengers 
confronted by eight times as much as car drivers. Those 
living in dirty areas or where rubbish is not collected 
regularly are also more likely to suffer damage to their 
sense of smell. 
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A Brain Computer Interface (BCI) makes a 
communication between brain and computer to 
transfer brain signals. This is an attempt to leverage 
computer science in ecological challenges. There are 
two types of BCI is available, 1) Invasive BCI 2) Non – 
Invasive BCI. Non-Invasive BCI is far better than the 
Invasive BCI because it is having low complexity, no 
need of surgery and low cost. ECoG is measured with 
the use of Invasive BCI. Because of ease of use, Non–
Invasive BCI is used to acquire the brain signals for 
environmental purpose in an indoor environment. One 
of the best Non – Invasive BCI is 
Electroencephalography (EEG) for acquiring the 
electrical potentials from the brain. After acquiring 
brain signals, it can be translated into commands 
depends upon the applications (Bi et al. 2014). 

Gustation is the life giving force for our body. EEG 
signal from the brain is acquired by applying taste 
stimuli in the tongue of the subject. Tongue is the 
doctor of our body. The ecological analysis identifies 
the symptoms of the disease when the Sense of the taste 
in the tongue differs. Naturally there are five basic tastes 
like sweet, sour, bitter, salty and umami. Twelve 
volunteer subjects (1 Male: 55 years, 1 Male: 35 Years, 
10 female: 23 to 25 years) participated to acquire brain 
signals by applying different taste stimuli via 
gustometer. Amplitude of the signal gets differed when 
applying the different taste stimuli for distinctive 
subjects compared to the normal signals. Due to 
attenuation, the acquired signal level gets decreased 
when compared to invasive BCI. Hence, the attenuated 
signal is given as an input to the designed 
instrumentation amplifier for boosting the signal 
amplitude in an indoor environment (Gundam and 
Charalampidis 2012, Kyritsi et al. 2003). 

By applying diverse antural taste stimuli, the Evoked 
Related Potentials are recorded and then the features are 
extracted from the raw EEG signalin an indoor 

environment. The features such as Mean, Median, 
Kurtosis and Standard Deviation are extracted to find 
the symptoms of diseases from the signal in an indoor 
environment. Before extracting the features, the raw 
signal is preprocessed to remove the artifacts due to 
electrical noise, environmental noise and body 
movement. After the preprocessing method, the signal 
is decomposed into four levels to get the alpha wave for 
feature extraction. Decomposition of signals which is 
done by Stationary Wavelet Transform is better than 
Discrete Wavelet Transform. In this proposed system of 
ecological analysis, (Infinite Impulse Response) IIR 
notch filter for preprocessing, SWT for decomposition 
and four features were extracted and it is implemented 
in Field Programmable Gate Arrays (FPGA) (Hari 
Kumar et al. 2010). 

HARDWARE IMPLEMENTATION 
Fig. 1 shows the block diagram for EEG signal 

acquisition and analyzing system consists of an 
Instrumentation Amplifier, Median Filter for 
Preprocessing, Decomposition method, SWT for 
Feature Extraction and Application Interface for 
translating signals to commands in an indoor 
environment. 

The extracted raw EEG data is in the amplitude 
range of microvolt (μV) µvolts with the main 
frequencies of interest up to approximately 30 Hertz 
(Hz) and it is not recognized by the FPGA system. Fig. 
2 shows the Circuit Diagram for an INA114 
Instrumentation Amplifier (Leow et al. 2010). 

 
Fig. 1. Block Diagram of the EEG Acquisition and Analyzing Systemin an Indoor Environment 
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INA114 is an Instrumentation Amplifier which is 
used to amplify the small amplitude signal into large 
amplitude signal recognizable by FPGA in an indoor 
environment. Instrumentation amplifier is designed to 
provide the output with a gain of 1000 as shown in 
Equ.1. 

 𝑖𝑖𝑖𝑖 𝐺𝐺 = 1000 → 𝐺𝐺 = 1 +
50𝑘𝑘Ω
𝑅𝑅1

 (1) 

INA114 has a CMRR value of 110 and gain error is 
less than 2%. A single external resistor sets any gain 
from 1 to 10,000. Internal input protection can 
withstand up to ±40V without damage. Total power 
consumption of the amplifier is in the range of 56mW. 
After the amplification process, the signal is digitized at 

the sampling rate of 256Hz by a 12 bit analog to digital 
converter. After the amplification of Signals, 
Preprocessing is done by the median filter. 
Preprocessing is used to remove artifacts due to noise, 
power noise, movement of human body while 
acquiring the signal and environmental factors (Mojet 
et al. 2001). 

PREPROCESSING, FEATURE EXTRACTION 
AND CLASSIFICATION 

Preprocessing, Feature Extraction and Classification 
are done in Matlab. Preprocessing is done with 
amplified EEG signal to remove noise and artifacts from 
the raw signal. Rank Order Median Filter is used for 
Preprocessing as shown in Fig. 3 (Sarah et al. 2015). 

 
Fig. 2. Circuit Diagram of an Instrumentation Amplifier 

 
Fig. 3. Rank Order Median filter architecture for Preprocessing 
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Features like Mean, Standard Deviation and 
Kurtosis are extracted from the Preprocessed EEG 
signal in an indoor environment. The mean, indicated 
by µ is the statistician’s jargon for the average value of 
EEG signal as shown in Eq. 2. 

 𝜇𝜇 =
1
𝑁𝑁
� 𝑥𝑥𝑖𝑖

𝑁𝑁−1

𝑖𝑖=0

 (2) 

The standard deviation is the measure of how far the 
signal fluctuates from the mean of the signal as shown 
in Eq. 3. 

 𝜎𝜎2 = � (𝑥𝑥𝐼𝐼 − 𝜇𝜇)2
𝑁𝑁−1

𝑖𝑖=0
 (3) 

Kurtosis is defined as the sharpness of the peak of a 
frequency-distribution curve as sown in Eq. 4. 

 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾[𝑥𝑥] = 𝐸𝐸 �
(𝑥𝑥 − 𝜇𝜇)4

𝜎𝜎
� (4) 

The Power Spectral Density (PSD) is calculated for 
inferring spectral energy distribution that would be 
found per unit time, since the total energy of such a 
signal over all time would generally be infinite shown in 
Eq. 5. 

 𝑃𝑃 = lim
𝑇𝑇→∞

� |𝑥𝑥(𝐾𝐾)|2𝑑𝑑𝐾𝐾
𝑇𝑇

0
 (5) 

After the Feature Extraction, the extracted features 
are classified according to the different subjects with 
different taste. For better classification, the Fisher 
Linear Discriminator classifier is used to classify the 
subjects with high accuracy. The local maximum and 
local minimum of the “signature” signal at each ROI 
were found. Their difference was used as a scaling factor 
in classification using the Eq. 6.  

 𝑉𝑉𝑖𝑖,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝐾𝐾) =
𝑉𝑉𝑖𝑖(𝐾𝐾) − 𝑉𝑉𝑖𝑖,𝑚𝑚𝑖𝑖𝑚𝑚
𝑉𝑉𝑖𝑖,𝑚𝑚𝑠𝑠𝑚𝑚 − 𝑉𝑉𝑖𝑖,𝑚𝑚𝑖𝑖𝑚𝑚

 (6) 

At the end of the experimentation, the classified 
results are displayed in the respective color bulb with 
the use of FPGA (Sudirman 2013, Sukumaran et al. 
2012). 

EXPERIMENTAL SETUP 
During the experiment, subjects are chosen 

according to different age and gender for acquiring EEG 
data. The subjects are seated comfortably and create a 
dark room environment by closing their eyes using 
black scarf. EEG signal is acquired using Mindwave 
EEG Wireless electrode. The subjects are pouring with 
water in the mouth to acquire the normal EEG data. 
After that, the subjects are driving with different taste 
like Salt, Sweet, Bitter and sour with the use of 
gustometer for accurate result. Subjects are asked to 
participate in the experiment for different taste on 
different days and it is recorded. After the data 
acquisition is finished, the raw data is processed in 
Matlab and it is implemented using FPGA for real time 
purpose. In FPGA, the output is connected with the 
relays to drive the different color bulb to indicate the 
different taste (Teplan 2002). 

RESULTS AND DISCUSSION 
The Database Acquisition of 14 Subjects who was 

selected on a volunteer basis among which female 
counts 12 and men counts 2 persons. 12 subjects belong 
to age group ranges between 22 and 25. 2 subjects 
belong to the age group of 35 and 55 respectively. The 
preprocessing results using FPGA is shown in Fig. 4. 

 
Fig. 4. FPGA Preprocessing Output 
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The Preprocessed output is given as an input for the 
feature extraction process and the sample output for 
Feature Extraction is shown in Fig. 5. The extracted 
output is driving the input of the classifier and the 
different taste is classified using FLDA classifier and it 
is shown in Fig. 6 (Yoshimoto 2016). 

CONCLUSION 
The Median filter was designed using Matlab, 

Verilog and computational, and the corresponding filter 
co-efficient are generated. The features were extracted 
effectively for four different types of gustation and 
FLDA classifier is used for the classification of four 

types of natural gustation. The causes of artifacts are eye 
ball movement, coughing noise and also noises caused 
by external environment effects the raw EEG signal in 
an indoor environment. The data acquisition was 
performed in the compact environment to reduce these 
effects and also darker environment was provided for 
the subjects. As the future work, the data acquisition can 
be done with advanced device hence multiple electrodes 
usage effectively captures all the responses from each 
nerves from the brain.  

Research findings indicated that air pollution has a 
negative impact on taste perception. 
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Abstract
Wireless sensor networks are the wireless autonomous networks with a large number of distributed sensor nodes. The quality
of service in such WSNs is mainly affected by the failure of sensor nodes. In the existing method, failure sensor nodes are
detected by measuring the round trip delay (RTD) time of discrete round trip paths and comparing them with threshold value.
A new matrix calculus (MCS) method is proposed using which row and column wise round trip paths will be generated. With
the newly generated RTPs it is possible to detect multiple failure nodes by comparing row wise RTPs delay and column wise
RTPs delay.

Keywords Wireless sensor networks · Round trip paths · Round trip delay · Matrix calculus

1 Introduction

Wireless sensor networks (WSN) consist of a large number
of sensors to monitor physical or environmental conditions,
such as temperature, pressure, sound, motion and pollutants
and to cooperatively pass their data through the network to
a main location or sink where the data can be observed and
analysed. A sink or base station acts like an interface between
users and the network. One can retrieve required informa-
tion from the network by injecting queries and gathering
results from the sink. Typically a wireless sensor network
contains hundreds of thousands of sensor nodes. The sen-
sor nodes can communicate among themselves using radio
signals. A wireless sensor node is equipped with a micro-
controller, transceiver, external memory, power source and
one or more sensors. The microcontroller performs tasks,
processes data and controls the functionality of other com-
ponents in the sensor node. A microcontroller is often used
in sensor nodes because of its low cost, flexibility to connect
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to other devices, ease of programming, and low power con-
sumption. Sensor nodes often make use of ISM band, which
gives free radio, spectrum allocation and global availability.
The possible choices ofwireless transmissionmedia are radio
frequency (RF), optical communication (laser) and infrared.
From an energy perspective, the most relevant kinds of mem-
ory are the on-chip memory of a microcontroller and flash
memory—off-chip RAM is rarely, if ever, used. The archi-
tecture of a sensor node is shown in Fig. 1. Since the wireless
sensor node is oftenplaced in ahard-to-reach location, chang-
ing the battery regularly can be costly and inconvenient.
An important aspect in the development of a wireless sen-
sor node is ensuring that there is always adequate energy
available to power the system. The sensor node consumes
power for sensing, communicating anddata processing.More
energy is required for data communication than any other
process. Power is stored either in batteries or capacitors.
Batteries, both rechargeable and non-rechargeable, are the
main source of power supply for sensor nodes. The individ-
ual nodes in a wireless sensor network (WSN) are inherently
resource constrained: they have limited processing speed,
storage capacity, and communication bandwidth. The wire-
less sensor networks was motivated by military applications
such as battlefield surveillance; today such networks are
used inmany industrial and consumer applications, industrial
process monitoring, machine health monitoring and in agri-
culture. The fundamental objectives for sensor networks are
reliability, accuracy, flexibility, cost effectiveness and ease
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of deployment. But, the accuracy and QoS will be affected
due to failure of sensor nodes [1] and [2]. Sensor nodes fail-
ure is not only due to energy depletion, but also owing to
various other factors like environmental changes, failure of
links, out of coverage area and so on. This causes the cer-
tain part of the network to stop functioning properly and it
leads to reconstruction of new topology, network partition-
ing and connectivity loss. In these situations, data loss will
be more and QoS will not be obtained. So it is essential to
find the failure nodes in WSNs. In the paper [3] link failure
detection based on monitoring cycles (MCs) and monitor-
ing paths (MPs) is presented. Three-edge connectivity in the
network, separate wavelength for each monitoring cycle and
monitoring locations are the limitations of thismethod. In the
paper [4] presented a distributed fault detection algorithm for
wireless sensor networks. Faulty sensor nodes are identified
based on comparisons between neighboring nodes and dis-
semination of the decisionsmade at each node. The algorithm
is simple and detects faulty sensors with high accuracy for
a wide range of fault probabilities, while maintaining low
false alarm rate. Moreover, it can tolerate transient faults in
sensor reading and communication with negligible perfor-
mance degradation. A natural extension of the algorithm is
to solve fault event disambiguation problem. Increase detec-
tion time when use the work [4]. In the work [5] showed the
level of redundancy needed in different network conditions
like having different fault probabilities and needed clusters to
response the received queries. When the number of clusters
needed to response to the request is low or little chance of
error exists in the network, using the redundancy decreases
the number of correct responses. Against, when the number
of clusters is high or there is a big chance of error then more
paths are needed tomaximize the reactions. In the other hand,
these redundant paths have an optimum number in ever net-
work situation such that using more paths reduces the correct
reactions.Redundancy increases the energy consumption and
reduces the number of correct responses in network lifetime
when use the work. The work [6] proposed a fault recovery
a cluster-based recovery algorithm, which is energy efficient
and responsive to network topology changes due to sensor
node failures. Data loss problem occurring due to transfer
of cluster head is main issue of this work. In the [7] linear
Round Trip Paths method, the number of RTP is equal to
number of nodes in WSNs. It increases the detection time of
failure nodes. With this method to detect single node failure
should check the more number of RTPs.

2 Literature survey

In the work [3] the problem of fault localization in all-
optical network was considered and introduced the concept
of monitoring cycles (MCs) and monitoring paths (MPs)

Transceiver 

Micro-Controller 

External Memory 

Sensor 1 

Sensor 2 

ADC Power 
Source 

Fig. 1 Sensor node architecture

for unique identification of single-link failures. MCs and
MPs are required pass through one or more monitoring
locations. The work constructed such that any single-link
failure results in the failure of a unique combination of
MCs and MPs that pass through the monitoring locations.
For a network with only on monitoring location, it was
proved that three-edge connectivity is a necessary and suffi-
cient condition for constructing MCs that uniquely identify
any single-link failure network. In the work considered the
problem of constructing MCs as an integer linear program
(ILP) for an arbitrary network (not necessarily three edge
connected), the work describe a fault localization that uses
both MPs and MCs and the employs multiple monitoring
locations.

The work [3] provided a linear-time algorithm to com-
pute the minimum number of required monitoring locations.
Through extensive simulations, the work demonstrated the
effectiveness of the proposed monitoring technique. It pre-
sented a novel approach for unique identification of single-
link failures in AONs using MCs and MPs. When only one
monitoring location is employed, the algorithm proved that
the network needs to three-edge connected to be able to iden-
tify all single-link failures. For such a network, the work
showed that is the upper bound on the number of required
cycles.

The work described an ILP formulation and heuristics
approach (MC-I heuristics) to determine the FD set. Here
the problem of fault localization using multiple monitoring
locations with and without information exchange between
monitoring locations. The work proposed a heuristics (MC-
I heuristics) approach to find the FD set for multiple moni-
toring locations. Finally, the work described a fault-detection
scheme that can uniquely identify all single- link failures in
an arbitrary connected network.

The work [3] provided a necessary and sufficient con-
dition on the number of monitors, and an algorithm to
calculate the minimum number of monitoring locations.
Simulations results confirm the effectiveness of the pro-
posed monitoring technique and the presented solutions. The
above treatment was limited to single-link failures, which
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affect a single or a specific subset of wavelengths within a
link.

In the work [3] proposed a fault recovery corrupted node
and self-healing is necessary and designed new techniques
to maintain the cluster structure in the event of failures
caused by energy-drained nodes. Initially, node with the
second maximum residual energy becomes cluster head
and with the second maximum residual energy becomes
cluster head. Later on, selection of cluster heed and sec-
ondary cluster head will be based on available residual
energy. The work used MATLAB software as simulation
platform quantities. Like energy consumption at cluster and
number of clusters is computed in evaluation o proposed
algorithm.

In thework [4] presented a distributed fault detection algo-
rithm for wireless sensor networks. Faulty sensor nodes are
identified based on comparisons between neighboring nodes
and dissemination of the decisions made at each node. Time
redundancy is used to tolerate transient faults in sensing and
communication. To eliminate delay involved in time redun-
dancy scheme slidingwindow is employedwith some storage
for previous comparisons results. Simulation results show
that sensor nodes with permanent faults are identified with
high accuracy for a wide range of fault rates, while most
of the transient fault tolerant with negligible performance
degradation.

The work [4] has proposed a fault detection algorithm for
wireless sensor networks. Each sensor node identifies its own
status based on local comparisons of sensed data with some
thresholds and dissemination of the test results. The algo-
rithm is simple and detects faulty sensors with high accuracy
for a wide range of fault probabilities, while maintaining low
false alarm rate. Moreover, it can tolerate transient faults in
sensor reading and communication with negligible perfor-
mance degradation. A natural extension of the algorithm is
to solve fault event disambiguation problem. Increase detec-
tion time when use the work [4].

Sensor nodes are usually equipped with some non-
chargeable batteries having limitation in lifetime while they
cannot be replaced with other sensors when they fail. Each
sensors has a failure probability which is affected from some
factors like electrical energy, hardware failures, communica-
tion error, undesired environment situations, etc Thus, fault
tolerant is a very important and critical factor in such net-
works.

Hardware redundancies like having redundant nodes and
paths are suitable techniques used for increasing fault tolerant
factor. On the other hand, using hardware redundancies leads
increasing in overall network consumption because of using
more number of sensors In the work [5] showed the level
of redundancy needed in different network conditions like
having different fault probabilities and needed clusters to
response the received queries.

According to work [5] the following results produced:

1 If the average number of clusters needed to response a
request is equal to one then the use of redundancy at any
level disputing the high probability of transmission and
sensor errors, reduces the number of correct responses to
the request in the network lifetime. The reason is clear.
Due to the use of only one cluster, the reliability of each
request will not greatly reduce, however if the redundant
path is used the energy of sensors in the redundant paths
are wasted and based on the charts if the redundant path
is not to be used then the average network lifetime will
be longer.

2 When the probability of transmission errors and sensor
error is negligible, the use of redundancy reduces the
number of correct responses during network lifetime.
Because the error probability is low, so there is high
reliability. Therefore, the use of redundancy increases
energy consumption and reduces the number of correct
responses in network lifetime.

3 Whatever the number of used clusters for responding the
request increases and also whatever the possibility of
errors raises, then the effect of redundancy is going to
be more visible. In this case, using the different levels
of redundancy will have different affects such that what-
ever the number of used path increases the number of
correct responses during network lifetime will increases
until using more redundancy will have reverse affect.

So thework [5], by estimating the effect of redundancy on the
number of correct responses that on-demand network have
during its lifetime and before losing its total energy, it found
out that the effect of redundancy on different scenarios of the
network is different.

When the number of clusters needed to response to the
request is low or little chance of error exists in the net-
work, using the redundancy decreases the number of correct
responses. Against, when the number of clusters is high or
there is a big chance of error then more paths are needed to
maximize the reactions. In the other hand, these redundant
paths have an optimum number in ever network situation
such that using more paths reduces the correct reactions.
Redundancy increases the energy consumption and reduces
the number of correct responses in network lifetime when
use the work [5].

The work [6] proposed a fault recovery using a cluster-
based recovery algorithm, which is energy efficient and
responsive to network topology changes due to sensor node
failures. The proposed cluster head failure-recovery mecha-
nism recovers the connectivity of the cluster in almost less
than of the time taken by the fault-tolerant clustering pro-
posed by Venkatraman. The Venkatraman algorithm is the
latest approach towards fault detection and recovery in wire-
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less sensor networks and proven to be more efficient than
some existing related work. Venkatraman algorithm is more
energy efficient in comparison with Gupta and Algorithm
Greedy. Therefore, this work concluded that the proposed
algorithm is alsomore efficient thanGupta andGreedyAlgo-
rithm in term of fault recovery. The faster response time of
our algorithm ensures uninterrupted operation of the sensor
networks and the energy efficiency contributes to a healthy
lifetime for the prolonged operation of the sensor network.
Data loss problem occurring due to transfer of cluster head
is main issue of this work [6].

In the work [7] presented a method to detect the sensor
node failure ormalfunctioning in such environment. The pro-
posed method uses the round trip delay time to estimate the
confidence factor of RTD path. Based on the confidence fac-
tor the failed ormalfunctioning sensor node is detected.Hard-
ware based simulation results indicate the easy and optimized
way of detecting failed sensor node in symmetrical WSN.

The detection time of proposed method to detect faulty
sensor node is in the range of few seconds. To minimize the
detection time of this proposed method, number of round
trip paths in wireless network has to be optimized. But there
exists tradeoff between number of sensor nodes in round trip
paths and maximum possible RTD paths. It is difficult to
judge the failure of sensor node more then on if belongs to
same round trip path.

This is due to instantaneous RTD time for all paths will
be either infinity or more then threshold value. Which will
tend to set the confidence factors of all round trip paths in
WSN equal to ‘0’.Because of it look-up table analysis will be
failed. If the faulty sensor nodes belong to different round trip
paths in network then they will be detected by this method.
This is because the confidence factors of all round trip paths
in WSN will not tend to be ‘0’.

Theproposedmethod requires fewcomputations in case of
symmetrical network conditions. Because of this it requires
less time and has good accuracy. By using this method, faulty
node present in any path can be detected in an easy and effi-
cient way. Redundancy increases the energy consumption
and reduces the number of correct responses in network life
time when use the method [7].

3 Existing system

In earlier research [8] the failure sensor nodes are identi-
fied with RTD protocol. The fault nodes or dead nodes are
nothing but the failure of the nodes to forward a received
data packet. Failure of nodes occurs due to various reasons
like hardware failure, energy depletion, harsh environment,
malicious attack, etc.

Fault nodes may decrease the quality of service (QoS) of
the entire WSN. It is important and necessary to study the

fault detection methods for nodes in WSNs for the following
reasons.

1 Massive low-cost sensor nodes are often deployed in
uncontrollable and hostile environments. Therefore, fail-
ure in sensor nodes can occur more easily than in other
systems;

2 The applications of WSNs are being widened. WSNs
are also deployed in some occasions such as monitoring
of nuclear reactor where high security is required. Fault
detection for sensor nodes in this specified application is
of great importance;

3 It is troublesome and not practical to manually examine
whether the nodes are functioning normally;

4 Correct information cannot be obtained by the control
center because failed nodes would produce erroneous
data. Moreover, it may result in collapse of the whole
network in serious cases;

5 Nodes are usually battery-powered and the energy is lim-
ited, so it is common for faults to occur due to battery
depletion.

WSN node faults are usually due to the following causes:
the failure of modules (such as communication and sensing
module) due to fabrication process problems, environmental
factors, enemy attacks and so on; battery power depletion;
being out of the communication range of the entire network.

The node status in WSNs can be divided into two types:
normal and faulty. Faulty in turn can be “permanent” or
“static”. The so-called “permanent” means failed nodes will
remain faulty until they are replaced, and the so-called
“static” means new faults will not generated during fault
detection. Node faults of WSNs can be divided into two cat-
egories: hard and soft. The so-called “hard fault” is when a
sensor node cannot communicate with other nodes because
of the failure of a certain module (e.g., communication fail-
ure due to the failure of the communication module, energy
depletion of node, being out of the communication range of
entire mobile network because of the nodes’ moving and so
on). The so-called “soft fault” means the failed nodes can
continue to work and communicate with other nodes (hard-
ware and software of communication module are normal),
but the data sensed or transmitted is not correct.

To increase the Quality of service, it is important to iden-
tify the failure node and take necessary actions to avoid
further ruin of the service. The failure sensor nodes are
detected by measuring the round trip delay (RTD) time of
discrete round trip paths and comparing them with threshold
value. With this work a single failure node only identified
from the faulty path. In a network, RTD time is affected
by many criterias. One of them is latency, which is the time
between a request for data and the complete return of the data.
The round trip delay (RTD) time depends on various factors
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such as sensor node data transfer rate, nature of transmission
medium, the physical distance between the sensor nodes, the
number of nodes in the RTD path, other requests being han-
dled by intermediate nodes, intermediate nodes and source
node functions speed and interference in the circuit.

3.1 Path selectionmethods

The following threemethods are used to find number of paths
in existing system:

i Maximum
ii Linear
iii Discrete

3.1.1 Maximummethod

The fault detection analysis time will increase exponentially
with increase in numbers of sensor nodes N in WSNs. Also
the maximum numbers of RTPs produced are not required
for comparison to detect the fault. Such selection of RTPs is
not an adequate solution to speed up fault detection.

Hence optimization of RTPs inWSNs is essential to speed
up the fault detection. The numbers of RTPs formed with m
sensor nodes is given by

NMP = NCM (1)

where NMP is the numbers of RTPs by combination method.
For example N = 9 and m = 3, the RTPs formed is shown in
Fig. 2.

Fig. 2 Combination RTPs

Fig. 3 Linear RTPs

3.1.2 Linear method

In order to reduce the RTPs in the fault detection analysis,
instead of considered maximum numbers of RTPs, only few
paths corresponding to the number of sensors in WSNs are
sufficient. By selecting theRTPs equal to the number of nodes
in WSNs is to reduce the analysis time.

RTPs selected in this way are called as linear RTPs,
Because of the linear relationship between N and P.

NLP = N (2)

For example N = 9 and m = 3, the RTPs formed is shown in
Fig. 3.

3.1.3 Discrete method

WSNs with large number of sensor nodes the fault detection
time is significantly high. So there is need to minimize the
RTPs inWSNs. The numbers of RTPs are reducing by select-
ing only discrete paths in WSNs. Discrete RTPs are selected
by ignoring the two consecutive paths, after each selected
path.

The equation to select the discrete RTPs inWSNs is given
by

NDP = N

M
+ C (3)

Here C =
{
0 if N

M
1 otherwise

= 0 (4)

N- Nodes, M- Nodes per RTP
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Fig. 4 Discrete RTPs

For example applying N = 9 and M = 3 in (3)

NDP = 9

3
+ 0 = 3 + 0 = 3

the RTPs formed is shown in Fig. 4.
The fault detection time is high due to more number of

RTPs and this approach only suitable to single failure node
detection.

4 Proposed system

Anewapproach namedMCSwhich is achieves to detectmul-
tiple failure nodes from the faulty pathwithminimumamount
of detecting time. Using matrix calculus (MCS) method row
and column wise round trip paths will be generated. With the
newly generated RTPs it is possible to detect multiple failure
nodes from a single RTP by comparing row wise RTPs delay
and column wise RTPs delay.

4.1 Round trip delay and path analysis

Round trip delay time of the RTP will change due to fail-
ure sensor nodes. It will be either infinity or higher than the
threshold value. If the threshold value of round trip delay
time is greater than the threshold value then it contains fail-
ure nodes. And if the RTD time of RTP is infinity then the
path contains dead node.More number of sensor nodes in the
round trip path will reduce the RTPs created. But due to this
individual sensor node will be present in more RTPs. While
detecting faults, comparisons of all such RTPs become nec-
essary. Detection time of faulty sensor nodes depends upon
the numbers of RTPs and RTD time. Therefore, RTD time
measurement and evaluation of RTPs is must to minimize the
detection time.

(a)

(b)
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3 
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9 
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3 

7 

9 

Fig. 5 Matrix calculus RTPs. a Row-wise RTPs. b Column-wise RTPs

4.2 MCS RTP selectionmethod

In matrix calculus (MCS) RTP selection method, the sensor
nodes are selectedwith two different sequences (i.e. rowwise
and column wise). The single node belongs to two different
RTPs.

NMCS = N

M
∗ 2 (5)

N- Nodes, M- Nodes per RTP
For example applying N = 9,M = 3 in (5), the RTPs

formed is, as shown in Fig. 5.

NMCS = 9

3
∗ 2 = 3 ∗ 2 = 6

4.3 MCS algorithm

The RTPs with three sensor nodes explained in generalized
RTD model above are used to determine the fault in WSNs.
The MCS algorithm is executed in three steps. In first step,
decide the threshold value of RTD and the second step is to
identify the faulty RTP which contains failure node.

The sensor nodes in the row wise and column wise RTPs
are in the following sequences:

• Row wise RTP sequence as (X, X + 1, X + 2)
• Column wise RTP sequence as (X, X + 3, X + 6)
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Algorithm 1 RTPs Analysis for Detecting Fault in WSNs

Step 1: Decide the threshold value of RTD time
• Find RTD time of each RTPs and chosen the highest
RTD time as threshold

Step 2: To detect faulty RTPs
• Compare RTD of each RTP with threshold
• Detect RTP which contains failure nodes.

Step 3: Find the exact failure nodes from the faulty RTPs.
Row wise RTP sequence as (x, x + 1, x + 2),
Column wise RTP sequence as (x, x + 3, x + 6),
If (RTDrow and RTDcol > threshold)
RTProw(nodes) ∩ RTPcol(nodes)
Result node determined as faulty.
If (RTDrow and RTDcol = ∞)

RTProw(nodes) ∩ RTPcol(nodes)
Result node determined as dead.

In the first step, find the round trip delay of each round
trip paths and decide the highest value as threshold value.
In the second step, compare the RTD of each RTP with the
threshold value and detect the faulty RTPs which contain the
failure nodes. In the third step, identifies the exact failure or
dead nodes from the faulty RTPs by comparing the row wise
and column wise faulty RTPs nodes.

4.4 System architecture

Initially, the sensor nodes are created for simulation and
formed the different round trip paths.

The MCS algorithm generates the RTPs based on the
sequence of row and column. Consider all the sensor nodes as
good nodes and calculate the round trip delay in all the gen-
erated RTPs. The highest RTD value is assigned as threshold
value. Then compare the RTD of each RTP with threshold
value and identifies the failure RTP. By comparing the nodes
of failure RTPs exact failure nodes were identified.

The algorithm simplifies the RTP generation to effec-
tive failure node detection. With this approach, the multiple
failure nodes are easily identified. The overall system archi-
tecture of MCS algorithm is shown in Fig. 6.

5 Simulation

WSNs having different sensor nodes (N) are implemented by
using the open source software NS2. In the proposed method
Round Trip Paths are formed by combining the three sensor
nodes in order to row wise and column wise. MCS protocol
is developed and implemented to detect the multiple failure
sensor nodes in WSNs. The MCS algorithm has been imple-
mented in WSN with 54 sensor nodes as shown in Fig. 7.

Fig. 6 System architecture

Fig. 7 WSNs with 54 sensor nodes
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Fig. 8 WSNs with 9 sensor nodes

5.1 Implementation of MCS protocol in NS2

In this protocol aRTPs are formed by two different sequences
rowwise (X, X + 1, X + 2) and columnwise (X, X + 3, X + 6).
A packet is routed in between these sensor nodes of RTP. It is
routed in the round trip delay path by assigning the addresses
of source, forwarding and destination senor nodes in routing
table. WSNs with nine sensor nodes (N = 9) implemented
and simulated in NS2 is shown in Fig. 8.

5.2 Threshold RTD time estimation

Appropriate threshold RTD time is estimated by considering
initially all sensor nodes in WSNs as working properly. The
matrix.tcl files with 9 sensor nodes are simulated by using
MCS protocol. The end-to-end delay between sensor nodes
are calculated and summed for decide the round trip delay of
particular RTP. The highest value of RTD inWSNs is elected
as threshold value.

τRTD = τ1 + τ2 + τ3 (6)

where τ1, τ2 and τ3 are the delays for sensor node pairs (1,
2), (2, 3) and (3, 1) respectively.

5.3 Detection of faulty sensor node usingMCS RTPs

Specific sensor node in WSNs is declared as faulty in order
to test and verify the suggested method. Infinity (∞) value
of RTD time in NS2 simulation is represented by stating ‘–
0.2’ in Tcl script. Consider all the nodes as good at initial to
calculate the threshold value. Here the threshold value is 0
.047779 sec.

Fig. 9 RTD time results of Six MCS RTPs for faulty node S1

5.3.1 Experiment 1: the sensor node 1 is made faulty

Simulation results of six RTPs are shown in Fig. 9. Except
RTPs_1, 4 the RTD times of other RTPs are less than the
threshold time. The sensor node sequence in these two RTPs
is S1-S2-S3 and S1-S4-S7 respectively. By comparing both
these sequences, we have found that S1 is faulty. If the RTD
time of RTPs_1 and 4 are infinity then S1 is failed (dead) oth-
erwise if it is more than threshold value it is malfunctioning.

5.3.2 Experiment 2: the sensor node 2 is made faulty

Simulation results of six RTPs are shown in Fig. 10. Except
RTPs_1, 5 the RTD times of other RTPs are less than the
threshold time. The sensor node sequence in these two RTPs
is S1-S2-S3 and S2-S5-S8 respectively. By comparing both
these sequences, it has been found that S2 is faulty. If theRTD

Fig. 10 RTD time results of Six MCS RTPs for faulty node S2
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Fig. 11 RTD time results of Six MCS RTPs for faulty nodes S3

time of RTPs_1 and 5 are infinity then S2 is failed (dead) oth-
erwise if it is more than threshold value it is malfunctioning.

5.3.3 Experiment 3: the sensor node 1, 2, 3 are made faulty

Except RTPs_2, 3 the RTD times of other RTPs are greater
than the threshold time. By comparing the RTPs in order to
(1, 4), (1, 5), (1, 6) respectively, If the RTD time of RTPs_1
and 4 are infinity then S1 is failed (dead) otherwise if it is
more than threshold value it is malfunctioning. Likewise the
RTPs (1, 5) and (1, 6) are compared and failed (dead) or
malfunctioning nodes are identified from the faulty RTPs.
The simulation results of six RTPs are shown in Fig. 11.

The determined RTPs with the sensor node sequence is
given in Table 1 and the corresponding RTD time for the
fault nodes is given in Table 2.

6 Result analysis

Method described to detect the fault is successfully imple-
mented and tested in NS2. Various experiments to detect
single and multiple faulty sensor nodes described in this
Sect. 4 are sufficient to prove the effectiveness of proposed

Table 1 Determination of rtps and sensor node sequence

Sl. no. RTPs Sensor node
sequence in RTPs

1 RTP_1 S1-S2-S3-S1

2 RTP_2 S4-S5-S6-S4

3 RTP_3 S7-S8-S9-S7

4 RTP_4 S1-S4-S7-S1

5 RTP_5 S2-S5-S8-S2

6 RTP_6 S3-S6-S9-S3

Table 2 RTD time of RTPs when experiment

Sl. no. RTPs Node 1 faulty Node 2 Faulty Node 1,2,3 faulty

1 RTP_1 0.090001 0.046001 0.06230

2 RTP_2 0.046011 0.051101 0.03800

3 RTP_3 0.046030 0.046001 0.04100

4 RTP_4 0.080101 0.046211 0.04890

5 RTP_5 0.046022 0.060211 0.06780

6 RTP_6 0.046022 0.047776 0.06200

Fig. 12 RTD time of 36 RTPs when 18 nodes are faulty

method in software.Analysis time to detect fault is verymuch
optimized by using the matrix calculus (MCS) RTPs. The
threshold RTD time and RTD and RTPs are shown in Fig. 12.

7 Conclusion

In this work, multiple failure nodes are identified by using
matrix calculus (MCS) method. Initially, the RTD is calcu-
lated for each Round Trip Paths and then it is compared with
the threshold value. If the RTD is greater than the threshold
value, it can be found that there is a fault in the particu-
lar round trip paths. By comparing the failure RTPs, the
exact failure nodes are identified successfully. The simulation
results show that matrix calculus method is better approach
for detect multiple failure nodes. The proposed work suits
well also for finding fault nodes even if the number of nodes
in the sensor networks increase. However, the number of
nodes should be a multiple of 3 in order to group the nodes
as 3 × 3 matrix. Moreover, the MCS algorithm suits only for
3× 3 square matrix. To calculate the RTD time and to fix the
threshold value, three RTPs are needed. The RTPs formed in
a 3× 3 squarematrix has three nodes and theMCS algorithm
gives optimal results only for 3 × 3 matrix and not for other
matrices. So, it does not suit for all other forms of square
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matrices. It is also not possible to detect the fault nodes by
using non-square matrices.
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a b s t r a c t

Broad band Acoustic excitation is one of the critical loading conditions for launch vehicle/spacecraft
structures. Estimation of responses of such multimodal systems in a wide band dynamic environment
is commonly performed using Statistical Energy Analysis (SEA). In SEA the strains are determined from
known velocity responses. These relations are available for plate type structures but not reported for
composite cylindrical shells. Empirical relations based on experiments only are reported for isotropic
cylindrical shells. In this work, expressions for estimating the strains in the higher order modes of a com-
posite cylindrical shell from its velocity responses are derived. It is seen that the strains estimated using
the existing empirical relations of isotropic cylinders, with the elastic properties corresponding to the
composite cylinder, will be in large error. Numerical simulations carried out using a finite element model
are in good agreement with those determined using the relations presented in this work.

� 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Composite shells/plates are extensively used in the construction
of aerospace structures. Broad-band acoustic excitation is one of
the critical loading conditions for the design of such structures
and therefore estimation of the responses of such structures to
acoustic excitation has become essential. In many composite cylin-
drical shells used in spacecraft, these acoustic excitations are in
their higher order mode frequencies. In such cases Statistical
Energy Analysis (SEA) developed by Lyon [1] and others is com-
monly used to estimate the responses. The primary variable of
interest in SEA is the energy and the acceleration, velocity are then
determined from the energy. But knowledge of stress and strain is
necessary for the design of structural elements. In SEA, the stress
and strain are determined from the known velocity.

Hunt [2] showed that there is an allowable velocity for the max-
imum allowable stress and strain, meaning that the stress and
strain are directly related to the velocity. This was shown for a sin-
gle mode vibration of thin uniform rods and bars. He extended the
similar arguments to transverse vibration of plates and suggested
factors for various aspect ratios of the plate. Ungar [3] considered

the deformation of finite plates in terms of flexural waves and
obtained expressions for ratios of maximum stresses to modal dis-
placements at locations away from the boundary. Ungar [3]
extended this treatment to beams and suggested correction factors
on the stress/displacement ratios for various end conditions of the
beam. Lyon also had presented similar relations [1] valid for
homogenous structures with different wave motions that include
flexure, torsion and compression. Norton and Fahy [4] presented
experimental results to relate the dynamic stresses and strains
with vibrations of cylinders of small diameters made of isotropic
materials. Karczub and Norton [5] developed relationship for the
estimation of dynamic strain/stress from the velocities in ran-
domly vibrating beams. They had also [6] derived relationships
between dynamic strain and velocity in randomly vibrating plates
and cylindrical shells by taking the sum of dynamic bending strains
in orthogonal directions as the upper bound value of strain in the
far-field region. Finnveden and Pinnington [7] proposed velocity
method for estimating dynamic strain in pipe structures from spa-
tial average velocity. They conducted numerical experiments to
validate their findings. Further, the relations given in all these
[4–7] works are not mathematically derived but they are obtained
through several experimental measurements. All the above studies
are for isotropic structures including those presented recently [8].

Composite cylindrical shells/plates are extensively used in
launch vehicle/aerospace structures as these materials offer excel-
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lent specific strength and specific stiffness properties over their
metallic counterparts. Several works are reported on the responses
of composite cylindrical shells subjected to acoustic excitation.
Ghinet et al. [9] proposed a model for diffuse field transmission
into infinite composite cylinders. In their work, authors developed
analytical formulation using wave approach to compute transmis-
sion loss of composite laminate and sandwich cylinders. Chrono-
paulos et al. [10] applied SEA approach to compute the
transmission loss characteristics of shells subjected to reverberant
acoustic field. But they have not determined the stresses / strains.
Zhang and Yan [11] constructed SEA model of hypersonic aircraft
and studied the response characteristics which does not discuss
on the strains developed. Xiongtao et al. [12] studied the far-field
acoustic radiation from laminated cylindrical shells using various
shell theories. The authors investigated the suitability of different
shell theories in predicting the acoustic power radiated by the
cylindrical shells. Xin Zhao et al. [13] reported analytical studies
on a finite orthotropic thin composite shell excited by a harmonic
force. They examined the impact of material and structural param-
eters on the vibration characteristics. But the study limits to veloc-
ity and acoustic radiation characteristics and the determination of
stresses and strains is not attempted.

Though there are several works reported on the responses of
composite cylindrical shells to acoustic excitation, stresses and
strains are not determined/discussed. Hence there is a need to
establish the relationships of strains in composite structural ele-
ments with their velocities. Renji and Josephine [14] derived such
strain-velocity relationships under reverberant field conditions but
they are for composite plates and not for shells.

In this work, strains generated in composite cylindrical shells
for diffuse vibrational field are discussed. Expressions relating
the strains to the velocity responses are derived. Results for a
typical composite cylindrical shell are presented. Analytical
relationships thus derived are validated through numerical
simulation using a finite element model. One can estimate the
strains from the known acceleration or velocity responses with this
development.

2. Expressions for strains

Consider a cylinder having a radius a, length L and mass per
unit area ofqm. The co-ordinate axes are denoted by x for longitu-
dinal, h for tangential and r for radial as shown in Fig. 1. The

displacement along the longitudinal direction isux, along the tan-
gential direction (linear displacement) is uh and along the radial
direction isur .

2.1. Governing differential equations

Donnell’s theory is considered in the present work. It should be
noted that the influence of inertia in the in-plane direction is
neglected in this formulation [15–17]. Governing differential equa-
tion applicable for free vibration of a thin cylindrical shells consid-
ering Donnell’s theory is given below.

a
@Nxx

@x
þ @Nhx

@h
¼ 0 ð1Þ

a
@Nxh

@x
þ @Nhh

@h
¼ 0 ð2Þ

@2Mxx

@x2
þ 2

a
@2Mhx

@x@h
þ 1
a2

@2Mhh

@h2
� Nhh

a
¼ qm

@2ur

@t2
ð3Þ

where Nxx;Nhh;Nxh;Mxx;Mhh and Mxh are the force and moment
resultants (per unit length) and qm is the mass per unit area.

2.2. Force/moment resultants

For a laminated composite structure, stress and moment resul-
tants on a laminate cross- section can be written in terms of strains
as below [18].

Fig. 1. Coordinate system.

Nomenclature

Ux;Uh and Ur amplitude of displacement components
amn;bmn amplitude ratios of in-plane displacement to radial dis-

placement
<>x;h average over the domain
exx
_ur

axial strain-velocity ratio
Dij Bending stiffness
ehh
_ur

circumferential strain-velocity ratio
Bij coupling stiffness
jxx;jhh curvature terms
h
�

direction of wave propagation
Aij extensional stiffness
Nxx;Nhh;Nxh force resultants
f frequency in Hz
ux;uh in-plane displacements
cxh
_ur

in-plane shear strain velocity ratio
L length of the cylinder
g loss factor

qm mass per unit area of the structure
q material density
e0xx,e0hh; c0xh mid-plane extensional strains
nðf Þ modal density
Mxx;Mhh;Mxh moment resultants
n number of full waves in the circumferential direction
m number of half waves in the axial direction
ur transverse displacement
x circular frequency in rad/s
a radius of the cylinder
xr ring frequency of the cylinder
h thickness of the plate
_ur transverse vibrational velocity
jxh twist
k wave number
E Young’s modulus
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ð4Þ

where Aij ¼
Pk¼n

k¼1 Qij

� �
k
ðhk � hk�1Þ, called extensional stiffness terms

Bij ¼ 1
2

Pk¼n
k¼1 Qij

� �
k
ðh2

k � h2
k�1Þ , called coupling stiffness terms

Dij ¼ 1
3

Pk¼n
k¼1 Qij

� �
k
ðh3

k � h3
k�1Þ, called bending stiffness terms

Qij

�
= coefficients of elastic stiffness

e0xx, e0hh and c0xh are the mid-plane extensional strains
jxx;jhh are the curvature terms and jxh refers to the twist.
For a symmetric, balanced and specially orthotropic laminate,

Bij ¼ 0;A16 ¼ 0;A26 ¼ 0;D16 ¼ 0;D26 ¼ 0. Hence Eq. (4) can be writ-
ten as

Nxx ¼ A11e0xx þ A12e0hh
Nhh ¼ A12e0xx þ A22e0hh
Nxh ¼ A66c0xh
Mxx ¼ D11jxx þ D12jhh

Mhh ¼ D12jxx þ D22jhh

Mxh ¼ D66jxh

ð5Þ

2.3. Strain-Displacement relations

Extensional strains and bending strains at mid-surface are
related to displacements such that

e0xx ¼
@u0

x

@x
ð6Þ

e0hh ¼
1
a
@u0

h

@h
þ ur

a
ð7Þ

c0xh ¼
@u0

h

@x
þ 1

a
@u0

x

@h
ð8Þ

jxx ¼ � @2ur

@x2
ð9Þ

jhh ¼ � 1
a2

@2ur

@h2
ð10Þ

jxh ¼ �2
a
@2ur

@x@h
ð11Þ

The total strain at any point z from the mid-surface can be writ-
ten in terms of extensional strains and bending strains as below,
neglecting the higher order terms.

exx ¼ e0xx þ zjxx ð12Þ

ehh ¼ e0hh þ zjhh ð13Þ

cxh ¼ c0xh þ zjxh ð14Þ
Therefore the strain components at a point z from the mid sur-

face are given by

exx ¼ @u0
x

@x
� z

@2ur

@x2
ð15Þ

ehh ¼ 1
a
@u0

h

@h
þ ur

a
� z
a2

@2ur

@h2
ð16Þ

cxh ¼
@u0

h

@x
þ 1

a
@u0

x

@h
� 2z

a
@2ur

@x@h
ð17Þ

2.4. Equilibrium equations

Using the strain displacement relations in Eq. (5), we get the
force resultants as

Nxx ¼ A11
@u0

x

@x
þ A12

1
a
@u0

h

@h
þ ur

a

� �
ð18Þ

Nhh ¼ A22
1
a
@u0

h

@h
þ ur

a

� �
þ A12

@u0
x

@x
ð19Þ

Nxh ¼ A66ð@u
0
h

@x
þ 1

a
@u0

x

@h
Þ ð20Þ

Mxx ¼ �D11
@2ur

@x2
� D12

a2
@2ur

@h2
ð21Þ

Mhh ¼ �D22

a2
@2ur

@h2
� D12

@2ur

@x2
ð22Þ

Mxh ¼ �2D66

a
@2ur

@x@h
ð23Þ

Hence the governing differential equations in terms of the in-
plane mid surface displacements and the normal displacement
become

aA11
@2u0

x

@x2
þ A12 þ A66ð Þ @

2u0
h

@x@h
þ A12

@ur

@x
þ A66

a
@2u0

x

@h2
¼ 0 ð24Þ

ðA66 þ A12Þ @
2u0

x

@x@h
þ aA66

@2u0
h

@x2
þ A22

a
@2u0

h

@h2
þ A22

a
@ur

@h
¼ 0 ð25Þ

� D11
@4ur

@x4
� 2ðD12 þ 2D66Þ

a2
@4ur

@x2@h2
� D22

a4
@4ur

@h4
� A22

a2
@u0

h

@h
þ ur

� �

� A12

a
@u0

x

@x
¼ qm

@2ur

@t2
ð26Þ

2.5. Expression for strains

For a cylinder, simply supported at both the ends, the solution is
[19]

u0
x ¼ amnUr ej xtþmpx

l þnhð Þ
u0
h ¼ bmnUr ej xtþmpx

l þnhð Þ
ur ¼ Ur ej xtþmpx

l þnhð Þ

9>>=
>>; ð27Þ

where m is the number of half waves in the axial direction and n is
the number of full waves in the circumferential direction.
amn ¼ Ux

Ur
;bmn ¼ Uh

Ur
. Ux;Uh and Ur represent the amplitude of displace-

ment components.
For the solution given by Eq. (27) the strains are (substituting in

Eqs. (15)–(17))

exx ¼ jamnmþ zm2� �
Ure

j xtþmpx
l þnhð Þ ð28Þ
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ehh ¼ jbmnnþ 1
a
þ zn2

� 	
Urej xtþmpx

l þnhð Þ ð29Þ

cxh ¼ jbmnmþ jamnnþ 2zmnf gUrej xtþmpx
l þnhð Þ ð30Þ

where m ¼ mp
l ;n ¼ n

a

2.6. Amplitude ratios amn and bmn

For the solution given by Eq. (27) the amplitude ratios amn and
bmn can be obtained by substituting the solution in Eqs. (24)–(26)
and by suitable arithmetic operations as

C11 C12 C13

C12 C22 C23

C13 C23 C33


















amnUr

bmnUr

Ur

8><
>:

9>=
>; ¼ 0 ð31Þ

where C11 ¼ A11m2 þ A66n2; C12 ¼ A12 þ A66ð Þmn; C13 ¼ � jA12m
a ;

C22 ¼ A66m2 þ A22n2; C23 ¼ � jA22n
a ; C33 ¼ � D11m4 þ D22n4þ�

2ðD12 þ 2D66Þm2n2 þ A22
a2 � qmx2Þ

One can now find amn and bmn from the first two rows of Eq.
(31), as

amn ¼ C12C23 � C22C13

C11C22 � C2
12

;bmn ¼ C13C12 � C11C23

C11C22 � C2
12

ð32Þ

Eq. (32) gives the amplitude ratios amn and bmn for a general
orthotropic shell.

This can be simplified in some special cases like A11 ¼ A22.
Consider amn. Its numerator is

C12C23 � C22C13 ¼ � A12 þ A66ð Þmn:
jA22n
a

þ A66m2 þ A22n2� � jA12m
a

� �
ð33Þ

Denoting A12
A11

¼ a; A66A11
¼ b

If A11 ¼ A22,

C12C23 � C22C13 ¼ A2
11jbm
a

am2 � n2� � ð34Þ

Considering the denominator of the expression for amn and for
A11 ¼ A22, we get,

C11C22 � C2
12 ¼ A2

11b m4 þ n4 þm2n2 1� a2 � 2ab
b

� 	
ð35Þ

From Eqs. (34) and (35),

amn ¼ jm
a

b am2 � n2
� �

b m4 þ n4ð Þ þm2n2 1� a2 � 2abð Þ
� 	

ð36Þ

Similarly;bmn ¼ jn
a

bn2� a2 þ ab� 1
� �

m2

b m4 þ n4ð Þ þm2n2 1� a2 � 2abð Þ

( )
ð37Þ

2.7. Expression for strain-velocity ratio

Transverse vibrational velocity is denoted by _uris given by Eq.
(27) as below

_ur ¼ jx:Ure
j xtþmpx

l þnhð Þ ð38Þ
The strain components as given by Eqs. (28)–(30) along with

Eq. (38) are used to find the strain-velocity ratio as given below.

exx
_ur
¼ jamnmþ zm2

� �
jx

ð39Þ

ehh
_ur

¼ jnbmn þ 1
a þ zn2

� �
jx

ð40Þ

cxh
_ur

¼ jbmnmþ jamnnþ 2zmnf g
jx

ð41Þ

The above expressions are for the strain-velocity ratios using
which the strains in a composite cylindrical shell can be deter-
mined for the known velocities. This can be simplified for special
cases like when A11 ¼ A22.

2.7.1. Axial strain-velocity ratio

Axial strain-velocity ratio exx
_ur
is given by

jamnmþzm2f g
jx

When A11 ¼ A22, amn ¼ jm
a

b am2�n2ð Þ
b m4þn4ð Þþm2n2 1�a2�2abð Þ

� 	
As m and n represent the wave numbers in the axial and cir-

cumferential directions respectively, m ¼ kcos h
�
;n ¼ ksin h

�
, where

h
�
is the direction of wave propagation. Therefore

amn ¼ j
ak

ac3 � cs2
� �
1þ c2s2 2

� 	
where 2¼ 1� a2 � 2ab� 2b

b
ð42Þ

Using the above value of amn, axial strain-velocity ratio becomes

exx
_ur
¼

c2s2�ac4
a 1þc2s22ð Þ þ zk2c2

jx
ð43Þ

It can be seen that axial strain-velocity ratio depends on the
wavenumber k, which is related to the natural frequency. The nat-
ural frequency of thin orthotropic cylindrical shells as given by
Werner [10] is given below for reference.

x2 ¼ 1
qm

D11
mp
L

� �4
þ 2 D12 þ 2D66ð Þ mp

L

� �2 n
a

� �2
þ D22

n
a

� �4
�

þ
mp
L

� �4 A11A22�A2
12

a2

A11
mp
L

� �4 þ A22
n
a

� �4 þ A11A22�A212�2A12A66
A66

mp
L

� �2 n
a

� �2
9=
; ð44Þ

For A11 ¼ A22;D11 ¼ D22, it becomes

qmx
2 �

mp
L

� �4 A11A11�A212
a2

A11
mp
L

� �4 þ A11
n
a

� �4 þ A2
11�A212�2A12A66

A66
mp
L

� �2 n
a

� �2
¼ D11

mp
L

� �4
þ n

a

� �4
� �

þ 2 D12 þ 2D66ð Þ mp
L

� �2 n
a

� �2
ð45Þ

Converting Eq. (45) in polar coordinates in the wavenumber
space, i.e.

mp
L

¼ kcos h
�
¼ kc;

n
a
¼ ksin h

�
¼ ks

qmx
2 �

A2
11
a2 c

4 1� A2
12

A2
11

� �

fA11ðc4 þ s4Þ þ
A2
11 1�

A2
12

A2
11

�2A12A66
A2
11

� �
A11

A66
A11

c2s2g

¼ k4D11½c4 þ s4 þ 2 D12 þ 2D66ð Þ
D11

c2s2� ð46Þ

As
A12

A11
¼ a;

A66

A11
¼ b;

2 D12 þ 2D66ð Þ
D11

¼ c,

Hence the expression for the wavenumber is
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k2 ¼
qmx2 � A11c4 1�a2ð Þ

a2 1þc2s2�ð Þ
D11 1� 1�c=2

2 sin22 h
�� �

8><
>:

9>=
>;

1=2

ð47Þ

It can be seen that at a given frequency there is no specific value
for the wavenumber but it has a range of values depending on the
direction of the wave propagation. This can be seen from Eq. (47)
through the presence of cosine and sine terms which are functions
of the angle of propagation. Therefore, the strain-velocity ratio is a
function of the direction of wave propagation.

The axial strain-velocity ratio now becomes

exx
_ur
¼

c2s2�ac4
a 1þc2s22ð Þ þ zc2

qmx2�
A11c

4 1�a2ð Þ
a2 1þc2s2�ð Þ

D11 1�1�c=2
2 sin22 h

�� �
8><
>:

9>=
>;

1=2

jx
ð48Þ

The spatial average of the mean square value of this strain is

< exx2 >x;h ¼

c2s2�ac4
a 1þc2s22ð Þ þ zc2

qmx2�
A11c

4 1�a2ð Þ
a2 1þc2 s2�ð Þ

D11 1�1�c=2
2 sin22 h

�� �
8><
>:

9>=
>;

1=2
2
664

3
775

x2

2

< _ur
2>x;h

ð49Þ
Assuming a diffuse bending wave field, the strain-velocity ratio

becomes

< exx2 >x;h

< _ur
2>x;h












¼ 2

px2

Z p=2

0

c2s2�ac4

a 1þ c2s2 2
� �þzc2

qmx2� A11c4 1�a2ð Þ
a2 1þc2s2�ð Þ

D11 1� 1�c=2
2 sin22h

�� �
8><
>:

9>=
>;

1=22
664

3
775

2

dh
�

ð50Þ

As the field is considered to be diffused the spatial average
response becomes independent of the direction of propagation.

2.7.2. Circumferential strain-velocity ratio

Circumferential strain-velocity ratio ehh
_ur
is given by

jnbmnþ1
aþzn2f g

jx ,

where bmn ¼ jn
a

bn2� a2þab�1ð Þm2

b m4þn4ð Þþm2n2 1�a2�2abð Þ
� 	

when A11 ¼ A22.

As done for axial strain-velocity ratio with a few algebraic oper-
ations we get

bmn ¼ j
ka

s3 � a2þab�1ð Þ
b c2s

1þ c2s2�

8<
:

9=
; ð51Þ

Therefore, the strain-velocity ratio is

ehh
_ur
¼

1
a

a2þab�1ð Þ
b c2s2�s4þ1þc2s2�

1þc2s2�

( )
þ zk2s2

( )

jx
ð52Þ

which can be simplified as

ehh
_ur
¼

c4�ac2s2
a 1þc2s22ð Þ þ zk2s2

jx
ð53Þ

Using Eq. (47), the above ratio becomes

ehh
_ur
¼

c4�ac2s2
a 1þc2s22ð Þ þ zs2

qmx2�
A11c

4 1�a2ð Þ
a2 1þc2s2�ð Þ

D11 1�1�c=2
2 sin22 h

�� �
8><
>:

9>=
>;

1=2

jx
ð54Þ

The spatial average of the mean square value of this strain is

< ehh2 >x;h ¼

c4�ac2s2
a 1þc2s22ð Þ þ zs2

qmx2�
A11c

4 1�a2ð Þ
a2 1þc2 s2�ð Þ

D11 1�1�c=2
2 sin22 h

�� �
8><
>:

9>=
>;

1=22
664

3
775

x2

2

< _ur
2>x;h

ð55Þ
For a diffuse field

< ehh2 >x;h

< _ur
2

�
>x;h














¼

2
px2

Z p=2

0

c4�ac2s2

a 1þ c2s2 2ð Þþ zs2
qmx2� A11c4 1�a2ð Þ

a2 1þc2s2�ð Þ
D11 1� 1�c=2

2 sin22h
�� �

8><
>:

9>=
>;

1=22
664

3
775

2

dh
�

ð56Þ

2.7.3. In-plane shear strain-velocity ratio
In-plane shear strain-velocity ratio cxh

_ur
is given by

jbmnmþjamnnþ2zmnf g
jx

Making use of the expressions for amn; bmn and upon simplifica-
tion, one can get

cxh
_ur

¼

a2�1ð Þc3s
ab 1þc2s22ð Þ þ 2zsc

qmx2�
A11c

4 1�a2ð Þ
a2 1þc2 s2�ð Þ

D11 1�1�c=2
2 sin22 h

�� �
8><
>:

9>=
>;

1=2

jx
ð57Þ

The spatial average of the mean square value of this strain
becomes

< cxh2 >x;h ¼

a2�1ð Þc3s
ab 1þc2s22ð Þ þ 2zsc

qmx2�
A11c

4 1�a2ð Þ
a2 1þc2s2�ð Þ

D11 1�1�c=2
2 sin22 h

�� �
8><
>:

9>=
>;

1=22
664

3
775

2

x2 < _ur
2>x;h

ð58Þ
Under diffuse field conditions, Eq. (58) becomes

< cxh2 >x;h

< _ur
2>x;h












¼ 2

px2

Z p=2

0

a2�1
� �

c3s
ab 1þc2s2 2ð Þþ2zsc

qmx2� A11c4 1�a2ð Þ
a2 1þc2s2�ð Þ

D11 1� 1�c=2
2 sin22h

�� �
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>:

9>=
>;

1=22
664

3
775

2

dh
�

ð59Þ

Eq. (50), Eq. (56) and Eq. (59), give the relations for mean square
value of strains in composite cylindrical shells to the radial velocity.
Using these relations, the strains in a composite cylindrical shell can
be determined from the known values of velocities. It should be
noted that the relations are valid only at locations away from the
boundaries, which is true with all SEA based calculations. To deter-
mine the results at the boundaries, one should include a correction
factor along with the mean square spatial average values.

By examining the integral, we can clearly see that there are two
terms which contribute to the ratio of mean square strain to the
velocity. First term is a constant (meaning independent of fre-
quency) which depends on the orthotropic properties of the cylin-
der, radius of the cylinder and direction of wave propagation. The
second term of the integral depends on x in addition to geometric
and orthotropic properties.

2.8. Assumptions

The assumptions used in arriving at the above equations are
summarized below.

The shell is thin, i.e., thickness of the shell is much less compared
to the radius. Plane stress condition exists. Transverse deformation
is independent of z. er ¼ 0. The higher order terms in the expression
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for the strains are neglected. Influence of inertia force in the
in-plane direction is neglected. Material is linearly elastic. The
laminate is symmetric, balanced and is specially orthotropic. Mass
distribution is uniform. Rotary inertia is neglected. At all the points
on the edges of the cylinder, that is at x ¼ 0 and x ¼ L, simply sup-
ported conditions are applied. As the responses in the higher order
modes are not sensitive to the boundary conditions, the results
obtained here can be used in determining the strains in cylinders
with any type of boundary, except at locations near the boundaries.
Themodes considered are the shell modes, not the cylinder bending
modeswhich normally occur at low frequencies. The strain-velocity
relationship derived here are valid for any composite shell satisfy-
ing the above assumptions (i.e., laminate is symmetric, balanced
and specially orthotropic) and these assumptions are with respect
to the shell thickness and not with respect to the entire cylinder.

2.9. Applying to honeycomb sandwich shells

Many of the aerospace structures use honeycomb sandwich
shells with composite face sheets. The relationship between strain
and vibrational velocity derived here can be used for such structures
if the honeycomb sandwich section, that is both the face sheets and
the core together, satisfies these assumptions. While applying it to
honeycomb sandwich shells, even if the above assumptions are sat-
isfied, two additional points need to be considered.

The first point is related to transverse shear deformation. Since
the shear modulus of the core is very low the transverse shear
deformation plays a significant role in honeycomb sandwich type
structures, especially at high frequencies. The transverse shear
deformations affect the normal deflections and this effect appears
in SEA through the parameter modal density, provided the modal
densities are determined considering the transverse shear defor-
mations. Expression for determining modal densities of composite
cylindrical shells considering transverse shear deformation is
derived by Josephine and Renji [20]. The expressions derived here
can be used in determining the strains in honeycomb sandwich
type structures as long as the accelerations are determined with
the modal densities considering the transverse shear deformations.

The second point is related to the independent motion of the
face sheets which limits the applicability of this formulation to hon-
eycomb sandwich structures as frequency increases. The present
formulation assumes that the two face sheets and the core move
together, that is the two face sheets do not vibrate independently.
Beyond certain frequency, this assumption will not hold good with
the face sheets vibrating independently of each other and therefore
the formulation used here for determining the strains will not be
valid. Hence there is an upper limit on the frequency for the usage
of the above expressions. For typical cylindrical shells used in aero-
space structures, an example is given later, this frequency is well
above 10,000 Hz. As the frequency range of significant acoustic
excitation and also the ring frequencies of many aerospace struc-
tures are well below 10,000 Hz, the expression derived in this work
can be used for the most of the practical cases.

3. Special cases of the expression for strain-velocity ratio

In this section, relationship between strain and vibrational
velocity are presented for some limiting cases where the expres-
sions should converge to those reported. They are also derived
for isotropic cylinders which are not yet reported.

3.1. Composite plate

When the radius of the cylinder is set to infinity, the strain
velocity ratio should converge to those of flat composite plates.
This is verified as shown below.

< exx2
�

>x;h

< _ur
2

�
>x;h














 ¼

2
px2

Z p=2

0
0þ zc2

qmx2 � 0

D11 1� 1�c=2
2 sin22h

� �
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2
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2
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ð60Þ
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�

>x;y

< _ur
2

�
>x;y

¼ h2

4
qm

D11

2
p

� �Z p=2

0

cos4 h

1� 1�c=2
2 sin22h

dh ð61Þ

Eq. (61) is the same as that is reported in [14] which is for a
plate. Similarly, we can prove for other strain components as well.

3.2. Isotropic cylinder

Strain-velocity relations for isotropic cylinders are also not
reported. Therefore, they are derived from the relations for com-
posites. When the material is isotropic,

a ¼ A12
A11

¼ l; b ¼ A66
A11

¼ 1�l
2 ; c ¼ 2 D12þ2D66ð Þ

D11
¼ 2&2¼ 1�a2�2ab�2b

b ¼ 0.
Hence in isotropic cylinders, the ratios of axial, circumferential and
in-plane shear strains to the velocity are as follows:
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ð64Þ
where D is the bending stiffness of the monocoque cylinder.

4. Results for a typical composite cylinder

Strain-velocity ratio of a typical composite cylinder is presented
in this section.

4.1. Properties of the cylinder

Properties of the cylinder considered are presented in Table 1.
Table 2 gives the modal densities and modal overlaps of the

cylinder considered. The modal densities, number modes in unit
frequency, denoted by n fð Þ, are theoretically estimated using the
expressions reported in [20]. The above reference incorporates
the transverse shear effects, which is essential to be considered
while determining the modal densities of honeycomb sandwich
construction. Modal overlap is the number of modes in the half
power bandwidth. The modal overlap at frequency f can be esti-
mated using the expression gfnðf Þ where g is the loss factor. The
loss factors of such cylinders at high frequencies are not reported.
Hence, based on the loss factors reported for isotropic cylinders
[21] and composite panels by Renji and Shankar Narayan [22], a
value of 0.04 is considered as loss factor for determining the modal
overlap.

The need for determining the modal overlap in this context is to
verify whether the responses are characterised by several specific
peaks or a smooth curve representing average response. The latter
is the characteristics of the behaviour in the higher order modes
and SEA based response estimation is the most suitable at those
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frequencies. The present results are applicable for SEA based calcu-
lations and therefore it is essential to verify whether the response
behaviour of the cylinder considered suits for applying SEA. This is
done by determining the modal overlap. For the applicability of
SEA, the modal overlap should be more than 1 as shown by Davies
and Wahab [23] and later by Le Bot and Cotoni [24]. Renji [25]
showed that the average power spectral density is same as that
of peak power spectral density, if the modal overlap is more than
2
p. For the cylinder considered, modal overlap is much more than

1 in the frequency band of 500 Hz and above and hence the expres-
sions derived in the present work are applicable.

The ring frequency of the cylinder, denoted by xr , is computed
to be 1903 Hz, using the relation x2

r ¼ A22=ðqma
2Þ [9].

4.2. Circumferential strain-velocity ratio

The circumferential strain-velocity ratio is determined for this
cylinder using Eq. (56) and the results are presented in Table 3
and Fig. 2. Strain-velocity ratio decreases with frequency. At very
high frequencies, the value approaches to that of a flat composite
plate which is independent of frequency.

Norton and Fahy [4] obtained experimental data for isotropic
pipes and specified that mean square strain-velocity ratio is
bounded by K

c2
l
where cl represents the longitudinal wave speed of

the material, that is given by
ffiffiffiffiffiffiffiffiffi
E=q

p
where E is the Young’s modulus

and q is the material density. Based on experimental results, they
had concluded that the factor K is bounded by unity. Therefore,
strain velocity ratio for isotropic pipes becomes q

E. In terms of mass
per unit area qm, strain velocity ratio for isotropic pipes becomes
qm
Eh , where h is the thickness of the pipe.

For composite cylinders, in the absence of any such expression,
one way of finding the strain-velocity ratio is to use the expression
for isotropic cylinders with elastic properties corresponding to
composite cylinder. In composites, Eh refers to the extensional
stiffness A22. Accordingly, strain-velocity ratio works out to be qm

A22
.

This value for the present cylinder is 1.94 � 10�8. It is important
to note that this factor is independent of frequency. Results using
the expression for isotropic cylinders with elastic properties corre-
sponding to composites is referred here as results using the exist-
ing empirical relations (empirical because the value of K is not
determined from an analytical method but through experiments).

The strain-velocity ratios in composite cylinders determined
using the expressions derived in this work and those using the
existing empirical relations are compared in Table 3 and Fig. 2.
One can see the characteristics difference in the results. The strains
in the composite cylinder determined using the existing empirical
relations are in large error. It significantly underestimates the cir-
cumferential strains in the bands where they are actually very
much higher and hence the need for the present expression.

4.3. Axial strain-velocity ratio

Axial strain-velocity ratios of this cylinder are estimated using
Eq. (50) and the results are presented in Table 4 and Fig. 3. The

Table 1
Properties of composite cylinder.

Length of the cylinder 3 m
Radius of the cylinder 0.6 m
Mass per unit area 0.915 kg/m2

Construction honeycomb sandwich with composite face sheets
Face sheet material M18/43090, Bi-directional
Layup of each face sheet 2 layers of BD (0�/90�)
Thickness of each layer 0.08 mm
Young’s modulus of face

sheet
1:47� 1011 N=m2

Shear modulus of face
sheet

4� 109 N=m2

Core material Aluminium
Thickness of the core 12 mm
Shear modulus of core 1:4� 108 N=m2

Extensional Stiffness
(N/m):

A11 ¼ A22 ¼ 4:71� 107; A12 ¼ 1:41� 106;

A66 ¼ 1:28� 106

Bending Stiffness (Nm): D11 ¼ D22 ¼ 1740; D12 ¼ 52:2; D66 ¼ 47:3

Table 2
Modal densities and modal overlaps of the composite cylinder.

Sl. No Frequency Modal density Modal overlap
(Hz) modes/Hz

1 500 0.148 3
2 630 0.158 4
3 800 0.168 5
4 1000 0.178 7
5 1250 0.189 9
6 1600 0.214 14
7 1902 0.259 20
8 2000 0.227 18
9 2500 0.232 23
10 3150 0.250 32
11 4000 0.280 45
12 5000 0.318 64
13 6300 0.370 93
14 8000 0.444 142

Table 3
Circumferential strain-velocity ratio of a composite cylinder.

Sl. No Frequency Strain-velocity ratio (�10�8)

Derived expression Existing empirical relation qm
A11

(Hz) ((e)2/(m/s)2) ((e)2/(m/s)2)

1 500 3.12 1.94
2 630 2.33 1.94
3 800 1.81 1.94
4 1000 1.51 1.94
5 1250 1.31 1.94
6 1600 1.17 1.94
7 2000 1.09 1.94
8 3150 1.00 1.94
9 4000 0.97 1.94
10 5000 0.95 1.94
11 6300 0.94 1.94
12 8000 0.93 1.94
13 10,000 0.93 1.94
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Fig. 2. Circumferential strain-velocity ratio of a typical composite cylinder.
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axial strains are in general much lower than the circumferential
strains.

As in the case of circumferential strains, the axial strains are
also determined using the existing empirical relation which gives
a value of 1.94 � 10�8. One can see the differences in the results.
As the axial strains are much lower, it does not influence the
design.

5. Validation through numerical simulations

The strains determined using the expressions derived in this
work are compared with the results using a finite element model.
The cylinder whose geometric /structural properties given in Sec-
tion 4 is considered. Finite element model of the composite cylin-
der (Fig. 4) is developed using four-node quadrilateral elements.
Shear modulus of the core as given in Section 4 is considered.
The cylindrical shell is discretized with12600 elements and
12,726 nodes. CFRP sandwich properties are simulated using lam-
inate modeller (MSC Patran).

5.1. Methodology

The cylinder is simply supported at the boundaries and all the
modes upto 12500 Hz are considered. A white noise force having
spectral density of 5000 N2/Hz is applied from 20 Hz�12500 Hz
at the point of excitation. The acceleration and strain responses
are computed at 7 locations using MSC Nastran. The locations are
such that they do not lie circumferentially or axially along the
same nodal line. The locations are far from the excitation point

and the boundaries. A modal damping factor of 0.02 is used for
all the modes.

The methodology is repeated with another 2 more excitation
points. The excitation locations are selected in such a way that they
do not lie circumferentially or axially along the same nodal line.
Drive point locations are shown schematically in Fig. 5.

Acceleration responses are obtained at various locations corre-
sponding to each drive point. These responses are then averaged
over the standard 1/3rd octave frequency bands in the frequency
range 500 Hz-10000 Hz. Spatial average value of the response in
a particular band is then determined as the root mean square val-
ues of the responses at the seven restitution elements. Similarly,
the spatial average values of the strain responses corresponding
to each drive point excitation (P1/P2/P3) are determined in the fre-
quency range 500 Hz-10000 Hz. The strains are given in terms of
root mean square (RMS) values in le: The strains are then deter-
mined using the relations derived in this work for the acceleration
responses computed using the FE model.

5.2. Results

The spatial average values of circumferential and axial strains
computed using the FE model, averaged over 3 drive points are
given in Tables 5 and 6. The strains are then determined using
the expressions derived here for the spatial average acceleration
response for each location of excitation. The RMS values of the cir-
cumferential strain as well as axial strains averaged over the three
drive points are presented in Tables 5 and 6 and in Figs. 6 and 7. It
is to be noted that the y axis is plotted on a logarithmic scale and
the reference strain is taken as 1 le.

The strains determined using the relations derived here are in
good agreement with the results obtained using the finite element
method in the higher end of the frequency spectrum. At the lower
end of the spectrum the differences are higher. In the finite ele-
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Fig. 3. Axial strain-velocity ratio of a typical composite cylinder.

Fig. 4. F.E model of the composite cylinder.

Table 4
Axial strain-velocity ratio of a composite cylinder.

Sl. No Frequency Strain-velocity ratio (�10�8)

Derived expression Existing empirical relation qm
A11

(Hz) ((e)2/(m/s)2) ((e)2/(m/s)2)

1 500 0.21 1.94
2 630 0.28 1.94
3 800 0.29 1.94
4 1000 0.44 1.94
5 1250 0.54 1.94
6 1600 0.63 1.94
7 2000 0.72 1.94
8 3150 0.84 1.94
9 4000 0.87 1.94
10 5000 0.89 1.94
11 6300 0.90 1.94
12 8000 0.91 1.94
13 10,000 0.91 1.94
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Fig. 5. Drive point locations.

Table 5
Circumferential strains using FEM and expression.

Sl. No Frequency Average strain

FEM Expression
Hz le le

1 500 126 182
2 630 120 188
3 800 101 137
4 1000 129 156
5 1250 122 126
6 1600 93 114
7 2000 110 132
8 3150 150 135
9 4000 101 98
10 5000 87 99
11 6300 92 97
12 8000 95 101
13 10,000 86 91

Table 6
Axial strains using FEM and expression.

Sl. No Frequency Average strain

FEM Expression
(Hz) le le

1 500 58 47
2 630 90 66
3 800 78 54
4 1000 119 84
5 1250 93 81
6 1600 106 84
7 2000 119 107
8 3150 151 124
9 4000 93 92
10 5000 106 95
11 6300 98 95
12 8000 100 100
13 10,000 87 90

Fig. 6. Circumferential strains in the cylinder.

Fig. 7. Axial strains in the cylinder.
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ment method, the spatial average of the responses is taken with 3
driving point locations and the results will improve with a few
more driving points. Perhaps this could be the reason for the differ-
ences seen in the lower end of the frequency spectrum.

In summary, one can get a quick estimate of the strains in a
composite cylindrical shell from the known vibrational velocity
using the expression derived in this work. As pointed out earlier
that the existing empirical relations give much different result.

6. Conclusions

Expressions for estimating the strains from the velocity
response of a composite cylindrical shell are derived, applicable
in the higher order modes. The strain-velocity ratio depends on
the orthotropic elastic properties and the curvature of the shell.
It varies with frequency and at higher frequencies it converges to
the ratio for the composite flat plates for which this ratio is inde-
pendent of frequency. Relationship between strains and velocity
for isotropic cylindrical shells are obtained from the expressions
for composite cylindrical shells. Strain-velocity ratios of a typical
composite cylinder used in aerospace structure are presented
based on the results of the present work. They are also obtained
from a finite element model. In the higher end of the frequency
spectrum, very good agreement is seen between the strains deter-
mined using the relations derived in this work and the numerical
simulations. It is shown that if the strains are determined using
the existing empirical relations, they can be in large errors signify-
ing the need for having these expressions.
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Abstract: In this study, La0.55Pb0.45MnO3 nanoperovskites has been synthesised with various grain sizes by a solid state
reaction method followed by facile ball milling technique. The structural properties of the prepared nanoprovskites
have been correlated with influence of grain size. Further, the synthesised nanoperovskite manganite materials with
various grain sizes have been systematically studied for ultrasonic longitudinal and shear velocity and attenuation in
wide range of temperatures. All the nanoperovskites revealed out an anomalous behaviour in concern with ultrasonic
velocities and attenuation towards the phenomenon of phase transition.

1 Introduction

The perovskite mixed valent manganites are a set of materials with
predominantly intriguing properties with colossal magnetoresistance
(CMR), metal–insulator transitions and charge ordering. These
properties arise due to strong electron–electron interactions, in
addition to electron–phonon and magnetic interactions [1, 2].
Potential applications of this type of materials as magnetic sensors,
permanent magnets, catalysts, pigment and electrode materials for
solid oxide fuel cell maintain intense research for these systems
[3]. Several interesting aspects such as interplay between spin,
charge and lattice degrees of freedom, charge and orbital ordering,
structure property correlations lead to understanding of various
properties exhibited by nanoperovskites. The double exchange
(DE) mechanism can be considered as the basis for the
explanation of the paramagnetic to ferromagnetic transition (PM–
FM) and the associated CMR effect. Similarly, the Jahn–Teller
effect and the strong electron–phonon interactions are used to
explore the transition in perovskites [4, 5]. The DE interaction
between pairs of Mn3+ and Mn4+ ions through an oxygen atom is
responsible for the FM and metallic properties of these manganese
oxides [6].

Recently, efforts have been made to synthesis and characterise the
properties of nanostructured perovskites in different forms, such as
nanoparticles, nanocubes, nanorods, nanobelts, nanosheets,
nanowires and nanotubes, with a view to explore the distinctive
physical properties for potential applications [7–15].
Nanostructured manganites with large grain boundaries are known
to exhibit pronounced low field magnetoresistance properties [16].
Nanostructured La1−xPbxMnO3 perovskite manganite is suitable
for potential application because it possesses FM metallic ground
state at room temperature [17]. The nanoperovskite manganite
system La1−xPbxMnO3 with their high magnetic ordering
temperature is being studied elaborately, because of their Tc values
near room temperature [18]. The observation of large MR at room
temperature in polycrystalline La1−xPbxMnO3 while nanostructured
La0.55Pb0.45MnO3 (LPMO) exhibits large low temperature negative
MR value of approximately 30% under 1 T with insulator metal
transition temperature (Tc) at 350 K [19]. Huang et al. have
studied the crystal structure and the magnetic scaling behaviour of
La1−xPbxMnO3 nanoperovskites (x = 0.0–0.5) and have shown that
all the samples crystallise in the rhombohedral structure.

Moreover, the substitution of Pb+2 ions on La+3 sites induces a
mixed valence state of Mn3+/Mn4+ and enhances the magnetic
transition temperature in this system [20]. La1−xPbxMnO3 (0.1≤
x≤ 0.5) compounds with their Tc values around 300 K could be
potential materials for room temperature applications and with
relatively low doping level (x = 0.1) possess large CMR value
[21]. Leung et al. [22] have studied the FM properties of LPMO
nanopowders and it was found that the Tc is almost linear function
of composition.

Few attempts have been made to compare the Tc values by
changing the various grain size using ultrasonic studies, even
though the characterisation of LPMO nanoperovskites through
ultrasonic non-destructive testing [23–25] is a novel and promising
technique to examine the structural and phase transitions and
correlate the differences between FM and PM phase physical
properties [26]. The interactions of ultrasonic waves and the
coupling in perovskite manganite materials between the structural,
spin orbital and strain lead to corresponding changes in lattice.
The lattice degrees of freedom are directly linked to the measured
velocities and attenuations, which in turn are used to explore the
structural and phase transition changes in materials [27]. In this
work, a nanostructured La0.55Pb0.45MnO3 with various grain sizes
were fabricated through the method of ball milling technique and
investigation of their structural, vibrational properties by using
X-ray diffraction (XRD), Fourier transform infrared (FTIR),
Brunauer–Emmeet–Teller (BET) surface area measurement and
scanning electron microscope (SEM).

2 Experimental details

2.1 Sample preparation

The nanostructured La0.55Pb0.45MnO3 perovskite samples of various
grain sizes were prepared from high purity lanthanum nitrate (99.9%,
Sigma Aldrich), lead nitrate (99.0%, Himedia GR), manganese
carbonate (99.9%, Sigma Aldrich) and citric acid (99.9%, Sigma
Aldrich) by conventional solid state reaction technique followed
by the ball milling technique (Fritsch Planetary Monomill,
Germany). The stoichiometric ratio of the base materials were
measured and grounded. The mixture was calcined twice at 723 K
for 2 h in air (Lenton Wire Chamber Furnace, Germany). Further,
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the calcined powders were subjected to high energy ball milling with
intermediate grounding. Small amount of milled powder was taken
out from the bowl after 4, 8, 12 and 16 h milling to check the
formation of nanostructured material. Finally, samples were
pressed into pellets with a diameter of 13 mm and then, sintered at
1273 K for 12 h in atmospheric air. The sintered pellets were used
for further characterisation.

2.2 Instrumentation

The X-ray diffractograms of synthesised nano LPMO perovskites
were recorded in BRUKER AXS D8 advance X-ray
diffractometer, USA, with CuKα radiation and amplitude wave
l = 1.5406 Å. The 2θ scans were performed with the steps of 0.05.
The grain size (d ) of LPMO nanoperovskites was determined
using the Scherrer relation

d = 0.94l

b1/2cosu
(1)

where β1/2 and θ are the full-width half-maximum and diffraction
angle, respectively. The density of the synthesised LPMO
nanoperovskite samples were determined using Archimedes
principle. To understand the functional group, the synthesised
LPMO nanoperovskites were analysed in a Shimadzu FTIR
spectrophotometer IR affinity-1 by employing KBr pellets and
registering amplitude waves ranging from 400 to 4000 cm−1. The
specific surface area of the prepared LPMO nanoperovskites was
determined using BET surface area analyser (Autosorb-1,
Quantachrome, USA). Morphological characteristics of the
synthesised LPMO nanoperovskites were evaluated by SEM
(Quanta FEG 250, Netherlands). Ultrasonic velocities and
attenuation measurements were obtained using through
transmission technique. The ultrasonic signal was transmitted into
the specimen by using a high-power ultrasonic pulse receiver
(Olympus NDT, 5900 PR, USA). A high-frequency (1 GHz)
digital storage oscilloscope (DSO) (Lecroy, Wave Runner 104
MXi, USA) with a built-in computer was used to record digital
ultrasonic (rf) signals. The ultrasonic velocities and attenuation
measurements were taken at the temperature range of 300–600 K
at a heating rate of 0.5 K min−1. A programmable temperature
controller (Eurotherm, 2604, USA) was used to control the
required temperature under a dynamic mode of operation.

3 Results and discussions

The XRD patterns at room temperature for LPMO powder with
different milling times is shown in Fig. 1. The intensity ratio of
individual reflections is in accordance with the stoichiometric
composition of the mixture. XRD data also show
La0.55Pb0.45MnO3 crystallises in a cubic phase. In this pattern, the
presence of cubic structure for nanocrystalline LPMO
(JCPDS-65-3287) has been identified [28]. The appearance of
peaks clearly establishes the formation of nanocrystalline LPMO
phase. In the course of milling, growth of LPMO phase increases
continuously at the expense of starting phases. By continuing the
milling process the diffraction pattern of LPMO powder gradually
broadens out. The grain sizes were calculated using Scherer’s
formula. The grain sizes of synthesised LPMO nanoperovskites are
87, 65, 42 and 29 nm, respectively, for milling time of 4, 8, 12
and 16 h. Hereafter, the prepared LPMO nanoperovskites have
been named as LPMO87, LPMO65, LPMO42 and LPMO29. It is
clearly seen that, increasing the milling time leads to a rapid
decrease of the grain size. On the other hand, the decrease of the
grain size is associated with an increase of the dislocation
densities. In addition to dislocation, grain size reduction also takes
place at a lower stress by a gliding motion along the grain
boundaries as reported by Karch et al. [29]. However, as the grain
size decreases the grain boundary increases relatively and act as a
barrier to the dislocation motion. Further, grain size reduction

takes place through gliding motion along the grain boundaries
[3]. Moreover, the grain size is reduced from nano LPMO87 to
LPMO29, the full-width half-maximum value (β) is increased, due
to the weakening of DE interaction between Mn3+ and Mn4+.

The grain size dependent density of LPMO nanoperovskites is
shown in Fig. 2. The value of density of synthesised
nanocrystalline LPMO perovskites are 6187, 5993, 5634 and
5487 kg/m3 for LPMO87, LPMO65, LPMO42 and LPMO29,
respectively. It is clearly seen that, as the milling time is increased,
the grain size and density of LPMO nanoperovskites are
decreased. It is due to the decrease in three-dimensional
coordination of bonding in their grain boundaries and less stored
dislocations [30]. The FTIR spectra of the prepared LPMO87
nanoperovskite in the range of 400–4000 cm−1 has shown in
Fig. 3. A broad band is observed at 3427 cm−1 corresponds to the
O–H stretching vibration [31]. The peak at 1643 cm−1 reveals that,
antisymmetric stretching vibration of NO−

3 [32]. The peak at
601 cm−1 corresponds to the stretching mode that involves the
internal motion of a change in Mn–O–Mn bond length [33].

The specific surface areas (SBET) of the synthesised LPMO
nanoperovskites are 11.368, 15.79, 26.10 and 36.32 m2 g−1 for
LPMO87, LPMO65, LPMO42 and LPMO29, respectively. Using
SBET data, equivalent spherical diameter (DBET) was calculated
and the values are LPMO87, LPMO65, LPMO42 and LPMO29
for 85.3, 63.4, 40.8 and 30.1 nm, respectively. It is interesting bto

Fig. 1 XRD pattern of La0.55Pb0.45MnO3 nanoperovskites with various
grain sizes

Fig. 2 Density of La0.55Pb0.45MnO3 nanoperovskites with various grain
sizes
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explore that for all prepared samples, the average particle size (DBET)
is substantially equal to the X-ray crystallite size. Also it has inferred
that the specific surface area increases with an increase in milling
time and the average spherical diameter decreases with increase in
milling time.

SEM images of the synthesised LPMO nanoperovskites have
shown in Figs. 4a–d. It is clearly seen that the samples that has
been subjected to milling process, the agglomeration of fine grains
with irregular shapes have been observed. According to the SEM
image, the size of LPMO nanoparticles has been found in the
range between 20 and 100 nm. Due to the clustering of strongly
connecting grains in SEM images, the grain size from XRD result
is compared with particle size from SEM image. It is also clear
that both grain and particle sizes of prepared La0.55Pb0.45MnO3

nanoperovskites decreases with an increase of milling time.

The ultrasonic parameters longitudinal and shear ultrasonic
velocities and attenuations of both longitudinal and shear at room
temperature have been observed and it is shown in Figs. 5a–d. It
is evident from the figures, that, there is an increase in longitudinal
and shear ultrasonic velocities with decrease in grain size.
Consequently for both longitudinal and shear attenuations, it
decreases with a decrease in grain size. It has been due to the
disordered surface layers and uniform morphology as their grain
size is reduced [30].

The temperature dependence of longitudinal and shear ultrasonic
velocities of synthesised LPMO nanoperovskites are shown in
Figs. 6 and 7, respectively. A gradual decrease in ultrasonic
velocities was observed in the temperature range of 300–346 and
365–400 K for LPMO87, 300–342 and 364–400 K for LPMO65,
300–339 and 363–400 K for LPMO42, 300–335 and 362–400 K
for LPMO29 nanoperovskites and is named as Regions I and III.
However, an anomalous behaviour Region II (i.e. a sharp dip) was
noticed at 356, 353, 351 and 348 K for LPMO87, LPMO65,
LPMO42 and LPMO29 nanoperovskites, respectively. A similar
behaviour in ultrasonic shear velocity (US) is observed as that of
ultrasonic longitudinal velocity (UL). Longitudinal attenuation (αL)
and shear attenuation (αS) as a function of temperature has shown
a reverse trend to the velocities as shown in Figs. 8 and 9,
respectively. In the present investigation, the anomalous obtained
from the ultrasonic parameters is correlated with phase diagram of
nano LPMO perovskite samples [34, 27]. Thus, the temperature at
which the anomalous in velocities/attenuation is in agreement with
phase transition temperature. Hence, the observed anomalous
behaviour noticed in all prepared LPMO nanoperovskites has been
due to the FM–PM transition in LPMO nano perovskites.
Therefore, the observed anomalous behaviour with a sharp dip at
356, 353, 351 and 348 K for LPMO87, LPMO65, LPMO42 and
LPMO29 nanoperovskites, respectively, is due to the FM–PM
transition in LPMO nanoperovskites.

It is clear that the Tc of nanostructured samples is lowered as the
grain size is reduced. Another interesting observation to be noted
from Figs. 8 and 9 is the fact that the anomalous region of
LPMO29 nanoperovskite sample is wider than that of LPMO87
nanoperovskite sample. Further, the amplitude of the dip in

Fig. 3 FTIR spectra of La0.55Pb0.45MnO3 (LPMO87) nanoperovskite

Fig. 4 (a–d) SEM micrograph of La0.55Pb0.45MnO3 nanoperovskites
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ultrasonic velocities in LPMO29 nanoperovskite is larger than that of
LPMO87 nanoperovskite; i.e. the observed FM–PM transition is
sharp in large grain size nanoperovskite samples, whereas the
transition is of broad nature (diffused) in smaller grain size
nanoperovskite sample. This is in line with the observation made
from the XRD pattern for nanocrystalline samples. The decrease in
Tc along with diffusion of the FM–PM phase transition has been

correlated because of grain size effect. As the grain size is
reduced, the short range magnetic interaction between Mn3+ and
Mn4+ ions is distorted due to the large number of grain
boundaries. It has been responsible for the suppression of Tc and
reduction in magnetisation [35]. The occurrence of dip in velocity
and peak in attenuation at Tc has been correlated to lattice
softening. Generally, a decrease in velocity and an increase in

Fig. 5 (a–d) Ultrasonic longitudinal and shear parameters with various grain size of nano La0.55Pb0.45MnO3 perovskite sample at room temperature

Fig. 6 Temperature dependence of longitudinal ultrasonic velocity with
various grain size of La0.55Pb0.45MnO3 nanoperovskites

Fig. 7 Temperature dependence of Shear ultrasonic velocity with various
grain size of La0.55Pb0.45MnO3 nanoperovskites
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attenuation are due to lattice softening, whereas an increase in
velocity and decrease in attenuation are mainly due to lattice
hardening as reported by Sankarrajan et al. [25]. An abrupt change
in strong coupling between spin, charge, orbital, and lattice
degrees of freedom and interactions at transition temperature are
responsible for the observed anomaly in ultrasonic velocities and
attenuations [36]. Therefore, the observed anomalous ultrasonic
parameter is not only correlated with phase transition temperature
(Tc), but is also with strong electron–lattice interaction via Jahn–
Teller distortion of Mn3+O6 and spontaneous spin ordering below
Tc. From Figs. 6–9, it is seen that the lattice hardening and lattice
softening are gradually increased as the grain size is reduced. The
large softening below Tc in velocities is attributed to the significant
change in lattice parameters or the Mn–O bond length [30].

It is seen from Table 1, the broadened transition observed in
smaller grain size LPMO nanoperovskite samples that indicate a
diffused FM phase transition. In addition, a broad transition with
large peaks has been considered mainly due to the existence of
small grain size attributed to the coexistence of orbitally
disordered and orbitally ordered phases [37, 38].

The grain size dependent Tc of synthesised LPMO nanoperovskite
samples is shown in Fig. 10. It is clearly seen that, as the grain size is
reduced the transition temperature is also reduced. Hence, one can
easily identify the unknown size of the grain from the plot of grain

size dependent Tc. The above studies confirm that on-line
ultrasonic studies are more sensitive in distinguishing various grain
size of nanostructured perovskite manganite materials on the basis
of phase transition temperature.

4 Conclusion

This research work concludes the synthesis and investigation of grain
size effect of phase transition of LPMO nanoperovskite samples
toward ultrasonic studies. Herein the LPMO nanoperovskite
samples are prepared by solid state reaction followed by ball
milling method. The XRD data confirms that the synthesised
samples are indexed and well matched with cubic phases, and the
decrease of the grain size is associated with an increase of the
dislocation densities. Further, the density of LPMO
nanoperovskites decrease with the increase in the milling time.
From the ultrasonic studies, the observed anomalous behaviour
noticed in all the prepared LPMO nanoperovskites has been due to
the FM–PM transition in LPMO perovskites. The lattice hardening
and lattice softening are gradually increased with reducing grain
size. The large softening point below Tc in velocities is attributed
to the significant change in lattice parameters or the Mn–O bond
length. It is clearly seen that, the Tc is reduced as the grain size is
reduced. Hence, one can easily identify the unknown size of the
grain from the plot of grain size dependent Tc.
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INTRODUCTION 
 
Segmentation of images intends to split the image into different parts having similar features. Segmentation finds 
its applications in wide areas including medical diagnosis, remote sensing and military applications.  The most 
popular methods available for image segmentation are model based segmentation and clustering methods. Among 
the clustering methods, the prevalent method for image segmentation is Fuzzy c-means algorithm (FCM) [1,2]. 
Statistical methods such as Gaussian Mixture Model (GMM)  for segmentation is another widespread method  
where the parameters of GMM are estimated using Expectation Maximization (EM) algorithm [3,4]. The 
conventional FCM and GMM work well on images without noise, but they fail to segment images corrupted by 
noise since they do not consider spatial related information in an image.  
 
To integrate the spatial related information in image, the methods in the literature provide several techniques for 
both FCM and GMM. Blekas et al. proposed Markov Random Field priors [5] for Image segmentation to 
incorporate the spatial interaction among neighboring pixels. Thanh et al. [6] proposed a non-symmetric mixture 
model-Student’s t-distribution and EM is adapted to estimate the model parameters. A self adaptive GMM [7] and 
neighborhood weighted GMM [8] are proposed to extend the standard GMM for suitable applications. Likewise, 
among the FCM based segmentation methods, Maoguo et al. [9] proposed a tradeoff weighted fuzzy factor and 
kernel metric to incorporate the spatial information. An RBF kernel based intuitionistic FCM replacing the 
Euclidean distance metric [10] is proposed to segment noisy medical images. Stelios et al. [11] proposed Fuzzy 
Local Information C Means Clustering (FLICM) in which he suggested the method of incorporating both spatial 
information and intensity information in a fuzzy manner. 
     
 Perona and Malik [12] introduced the anisotropic diffusion filter which provides an effective way of denoising 
images. Anisotropic diffusion based image enhancement methods are proposed in [13-17] and it is established that 
it is an efficient way to incorporate the local information while segmentation of noisy images. Based on the above 
considerations, in the proposed method, first the anisotropic diffusion filter output of the noisy image is obtained. 

 
This paper proposes a new method of Gaussian Mixture Model (GMM) based segmentation of noisy 
images. Gaussian Mixture model is the most widely utilized methods for segmentation of images and the 
parameters of GMM are calculated using the Expectation Maximization algorithm (EM). But the 
conventional Gaussian Mixture Model with Expectation Maximization gives poor segmentation accuracy 
for images with noise content. This is due to the fact that GMM considers each pixel as an independent 
data and calculates the distribution. It does not include the spatial data of the surrounding pixels. Many 
segmentation algorithms suffer from over-smoothness for segmentation and they fail to preserve the 
image details. Anisotropic diffusion filtering is a successful method which overcomes these undesirable 
effects in segmentation. In the proposed method, firstly the anisotropic diffusion filtering is applied to the 
image corrupted by noise to incorporate the local information. Secondly, the EM algorithm is enhanced 
by incorporating spatial information in the posterior probability which makes the convergence of EM 
algorithm also faster. The quantitative results obtained by applying the proposed anisotropic filter based 
EM with spatial information method on synthetic images and simulated brain images and comparison 
with the other methods demonstrate that  the proposed method outperforms GMM by 26% and the recent 
method in literature by around 1%.The execution time is less compared to the other methods. 
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Then GMM based modified EM segmentation is done where the EM algorithm is enhanced by incorporating 
spatial information in the posterior probability. By modifying the posterior probability, the EM algorithm 
converges faster. 
       
 The remainder of the paper is structured as follows: Gaussian Mixture Model is detailed, the anisotropic diffusion 
filter is described, the details of the proposed anisotropic filter based EM with the spatial information method are 
explained, the experimental solutions are presented and then conclusions are given. 
 
 
Gaussian mixture model and expectation maximization algorithm 
 
The Gaussian distribution of the variable y is modelled as   

     (1) 

where µ is the mean and σ2 is the variance. 

The likelihood function for the Gaussian distribution is  

     (2) 

The Gaussian mixture distribution can be composed as a linear superposition of M Gaussian densities  of 

the form 

(3) 

where the variable denotes the class and  denotes the number of classes. 

Each Gaussian density  is called a component of the mixture with its own mean  and covariance . 

The parameter are called the mixing coeffiecients.  

  and        (4) 

From Bayes’ theorem, the posterior probabilities  are given by 

 (5) 

Frome Equation 2, The log of the likelihood function is given by  

      (6) 

For maximizing the log likelihood, the derivatives of equation 6 with respect to  and  are set to zero. 

                                                                                                                                                       (7) 

The parameters are obtained as 

(8) 

(9) 

             (10)       

The EM algorithm is explained in the next steps. 

The object is to maximize the likelihood function with regard to the parameters – mean, variance and mixing 

coefficient. 

 

Step 1:The values of  means variances  and mixing coefficients for all the classes are initialized  
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the initial value of the log likelihood is evaluated. 

Step 2:E Step;The posterior probabilities are estimated using the current parameter values. (Equation 5). 

Step 3: M Step:The parameters means variances, and mixing coefficients for all the classes are re-calculated 

using the current posterior probabilities. (Equations 7-10).    

Step 4:  The Log likelihood is evaluated using Equation 6 and the convergence criterion is checked. 

If it is not satisfied, return to step 2. 

 

The drawback existing in Gaussian Mixture Model based segmentation is that it considers each pixel as an 

independent data and calculates the distribution. It does not include the spatial data of the surrounding pixels. 

Hence the method is sensitive to noise and illumination. 
 
Anisotropic diffusion filtering 
 
The conventional low pass filtering and linear diffusion of an image can be obtained by convolution of the  

original image with a Gaussian kernel. In this method, noise can be eliminated but the edges are blurred. In 

anisotropic diffusion, by the proper choice of conduction coefficient, the edges are enhanced and also the noise is 

eliminated. The equation for anisotropic diffusion is stated as 

 

  (11) 

 

where t is the time parameter, G(x,y,0) is the input Gray scale image,  is the gradient of the image at 

given time t,  and h(.) represents the conductance function. This function is selected such as to 

satisfy  and . Hence, across the uniform regions, the diffusion is maximal and the 

diffusion is zero at the edges. 

 

The conductance functions which are proposed in [13] are 

 

    (12) 

 

and             (13) 

The rate of diffusion is controlled by the gradient magnitude threshold parameter T. It acts as a threshold between 

the image gradients contributed by noise and those contributed by edges. 

The anisotropic diffusion in discrete form is represented as 

 

  (14) 

 

Where G is the input digital image, p denotes the pixel position in the image, t denotes the iteration step, h is the 

conductance function and K represents the gradient threshold parameter. The rate of diffusion is given by the 

constant and it lies in the interval represents the 8-pixel neighborhood of pixel s. The gradient is 

calculated as the difference between neighboring pixels for all the directions.  

 

,       s     (15) 

 

PROPOSED METHOD 

The proposed method can be summarized as follows. 

 

A. Apply Anisotropic Diffusion filter to the input noisy image. 

Step 1: Set the number of iterations, gradient threshold parameter and the Constant . 

Step 2: Obtain the gradient of the image in 8 directions. (Equation 15) 

Step 3: Determine the conductance functions for the gradients. (Equation 13) 
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Step 4: Implement the anisotropic diffusion for the image. (Equation 14) 

Step 5: Repeat steps 2 through 4 for the total number of iterations. 

 

B. Apply Fast modified EM to the anisotropic filtered image 

Step 1: Initialize the number of classes and convergence value of log likelihood  and the parameters – mean, 

variance and mixing coefficient. 

Step 2: Evaluate the initial log likelihood. 

Step 3: Expectation Step: Estimate the posterior probabilities using current parameters. (Equation 9) 

Step 4: Apply arithmetic mean filter to the posterior probabilities to incorporate the spatial information about the 

neighboring pixels. 

Step 5: Maximization Step: Re-estimate the parameters – mean, variance and mixing coefficient using  

            current posterior probabilities.(Equations 7-10) 

Step 6: Calculate the log likelihood (Equation 6) and verify convergence.  If the log likelihood value 

does not converge, return to step2. 

Step 7: Obtain the final model and perform segmentation based on the model. 

Experimental results 

The segmentation results of the  method on synthetic images as well as simulated data sets is presented. The 

processor specification is Intel Core 2 Duo CPU @2.93GHz and the RAM specification is 4.0 GB. The algorithm 

is implemented with  MATLAB.  

Experiments on the synthetic images 

The method is examined on three test synthetic images. Images similar to those used in [9] are employed. The first 

image with 128 x 128 pixels comprises of two classes with two intensity values - 20 and 120 as shown in Figure-

1 (a). The other two images are of resolution 244 x 244 and 256 x 256 pixels respectively, and shown in Figure.2 

(a) and Figure-3 (a). for which the number of clusters is 4. For the Expectation Maximization algorithm, the 

means of the classes are initialized by the means obtained from the K-Means segmentation of the noisy images. 

The threshold for the log likelihood is set as 0.01.  

 

The parameters - Number of iterations, gradient threshold parameter and the Constant  for anisotropic diffusion 

filtering are set as 25, 25 and 1/7 respectively for all the experiments on synthetic images. The conductance 

function given in Equation 13 is used. 

 

The parameters of FLICM method – local window size, maximum iteration, weighting exponent of membership, 

threshold of the deviation between cluster centres computed at successive iterations are set as 3, 500, 2, 0.001 

respectively. 

 

The misclassification ratio (MCR) is employed to evaluate the performance of the method. 

 

                                (16) 

 

In all the three synthetic images shown in Figure–1 (a), 2 (a) and 3 (a), Gaussian noise by 30% is added and 

shown in Figure– 1 (b), 2 (b) and 3 (b). The outputs of anisotropic filter are shown in Figure–1 (c), 2 (c) and 3 

(c). The results of Otsu’s threshold segmentation method with anisotropic filtering are shown in Figure.1 (d), 2 (d) 

and 3 (d). The results of standard EM segmentation without anisotropic filter are shown in Figure–1 (e), 2 (e) and 

3 (e). The results of standard EM segmentation with anisotropic filtering are shown in Figure.1 (f), 2 (f) and 3 (f). 

The results of EM with spatial information segmentation and without anisotropic filtering are shown in Figure–1 

(g), 2 (g) and 3 (g). The segmentation results of FLICM are shown in Figure–1 (h), 2 (h) and 3 (h) and the 

segmentation results of the Anisotropic filter based EM with spatial information segmentation are shown in 

Figure–1 (i), 2 (i) and 3 (i). 

 

The qualitative and quantitative analysis of the results on synthetic images show that integrating anisotropic 

filtering and EM with local information segmentation provides better segmentation when compared to the 

methods when applied individually. Especially, the anisotropic filtering contributes more for the segmentation 
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accuracy while EM with local information provides better tuning in achieving good segmentation accuracy. The 

method of Otsu’s threshold segmentation with anisotropic filtering achieves good results for synthetic image 1 

and 2 but it fails to correctly segment synthetic image 3 since the method relies on bimodal histogram and does 

not consider the probability distribution of the pixels. The FLICM method gives better segmentation accuracy for 

image with two classes and with less noise. But the segmentation accuracy decreases for image with four classes 

and with 30% Gaussian noise. The proposed method gives better segmentation accuracy with increasing level of 

noise and hence the method is robust to noise. 

 

 
…………………………………………………………………………………………………………….. 

 
 

 
 
…………………………………………………………………………………………………………….. 

 

 
 
 
Fig: 1. Segmentation results of the Anisotropic filter based EM with spatial information method on the synthetic Image. (a) 

Input Image, (b) Image added with Gaussian noise (30%) (PSNR=20.18dB), (c) Anisotropic Filter Output (PSNR=32.79dB), (d) Anisotropic with Otsu’s 

Threshold segmentation (SA=0.99988), (e) Standard EM segmentation without anisotropic filter (SA=0.9552), (f) Standard EM segmentation with 

anisotropic filter (SA=1.0), (g) EM with spatial information segmentation without anisotropic filter (SA=0.99377), (h) FLICM [9] (SA = 0.99994), (i) 

Proposed method - Anisotropic filter based EM with spatial information segmentation (SA=1.0) 

…………………………………………………………………………………………………………….. 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 
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Fig: 2. Segmentation results of the Anisotropic filter based EM with spatial information method on the synthetic Image. (a) 

Input Image, (b) Image added with Gaussian noise (30%) (PSNR=16.89dB), (c) Anisotropic Filter Output (PSNR=24.6dB), (d) Anisotropic with Otsu’s 

Threshold segmentation (SA=0.9913), (e) Standard EM segmentation without anisotropic filter (SA=0.6446), (f) Standard EM segmentation with 

anisotropic filter (SA=0.9889), (g) EM with spatial information segmentation without anisotropic filter (SA=0.9144), (h) FLICM [9] (SA = 0.0.9758), (i) 

Proposed method - Anisotropic filter based EM with spatial information segmentation (0.9912) 

 

…………………………………………………………………………………………………………….. 

 
 
 

 

 
 

(a) (c) 

(d) (e) 

(b) 

(f) 

(g) (h) (i) 
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Fig: 3.Segmentation results of the Anisotropic filter based EM with spatial information method on the synthetic Image. (a) 

Input Image, (b) Image added with Gaussian noise (30%) (PSNR=17.27dB), (c) Anisotropic Filter Output (PSNR=28.13dB), (d) Anisotropic with Otsu’s 

Threshold segmentation (SA=0.3842), (e) Standard EM segmentation without anisotropic filter (SA=0.6484), (f) Standard EM segmentation with 

anisotropic filter (SA=0.9904), (g) EM with spatial information segmentation without anisotropic filter (SA=0.8787), (h) FLICM [9] (SA =0.9412), (i) 

Proposed method - Anisotropic filter based EM with spatial information segmentation (0.9922) 

…………………………………………………………………………………………………………….. 
 

 

 

 

 

 

 

 

 

 

(a) (b) (c) 

 (d)  (e) (f) 

(g) (h) (i) 
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Table: 1.Comparison of Segmentation Accuracy of various methods for Synthetic Image 1 

Methods Gaussian Noise 

15% 20% 30% 

Anisotropic with Otsu’s Threshold 
segmentation 

0.99976 0.99969 0.99988 

Standard EM segmentation 
without anisotropic filter 

0.99396 0.98499 0.9552 

Standard EM segmentation with 
anisotropic filter 

1.0 1.0 1.0 

EM with spatial information 
segmentation without anisotropic 
filter 

0.99902 0.99756 0.99377 

Fuzzy Local Information C Means 
Clustering (FLICM) 

1.0 1.0 0.99994 

Proposed method – Anisotropic 
filter based EM with spatial 
information segmentation 

1.0 1.0 1.0 

 

Table: 2. Comparison of Segmentation Accuracy of various methods for Synthetic Images 2 and 3 

 

Methods Synthetic Image 2 Synthetic Image 3 

Gaussian Noise Gaussian Noise 

15%  20%  30%  15%  20%  30%  

Anisotropic with Otsu’s 
Threshold segmentation 

0.9937 0.9934 0.9913 0.3877 0.3872 0.3842 

Standard EM segmentation 
without anisotropic filter 

0.7346 0.6976 0.6446 0.7608 0.7126 0.6484 

Standard EM segmentation with 
anisotropic filter 

0.9917 0.9907 0.9889 0.9912 0.9915 0.9904 

EM with spatial information 
segmentation without 
anisotropic filter 

0.9628 0.9531 0.9144 0.9612 0.9375 0.8787 

FLICM 

 

0.9923 0.9903 0.9758 0.9923 0.9828 0.9412 

Proposed method – Anisotropic 
filter based EM with spatial 
information segmentation 

0.9938 0.9934 0.9912 0.9926 0.9930 0.9927 

 

Table: 3. Comparison of No. of iterations and execution Time for the methods-Standard EM segmentation with anisotropic 
filter, RFLCIM and Anisotropic filter based EM with spatial information method and time of execution for anisotropic filter 

 

Images Standard EM segmentation 
with anisotropic filter 

RFLICM Anisotropic filter based EM 
with spatial information Method 

Anisotropic Filter 

Iteration 
Count 

Time of 
Execution (secs) 

Time of 
Execution (secs) 

Iteration 
Count 

Time of 
Execution (secs) 

Time of Execution 
(secs) 

Synthetic 
Image 1 

4 1.37 1.45 2 1.19 0.54 

Synthetic 
Image 2 

35 6.82 14.07 3 3.88 1.01 

Synthetic 
Image 3 

39 8.77 25.88 11 5.51 1.20 
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From Table– 1, 2 and 3, it is inferred that the performance of the Anisotropic filter based EM with spatial information 

method is superior to the other methods in both execution time and segmentation accuracy. 

Experiments on Simulated images from Brainweb 

The proposed anisotropic filter based EM with spatial information method is also tested on T1-weighted MR brain 

images from the BrainWeb database. The method is validated on simulated images with 40% in-homogeneity and 9% 

noise 181 x 217 x 181 dimension 1 x 1 x 1 mm3 spacing. 

The ground truth for the Brain Web dataset is the phantom atlas used to generate the simulated scans. The Dice 

Similarity Index (DSI) is used as the performance metric. The Dice Similarity Index DSI is given by 

                                                                                                                                      (17) 

Where represents the sum of pixels classified by the proposed method and represents the sum of pixels classified by 

the ground truth and  represents the sum of pixels classified by both the proposed method and the ground truth. 

Two simulated images (#91 and #120) from Brainweb dataset are taken.  The brain image is segmented into three 

classes – Cerebro-spinal Fluid with pixel value 128, Gray matter with pixel value 192 and White matter with pixel 

value 254. The original images are shown in Figure–4 (a) and Figure– 5 (a). The ground truths of the images are 

shown in Figure– 4 (b) and Figure–5 (b).   The segmentation results of standard GMM and the anisotropic filter based 

spatial EM method are shown in Figure–4 (c), (d) and Figure–5(c), (d). 

  

 

 

 

Fig: 4. Segmentation results of the proposed anisotropic filter based EM with spatial information on the MR brain  image  

slice #91. (a) Input Image, (b) Ground truth Image, (c) Standard EM, (d) Anisotropic filter based EM with spatial information method 

…………………………………………………………………………………………………………….. 

 

 

 

Fig: 5. Segmentation results on the MR brain image slice #120. (a) Input Image, (b) Ground truth Image, (c) Standard EM, (d) Anisotropic 

filter based EM with spatial information method. 

…………………………………………………………………………………………………………….. 
 

 

 

(a) (b) (c) (d) 
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Table: 3. Performance Comparison of the Proposed Method to Standard EM Method for Brainweb T1 
weighted Images with 40% in-homogeneity and 9% noise slices #91 and #120. 

 

 

 

 

 

 

 

 

 

From Table–3, it is inferred the proposed method provides good results for simulated brain images from the Brain 

web.  

 
 
CONCLUSION 

A new method for segmentation of noisy images based on Gaussian Mixture Model is presented. Anisotropic 

filter is used for details preserving smoothing. To incorporate the spatial data among the neighboring pixels, the 

posterior probability is weighted with arithmetic mean filter. The proposed method has been tested on various 

synthetic and simulated brain images.  It is demonstrated that the proposed Anisotropic filter based EM with 

spatial information  method is more efficient  both quantitatively and qualitatively compared to the methods in the 

literature for noisy images. The method is simple and has less computational cost. 
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A B S T R A C T

A fuzzy rule based inference model assessing the failure modes for risk ranking in FMEA to manage risks and
make maintenance decisions is applied to a LPG refuelling station in this paper. Normally in FMEA, risk priority
number (RPN) is determined by multiplication of feature scores that are inferred from the degree or probability
of occurrence, severity and non detection of the problem, without taking into consideration the relative im-
portance of factors. In fuzzy approach, linguistic assessment of factors is evaluated to obtain risk priority
number. A rule based fuzzy inference engine generates the priority ranks of identified failure modes. Direct
evaluation is possible with the aid of grey theory by assigning weights to the features in the absence of expertise
to develop an inference rule base. The GRA approaches can solve the problem of risk prioritising, which needs
expertise to develop rule base while building the fuzzy inference system. By applying fuzzy FMEA and fuzzy logic
with grey relational approach (GRA), expert linguistic opinions are used to rank the identified failure modes and
the results are presented. The risk of the failure modes are ranked in an inclusive approach based on the fuzzy
domain projections. It is effective and feasible to handle various types of uncertainties, such as incompleteness,
fuzziness, imprecision, and so on, in the risk analysis process.

1. Introduction

A significant number of studies have applied fuzzy logic to identify,
quantify risks, enhance safety and also for maintenance functions.
Efforts were taken to assess the state of big diesel engine by calculating
the fuzzy distance between the fuzzy vector and standard fuzzy vector
(Wei et al., 2009). Guo et al. (2009) developed a model, in which a
three-layer BP neural network is combined with fuzzy comprehensive
evaluation and demonstrated with an application in an ethylene plant
for allocating maintenance resources based on criticality evaluation.

Fuzzy Probabilities of basic events and output events are derived
from fuzzy input data and fuzzy utility value (FUV) is introduced to
perform risk assessment for natural gas pipelines (Shahriar et al., 2012).
Works on risk based maintenance (RBM) optimization suggest a fuzzy
inference system (FIS) to minimize the suboptimal prioritizations of
functions in the FFR (functional failure risk) analysis performed using
an illustrative tailor-made risk matrix. (Ratnayake, 2014). A fuzzy logic
system (FLS) was proposed for risk modelling to overcome the un-
certainty of the RBM components in an oil refinery (Sa’idi et al., 2014).
The basic event occurrence probability was quantified and investigated
by a hybridised approach using fuzzy set theory and weight analysis

(Chen et al., 2014). Dynamic sequential accident models (DSAMs) uti-
lises precursor data to estimate the posterior risk profile quantitatively.
DSAM also offers updates on the failure probabilities of accident bar-
riers and the prediction of future end states (Al-shanini et al., 2014). A
left–right (L-R) bell-shaped fuzzy number is applied for barrier and
operational risk analysis (BORA-Release) method and an α-cut opera-
tion is introduced to conduct the arithmetic operations of the fuzzy
number, and a defuzzification method with total integral value is
chosen to match the α -cut operations and acquire complete informa-
tion for the fuzzy numbers (Huang et al., 2015).

In FMEA literatures based on fuzzy sets, the approaches have mostly
concerned with the fuzzy inference approach by using a rule-base
(Bowles and Peláez, 1995; Chin et al., 2008; Guimarães and Lapa,
2004a, 2004b, 2007; Pillay and Wang, 2003; Sharma et al., 2005; Tay
and Lim, 2006; Xu et al., 2002; Li et al., 2010). Linguistic terms were
assigned to the factors and considering them as inputs, an if-then rule
base was created for risk evaluation. The outputs were termed as risk
(Chin et al., 2008; Guimarães and Lapa, 2004a, 2004b), the critically
failure mode (Xu et al., 2002), priority for attention (Pillay and Wang,
2003), and fuzzy RPN (Sharma et al., 2005; Xu et al., 2002) in the fuzzy
FMEA studies which consider the fuzzy rule-base approach. A FMEA
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based on fuzzy logic was implemented in diesel engine systems (Xu
et al., 2002).

Guimarães and Lapa (2004a) applied fuzzy concepts to analyze the
failures in a chemical and volume control system of pressurised water
reactor. They also implemented a fuzzy logic system for risk ranking
enhancement purpose in an auxiliary feed water system. (Guimarães
and Lapa, 2004b). Guimarães and Lapa (2007) adopted fuzzy rule based
inference for risk analysis in nuclear power plant as a contemporary
approach. Yeh and Hsieh (2007) conducted fuzzy FMEA assessment for
a sewage plant. Wang et al. (2009) made risk evaluation in FMEA using
fuzzy weighted geometric mean. Sharma et al. (2008) developed a
fuzzy logic-based decision support system.

Tay and Lim (2006) simplified the FMEA methodology based on
fuzzy logic by proposing a generic method to reduce the number of
rules for inference system, provided by experts to model fuzzy RPN for
performance evaluation in a semiconductor manufacturing plant.
Pelaez and Bowles (1996) applied fuzzy cognitive map to FMEA. Pillay
and Wang (2003) proposed FMEA with fuzzy reasoning and grey rela-
tion for marine industry to conquer the traditional weaknesses in risk
evaluation. Braglia et al. (2003) used a fuzzy TOPSIS in FMEA. Keskin
and Ozkan (2009) proposed FMEA supported by fuzzy ART algorithm.

A product design system based on fuzzy FMEA was developed by
Chin et al. (2008). Abdelgawad and Fayek (2011) implemented risk
management in the construction industry through combined fuzzy
FMEA and fuzzy AHP. Tay and Lim (2010) enhanced FMEA metho-
dology with fuzzy inference techniques and evaluated the performance
of the fuzzy RPN models in the test handler process of a semiconductor
manufacturing plant. Hao-Tien Liu and Yieh-lin Tsai (2012) utilised
fuzzy analytic network process method to identify critical hazard causes
and types and utilised fuzzy FMEA based inference approach to assess
the causes for a telecom engineering concern in South Taiwan. In a
chemical process industry, risks are prioritized using risk priority ma-
trix and mitigation strategies are selected based on FMEA. Fuzzy esti-
mates obtained for the risk factors and bow-tie analysis are used to
calculate the aggregated risk probability and impact (Aqlan and
Mustafa, 2014). Mentes and Ozen (2015) integrated Ordered Weighted
Geometric Averaging (OWGA) and Generalized Mixture Operators
(GMOs) to improve safety during design. The proposed approach is
experimented with a motor yacht fuel system. Zhou and Thai (2016)
applied fuzzy set and grey relational analysis to evaluate the failure
modes in oil tankers transporting bulk crude oil. Relative ranking is
reflected by grey theory approach. The results show the both the
methods work similar.

Researchers have conducted numerous investigations to enhance
the FMEA methodology by integrating artificial intelligence ap-
proaches. There are significant efforts made in FMEA literatures to
overcome the shortcomings of the traditional RPN (Wang et al., 2009;
Liu, 2013). The risk parameters O, S, and D in fuzzy FMEA are ex-
pressed as linguistic fuzzy terms in studies with expert opinions. The
traditional 10 point scale for O, S, and D risk factors are interpreted as
linguistic variables.

Increased public awareness for environmental protection and
stricter pollution control norms propagating use of efficient fuels have
steadily pulled to the trend for LPG conversion for auto fuel and di-
version of domestic fuel to auto fuel at a steady growth @ 8% p.a. in
LPG Consumption in India (Apurva Chandra, 2010). Automotive Li-
quefied Petroleum Gas (LPG) (BIS 14861) is a mixture of light hydro-
carbons primarily Predominantly 100% Propane or combinations of
Propane: Butane ‘mixes’ derived from petroleum, which is gaseous at
ambient temperature and atmospheric pressure, is liquefied at ambient
temperature with application of moderate pressure. LPG due to its in-
herent properties is susceptible to fire, explosion and other hazards.
Such hazards can have an impact on the process, property, equipment,

plant personnel and public. Various additives are added to detect its
dispersion. Meticulous understanding of the failure of systems and its
components, the causes, the consequences and the actions needed to
avoid them is highly recommended for loss prevention in process in-
dustries. Fuzzy logic combined with expert elicitation was employed in
a LPG refuelling station to quantify basic event failure probabilities by
qualitative information processing without reliance on historical
quantitative failure statistics. (Rajakarunakaran et al., 2015).

In this work a Fuzzy FMEA model is proposed and applied to an auto
LPG refuelling station. Based on the literature review, the application of
Fuzzy based FMEA to an auto LPG refuelling station is a important task
required for defined safety decision making process. The proposed
framework of fuzzy FMEA exhibits two advantages: (i) an ability to
assess the failure modes of engineering systems using expert opinions
articulated in linguistic terms; (ii) an ability to handle various types of
uncertainties, such as imprecision, fuzziness, incompleteness of quan-
titative risk assessments. The rule base development in the case of fuzzy
FMEA can be replaced with a multi-criteria decision making problem
(MCDM) approach and the techniques may be applied to yield a ranking
strategy. Grey relational analysis (GRA) is selected as an approach to
this problem to prioritise and rank the events in the absence of rule
base.

The uniqueness or novelty of this study are: (i) a use of linguistic
values in terms of expert opinion, (ii) development of fuzzy interference
rules to apply for an auto LPG refuelling station (iii) an integration of
the proposed fuzzy rules into the inference system (iv) determination of
the fuzzy RPN by defuzzification and thereby achieving the systems risk
priority ranking (v) Application of linguistic expert opinions for multi
criteria decision making (vi) Incorporation of grey theory for direct
evaluation of failure modes by assigning weights to the features con-
sidering the relative importance of factors (vii) Rule based inference is
replaced by the application of a grey relational framework. To reveal
the feasibility of the proposed frameworks, the outputs generated are
compared with the conventional FMEA risk analysis process.

2. Fuzzy FMEA

FMEA is a tool widely used to make out the probable failure modes
of a process or a product. FMEA was first projected in 1963 by NASA
as a formal system analysis method for their reliability needs. Then in
1977, it was put into practice by Ford Motors (Gilchrist, 1993). Since it
emerged as a influential tool extensively used for risk analysis and re-
liability studies of systems in a broad scope of industries, together with
construction, automotive, aerospace, nuclear, and electro-technical.
Table 1 lists the FMEA scale to compute the three factors, occurrence
(O), severity (S) and detection (D) to calculate RPN value which is the
product of the factors. The table show that the customary FMEA mea-
sures the probability of occurrence, severity and the probability of non
detection using five scales and scores of 1–10. The failures can be
eliminated or reduced by ranking the failures for corrective action by
virtue of their risk implication.

The well accepted FMEA safety analysis method suffer from several
impediments. In traditional approach, the risk factors are understood to
be similarly important (Braglia, 2000). Many operation and main-
tenance experts were found to give more weight to non detection factor.
The gathered failure data may often be unreliable or partial. Therefore
based on knowledge and expertise of experts the risk factors are as-
sessed. The risk factors are hard to be calculated exactly due to the often
questionable and debatable mathemaical formula for calculating RPN
mathematically. No rationale to multiply O, S, and D is found. From
Table 1 it can be found that a non linear occurrence scale is considered
with linear severity and non detection scales. Multiplying the factor
scores after conversion of probability to a linear scoring system is
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supposed to have source inaccuracies and uncertainties in the deriva-
tion. The RPNs are found to be greatly distributed at the bottom with
many holes and are not continuous in the 1–1000 scale. Interpretation
problems coexist with the non continuous distribution. Again it is found
that the risk magnitude may be completely dissimilar with identical
value of RPNs, as different sets of O, S, D mathematically yield same
results. Carrying out a traditional FMEA has to overcome difficulties
such as knowledge shared within team associates, different risk depic-
tion among uniform ratings, their relative risk significance, qualitative
linguistic description and the subjectivity factor. This may lead to a
waste of time and resources. To surmount the above downsides and
recover the effectiveness of the customary FMEA methodology, a fuzzy
based FMEA approach is developed. The approach then extends the
analysis using defuzzified linguistic terms. A risk assessment scheme
supported by fuzzy set theory is anticipated in this work to deal with
these difficulties.

Fuzzy logic is a tool for transforming the vagueness of human sen-
sation and identification into a mathematical principle. The assessment
information is represented as linguistic terms by fuzzy approach. The
fuzzy variables significantly have scope for steady changeover/transi-
tion amid positions and in view of that, enjoy a inherent potential to
convey and handle uncertainties. Works increasingly use linguistic
fuzzy terms for portraying the risk factors S, O, and D. Works like Yang
et al. (2008), Gargama and Chaturvedi (2011), Keskin and Ozkan
(2009) form good foundation for fuzzy-FMEA methodology. Most of the
existing studies in the fuzzy FMEA literature have concerned with the
fuzzy rule base approach by using ‘If–Then’ rules. Fig. 1 shows an
overall process diagram of fuzzy FMEA.

Three major steps are to be carried to carry out Fuzzy FMEA as-
sessment using inference rules:

(i) Fuzzification process converts the risk factors into the fuzzy do-
main using linguistic variables. In each input class, the linguistic
input is then fuzzified to resolve the membership degree.

(ii) Fuzzy inference consists of if–then rules representing the interac-
tions between various failure modes and effects formed by expert
experience and knowledge. The output of the inference system is
RPN in fuzzy domain.

(iii) Defuzzification process ranks the RPN in the crisp form in fuzzy
domain to give the priority for the failure event modes.

This work is one of the foremost attempts to make the fuzzy FMEA
approach more appropriate for auto LPG refuelling station. In the
suggested approach, a rule base is used to position the probable failures
recognized by FMEA, which has similar RPN scores but dissimilar risk
inference. The advantages of the proposed fuzzy rule based approach
can be summarized as follows:

• It combines expert experience and knowledge used in an FMEA
study in an organized way. This methodology presupposes that the
association is non-linear among the RPN and the severity, occur-
rence, and not detection, instead of linear as in the customary case.

• The applicability of FMEA is improved by linguistic terms in fuzzy
methodology by facilitating the experts to allocate a more sig-
nificant value for the aspects considered. So the identified events are
not ignored due of low RPN.

• The amalgamation of the input factors is considered during mod-
elling. This solves the issue of RPN scores where the real risk is not
measured (Kumrua and Kumru, 2013).

• During modelling, human expertise is incorporated by fuzzy in-
ference techniques y vague and imprecise linguistic expressions. The
understanding of inference techniques enables the customisation by
experts and users.

3. Fuzzy FMEA with MCDM approach

Multi-criteria decision making techniques help us take decisions
when there are a multitude of demands. In a FMEA analysis, failure
modes are preferred to have least severity, minimum occurrence and
most detection capacity. This gives the risk prioritization enabling a
multi-criteria approach decision making approach. The development of
rule base in fuzzy FMEA can be complimented as a multi-criteria ap-
proach problem and MCDM techniques may be applied to yield a
ranking strategy. In our approach we have selected grey relational
analysis (GRA) as an approach to this problem to prioritise and rank the
events in the absence of rule base which is explained below.

3.1. Grey relational analysis

The grey system theory was proposed by Professor J. Deng, and was
born of the concept of a grey set. This theory is especially suitable for
data with uncertain, multi inputs and discrete properties. It is an ef-
fective method used to resolve uncertainty issues, under discontinuous
data and partial information (Deng, 1982). If the system information is
known totally, it is a white system and when it is unknown, it is black
system. Systems known partially are called as a grey system. The grey
system concept is shown in Fig. 2.

Let X be the universal set. Then the following Eq. (1) defines a grey
set G (X).
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where (x) ≥ (x); x ∈ X and (x) and μ(x) are the higher and lesser
membership functions. If (x) = (x) then the grey set will become a

Table 1
FMEA scale for occurrence (O), severity (S), not detection (D).

Linguistic description Occurrence Severity Non detection Score

Very High Persistent failures Hazardous without warning Absolute certainty 10
Persistent failures Hazardous with warning Probably not detected 9

High Frequent failures Very high Poor chance of detection 8
Frequent failures High Poor chance of detection 7

Medium Occasional failures Moderate May detect 6
Occasional failures Low May detect 5

Low Occasional failures Very low Good chance to detect 4
Relatively few failures Minor Good chance to detect 3

Almost none Relatively few failures Very minor Almost certain to detect 2
Failure is unlikely None Certain to detect 1
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fuzzy set. This gives an idea that the grey system theory reflects on
fuzziness, and handled more flexibly with a fuzzy environment. GRA is
a vital approach for grey theory in selecting from alternatives based on
decision criteria’s. The information of similar features is considered as a
sequence. By degree of grey relational coefficient, the correlative de-
grees involving two sequences are measured. The degree varies be-
tween zero and one. The choices are made based on the degree. This
approach is useful for qualitative or quantitative analysis (see Fig. 3).

The process for carrying out a grey relation analysis in FMEA in-
volves several steps described by Liu et al., 2011 as follows:

(i) Express O, S, and D by linguistic terms (expert opinion) and the
membership functions as fuzzy variables.

(ii) Obtain crisp number for O, S, and D by defuzzification of fuzzy
sets.

(iii) Establish comparative series, which reflects the various linguistic
terms and decision factors of the study in a form of a matrix.

(iv) Establish standard series, which reflects the ideal or desired level
of all the decision factors in a form of a matrix.

(v) Calculate the difference between the comparative series and
standard series. This is represented in a form of a matrix, D0 from

Eq. (3).
(vi) Compute the grey relation coefficient using the Eq. (4).
(vii) Introduce the weight vector of three risk factors. The weighting

coefficient (βk) is decided based upon the analysis objective and
reliability of the data for the parameters (Sf, Ss and Sd) to arrive at
grey relation degree.

(viii) Determine the degree of relation using for each failure mode in-
corporating the weighted variables.

(ix) Rank the priority of risk: the stronger the degree of relation, the
smaller is the effect of the cause.

Initially the triangular membership functions of the three para-
meters are defined. Five linguistic terms are defined for each parameter
(O, S and D). The identified failure modes and its probability of oc-
currence, severity and non-detectability are conveyed by linguistic ex-
pressions. The expert opinions are fuzzified by input triangular mem-
bership functions.

The next step is to provide a crisp number in place of each of the
assigned linguistic terms i.e. defuzzified form (Almannai et al., 2008).
The defuzzified linguistic crisp values forms the comparative series as a
matrix form. The optimal criterion of the parameters generates the

Fig. 1. Fuzzy FMEA process diagram.

Fig. 2. Concept of grey system.
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Fig. 3. Proposed grey analysis approach.

Fig. 4. LPG refuelling station process flow dia-
grams.
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standard series as a matrix. The deviation of the comparative series
from the standard series is obtained and used to determine the grey
relation coefficient. Weighting factors introduced for the three para-
meters are used along with grey relation coefficient to calculate the
degree of grey relation. Degree of grey relation embodies the order of
importance or rank for every identified failure modes.

Comparative series is derived with n decision factors or components
expressed as xi = (xi(1), xi(2), xi(3),…,xi(k)) ∊ X, Where xi(k) denotes
the kth factor of xi. The ‘n’ information series for the three linguistic
variables described in the matrix form as follows;

Table 2
Conventional FMEA results.

Failure ID Failure mode Cause F C D RPN Rank

I.1 Pressure relief malfunction- LPG storage tank Mechanical failure 2 6 2 24 16
I.2 Over pressure and failure of storage tank- LPG storage tank Fill storage on cold day/High temperature environment 2 9 2 36 13
I.3 Pressure relief device failure- LPG storage tank Mechanical failure 2 9 2 36 13
I.4 Piping leak Mechanical failure/corrosion 4 8 2 64 8
I.5 Failure of Storage tank External fire near the storage tank by fuel spill 2 9 2 36 13
I.6 Piping failure- LPG Dispenser Vehicle impact to dispenser 2 8 3 48 11
II.1 Drive away with coupled to dispenser Human error 4 6 2 48 11
II.2 Hose failure- LPG Dispenser Mechanical failure 5 5 2 50 10
II.3 LPG Dispenser-Connection Leak Nozzle or O-ring damaged 5 5 2 50 10
II.4 Vehicle pressure relief device leaks- LPG Dispenser Mechanical failure 2 6 2 24 16
II.5 Nozzles leaks after disconnect- LPG Dispenser Mechanical failure 5 4 2 40 12
III.1 Vehicle tank isolation valve leaks- LPG storage tank Filling

Process
Mechanical failure 3 8 2 48 11

III.2 Overfill of storage tank Human error or instrument failure 5 8 2 80 5
III.3 LPG transferring trailer bullet leak Vehicle impact to truck damages LPG piping 2 8 2 32 14
III.4 Unloading hose link leaks Inappropriate connection or mechanical failure 4 8 2 64 8
III.5 Release from connecting hose- LPG storage tank Filling Process Hoses in not vented condition earlier to disconnect- human error 5 4 2 40 12
IV.1 No delivery – LPG Filling Pump Incorrect direction of rotation. 3 5 2 30 15
IV.2 No delivery – LPG Filling Pump Suction filter/strainer blocked or leaking air. 5 8 3 120 1
IV.3 No delivery – LPG Filling Pump No power supply 3 8 2 48 11
IV.4 No delivery – LPG Filling Pump No liquid in storage tank 3 8 2 48 11
IV.5 No delivery – LPG Filling Pump Valves closed or air leaks in suction system. 3 4 2 24 16
IV.6 No delivery – LPG Filling Pump Pump vapour locked 3 5 2 30 15
IV.7 No delivery – LPG Filling Pump Excess internal clearances. 2 8 7 112 2
IV.8 Low output- LPG Filling Pump Pump speed too low 2 4 2 16 17
IV.9 Low output- LPG Filling Pump Cavitations or vaporization on suction side of pump 4 4 4 64 8
IV.10 Low output- LPG Filling Pump Obstruction in suction or discharge pipe 3 4 2 24 16
IV.11 Low output- LPG Filling Pump Air leakage in suction pipes or fittings. 3 4 2 24 16
IV.12 Excessive power consumption- LPG Filling Pump Obstruction in discharge line. 3 4 2 24 16
IV.13 Excessive power consumption- LPG Filling Pump Misalignment between pump and driver 3 4 3 36 13
IV.14 Excessive power consumption- LPG Filling Pump Bearings worn condition 4 5 3 60 9
IV.15 Excessive power consumption- LPG Filling Pump Air leakage in inlet piping 3 5 4 60 9
IV.16 Pump is Noisy- LPG Filling Pump Bearings worn condition 3 6 4 72 7
IV.17 Pump is Noisy- LPG Filling Pump Damaged 'O' ring seals or gaskets 3 8 4 96 4
IV.18 Pump is Noisy- LPG Filling Pump Misalignment between pump and driver causing excessive shaft

distortion
3 5 4 60 9

IV.19 Pump is Noisy – LPG Filling Pump Worn or damaged shaft in seal zone 3 8 4 96 4
V.1 No Vehicle Fill- LPG Dispensing Pump Dispenser malfunctioning or not authorizing 4 8 3 96 4
V.2 No Vehicle Fill- LPG Dispensing Pump Blocked filters 4 8 3 96 4
V.3 No Vehicle Fill- LPG Dispensing Pump Insufficient LPG in tank 4 8 3 96 4
V.4 Low Fuel Flow- LPG Dispensing Pump Restriction in nozzle 4 8 3 96 4
V.5 Low Fuel Flow- LPG Dispensing Pump Dirt/debris contamination in pump 2 5 4 40 12
V.6 Low Fuel Flow- LPG Dispensing Pump Faulty bypass valve 3 5 5 75 6
V.7 Pulsing Flow- LPG Dispensing Pump Insufficient LPG in storage tank or excessive inlet restriction 4 8 2 64 8
V.8 No Fuel Output- LPG Dispensing Pump No power supply to pump or pump contactor fault 4 8 2 64 8
V.9 No Fuel Output- LPG Dispensing Pump Drive Motor fail 3 8 2 48 11
VI.1 Valve Not Opening No power supply 3 5 2 30 15
VI.2 Valve Not Opening – ROV Solenoid failure 3 7 5 105 3
VI.3 Valve Not Opening No adequate pneumatic pressure 4 5 3 60 9
VI.4 Valve Closing Very Slowly-ROV Dirt in valve 2 8 4 64 8
VII.1 Control system not working No power supply 2 6 2 24 16
VII.2 Contactor/ Relay /detector failure Over loading, mechanical failures, improper current rating of

components
4 6 4 96 4

VII.3 Loose connection-Control system Vibration/ Arching 2 6 5 60 9
VII.4 Program fault Program crash 2 8 3 48 11
VII.5 Selector switch wrong selection Operator fault 4 6 3 72 7
VII.6 Program fault Wrong program loaded 2 6 5 60 9

Fig. 5. Fuzzy triangular membership functions.
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The defuzzified crisp number is represented as xi(k) respectively for
each linguistic expression. The optimal level of parameters determines
the standard series. The safe operation of every system needs the least
of occurrence probability, severity and non-detection. The lowest level
values are considered. Then D0 is calculated and reflected as a matrix,
which is generated from the difference of comparative and standard
series.
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where Δ0j(k) = ||x0(k) − xi(k)|| and xi(k) is the comparative series and
x0(k) is the standard series. The grey relation coefficient, γ{x0(k), xi(k)}
is calculated using following equation for the identified failure modes.
The grey relation coefficient is calculated assuming ζ = 0.5 and as
shown in following equation
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Grey relational coefficient for O, S and D ((γf),(γs), (γd)) are calcu-
lated. The weighting coefficient (βk) is decided based upon the analysis
objective and reliability of the data for the parameters (Sf, Ss and Sd) to
arrive at grey relation degree. Careful selection of the weighting coef-
ficient is necessary to get proper results and rankings. The weighting
coefficient will have a large influence on the final ranking of the failure
events and has to be selected carefully. The degree of grey relation for
each failure event incorporating the weighted variables can be calcu-
lated as in Eq. (5),
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n

k i j
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The degree of the grey relation coefficient stands for the extent of
correlation with the reference sequence. If two sequences are identical,
then the value of the degree of grey relation coefficient equals one. It
also indicates the degree of influence executed by the comparability
sequence on the reference sequence. The degree of relation orders the
failure modes in ranks as per ascending order. This ranks the failure

Fig. 6. Input membership functions plots (Occurrence, not detection and severity).

Fig. 7. Output membership functions plots.

Table 3
Fuzzy numbers of conversion.

Linguistic variables Triangular fuzzy numbers

a b c

Input Almost None 0 0 0.2
Low 0.1 0.25 0.4
Medium 0.3 0.5 0.7
High 0.6 0.75 0.9
Very high 0.8 1 1

Output None 0 0 0.2
Very low 0.1 0.2 0.3
Low 0.2 0.3 0.4
High Low 0.3 0.4 0.5
Low medium 0.4 0.5 0.6
Medium 0.5 0.6 0.7
High medium 0.6 0.7 0.8
Low high 0.7 0.8 0.9
High 0.8 0.9 1
Very high 0.9 1 1
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modes with smallest degree of grey relation with highest ranking for
priority.

4. Case study

The system selected for study is an auto LPG Dispensing Station
(ALDS) which a more widely available critical socio-technical system.
The spread of these systems were widely noted in India favouring the
conversion of auto fuel from gasoline to LPG.

4.1. System description

A brief description of the system is found in one of the earlier works
of the authors (Maniram Kumar et al., 2015). The important systems, its
components and the layout are briefly discussed in the above men-
tioned literature. Fig. 4 shows the process flow diagram.

The Liquefied petroleum gas (LPG) refuelling station under the
discussion has the following key components: Filling Pump, Remote
operated valves, High-pressure storage, Dispensing pump, Dispenser,
Control system.

Table 4
Fuzzy FMEA results with fuzzy RPN.

Sl No. Failure ID Failure mode RPN Rank Fuzzy RPN Fuzzy rank

1 I.1 Pressure relief malfunction- LPG storage tank 24 16 0.3 5
2 I.2 Over pressure and failure of storage tank- LPG storage tank 36 13 0.47 3
3 I.3 Pressure relief device failure- LPG storage tank 36 13 0.47 3
4 I.4 Piping leak 64 8 0.5 2
5 I.5 Storage tank failure 36 13 0.47 3
6 I.6 Piping failure- LPG Dispenser 48 11 0.4 4
7 II.1 Drive away while connected to dispenser 48 11 0.4 4
8 II.2 Hose failure- LPG Dispenser 50 10 0.4 4
9 II.3 Leak in connection- LPG Dispenser 50 10 0.4 4
10 II.4 Vehicle pressure relief device leaks- LPG Dispenser 24 16 0.3 5
11 II.5 Nozzles leaks after disconnect- LPG Dispenser 40 12 0.4 4
12 III.1 Vehicle tank isolation valve leaks- LPG storage tank Filling Process 48 11 0.4 4
13 III.2 Overfill of storage tank 80 5 0.5 2
14 III.3 LPG transferring trailer bullet leak 32 14 0.4 4
15 III.4 Unloading hose connection leaks 64 8 0.5 2
16 III.5 Release from connecting hose- LPG storage tank Filling Process 40 12 0.4 4
17 IV.1 No delivery of LPG- LPG Filling Pump 30 15 0.3 5
18 IV.2 No delivery of LPG – LPG Filling Pump 120 1 0.5 2
19 IV.3 No delivery of LPG- LPG Filling Pump 48 11 0.4 4
20 IV.4 No delivery of LPG- LPG Filling Pump 48 11 0.4 4
21 IV.5 No delivery of LPG- LPG Filling Pump 24 16 0.3 5
22 IV.6 No delivery of LPG- LPG Filling Pump 30 15 0.3 5
23 IV.7 No delivery of LPG- LPG Filling Pump 112 2 0.6 1
24 IV.8 Low output- LPG Filling Pump 16 17 0.3 5
25 IV.9 Low output- LPG Filling Pump 64 8 0.5 2
26 IV.10 Low output- LPG Filling Pump 24 16 0.3 5
27 IV.11 Low output- LPG Filling Pump 24 16 0.3 5
28 IV.12 Excessive power consumption- LPG Filling Pump 24 16 0.3 5
29 IV.13 Excessive power consumption- LPG Filling Pump 36 13 0.3 5
30 IV.14 Excessive power consumption- LPG Filling Pump 60 9 0.4 4
31 IV.15 Excessive power consumption- LPG Filling Pump 60 9 0.4 4
32 IV.16 Pump is Noisy- LPG Filling Pump 72 7 0.4 4
33 IV.17 Pump is Noisy- LPG Filling Pump 96 4 0.5 2
34 IV.18 Pump is Noisy- LPG Filling Pump 60 9 0.4 4
35 IV.19 Pump is Noisy – LPG Filling Pump 96 4 0.5 2
36 V.1 No Vehicle Fill- LPG Dispensing Pump 96 4 0.5 2
37 V.2 No Vehicle Fill- LPG Dispensing Pump 96 4 0.5 2
38 V.3 No Vehicle Fill- LPG Dispensing Pump 96 4 0.5 2
39 V.4 Low Fuel Flow- LPG Dispensing Pump 96 4 0.5 2
40 V.5 Low Fuel Flow- LPG Dispensing Pump 40 12 0.4 4
41 V.6 Low Fuel Flow- LPG Dispensing Pump 75 6 0.4 4
42 V.7 Pulsing Flow- LPG Dispensing Pump 64 8 0.5 2
43 V.8 No Fuel Output- LPG Dispensing Pump 64 8 0.5 2
44 V.9 No Fuel Output- LPG Dispensing Pump 48 11 0.4 4
45 VI.1 Valve Not Opening 30 15 0.3 5
46 VI.2 Valve Not Opening – ROV 105 3 0.5 2
47 VI.3 Valve Not Opening 60 9 0.4 4
48 VI.4 Valve Closing Very Slowly-ROV 64 8 0.5 2
49 VII.1 Control system not working 24 16 0.3 5
50 VII.2 Contactor/Relay/detector failure 96 4 0.5 2
51 VII.3 Loose connection-Control system 60 9 0.4 4
52 VII.4 Program fault 48 11 0.4 4
53 VII.5 Selector switch wrong selection 72 7 0.4 4
54 VII.6 Program fault 60 9 0.4 4
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4.2. Identification of the failure modes

Broadly stated safety/operational concerns for an Auto LPG refuel-
ling station arise from LPG leaks and associated high-pressure systems,
processes and the scope of study is preceded with this inclination by the
FMEA experts. The failure modes are usually detected through visual
inspection, condition monitoring techniques and time-based preventive
maintenance actions. Typical causes of failures in systems are: improper
usage, over pressure and failure of tanks, pressure relief device failures,
piping leak, leak in connection, loose connection, contactor/relay/de-
tector failure, program fault, corrosion, valves failure, and etc.

The analysis has been limited to system components/equipment and
processes for which the FMEA was performed. It has the following key
areas: filling pump, remote operated valves, high-pressure storage tank,
dispensing pump, dispenser, control system, filling up of storage tank
and control system. The analysis revealed 54 failure modes with its root
causes enlisted in Table 2.

4.3. Analyzing the failure modes by classical FMEA

The FMEA analysis was carried for LPG automobile refuelling sta-
tion and the allied RPN numbers were determined. Results were given
in Table 2. The FMEA analysis categorized the failure modes into seven
major areas as follows:

• LPG storage tank – I.1 to I.6 – (6 failure modes)

• LPG dispenser – II.1 to II.5 – (5 failure modes)

• LPG storage tank filling process – III.1 to III.5 – (5 failure modes)

• LPG filling pump – IV.1 to IV.19 – (19 failure modes)

• LPG dispensing pump – V.1 to V.9 – (Submersible) (9 failure modes)

• Remote operated valve – VI.1 to VI.4 – (4 failure modes)

• Control system – VII.1 to VII.6 – (6 failure modes)

The failure modes are evaluated by allotting score for factors of
occurrence, severity, and not detection. A 10 level score scale men-
tioned in Table 1 is used for this purpose. While scoring the risk factors
an expert opinion is referred to. The failure modes which are more
possible to occur provided with higher ranking and other failure modes
are ranked according to their percentage of occurrence.

The failure modes which are related to safety and which has the
potential to stop the process for more than two hours provided with
higher severity rating are considered. The severity ranking for the
failure modes which have the tendency to stop the process for less than
two hours are ranked according to their approximate repair time.
Simple problems are quite easy to detect like rupture in hose, over
filling, storage, etc. so these failure modes categorized into low detec-
tion rating. Similarly complex problems like pump clearance checking
loose connections in electrical panel are has higher detection rating and
other failure modes are ranked as per the criticality of their detection.

Based on the FMEA team’s recommendation the scores for

Fig. 8. Structure of the Fuzzy Inference system.
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frequency, occurrence and detection were applied. The RPN scores
allow for the prioritization of efforts for the refuelling station’s unin-
terrupted continuous operation and safety improvement. Due to un-
available and uncertain data, expert opinions were used to scale the risk
parameters.

4.4. Analysis of failure modes by fuzzy FMEA with rule base

The fuzzy inference system is modelled by using the fuzzy logic
toolbox of Matlab software to calculate the RPN values. The model has
3 inputs and 1 output variable as given in Fig. 8. Combining the 3 input
factors the inference system calculates the RPN values. Triangular
membership functions are found easier to generate and the most fre-
quently used functions of applications (Wang et al., 2011). The real
numbers are translated to fuzzy sets through triangular (TFN) function
which is described below in Eq. (6). Fig. 5 shows the fuzzy triangular
membership functions. A 5-level and 10-level triangular membership
functions were used for the input variables and for the output variable
RPN respectively (Figs. 6 and 7).
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For input variables 5 levels are being represented by triangular
membership functions as almost none, low, medium, high and very
high. The output RPN is represented by the 10-level scale are re-
presented as none, very-low, low, high-low, low-medium, medium,

high-medium, low-high, high and very high. The fuzzy numbers of
conversion are given in Table 3.

The expert opinion as linguistic terms are used for occurrence, se-
verity and not detection values of the failures. A rule base of 125 rules
maps the inputs to output in the inference system to establish risk
priority (See Appendix A). Some rules are described below.

“IF occurrence IS almost none AND severity IS almost none AND not
detection IS almost none (found) then RPN IS none (no risk),
IF occurrence IS almost none AND severity IS medium AND not
detection IS very high then RPN IS Low Medium.
IF occurrence IS very high AND severity IS medium AND not de-
tection IS very high then RPN IS Very high,
IF occurrence IS very high AND severity IS very high AND IF not
detection IS almost none then RPN IS Low high.”

The inference was carried on by mamdani min/max method (input
method: min; aggregate method: max) and the defuzzification was
carried by center of gravity (COG) method. This center of gravity
method can be articulated as a centroid defuzzification approach
finding the center of gravity point of the fuzzy set, on the fuzzy interval.
This technique was developed by Sugeno in 1985 (Sugeno, 1999). This
is most commonly used technique and is shown in Eq. (7).
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The above formula can be shown as follows for defuzzification of a
triangular fuzzy number as Eq. (8):

Fig. 9. The rule viewer in fuzzy logic toolbox.
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The conventional RPN values and the fuzzy RPN values in des-
cending order are given in Table 4. The fuzzy RPN is found to have an
average value of 0.417 (low medium-medium). Fig. 9 shows the rule
viewer in fuzzy logic toolbox.

4.5. Analyzing the failure modes by fuzzy FMEA with GRA

The failure modes identified by FMEA are incorporated and the risk
prioritization is done as a multi-criteria approach decision making
process by grey relational approach. The rule base development in the
case of fuzzy FMEA can be substituted as a multi-criteria approach and
MCDM techniques may be applied to yield a ranking strategy. Grey
relational analysis (GRA) is applied to this problem to prioritise and
rank the events in the absence of rule base which is explained below.

Comparative Series is obtained from defuzzified expert opinions

Table 5
GRA based Fuzzy FMEA results.

Failure ID Failure mode Equal weights 0.3333 Weighing factors (0.21, 0.26, 0.53) for (S, O, D)

Grey relation Rank Grey relation Rank

I.1 Pressure relief malfunction- LPG storage tank 0.90383693 7 0.9249999 9
I.2 Over pressure and failure of storage tank- LPG storage tank 0.824778258 5 0.8633335 6
I.3 Pressure relief device failure- LPG storage tank 0.824778258 5 0.8633335 6
I.4 Piping leak 0.754584469 3 0.8230049 5
I.5 Storage tank failure 0.824778258 5 0.8633335 6
I.6 Piping failure- LPG Dispenser 0.850737538 6 0.8835819 8
II.1 Drive away while connected to dispenser 0.807683861 4 0.8644228 7
II.2 Hose failure- LPG Dispenser 0.807683861 4 0.8644228 7
II.3 Leak in connection- LPG Dispenser 0.807683861 4 0.8644228 7
II. 4 Vehicle pressure relief device leaks- LPG Dispenser 0.90383693 7 0.9249999 9
II.5 Nozzles leaks after disconnect- LPG Dispenser 0.807683861 4 0.8644228 7
III.1 Vehicle tank isolation valve leaks- LPG storage tank Filling Process 0.850737538 6 0.8835819 8
III.2 Overfill of storage tank 0.754584469 3 0.8230049 5
III.3 LPG transferring trailer bullet leak 0.850737538 6 0.8835819 8
III.4 Unloading hose connection leaks 0.754584469 3 0.8230049 5
III.5 Release from connecting hose- LPG storage tank Filling Process 0.807683861 4 0.8644228 7
IV.1 No delivery of LPG- LPG Filling Pump 0.90383693 7 0.9249999 9
IV.2 No delivery of LPG – LPG Filling Pump 0.754584469 3 0.8230049 5
IV.3 No delivery of LPG- LPG Filling Pump 0.850737538 6 0.8835819 8
IV.4 No delivery of LPG- LPG Filling Pump 0.850737538 6 0.8835819 8
IV.5 No delivery of LPG- LPG Filling Pump 0.90383693 7 0.9249999 9
IV.6 No delivery of LPG- LPG Filling Pump 0.90383693 7 0.9249999 9
IV.7 No delivery of LPG- LPG Filling Pump 0.701485077 1 0.6462681 1
IV.8 Low output- LPG Filling Pump 0.90383693 7 0.9249999 9
IV.9 Low output- LPG Filling Pump 0.711530791 2 0.7115379 2
IV.10 Low output- LPG Filling Pump 0.90383693 7 0.9249999 9
IV.11 Low output- LPG Filling Pump 0.90383693 7 0.9249999 9
IV.12 Excessive power consumption- LPG Filling Pump 0.90383693 7 0.9249999 9
IV.13 Excessive power consumption- LPG Filling Pump 0.90383693 7 0.9249999 9
IV.14 Excessive power consumption- LPG Filling Pump 0.807683861 4 0.8644228 7
IV.15 Excessive power consumption- LPG Filling Pump 0.807683861 4 0.7721149 4
IV.16 Pump is Noisy- LPG Filling Pump 0.807683861 4 0.7721149 4
IV.17 Pump is Noisy- LPG Filling Pump 0.754584469 3 0.7306970 3
IV.18 Pump is Noisy- LPG Filling Pump 0.807683861 4 0.7721149 4
IV.19 Pump is Noisy – LPG Filling Pump 0.754584469 3 0.7306970 3
V.1 No Vehicle Fill- LPG Dispensing Pump 0.754584469 3 0.8230049 5
V.2 No Vehicle Fill- LPG Dispensing Pump 0.754584469 3 0.8230049 5
V.3 No Vehicle Fill- LPG Dispensing Pump 0.754584469 3 0.8230049 5
V.4 Low Fuel Flow- LPG Dispensing Pump 0.754584469 3 0.8230049 5
V.5 Low Fuel Flow- LPG Dispensing Pump 0.807683861 4 0.7721149 4
V.6 Low Fuel Flow- LPG Dispensing Pump 0.807683861 4 0.7721149 4
V.7 Pulsing Flow- LPG Dispensing Pump 0.754584469 3 0.8230049 5
V.8 No Fuel Output- LPG Dispensing Pump 0.754584469 3 0.8230049 5
V.9 No Fuel Output- LPG Dispensing Pump 0.850737538 6 0.8835819 8
VI.1 Valve Not Opening 0.90383693 7 0.9249999 9
VI.2 Valve Not Opening – ROV 0.754584469 3 0.7306970 3
VI.3 Valve Not Opening 0.807683861 4 0.8644228 7
VI.4 Valve Closing Very Slowly-ROV 0.754584469 3 0.7306970 3
VII.1 Control system not working 0.90383693 7 0.9249999 9
VII.2 Contactor/ Relay /detector failure 0.711530791 2 0.7115379 2
VII.3 Loose connection-Control system 0.807683861 4 0.7721149 4
VII.4 Program fault 0.850737538 6 0.8835819 8
VII.5 Selector switch wrong selection 0.807683861 4 0.8644228 7
VII.6 Program fault 0.807683861 4 0.7721149 4
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E.g.: (L, H, L) gives (0.25, 0.75, 0.25). The optimal level of parameters
determines the standard series. The safe operation of every system
needs the least of occurrence probability, severity and non-detection.
The lowest level values are considered and standard series is the desired
outcome for the failure modes which is the defuzzified lowest linguistic
score i.e. (AN, AN, AN) = (0.066667, 0.066667, 0.066667).

The difference between the comparative and standard series is

considered from the Eq. (3) and used to calculate the grey relationship
coefficient. The correlation coefficient is calculated from Eq. (4).
Careful selection of the weighting coefficient is necessary to get the
degree of relation. Equal weightage of 0.333 is given to occurrence,
severity and detection and weights used by Arabian-Hoseynabadi et al.
(2010), i.e., (0.21, 0.26, and 0.53) for (S, O, D) is also considered for
comparison. The failure modes are ranked from the ascending order i.e.

Table 7
Ranking comparison between traditional, fuzzy FMEA approaches and with GRA trials (Failures are ordered on conventional RPN ranking).

Failure ID Failures FMEA Fuzzy FMEA GRA-I
Equal weights (0.3333) for (S, O, D)

GRA –II
Weighing factors (0.21, 0.26, 0.53)

RPN Rank FRPN Rank Grey relation Rank Grey relation Rank

IV.10 Low output- LPG Filling Pump 120 1 0.5 2 0.90384 7 0.925 9
IV.15 Excessive power consumption- LPG Filling Pump 112 2 0.6 1 0.80768 4 0.77211 4
VI.2 Valve Not Opening – ROV 105 3 0.5 2 0.75458 3 0.7307 3
IV.7 No delivery of LPG- LPG Filling Pump 96 4 0.5 2 0.70149 1 0.64627 1
IV.9 Low output- LPG Filling Pump 96 4 0.5 2 0.71153 2 0.71154 2
V.1 No Vehicle Fill- LPG Dispensing Pump 96 4 0.5 2 0.75458 3 0.823 5
V.2 No Vehicle Fill- LPG Dispensing Pump 96 4 0.5 2 0.75458 3 0.823 5
V.3 No Vehicle Fill- LPG Dispensing Pump 96 4 0.5 2 0.75458 3 0.823 5
V.4 Low Fuel Flow- LPG Dispensing Pump 96 4 0.5 2 0.75458 3 0.823 5
VII.2 Contactor/ Relay /detector failure 96 4 0.5 2 0.71153 2 0.71154 2
III.2 Overfill of storage tank 80 5 0.5 2 0.75458 3 0.823 5
V.6 Low Fuel Flow- LPG Dispensing Pump 75 6 0.4 4 0.80768 4 0.77211 4
IV.6 No delivery of LPG- LPG Filling Pump 72 7 0.4 4 0.90384 7 0.925 9
VII.5 Selector switch wrong selection 72 7 0.4 4 0.80768 4 0.86442 7
I.4 Piping leak 64 8 0.5 2 0.75458 3 0.823 5
III.4 Unloading hose link leaks 64 8 0.5 2 0.75458 3 0.823 5
IV.17 Pump is Noisy- LPG Filling Pump 64 8 0.5 2 0.75458 3 0.7307 3
V.7 Pulsing Flow- LPG Dispensing Pump 64 8 0.5 2 0.75458 3 0.823 5
V.8 No Fuel Output- LPG Dispensing Pump 64 8 0.5 2 0.75458 3 0.823 5
VI.4 Valve Closing Very Slowly-ROV 64 8 0.5 2 0.75458 3 0.7307 3
IV.4 No delivery of LPG- LPG Filling Pump 60 9 0.4 4 0.85074 6 0.88358 8
IV.5 No delivery of LPG- LPG Filling Pump 60 9 0.4 4 0.90384 7 0.925 9
IV.8 Low output- LPG Filling Pump 60 9 0.4 4 0.90384 7 0.925 9
VI.3 Valve Not Opening 60 9 0.4 4 0.80768 4 0.86442 7
VII.3 Loose connection-Control system 60 9 0.4 4 0.80768 4 0.77211 4
VII.6 Program fault 60 9 0.4 4 0.80768 4 0.77211 4
II.1 Drive away while connected to dispenser 50 10 0.4 4 0.80768 4 0.86442 7
II.2 Hose failure- LPG Dispenser 50 10 0.4 4 0.80768 4 0.86442 7
I.6 Piping failure- LPG Dispenser 48 11 0.4 4 0.85074 6 0.88358 8
II. 4 Vehicle pressure relief device leaks- LPG Dispenser 48 11 0.4 4 0.90384 7 0.925 9
III.1 Vehicle tank isolation valve leaks- LPG storage tank Filling

Process
48 11 0.4 4 0.85074 6 0.88358 8

IV.11 Low output- LPG Filling Pump 48 11 0.4 4 0.90384 7 0.925 9
IV.12 Excessive power consumption- LPG Filling Pump 48 11 0.4 4 0.90384 7 0.925 9
V.9 No Fuel Output- LPG Dispensing Pump 48 11 0.4 4 0.85074 6 0.88358 8
VII.4 Program fault 48 11 0.4 4 0.85074 6 0.88358 8
II.5 Nozzles leaks after disconnect- Dispenser 40 12 0.4 4 0.80768 4 0.86442 7
III.5 Release from connecting hose- LPG storage tank Filling

Process
40 12 0.4 4 0.80768 4 0.86442 7

V.5 Low Fuel Flow- LPG Dispensing Pump 40 12 0.4 4 0.80768 4 0.77211 4
I.2 Over pressure and failure of storage tank- LPG storage tank 36 13 0.47 3 0.82478 5 0.86333 6
I.3 Pressure relief device failure LPGstorage tank 36 13 0.47 3 0.82478 5 0.86333 6
I.5 Failure of Storage tank 36 13 0.47 3 0.82478 5 0.86333 6
IV.3 No delivery of LPG- LPG Filling Pump 36 13 0.3 5 0.85074 6 0.88358 8
III.3 LPG transferring trailer bullet leak 32 14 0.4 4 0.85074 6 0.88358 8
IV.1 No delivery of LPG- LPG Filling Pump 30 15 0.3 5 0.90384 7 0.925 9
IV.14 Excessive power consumption- LPG Filling Pump 30 15 0.3 5 0.80768 4 0.86442 7
VI.1 Valve Not Opening 30 15 0.3 5 0.90384 7 0.925 9
I.1 Pressure relief malfunction- LPG storage tank 24 16 0.3 5 0.90384 7 0.925 9
II.3 Leak in connection- LPG Dispenser 24 16 0.3 5 0.80768 4 0.86442 7
IV.13 Excessive power consumption- LPG Filling Pump 24 16 0.3 5 0.90384 7 0.925 9
IV.18 Pump is Noisy- LPG Filling Pump 24 16 0.3 5 0.80768 4 0.77211 4
IV.19 Pump is Noisy – LPG Filling Pump 24 16 0.3 5 0.75458 3 0.7307 3
IV.2 No delivery of LPG – LPG Filling Pump 24 16 0.3 5 0.75458 3 0.823 5
VII.1 Control system not working 24 16 0.3 5 0.90384 7 0.925 9
IV.16 Pump is Noisy- LPG Filling Pump 16 17 0.3 5 0.80768 4 0.77211 4
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smaller the degree of relation, then stronger is the effect of the cause.
The failure modes and ranks are given in Table 5.

5. Results and discussion

FMEA plays a vital role to remedy the gap between the process
technology and operational practices by suggesting proactive main-
tenance regime and producing combined precautions. At this point, the
core issue specific to this failure mode is to reduce/prevent the risky
situations of faults in LPG filling pump, ROVs, dispensers, etc. For in-
stance, the current maintenance regime (planned preventive main-
tenance) can be enhanced with relevance to the operational control/
planning perspective. It means that the in-service hours can be recon-
sidered in accordance with the condition monitoring. This operational
control can be valued with technology integration into existing control
systems. An additional unit that continuously monitors performance
parameters (i.e. Inlet/Outlet flow rate, pressures, noise levels) can be
integrated. Consequently, the FMEA of the system aid us to produce
precautions both in system design and operational levels to prevent the
risks of failure mode. The similar approach can be followed for the
other components and their corresponding failure modes subsequently.
Based on the results, safety improvement actions for different stages of
processes were suggested.

The results depict the average RPN values (Traditional-
56.63 & Fuzzy-0.417). It is observed that about 26 failures and 20
failures are above the average values by the traditional and fuzzy rule
base method respectively and are compared in Table 6. The fuzzy ap-
proach demonstrates a wider concern in considering the failures. With a
resemblance of the traditional approach, the fuzzy approach presents a
little reallocation in the prioritisation of the failure modes by applying
the proposed methodology.

The failure ranking comparison of failure modes above average RPN
values demonstrate fuzzy approach considers the uncertainty and am-
biguity of assessment process and provides more stable solution. In both
the approaches, the failures associated with LPG filling pump, ROV and
dispensing pumps are found to peak the ranks. The fuzzy approach
categorizes into five sets of priority ranks. It is noted that the failure
modes IV.14, IV.15, IV.18, VI.3, VII.3, VII.6, VII.5, V.6, and IV.16 are
found to be above average RPN in traditional approach but are not
present in fuzzy approach. The failure modes I.2, I.3, I.5 are observed to
be with FRPN value more than average but are not present in tradi-
tional approach. They refer to storage tank overpressure, pressure relief
failure and tank failure. Owing to the severity of those failures, the
fuzzy approach prioritises to a third category of importance. This re-
covers the accuracy of ranking by applying fuzzy rule base to FMEA.

Fuzzy FMEA by GRA approach enables the users to realistically
process experts judgments (linguistic terms) and consequently improves
the relevance of the FMEA technique in ALDS. The rule base is sub-
stituted by means of a grey relational approach to achieve the priority
ranking. The importance weights of failure modes are engaged into
deliberation, which makes the projected FMEA methodology more
practical, realistic and more flexible. FM IV.7 (Suction filter/strainer
blockage) is found to get the top priority. FM IV.9 (Cavitations or va-
porisation in suction side of pump) and VII.2 (Contactor/ Relay /de-
tector failure) are following the top failure mode.

The fuzzy rule base allocates similar RPN values for several failure
modes. This can be used to cluster the failure modes in order of priority.
When GRA approach is compared with rule base results, the order of
priority is found to vary in the top and the bottom most group of
priority failure modes. We can notice LPG low output (FM IV.10) is
found to have lower priority in GRA and a higher priority in rule base
approach. And failure modes like IV.19, IV.18, IV.16, IV.2, IV.14, and
II.3 are found to have higher importance in GRA approach.

Among GRA trials, similar results are obtained with exception to
few failure modes whose order of priority is rearranged. In the above
Table 7 results were found to have pronounced the importance or
weightage to the three factors occurrence, severity and non detection.
The ranks are found to have rearranged based on the weightage. The
dissimilar weighting factors are applied there is a noticeable re-
arrangement of priority of failure modes which pronounces their im-
portance. It can be of ease to user to retune the approach by altering the
weights, in case of demands arising due to modifications or alterations.
GRA approach can be used in the case of absence of predefined in-
ference rules which require a lot of expertise otherwise.

6. Conclusion

Fuzzy FMEA is applied to an auto LPG refuelling station in this
work. The potential failure modes were identified and analyzed for
their effects, root causes, and detection methods. The RPN and FRPN
scores have also been computed, with the results analyzed and dis-
cussed. The usage of linguistic terms allows the experts to dispense a
significant value for the risk factors considered. Thus the identified
failure modes are not overlooked (owing to a low RPN) when taken into
account for the precedence of attention.

The proposed approach using fuzzy rule base could be suitable for
use in screening phase during a formal safety assessment (FSA) where
only a relative ranking order is required basically to differentiate fail-
ures with low and high risk levels.

The grey approach allows the experts to fix on important factor for
the study, the results may provide precious inferences for the decision
making process. Moreover the approach can be applied for a number of
industries like petrochemical, chemical industries, etc.

The advantages of FMEA coupled with fuzzy approach to a LPG
refuelling station can be summarised as follows:

• Expert knowledge and experience are systematically combined for
use in an FMEA study.

• Experts deliver their opinion more realistically as linguistic terms.

• The fuzzy-FMEA can be extended with a number of risk factors not
restricting to three.

• An ability to handle various types of uncertainties, such as im-
precision, incompleteness, fuzziness of quantitative risk assessments
which formulates the approach more flexible, more practical and
more realistic. The reason is that fuzzy method can overcome the
uncertainty of input data and it’s imprecision.

• GRA approach can be used in the case of absence of predefined
inference rules which require a lot of expertise otherwise. It can be
easily tuned to suit system modifications or to new systems which
increases the applicability of the approach.

Appendix A
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Table A1
Rule base for fuzzy output.

Sl No. Occurrence Severity (Not) detection Fuzzy output

1 Almost none Almost none Almost none None
2 Almost none Almost none Low None
3 Almost none Almost none Medium Very Low
4 Almost none Almost none High Very Low
5 Almost none Almost none Very high Low
6 Almost none Low Almost none None
7 Almost none Low Low Very Low
8 Almost none Low Medium Very Low
9 Almost none Low High Low
10 Almost none Low Very high High Low
11 Almost none Medium Almost none Very Low
12 Almost none Medium Low Very Low
13 Almost none Medium Medium Low
14 Almost none Medium High High Low
15 Almost none Medium Very high Low Medium
16 Almost none High Almost none Very Low
17 Almost none High Low Low
18 Almost none High Medium High Low
19 Almost none High High Medium
20 Almost none High Very high Medium
21 Almost none Very high Almost none Low
22 Almost none Very high Low High Low
23 Almost none Very high Medium Low Medium
24 Almost none Very high High Medium
25 Almost none Very high Very high High Medium
26 Low Almost none Almost none None
27 Low Almost none Low Very Low
28 Low Almost none Medium Very Low
29 Low Almost none High Low
30 Low Almost none Very high High Low
31 Low Low Almost none Very Low
32 Low Low Low Very Low
33 Low Low Medium Low
34 Low Low High High Low
35 Low Low Very high Low Medium
36 Low Medium Almost none Very Low
37 Low Medium Low Low
38 Low Medium Medium High Low
39 Low Medium High Low Medium
40 Low Medium Very high Medium
41 Low High Almost none Low
42 Low High Low High Low
43 Low High Medium Low Medium
44 Low High High Medium
45 Low High Very high High Medium
46 Low Very high Almost none High Low
47 Low Very high Low Low Medium
48 Low Very high Medium Medium
49 Low Very high High High Medium
50 Low Very high Very high Low High
51 Medium Almost none Almost none Very Low
52 Medium Almost none Low Very Low
53 Medium Almost none Medium Low
54 Medium Almost none High High Low
55 Medium Almost none Very high Low Medium
56 Medium Low Almost none Very Low
57 Medium Low Low Low
58 Medium Low Medium High Low
59 Medium Low High Low Medium
60 Medium Low Very high Medium
61 Medium Medium Almost none Low
62 Medium Medium Low High Low
63 Medium Medium Medium Low Medium
64 Medium Medium High Medium
65 Medium Medium Very high High Medium
66 Medium High Almost none High Low
67 Medium High Low Low Medium
68 Medium High Medium Medium
69 Medium High High High Medium
70 Medium High Very high Low High
71 Medium Very high Almost none Low Medium
72 Medium Very high Low Medium
73 Medium Very high Medium High Medium
74 Medium Very high High Low High

(continued on next page)
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ABSTRACT: This paper proposes a fully automated method for MR

brain image segmentation into Gray Matter, White Matter and

Cerebro-spinal Fluid. It is an extension of Fuzzy C Means Clustering

Algorithm which overcomes its drawbacks, of sensitivity to noise and

inhomogeneity. In the conventional FCM, the membership function is

computed based on the Euclidean distance between the pixel and

the cluster center. It does not take into consideration the spatial cor-

relation among the neighboring pixels. This means that the member-

ship values of adjacent pixels belonging to the same cluster may not

have the same range of membership value due to the contamination

of noise and hence misclassified. Hence, in the proposed method,

the membership function is convolved with mean filter and thus the

local spatial information is incorporated in the clustering process.

The method further includes pixel re-labeling and contrast enhance-

ment using non-linear mapping to improve the segmentation accu-

racy. The proposed method is applied to both simulated and real T1-

weighted MR brain images from BrainWeb and IBSR database.

Experiments show that there is an increase in segmentation accuracy

of around 30% over the conventional methods and 6% over the state

of the art methods. VC 2016 Wiley Periodicals, Inc. Int J Imaging Syst

Technol, 26, 116–123, 2016; Published online in Wiley Online Library (wileyonli-

nelibrary.com). DOI: 10.1002/ima.22166

Key words: MR brain image segmentation; fuzzy C means; spatial

information

I. INTRODUCTION

Magnetic resonance imaging (MRI) is a non-invasive imaging

technique which provides extensive detail about the soft tissue

anatomy of the brain. The segmentation of brain into its constitu-

ent parts – White Matter (WM), Gray Matter (GM) and Cerebro-

spinal Fluid (CSF) plays a major role in the quantitative analysis

of normal and abnormal brain tissues. Manual segmentation of

brain MRI is time consuming as it involves huge amount of data

and also it leads to inter and intra observer variability. The major

difficulties associates with automated MR brain image segmenta-

tion are smoothly varying intensity inhomogeneity, also called

bias field and noise. In the last decade, automated segmentation

methods based on Fuzzy C Means Clustering (FCM) have been

extensively used in the image segmentation. Fuzzy clustering is

the process of assigning membership values to each cluster and

then using them to assign data elements to one or more clusters,

minimizing an objective function (Dunn, 1974; Bezdek, 1981).

The major drawback associated with the application of FCM for

MR brain image segmentation is that it is sensitive to noise and

inhomogeneity. Many methods in literature have been proposed

for effective segmentation of MR brain images in the presence of

noise and intensity inhomogeneity (Balafar et al., 2010; Balafar,

2014, Madhukumar and Santhiyakumari, 2015). A combination

of Mean Shift and FCM method is proposed for MR brain image

segmentation (Mahmood et al., 2015) which provides clustering

by taking both the spatial and intensity domain into account. A

non-local regularization term is introduced into the FCM segmen-

tation methodology to improve the robustness against noise and

bias field artifacts (Caldairou et al., 2011). FCM with spatial con-

straints based on kernel methods to overcome the effects of noise

and outliers have been proposed. (Chen and Zhang, 2004; Chen

et al., 2011). Various methods of modifying the objective func-

tion of the standard FCM to compensate for intensity inhomoge-

neities and noise have been introduced. (Ahmed et al., 2002;

Siyal and Yu, 2005; Zhao et al., 2015; Feng et al., 2013; Li and

Shen, 2010; Ramathilagam et al., 2011; Ji et al., 2011; Chen

et al., 2012). A method of using Soft Computing Approaches to

compute the cluster centers of FCM segmentation is proposed

(Agrawal et al., 2014). A weighted membership function which

incorporates local and global spatial information is introduced to

overcome the effects of sensitivity to noise and intensity inhomo-

geneity is proposed (Adhikari et al., 2015). The Euclidean dis-

tance in the objective function of FCM is replaced with

neighborhood-weighted distance to improve robustness againstCorrespondence to: Meena Prakash; e-mail: meenaprakash73@gmail.com

VC 2016 Wiley Periodicals, Inc.



noise and artifacts (Zaixin et al., 2014). An improved fuzzy

entropy algorithm incorporating both local spatial and gray level

information is proposed (Verma et al., 2014). A spatially con-

strained self organizing tree map (SCSOTM) employing dual-tree

complex wavelet transform (DT-CWT) is proposed for segmenta-

tion of brain MR images (Zhang et al., 2014) .

In our work, an automated method of segmentation of MR

brain images into three tissue types: WM, GM, and cerebro-

spinal fluid (CSF) based on FCM based segmentation is pro-

posed. In the proposed work, a novel method of FCM inte-

grated with spatial information and contrast enhancement has

been proposed. The contribution of this article includes the

followings:

� The membership degree matrix representing each class is con-

volved with 3x3 mean filter to incorporate the spatial

relationship.

� Pixel Re-labeling based on Contrast enhancement using

non-linear mapping is used to improve the segmentation

accuracy.

The robustness of the proposed method is validated by conduct-

ing experiments on publicly available simulated and real MRI brain

volumes and the results are compared with the existing techniques

both qualitatively and quantitatively.

The rest of the chapter is organized as follows: FCM segmenta-

tion algorithm, Gaussian Mixture Model—Expectation Maximiza-

tion algorithm, the non-linear mapping, and the proposed method are

described in the Materials and Methods—Section II, experimental

results and discussion are presented in Section III with a conclusion

in Section IV.

II. MATERIALS AND METHODS

A. Fuzzy C Means Algorithm. The FCM algorithm performs

clustering by assigning fuzzy memberships to different clusters.

Let X5 x1; x2; . . . . . . . . . xnf g denote an image with N pixels to be

partitioned into c clusters where 2 � c � n; and xj represents

the intensity of the image pixel. The FCM algorithm is iterative

that minimizes the objective function given by

Jm U;Vð Þ5
Xc

i51

Xn

j51

um
ij d2

ij (1)

dij5jj xj2vijj (2)

such that

Xc

i51

uij51; uij 2 0; 1½ �

where m 2 1;1ð Þ is a weighting exponent on each fuzzy member-

ship and determines the amount of fuzziness of the resulting classifi-

cation. Here m 5 2 and uij represents the membership of pixel xj in

the ith clustering, dij represents the distance between the pixel xj and

the cluster center vi. The FCM objective function is minimized when

high membership values are assigned to pixels whose intensities are

close to the centroid of its particular class, and low membership val-

ues are assigned to pixels whose intensities are far from the centroid.

The membership function and the cluster centers are updated by the

following equations.
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The algorithm starts with an initial guess of the cluster centers,

updating the membership function and the cluster centers and

finally converges to steady cluster centers detected at two succes-

sive iterations. After the convergence, each pixel is assigned to a

specific cluster for which the membership is maximal. The draw-

back of FCM algorithms for MR brain image segmentation is that

it is sensitive to intensity inhomogeneity and noise since it does

not take into account the spatial correlation among neighboring

pixels. To overcome this drawback, in the proposed method, the

spatial information among the neighboring pixels is incorporated

in the membership function.

B. Gaussian Mixture Model – Expectation Maximization
Algorithm. Let X5 x1; x2; . . . . . . . . . xnf g denote an image with N

pixels to be partitioned into K clusters.

The Gaussian distribution of a pixel with intensity x, can be writ-

ten in the form

G xjl; r2
� �

5
1

2pr2ð Þ
1
2

exp 2
1

2r2
x2lð Þ 2

� �
(5)

where l is the mean and r2 is the variance of the cluster.

The Expectation Maximization algorithm for Gaussian consists

of the following steps. (Bishop, 2006)

Step 1: Initialize the parameters—Means lk, covariances Rk and

mixing coefficients pk for every cluster and evaluate the initial value

of the log likelihood.

Step 2: E step—Evaluate the posterior probabilities using the cur-

rent parameter values.

c Znkð Þ5
pkG xnj lk;

P
k

� �
PK
j51

pjG xnjlj;
P

j

� � (6)

Step 3: M step-Re-estimate the parameters described by the current

posterior probabilities.
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k 5

1
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Step 4: Evaluate the log likelihood value
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Check for convergence of either the parameter values or the log like-

lihood. When the convergence criterion is not satisfied, then go to

step 2. After convergence, the distribution of each pixel is obtained

with the estimated parameters and the pixel is assigned to the cluster

for which the distribution is maximized.

C. Mean Filter and Non-Linear Mapping. To incorporate

the spatial information, the membership function matrix is convolved

with 3 x 3 mean filter given by

HM5

1=9 1=9 1=9

1=9 1=9 1=9

1=9 1=9 1=9

2
664

3
775 (12)

To improve the segmentation accuracy, non-linear mapping (Lu

et al., 2014) is employed for contrast enhancement in the MR brain

image. Non-linear mapping using sigmoids filter is used for trans-

forming the gray level of the input pixel into the gray level of the

output pixel. The transformation is given by,

P05ðMax2MinÞ 1

11e
2ðP2bÞ

a

1Min (13)

P and P0 are the gray levels of the input pixel and output pixel

respectively. Min and Max are the minimum and maximum gray

level of the output image. a denotes the width of the input gray level

range and b denotes the gray level around which the range is cen-

tered. In the proposed method, non-linear mapping is employed to

distinguish the tissue regions and segment effectively.

It is observed that the GM pixels are misclassified into CSF and

WM pixes. They are re-labelled by non-linear mapping using sig-

moids filter.

D. Proposed Method. The conventional FCM algorithm does

not consider the spatial correlation among the neighboring pixels and

hence sensitive to noise and intensity inhomogeneity. To overcome

this drawback, in the proposed method, the membership function for

each cluster is convolved with 3 3 3 mean filter so that the member-

ship function is weighted with the neighborhood information. Also,

in the segmentation of IBSR data, the volume of CSF is very small

in proportion to the volume of GM. Hence the segmentation accu-

racy is poor for both the tissues. To improve this, first FCM segmen-

tation is done without considering the CSF, assigning both the

classes—CSF and GM as GM. Then the CSF pixels are classified by

segmentation using histogram based GMM-EM method from the

combined clusters. Also, to improve the segmentation accuracy fur-

ther, contrast enhancement of the segmented region using non-linear

mapping is employed. The proposed method of FCM integrated with

spatial information and contrast enhancement is explained in the fol-

lowing steps.

Step 1: Set the number of clusters as 3. Set the initial cluster cen-

ters as the means obtained from the K means segmentation of the

input MR brain image. Set the termination criteria as

abs Vnew 2 Voldð Þ < 0:00001 (14)

where V is a vector of cluster centers.

Step 2: Convert the input image into 1-D vector after removing

the background pixels.

Step 3: Update the membership function matrix using (3).

Step 4: After converting to 2D with zeros inserted for back-

ground, convolve the membership function matrix with 3 3 3 mean

filter as given in (12) and convert to 1-D.

Step 5: Update the cluster centers using (4).

Step 6: Repeat steps 2 through 5 till termination.

Step 7: For every pixel in the image, find the cluster for which its

membership value is maximized and label accordingly as LF 5 1, 2

or 3.

The following steps are followed for BrainWeb data and IBSR

data.

IBSR Data. Step 8: The classes 1 and 2 pixels are labeled as GM

and the class 3 pixels are labeled as WM. This is followed with

respect to frequency distribution of the GM and WM tissues as given

in Table I

Table I. Frequency distribution of IBSR image 12_3 slice 25 with back-

ground removed.

Lower

Bound

Upper

Bound

Class

Means

Relative

Frequency (%)

Cluster

Centre Labels

11 77 44 01.71 104 GM

77 143 110 44.97 138 GM

143 209 176 53.33 172 WM

Figure 1. Illustration of Pixel Re-labeling using non-linear mapping (a) Segmented CSF region (b) GM pixels in CSF region obtained using non-

linear mapping of CSF region (c) Segmented WM region (d) GM pixels in WM region obtained using non linear mapping of WM region.
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Step 9: Perform histogram based EM segmentation with number

of classes as 7 and obtain the CSF pixels as class 2.

Step 10: Relabel the GM pixels obtained in step 8 as CSF pixels

with respect to step 9.

BrainWeb Data. Step 8: For BrainWeb Data, the class 1, 2 and 3

pixels are labeled as CSF, GM and WM.

Step 9: Obtain the CSF region alone. Perform non-linear mapping

with width a as 10 and b as cluster centre for GM region. Relabel the

CSF pixels as Gray pixels those have value greater than threshold.

(20 here)

Step 10: Obtain the WM region alone. Perform non-linear map-

ping with width a as 10 and b as cluster centre for GM region. Rela-

bel the WM pixels as Gray pixels those have value less than

threshold. (90 here)

In this way, segmentation accuracy is increased which is illus-

trated in Figure 1.

Overview of Segmentation Methods of Comparison. F.1.

Statistical Parametric Mapping. The SPM software SPM8 is a

MATLAB software package implementing statistical methods for

analysis of functional and structural neuroimages. Brain tissue seg-

mentation with SPM8 can be performed in three frameworks: i)

default segmentation, ii) SPM8 New-segmentation and iii) modified

version using hidden Markov random field as an additional spatial

constraint as implemented in SPM-VBM toolbox.

The default segmentation routine implemented in SPM 8 is based

on a unified segmentation model that performs tissue segmentation,

registration and intensity non-uniformity (bias) correction all in the-

same model. (Ashburner and Friston, 2005). The results obtained for

the proposed method are compared with that of the SPM8 New-

Segmentation.

F.2. FMIRB Automated Segmentation Tool (FAST). FSL is a

software package developed by members of the Oxford Centre which

is composed of image analysis and statistical tools for neuroimage

data study. The FMRIB Automated Segmentation Tool (FAST) was

developed for segmentation of brain tissues. The FSL-FAST seg-

mentation routine is based on a Hidden Markov Random Field

(HMRF) model that is optimized using the Expectation-

Maximization algorithm (Zhang et al., 2001).

F.3. Spatial Constrained Self-Organizing Tree Map (SCSOTM).
An automatic unsupervised segmentation method integrating Dual-

tree complex wavelet transform with self-organizing map for brain

MR images.

III. EXPERIMENTAL RESULTS AND DISCUSSION

To validate the performance of our method, in this section, the results

of the Fuzzy C mean integrated with spatial information and contrast

enhancement on simulated and real MRI data are discussed. The sys-

tem configuration used is Intel Core 2 Duo CPU @2. 53GHz with

1.98GB of RAM. The algorithm is carried out using MATLAB.

A. Results Using Simulated MRI Data. The simulated 3-D

MRI data are obtained from the Brain Web Database at McConnell

Brain Imaging Center of the Montreal Neurological Institute (MNI),

McGill University, Canada. A set of T1-weighted images of dimension

181 3 217 3 181 and a voxel size of 1 3 1 3 1 mm3 with varying

noise levels of 0%, 1%, 3%, 5%, 7% and 9% and intensity inhomoge-

neity of 0%, 20% and 40% (18 image volumes) is used in this experi-

ment. The Brain Web has provided the segmentation ground truth and

hence it is able to evaluate and compare the segmentation accuracy

Figure 2. Segmentation Results on BrainWeb data (a) & (e) T1 weighted original MR brain image from BrainWeb with 0% INU and 9% Noise-
Slices 100 and 60 (b) & (f) their respective Ground Truths (c) & (g) Segmentation by FCM (d) & (h) Segmentation by proposed method.
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with other methods. To quantitatively evaluate the segmentation accu-

racy, the Dice’s coefficient (DC) is used as the metric. The DC

(Mahmood et al., 2014) measures the degree of overlap between the

ground truth and the segmentation result. It is defined as

DC5
2Vae

Va1Veð Þ (15)

where Vae is the number of voxels, the segmentation result and the

ground truth have in common, and Va and Ve denote the number of

voxels in the segmentation result and the ground truth respectively.

The value of DC lies between 0 and 1 and for perfect segmentation;

it has a value of one.

The experiment is conducted on the whole dataset which includes

181 images. In this experiment, the proposed method is compared

with conventional SPM8 and FAST segmentation methods. (Kazemi

& Noorizadeh 2014). Also to prove the efficacy of the contrast

enhancement, the results are compared for both with and without

contrast enhancement. Figure 2 shows the visual comparison of con-

ventional FCM and the proposed method. Figures 3 and 4 depicts the

quantitative comparison with that of SPM8 and FAST. It is inferred

that the proposed method give better results compared to these meth-

ods. Also, due to contrast enhancement by non-linear mapping, the

segmentation accuracy is increased by around 1%. Table IV gives the

average DC for all the 18 images and compared with the methods of

FAST and SPM8 which shows the efficacy of the proposed method.

For 0%, 1% and 3% noise levels, the spatial factor is not included.

B. Results on Real MR Brain Images Using IBSR 20
Dataset. The real normal MR brain images are obtained from the

Internet Brain Segmentation Repository (IBSR). MR images of IBSR

database are T1-weighted 3D head scans. 20 normal MR brain data sets

and their manual segmentation are available. Tanimoto Similarity Coef-

ficient (Demirhan and Guler, 2011) is calculated as the size of the inter-

section divided by the size of the union of the set A and B as given by

T5

���A \ B

A [ B

���5 jA \ Bj
jAj1jBj2jA \ Bj5

TP

FN1FP1TP
(16)

where TP represents True Positive, FN represents False Negative

and FP represents False Positive. Each volume consists of around 56

images of size 256 x 256 with voxel size of 1mm 3 3.1mm 3 1mm.

The experiment is conducted on all the 20 normal brain datasets of

IBSR. Manual segmentation is available for all the images and hence

it is able to evaluate and compare the segmentation accuracy with

other methods.

Figure 3. Comparison of the Dice Coefficient of WM for 18 BrainWeb
volumes - Proposed method with SPM8, FAST and method without re-
labeling (a) 0%rf (b) 20%rf (c) 40%rf. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 4. Comparison of the Dice Coefficient of GM for 18 BrainWeb

volumes - Proposed method with SPM8, FAST and method without re-
labeling (a) 0%rf (b) 20%rf (c) 40%rf. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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For IBSR data, the significant contribution for improvement in

accuracy is due to initial classification into GM and WM, and then

re-labeling for CSF pixels. The significance of spatial factor of mean

filter is less, since for IBSR data, noise is not present. Figure 5 and

Table II depict the quantitative comparison of the segmentation

results of the proposed method with that of the six methods which

are announced at the official site of IBSR and spatial constrained

self-organizing tree map (SCSOTM) (Zhang and Jiang 2014). Figure

6 shows the qualitative segmentation results of the proposed method

for IBSR. It is evident that the proposed method is superior to the

conventional methods by around 30% and over the state of the art

methods by 6%. Table IV depcicts the comparison of the segmenta-

tion results of the proposed method with that of the SPM8 and FAST

segmentation methods (Sergi et al., 2014).

Table III. Segmentation results on IBSR 18 data.

Jaccard similarity Dice similarity

Dataset CSF GM WM CSF GM WM

1 0.0995 0.8563 0.8097 0.1810 0.9226 0.8949

2 0.1496 0.8633 0.8096 0.2603 0.9266 0.8948

3 0.1150 0.8774 0.7629 0.2063 0.9347 0.8655

4 0.1450 0.8636 0.7182 0.2533 0.9268 0.8360

5 0.2227 0.8457 0.7688 0.3643 0.9164 0.8693

6 0.1204 0.8461 0.8064 0.2150 0.9167 0.8928

7 0.1629 0.8524 0.7852 0.2801 0.9203 0.8797

8 0.2196 0.8595 0.8130 0.3601 0.9244 0.8969

9 0.2797 0.8446 0.7879 0.4372 0.9158 0.8814

10 0.1882 0.8563 0.8097 0.3167 0.9226 0.8949

11 0.1333 0.8755 0.8491 0.2352 0.9336 0.9184

12 0.1443 0.8732 0.7978 0.2522 0.9323 0.8875

13 0.1872 0.8890 0.7531 0.3153 0.9412 0.8592

14 0.3055 0.8698 0.7798 0.4680 0.9304 0.8763

15 0.0973 0.8717 0.7491 0.1774 0.9315 0.8566

16 0.2153 0.8654 0.6986 0.3543 0.9279 0.8226

17 0.4093 0.8673 0.7491 0.5808 0.9289 0.8565

18 0.4068 0.8443 0.6912 0.5784 0.9156 0.8174

Average 0.2001 0.8623 0.7744 0.3242 0.9260 0.8722

Table II. Comparison of segmentation results on IBSR 20 data with that of

six segmentation Algorithms available in IBSR website and SCSCOTM for

GM and WM.

Methods GM WM

MAP 0.55 0.57

AMAP 0.57 0.58

BMAP 0.56 0.58

FCM 0.47 0.58

ML 0.54 0.57

KMeans 0.48 0.58

SCSOTM 0.72 0.65

Proposed Method 0.78 0.71

Figure 5. Comparison of the Tanimoto Coefficient for 10 IBSR 20 volumes - Proposed method with six different algorithms provided by IBSR
and SCSOTM (a) GM (b) WM. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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C. Results Using Real MR Brain Images Using IBSR 18
Dataset. The IBSR18 dataset comprises 18 real T1-weighted

MRI scans of normal subjects. Each MRI scan is of size 256 3256

3128 with voxels of size 0.94 mm 3 0.94 mm 3 1.5 mm. Manual

segmentation for each T1-weighted MRI scan for this dataset is

available. The segmentation results of the proposed method are given

Figure 6. Segmentation Results on IBSR 20 data (a) & (d) T1 weighted original MR brain image volume 202_3 - Slices 15 & 40 (b) & (e) their
respective Ground Truths (c) & (f) Segmentation by Proposed Method.

Figure 7. Segmentation Results on IBSR 18 data (a) & (d) T1 weighted original MR brain image volume 18 - Slices 35 & 70 (b) & (f) their respec-

tive Ground Truths (c) & (f) Segmentation by Proposed Method.
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in Table III and the comparison with SPM8 and FAST methods is

given in Table IV. Figure 7 shows the qualitative segmentation

results of the proposed method for IBSR 18 data.

It is inferred from the experiments that for low resolution real

MR brain image which are affected by INU, the selection of appro-

priate number of classes plays a crucial role and it can be obtained

form the frequency distribution of the image and the cluster centers.

For brain images affected by noise, convolution of the membership

function with low pass filter gives good results which can be further

enhanced by non-linear mapping.

IV. CONCLUSION

Automatic Segmentation of MR brain images is a difficult task due

to the presence of intensity inhomogeneity and noise. The conven-

tional FCM algorithm does not consider the spatial information in

the image. In this paper, we present FCM integrated with spatial

information to overcome this drawback. Also, the segmentation

accuracy is further improved by contrast enhancement using non-

linear mapping and re-labeling. The method is validated on both

simulated MR brain images from BrainWeb and real MR brain

images from IBSR. Experimental results, qualitative and quantitative

comparison depicts that our method outperforms the existing meth-

ods and the state of the art methods.
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Abstract The introduction of ester oils replaces existing liquid insulation system
(mineral oil) in transformers. Since ester oils are eco-friendly and biodegradable in
nature. In this work, mineral oil and rapeseed oil are used as base fluids. Further,
MO and RO are blended together at various ratios from 10 to 90%. The important
characteristics like breakdown voltage, acidity, and dielectric loss of the oil samples
are analyzed. Using fuzzy logic method, best optimistic liquid insulation sample is
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1 Introduction

Most of the countries in theworld suffered due to environmental issues. In order to have
control over environmental issues, most of the countries follow strict norms in all
sectors. Likewise, in power sector, in transformers, non-biodegradable mineral oil
(MO) is replaced by biodegradable ester oil [1]. As of now, in most of the countries
petroleum-basedmineral oil is used as liquid insulation system in transformers, because
of its good electrical, chemical and physical properties, availability, and low cost [2].

Ester oils are suitable alternative for replacing MO, because of its biodegradable
and eco-friendly nature. Moreover, ester oils have good dielectric and physical
properties. In particular, ester oils have excellent fire resistance properties [3]. Even
though it has many advantages, it also has some disadvantages such as high cost,
poor viscosity, and poor oxidation stability [1]. In order to overcome disadvantages
of MO and ester oil, both the oils were mixed together at various ratios and some of
the important properties were analyzed [4, 5]. Among this, selection of sample
having better characteristic performance is a difficult task.

In today’s competitive, challenging, and highly changing world, decision
making is a complex process. It is mainly because of the involvement of fuzzy
nature in the criteria and alternatives in the decision-making process. Fuzzy logic is
essential to solve the decision-making problems. As of now, many researchers
monitored the condition of the transformers using fuzzy logic-based
decision-making system; accordingly, diagnostics required diagnostic process
maybe followed [6]. In this work, an attempt has been made to choose the opti-
mistic liquid insulation sample among all the samples by using fuzzy logic.

2 Samples Preparation Process

The required quantity of MO and rapeseed oil (RO) are purchased from reputed
companies and these two oils are considered as base fluids. Then the oils are treated
to remove the moisture and particles. Mixed fluids are prepared by mixing of two
base fluids at various ratios with the help of magnetic stirrer for time span of 1 h.
The prepared mixed insulating fluids are numbered as given in Table 1.

Table 1 Samples description Sample no Ratio

S1 MO 100%
S2 RO 100%
S3 MO 90% + RO 10%
S4 MO 80% + RO 20%
S5 MO 70% + RO 30%
S6 MO 60% + RO 40%
S7 MO 50% + RO 50%
S8 MO 40% + RO 60%
S9 MO 30% + RO 70%
S10 MO 20% + RO 80%
S11 MO 10% + RO 90%
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3 Experimental Results

To analyze the characteristics performance of mixed liquid insulation, different
important characteristics like breakdown voltage, acidity, and dielectric loss are
observed in laboratory oriented tests. Moreover, experimental results of mixed
insulating liquids are shown in Figs. 1, 2, and 3.

Breakdown voltage is the measure of electrical stress withstanding ability of
insulating liquid. A fully automatic breakdown voltage measurement kit is used to
measure the breakdown voltage of mixed insulating liquids as per IEC 60156. The
breakdown voltage of the mixed insulating liquids is shown in Fig. 1, it is the
average of six successive measurements with the equal time delay of 2 min with the
sphere electrodes of 2.5 mm spacing [7]. It is clear from Fig. 1, when comparing
breakdown voltage of both pure MO and RO oils, RO has higher breakdown than
MO. Further, in the mixed insulating liquids, with the lower mixing ratios,
breakdown voltage is somewhat higher than pure MO and for higher mixing ratios,
breakdown voltage is also high.

Acidity is one of the most important parameters when assessing the condition of
the liquid insulation. Generally, it is the measure of presence of organic and
inorganic acids in the liquid insulation and, further, it is represented as milligram of
potassium hydroxide required to neutralize the acids in 1 g of liquid insulation [8].
When looking over Fig. 2, compared with acidity of MO, RO have higher acidity.
Even though it has higher acidity, it contains organic long-chain fatty acids which
are less aggressive compared to organic short-chain fatty acids of MO. Moreover,
with the increase in mixing ratio, acidity gets increased.

Fig. 1 Breakdown voltage of mixed insulating liquids
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In a material, ionic conduction and dipole moment are the most important
mechanism cause electromagnetic energy dissipation, i.e., dielectric loss in the
material. With the application of electrical stress, interaction of dipoles and ions
generates heat on the entire material and energy gets lost in the form of heat.
Dielectric loss of liquid insulations determined at 90 °C as per IEC 60247.

Fig. 2 Acidity of mixed insulating liquids

Fig. 3 Dielectric loss of mixed insulating liquids
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When comparing dielectric loss of MO and RO, dielectric loss of MO is less
compared with RO as shown in Fig. 3. In the higher mixing ratios, the dielectric
loss of the mixed insulating liquids gets increased with mixing ratio.

4 Fuzzy Logic

Fuzzy logic is an information system that imitates the decision-making ability of
human knowledge into engineering systems. Fuzzy logic is made of three parts that
are working memory, knowledge base, and inference engine. Working memory
stores information from the user. In addition to the information about the problem,
the final decision is made using inference engine [6].

In this section, fuzzy logic model is developed to take a decision to determine
the optimal liquid insulation sample. Fuzz logic model is developed in accordance
with fuzzy inference model as shown in Fig. 4.

Developed model is having three inputs with triangular membership function.
Breakdown voltage, acidity, and dielectric loss are the three inputs with six ranges
of linguistic variables like very good, good, moderate, bad, extremely bad, and
disastrous. Then, the output corresponds to each input is also having triangular
membership function at different linguistic variables like excellent, sufficient, barely
sufficient, and critical. The output mainly depends upon breakdown voltage, acidity,
and dielectric loss. Moreover, based on the results, the output is classified. If the
output is critical then the oil contains more contaminated particles, and it is not
suitable in transformers as insulating and cooling medium. The input and output
membership functions are shown in Figs. 5, 6, 7, 8, and 9.

First input breakdown voltage is scaled from 0 to 90 and above, second input
acidity is scaled from 0 to 2 and above, and third input is 0–0.6 and above. Output
is from 0 to 1 point scale.

When the breakdown voltage is in good range, acidity is in moderate range and
dielectric loss is in moderate range, then the output lies in the sufficient range. This
shows that the state of the oil is acceptable, and thus the oil contains lesser amount
of contaminated particles.

Fig. 4 Fuzzy inference model
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Again, the breakdown is in good range, acidity is in bad range, and dielectric
loss is in moderate range, now the output is shifted to barely sufficient range. With
the increase in acidity, contaminated particles present in oil increases. It can be seen
that the acidity directly affects the performance of oil.

With the combination of above input and output membership functions, totally
216 rules are developed. With the help of centroid method, the output fuzzy set is

Fig. 5 Membership functions of breakdown voltage

Fig. 6 Membership functions of acidity

Fig. 7 Membership functions of dielectric loss
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properly converted into a crisp set. From Table 2, it clearly indicates that initially
the fuzzy score of the samples gets increased. After sample S5, fuzzy scores of the
samples get reduced because of increment in acidity and dielectric loss. Since with

Fig. 8 Membership functions of output

Fig. 9 All the three inputs with output
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the increase in sample ratios, acidity, and dielectric loss of liquid insulation samples
gets increased, this ha an impact in membership function regions and moves acidity
and dielectric loss of samples to bad and extremely bad regions.

5 Conclusion

In this work, an attempt has been made to select the optimistic liquid insulation
sample using fuzzy logic. Based on the experiments, breakdown voltage, acidity,
and dielectric loss are the parameters discussed. Selection of optimistic sample is
not possible by looking all these values. For this, fuzzy logic model is developed to
select the optimistic solution. The output of sample S5 lies in the range of excellent.
Therefore, sample S5 is selected as optimistic sample and it may replace the tra-
ditional mineral oil and it maybe alternate for high-cost ester oils.
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Abstract A fully automatic and accurate brain image seg-
mentation divided into the three tissue types—Grey Matter,
White Matter and Cerebrospinal Fluid (CSF)—is necessary
in medical analysis. Gaussian Mixture Model (GMM) is
one of the most widely implemented methods for MR Brain
Image Segmentation, and Expectation–Maximization algo-
rithm is used to estimate the parameters of the model. The
major drawback existing in conventional GMM is that it con-
siders each pixel as independent and does not incorporate
the spatial interaction among the neighbouring pixels. This
will lead to poor segmentation accuracy in the presence of
noise and intensity inhomogeneity. To overcome this draw-
back, in the proposed method, the posterior probability is
weighted with a spatial factor which improves the segmen-
tation accuracy and makes the convergence also faster. Also,
in the automatic segmentation of the IBSR MR Brain Image
Data, a new approach of re-labelling the voxels for Grey
Matter and CSF is proposed. The proposed method is tested
on 20 low-resolution T1-weighted IBSR Brain Images and
BrainWeb Simulated MR Images. The results show that the
proposed method can improve the performance of MR Brain
Image Segmentation by around 4% over the state-of-the-art
algorithm.
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1 Introduction

Magnetic Resonance Imaging (MRI) is a non-invasive tech-
nique used to visualize the internal structures of the body
aiding the doctors for diagnosis and treatment planning.
MRI has several advantages over other medical imaging
modalities, including good soft tissue contrast, high imag-
ing resolution andmultispectral characteristics (T1weighted,
T2 weighted, PD and FLAIR). Segmentation of MR images
into different tissue classes, Grey Matter (GM), White Mat-
ter (GM) and Cerebrospinal Fluid (CSF), is an important
task. It is a valuable tool to assess various diseases such as
the Alzheimer’s disease, Multiple Sclerosis and Parkinson’s
disease. Manual segmentation of MR brain images is time-
consuming, highly subjective and irreproducible. Hence,
automated segmentation algorithms with high accuracy are
in research focus.

The image formation process in MRI can be modelled as:

S(x) = o(x)b(x) + n(x) (1)

Where

s (x) is the measured MR signal.
o (x) is the true signal emitted by the tissue.
b (x) is the unknown smoothly varying bias field.
n (x) is an additive noise [1].

The bias field and noise components present in the MR brain
image can result in misclassifications when intensity-based
segmentation methods are employed. The methods in the
literature adapt different strategies to eliminate the effect of
bias field and noise in segmentation.

The methods widely employed for MR Brain Image
Segmentation are Statistical Segmentation Techniques and
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FuzzyC-Mean (FCM)Clustering.Among theStatistical Seg-
mentation Techniques, GaussianMixtureModel (GMM) has
been widely applied to predict the statistical distributions of
the tissues. Zexuan Ji et al. proposed Fuzzy Local Gaussian
Mixture Model [2] in which a truncated Gaussian kernel
function is utilized to impose the spatial constraint and fuzzy
membership functions are used to balance the contribution
of each GMM to the segmentation process. The method is
extended [3] in which the variance in each distribution is cal-
culated adaptively using a local scale estimationmethod, and
then, segmentation is done under the fuzzy clustering frame-
work. A spatial factor considering four directions is proposed
in [4] to overcome the impact of noise, and the bias field is
approximated pixel by pixel by using a linear combination
of orthogonal polynomials.

A Parametric Statistical Model is employed [5] to model
the tissue classes, and a downsampling step is introduced
that causes partial voluming along the borders between tis-
sues. Expectation–Maximization (EM) algorithm is used to
estimate the parameters of the resultant model. Greenspan
et al. [6] proposed a mixture model in which each tissue is
represented by a large number of Gaussian components and
the summation of posterior probabilities of all the identical
tissue Gaussians is taken to label the pixel. Mayer et al. [7]
proposed an Adaptive Mean-Shift Framework in which the
MRI image space is represented by a high-dimensional fea-
ture space that includedmultimodal intensity features as well
as spatial features. Lee et al. [8] proposed power transformed
version of Gaussian mixtures in which EM is used to calcu-
late the parameters.

Scherrer et al. [9] suggested the method in which tissue
segmentation is done by partitioning the volume into sub-
volumes and local MRFs are estimated in cooperation with
their neighbours to ensure consistency. In the method [10],
EM-based model estimation is done locally to cope with
intensity inhomogeneities and distributed segmentation is
done. Demirhan et al. [11] suggested a combination of unsu-
pervised learning algorithm of the self-organizing map and
supervised learning vector quantization method for segmen-
tation of MR brain images. Tian et al. [12] proposed a
hybrid genetic and variational EM in which the variational
EM is used to estimate the Gaussian Mixture Model and
Genetic Algorithm is employed to initialize the parameters.
A clustering-based semi-supervised classifier based on the
Gaussian Mixture Model is proposed in [13] that accel-
erates the convergence process. To incorporate the spatial
relationship into GMM, the prior probability distribution is
weighted with the exponential spatial factor [14] instead of
linear weight in standard GMM.

Gaussian Mixture Model is the most widely used method
for MR Brain Image Segmentation, and Expectation–
Maximization algorithm is used to estimate the parameters
of GMM. The Gaussian Mixture Model considers each pixel

as independent and does not consider the spatial correlation
among the neighbouring pixels. Thismakes the segmentation
highly sensitive to noise and intensity inhomogeneity. Hence,
in the proposed method, the posterior probability computed
in the maximization step of the EM algorithm is weighted
with the spatial factor. In this way, spatial information is
included in the computation of the GMM. Also, the pix-
els for Grey Matter and CSF are re-labelled to improve the
segmentation accuracy. The contributions of the paper are
twofold.

• Including spatial factor in GMM by the method of
weighting the posterior probability with mean filter,
Gaussian filter, and non-local means filter.

• A method of re-labelling of the pixels to improve the
segmentation accuracy.

The proposedmethod is tested on realMR brain images from
the IBSR database and the simulated MR brain images from
the BrainWeb database. The rest of the paper is structured as
follows.

Gaussian Mixture Model and Expectation–Maximization
algorithm are explained in Chapter 2, the proposed method
is explained in Chapter 3, experiments and results are given
in Chapter 4, and conclusion is given in Chapter 5.

2 Gaussian Mixture Model and EM Algorithm

Consider the model-based segmentation of MR brain images
into three classes—White Matter, Grey Matter and Cere-
brospinal Fluid. Let y = {y1, y2, . . . .yn}. be the set of
greyscale intensities in the image. The distribution of each
class is modelled by a normal distribution: Gσ (y − μ) with
mean μ and variance σ 2 which is given by Eq. (2).

Gσ (y − μ) = 1
(
2πσ 2

) 1
2

exp

{
− 1

2σ 2 (y − μ)2
}

(2)

The segmentation is based on maximum likelihood para-
meter estimation using the EM algorithm [15,16] and [17].
The EM algorithm iteratively alternates between the estima-
tion of intensity model parameters and tissue classification,
maximizing the likelihood of the model parameters at each
iteration.

The probability density that class j has generated the voxel
value yi at position i is

p
(
yi/�i = j, θ j

) = Gσ j

(
yi − μ j

)
(3)

with �i ∈ { j/j = 1 . . . ..K } the tissue class at position i and
θ j =

{
μ j , σ

2
j

}
the distribution parameters for class j.
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The overall probability density for yi is

p (yi/θ) =
∑

j
p

(
yi/�i = j, θ j

)
p (�i = j) (4)

which is a mixture of normal distributions. All the voxel
intensities are assumed to be statistically iependent.
p (�i = j) represents the mixing coefficient for the class.

The probability density of the image y given the model is

p (y/θ) =
∏

i
p(yi/θ) (5)

Because the logarithm is a monotonically increasing func-
tion, the logarithm of a function achieves its maximum value
at the same points as the function itself, and hence, the log
likelihood can be used in place of the likelihood in max-
imum likelihood estimation and related techniques. The
parameters: μ j . and σ 2

j , can be found out by the maximiza-
tion of Eq. (5). Finding the maximum of a function often
involves taking the derivative of a function and solving for
the parameter being maximized. This is made simple when
the function being maximized is a log likelihood rather than
the original likelihood function. Hence, maximization of (5)
is equivalent to minimization of Eq. (6).

p (y/θ) = −
∑

i
loge p (yi/θ) (6)

The expression for μ j is given by the condition that,

∂

∂μ j

(
−

∑

i
loge

(∑

j
p

(
yi/�i= j, θ j

)
p (�i= j)

))
=0

(7)

Differentiating and substituting p
(
yi/�i = j, θ j

)
by the

Gaussian distribution (2) gives,

∑

i

p(�i = j/yi , θ)
(
yi − μ j

) = 0. (8)

By Baye’s rule,

p
(
�i = j/yi,θ

) = p
(
yi/�i = j, θ j

)
p (�i = j)

∑
j p

(
yi/�i = j, θ j

)
p (�i = j)

(9)

Rearranging the terms, the expression for mean μ j can be
obtained as

μ j =
∑

i yi p
(
�i = j/yi,θ

)

∑
i p

(
�i = j/yi,θ

)
)

(10)

Similarly the variance σ 2
j can be obtained as,

σ 2
j =

∑
i

(
yi − μ j

)2
p

(
�i = j/yi,θ

)

∑
i p

(
�i = j/yi,θ

) (11)

Equation (9) performs classification while (10) and (11) are
parameter estimates.

The distribution of each class is given by Eq. (2) in which
y = {y1, y2, . . . .yn} represents the set of greyscale intensi-
ties in the image. Hence, the GMM considers each pixel as
independent and classify them accordingly depending upon
the intensity. It does not incorporate the spatial incorporation
among the neighbouring pixels, which means neighbouring
pixels belong to the same class. Hence, conventional GMM-
EM gives poor segmentation accuracy in the presence of
noise.

3 Proposed Method

3.1 Spatial Factors

A new method for fully automatic MR Brain Image Seg-
mentation is proposed. The proposed method differs from
standard GMM in which the posterior probabilities for the
classes depend on the neighbouring pixels. The posterior
probabilities for the classes are weighted with one of the
spatial factors—mean filter KM, 2D Gaussian kernel KG

or calculate the non-local means filter output vi given by
Eqs. (12), (13) and (14).

KM =
⎡

⎣
1/9 1/9 1/9
1/9 1/9 1/9
1/9 1/9 1/9

⎤

⎦ . (12)

The 2D Gaussian kernel is given by the equation,

KG = e−
‖p−q‖2
2σ2 (13)

‖p − q‖ is the Euclidean distance between the pixels p and
q, and standard deviation σ is set at 1.0.

The non-local means filter (NLM) [18,19], and [20] uses
region comparison rather than pixel comparison. The spa-
tial information is derived from large regions of the image,
and hence, this spatial information is called non-local spatial
information. Pixels with similar neighbourhood configura-
tion will be assigned with greater weights.

Given the posterior probability map, the filtered value of
a position using the NLMmethod is calculated as a weighted
average of all the values in the map given by Eq. (14).

vi =
∑

j∈Wr
i

wi j x j (14)

whereWr
i is r × r search window centred at the i th position.

The weight wi j ( j ∈ Wr
i ) is given by
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Fig. 1 Illustration of weighting the posterior probabilities with filter.
a Input 40×40 pixel region of brain imagewithmagnification.bGround
truth of same region. cSegmentationoutput of theEMalgorithmwithout

weighting the posterior probability with filter. d Segmentation output
of the EM algorithm after weighting the posterior probability with filter

wi j = 1

Zi

∑

j∈Wr
i

exp (−‖x (Ni ) − x(N j )‖22,σ /h2

0 ≤ wi j ≤ 1;
∑

j∈Wr
i

wi j = 1 (15)

where x(Ni ) is a vector of the posterior probabilities within
a s × s square neighbourhood Ni centred at the i th position
and x(N j ) is a vector of the posterior probabilities within a
s × s square neighbourhood N j, centred at the j th position.

(‖x (Ni ) − x(N j )‖22, σ represents the Gaussian weighted

Euclidean distance, where σ > 0 is the standard deviation of
the Gaussian kernel. Hence, the weight wi j depends on the
similarity between the neighbourhood configurations of the
i th position and j th position. The filtering degree parameter h
in Eq. (15) can control the decay of the exponential function.
Zi is the normalizing constant and is defined as

Zi =
∑

j∈Wr
i

exp (−‖x (Ni ) − x(N j )‖22, σ (16)

The selection of parameter h plays a major role in the com-
putation of the non-local spatial information.

If the value of h is large, the non-local spatial information
will lose the detail information in the image. If the value
of h is small, then it cannot remove the effect of noise to
the accepted value. The value of h strongly depends on the
noise content present in the image. By repeated experiments
(Fig. 10), the optimum value of h is set at: 0.042σ , where σ

is the standard deviation of noise. The parameters r and s are
set at 5 and 2, respectively.

The method of incorporating spatial constraints into the
posterior probabilities has two advantages. First, it over-
comes the effect of noise and illumination in segmentation.
Second, it accelerates the convergence of the EM algorithm.
The significance of weighting the posterior probability with
the filters is illustrated in Fig. 1 and Table 1. A region of
40 × 40 pixels from the input brain image is taken and is
shown in Fig. 1a with magnification. The ground truth of
the same area is shown in Fig. 1b. The output of the EM

algorithm without weighting the posterior probability with
filter is shown in Fig. 1c, and the output after weighing the
posterior probability with filter is shown in Fig. 1d. Table 1
depicts the final posterior probability values of 5 × 5 pixel
region for with and without weighing with filter. It is evident
from the table that the spatial factor is included by convolving
with filter, and accordingly, the pixels are labelled. Hence,
the segmentation accuracy increases, which is clearly shown
in Fig. 1.

3.2 Pixel Re-labelling

Themethodof pixel re-labelling is applied to 3Dbrain images
based on the frequency distribution of the pixels. The approx-
imate pixel range of CSF for IBSR data is [30 60]. It is
observed that for IBSR data, the relative frequency of CSF
pixels is 0.0013 (0.1%). Since the CSF volume is very low
in IBSR data, it is neglected in segmentation initially and the
classes are segmented as GM and WM only. To improve the
accuracy further, the CSF pixels are re-labelled by perform-
ing histogram-based EM segmentation. Here, the number
of classes is estimated from the histogram of the frequency
distribution. Figure 2 shows the histogram of the frequency
distribution of the sample IBSR brain image with a number
of classes as 7. The CSF pixels belong to class 2 and can be
segmented accurately. Hence, pixel re-labelling is done for
CSF pixels. The relative frequency for CSF of BrainWeb data
is 0.0869 (8%), and hence, pixel re-labelling is not included
since the CSF volume is higher. Figure 3 illustrates the algo-
rithm for pixel re-Labelling.

The proposed method is explained in the following steps.
Step 1: Initialize the no. of classes as 4. Initialize the

parameters—mean μ j , variance σ 2
j and mixing coefficient

p (�i = j). The means are initialized using K-Means algo-
rithm.

Step 2: Evaluate the log likelihood as given in Eq. (6).
Step 3:Evaluate the posterior probability p

(
�i = j/yi,θ

)

using Eqs. (2) and (9).
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Table 1 Comparison of final posterior probability values of 25 pixels for with and without weighting with filter

Posterior probability values without weighting with filter Class
label

Posterior Probability values weighting with filter Class
label

Ground
truth label

Class 1 Class 2 Class 3 Class 4 Class 1 Class 2 Class 3 Class 4

0 0 0.0089 0.9912 4 0 0.0008 0.2058 0.7933 4 4

0 0 0 1 4 0 0.0021 0.3610 0.6369 4 3

0 0 1 0 3 0 0.0076 0.6770 0.3154 3 3

0 1 0 0 2 0 0.02587 0.9012 0.0730 3 3

0 0 1 0 3 0 0.02603 0.9326 0.0414 3 3

0 0 1 0 3 0 0.0009 0.2140 0.7851 4 4

0 0 0 1 4 0 0.0018 0.2781 0.7202 4 4

0 1 0 0 2 0 0.0167 0.7850 0.1983 3 3

0 1 0 0 2 0 0.0373 0.8942 0.0685 3 3

0 1 0 0 2 0 0.0991 0.8827 0.0182 3 3

0 0 0 1 4 0 0.0005 0.1319 0.8677 4 4

0 0 1 0 3 0 0.0044 0.5250 0.4707 3 4

0 0 1 0 3 0 0.0076 0.6805 0.3120 3 3

0 0 1 0 3 0 0.0139 0.8314 0.1548 3 3

0 1 0 0 2 0 0.0317 0.9317 0.3659 3 3

0 0 1 0 3 0 0.0007 0.2089 0.7904 4 4

0 0 0 1 4 0 0.0017 0.3487 0.6497 4 3

0 1 0 0 2 0 0.0091 0.7800 0.2109 3 3

0 0.0148 0.9852 0 3 0 0.0130 0.8786 0.1084 3 3

0 1 0 0 2 0 0.0218 0.9355 0.0428 3 3

0 0 0 1 4 0 0.0003 0.1397 0.8600 4 4

0 0 0 1 4 0 0.0014 0.3511 0.6475 4 3

0 1 0 0 2 0 0.0067 0.7709 0.2224 3 3

0 0 1 0 3 0 0.0068 0.8166 0.1765 3 3

0 1 0 0 2 0 0.0175 0.9338 0.0486 3 3

Step 4: Convolve the posterior probability with the spa-
tial factor after converting to 2D. In the proposed method,
three spatial factors—mean filter (Eq. 12), 2DGaussian filter
(Eq. 13) and non-local means filter (Eq. 14)—are analyzed.

Step 5: Update the parameters mean and variance using
Eqs. (10) and (11).

Step 6: Steps 2 through 5 are repeated until the log like-
lihood increases by less than 1% from one iteration to the
next [21].

Step 7: Each pixel is assigned to the class that has the
highest probability density p (yi/θ) (Eq. 4).

Step 8: Assign values to the labels for Grey Matter and
CSF as detailed in the algorithm (Fig. 3).

The convergence of the EM algorithm is illustrated in
Fig. 9. Table 2 depicts the values of the negative logarithm of
the likelihood function values for sample BrainWeb image
till convergence. From the table, it is evident that the EM
algorithm converges after fifth iteration since the difference
in the negative log likelihood value between 4th and 5th iter-
ations does not exceed by 1% of the log likelihood value.
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Fig. 2 Frequency distribution of histogram of sample IBSR image
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Let Label obtained for a voxel  be L.(L=1,2,3,4)
Ini�alize the number of classes as 7. 
Perform histogram based EM segmenta�on.
Let Label obtained be R.(R=1,2,3,4,5,6,7)

if L=1
Value=0; 

end
If L=2

If R=2
Value=128;

else if 
Value=192; 

end
end
if L=3

Value=192; 
end
if L=4

Value=254; 
end

Fig. 3 Pixel re-labelling for IBSR data

Table 2 Negative logarithm of the likelihood function Values for sam-
ple BrainWeb image

Iteration Negative log
likelihood
value

1% of negative
log likelihood
value

Difference in negative log
likelihood value between
successive iterations

1 187550 1876 –

2 115440 1154 72110

3 64779 648 50661

4 63958 640 821

5 63578 636 380

4 Experiments and Results

4.1 Data set and Evaluation Methodology

In order to quantitatively assess the performance, the method
is tested on twenty low-resolution clinical T1-weighted brain
MR images from the Internet Brain SegmentationRepository
(IBSR). Each volume consists of around 60 coronal T1 slices
of dimension—256 × 256 and a voxel size of—1.0 × 1.0×
3.0 mm3. Each of the brain volumes in the IBSR site is pro-
vided with manual segmentation by expert clinicians. The
method is also tested on syntheticMR images from theBrain-
Web simulated brain database. T1-weighted images with 181
sagittal slices odimension—181 × 217 voxels with 1 mm3

resolution with varying noise levels of 3%, 5%, 7% and 9%
noise and 0% intensity non-uniformity are taken. The sys-
tem configuration used is: Intel Core 2 Duo CPU@2.53GHz
with 1.98GB of RAM. The algorithm is carried out using
MATLAB.

To evaluate the segmentation results, Jaccard Similarity
(JS) and Dice Similarity Index (DSI) are used [4,13]. The
values of JS and DSI range from 0 to 1, and a higher JS and
DSI represent more accurate segmentation.

4.2 Initial Values and Parameters Selection

The number of classes for EM algorithm is set as 4 (1 Back-
ground, 2 CSF, 3 GM, 4 WM). The means of the 4 classes
are initialized using the K-Means algorithm. The initial vari-
ances of the 4 classes are set at the maximum value (255).
The mixing coefficient matrix is initialized with values of
equal proportion to all the classes (here 1/4). The stopping
criterion for the log likelihood is set when the value increases
by less than 1% from one iteration to the next.

4.3 Results in Low-Resolution Brain MR Images

Figures 4, 5 and 6 depict the comparison results of the
proposed method, stationary wavelet transform and self-
organizing map (SWT and SOM) [11] and six different
algorithms announced at the official site of IBSR that uses
data sets from the IBSR database. Figure 7 shows the test
images, ground truth images and the result images of the pro-
posed method for 13_3 data set. Table 3 depicts the results
obtained (JS and DSI) for the 20 low-resolution image data
sets with around 60 slices of 256× 256 resolutions available
in the IBSR database.

4.4 Results in BrainWeb Simulated MR Images

Figure 8 shows the test images, ground truth images and the
result images of the proposed method for BrainWeb data
set with 9% noise and 0% non-uniformity. The segmen-
tation results are obtained for three spatial factors—mean
filter, Gaussian 2D kernel and non-local means filter. The
performance improvement with the inclusion of spatial fac-
tor in the posterior probabilities is validated by experiment
on 20 images from BrainWeb data set with increasing lev-
els of noise 3%, 5%, 7% and 9%. The means are initialized
with the k-Means algorithm with the number of classes as 4
-0,128,192 and 255.

The results are depicted in Table 4. Table 5 depicts
the comparison results of the proposed method and semi-
supervised Gaussian Mixture Model [13]. Figure 8 depicts
the convergence of the EM iterations for one of the Brain-
Web data. Figure 9 shows the minimization Progress of the
negative logarithm of the likelihood function for sample
BrainWeb image. Figure 10 shows the graph for selection
of the filtering degree parameter h for the non-local mean
filter.
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Fig. 4 Comparison results of the methods for 10data sets for Grey Matter
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Fig. 5 Comparison results of the methods for 10data sets for White Matter

5 Analysis of Experiments

The results depict that the segmentation performance
improves quantitatively for the proposed method compared
with the conventional methods by around 25% and with the
state-of-the-art algorithm by around 4%. The method can
very well be extended to other MR brain images. The per-
formance of the method on 20 images from BrainWeb data
set for increasing levels of noise shows that for a low level of
noise (3% and 5%), Gaussian 2D kernel and non-local means
as a spatial factor give good performance. For a high level

of noise (7 and 9%), mean filter as a spatial factor gives a
good performance. Also, the non-local mean filter preserves
the fine structures, while segmentation and accordingly the
segmentation accuracy of CSF are high for all levels of noise.

6 Conclusion

A new method of MR Brain Image Segmentation based
on Gaussian Mixture Model is proposed. The drawback of
GMM-EM-based segmentation is sensitivity to noise and
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Fig. 6 Average Segmentation
performance of the different
methods for 20data sets
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Table 3 Jaccard Similarity (JS)
and Dice Similarity Index (DSI)
obtained by the proposed
method

Data set Jaccard Similarity Dice Similarity Index

CSF Grey
matter

White
matter

CSF White
matter

Grey
matter

1_24 0.1648 0.7693 0.7266 0.2829 0.8696 0.8417

2_4 0.07454 0.6279 0.5515 0.1388 0.7714 0.7109

5_8 0.2798 0.7333 0.6680 0.4373 0.8461 0.8010

4_8 0.3162 0.6738 0.5872 0.4805 0.8051 0.7399

6_10 0.3193 0.7430 0.6824 0.4841 0.8525 0.8112

7_8 0.1388 0.7520 0.7208 0.2438 0.8584 0.8378

8_4 0.1692 0.7375 0.7054 0.2896 0.8489 0.8273

11_3 0.2613 0.8191 0.7555 0.4143 0.9006 0.8607

12_3 0.2972 0.8469 0.7964 0.4582 0.9171 0.8866

13_3 0.1306 0.8304 0.7564 0.2310 0.9074 0.8613

15_3 0.2831 0.6670 0.5730 0.4412 0.8003 0.7286

16_3 0.1087 0.6970 0.6204 0.1961 0.8215 0.7657

17_3 0.2392 0.7357 0.6754 0.3861 0.8477 0.8063

100_23 0.1221 0.8124 0.7558 0.2177 0.8965 0.8609

110_3 0.1379 0.7968 0.7128 0.2423 0.8869 0.8323

111_2 0.1726 0.802 0.7460 0.2944 0.8901 0.8545

112_2 0.2156 0.7980 0.7260 0.3547 0.8877 0.8412

191_3 0.1029 0.7827 0.7409 0.1865 0.8781 0.8512

202_3 0.3758 0.8105 0.7543 0.5463 0.8953 0.8600

205_3 0.3201 0.7904 0.7619 0.4850 0.8830 0.8648

Average 0.2115 0.7613 0.7008 0.3405 0.8632 0.8222

Fig. 8 a Original BrainWeb
images with 9% noise and 0%
non-uniformity −95th slice, b
ground truth, c GMM-EM, d
GMM-EM with mean filter
spatial factor, e GMM-EM with
Gaussian 2D filter spatial factor,
fGMMwith NLM spatial factor
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Table 4 DSI values of CSF,
GM and WM segmentation by
applying GMM-EM without
spatial factor and with spatial
factors mean filter, Gaussian 2D
kernel and non-local means filter

Algorithm Tissues 3% 5% 7% 9%

GMM-EM CSF 0.84277 0.91774 0.91086 0.87266

GM 0.92889 0.92725 0.85402 0.74691

WM 0.96697 0.95073 0.85997 0.66387

GMM-EM with mean filter
spatial factor

CSF 0.93548 0.92594 0.90734 0.87634

GM 0.95519 0.93921 0.92042 0.89572

WM 0.97798 0.96712 0.95646 0.94687

GMM-EM with Gaussian
2D kernel spatial factor

CSF 0.93749 0.92684 0.90957 0.87444

GM 0.95637 0.93951 0.91968 0.89282

WM 0.97853 0.9672 0.95577 0.94498

GMM-EM with non-local
means spatial factor

CSF 0.94577 0.92962 0.90832 0.8798

GM 0.95846 0.93689 0.91477 0.89115

WM 0.97798 0.96369 0.95031 0.93674

Table 5 Comparison of DSI of the proposed method with semi-
supervised clustering [13] for BrainWeb Simulated MR Images with
0% non-uniformity intensity and 3% noise

Tissue Dice similarity index

Semi-supervised GMM Proposed method

CSF 0.873 0.946

GM 0.831 0.909

WM 0.867 0.920

Average 0.857 0.925
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Fig. 9 Minimization progress of the negative logarithm of the likeli-
hood function for brain web data 3% noise and 0% non-uniformity
101st slice (non-local means spatial factor)

illumination. To overcome this drawback, in the proposed
method, spatial factor is presented and the posterior probabil-
ity is weighted with this spatial factor during the Expectation
step of the EM algorithm. Also, a new approach of re-
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Fig. 10 Selection of h for the non-local mean filter

labelling the voxels based on the frequency distribution is
proposed. The results obtained in implementing the method
on 20 low-resolution T1-weighted IBSR Brain Images and
BrainWeb SimulatedMR Images depict that the performance
of MRBrain Image Segmentation is improved quantitatively
by around 4% over the state-of-the-art algorithm and also
qualitatively.
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Introduction
The diverse parasitic bacteria such as Staphylococcus aureus, 
Staphylococcus pyogenes, Salmonella typhimurium, and Escheri-
chia coli have significant impact on the mucosal health of humans. 
Infection with S. aureus, S. pyogenes, S. typhimurium, and E. coli 
may have resulted in massive destruction of host tissue and life 

threatening diseases. These bacterial parasites cause food poison-
ing, rheumatic fever and diarrhoea that affect millions of individu-
als in developing countries. More than 50 million people worldwide 
are infected and up to 1,10,000 of these die every year. Amoxicil-
lin, Norfloxacin, Ciprofloxacin are the most common drugs used for 
this bacterial infection but are associated with severe side effects. 
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AbSTr AcT

Background  We designed to synthesize a number of 
2-(2-(substituted benzylidene) hydrazinyl)-N-(4-((3-(phenyl 
imino)-3,4-dihydro quinoxalin-2(1 H)-ylidene)amino) phenyl) 
acetamide S1-S13 with the hope to obtain more active and less 
toxic anti-microbial and anti-TB agents.
Methods A series of novel quinoxaline Schiff bases S1-S13 
were synthesized from o-phenylenediamine and oxalic acid by 
a multistep synthesis. In present work, we are introducing 
graph theoretical analysis to identify drug target. In the con-
nection of graph theoretical analysis, we utilised KEGG data-
base and Cytoscape software. All the title compounds were 
evaluated for their in-vitro anti-microbial activity by using agar 
well diffusion method at three different concentration levels 
(50, 100 and 150 µg/ml). The MIC of the compounds was also 
determined by agar streak dilution method.
Results The identified study report through graph theoretical 
analysis were highlights that the key virulence factor for patho-
genic mycobacteria is a eukaryotic-like serine/threonine protein 
kinase, termed PknG. All compounds were found to display sig-
nificant activity against entire tested bacteria and fungi. In ad-
dition the synthesized scaffolds were screened for their in vitro 
antituberculosis (anti-TB) activity against Mycobacterium tuber-
culosis (Mtb) strain H37Ra using standard drug Rifampicin.
Conclusion  A number of analogs found markedly potent 
anti-microbial and anti-TB activity. The relationship between 
the functional group variation and the biological activity of the 
evaluated compounds were well discussed. The observed study 
report was showing that the compound S6 (4-nitro substitu-
tion) exhibited most potent effective anti-microbial and anti-TB 
activity out of various tested compounds.
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Toxicity and resistance to the drugs also play an important role in 
the failure of treatment [1]. The rapid development of bacterial 
strains resistant to anti-bacterial agents poses a significant threat 
to global health [2]. In particular, attention has focused on the 
Gram positive organism Staphylococcus aureus because many 
strains of this organism are now resistant against clinically useful 
antibiotics like Methicillin and Vancomycin [3]. The problem is fur-
ther compounded by the rapid emergence of multidrug resistant 
organisms. For example, it look only a few years after the introduc-
tion of Linezolid [4], an oxazolidinone derivative, for clinical use be-
fore reports of resistant organisms and clinical failures emerged 
[5, 6]. In addition the statistics was indicates that millions of peo-
ple worldwide die annually from difficulty of TB. In coincidence with 
the advent of the AIDS plague and the improved mobility of human 
populations, has led to the appearance of frequent multidrug- re-
sistant Mycobacterium tuberculosis (Mtb). Given this situation, 
there is an urgent need to discover and develop new anti-bacterial 
agents. Fortunately, several promising heterocyclic compounds 
have been identified. It was found that quinoxaline and its analogs 
was one such important heterocyclic compound. A variety of chem-
ical modifications were carried out so far around the quinoxaline 
nucleus. The quinoxalines have emerged as anti-microbial agents 
of an immense interest because of their broad spectrum of in-vitro 
activity and their in-vivo chemotherapeutic activity [7–14]. Schiff 
bases have gained importance because of physiological and phar-
macological activities associated with them. Compounds contain-
ing azomethine group (–C = N–) in the structure are known as Schiff 
bases, which are usually synthesized by the condensation of prima-
ry amines and active carbonyl groups. Schiff bases are well known 
for their pharmacological properties as anti-bacterial, antifungal, 
anti-cancer and anti-viral agents [15]. On the other hand, diverse 
chemotherapeutic agents contain pharmacophore like phenolic 
hydroxy, nitro, and chlorine substitutions, are reported to possess 
anti-TB and anti-microbial activities [16]. Based on these findings, 
and in continuation of our drug research program concerning syn-
thesis of new safer and more biologically active heterocyclic com-
pounds, it was of interest to synthesize a new series of quinoxaline 
Schiff base derivatives with the hope to obtain more active and less 
toxic anti-TB and anti-microbial agents.

Experimental

General
The chemicals and reagents used were obtained from various 
chemical units Qualigens, E. Merck India Ltd., CDH, and SD Fine 
Chem. These solvents used were of LR grade and purified before 
their use. The Graph theoretical analysis was performed by using 
KEGG database and Cytoscape software. The docking study was 
performed using Sybyl-x 2.0, Tripos International, St. Louis, MO, 
USA, 2012.” The silica gel G used for analytical chromatography 
(TLC) was obtained from E. Merck India Ltd. All the melting points 
were taken in open glass capillary and are uncorrected. 1H-NMR 
spectra were recorded at 500 MHz on Bruker Avance-500 NMR 
spectrometer in CDCl3 using tetramethylsilane (TMS) as an inter-
nal standard. The chemical shifts are reported in ppm scale. Mass 
spectra were obtained on a JEOL-SX-102 instrument using electron 

impact ionization. All the IR spectra were recorded in KBr pellets 
on a Jasco FT-IR 410 spectrometer. Elemental analyses were per-
formed on a Perkine Elmer model 2400C analyzer and were with-
in ± 0.4 % of the theoretical values.

Network topology analysis
Graph theoretical analysis [17–19] was performed by using Kyoto 
Encyclopedia of Genes and Genomes database and network of pro-
tein interaction (hsa: 05152) in homo sapiens was in use to identi-
fy the influential proteins. The pathway was converted to a graph 
with proteins as nodes and interactions as edges and it was repre-
sented in ▶Figs. 1 and ▶2. The network was carries 124 nodes and 
167 edges, moreover the computed Degree Centrality, Between-
ness Centrality, Eigenvector Centrality, Radiality Centrality, Stress 
Centrality and Closeness Centrality was used to identify the signif-
icant proteins from the network. Based on these measures with its 
threshold values, the target PknG was identified and Mtb drug tar-
get, PknG has more attention than ESAT-6 because of its interac-
tion between 27 tuberculosis proteins and may help in the spread 
of disease. Based on the report of graph theoretical analysis, it was 
very clear proven that the PknG is a significant target to identify ac-
tive quinoxiline motifs.

Insilico modeling
Molecular docking was used to clarify the binding mode of the com-
pounds to provide straightforward information for further struc-
tural optimization. The “Sybyl-x 2.0, Tripos International, St. Louis, 
MO, USA, 2012.”, was used to perform screening of docking based 
on earlier reported method [20]. The crystal structure of Protein 
kinase PknG from Mycobacterium tuberculosis in Complex with 
Tetrahydrobenzothiophene (PDB ID 2PZI) was extracted from the 
Brookhaven Protein Database (PDB http://www.rcsb.org/pdb). The 
proteins were prepared for docking by adding polar hydrogen atom 
with Gasteiger-Huckel charges and water molecules were removed. 
The 3D structure of the ligands was generated by the SKETCH mod-
ule implemented in the SYBYL program (Tripos Inc., St. Louis, USA) 
and its energy-minimized conformation was obtained with the help 
of the Tripos force field using Gasteiger-Huckel charges and mo-
lecular docking was performed with Surflex-Dock program that is 
interfaced with Sybyl-X 2.0. and other miscellaneous parameters 
were assigned with the default values given by the software.

Biological Methods
All the synthesized compounds were screened for anti-microbial 
activities by agar well diffusion method. The anti-bacterial activity 
of the compounds was evaluated against one Gram-positive bac-
teria (Bacillus subtilis ATCC 6633) and two Gram-negative bacteria 
(Klebsiella pneumoniae ATCC 13883 & Pseudomonas aeruginosa 
ATCC 27853). The anti-fungal activities of the synthesized com-
pounds were evaluated against three fungi (Trichoderma ATCC 
26921, Aspergillus niger ATCC 9029 and Aspergillus flavus ATCC 
10124). Bacterial strains were cultured over night at 37 °C in Mul-
ler-Hinton broth and the yeast was cultured over night at 30 °C in 
nutrient agar medium for anti-bacterial and anti-fungal activity 
tests. Ciprofloxacin and Ketoconozole were used as standard drugs 
for anti-bacterial and anti-fungal activities respectively. Nutrient 
agar medium and Sabouraud dextrose agar medium (Hi-Media Lab-
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oratories, India) was used as the medium for the study of anti-bac-
terial and anti-fungal activity respectively.

Paper disc diffusion technique
The sterilized (autoclaved at 120 °C for 30 min) medium (40–50 °C) 
was inoculated (1 ml/100 ml of medium) with the suspension 
(5 × 10– 5 cfu/ml) of the microorganism (matched to McFarland bar-
ium sulphate standard) and poured into a petridish to give a depth 
of 3–4 mm. The paper impregnated with the test compounds (50, 
100 and 150 µg/ml in dimethyl formamide) was placed on the so-
lidified medium. The plates were pre-incubated for 1 h at room tem-
perature and incubated at 37 °C for 24 and 48 h for antibacterial 
and antifungal activities, respectively. Ciprofloxacin (150 µg/ml/
disc) and Ketoconazole (150 µg/ml/disc) were used as standard for 
antibacterial and antifungal activities respectively [21]. All the ob-
served zone of inhibition is presented in ▶Table 1.

Minimum inhibitory concentration (MIC)
MIC of the compound was determined by agar streak dilution meth-
od [22]. Using dimethyl formamide a stock solution of the synthe-
sized compound were prepared in a concentration of 125 µg/ml. 
Graded quantities of the stock solution of test compounds were 
incorporated in a specified quantity of molten sterile agar (nutri-
ent agar for antibacterial activity and Sabouraud’s dextrose agar 
for antifungal activity) medium to get various concentrations of 
serially diluted test compounds. A specified quantity of the medi-
um (40–50 °C) containing the compound was poured into a petrid-
ish to give a depth of 3–4 mm and allowed to solidify. Suspension 
of the microorganism were prepared to contain approximately 

5 × 10– 5cfu/ml and applied to plates with serially diluted com-
pounds in dimethyl formamide to be tested and incubated at 37 °C 
for 24 and 48 h for bacteria and fungi, respectively. The MIC was 
considered to be the lowest concentration of the test substance 
exhibiting no visible growth of bacteria or fungi on the plate and 
the observed MIC data was represented in ▶Table 2.

MABA Assay
The synthesized scaffolds were screened for their in vitro anti-TB 
activity against Mtb H37Ra and bioassay was performed using the 
microplate Alamar blue assay (MABA) [23] and INH was chosen as 
the reference compound. The indication of color change from blue 
to pink and minimum inhibitory concentration (MIC) was calculat-
ed based on earlier reported method [24] and the observed MIC 
data was represented in ▶Table 2.

Synthetic methods
Synthesis of quinoxaline-2,3(1 H,4 H)-dione (1)
An equimolar solution of o-phenylenediamine (1.08 g, 0.01 mol) and 
oxalic acid (0.9 g, 0.01 mol) in 4 N hydrochloric acid (90 ml) was re-
fluxed in water bath for 4 h and the reaction mixture was placed in 
refrigerator overnight to produce quinoxaline-2,3(1 H,4 H)-dione 1. 
The needle shaped solid obtained was filtered, washed and re-crys-
tallized by using ethanol and dried. Yield: 73 %, m.p.: 291–294 °C. IR 
(KBr, cm– 1): 3351 & 3279 (NH), 3084 (Ar-CH), 1698 (C = O), 1616 
(C = C). 1H NMR (CDCl3, 500 MHz) δ ppm: 7.23–7.89 (m, 4 H, Ar-H), 
8.34 (s, 1 H, CONH of quinoxaline), 8.51 (s, 1 H, CONH of quinoxa-
line). EI-MS m/z: 162 (M + ). Anal. Cald for C8H6N2O2: C, 59.26; H, 
3.73; N, 17.28. Found: C, 59.43; H, 3.72; N, 17.22.

▶Fig. 1 The interaction of PknG pathway with nodes and edges.
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Synthesis of 3-(4-aminophenylimino)-3,4-dihydroquinoxa-
lin-2(1 H)-one (2)
To a solution of quinoxaline-2,3(1 H,4 H)-dione 1 (1.62 g, 0.01 mol) 
in dimethyl formamide (30 ml), p-amino aniline (1.62 g, 0.015 mol) 
was added and the whole mixture was refluxed for 6 h at 150  °C and 
cooled overnight. The solid obtained was filtered, washed with 
water, dried and recrystallised using ethanol. Yield: 80 %, m.p.: 
181–183 °C. IR (KBr, cm– 1): 3342 & 3256 (NH), 3053 (Ar-CH), 1678 
(C = O), 1612 (C = N), 1591 (C = C). 1H NMR (CDCl3, 500 MHz) δ ppm: 
4.13 (s, 2 H, NH2), 4.45 (s, 1 H, NH of quinoxaline), 7.02–7.97 (m, 
8 H, Ar-H), 8.26 (s, 1 H, CONH of quinoxaline). EI-MS m/z: 252 (M + ). 
Anal. Cald for C14H12N4O: C, 66.65; H, 4.79; N, 22.21. Found: C, 
66.82; H, 4.80; N, 22.14.

Synthesis of N-(3-(phenylimino)-3,4-dihydroquinoxa-
lin-2(1 H)-ylidene)benzene-1,4-diamine (3)
A mixture of 3-(4-aminophenylimino)-3,4-dihydroquinoxa-
lin-2(1 H)-one 2 (2.52 g, 0.01 mol) and aniline (0.931 g; 0.01 mol) 
in ethanol (20 ml) was refluxed for 5 h in a water bath. Latter the 
mixture was cooled and poured in ice cold water. The precipitated 
product 3 was filtered, dried and recrystallised using alcohol. Yield: 
70 %, m.p.: 248–250 °C. IR (KBr, cm– 1): 3367 & 3243 (NH), 3071 
(Ar-CH), 1624 (C = N), 1609 (C = C). 1H NMR (CDCl3, 500 MHz) δ 
ppm: 4.05 (s, 2 H, NH2), 4.28 (s, 1 H, NH of quinoxaline), 4.49 (s, 
1 H, NH of quinoxaline), 6.84–7.80 (m, 13 H, Ar-H). EI-MS m/z: 327 
(M + ). Anal. Cald for C20H17N5: C, 73.37; H, 5.23; N, 21.39. Found: 
C, 73.12; H, 5.25; N, 21.45.

▶Fig. 2 The visualization of interaction of PknG using Cytoscape.
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Synthesis of 2-chloro-N-(4-((3-(phenylimino)-3,4-dihydro-
quinoxalin-2(1 H)-ylidene) amino)phenyl)acetamide (4)
N1-(3-(Phenylimino)-3,4-dihydroquinoxalin-2(1 H)-ylidene)ben-
zene-1,4-diamine 3 (3.27 g; 0.01 mol) was dissolved in glacial ace-
tic acid (50 ml) containing of saturated solution of sodium acetate 
(50 ml). The mixture was warmed to dissolve the substance com-
pletely. The solution was cooled in ice bath with stirring. A solution 
of chloroacetyl chloride (1.34 g; 0.012 mol) was added drop wise 
to the above stirred solution so that the vigorous reaction did not 
take place. After half an hour the product separated 4 is filtered, 
washed with water, dried, and recrystallised using alcohol. Yield: 
74 %, m.p.: 186–189 °C. IR (KBr, cm– 1): 3364 & 3282 (NH), 3092 
(Ar-CH), 2989 (CH2-CH), 1682 (C = O), 1640 (C = N), 1613 (C = C), 
768 (C-Cl). 1H NMR (CDCl3, 500 MHz) δ ppm: 4.09 (s, 2 H, CH2), 

4.21 (s, 1 H, NH of quinoxaline), 4.56 (s, 1 H, NH of quinoxaline), 
7.18–8.25 (m, 13 H, Ar-H), 8.34 (s, 1 H, CONH). EI-MS m/z: 405 
(M + 2), 403 (M + ). Anal. Cald for C22H18ClN5O: C, 65.43; H, 4.49; N, 
17.34. Found: C, 65.60; H, 4.47; N, 17.38.

Synthesis of 2-hydrazinyl-N-(4-((3-(phenylimino)-3,4-dihy-
droquinoxalin-2(1 H)-ylidene) amino)phenyl)acetamide (5)
Equimolar quantity of 2-chloro-N-(4-((3-(phenylimino)-3,4-dihy-
droquinoxalin-2(1 H)-ylidene)amino)phenyl)acetamide 4 (4.03 g; 
0.01 mol) and hydrazine hydrate (0.05 g; 0.01 mol) in ethanol 
(30 ml) was refluxed for 10 h on a water bath. The resulting solu-
tion was cooled and poured in ice cold water with stirring. The prod-
uct 5 obtained was filtered, dried and recrystallised from ethanol. 
Yield: 71 %, m.p.: 210–212 °C. IR (KBr, cm– 1): 3340 & 3268 (NH), 

▶Table 1 Anti-microbial activity (zone of inhibition in mm) of title compounds S1-S13.

Micro-
organism

conc.  
(µg/ml)

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 con Std

bacillus 
subtilis

50 15 14 4 8 3 17 1 2 - 8 6 10 7 -

27100 19 19 8 15 8 20 3 4 4 14 9 16 10 -

150 27 25 13 22 12 28 7 7 6 20 14 23 15 -

Klebsiella 
pneumoniae

50 14 14 4 10 4 15 1 - - 8 5 11 6 -

29100 20 17 8 13 7 22 2 2 3 11 8 15 8 -

150 30 29 13 25 11 31 8 7 7 24 15 25 17 -

Pseudomonas 
aeruginosa

50 15 13 3 7 2 18 - - - 6 5 9 5 -

30100 18 16 7 11 7 21 1 1 3 11 8 14 9 -

150 30 29 13 24 13 30 6 5 5 22 15 27 16 -

Trichoderma 50 9 9 - 6 - 10 - - - 6 3 6 3 -

21100 14 13 5 10 5 15 2 2 3 9 5 11 5 -

150 21 19 16 16 14 23 5 4 4 14 10 18 10 -

Aspergillus 
niger

50 11 10 - 7 - 13 - - - 7 3 8 5 -

18100 17 15 4 13 3 17 2 2 3 11 5 14 6 -

150 18 18 15 15 15 19 6 5 4 14 9 16 11 -

Aspergillus 
flavus

50 12 11 2 8 2 14 - - - 8 4 9 5 -

22100 15 15 3 13 3 16 2 3 3 12 5 13 7 -

150 21 20 17 17 16 22 7 7 5 15 10 19 11 -

Con: Control (DMF), Std: Standard drug in 150 µg/ml (Ciprofloxacin for bacteria & Ketoconazole for fungi), -: No zone of inhibition observed

▶Table 2 Minimum inhibitory concentration (MIC in µg/ml) of title compounds S1-S13.

Micro organism S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 Std

bacillus subtilis 7.81 7.81 31.25 15.62 31.25 7.81 62.5 62.5 125 15.62 31.25 15.62 31.25 7.81

Klebsiella 
pneumoniae

7.81 7.81 62.5 15.62 62.5 7.81 62.5 125 125 15.62 31.25 7.81 31.25 3.9

Pseudomonas 
aeruginosa

15.62 31.25 62.5 31.25 62.5 15.62 125 125 125 31.25 62.5 31.25 62.5 7.81

Trichoderma 15.62 15.62 125 31.25 125 15.62 125 125 125 31.25 62.5 31.25 62.5 7.81

Aspergillus  
niger

31.25 31.25 125 62.5 125 15.62 125 125 125 62.5 62.5 62.5 62.5 15.62

Aspergillus  
flavus

15.62 15.62 62.5 15.62 62.5 7.81 125 125 125 31.25 62.5 15.62 31.25 7.81

Mycobecterium 
tuberculosis

1.95 1.95 - 1.95 - 1.95 15.62 15.62 31.25 3.90 7.81 1.95 7.81 0.0092

-: Inactive at tested concentrations
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3040 (Ar-CH), 2975 (CH2-CH), 1693 (C = O), 1632 (C = N), 1606 
(C = C). 1H NMR (CDCl3, 500 MHz) δ ppm: 2.03 (s, 2 H, NH2), 2.66 
(s, 1 H, NH of CH2NH), 3.95 (s, 2 H, CH2 of CH2NH), 4.38 (s, 1 H, NH 
of quinoxaline), 4.50 (s, 1 H, NH of quinoxaline), 7.31–8.04 (m, 
13 H, Ar-H), 8.12 (s, 1 H, CONH). EI-MS m/z: 399 (M + ). Anal. Cald 
for C22H21N7O: C, 66.15; H, 5.30; N, 24.55. Found: C, 65.92; H, 
5.32; N, 24.63.

General procedure for the synthesis of 2-(2-(substituted-
benzylidene)hydrazinyl)-N-(4-((3-(phenylimino)-3,4-dihyd-
roquinoxalin-2(1 H)-ylidene)amino)phenyl) acetamide 
(S1-S13)
Title compounds was synthesized by adding appropriate aromatic/
heterocyclic aldehydes (0.01 mol) slowly with the well stirred mix-
ture of 2-hydrazinyl-N-(4-((3-(phenylimino)-3,4-dihydroquinoxa-
lin-2(1 H)-ylidene)amino)phenyl)acetamide 5 (3.99 g; 0.01 mol) in 
ethanol (50 ml), and glacial acetic acid (2–3 drops). The pH was 
maintained to 5–6. The reaction mixture was then refluxed for a 
period of 4–6 h, and kept aside for about 2 h. The products were 
separated by filtration, washed, and vacuum dried. Finally the prod-
ucts were recrystallised using ethanol to get pure form.

2-(2-(3-Nitrobenzylidene)hydrazinyl)-N-(4-((3-
(phenylimino)-3,4-dihydroquinoxalin-2(1 H)-ylidene)
amino)phenyl)acetamide (S1)
Yield: 72 %, m.p.: 277–279 °C. IR (KBr, cm– 1): 3353 & 3289 (NH), 
3095 (Ar-CH), 2953 (CH2-CH), 1673 (C = O), 1621 (C = N), 1591 
(C = C), 1534 & 1328 (NO2). 1H NMR (CDCl3, 500 MHz) δ ppm: 2.26 
(s, 1 H, NH of CH2NH), 3.91 (s, 2 H, CH2 of CH2NH), 4.20 (s, 1 H, NH 
of quinoxaline), 4.45 (s, 1 H, NH of quinoxaline), 6.90–7.72 (m, 
17 H, Ar-H), 8.49 (s, 1 H, CONH), 8.65 (s, 1 H, CH of CH = N). EI-MS 
m/z: 532 (M + ). Anal. Cald for C29H24N8O3: C, 65.40; H, 4.54; N, 
21.04. Found: C, 65.61; H, 4.53; N, 20.98.

2-(2-(2-Nitrobenzylidene)hydrazinyl)-N-(4-((3-
(phenylimino)-3,4-dihydroquinoxalin-2(1 H)-ylidene)
amino)phenyl)acetamide (S2)
Yield: 75 %, m.p.: 244–246 °C. IR (KBr, cm– 1): 3348 & 3271 (NH), 
3069 (Ar-CH), 2983 (CH2-CH), 1697 (C = O), 1645 (C = N), 1620 
(C = C), 1546 & 1312 (NO2). 1H NMR (CDCl3, 500 MHz) δ ppm: 2.43 
(s, 1 H, NH of CH2NH), 3.56 (s, 2 H, CH2 of CH2NH), 4.42 (s, 1 H, NH 
of quinoxaline), 4.58 (s, 1 H, NH of quinoxaline), 7.24–8.19 (m, 
17 H, Ar-H), 8.32 (s, 1 H, CONH), 8.50 (s, 1 H, CH of CH = N). EI-MS 
m/z: 532 (M + ). Anal. Cald for C29H24N8O3: C, 65.40; H, 4.54; N, 
21.04. Found: C, 65.19; H, 4.57; N, 21.09.

2-(2-(2-Hydroxybenzylidene)hydrazinyl)-N-(4-((3-
(phenylimino)-3,4-dihydroquinoxalin-2(1 H)-ylidene)
amino)phenyl)acetamide (S3)
Yield: 70 %, m.p.: 230–234 °C. IR (KBr, cm– 1): 3531 (OH), 3335 & 
3242 (NH), 3088 (Ar-CH), 2960 (CH2-CH), 1674 (C = O), 1616 
(C = N), 1589 (C = C). 1H NMR (CDCl3, 500 MHz) δ ppm: 2.07 (s, 1 H, 
NH of CH2NH), 3.70 (s, 2 H, CH2 of CH2NH), 4.17 (s, 1 H, NH of qui-
noxaline), 4.49 (s, 1 H, NH of quinoxaline), 5.13 (s, 1 H, OH), 7.06–
8.38 (m, 17 H, Ar-H), 8.52 (s, 1 H, CONH), 8.64 (s, 1 H, CH of CH = N). 
EI-MS m/z: 503 (M + ). Anal. Cald for C29H25N7O2: C, 69.17; H, 5.00; 
N, 19.47. Found: C, 68.93; H, 5.02; N, 19.54.

2-(2-(2-Chlorobenzylidene)hydrazinyl)-N-(4-((3-
(phenylimino)-3,4-dihydroquinoxalin-2(1 H)-ylidene)
amino)phenyl)acetamide (S4)
Yield: 77 %, m.p.: 226–228 °C. IR (KBr, cm– 1): 3364 & 3267 (NH), 
3054 (Ar-CH), 2976 (CH2-CH), 1679 (C = O), 1639 (C = N), 1590 
(C = C), 785 (C-Cl). 1H NMR (CDCl3, 500 MHz) δ ppm: 2.31 (s, 1 H, 
NH of CH2NH), 3.97 (s, 2 H, CH2 of CH2NH), 4.45 (s, 1 H, NH of qui-
noxaline), 4.64 (s, 1 H, NH of quinoxaline), 6.82–7.95 (m, 17 H, Ar-
H), 8.28 (s, 1 H, CONH), 8.39 (s, 1 H, CH of CH = N). EI-MS m/z: 523 
(M + 2), 521 (M + ). Anal. Cald for C29H24ClN7O: C, 66.73; H, 4.63; N, 
18.78. Found: C, 66.95; H, 4.61; N, 18.72.

2-(2-(4-(Dimethylamino)benzylidene)hydrazinyl)-N-(4-((3-
(phenylimino)-3,4-dihydroquinoxalin-2(1 H)-ylidene)
amino)phenyl)acetamide (S5)
Yield: 74 %, m.p.: 257–260 °C. IR (KBr, cm– 1): 3345 & 3254 (NH), 
3079 (Ar-CH), 2958 (CH2-CH), 1681 (C = O), 1643 (C = N), 1629 
(C = C). 1H NMR (CDCl3, 500 MHz) δ ppm: 2.19 (s, 1 H, NH of 
CH2NH), 3.15 (s, 6 H, N(CH3)2), 3.62 (s, 2 H, CH2 of CH2NH), 4.09 
(s, 1 H, NH of quinoxaline), 4.36 (s, 1 H, NH of quinoxaline), 7.03–
7.86 (m, 17 H, Ar-H), 8.04 (s, 1 H, CONH), 8.31 (s, 1 H, CH of CH = N). 
EI-MS m/z: 530 (M + ). Anal. Cald for C31H30N8O: C, 70.17; H, 5.70; 
N, 21.12. Found: C, 69.94; H, 5.72; N, 21.18.

2-(2-(4-Nitrobenzylidene)hydrazinyl)-N-(4-((3-
(phenylimino)-3,4-dihydroquinoxalin-2(1H)-ylidene)
amino)phenyl)acetamide (S6)
Yield: 73 %, m.p.: 221–224 °C. IR (KBr, cm– 1): 3336 & 3274 (NH), 
3034 (Ar-CH), 2941 (CH2-CH), 1675 (C = O), 1573 (C = N), 1549 
(C = C), 1529 & 1310 (NO2). 1H NMR (CDCl3, 500 MHz) δ ppm: 3.02 
(s, 1 H, NH of CH2NH), 3.69 (s, 2 H, CH2 of CH2NH), 4.25 (s, 1 H, NH 
of quinoxaline), 4.41 (s, 1 H, NH of quinoxaline), 7.16–8.24 (m, 
17 H, Ar-H), 8.43 (s, 1 H, CONH), 8.78 (s, 1 H, CH of CH = N). EI-MS 
m/z: 532 (M + ). Anal. Cald for C29H24N8O3: C, 65.40; H, 4.54; N, 
21.04. Found: C, 65.62; H, 4.55; N, 21.11.

2-(2-(Furan-2-ylmethylene)hydrazinyl)-N-(4-((3-
(phenylimino)-3,4-dihydroquinoxalin-2(1 H)-ylidene)
amino)phenyl)acetamide (S7)
Yield: 70 %, m.p.: 190–194 °C. IR (KBr, cm– 1): 3336 & 3284 (NH), 
3062 (Ar-CH), 2985 (CH2-CH), 1690 (C = O), 1620 (C = N), 1598 
(C = C), 1086 (C-O-C). 1H NMR (CDCl3, 500 MHz) δ ppm: 2.04 (s, 
1 H, NH of CH2NH), 3.83 (s, 2 H, CH2 of CH2NH), 3.98 (s, 1 H, NH of 
quinoxaline), 4.31 (s, 1 H, NH of quinoxaline), 7.29–8.21 (m, 16 H, 
Ar-H), 8.36 (s, 1 H, CONH), 8.57 (s, 1 H, CH of CH = N). EI-MS m/z: 
477 (M + ). Anal. Cald for C27H23N7O2: C, 67.91; H, 4.85; N, 20.53. 
Found: C, 68.10; H, 4.83; N, 20.48.

2-(2-(3-Phenylallylidene)hydrazinyl)-N-(4-((3-
(phenylimino)-3,4-dihydroquinoxalin-2(1 H)-ylidene)
amino)phenyl)acetamide (S8)
Yield: 73 %, m.p.: 285–287 °C. IR (KBr, cm– 1): 3351 & 3247 (NH), 
3074 (Ar-CH), 2963 (CH2-CH), 1679 (C = O), 1648 (C = N), 1612 
(C = C). 1H NMR (CDCl3, 500 MHz) δ ppm: 2.35 (s, 1 H, NH of 
CH2NH), 3.58 (s, 2 H, CH2 of CH2NH), 4.16 (s, 1 H, NH of quinoxa-
line), 4.42 (s, 1 H, NH of quinoxaline), 5.43 (d, 1 H, CH = CH), 6.29 
(d, 1 H, CH = CH), 6.97–7.83 (m, 18 H, Ar-H), 8.13 (s, 1 H, CONH), 
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8.40 (s, 1 H, CH of CH = N). EI-MS m/z: 513 (M + ). Anal. Cald for 
C31H27N7O: C, 72.50; H, 5.30; N, 19.09. Found: C, 72.27; H, 5.31; 
N, 19.01.

2-(2-Benzylidenehydrazinyl)-N-(4-((3-(phenylimino)-3,4-
dihydroquinoxalin-2(1H)-ylidene)amino)phenyl)acetamide 
(S9)
Yield: 71 %, m.p.: 249–251 °C. IR (KBr, cm– 1): 3345 & 3239 (NH), 
3090 (Ar-CH), 2957 (CH2-CH), 1684 (C = O), 1618 (C = N), 1581 
(C = C). 1H NMR (CDCl3, 500 MHz) δ ppm: 2.18 (s, 1 H, NH of 
CH2NH), 3.95 (s, 2 H, CH2 of CH2NH), 4.33 (s, 1 H, NH of quinoxa-
line), 4.56 (s, 1 H, NH of quinoxaline), 7.34–8.22 (m, 18 H, Ar-H), 
8.40 (s, 1 H, CONH), 8.52 (s, 1 H, CH of CH = N). EI-MS m/z: 487 
(M + ). Anal. Cald for C29H25N7O: C, 71.44; H, 5.17; N, 20.11. Found: 
C, 71.63; H, 5.16; N, 20.04.

2-(2-(4-Methylbenzylidene)hydrazinyl)-N-(4-((3-
(phenylimino)-3,4-dihydroquinoxalin-2(1 H)-ylidene)
amino)phenyl)acetamide (S10)
Yield: 75 %, m.p.: 203–206 °C. IR (KBr, cm– 1): 3360 & 3257 (NH), 
3056 (Ar-CH), 2972 (CH2-CH), 1672 (C = O), 1638 (C = N), 1604 
(C = C). 1H NMR (CDCl3, 500 MHz) δ ppm: 2.21 (s, 1 H, NH of 
CH2NH), 2.78 (s, 3 H, CH3), 3.79 (s, 2 H, CH2 of CH2NH), 4.14 (s, 1 H, 
NH of quinoxaline), 4.36 (s, 1 H, NH of quinoxaline), 7.19–8.07 (m, 
17 H, Ar-H), 8.25 (s, 1 H, CONH), 8.37 (s, 1 H, CH of CH = N). EI-MS 
m/z: 501 (M + ). Anal. Cald for C30H27N7O: C, 71.84; H, 5.43; N, 
19.55. Found: C, 71.60; H, 5.45; N, 19.61.

2-(2-(4-Hydroxybenzylidene)hydrazinyl)-N-(4-((3-
(phenylimino)-3,4-dihydro quinoxalin-2(1 H)-ylidene)
amino)phenyl)acetamide (S11)
Yield: 79 %, m.p.: 198–201 °C. IR (KBr, cm– 1): 3590 (OH), 3357 & 
3280 (NH), 3076 (Ar-CH), 2973 (CH2-CH), 1674 (C = O), 1585 
(C = N), 1550 (C = C). 1H NMR (CDCl3, 500 MHz) δ ppm: 2.29 (s, 1 H, 
NH of CH2NH), 3.16 (s, 2 H, CH2 of CH2NH), 4.02 (s, 1 H, NH of qui-
noxaline), 4.38 (s, 1 H, NH of quinoxaline), 5.34 (s, 1 H, OH), 7.01–
8.25 (m, 17 H, Ar-H), 8.85 (s, 1 H, CONH), 9.03 (s, 1 H, CH of CH = N). 
EI-MS m/z: 503 (M + ). Anal. Cald for C29H25N7O2: C, 69.17; H, 5.00; 
N, 19.47. Found: C, 69.39; H, 5.02; N, 19.50.

2-(2-(4-Chlorobenzylidene)hydrazinyl)-N-(4-((3-
(phenylimino)-3,4-dihydroquinoxalin-2(1 H)-ylidene)
amino)phenyl)acetamide (S12)
Yield: 74 %, m.p.: 265–268 °C. IR (KBr, cm– 1): 3330 & 3265 (NH), 
3076 (Ar-CH), 2969 (CH2-CH), 1692 (C = O), 1621 (C = N), 1586 
(C = C), 764 (C-Cl). 1H NMR (CDCl3, 500 MHz) δ ppm: 2.09 (s, 1 H, 
NH of CH2NH), 3.84 (s, 2 H, CH2 of CH2NH), 4.37 (s, 1 H, NH of qui-
noxaline), 4.43 (s, 1 H, NH of quinoxaline), 6.95–8.01 (m, 17 H, Ar-
H), 8.34 (s, 1 H, CONH), 8.66 (s, 1 H, CH of CH = N). EI-MS m/z: 523 
(M + 2), 521 (M + ). Anal. Cald for C29H24ClN7O: C, 66.73; H, 4.63; N, 
18.78. Found: C, 66.50; H, 4.64; N, 18.82.

2-(2-(4-Methoxybenzylidene)hydrazinyl)-N-(4-((3-
(phenylimino)-3,4-dihydroquinoxalin-2(1 H)-ylidene)
amino)phenyl)acetamide (S13)
Yield: 76 %, m.p.: 293–295 °C. IR (KBr, cm– 1): 3356 & 3272 (NH), 
3097 (Ar-CH), 2980 (CH2-CH), 1685 (C = O), 1640 (C = N), 1619 

(C = C), 1068 (C-O-C). 1H NMR (CDCl3, 500 MHz) δ ppm: 2.33 (s, 
1 H, NH of CH2NH), 3.65 (s, 2 H, CH2 of CH2NH), 3.82 (s, 3 H, OCH3), 
4.20 (s, 1 H, NH of quinoxaline), 4.57 (s, 1 H, NH of quinoxaline), 
7.26–8.39 (m, 17 H, Ar-H), 8.51 (s, 1 H, CONH), 8.78 (s, 1 H, CH of 
CH = N). EI-MS m/z: 517 (M + ). Anal. Cald for C30H27N7O2: C, 69.62; 
H, 5.26; N, 18.94. Found: C, 69.83; H, 5.24; N, 18.89.

Results and discussion

Chemistry
A series of novel 2-(2-(substitutedbenzylidene)hydrazinyl)-N-(4-
((3-(phenylimino)-3,4-dihydro quinoxalin-2(1 H)-ylidene)amino)
phenyl)acetamide S1-S13 were synthesized from o-phenylenedi-
amine and oxalic acid by a multistep synthesis. The synthetic path-
way by which compounds synthesized were illustrated in ▶Fig. 3. 
Initially o-phenylenediamine was treated with oxalic acid to obtain 
quinoxaline-2,3(1 H,4 H)-dione 1 by a ring closure reaction with re-
moval of two water molecule. Latter, obtained quinoxa-
line-2,3(1 H,4 H)-dione 1 undergone Schiff base reaction with p-
phenylenediamine and produced 3-(4-aminophenylimino)-3,4-di-
hydroquinoxalin-2(1 H)-one 2. In the succeeding step, compound 
2 was treated with aniline to produce N1-(3-(phenylimino)-3,4-di-
hydroquinoxalin-2(1 H)-ylidene)benzene-1,4-diamine 3 by Schiff 
base reaction. In the next step, compound 3 was treated with chlo-
ro acetyl chloride to get a corresponding chloro acetyl derivative 4 
[2-chloro-N-(4-((3-(phenylimino)-3,4-dihydroquinoxalin-2(1 H)-
ylidene)amino)phenyl) acetamide] by chloro acetylation in pres-
ence of acetic acid and sodium acetate. In the next step compound 
4 was treated with hydrazine hydrate to produce a corresponding 
2-hydrazinyl acetamide derivative 5 [2-hydrazinyl-N-(4-((3-(phenyl 
imino)-3,4-dihydro quinoxalin-2(1 H)-ylidene)amino)phenyl)aceta-
mide]. Finally, title compounds 2-(2-(substituted benzylidene) 
hydrazinyl)-N-(4-((3-(phenylimino)-3,4-dihydro quinoxalin-2(1 H)-
ylidene) amino)phenyl) acetamide S1-S13 were synthesized by 
treating compound 5 with different aromatic/heterocyclic alde-
hydes by a Schiff base reaction according to the ▶Fig. 3. TLC was 
performed throughout the reactions to optimize the reactions for 
purity and completion.

IR, 1H NMR, mass spectra, and elemental analyses of the syn-
thesized compounds are in accordance with the assigned struc-
tures. The IR spectra of all synthesized compounds showed some 
characteristic peaks indicating the presence of particular groups. 
Formation of the quinoxaline-2,3(1 H,4 H)-dione ring in compound 
1 was confirmed by the presence of absorption peak at 3351 &3279 
and 1698 cm– 1 in IR due to presence of NH and C = O stretching, 
respectively. This is further supported by the appearance of two 
singlet in NMR at δ 8.34 & 8.51 ppm corresponds to CONH of qui-
noxaline ring. The formation of compounds 2 was confirmed by the 
appearance of singlet at δ 4.13 ppm for two protons in its 1H NMR 
spectra which might be assigned to NH2 group. Disappearance of 
carbonyl group absorbance in IR spectrum around 1700 cm– 1 and 
appearance of two singlet in 1H NMR spectra at δ 4.05 and 4.49 ppm 
for one proton each corresponds to NH of quinoxaline ring confirms 
the formation of compound 3. Appearance of sharp absorbance 
peak in IR spectra at 1682 and 768 cm– 1 due to presence of C = O 
and C-Cl stretching, respectively confirms the formation of com-
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pound 4. This is further confirmed by appearance of singlet at δ 
8.34 ppm for one proton in its 1H NMR spectra which might be as-
signed to CONH group. Further presence of a two protons in NH2 
of compound 5 was confirmed by the appearance of singlet at δ 
2.03 ppm. This is further supported by appearance of singlet in 1H 
NMR spectra at δ 2.66 and 3.95 ppm for one and two protons, re-
spectively which might be assigned to NH and CH2 of CH2NH. The 

IR spectrum of title compound shows absorption bands at 3330–
3364 & 3239–3289 cm– 1, 3034–3097 cm– 1, 2941–2985 cm– 1

, 
1672–1697 cm– 1, 1573–1648 cm– 1, and weak band at 1549–
1629 cm– 1, which can be assignable to NH, Ar-H, CH2-H, C = O, 
C = C, and C = N vibrations, respectively. IR spectrum of compounds 
S1, S2 and S6 showed absorption band in the region of 1529–
1546 cm– 1 and 1310–1328 cm– 1 which may be assigned to NO2 
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▶Fig. 3 Synthetic scheme.
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group. Compound S3 and S11 showed absorption bands at 3531–
3590 cm– 1 due to presence of OH stretching. In addition presence 
of chlorine in compounds S4 and S12 were confirmed by the ap-
pearance of absorption bands at 764–785 cm-1 in IR spectrum and 
appearance of M + 2 peaks in mass spectrum. Compound S7 and S13 
showed absorption bands at 1068–1086 cm– 1 due to presence of 
C-O-C vibrations. The proton magnetic resonance spectrums of 
synthesized compounds were recorded in CDCl3. The following con-
clusions can be derived by comparing the 1H NMR spectra of title 
compounds:

 ▪ A singlet at δ 2.04–3.02 ppm for NH of CH2NH,
 ▪ A singlet at δ 3.16–3.97 ppm for CH2 of CH2NH,
 ▪ A singlet at δ 3.98–4.45 ppm for NH of quinoxaline,
 ▪ A singlet at δ 4.31–4.64 ppm for NH of quinoxaline,
 ▪ A multiplet at δ 6.82–8.39 ppm for Ar-CH,
 ▪ A singlet at δ 8.04–8.85 ppm for CONH,
 ▪ A singlet at δ 8.31–9.03 ppm for N = CH.

In silico screening
The PknG inhibition activity of 2-(2-(substituted benzylidene) 
hydrazinyl)-N-(4-((3-(phenylimino)-3,4-dihydroquinoxalin-2(1 H)-
ylidene)amino)phenyl) acetamide S1-S13 compounds docked with 
active site of crystal structure of PknG. The molecular docking stud-
ies were performed on the crystal structure of Protein kinase PknG 
from Mtb in Complex with Tetrahydrobenzothiophene using the 
surflex-dock programme of sybyl-X 2.0 software. All the 13 inhibi-
tors were docked into the active site of enzyme as shown in  
▶Fig. 4a and b. The predicted binding energies of the compounds 
are listed in ▶Table 3. The docking study revealed that all the com-
pounds have showed very good docking score against Mtb. As de-
picted in the ▶Fig. 5a-c, compound S6 makes two hydrogen bond-
ing interactions at the active site of the enzyme (PDB ID: 2PZI), hy-
drogen atom present at hydrazineyl group makes an interaction 
with carbonyl group of ILE292 (-NH ------ O = C-ILE292, 2.12 Å), hy-
drogen atom present at the quinoxaline ring makes hydrogen 

▶Fig. 4 Docked view of all the compounds at the active site of the enzyme PDB ID: 2PZI.

▶Table 3 Surflex Docking score (kcal/mol) of the derivatives.

compound code c Scorea crash Scoreb Polar Scorec D Scored PMF Scoree G Scoref chem Scoreg

S6 6.20  − 2.04 2.15  − 145.421  − 11.794  − 251.859  − 33.618

S4 5.92  − 5.39 2.69  − 194.872  − 33.140  − 332.882 46.500

S12 5.91  − 3.13 0.51  − 195.043  − 63.590  − 340.197  − 40.375

S3 5.81  − 1.56 3.46  − 129.754  − 35.726  − 185.072  − 34.638

S11 5.73  − 3.82 1.03  − 204.548  − 36.900  − 309.049  − 41.291

S5 5.71  − 1.16 1.22  − 138.943  − 29.481  − 225.376  − 33.436

S10 5.49  − 3.52 0.71  − 202.452  − 46.508  − 316.260  − 41.800

S1 5.23  − 2.83 1.25  − 194.606  − 64.174  − 309.830  − 36.356

S7 4.91  − 1.84 0.83  − 165.176  − 28.976  − 252.999  − 33.282

S13 4.70  − 2.12 0.71  − 197.668  − 43.669  − 300.765 37.517

S8 4.68  − 3.82 0.91  − 164.413  − 11.803  − 266.513  − 35.859

S9 3.47  − 2.50 2.65  − 137.175  − 46.216  − 214.545  − 35.192

S2 3.36  − 0.84 1.35  − 104.621  − 15.626  − 149.543  − 26.310

a CScore (Consensus Score) integrates a number of popular scoring functions for ranking the affinity of ligands bound to the active site of a receptor 
and reports the output of total score; b Crash-score revealing the inappropriate penetration into the binding site. Crash scores close to 0 are 
favorable. Negative numbers indicate penetration; c Polar indicating the contribution of the polar interactions to the total score. The polar score may 
be useful for excluding docking results that make no hydrogen bonds; d D-score for charge and van der Waals interactions between the protein and 
the ligand; e PMF-score indicating the Helmholtz free energies of interactions for protein-ligand atom pairs (Potential of Mean Force, PMF); f G-score 
showing hydrogen bonding, complex (ligand-protein), and internal (ligand-ligand) energies; g Chem-score points for H-bonding, lipophilic contact, 
and rotational entropy, along with an intercept term.
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bonding interaction with carbonyl group of GLY237 (NH-----
-O = C-GLY237, 2.06 Å).

As depicted in ▶Fig. 6a-c, compound S4, makes five hydrogen 
bonding interactions at the active site of the enzyme (PDB ID: 2PZI), 
among those, two interactions were of hydrogen atom of quinox-
aline ring with oxygen of GLU280 (-NH ------ O-GLU280, 2.41 Å, 
2.50 Å),

hydrogen atom of acetamide group makes an interaction with 
carbonyl group of ILE292 (-NH ------ O = C-ILE292, 1.88 Å), hydro-
gen atom of hydrazineyl group makes hydrogen bonding interac-
tion with carbonyl group of GLU233 (NH ------ O = C-GLU233, 
2.21 Å) and remaining another hydrogen bonding interaction 
raised from the nitrogen atom of hydrazineyl group with hydrogen 
of VAL235 (N ----- H-VAL235).

As depicted in ▶Fig. 7a-c, compound S12, makes four hydro-
gen bonding interactions at the active site of the enzyme (PDB ID: 
2PZI), among those, two interactions were of nitrogen atom of hy-
drazineyl group with hydrogen of LYS181 (-N ------ H-LYS181, 
2.68 Å, 2.57 Å), hydrogen atom of carboxamide group with carbon-
yl group of ASN281 (NH ------ O = C-ASN281, 2.42 Å) and the car-
bonyl group of the carboxamide has one hydrogen bonding with 
hydrogen of LYS181 (C = O-----H-LYS181, 2.73 Å). ▶Fig. 8 repre-
sents the selected area of interest for comparative analysis.

Antimicrobial activity
All the synthesized compounds were evaluated for their in vitro an-
tibacterial and antifungal activity. A comparison of antimicrobial 
activity of the synthesized compounds with that of standard drugs 

▶Fig. 5 Docked view of compound S6 at the active site of the enzyme PDB: 2PZI.

▶Fig. 6 Interaction of compound S4 at the binding site of the enzyme (PDB ID: 2PZI).

▶Fig. 7 Interaction of compound S12 at the binding site of the enzyme (PDB ID: 2PZI).
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was effectively presented in ▶Table 2. All compounds were found 
to exhibit significant activity against all the tested bacteria and 
fungi. Compounds S1, S2, S4, S6, S10 and S12 showed excellent 
antimicrobial properties against the entire microorganisms that 
were included in the present evaluation. When compared to stand-
ard drug, compound S6 showed remarkable activity against Bacil-
lus subtilis ATCC 6633, Klebsiella pneumoniae ATCC 13883, Tricho-
derma ATCC 26921, and Aspergillus niger ATCC 9029. In addition 
compound S6 showed equipotent activity against Pseudomonas 
aeruginosa ATCC 27853, and Aspergillus flavus ATCC 10124. More-
over, compound S1 exhibited more activity against Klebsiella pneu-
moniae ATCC 13883 when compared with the reference drug Cip-
rofloxacin. Among the tested compounds against Bacillus subtilis 
ATCC 6633, Pseudomonas aeruginosa ATCC 27853, Trichoderma 

ATCC 26921, and Aspergillus niger ATCC 9029 compound S1 
showed equipotent activity like standard drug; whereas compound 
S2 shown equipotent activity against Klebsiella pneumoniae ATCC 
13883 and Aspergillus niger ATCC 9029. Compounds S3, S5, S11 
and S13 showed moderate to good anti-microbial activity against 
tested micro organism. Rest of compounds S7, S8 and S9 showed 
weaker anti-microbial activity.

All the synthesized compounds were subjected to MIC (mini-
mum inhibitory concentration) studies against all microorganisms. 
The MICs of Ciprofloxacin and Ketoconazole were determined in 
parallel experiments in order to control the sensitivity of the test 
organisms. MIC values of the compounds and the standards are 
presented in ▶Table 2. As seen in ▶Table 2 While all compounds 
showed lower activities than the standard against B. subtilis, com-
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▶Fig. 8 Selected area of interest for comparative analysis.
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pounds S1, S2 and S6 showed the same activity (MIC: 7.81 µg/ml). 
Against K. pneumoniae, all compounds exhibited lower activity 
(MIC: 7.81–125 µg/ml) than standard (MIC: 3.9 µg/ml). Similarly all 
test compounds exhibited lower activity (MIC: 15.62–125 µg/ml) 
against P. aeruginosa than standard Ciprofloxacin (MIC: 7.81 µg/
ml). Compared to Ketoconazole (MIC: 7.81 µg/ml) entire test com-
pounds exhibited lesser activity (MIC: 15.62–125 µg/ml) against 
Trichoderma. Compound S6 showed the same activity (MIC: 
15.62 µg/ml) as Ketoconazole against A. niger, while others dem-
onstrated lower activity (MIC: 31.25–125 µg/ml) than standard. 
Compound S6 exhibited the same activity (MIC: 7.81 µg/ml) against 
A. flavus, while other compounds exhibited lower activity (MIC: 
15.62–125 µg/ml) than standard Ketoconazole.

In vitro anti TB screening
Herein we report anti TB screening of title compounds 2-(2-(sub-
stituted benzylidene) hydrazinyl)-N-(4-((3-(phenylimino)-3,4-di-
hydroquinoxalin-2(1 H)- ylidene) amino) phenyl) acetamide S1-
S13. The anti-TB effect of these synthetic compounds on the 
growth of Mtb H37Ra was recorded after 7 days of incubation at 
37 °C using by MABA method. There are six different concentrations 
0.97, 1.95, 3.90, 7.81, 15.62 and 31.25 µg/ml were used. The data 
of the anti-TB activity screening reveals that the compound S3, S5 
was inactive in all concentrations against MTB H37Ra strain. In the 
MABA screening, compounds S1, S2, S4, S6 and S12 were sensi-
tive at 1.95 µg/ml concentration; compound S10 were sensitive at 
3.90 µg/ml concentration; compounds S11 and S13 were sensitive 
at 7.81 µg/ml concentration; compounds S7, and S8, were sensi-
tive at 15.62 µg/ml concentration and compound S9 were sensi-
tive at 31.25 µg/ml concentration. As like antimicrobial activity it 
is interesting to highlight that compounds S1, S2, S4, S6 and S12 
showed enhanced activity and these compounds were well 
thought-out as a most effective scaffolds against microbial strains 
and was found to indicate alike anti-TB potency.

Structure activity relationships (SAR)
Structure activity relationship (SAR) studies indicated that nature 
of the substituent attached at 2-hydrazinyl acetamide is important 
for anti-microbial and anti-TB activity ▶Fig. 8. In general it was 
found that most potent anti-microbial and anti-TB activities was 
exhibited compounds (S1, S2, S4, S6 and S12) possessing electron 
withdrawing substituent like nitro, chlorine, and methyl group on 
phenyl ring attached to 2-hydrazinyl acetamide. While other com-
pounds containing electron donating substituents such as meth-
oxy, hydroxyl and dimethylamino groups (S3 and S5) exhibited 
moderate in-vitro anti-microbial activity and poor anti-TB activity. 
The unsubstituted / heterocyclic derivative (S7, S8 and S9) showed 
moderate to weaker activity. The chemical structure and anti-mi-
crobial and anti-TB activities are relationship of the synthesized 
compounds revealed that the compounds having electron with-
drawing moiety exhibited better activity than compounds having 
electron releasing moieties; whereas the unsubstituted derivative 
exhibited weaker activity. On correlating the structures of the sam-
ple candidate within the same substituent, para substituted deriv-
atives (S6 and S12) showed potent activity than corresponding 
ortho/meta substituted analogs (S1, S2 and S4).

Conclusions
In summary, a series of novel quinoxaline Schiff bases (S1-S13) were 
synthesized and evaluated for anti-microbial activities against var-
ious pathogenic microorganisms. IR, 1H-NMR, Mass spectroscopy 
and elemental analyses data of the synthesized compounds are in 
accordance with the assigned structures. All compounds were 
found to display significant activity against entire tested bacteria, 
fungi and Mtb H37Ra. Towards entire tested bacteria, fungi & Mtb 
H37Ra compounds S1, S2, S4, S6, S10 and S12 showed excellent 
anti-microbial and anti-TB properties. SAR studies indicated that 
nature of the substituent attached at 2-hydrazinyl acetamide is im-
portant for anti-microbial and anti-TB activities. The chemical 
structure and anti-microbial and anti-TB activities are relationship 
of the synthesized compounds revealed that the compounds hav-
ing electron withdrawing moiety exhibited better activity than 
compounds having electron releasing moieties; whereas the un-
substituted derivative exhibited weaker activity. On correlating the 
structures of the sample candidate within the same substituent, 
para substituted derivatives showed potent activity than corre-
sponding ortho / meta substituted analogs. Out of thirteen tested 
compounds, 2-(2-(4-nitrobenzylidene)hydrazinyl)-N-(4-((3-
(phenylimino)-3,4-dihydroquinoxalin-2(1 H)-ylidene) amino)phe-
nyl)acetamide S6 exhibited most potent anti-bacterial, anti-fungal 
and anti-TB activities compared to Ciprofloxacin and Ketoconazole. 
As a result the compound S6 could therefore serve as a pilot mol-
ecule for further development as novel class of anti-microbial 
agent.
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Research highlights 

 Preparation of a novel and highly stable GR-CMF composite. 

 Electrochemical behavior of Hb was studied at Hb immobilized GR-CMF composite. 

 The high ks of 6.17 s-1 was achieved for Hb immobilized GR-CMF composite. 
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 A lower LOD (10 nM) was obtained for H2O2 using Hb immobilized GR-CMF 

composite 
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Abstract 
In the present work, we have investigated the electrochemical behavior and electrocatalysis of 
hemoglobin (Hb) immobilized on a glassy carbon electrode (GCE) modified with a graphene-
cellulose microfiber (GR-CMF) composite. The GR-CMF composite was characterized by 
scanning electron microscopy, elemental analysis, and Raman and Fourier transform infrared 
spectroscopy. Well-defined electrochemical redox characteristics of Hb were observed for Hb 
immobilized on a GR-CMF composite modified GCE, with a formal potential of -0.306 V and a 
peak to peak separation of approximately 67 mV. Due to the high biocompatibility of the GR-
CMF composite, the electrochemical behavior of the Hb heme redox couple (FeII/FeIII) was 
enhanced for Hb immobilized on the GR-CMF composite when compared to Hb immobilized on 
pristine GR. The heterogeneous electron transfer constant (ks) was calculated as 6.17 s-1, and is 
higher than previously reported for Hb immobilized GR supports. The Hb immobilized GR-CMF 
composite modified electrode was used for the quantification of H2O2 under optimal conditions, 
and shows a wider linear amperometric response ranging from 0.05 to 926 µM. The limit of 
detection of the biosensor was 0.01 µM with the sensitivity of 0.49 µAµM-1 cm-2. The biosensor 
also showed high selectivity in the presence of the range of interfering compounds and exhibits 
good operational stability and practicality in the detection of H2O2. 
 
Keywords: Graphene; cellulose microfibers; direct electrochemistry; hemoglobin; biosensor; 
H2O2 
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1 1. Introduction 
Recent advances in the nanomaterials indicate a wide range of promising applications for their 
use in biosensor systems [1] as commonly applied to the detection of toxins and pathogens in 
food, clinical, and environmental analysis [2, 3]. Given their high specificity, biosensors based 
on heme redox proteins are widely used for detection of small molecules such as hydrogen 
peroxide (H2O2) and nitrite (NO2

–) in food and environmental samples [4]. Demonstrating 
greater stability than other commercially available redox heme proteins such as horseradish 
peroxidase, cytochrome C, and myoglobin, hemoglobin (Hb) is ideal for biosensor applications 
[5, 6]. Hb-based biosensors are particularly suited to the selective detection of H2O2 due to their 
high electrocatalytic activity and narrow target specificity. The accurate detection of H2O2 in 
food, biological and pharmaceutical samples is fundamental to a wide range of industrial 
applications [7-10]. However, effective immobilization of Hb on the electrode surface is a 
limiting factor in the efficiency of Hb based biosensors. Accordingly, different micro and 
nanomaterials or approaches have been explored as a means to anchor the redox active center of 
Hb to the electrode matrix. 
 
Over recent years, carbon nanomaterials [11-13], metal oxides [14], metal nanoparticles [15], 
ionic liquids [16] and conducting polymers [17] have been utilized as immobilization matrices 
for Hb. In particular, the 2D carbon nanomaterial graphene (GR) exhibits electronic conductivity 
and thermal stability superior to other carbon nanoforms [18, 19], and make it an ideal support 
material in the fabrication of biosensors [19, 20]. However, the direct immobilization of Hb on 
pristine GR surface is problematic due to the molecules hydrophobic nature, and the Hb redox 
active center is located deep within the proteins tertiary structure [21]. Accordingly, the 
immobilization of redox active proteins such as Hb has necessitated modification of GR with 
appropriate biocompatible materials. For instance, carbohydrate polymers and supramolecular 
adducts are widely used as a dispersing agent for GR and the resulting composite may enrich the 
biocompatibility of GR for immobilization of redox active proteins [22-26]. As a natural, 
renewable, abundant, and biodegradable carbohydrate polymer, cellulose has been utilized in a 
wide range of industrial and medical applications [27]. In particular, hydrophobic, water 
insoluble cellulose microfibers (CMF) represent a promising biomaterial for enzyme 
immobilization in biosensors due to their unique chemical properties and high biocompatibility 
[27]. In addition, CMF exhibits a high surface area, high porosity, and bond with the variety of 
conductive materials [27-30]. In the present work, we have exploited the aforementioned 
properties of CMF and, by dispersing GR in a CMF aqueous solution, prepared a GR CMF 
composite for the immobilization of Hb. In doing so, the inherent nature of the hydrophilic 
CMFs acts to effectively prevent aggregation of GR and form a stable GR-CMF composite for 
immobilization of Hb. 
 
A review of the published literature indicates the great majority of GR and cellulose composites 
have been prepared by chemical reduction of graphene oxide and cellulose [28–30], but none 
have demonstrated the direct preparation of GR-CMF composite. However, we have recently 
demonstrated the direct preparation of GR-CMF composite as an immobilization matrix for 
laccase [31]. In the present work, we evaluate the electrochemical redox characteristics of Hb 
immobilized on a GR-CMF composite modified electrode and discuss this in relation to 
comparable modified electrodes for the immobilization of Hb. An H2O2 biosensor was fabricated 
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based on the Hb immobilized GR-CMF composite modified electrode, and the detection 
parameters quantified using an amperometric method. 
 

2 2. Experimental 
2.1  2 .1 .  Mate r ia l  and  methods  

The cellulose microfibers (medium) powder was purchased from Sigma Aldrich. Graphene 8 nm 
nanoflakes were obtained from UniRegion Bio-Tech, Taiwan. H2O2 (30 %) was received from 
Wako Pure Chemical Industries. Human blood serum samples were received from valley 
biomedical, Taiwan product & services Inc., and was approved by the ethics committee of 
Chang-Gung memorial hospital in contract no. IRB101-5042A3. Commercial contact lens 
cleaning solution was purchased from China Chemical and Pharmaceutical, Taipei, Taiwan. 
The whole milk was purchased from a local department store in Taipei, Taiwan. The 
supporting electrolyte was pH 7 phosphate buffer and was prepared with 0.05 M Na2HPO4 and 
NaH2PO4 in double distilled water. Adjustments to pH were made with 0.1 M H2SO4 and 0.1 
M NaOH. 
 

The surface morphologies of the as-prepared materials were characterized using an 

Hitachi S-4300SE/N High Resolution Schottky Analytical VP scanning electron microscope 
(SEM). Elemental analysis (EDS) and elemental mapping of the composite were performed 
using Hitachi S-4300SE/N High Resolution Schottky Analytical VP SEM attached BRUKER 
AXS elemental analyzer. Fourier transform infrared (FTIR) spectroscopy was acquired using a 
JASCO FTIR-6600 spectrometer. Raman spectra for the materials were taken using a Dong 
Woo 500i Raman spectrometer equipped with a charge-coupled detector. Cyclic 
voltammograms and amperograms (amperometric i-t curve) were taken using CHI1205B 
electrochemical workstation from CH Instruments. Hb immobilized on a GR-CMF modified 
glassy carbon electrode (GCE) was used as a working electrode, where the apparent electrode 
surface of the GCE was approximately 0.079 cm2. Saturated Ag|AgCl and Pt wire were used as a 
reference and auxiliary electrodes respectively. Amperometric i-t measurements were performed 
using a PRDE-3A (ALS Co., Ltd, Japan) rotating ring disc electrode (RDE), in which the 
geometric area of the electrode is 0.08 cm2. The electrochemically active surface area (EASA) of 
the GR-CMF composite modified RDE was calculated as 0.27 cm2, and was calculated using 
Randles–Sevcik equation by cyclic voltammetry response of 1 mM ferricyanide with 0.05 M 
KCl [32]. 
 

2.1.1 2 .2 .  Fabr i ca t ion  o f  the  b iosensor  

To fabricate the biosensor, first, the GR-CMF composite was prepared by 

dispersing GR (5 mg mL-1) into the CMF solution using ultrasonication for approximately 30 

min. The stable CMF solution was prepared by the addition of 10 mg mL-1 of CMF into the 

doubly distilled water and sonicated for 45 min at 10˚C. Then, about 6 µL of GR-CMF 
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composite solution was dropped on pre-cleaned GCE and allowed to dry in an air oven. Once 

dry, 6 µL of Hb solution (optimum) was dropped on the as-prepared GR-CMF composite 

modified electrode and dried at room temperature. Then, the resulting Hb immobilized GR-

CMF (GR-CMF/Hb) composite modified electrode was used for further electrochemical 

studies. The schematic representation of the biosensor fabrication is shown in Scheme 1. The 

fresh Hb stock solution was prepared by dissolving 5 mg mL−1 of Hb at pH 7 and was stored at 

-4˚C when not in use. The Hb immobilized GR modified electrode was prepared by drop 

coating of 6 µL of Hb solution on GR modified electrode, while the GR dispersion was 

prepared by dispersing of 5 mg mL-1 of GR into the dimethylformamide (DMF) using 

ultrasonication for 30 min. The Hb immobilized CMF modified electrode was prepared by the 

same method. Optical images of GR-DMF, CMF and GR-CMF composite are shown in Fig. 

1D. All electrochemical measurements were performed in oxygen-free atmosphere by purging 

high purity N2 into pH 7 for at least 10 min, and the modified electrodes were stored under the 

dry condition when not in use. 

3. Results and discussion 

3.1. Characterizations 

The surface morphological studies of the GR, CMF, and as-prepared GR-CMF 

composite were characterized by high-resolution SEM. Fig. 1 shows SEM images of pristine 

GR (A), CMF, (B) and GR-CMF composite (C). The SEM images shows the closely arranged 

layering of relatively small individual pristine GR nanosheets, and the typical dense fiber 

morphology of CMF. It is clear from Fig. 1C that the GR nanosheets were highly exfoliated by 
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CMF compared with pristine GR. In addition, the optical image of GR-CMF composite (Fig. 

1D) confirms the formation of GR-CMF composite and CMF is a suitable dispersing agent for 

GR. The GR-CMF composite was found to be highly stable even after storage for six days. We 

also performed EDS and elemental mapping of the GR-CMF composite and the results are 

shown in Fig. S1 and Fig. 2A and B. The EDS and elemental mapping of GR-CMF composite 

confirm the presence of carbon and oxygen in the composite, while oxygen is absent in the 

EDS and elemental mapping of pristine GR (not shown). The result also supports formation of 

GR-the CMF composite. 

 FTIR spectroscopy has been a powerful tool to investigate the different 

functional groups present in the compounds and interactions between the compounds in the 

composite. Fig. 3A shows the FTIR spectra of GR (a), CMF (b) and GR-CMF (c). The FTIR 

spectrum of CMF shows a characteristic vibration band at 3300–3500 cm-1, and corresponding 

to stretching vibrations of the OH group [31]. Analysis of CMF showed two additional bands 

at 2892 and 1652 cm-1, due to stretching of CH and CH2, and OH from absorbed water [31]. 

The FTIR spectrum of GR was found to be featureless in the finger print region and is similar 

to that previously reported for GR [25]. However, the FTIR spectrum of GR-CMF composite 

showed a similar characteristic band those compared with the FTIR spectrum CMF, which 

confirms the firm attachment of CMF to the GR surface. 

Raman spectroscopy is widely used to study the allotropes of carbon, especially GR 

nanostructures, due to its sensitive nature to a positioning of the carbon atoms. As shown in 
Fig. 3B, the Raman spectra of GR and GR-CMF exhibits a strong G band at 1592 and 
1591 cm−1, and due to the in-plane vibrational modes of sp2 hybridized carbon atoms on GR 
[25]. The less intense D band at 1888 and 1387 cm−1, is ascribed to the vibrations of sp3 carbon 
atoms of disordered GR and vibrations of sp2 carbon atom domains of graphite [33]. Usually, 
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the D band is less active and G band is highly active in few-layered GR than multi layered GR 
sheets. The 2D bands of were observed at 2726cm−1 and 2724 cm−1 on GR and GR-CMF 
composite, is due to the two phonon lattice vibrational process on GR sheets [33]. Peak intensity 
ratio (I2D/IG) of the 2D and G bands of GR and GR-CMF was found as 0.92 and 0.91. The result 
confirms that GR-CMF composite has few layered GR sheets with less defects than pristine GR. 
 

2.1 .2  3.2 .  E lec t rochemica l  behav io r  o f  Hb  a t  d i f fe ren t  
mod i f ied  e lec t rodes  

The redox activity site of Hb is acknowledged as the cofactor heme (FeII/FeIII) and is responsible 
for its direct electrochemical behavior on the electrode surface. Hence, we have investigated the 
electrochemical behavior of Hb immobilized at the surface of different modified electrodes by 
CV. The CV measurements were carried out in N2 atmosphere with a scan rate of 100 mV/s and 
a potential range of -0.7 to 0.2 V. The electrochemical response of Hb immobilized at CMF (a), 
GR (b), and GN-CMF composite (c) modified electrodes is shown in Fig. 4. The Hb 
immobilized CMT modified electrode did not show the redox behavior we expected for Hb, and 
shows only a cathodic peak response at -0.306 V with reversible anodic peak. This result 
indicates that electrochemical redox of Hb is not favorable at the CMF modified electrode. A less 
intense electrochemical redox behavior of Hb was observed for the GR modified electrode and 
the anodic and cathodic peak potentials were located at -0.362 and -0.282 V. The peak-to-peak 
separation was 80 mV. However, the electrochemical redox behavior of Hb was greatly 
enhanced when immobilized on the GR-CMF modified electrode, with a redox current intensity 
3 fold higher than observed on GR. The anodic and cathodic peak of redox couple was located at 
–0.372 and 0.242 V, with the peak-to-peak separation of 130 mV. The result indicates the direct 
electrochemical behavior of Hb to be greatly enhanced on GR-CMF composite when compared 
to Hb immobilized on pristine GR. The good biocompatibility of CMF provides a suitable matrix 
for orientation of Hb on the composite electrode surface. As shown in Fig. S2a, the GR-CMF 
composite did not show any obvious response in the absence of Hb, which indicates the redox 
electrochemical activity to be dependent on the presence of a Hb heme. 
 
The surface concentration (I) of immobilized Hb on GR-CMF composite modified electrode 
was determined as 0.45 × 10–10 mol cm–2 and was calculated using Q/nFA. Where Q is the total 
charge, n is the number of electrons transferred in the redox reaction, F is the Faraday constant, 
and A is the electrochemically active surface area of the biosensor. The obtained I value of the 
biosensor is higher than that of previously reported for Hb immobilized on nanomaterial 
modified electrodes [34–37], and indicates a greater efficiency of Hb molecules adsorption on 
the composite electrode surface. We have also performed CV to determine the effect of scan rate 
(ranging from 50 to 1000 mV/s) on the electrochemical redox behavior of the Hb immobilized 
GR-CMF modified electrode. As shown in Fig. S3A, the redox peak current of Hb increases with 
the scan rate, and corresponding potentials showed a greater degree of positive and negative shift 
as the scan rate increased from 50 to 1000 mV/s. We have also made the plot for scan rate vs. 
anodic and cathodic peak current of Hb and the results are shown in Fig. S3B. It can be seen that 
the anodic and cathodic redox peak current of Hb has a linear dependence on the scan rate. The 
linear regression equations were expressed as: Ipa (µA) = 0.4446 + 2.9878 mV/s (R2 = 0.9959) 
and Ipc (µA) = -0.0419 – 0.8512 mV/s (R2 = 0.9975). The result indicates that the electrochemical 
redox behavior of Hb was a surface controlled electrochemical process on the GR-CMF 
composite electrode. Additionally, the Laviron equation was used to calculate the heterogeneous 
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electron transfer rate constant (ks) of Hb immobilized GR-CMF composite modified electrode 
[34], as 6.63s−1. This high ks value of the Hb immobilized GR-CMF composite indicates that the 
GR-CMF composite facilitates the direct electrochemical activity of the Hb heme, and facilitates 
fast direct electron transfer to the electrode surface. Furthermore, the calculated ks value is higher 
than previously reported Hb immobilized nanomaterials modified electrodes [6, 7, 14, 26, 35–
38], and indicates that GR-CMF composite is a more efficient Hb immobilization matrix than 
previously reported GR modified electrodes. 
 
As a biomolecule, the direct electrochemical behavior of Hb is pH dependent. Hence, the effect 
of electrolyte pH on the electrochemical redox activity of Hb immobilized GR-CMF composite 
modified electrode was studied by CV (not presented here). Hb electrochemical activity was 
characterized in N2 saturated different pH (pH 5, 7, 9 and 11) at a scan rate of 100 mV/s. The 
obtained results are plotted in Fig. S3C. The formal potential (E0’) of Hb shows a linear 
dependence over this pH range, and the linear regression equation was E0’ = -0.0583 + 0.1167 
V/pH with the correlation coefficient of 0.9887. The obtained slope value (-58.3 mV/pH) is 
much closer to the reported theoretical value of the Nernstian equation for a reversible 
electrochemical process involving an equal number of electrons and protons [35]. The redox 
electrochemical mechanism of Hb was extensively studied on carbon nanomaterial modified 
electrodes, and our results are similar to the previous reports for a one proton and electron 
transferred redox reaction of the heme redox active center [26, 35]. 
 

2.1 .3  3.3 .  E lec t roca ta ly t i c  reduc t ion  o f  H 2 O 2  
The electrocatalytic activity of Hb immobilized GR-CMF composite modified electrode was 
further examined by CV. Fig. S4 shows the CV response of biosensor in the absence (a) and 
presence (c) of 500 µM H2O2 into the PBS. A stable and well-defined redox couple of Hb was 
observed in the absence of H2O2. However, the cathodic peak current of the Hb heme was 
dramatically increased in the presence of 500 µM H2O2 due to the reduction of H2O2 by 
immobilized Hb. In the absence of Hb, the GR-CMF composite modified electrode did not show 
the obvious reduction peak current response to H2O2 (curve b), confirming the enhanced 
reduction current of H2O2 is due to the presence of heme redox active center of immobilized Hb 
on GR-CMF composite. The result indicates that Hb immobilized GR-CMF composite modified 
electrode can be used for sensitive and low potential detection of H2O2. 
 
 Amperometric i-t method was used for the quantification of H2O2 using Hb immobilized 
GR-CMF modified electrode. The working potential of the biosensor was fixed at -0.3 V and is 
close to the reduction potential of H2O2 by heme redox active center of Hb (Fig. S4). Under 
optimized conditions, the amperometric i-t was performed for Hb immobilized GR-CMF 
modified RDE according to H2O2 concentration by additions of H2O2 into a constantly stirred pH 
7. The obtained amperometric results are shown in Fig. 5A. It can be clearly seen that the 
biosensor exhibited a stable and well-defined amperometric response for the addition of different 
concertation of H2O2. As shown in the upper inset, the biosensor shows a stable response for the 
addition of 0.05, 0.1, 0.5, 1.0, 3.0 and 5.0 µM H2O2. The response time of the biosensor was 
calculated as 4 s, and indicates a fast electrocatalytic reduction of H2O2. As shown in the lower 
inset, the amperometric response of the biosensor was linear over the H2O2 concentrations 
ranging from 0.05 to 926 µM with a correlation coefficient of 0.9965. The limit of detection 
(LOD) of the biosensor was calculated as 0.01 µM based on a signal-to-noise ratio equal to 3 
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(S/N=3). The sensitivity of the biosensor was 0.49 µAµM-1 cm-2 and was calculated using 
slope/EASA. We have compared the analytical performance of the as-prepared biosensor with 
previously reported enzymatic H2O2 sensors, and the results are shown in Table 1. The 
comparative results clearly show that our biosensor has a superior analytical performance (low 
LOD, high ks, wider linear response range and sensitivity) towards the detection of H2O2 [16, 23, 
26, 35, 39–44]. Accordingly, the as-prepared biosensor is more suitable for the sensitive and 
low-level detection of H2O2. The high conductivity and biocompatibility of the GR-CMF 
composite provide a matrix suited to the immobilization of Hb, and result in optimal H2O2 

detection demonstrating a wider response range, greater sensitivity, lower LOD, and a fast 
response. The catalytic activity and enzyme–substrate kinetics of immobilized Hb on GR-CMF 
composite was evaluated using Michaelis Menten constant (KM

app), and was calculated from the 
Lineweaver–Burk equation (1/Iss = 1/Imax + KM

app/(Imax C)). The reciprocal of the steady-state 
current (Iss) vs. reciprocal of [H2O2] was plotted, and showed that Iss had a linear relationship 
with the reciprocal of [H2O2] with a correlation coefficient of 0.9957. The KM

app was determined 
from the obtained slope (11.555) and intercept (0.028), where slope and intercept is equal to 
KM

app/Imax and 1/Imax. The apparent KM
app was calculated as 413 µM. The obtained KM

app was 
higher than previously reported Hb immobilized graphene/carbon fiber (80.0 µM) [16], 
graphene/chitosan (344.0 µM) [23], graphene/zinc oxide/gold nanoparticles (170.0 µM) [39], 
multi-walled carbon nanotubes-poly-l-histidine/zinc oxide (140.0 µM) [41], graphene/Fe3O4 (3.7 
µM) [43] and palladium nanoparticles/graphene–chitosan (16.0 µM) [44] modified electrodes. 
The high value of KM

app indicates the high biological affinity of the biosensor towards H2O2. 
 

2.1 .4  3.4 .  Se lec t i v i t y  o f  the  b iosensor  
Since H2O2 interacts with ascorbic acid, dopamine, uric acid, glucose, and L-cysteine, 

selectivity of the as-prepared biosensor was evaluated by amperometry in the presence of 

interfering species [26]. Fig. 5B shows the amperometric response of the Hb immobilized GR-

CMF modified electrode in response to the addition of 1 μM H2O2 (a), and 500 µM additions of 

ascorbic acid (b), dopamine (c), uric acid (d), epinephrine (e), l-cysteine (f), norepinephrine (g) 

and glucose (h) to N2 saturated pH 7 with an operational working potential of -0.3 V. The 

biosensor showed a sharp and stable amperometric response for the addition of 1 μM H2O2 (a), 

while the addition of each interfering species elicited no discernible current response. These 

results indicates the high specificity of the biosensor is due to the high specificity of immobilized 

Hb and negative working potential (-0.3 V). Hence, the as-prepared biosensor is suited to the 

selective detection of H2O2 in environmental or clinical samples. 
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We have also investigated the operational stability of the biosensor by amperometry and 

the results are shown in Fig. 5C. The working conditions are similar to Fig. 5A. It can be seen 

that the amperometric background current response of the biosensor was 97.8% stable even after 

the continuously run up to 2000 s in pH 7.0, and reflecting the highly stable nature of Hb 

immobilized on the GR-CMF composite. The CV was further used to evaluate the repeatability 

and reproducibility of the biosensor for detection of 500 µM H2O2 and with the experimental 

conditions similar to Fig. S4. We used six independently prepared biosensors for the detection of 

500 µM H2O2, and obtained a relative standard deviation (RSD) of approximately 4.3%. By way 

of comparison, a single biosensor showed an RSD of 2.7% for detection of 500 μM H2O2 

across 10 separate solutions. The observed RSD values of the biosensor are well within 

acceptable limits; hence the biosensor is suited to precise detection of H2O2. The fabricated 

biosensor was also tested for long-term storage stability (up to 35 days) by CV and was stored at 

4 ºC under dry conditions. The prepared biosensor was tested for every five days by CV in 

response to 500 µM H2O2 and experimental conditions similar to Fig. S4. As shown in Fig. S5, 

the as-prepared biosensor retained 84.2 and 81.1% of its initial sensitivity after the 20 and 35 

days storage respectively, which indicating excellent stability. 

3.5. Determination of H2O2 in food, biological and pharmaceutical samples 
As a proof of concept, we have evaluated the biosensors performance in amperometric 

determination of H2O2 in real samples. The amperometric experimental conditions are similar to 

Fig. 5A. We have used whole milk, contact lens cleaning solution (3% H2O2) and human serum 

for the real sample analysis. The whole milk and human serum samples were H2O2 free and used 

as received. The contact lens cleaning solution was diluted with pH 7 and the unknown 

concentration of H2O2 was determined using the as-prepared biosensor. Known concentrations of 

H2O2 (1.0 and 2.0 µM) contained in whole milk, contact lens cleaning solution, and human 
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serum were injected into the pH 7 phosphate buffer and their recoveries were calculated using a 

standard addition method. The obtained recoveries of H2O2 were summarized in Table S1. The 

average recoveries of H2O2 were 93.0, 98.5 and 99.0% with a RSD of 3.5, 3.1 and 2.8% in whole 

milk, contact lens cleaning solution, and human serum samples respectively. The good recovery 

and appropriate RSD of the biosensor further validates that it the application of the biosensor for 

real-time detection of H2O2 in food, biological and pharmaceutical samples. 

4. Conclusions 
In summary, we have developed a sensitive and selective H2O2 biosensor based on the 

electrochemical redox behavior of Hb immobilized on GR-CMF composite. Physicochemical 

characterizations confirms the formation of the GR-CMF composite. The combined unique 

properties of GR-CMF composite facilitates the direct electron transfer between Hb and 

electrode than GR and CMF modified electrodes. The as-prepared biosensor exhibits good 

electrocatalytic activity and analytical performance (low LOD (10 nM), high sensitivity (0.49 

µAµM-1 cm-2), fast response (~3 s) and a broad linear response range (up to 926 µM)) towards 

H2O2. The biosensor performance for real samples demonstrates its suitability to real time 

monitoring of H2O2 in food, biological and pharmaceutical samples. The presented research 

points the way for the development of further biosensors based on the superior immobilization 

efficiency and electron transfer characteristics of the GR-CMF composite. 
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Table 1 Comparison of the analytical performance of GR-CMF/Hb biosensor with the 
previously reported Hb based biosensors for the determination of H2O2. 
 

Biosensor 
Eapp 

(V) 

LOD 

(nM) 

LRR 

upper limit 

(µM) 

Ks 

(s) 

Sensitivity 

(µAµM-1cm-

2) 

Ref. 

Hb-MWCNT/ZnO/GCE −0.34 20.0 516.0 1.26 3.66 [26] 

Hb-GR-CS/GCE −0.4 510.0 230.0 NR NR [23] 

Hb-GR-GTN/GCE −0.32 40.0 786.6 3.82 0.048 [35] 

Hb-GR-CFE −0.36 2000.0 210.0 1.93 1.4 [16] 

Hb-GR/ZnO-AuNPs/GCE −0.3 80.0 1130.0 1.3 NR [39] 

Hb-GR-

MWCNT/CILE/GCE 

NR 15.3 210.0 1.03 NR [40] 

Hb-MWCNT–His–

ZnO/GCE 

−0.25 10.0 18000.0 5.16 0.021 [41] 

Hb-Fe3O4-GR/CCE −0.3 500.0 585.0 0.91 NR [42] 

Hb-GR-Pt/GCE −0.26 1000.0 585.0 0.92 NR [43] 

Hb-GN/CS/PdNPs/GCE NR 660.0 1100.0 0.86 0.002 [44] 

GR-CMF/Hb/GCE −0.3 10 926 6.3 0.49 Present 

work 

 

Abbreviations 
LRR – linear response range; LOD – limit of detection; MWCNT – multi-walled carbon 
nanotubes; GCE – glassy carbon electrode; NR – not reported; GR – graphene; CS – chitosan; 
GTN – gelatin; CFE – carbon fiber electrode; NPs – nanoparticles; His – histidine; GN – 
graphene 
 

 



Page 17 of 25

Acc
ep

te
d 

M
an

us
cr

ip
t

17 
 

 

3 Biographies 
<remove picture pageno -1>Dr. Vijayalakshmi Velusamy is a Senior Lecturer in Electronic 
Engineering in the Division of Electrical and Electronic Engineering at Manchester Metropolitan 
University, UK. She holds a PhD (2012) in DNA Biosensor Development from University of 
Limerick, Ireland, Master’s degree (2007) in Micro and Nanotechnology from University of 
Ulster, UK and a Bachelor’s degree (2002) in Electrical and Electronic Engineering from 
Bharathiar University, India. Her multidisciplinary research focuses on the development of novel 
integrated sensors/biosensors for a wide range of applications such as environmental monitoring, 
biosecurity, wearable devices, disease biomarker detection and point-of-care and smart medical 
devices. 
 
<remove picture pageno -1>Dr. Selvakumar Palanisamy received his B.Sc (2006), M.Sc 
(2009) and M. Phil (2010) degrees in Chemistry from Madurai Kamaraj University, Tamilnadu, 
India. He obtained his PhD degree (2014) in Chemical Engineering from National Taipei 
University of Technology (NTUT), Taiwan. Currently, he is working as a post-doctoral fellow in 
Prof. Shen-Ming Chens’ lab at NTUT. His current research interest include the synthesis of 
nanomaterials and applications related to the electrochemical sensors and biosensors. He has 
published over 75 research articles in SCI journals. He also serves as a consulting editor of 
Journal of reports in electrochemistry. 
 
<remove picture pageno -1>Dr. Shen-Ming Chen received his B.S. Degree in Chemistry in 
1980 from National Kaohsiung Normal University, Taiwan. He received his M.S. Degree (1983) 
and Ph.D. degree (1991) in Chemistry from National Taiwan University, Taiwan. He is currently 
a professor at the Department of Chemical Engineering and Biotechnology, National Taipei 
University of Technology, Taiwan. His current research interests include electroanalytical 
chemistry, bioelectrochemistry, fabrication of energy conservation and storage devices and 
nanomaterial synthesis for electrochemical applications. He has published more than 550 
research articles in SCI journals. 
 
<remove picture pageno -1>Mr. Tse-Wei Chen received his B.Sc. (2016) degrees in chemistry 
from Fu Jen Catholic University, Taiwan. Currently, he is a M.S. student in the department of 
Chemical Engineering and Biotechnology at National Taipei University of Technology. He 
specializes in electrochemical sensors and biosensors based on modified electrodes. His research 
interest also includes the synthesis of nanomaterials for different applications including graphene 
based composites. 
 
<remove picture pageno -1>Dr. Sayee Kannan Ramaraj received his M.Sc. (1992) degree in 
Chemistry from Madurai Kamaraj University. He was the gold medalist in Master of Philosophy 
in School of Chemistry, Madurai Kamaraj University. He obtained his Ph.D. (2003) in School of 
Chemistry, Madurai Kamaraj University. He is currently an assistant professor at the Department 
of Chemistry, Thiagarajar College, Madurai, India. He is also a visiting professor at the National 
Taipei University of Technology, Taiwan. He specializes in polymeric composites, Corrosion 
science, electrochemical sensors and biosensors. 
 



Page 18 of 25

Acc
ep

te
d 

M
an

us
cr

ip
t

18 
 

<remove picture pageno -1>Ms. Sonadevi Selvam received her B.Sc degree (2010) from Sri 
Meenakshi College for Women in Madurai, Tamil Nadu, India. She received her M.Sc degree 
(2012) from VVV College for Women, Virudhunagar, Tamil Nadu, India. She obtained her 
M.Phil. degree (2013) from NMSSVN College, Madurai. Currently she is working as an 
Assistant professor in Department of Chemistry, PSR Engineering College, Sevalpatti, Sivakasi. 
Her research interest mainly focuses on the synthesis of nanomaterial for electrochemical 
sensors, biosensors and energy devices. 
 

 
 
<remove picture pageno -1>Dr. Bih-Show 

Lou received her B.S. Degree in Chemistry in 1984 at the National Kaohsiung Normal 
University, Taiwan. She then went to University of New Mexico, USA where she received her 
Ph.D. with Prof. Mark R. Ondrias in Biophysical Chemistry in 1993, then was a postdoctoral 
fellow at University of Arizona with Victor J. Hruby, Regents Professor. She is currently a 
professor at the Chemistry Division, Center for General Education, Chang Gung University, 
Taiwan. Her current research interests include spectroscopy for chemical and nanomaterial 
analysis, bioelectrochemistry for electrochemical and biosensor applications. 
 



Page 19 of 25

Acc
ep

te
d 

M
an

us
cr

ip
t

19 
 

 

4 Figure captions 
Scheme 1 Schematic representation of the fabrication of Hb immobilized GR-CMF biosensor 
and its electrochemical reduction of H2O2. 
 
Figure 1 SEM images of GR (A), CMF (B), GR-CMF composite (C). D) The corresponding 
optical images of GR dispersed in DMF (a), CMF (b) and GR dispersed in CMF after six days 
storage. 
 
Figure 2 Elemental mapping of carbon (A) and oxygen (B) in GR-CMF composite. 
Figure 3 A) FTIR spectra of CMF (a), GR (b) and GR-CMF composite (c). B) Raman spectra of 
pristine GR (a) and GR-CMF (b). 
Figure 4 CV response of Hb immobilized on CMF (a), GR (b) and GR-CMF composite (c) 
modified electrodes in pH 7 at a scan rate of 100 mV/s. 
Figure 5 A) Amperometric i-t response of Hb immobilized GR-CMF modified RDE for the 
different concentration additions (0.05–976 µM) of H2O2 into the constantly stirred pH 7 with a 
working potential of –0.3 V. Upper inset shows the amperometric response of Hb immobilized 
GR-CMF modified RDE for the addition of 0.05, 0.1, 0.5, 1.0, 3.0 and 5.0 µM H2O2 into the 
constantly stirred pH 7. Lower inset is the linear plot for amperometric current response vs. 
[H2O2]. B) Amperometric i-t response of Hb immobilized GR-CMF modified RDE for the 
addition of 1 µM H2O2 (a), and 100 µM additions of ascorbic acid (b), dopamine (c), uric acid 
(d), epinephrine (e), l-cysteine (f), norepinephrine (g) and glucose (h) into the constantly stirred 
pH 7. Working potential = -0.3 V. C) Operational stability of the Hb immobilized GR-CMF 
modified RDE for the addition of 100 µM H2O2 in pH 7 with a working potential of –0.3 V. 
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Summary

Wireless Sensor Network (WSN) has to diffuse the independent wireless sensor nodes, which

can track the physical or environmental status. In previous works, many issues prevailed with

multitask scheduling such as interference, high energy consumption, throughput, etc. Moreover,

some issues arise while working with heterogeneous WSN. This work deals with these issues

in heterogeneous WSN with aid of the multitask scheduling. For this purpose, a Heterogeneous

Hybridized Fuzzy-based (depends on degree of truth) Dijkstra's organizing algorithm (HHFDS)

was proposed. This technique integrates light weight characteristics as well as a queuing-based

analysis methods, hence identifying the greatest parallel arrangements for which the provided

data packet effectively. In this technique, fuzzy Dijkstra's algorithm is hybridized with deep

neural network. This also depicts in what way to utilize the identifications outcome with varying

data packets and thereby helps with various heterogeneous organizing objectives. The proposed

HHFDS algorithm is implemented via the use of the network simulator (NS2). The results of the

proposed and existing methods are measured in terms of the metrics like Energy Consumption,

Time Consumption, Transmission Delay, and Average Throughput. The simulation results are

depicted as follows and the comparison result shown as follows demonstrates the effectiveness

of the proposed algorithm.

KEYWORDS

deep neural connections, Fuzzy-based Dijkstra's algorithm, heterogeneous scheduling,

interference, multitask scheduling, wireless sensor network

1 INTRODUCTION

In Wireless Sensor Network (WSN), nodes are abled by sensing, actuating, and relaying the collected information by which the base station observes

and reacts accordingly to the particular environmental condition.1 The WSN can be categorized as homogeneous WSN and heterogeneous

WSN.2 WSN are utilized in diverse applications such as military, healthcare, environmental, biological, home, and other commercial applications.3

Several issues identified in WSN include power management, localization, routing, deployment technique, etc. Since sensor networks position

are not predetermined random deployment is allowed in inaccessible terrains.4 Moreover, since sensor networks with the restricted with power,

calculated capacities and memory utilizing the power utilizations within the WSN are another important issue.5

Routing in WSNs becomes an issue while building up the global addressing methods; overall, sensor networks require a flow of sensed data

through the many origins to a specific sink, discharge, and finally holds tightly forced in words of transmitting energy, on-board power, organizing

capacity, and storage.6 Rather than multipath routing algorithms in existing system, some single path routing algorithms were presented, but

it did not provide better performance since it did not considered the effects of various traffic data packet intensities.7 The multiple path

routing algorithms make the origin of the nodes to introduce many finding ways to the final destination path. This is because the data packets

are generated toward many larger paths, gives the maximum possibility ways, where the many equalized power consumption, as well as the

interference aware sensor networks.8

Several existing multipath routing algorithms include genetic algorithm-based multipath routing,9 where the better Harmony findings depend

on the Energy capability Routing Algorithm (IHSBEER) for WSNs, depending on harmony findings (HS) the meta-heuristic algorithm.10 After a

Concurrency Computat Pract Exper. 2019;e5354. wileyonlinelibrary.com/journal/cpe © 2019 John Wiley & Sons, Ltd. 1 of 12
https://doi.org/10.1002/cpe.5354
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cross-layer optimize geographic node has not joint with, the many paths scatter algorithm11 is given to optimize the system depending upon

the needs of many layers' interactions. Another multipath routing algorithm is an energy balancing algorithm is proposed inspired from an ant

colony optimization algorithm that classifies the discovered routes by priority.12 Some techniques, which are given to solve these issues include

Power-utilization Detain-sensible Lifetime, stabilize data acquired (EDAL) has given a significant cutting down with over all traffic expense for

getting the sensor capturing.13

In the existing system, many issues are identified with multitask scheduling such as interference, high energy consumption, throughput, etc.

Moreover, some issues arise while working with heterogeneous WSN. In the recent work, how to solve the shortest distance and multitask

scheduling efficiently becomes a major important issue; to solve this problem, this work's new algorithm is introduced in WSN. This work

motivates to develop a new scheduling methods and algorithm for heterogeneous WSN with aid of the multitask scheduling.

The main aim of proposing an interference aware multipath routing algorithm is to provide efficient energy consumption, delay, increasing

end-to-end throughput, interference aware in heterogeneous sensor connections, and so on. The development of this paper is described in the

following. Section 2 gives some of recent existing approaches introduced to solve the issues in WSN. Section 3 describes about the problem

statement describing about the major issues, which are considered in these tasks. Section 4 explains regarding the explained HHFDS methodology

that hybridizes a fuzzy Dijstra's algorithm with deep neural network.14,15 Section 5 provides comparative analysis to depict with increased

production of the explained algorithm. Then, the end of Section 6 represent thes outcome continued by the references.

2 RELATED WORKS FOR THE RESEARCH

Some of the existing approaches and techniques applied related to the aforementioned issues in WSN are described as follows.

Leu et al16 depicted about a Grouping algorithm with the clustering sensor nodes needs to get higher the energy loads with WSNs. In this

work, the authors explained the area energy such as clustering methodologies acquiring the splitter with the nodes to WSNs and likely area

energy are close to Clustering through with its separated Nodes (REAC-IN). In the REAC-IN, CHs where picked based on the weight calculated

because the remaining few energy of each sensor as well as the regional estimated energy of all over sensors has its each cluster. By extending

the network connection throughout lifetime, the regional estimated energy as the distance between the sensors as well as the sink are made of

to identify whether this is the separated node transmits its data to a CH node in the above round or the sink.

Kafi et al17 described algorithm for the issues in WSN such as throughput and connection calculations. There, the issue of throughput higher

has managed with inventing a congestion control-based schedule algorithm, label Reliable, organized, Fair, as well as the Interference-Aware

Congestion Control (REFIACC) protocol. REFIACC ignores the interferences and make sure that the fairness of bandwidth capturing through

the sensor nodes by make scheduling the networks. One to another programming has utilized to attain ideal capturing of efficiency and the

higher obtained bandwidth. By these methods, they have not dealt with determined modifications within the interference as well as the capacity

parameters.

Fateh and Govindarasu18 concentrated with in-network messages handles and communication through the needed power efficiency with

many interference limitations within the WSN, where the Mixed Integer Linear Program (MILP) was constructed with the joint scheduling of

computation methods as well as the communication information's within the dataset obtained tree depending networks. The three phase's

heuristic where introduced where the primary complete joint arrange of tasks and information's after that minimize the power capturing with the

network through using the power storing methodologies similarly Dynamic Voltage Scaling (DVS) for method and Dynamic Modulation Scaling

(DMS) methods for information, thereby understanding where to capture to efficiently perform slack separation. The MILP formulation was

presented to obtain the optimal solution.

Shashaj et al19 described about Underwater Wireless Sensor Networks (UWSNs) and there significant efforts. The purpose of clear emission

with in water, launches many challenges like variable as well the maximum propagation waits, less data rate, important variations shifts within

the terms of passage reliability with many time, as well as the long interference range. The class of scheduling and routing methods was dispense

by helping the use of energy control, by attains reliable, less energy, and interference known communications.

Kafi et al20 dealt through the congestion and interference managing with in WSN, where it is needed for enhancing the high standards

throughput as well as the storing the short energy within the networks and the nodes has various storages and traffic methods. The

Interference-Aware Congestion Control (IACC) method was discussed where it permits higher passing storage usages for every node through

managing the congestion and interference. By this, they achieved through fair higher rate managing of interfering nodes within inter and intra

paths of hotspots.

Zeng et al21 stated the problem within Software-Defined Sensor Networks (SDSNs). The sensor node within SDSN has ability to make up the

numerous systems with various sensing targets similarly. To this end, three issues investigated include (1) the subset of sensor nodes that shall

be activated, ie, sensor processing; (2) the method that every sensor node needs be allocated, ie, task pointing; and (3) the sample rate with the

sensor for a final reach, ie, sensing tasking. By this, they collaged by taking and calculated with the mixed-integer with quadratic constraints

programming (MIQP) issues, where then again formulated with a mixed-integer linear programming (MILP) formulation with its less consume

complexity through linearization. By dealing with dynamic happenings like sensor node mingled and started, at the time of SDSN functions,

capability online algorithm through the local optimization was managed efficiently.
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Yin et al22 presented the priority-based information processing model proposed for multitask sensor nodes in the architecture of multitask

WSN. The results demonstrated that the proposed algorithm is able to increase the throughput of network capably.

Lattanzi et al23 presented a java-compatible platform for WSNs, which gives a support to preemptive multitasking at the same time as allowing

the programmers toward write their applications in java. The proposed algorithm has been experimented and evaluated on top of VirtualSense,

an ultra-low-power wireless sensor mote giving a java-compatible runtime situation. Results and scalability of the solution are discussed in light

of wide experiments carryout on representative benchmarks.

3 PROBLEM DEFINITION

In the existing system, many issues are identified with multitask scheduling such as interference, high energy consumption, throughput, etc.

Moreover, some issues arise while working with heterogeneous WSN. This work deals with these issues in heterogeneous WSN with aid of the

multitask scheduling. These issues are stated as clearly in the following manner.

• The calculated of energy needs to function with high-performance sensor connections gets higher regular with a maximum pace, and thereby

the power acquired have impressed at its maximum deal of attention. However, the maximum energy capturing inevitably has its issues and

minimize connection reliability. However, there is very few work of simultaneous management of network performance, reliability, and power

acquired.

• WSN helps needed consistently less response times to attract and get back network users. Computing the solution with user request through

the maximum WSN models takes seconds and every minute to finish where it running parallel.

• By convincing the general objectives for managing interactive serving methods to higher reply latency through a provided amount of resources,

to reduce resource acquired while meeting latency.

• By working effectively through the heterogeneous connections, ie, the sensor nodes within the network have not similar properties like

internal memory, functioning speed, energy consume, etc.

4 PROPOSED HETEROGENEOUS HYBRIDIZED FUZZY-BASED DIJKSTRA'S SCHEDULING
ALGORITHM

From these segments, the tasking framework Heterogeneous Hybridized Fuzzy-based Dijkstra's Scheduling algorithm (HHFDS), a multi-tasking

segments in WSN, is discussed where it merges light weight profiling as well as a queuing-based identifications methods to analyse suitable

parallel configurations for few provided data packet effectively. Moreover, it represents through how to manage the identified outcome to modify

the parallelism configurations website through different data packets as well it gets helps for another heterogeneous scheduling methods. The

overall methods of the discussed algorithm, marked at Figure 1, represent and have its identifying model, profiler, and finally scheduler. These

schedules are made a link by the reference table, where it points maps various network data packet stages (arising target rate). The profiler makes

the connection message as input and happens lightweight profiling and helps the profiling outcome to the identification model. The identification

methods are taken as the important component with the framework and capture the profiling outcome to identify the latency of complete

combinations of parallelism has its nodes with heterogeneous resources below the various data packet levels and populates the reference table.

Thereby, the scheduler has its current connecting data packet as index to refer the reference table.

4.1 Profiler to identify parallel configuration

By achieving the tasking methods, we primarily evaluate complete ways parallelism configurations for entire feasible network data packets

and analyse the suitable parallel configuration with every data packet by short coming through complete profiling with its maximum cost.

Network 
Information

Network 
Load

Data packet

Profiler

SchedulerPrediction 
Model

Reference 
Table

Scheduling 
Decisions

FIGURE 1 Complete architecture of the discussed multi-task scheduler
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FIGURE 2 Proposed system representation

By considering there are p variations configurations and which are l data packet stages, one needs to happen p × l profiling methods. By some

extra, capacity level latency needed a comparatively long time span to make it happen with statistical stability because to the random probability

queuing happenings. Analyzing through the lighter data packet stages needs even maximum time for profiling since the maximum stable durations

in between requests attains high duration of the methods. Let t the approximate cost to attain statistical constant in profiling, where it happens

all over cost of comprehensive profiling p × l × t. HHFDS make it happens lightweight profiling using capacity of the request service durations

with every parallelism degree.

Since this work supports heterogeneous network, the wireless network is partitioned into a set of sub networks including a first sub network

having a first sink node and a second sub network having a secondly the sink node. The proposed flow in the proposed system is sketched at

Figure 2.

A node forms parts of the first and the second sub networks. The profiling of HHFDS provides two advantages, ie, (1) measure the appeal

service durations alternatively of latency, and (2) by estimating every parallelism degree made up of each parallel arrangement. By this, the service

durations of various parallelism sensor network configurations below the various data packets (heterogeneous conditions) can be computed by

HHFDS, saving the data packet dimension l. Then, the profiling results p × l × t are fed with the identified methods of HHFDS to calculate the

latency below the various data packet levels.

4.2 Queuing-based prediction model to predict latency

Lineup methods are made up that takes profiling results as input and predicts request latency under different data packet and parallelism

configurations. The key challenge and innovation of the model are its interference-awareness, effectively quantifying the latency impact of

request interference because of the memory dispute. Thereby, the issue of identifying DNN appeal latency with any provided parallel sensor

connection configuration is explained with the provided data packet. The parallelism arrangements like higher service parallelism cservice , inter-node

parallelism cinter, and intra-node parallelism cintra are defined. Then, the inputs of the model are defined as Data packet with the expression of

inter-arrival rate, ie, λ, and since heterogeneous network is utilized HHFDS continuously monitors the incoming work data packet from every

sensor network and periodically updates its observed data packet. Then, the profiling results are taken as 𝜇i (i = 1… n), where i appeals that they

are running parallel, n are the higher service parallelism. This is the output average latency for heterogeneous WSN for any given data packet.

This makes the WSN with an interference-aware service method and, there, the issues are formulated as a m/dinterf/n queue, where m indicates

exponential inter arrival period, dinterf indicates distinctive characteristic to heterogeneous sensor network and interference awareness and n

states for the higher service parallelism, and it is parallel with the nservice .

The outcome gets attracted by Cosmetatos' calculations14 where it calculates m/dinterf/n using the m/m/n with adjustment and exact things.

These calculations methods are maddened to resolve the interference-aware scenario and resolve m/dinterf/n within two methods, ie, (1) solving

m/dinterf/n queue has interference-aware exponential service time. (2) Utilize the approximation method proposed with Cosmetatos' calculation

to modify the outcome of m/minterf/n queue to approximate the m/dinterf/n queue. The interval duration and service duration are estimated

individually. Latency are estimated as the sum of these two measures.

Thus waiting time estimation is then estimated as let pi is the random with i requests within the methods. Let 𝜌i = 𝜆

𝜇i
and 𝜌i =

𝜌n

n
= 𝜆

n.𝜇n
. Based

on state transition function, a steady state probability of state c, pc is obtained as

pc =

⎧⎪⎪⎨⎪⎪⎩

c∏
n=1

𝜌i

c!
· •𝜌i (0 ≤ c ≤ n − 1)

𝜌c−n ·
n∏

i=1
𝜌i

n!
· p0 (c ≥ n)

· . (1)
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This represents c appeals within the sensor connections (total of appeals within the queue and in service). p0 State the probability where the

sensor connections are stable, ie, no requests are found in the sensor network. Since all probabilities are equal to 1 and
∑𝜀

k=0 𝜌
k = 1

1−𝜌
for 𝜌 < 1,

∞∑
k=0

pk = p0 ·
⎛⎜⎜⎜⎝

1 +
n−1∑
k=1

k
Π

i=1
𝜌i

k!
+

n
Π

i=1
𝜌i

n!
·

∞∑
k=n

𝜌k−n

⎞⎟⎟⎟⎠
= p0 ·

⎛⎜⎜⎜⎝
1 +

n−1∑
k=1

k
Π

i=1
𝜌i

k!
+

n
Π

i=1
𝜌i

n!

⎞⎟⎟⎟⎠
= 1, (2)

where 𝜌 < 1.

Let h = 1 +
∑n−1

k=1

Πk
i=1

𝜌i

k!
+

Πk
i=1

𝜌i

n! · (1 − p)
,whereasp0 = h−1. (3)

Considering that the Lq(𝜆) is an average number with requests pending the queue, by formula, we have

Lq (𝜆) =
∞∑

k=n

(k − c) · pk. (4)

Together with Equation (1) and based on
∑∞

k=0 k𝜌k = 𝜌

(1−𝜌)2 for 𝜌 < 1, we have

Lq (𝜆) =
p0 ·

n
Π

i=1
𝜌i

n!
·

∞∑
k=n

(k − c) · 𝜌k−n

=
p0 ·

n
Π

i=1
𝜌i

n!
· 𝜌

(1 − 𝜌)2
,

(5)

where 𝜌 < 1. Then, the pending durations within the queue can be calculated as

W
m∕minterf∕n
q (𝜆) =

Lq (𝜆)
𝜆

=
p0 ·

n∏
i=1
𝜐i

𝜆 · n!
· 𝜌

(1 − 𝜌)2
. (6)

To approximate m/dinterf/n using the m/minterf/n, Cosmetatos' approximation is used and states that the waiting time in the queue can be

approximated as

Wm∕D∕n
q ≈ 1

2
(1 + f (n) · g (𝜌)) · Wm∕m∕n

q , (7)

where

f (n) =
(n − 1) ·

(√
4 + 5n − 2

)
16n

(8)

g (𝜌) = 1 − 𝜌

𝜌
(9)

𝜌 = 𝜆

n−𝜇
, 𝜆 𝜆 is an approximate reaching rate, and μ is approximate service rate. These calculations be modified with the interference-aware

stages. We consider the m/minterf/n queue as the similar modifications terminologies are f(n) and g(ρ) as upon to calculate the m/dinterf/n queue as

follows (using Equations (6) and (7)):

W
m∕Dinterf∕n
q (𝜆) ≈ 1

2
(1 + f (n) · g (𝜌)) ·

p0 ·
n∏
i=1
𝜌i

𝜆 · c!
· 𝜌

(1 − 𝜌)2
. (10)

Even though the service durations are below the exact parallelism, degree tuple is deterministic and can be states; the service durations below

a provided parallel method can modify with data packet and provide to be identified. These are caused due to the random durations reaching

methods and interference, eg, at various moments, the methods can have various number of same processing appeals (starts from 0 to the

defined higher service parallelism), where it outcomes with various interference and hence thereby various service times. By using the PASTA

(Poisson Arrivals See Time Averages) property22 to execute the approximate service durations Sm∕dinterf∕n (𝜆) below reaching rate λ as follows:

Sm∕dinterf∕n (𝜆) = 1
𝜇1

· p0 + 1
𝜇2

· p1 + 1
𝜇3

· p2 + ..… + 1
𝜇n

· pn−1 + 1
𝜇n

· pi

=
n∑

i=1

pi−1

𝜇i
+

p0 ·
n∏

i=1
𝜌i

𝜇n · n! · (1 − 𝜌)
. (11)

The average latency Wm∕dinterf∕n is equal to the approximate duration spent in spending in queue Wm∕dinterf∕n plus the average time spent in

execution Sm∕dinterf∕n

Wm∕dinterf∕n (𝜆) =
n∑

i=1

pi − 1
𝜇i

+
p0 ·

n∏
i=1
𝜌i

𝜇n · n! · (1 − 𝜌)
+ 1

2
(1 + f (n) · g (𝜌)) ·

p0 ·
n∏

i=1
𝜌i

𝜆 · n!
× 𝜌

(1 − 𝜌)2
. (12)
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FIGURE 3 Flow chart representation of HHFDS

By the previous formula, we can recall that 𝜇i is a given input from profiling, 𝜆 is caused by inter-node parallelism cinter states where displays

more machines to execute one another request, n is equal to the attains higher possibility service parallelism cservice , and hence the intra node

parallelism is avoided by F/n; thus, F is the number of cores with the node. Thereby, for provided methods as well as the sensor connections

with data packet, latency be calculated below the various methodologies of service parallelism, inter-node parallelism, and intra-node parallelism.

Equation (12) can be used to populate the methods with references table so that is the core of HHFDS. The aforementioned output is extracted

for a single serving unit (with cinter number of machines). With a cluster, cluster can be partitioned into serving units depending up on the

inter-node parallelism cinter. The flow diagram indication is represented in given Figure 3.

4.3 Multi-task methodology

The organizer gets the present network data packet as provides input dataset, identifies the configuration with references table, and identifies

and modifies to the greatest parallelism configuration. For enabling quick configuration shifts, the whole sensor connections is pre-installed

with every server, and every given data sets is passed within the server with a mapping of servers to input partitions. This informs the server

of where the separate of the sensor network to help to make the input, and which servers to communicate with for cross-machine neural

connections. After, HHFDS grouped the lightweight profiling with interference-known waiting methods to identify sensor network provides the

latency. Moreover, it specifies the great parallel configuration for any provided data packet after that deploys a dynamic differentiation to make

it adaptive to differing data packets online nearly instantly. In addition, along with this system, the fuzzy logic and Dijkstra's algorithm24 are

captured where it captures sensor node passing, like the pending energy and the nearby device list periodically. The nodes in the sensor network

get to communicate with a targeted node; it primarily shares a network request to the network to get the correct way to the targets. After that,

optimum way is determined through the fuzzy-based Dijkstra's algorithm.

Represented flow tables built-in with the HHFDS are displayed in Table 1. Every entry within these table is captured through the suggested

HHFDS algorithm where the sensor connections. Every node with the network's way gets an entry with commands on what to do through the

incoming data packets. By this case of an incoming packet, HHFDS makes compares with the packet's source address through the Matching Rule

field within the contained flow entries. The address is noticed, where it can be looked at the Action area. Where the value in this area is moving

towards, it sets the packet's targets address to the value of the next-hop field.
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TABLE 1 Illustration of flow tables built by scheduler

ID Address Matching rule Action Statistics

Comparator Address Forward/ Next hop Number of

match rule Drop packets

1 13 Equal to 13 Forward 2 36

1 4 Not equal to 1 Drop - 78

2 5 Equal to 1 Forward 4 37

2 4 Not equal to 1 Drop - 98

3 7 Equal to 8 Forward 4 39

3 14 Not equal to 8 Drop - 78

The algorithm representing the overall process of HHFDS is described. By this procedure, the energy consumption in the entire network is

balanced.
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5 PERFORMANCE ANALYSIS

In these, implementing the proposed heterogeneous multi-task scheduling HHFDS technique is compared with existing Interference-aware

Energy-aware many tasking arranging the Heuristic (REFIACC) and with the operation happened within a time where the method uses AODV

protocol. AODV (Ad hoc On-Demand Distance Vector) was the protocol as a part of the existing methodology for flow planning in the WSN.

With a reactive routing protocol, AODV makes traditional routing tables, at one entry per target, and makes the similar numbers to display out

routing messages are marked up-to-date and to avoid routing loops. By contrasting, performance with our proposed system with the existing

method with AODV protocol for scheduling the tasks in WSN demonstrates that the energy and time consumption of the network sufficiently

diminished than the existing technique.

5.1 Comparative analysis

This paper considers the metric for evaluating the proposed strategy as Energy Consumption, Time Consumption, Transmission Delay, and

Average Throughput of the network. The performance of the proposed strategy is analyzed by contrasting its outcome with the existing technique

used for scheduling the tasks using AODV and REFIACC protocol.

5.1.1 Time consumption

The time consumption of the proposed method is computed as the total amount of time taken by the whole network after altering the finishing

time as a result of the slack Redemption process. Equation (13) is used to calculate the time consumption of the network

Tconsumption =
∑

i∈mi

L
W × bi

+
∑

j∈ti

C
Fi
, (13)

where L = Length of message packet, W = Bandwidth, b = modulation level, C = Computation Cycle, and F = Frequency. Calculate the time

consumption of the connections through characteristic number of nodes using the mathematical equation (10). The time consumption of the

network will change depend upon the calculating of nodes within the connections and the values of T Consumption for diverse values of vi and

organized in the accompanying Table 2.

As seen from Table 2, we clear that the time consumption of the network will decrease where the number of nodes within the connections

get reduced with HHFDS.

The proposed framework consumes lesser energy than AODV protocol and REFIACC method and compares the result. Table 3 demonstrates

the comparison table of T consumption between HHFDS, REFIACC, and AODV. Figure 2 demonstrates the comparison graph of time consumption

in sensor network between the proposed system and the existing systems.

Within Figure 4, x axis of the graph describes the number of nodes within the network and y axis describes the time consumption of the network

between the proposed technique and the existing strategy such as AODV protocol and REFIACC technique. Figure 4 shows the decrease in time

consumption of connections with the discussed HHFDS methods used for scheduling multitasks than the existing strategy.

TABLE 2 Time consumption for various numbers of nodes

Number of nodes, vi Consumed Time, Tconsumption (seconds)

50 40

60 36

70 33

80 32

TABLE 3 Comparison of T consumption between REFIACC and AODV

Number of nodes, vi Time Consumption, T consumption (seconds)

Proposed method Existing Method Existing Method

(HHFDS) (REFIACC) (AODV)

50 40 49 64

60 36 45 58

70 33 43 53

80 32 40 51
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FIGURE 4 Comparison of time consumption in sensor network

5.1.2 Energy consumption

Thus, the energy acquired with the whole connections gets reduced by the using of slacks counted with the nodes starts timeslot. Therefore,

calculate the power acquired with the network as described with mathematical formula (14)

Econsumption=
∑

i∈mi

(
((1 + 𝛼)Ptxi + Pc) L

W × bi
+ Etr

)
+
∑

j∈ti
Pi

C
Fi
, (14)

where Ptx = Transmission Power, Pc = Circuit Consumption Power, Etr= Mode transition energy (from sleep to active), and Pi = Power level for

task. Calculate the energy consumption E consumption for different number of nodes transported within the network through the aforementioned

Equation (14). An amount of energy consumed will fluctuate regarding the number of sensors in the network and tabulated in Table 4.

From Table 4, we clear that lesser energy was consumed if the no of nodes with the network gets higher with REFIACC.

Obtain the change in energy consumption of the network using the proposed technique by comparing its result with AODV protocol and

REFIACC technique. The comparison table of Econsumption between HHFDS, REFIACC, and AODV is indicated in Table 5. The Figure 5

demonstrates the comparison graph of energy consumption of the proposed system with that of the AODV protocol and REFIACC technique.

TABLE 4 Energy consumption for various no of nodes

No of nodes, vi Consumed Energy, E consumption (J)

50 7450.0

60 990.0

70 990.0

80 990.0

FIGURE 5 Comparison of energy consumption of the network
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TABLE 5 Comparison of Econsumption between REFIACC and AODV

Number of nodes, vi Energy Consumption, Econsumption(J)

Proposed Method Existing Method Existing Method

(HHFDS) (REFIACC) (AODV)

50 7450.0 8360.0 9546.0

60 990.0 1670.0 2406.0

70 990.0 1670.0 2406.0

80 990.0 1670.0 2406.0

From Figure 5, the x axis specifies the number of nodes where the y axis is for signifying its energy consumption through the network between

proposed HHFDS and existing REFIACC and AODV protocol. Consequently, Figure 5 displays the reduced power usages of the network by using

HHFDS technique for scheduling the multi-tasks.

5.1.3 Transmission delay

Transmission Delay (TD) of the wireless sensor network is the delay incurred by the node to transmit N number of bits to other node over a

defined path P per rate of transmission of a sending node measured in bits per second. Calculate the delay between the nodes using Equation (15)

Transmission Delay, TD = Number of bits transmitted (N)
Rate of transmission of sensor node (R)

. (15)

Table 6 shows the comparison of Transmission Delay (TD) among the proposed HHFDS and the existing approaches.

Figure 6 demonstrates the comparison graph of transmission delay of the proposed strategy with that of the HHFDS technique.

In Figure 6, the x axis represents number of nodes conveyed through the network and the y axis represents its transmission delay in seconds.

Figure 4 realizes that the transmission delay of the network with HHFDS decreased than the network with existing REFIACC technique and

AODV protocol.

TABLE 6 Comparison of TD between REFIACC and AODV

Number of nodes, vi Transmission Delay, TD (seconds)

Proposed Method Existing Method Existing Method

(HHFDS) (REFIACC) (AODV)

50 2.96769386866836 4.798979651737761 43.245467845321296

60 1.687787482411116 2.598994469688391 38.654453455237643

70 1.687787482411116 2.598994469688391 38.654453455237643

80 1.687787482411116 2.598994469688391 38.654453455237643

FIGURE 6 Comparison of transmission delay
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TABLE 7 Comparison of average throughput between REFIACC and AODV

Number of nodes, vi Average Throughput (kbps)

Proposed Method Existing Method Existing Method

(HHFDS) (REFIACC) (AODV)

50 25.8 22.0 13.8

60 28.5 20.0 15.6

70 29.5 21.0 16.8

80 31.7 23.0 23.2

FIGURE 7 Comparison of average throughput

5.1.4 Average throughput

Output of the wireless sensor connections explained as the midpoint amount with the data successfully delivered at the destination every second.

In WSN, calculate the throughput using Equation (16)

Average throughput, T = Number of bits delivered successfully
Time

. (16)

The comparison of average throughput between the proposed HHFDS approach and the existing REFIACC and AODV approaches is clearly

tabulated in Table 7.

Figure 7 shows the comparison graph of proposed systems and transmission delay with that of the REFIACC technique and AODV protocol.

In Figure 7, the x axis represents number of nodes present with the network and y axis represents average throughput in kbps. From Figure 5,

we realize that the average throughput of the network with HHFDS technique increases than the network with existing REFIACC technique and

AODV protocol.

6 CONCLUSION

The proposed Heterogeneous Hybridized Fuzzy-based Dijkstra's Scheduling algorithm (HHFDS) algorithm thus depicts better results when

compared with the existing REFIACC and AODV protocol. Thus, parallel configuration or multipath routing is achieved by the proposed scheduling

algorithm. The result comparison with the parameters, such as the time consumption, energy consumption, throughput, and delay, shows the

effectiveness of the discussed algorithms. The durations acquired of the discussed calculated algorithm are reduced to 32 seconds, energy

consumption is reduced to 990 J, transmission delay is reduced to 1.6877 seconds, and throughputis improved to 31.7 kbps when compared

with existing methods. Although the proposed multipath scheduling algorithm gave better results, some limitations are identified. Therefore, in

the future, HHFDS will be enhanced with a greater dependable and recovery methods to loss-intolerant methods. Hence, this technique takes

into account transient congestion issue. In addition, a stronger analysis with HHFDS or the future enhancement methods with test bed methods

will be done.
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ABSTRACT
The present work aims to investigate the effect of water addition to orange
peel oil biodiesel (BD100) in a diesel engine to reduce the exhaust emis-
sions. Fuel samples are prepared with different concentrations of water into
biodiesel, 95% biodiesel + 5% water (BD95W5) and 90% orange peel oil
biodiesel + 10% water (BD90W10). The water is added to biodiesel in
presence of surfactant (Span-80). The experimental investigation on diesel
engine reveals that the oxides of nitrogen emission and smoke emission are
reduced for BD95W5 and BD90W10 compared to BD100 and diesel. In
addition, the introduction of water to biodiesel in diesel engine reduces
the carbon monoxide and hydrocarbon emissions noticeably.

KEYWORDS
Biofuel; emissions;
hydrocarbon; nitrogen
oxide; surfactant; water

Introduction

Diesel engines have proven their utility in power and automotive sector due to their efficiency, high
torque, and durability. Hence, Clean and sustainable fuels for diesel engines are extremely vital. In
this context, biodiesel (BD) as a supplementary diesel engine fuel seems suitable to minimize the
drawback of diesel fuel. Nontoxic nature, biodegradability are the major benefits of biodiesel
(Kishore Pandian et al. 2017). Currently, many countries are utilizing the biodiesel mixing its
blend with pure diesel in their engines. In this regard, biofuel as a supplementary in diesel engine
fuel seems appropriate (Anderson, Devarajan, and Nagappan 2017). Nontoxic, biodegradability,
higher flash point, the absence of aromatic compounds, negligible sulfur, and carbon neutral
characteristics are some of the major advantages of biofuel as a diesel engine fuel (Ashok et al. 2017).

Biofuels derived from peels of various oil is employed as a neat fuel or in blends with diesel in
Compression Ignition (CI) engine (Ashok et al. 2017). The major drawback of utilizing neat biofuel is
higher Nitrogen oxides emissions (NOx). There are many techniques to reduce NOX emissions. Among
many techniques, adding water is preferred for the decrease in NOX emissions for a biofuel (Vellaiyan and
Amirthagadeswaran 2016). In this route, the water was mixed with t biodiesel in certain percentage in the
presence of a nonionic surfactant, which emulsifies water into oil and to improve the stability of the
solution (Vellaiyan and Amirthagadeswaran 2017; Arul Gnana Dhas, Devarajan, and Nagappan 2018;
Yuvarajan, Venkata Ramanan, and Christopher Selvam 2016). Many authors have agreed to the reductions
in nitrogen oxides emissions when diesel engines run by diesel- biofuel-water blends (Ithnin et al. 2015;
Suresh et al. 2014; Vellaiyan, Amirthagadeswaran, and Vijayakumar 2017)
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The aim of this experimental investigation is to elucidate the emission characteristics of a diesel engine
powered by biodiesel and its various water blends. In this study, span 80 as a nonionic surfactant was used
for emulsifying water to oil. Earlier reported literature is themotivation for choosing span 80 as a surfactant
(Ithnin et al. 2014; Vellaiyan, Amirthagadeswaran, and Vijayakumar 2017). This study employs fuels,
namely diesel, biodiesel (BD100), a fuel comprising 5% (in volume) of water, 95% (in volume) of biodiesel
and fuel comprising 10% (in volume) of water, 90% (in volume) of biodiesel and in constant speed engine.
The emission characteristics of all the test fuels were investigated at room temperature.

Materials and methods

Test fuel preparation

The steam distillation process was employed to extract the orange peel oil from the orange peels by
using steam. 1.2 kilograms of orange peels are placed in the steam chamber and heated to 110°C.
Orange peel oil was separated from the mixture due to its density difference. 1.2 kilograms of orange
peel yielded 700 ml of orange peel oil. A 600 g sample of oil in the reactor was heated to the
temperature of 75°C. The molar ratio of 6:1 (methanol to oil) and catalysts of 0.25% (wt/wt) to
biodiesel was used in transesterification process (Venkatesh and Prasanthi 2018). Orange oil
biodiesel was then separated. Various properties of test fuels are estimated according to standards
of ASTM methods of testing and all properties are shown in Table 1.

Experimental setup

The experimental investigation was carried out on a Common-rail, 1-cylinder and DI (Direct injection)
diesel engine with a rated power of 4.2 kW at 1300 rpm. The engine technical specifications are tabulated
in Table 2. The schematic layout of the test engine is shown in Figure 1. The experimental setup consisted
of an engine, a dynamometer, fuel supply system, data acquisition unit, emission analyzer and a smoke
opacimeter. AVL emission analyzer was employed to measure HC, NOx, and CO emissions. AVL 437C
model opacimeter was employed to measure smoke opacity. The engine is made to warm up for
15 minutes after feeding each fuel blend so as to attain the static operating conditions.

Table 1. Properties of fuels.

PROPERTIES BD90W10 BD95W5 BD100 Diesel

Density @ 18°C (gm/cc) 0.8831 0.8741 0.8714 0.8200
Kinematic Viscosity @35°C (mm2/s) 4.2 4.4 4.7 2.5
Calorific Value (kJ/kg) 39257 39576 39887 42957
Cetane Index (CI) 52 53 54 47

Table 2. Specification of experimental setup.

Make AVL 5402

Stroke 4
Cylinder Single
Rated Power 4.2 KW
Rated speed 1300 rpm
Bore diameter (D) 87.5 mm
Stroke(L) 110 mm
Compression ratio 17:1
Cone angle 110°
Injection Type Common rail
Fuel Injection pressure 200–1400 bar
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Uncertainty analysis

The uncertainties in various experimental results have been estimated using the method proposed by
Mahalingam (2018). This method is based on the careful specification of the uncertainties in the primary
experimental measurements. If a measured quantity R depends on independent variables like

x1; x2; x3; :::xn; then R ¼ R ðx1; x2; x3; :::xnÞ (i)

Let WR be the uncertainty in the measured quantity and W1 ; W2; W3; :::Wn the uncertainties in the
independent variables. Then the uncertainty in the measured quantity is given by,

WR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

@R
@x1

W1

� �2

þ @R
@x2

W2

� �2

þ @R
@x3

W3

� �2

þ :::::::::::
@R
@xn

Wn

� �2
" #vuut (A5:2)

where WR ¼ δ R
R ; � δ R is the error in R.

For the error analysis, as many as 10 sets of observation have been recorded at the same engine
operating condition and analyzed. Overall uncertainty of the instruments is found to be less than ± 3%.
The uncertainties of various parameters calculated in this experiment are listed in Table 3.

Figure 1. Schematic layout of experimental setup.

Table 3. Gas analyzer range, accuracy and uncertainties details.

Model of gas analyzer AVL 444 di gas analyzer range

Measured Quantity Range Accuracy Uncertainties

CO 0–4999 ppm ± 0.02 vol (%) ± 0.03 vol
HC 0–19999 ± 4 ppm ± 0.6
NOx 0–4999 ppm ± 5 ppm 1.1
Smoke 0–49 (%) ± 0.1 ± 0.1
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Results and discussion

Carbon monoxide emission

Figure 2 portrays the variation of CO emission with brake power (BP) for BD95W5 and BD90W10,
BD100 and diesel. CO emissions from BD95W5 and BD90W10, BD100 are comparatively lower that of
diesel. This is in consequence of the rich availability of oxygen in blends of biodiesel and water
(Bragadeshwaran et al. 2018; Joy et al. 2017; Radhakrishnan 2017). The inherent oxygen content in
BD95W5 and BD90W10, BD100 accelerates the oxidation reaction and reduces the CO emission (Basha
and Anand 2011; Devarajan et al. 2018a). CO emission decreases with increase in water content for
biodiesel. CO emission for BD95W5 and BD90W10 were 8.8% and 11.16% lower than that of BD100.
This is because of the low viscosity of BD95W5 and BD90W10, which boosts the evaporation and lower
CO emission (Devarajan and Madhavan 2017; Joy et al. 2017). The fuel with a lesser viscosity (BD95W5
and BD90W10) assists a superior evaporation of air with fuel causing lower CO emissions (Yuvarajan et
al. 2016). The obtained result abides by the numerous literature (Basha and Anand 2011; Suresh et al.
2014) that reported similar findings in engine fuelled by diesel, biodiesel, and water mixture.
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Unburned hydrocarbon emission

Hydrocarbons emissions are primarily formed by the excess assimilation of air and fuel outside the
flammability region during ignition delay period, poormixing of fuel injection at the end of the combustion
process and fuel impingement on the combustion chamber walls etc (Kishore Pandian et al. 2017;
Yuvarajan et al. 2018). Figure 3 shows the variation of HC emissions for BD95W5 and BD90W10,
BD100 and diesel. HC emission for BD95W5 and BD90W10, BD100 is lower than that of diesel at all
brake power. BD95W5 and BD90W10, BD100 contains lower carbon atom and enriched oxygen that
promotes the combustion and lower HC (Devarajan, Munuswamy, and Mahalingam 2017; Joy et al. 2017;
Kishore Pandian et al. 2017). Addition of water into orange peel oil biodiesel (BD95W5 and BD90W10) has
reduced the unburned hydrocarbon emissions. The water particles in the BD95W5 and BD90W10 hasten
the heat sink effect and lower the HC emission (Awang andMay 2008; Basha and Anand 2011; Suresh et al.
2014). Further, the water concentration in the BD95W5 and BD90W10 increases the evaporation and
result in lower HC emission for BD95W5 and BD90W10 than BD100 (Bragadeshwaran et al. 2018;
Vellaiyan and Amirthagadeswaran 2016). The obtained result abides by the numerous literature (Ithnin
et al. 2015; Suresh et al. 2014; Vellaiyan, Amirthagadeswaran, and Vijayakumar 2017) that reported similar
findings in engine fuelled by diesel, biodiesel, and water mixture.

Oxides of nitrogen emissions

Formation of NOx emissions depends on oxygen content, the mass of fuel burned. Variation of brake
specific NOx emissions for BD95W5 and BD90W10, BD100 and diesel are presented in Figure 4. NOx
emissions fromBD95W5 and BD90W10, BD100 are higher that of diesel. This is in consequence of the rich
availability of oxygen in blends of biodiesel and water (Joy et al. 2017; Radhakrishnan 2017). The inherent
oxygen content in BD95W5 and BD90W10, BD100 accelerates the oxidation reaction and increase the
NOx emission than diesel (Basha and Anand 2011; Devarajan et al. 2018a). However, NOx emission was
inferior for BD95W5 and BD90W10 than that of BD100 at all conditions. Water particle in BD95W5 and
BD90W10 reduces the gas combustion temperature inside during combustion and lower NOX emissions
(Awang andMay 2008; Ithnin et al. 2015; Vellaiyan, Amirthagadeswaran, and Vijayakumar 2017). Further,
the latent of vaporization of water in BD95W5 and BD90W10 absorbs the heat and lower gas temperature
and NOX emissions (Basha and Anand 2011; Suresh et al. 2014; Vellaiyan, Amirthagadeswaran, and
Vijayakumar 2017). The obtained result abides by the numerous literature (Awang and May 2008; Ithnin
et al. 2015; Suresh et al. 2014; Vellaiyan, Amirthagadeswaran, and Vijayakumar 2017) that reported similar
findings in engine fuelled by diesel, biodiesel, and water mixture.
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Smoke opacity

Figure 5 portrays the variation in smoke emission for BD95W5 and BD90W10, BD100 and diesel. Smoke
emission for BD95W5 and BD90W10, BD100 is lower than that of diesel at all brake power. BD95W5 and
BD90W10, BD100 contains lower carbon atom and enriched oxygen that promotes the combustion and
lower Smoke emissions (Devarajan et al. 2018b; Joy et al. 2017; Devarajan et al. 2018c; Radhakrishnan 2017;
Joy et al. 2017). Addition of water into biodiesel (BD95W5 and BD90W10) has reduced the smoke. The
water particles in the BD95W5 and BD90W10 hasten the heat sink effect and lower the smoke emission
(Bragadeshwaran et al. 2018; Vellaiyan and Amirthagadeswaran 2016). Further, the water concentration in
the BD95W5 and BD90W10 increases the evaporation and result in lower smoke emission for BD95W5
and BD90W10 than BD100. The obtained result abides by the numerous literature (Ithnin et al. 2015;
Suresh et al. 2014; Vellaiyan, Amirthagadeswaran, and Vijayakumar 2017) that reported similar findings in
engine fuelled by diesel, biodiesel, and water mixture.

Conclusion

The inclusion of water particle at different proportions to orange peel oil biodiesel and its effects on
emission parameters have been studied and compared with neat diesel. Based on the result, the
following conclusions were drawn

● Neat biodiesel shall be used as a neat fuel in an unmodified diesel engine.
● BD95W5 and BD90W10 exhibits lower HC and CO emissions as compared to the BD100. A

maximum reduction of 8.8 and 10.1% of HC and CO emissions were obtained respectively for
BD100A when compared to BD100. Presence of water in the fuel increases the evaporation
tendency, which has resulted in complete combustion and less HC and CO emission.

● NOx and smoke emission of the biofuel are reduced largely for BD90W10. A maximum
reduction of 12.4 and 18.4% of NOx and smoke emissions was obtained respectively for
BD90W10 when compared to BD100. The water particle helps to reduce the peak temperature
inside the cylinder by absorbing the heat energy during the combustion.
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The effects of insulative, semi-conductive and conductive nanostructured particles at various concentrations on
critical parameters of Nano-Liquid Insulation (NLI) systems are experimentally investigated and the results are
discussed in detail. In this study, liquid insulations such as Sunflower Oil (SO) and Rapeseed Oil (RO) as Natural
Esters and conventional Mineral Oil (MO) as petroleum derived oil have been utilized as base fluid. Here, various
nanostructuredMagnetite (Fe3O4) as conductive nanoparticle, ZincOxide (ZnO) as semi-conductive nanoparticle
and Silica (SiO2) as insulating nanoparticle are employed to investigate the influence of concentration and differ-
ent types of nanoparticles in critical characteristics of base fluids. Experimental findings reveal that, the concen-
tration and the types of nanoparticles make an impact in the performance of NLIs. The conductive nanoparticles
based NLIs with higher concentration offer higher enhancement in performance characteristics compared to
semi-conductive and insulating nanoparticles based NLIs.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Over a century, power industries have grown inmany aspects partic-
ularly in transformer technology tomeet the needs of customers and be
a part in growth of a country. The reliability of transformer is ruled by a
multifaceted insulation structure as paper and pressboard surrounded
conductors immersed in liquid insulation. Liquid insulation is the
heart of transformer, as it provides electrical insulation to the live
parts, transfers theheat released fromconductors and diagnosis support
to assess the condition of the transformer [1].

In transformers, two types of petroleum derivedMineral Oil (MO) is
used as insulating fluid for the past 100 years. One is paraffinic oil and
other is napthanic oil. The major anxiety over MO is environmental un-
friendliness and depletion in availability of resources. Due to serious en-
vironmental regulations and liability risks involving MO replacement,
transformer industries have begun to use natural esters as alternative
insulating fluid for MO due to its environmental friendliness. Commer-
cially available natural ester based liquid insulations are BIOTEMP and
Envirotemp [2,3].

From the Failure data of transformers, it's noticeable that the average
service life time of transformer gets reduced by 17.8 years due to the
problems in insulation systems. This is far away from the expected life
time of 35 to 40 years. In power transformers, 75% of failures occur
due to the insulation problems alone [4,5]. Operational life time and

reliability of transformers depends on the condition of liquid – solid in-
sulation system used in it [6,7]. Therefore, there is a need to improve the
properties of transformer insulation system to avoid premature failure
of transformer. Due to the smarter physical properties of nanomaterials,
it attracts many researchers to do more research works in various field
includes liquid insulation too.

The major focus on present day research is to enhance the electrical
properties of liquid insulation system without negotiating its thermal
and physical properties. A liquidwith the dispersion of nanoparticle is en-
titled as nanofluid, a term nanofluid is conferred by Choi at Argonne Na-
tional Lab in 1995 [8]. In 1990s, researchers prepared conductive
nanoparticles suspended nanofluids, dielectric and thermal properties
have been studied. From the results, it's confirmed that dielectric and
thermal properties of the conductive nanoparticles suspended nanofluids
gets improved excellently [9,10]. Basically, the conductive nanoparticles
are able to trap the free fastmoving electronswhich contribute for steam-
er development and convert those fast moving electrons into slow mov-
ing negatively charged particles. The above phenomenon depends on
the relaxation time constant of the nanoparticle. If the relaxation time
constant of a nanoparticle is short relative to the time scale of streamer
growth, then it modifies electrodynamics of oil notably and it increases
the dielectric breakdown voltage of the transformer oil [10–13]. Else,
there is a slight change in the electrodynamics of oil.

Some researchers prepared semi-conductive and non-conductive
Titanium oxide, Zinc oxide, Zirconium oxide, Copper oxide, Aluminum
oxide, etc. … suspended nanofluids because of its superior stability
compared to the pure metals [14–20] and carbon nanotubes [21]. Also,

Journal of Molecular Liquids 230 (2017) 437–444

⁎ Corresponding author.
E-mail address: srmadavan@gmail.com (M. R.).

http://dx.doi.org/10.1016/j.molliq.2017.01.057
0167-7322/© 2017 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Journal of Molecular Liquids

j ourna l homepage: www.e lsev ie r .com/ locate /mol l iq

http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2017.01.057&domain=pdf
http://dx.doi.org/10.1016/j.molliq.2017.01.057
mailto:srmadavan@gmail.com
Journal logo
http://dx.doi.org/10.1016/j.molliq.2017.01.057
http://www.sciencedirect.com/science/journal/01677322
www.elsevier.com/locate/molliq


these nanoparticles are cheaper and can be manufactured easily. These
nanofluids can improve the dielectric breakdown voltage of the trans-
former oil. Here, the electron trapping is in the process of streamer de-
velopment in transformer liquid insulation [22].

As of now, in natural esters, there is an absence of detailed study on
effects of different categories of nanoparticles at various concentrations.
The presentwork reports the effects of concentration and types of nano-
particles on the Nano Liquid Insulation system (NLIs). Three different
liquid insulations namely MO, Sunflower Oil (SO) and Rapeseed Oil

(RO) and three different nanoparticles namely Magnetite (Fe3O4), Zinc
Oxide (ZnO) and Silica (SiO2) have been utilized to investigate the ef-
fects of different nanoparticles at various concentrations from 0% to
0.25% on the performance of NLIs.

2. Materials

2.1. Liquid insulations

The liquid insulations (MO, SO and RO) are utilized in the present
study have been purchased from commercial oil companies. After that,
the insulating liquids are thermally treated at a temperature of 100 °C
to remove themoisture content present in the oil. Thermally treated liq-
uids are allowed to cool down to room temperature and filtered with
Whatman filter paper to remove the impurities present in the liquids.
Before the suspension of nanoparticles with liquids, the moisture con-
tent of MO, SO and RO liquids are reduced to 5.7 ppm, 17.2 ppm and
18.4 ppm respectively. Since, themoisture content and impurities pres-
ent in liquid insulations affects the performance of the liquids. The base
values of liquid insulations are given in Table 1.

2.2. Nanomaterials

The nanomaterials utilized for the present investigation are purchased
from Sigma-Aldrich. Before dispersion of nanoparticles into liquid
insulations, preprocessing has been done to remove the organic and inor-
ganic impurities present in the nanoparticles. Someof the basic properties
of nanoparticles are given in Table 2. Scanning Electron Microscopy im-
ages of Fe3O4, ZnO and SiO2 nanoparticles are shown in Fig. 1(a–c). It is

Table 1
Base values of liquid insulation systems.

Properties at RTPa MO SO RO

Density (kg/m3) 870 920 921
Breakdown strength (kV/cm) 28 38 32
Flash point (°C) 137 270 263
Fire point (°C) 146 282 274
Viscosity (cst) 17 46 54

a RTP – Room temperature and pressure.

Table 2
Base values of nanoparticles [10].

Parameters Fe3O4 ZnO SiO2

Density (g/m3) 5.17 5.61 2.20
Electrical conductivity (S/m) 1 × 104–

1 × 105
10–1 × 103 1.4 × 10−9

Relative dielectric constant 80 7.4–8.9 3.8
Relaxation time (s) 7.47 × 10−14 1.05 × 10−11 5.12 × 10−2

Material type Conductor Semiconductor Insulator

Fig. 1. SEM images of (a) Fe3O4, (b) ZnO and (c) SiO2.
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evident that the particles are in spherical shape and the average size of
nanoparticles utilized for the present study is between 50 nm–80 nm.

3. Preparation of nano-liquid insulation system

NLIs are preparedbydispersionof different categories of nanoparticles
(Fe3O4, ZnO and SiO2) in a concentration range of 0%–0.25% volume frac-
tionwith liquid insulations. After themagnetic stirring process for 1 h, the
NLI sample is placed in the sonicator for 2 h to agitate the agglomeration
of nanoparticles and make the dispersion as uniform and stable. Smaller
amount of oleic acid is utilized as a restricting agent of agglomeration

and improve the stability of the dispersion. It is noticed from the experi-
ments that the existence of restricting agents in NLIs has no or very
weak impact on the performance of liquid insulations. The prepared
NLIs samples are numbered as given in Table 3.

4. Experimental procedure and standards

4.1. Breakdown voltage

A fully automaticMegger oil breakdown tester is used tomeasure AC
breakdown voltage of liquid insulations as per IEC 60156 standard,

Table 3
Description of samples.

Sample no Concentration Sample no Concentration Sample no Concentration

MO1 MO + 0.05% of Fe3O4 SO1 SO + 0.05% of Fe3O4 RO1 RO + 0.05% of Fe3O4

MO2 MO + 0.1% of Fe3O4 SO2 SO + 0.1% of Fe3O4 RO2 RO + 0.1% of Fe3O4

MO3 MO + 0.15% of Fe3O4 SO3 SO + 0.15% of Fe3O4 RO3 RO + 0.15% of Fe3O4

MO4 MO + 0.2% of Fe3O4 SO4 SO + 0.2% of Fe3O4 RO4 RO + 0.2% of Fe3O4

MO5 MO + 0.25% of Fe3O4 SO5 SO + 0.25% of Fe3O4 RO5 RO + 0.25% of Fe3O4

MO6 MO + 0.05% of ZnO SO6 SO + 0.05% of ZnO RO6 RO + 0.05% of ZnO
MO7 MO + 0.1% of ZnO SO7 SO + 0.1% of ZnO RO7 RO + 0.1% of ZnO
MO8 MO + 0.15% of ZnO SO8 SO + 0.15% of ZnO RO8 RO + 0.15% of ZnO
MO9 MO + 0.2% of ZnO SO9 SO + 0.2% of ZnO RO9 RO + 0.2% of ZnO
MO10 MO + 0.25% of ZnO SO10 SO + 0.25% of ZnO RO10 RO + 0.25% of ZnO
MO11 MO + 0.05% of SiO2 SO11 SO + 0.05% of SiO2 RO11 RO + 0.05% of SiO2

MO12 MO + 0.1% of SiO2 SO12 SO + 0.1% of SiO2 RO12 RO + 0.1% of SiO2

MO13 MO + 0.15% of SiO2 SO13 SO + 0.15% of SiO2 RO13 RO + 0.15% of SiO2

MO14 MO + 0.2% of SiO2 SO14 SO + 0.2% of SiO2 RO14 RO + 0.2% of SiO2

MO15 MO + 0.25% of SiO2 SO15 SO + 0.25% of SiO2 RO15 RO + 0.25% of SiO2

Fig. 2. Breakdown strength of NLI samples (a) MO, (b) SO and (c) RO.
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using spherical electrodewith spacing of 2.5mm. A step input voltage is
applied on the electrodes at a uniform rate of 2 kV/s and the average of
six successive measurements is taken as breakdown voltage of oil. The
time delay between successive measurements is 2 min.

4.2. Moisture

NLIs moisture content is measured as per ASTM D1533 standard by
using Karl-Fischer titration. Before starting the measurements, the in-
strument is calibrated with reference sample. Consecutively, the mea-
suring sample is taken in syringe and weight of the syringe with
sample is measured in high accurate digital weighing machine. Then,
the samples are subjected to titration process. After that, the weight of
the empty syringe is measured. These two measured are utilized to cal-
culate the presence ofmoisture content in liquid insulations in parts per
mole (ppm). The above said measurements are carried out at room
temperature.

4.3. Electrical conductivity and permittivity

The conductivity and permittivity of the NLIs samples are measured
at 90 °C as per IEC 60247 standards usingMLO-1D apparatus. The appa-
ratus consists of test cell, electrodes and furnaces. One of the prime con-
cerns over the apparatus is cleanliness of the test cell. Since, presence of
minute impurities in the test cell influences the conductivity measure-
ment. Therefore, the test cell is properly cleaned and dried at 110 °C
for 1 h. Subsequently, the test cell isfilledwithNLI samples and the elec-
trodes are dipped into the test cell. Then, the test cell is placed into the

furnace for increasing the temperature of the sample andmeasurement
is carried out at 90 °C.

4.4. Flash point and fire point

The flash point and fire point of NLIs samples are measured as per
ASTM D93 standard using Pensky Martin Flash point measurement kit
at room temperature. The measurement apparatus consists of closed
brass test cup, the sample to be tested is filled in the test cup and tem-
perature of the sample is increased by external regulator setup. The
state at which the vapour formed within closed test cup combined
with air to kindle a short-term fire on the surface of oil for less than
1 s is called flash point temperature. Similarly, occurrence of continual
fire on the surface of oil is called fire point temperature.

4.5. Viscosity

The viscosity of the NLIs samples are measured as per ASTM D445
standard using Redwood viscometer apparatus at 90 °C. The apparatus
consists of silver plated test cup with orifice. The sample to be tested
is filled in the test cup; by the opening of orifice the time required for
collection of 50 ml of oil at the bottom of the apparatus is measured to
find the kinematic viscosity of the sample.

5. Experimental results and discussions

Breakdown voltage performance of NLIs has been experimentally
performed for various volume concentrations and the results are

Fig. 3. Permittivity of NLI samples (a) MO, (b) SO and (c) RO.
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shown in Fig. 2(a–c). It is interesting to notice that the breakdown volt-
age of theNLIs is high compared to the pure (i.e. non-modified liquid in-
sulation) liquid insulation. With the increase in volume concentration,
breakdown voltage of the NLIs gets enhanced linearly for all the three
categories of nanoparticles. The presence of Fe3O4, ZnO and SiO2 nano-
particles enhances the breakdown voltage of MO by 50%, 44% and 40%
respectively. For SO, enhancement in breakdown voltage is 51%, 46%
and 42% respectively and for RO, enhancement in breakdown voltage
is 52.5%, 47.5% and 42.5% respectively. This confirms that Fe3O4, ZnO
and SiO2 nanoparticles effectively trap the free electrons and enhances
the breakdown voltage. The breakdown strength of nanofluids mainly
depends on relaxation time constant, size of the nanoparticle and
shape of the nanoparticle. It is confirmed from the Fig. 1, all the three
(Fe3O4, ZnO and SiO2) dispersed nanoparticles are in spherical shape.
Hence, the breakdown strength of nanofluids gets enhanced. Fe3O4

nanoparticles have lesser relaxation time constant (7.4 ∗ 10−14) follow-
ed by ZnO (1.05 ∗ 10−11) and then by SiO2 (5.12 ∗ 10−2) nanoparticles
[10] thereby Fe3O4 based nanofluids have higher breakdown strength
than that of ZnO and SiO2 dispersed nanofluids. This further reduces
streamer development in Fe3O4 dispersed nanofluids and also modifies
the electrodynamics property of oil. Hence, the rate of enhancement in
breakdown strength of Fe3O4 dispersed nanofluids is higher when com-
pared to ZnO and SiO2 dispersed nanofluids. Moreover, while consider-
ing size of the nanoparticle, Fe3O4 nanoparticle size is less (50 nm)
compared to ZnO (60 nm) and SiO2 (80 nm). Density of the small size
nanoparticle is higher than the large size nanoparticle for the same con-
centration. This enhances the probability of scavenging free charges
from the streamer and leads to higher breakdown strength. Moreover,

comparing the dielectric properties of liquid insulations, SO and RO
have higher breakdown strength than MO and this confirms that, natu-
ral esters are better alternatives for MO.

The possible fact behind the enhancement of breakdown voltage of
NLIs is the addition of nanoparticles causes changes in electrodynamics
of NLIs when it's subjected to high voltage stress. The enhancement in
breakdown voltage of NLIs is depends on morphed electrodynamics of
oil due to introduction of nanoparticles. Generally, the electric arc brid-
ges the gap between two electrodes during the occurrence of break-
down in NLIs at typical voltage. The development of streamer
propagates towards each other to bridge the electrode gap and is having
the direct relationship with applied voltage and breakdown voltage of
liquid insulation [23]. According to the model proposed by Hwang et
al. [10] uniformly and homogenously dispersed, polarized/charged
nanoparticles in liquid insulation are responsible for trapping of fast
moving electronswhich causes reduction in velocity of positive stream-
er and thus breakdown voltage of NLIs gets enhanced. Introduction of
nanoparticles in liquid insulation leads to effective scavenging of free
electrons in the streamer and thus reduction in concentration of free
electrons in the streamer. Thereby, growth of streamer at a slowerman-
ner and breakdown in nanofluids gets delayed.

The relative permittivity of NLIs is higher than that of pure liquid
insulations as shown in Fig. 3(a–c). With increase in volume concentra-
tion, the permittivity of NLIs is excellently improved. The dispersed
Fe3O4, ZnO and SiO2 nanoparticles enhance the permittivity of the MO
by 54.04%, 45.95% and 37.83% respectively, for SO, the enhancement is
21.5%, 19.45% and 15.01% respectively and for RO, the enhancement is
20.25%, 19.45% and 13.92% respectively. The enhancement rate of

Fig. 4. Electrical conductivity of NLI samples (a) MO, (b) SO and (c) RO.
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permittivity of MO is high compared to SO and RO. The relative permit-
tivity of liquid insulation is fairly low compared to oil-impregnated
pressboard. This phenomenon is considered to be a beneficial cause to
havemore uniformfield distribution in the oil – paper insulation system
[24].

Fig. 4(a–c) shows the experimental results of electrical conductivity
of NLIs versus volume concentration. In Fig. 4(a–c) linear dependence
relationship between electrical conductivity and volume concentration
have been reported. The presence of Fe3O4, ZnO and SiO2 nanoparticles
augment the conductivity of NLIs and in addition to this, the conductiv-
ity of theNLIs is increasedwith increase in volume concentration.While
considering the conductivity of liquid insulations, SO and ROhave lesser
conductivity compared to MO. Moreover, the Fe3O4 nanoparticle dis-
persed liquid insulation has lesser enhancement in conductivity com-
pared to other nanoparticles dispersed in liquid insulations. Since, the
conductivity is having inversely proportional relationship with permit-
tivity, i.e. if the permittivity is high, then the conductivity ought to be
less. Thereby, the breakdown voltage will be high.

The conductivity of NLIs not only influenced by physical properties
of liquid insulation and category of nanoparticles, but also influenced
by electro-chemical properties, particle size and aggregation of nano-
particles. After the dispersion of nanoparticles in liquid insulation, dis-
tance between the nanoparticles exists and the nanofluid is treated as
scattered system. Therefore, zeta potential and the mobility of the
Brownianmotion changeswith change in the distance between nanopar-
ticle i.e. for example, if the distance between the dispersed nanoparticles
is large, the zeta potential and Brownian motion gets increased. Thus the

electrical conductivity of the NLIs gets changed. If the volume concentra-
tion on NLIs increases, the aggregation of nanoparticles cannot be
neglected and it leads to amplification of the particle size. This factor
may have an effect on the Brownianmotion and electrophoresis of nano-
particles, which affects the electrical conductivity of the NLIs [25].

Viscosity expresses the internal resistance to flow of a liquid insula-
tion and it is a prime concern for all the thermal applications which in-
volves liquid as cooling agents. It's clear from Fig. 5(a–c), in all three
nanoparticles; viscosity of liquid insulations gets increased with in-
crease in volume concentrations. The dispersed Fe3O4, ZnO and SiO2

nanoparticles increases the viscosity ofMO by 61%, 69% and 78% respec-
tively, for SO, increment in viscosity is 30%, 47% and 52% respectively
and for RO increment in viscosity is 28%, 34% and 39% respectively.
Moreover, comparing the viscosity of liquid insulations, viscosity of SO
and RO is high as compared toMO. The viscosity of NLIs affected by par-
ticle volume fraction, material type, size of the particle and agglomera-
tion of dispersed particles in the liquid insulation. When the dispersed
particles in liquid insulations tend to arrange into a structure, the neigh-
boring particles in liquid gets less mobilized which in turn the liquid in-
sulation becomes less viscous [26]. The enhancement in viscosity
weakens the potential benefits of NLIs. Therefore, it is very important
to do more studies on the viscosity of NLIs.

The viscosity has a greater influence in both electrical and thermal
properties of liquid insulation system. Generally, viscosity is inversely
proportional to temperature and breakdown strength of oil. When the
temperature increases, it decreases the viscosity of the oil thereby
breakdown strength of the oil gets increased. Moreover, viscosity of oil

Fig. 5. Viscosity of NLI samples (a) MO, (b) SO and (c) RO.
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gets affected by formation of sludges andpour point. Sludges are formed
due to oxidation during the aging process and do not have immediate
impact. Generally, pour point is the lowest temperature at which the
oil starts flow. The pour point of the oil is determined by measuring
the temperature at which the oil does not move in the transformer
tank. When oil becomes solid at lower temperature, it directly affects
the viscosity of the oil. Thereby, increase in viscosity at lower tempera-
ture weakens the rate of heat convection of oil. The SO and RO have
somewhat higher (around −10 °C) pour point than MO (−45 °C) [3].
In the countries like India there is no need to consider pour point due
to its warm climatic condition.

The flash point and fire point values of NLIs are increasing with in-
crease in volume concentration as shown in Figs. 6(a–c) and 7(a–c). It
confirms that thermal properties of NLIs show excellent improvement.
The presence of Fe3O4, ZnO and SiO2 nanoparticles augment the
flash point and fire point properties of MO with an utmost augmen-
tation of 13.87%, 10.95% and 8.76% and 9.59%, 7.53% and 6.16% re-
spectively. When comparing the thermal properties of liquid
insulations, SO and RO have higher flash point and fire point values
compared to MO. This factor proves that, natural esters as excellent
alternative for MO and its considered to be a promising one. Thermal
properties of NLIs affected by agglomeration of nanoparticles dis-
persed in liquid insulation, shape of the material, size, category,
Brownian motion of the nanoparticle and heat transfer ability of
nanoparticle. Nanoparticles which are present in liquid insulation
moves constantly and irregularly caused by Brownian can enhance
the thermal properties of NLIs [26].

6. Conclusion

The study on the effects of nanoparticles in MO, SO and RO have
been experimentally analyzed. A comprehensive method for various
properties of NLIs observed as a function of various types of nanoparti-
cles and its concentration has been reported. The nanoparticles infused
in liquid insulations properties acquiremaximum level of enhancement.

In particular, the breakdown strength of Fe3O4 nanoparticle dis-
persed liquid insulations recorded maximum enhancement compared
to other nanoparticles. In addition to that SO and RO liquid insulations
breakdown strength are higher when compared with MO. By looking
over the permittivity and electrical conductivity of NLIs, the Fe3O4 nano-
particle dispersed liquid insulations have registered superior perfor-
mance compared to ZnO and SiO2.

By considering the thermal properties, NLIs have higher flash point
and fire point enhancement ratewith increase in volume concentration.
Here, SO and RO liquid insulations with nanoparticles recorded excel-
lent performance compared to MO.

By concern over viscosity, the SO and RO samples viscosity is high
compared with MO and at the same time, the viscosity of the NLIs in-
creases with increase in volume concentration.

When comparing all the above reported experimental results, natu-
ral esters (SO and RO) based nanofluids are having superior perfor-
mance then MO and they may be considered as a promising
alternative toMO based nanofluids. Apart from this, theremust be a de-
tailed study carried out for improving the viscosity of natural esters liq-
uid insulations.

Fig. 6. Flashpoint of NLI samples (a) MO, (b) SO and (c) RO.
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Abstract: Tuning PID controllers for multivariable process to optimise process 
performance is computationally intensive as it requires solution of constrained 
nonlinear optimisation problem. In this backdrop, evolutionary computing 
methods have emerged as alternatives to conventional optimisation tools. This 
investigation proposes the use of LBSTA to exploit its numerical stability and 
performance to tune multivariable decentralised PID controller considering the 
physical constraints posed by MIMO process. Simulations on Wood and Berry 
binary distillation column benchmark problem are used to illustrate the PID 
tuning rule aimed at reducing IAE subject to physical constraints. Three cases 
of simulations are performed. Further, the simulations used 20 independent 
trials by STA with Lagrangian constraints. Constraints imposed on control 
signal considering physical limitations of the actuator makes the algorithm  
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suitable for industrial applications. Our results show that the LBSTA is not 
only optimal than unconstrained PBPSO algorithm-based tuning, but also 
achieves the optimal performance considering the physical limitations. 

Keywords: multi-input and multi-output; MIMO; proportional integral 
derivative; PID; controller tuning; Lagrangian-based state transition algorithm; 
LBSTA; distillation column; MIMO process. 
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1 Introduction 

Despite significant advancements in control design, PID controllers are the most 
prevalent in industries due to their simplicity. Their future in the face of emerging control 
design technologies depends on their ability to improve process efficiency, reduce 
operation costs and increase profits. On the other hand, upgrading legacy systems (with 
PID controllers) to sophisticated controllers (e.g., model predictive controller) is not 
immediate, and economical. Therefore, PID needs to improve process performance 
without significant design upgrades. This necessitates a renewed look into existing tuning 
methods based on – heuristics (Ziegler and Nichols, 1942; Astrom, 1995; O’Dwyer, 
2009), frequency response (Ho et al., 1992), adaptation (Al-Assadi and Al-Chalabi, 1987; 
Panagopoulos et al., 2002), and optimisation (Astrom et al., 1993; Hagglund and Astrom, 
1991). Among the tuning methods, optimisation-based tuning improves process 
performance without significant system upgrades. However, their implementation is 
challenging due to limited computing capability of legacy systems and physical 
constraints of the process. In particular, complex interactions among control loop in 
multivariable systems and computation complexity offer stiff challenge (Xiong and Cai, 
2006). Therefore, there is an urgent need to propose new optimisation-based 
multivariable controller tuning methods for process industries. 

Researchers have addressed the multivariable controller design problem in the past 
and proposed many control approaches (see Hovd and Skogestad, 1994; Lin et al., 2004; 
Zhang et al., 2004; Al-Assadi and Marouf, 1988; King et al., 1994; Lee et al., 2004) and 
references therein). Complex interactions among the control loops in multivariable 
systems require solving nonlinear optimisation problem and achieving global 
optimisation with conventional optimisation methods becomes difficult. In this backdrop, 
evolutionary algorithms (EA) such as genetic algorithm (Chang, 2007; Zuo, 1995), 
particle swarm optimisation (Su and Wong, 2007; Muthukumar et al., 2015) and 
probability-based PSO (PBPSO) that achieve global minimum with good numerical 
stability have emerged as potential tools to overcome the challenges with multivariable 
controllers. Motivated by these results, this investigation aims to develop EA-based PID 
tuning technique that optimises the process performance considering physical constraint 
of the process with minimum computation complexity, faster convergence, and reduced 
computation time compared to existing methods. To realise such a controller, the 
proposed PID design minimises the integral absolute error (for increasing the robustness) 
considering physical process constraints. This lends itself to a constrained nonlinear 
optimisation problem and needs EA tools to obtain the global solution. 

Among the EA tools, state transition algorithm (STA) proposed recently in Zhou  
et al. (2012) has shown better convergence, performance, and numerical stability over 
existing evolutionary computing techniques such as real coded genetic algorithm, 
complementary learning PSO, strategy adaptation differential evolution and bioinspired 
algorithms like harmony search and ant bee colony (Zhou, 2012). STA has been used for 
nonlinear system identification and to tune PID controller for SISO systems in Zhou et al. 
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(2014). However, STA performance has not been harnessed for designing multivariable 
PID controllers. To exploit the advantages the STA and to design multivariable 
controllers this investigation uses the Lagrangian-based state transition algorithm 
(LBSTA) to solve the constrained nonlinear optimisation problem. The LBSTA extends 
the STA to solve constrained nonlinear optimisation problem. 

Main contributions of this investigation are: 

1 LBSTA for solving constrained nonlinear optimisation problem 

2 tuning multivariable PID controller considering physical process constraints using 
LBSTA. 

The paper is organised in to six sections, Section 2 presents the LBSTA. Multivariable 
PID controller design algorithm is given in Section 3 and the process description is given 
in Section 4. Section 5 illustrates the PID controller performance on a Wood and Berry 
model with constraints. Conclusions and future prospects of this investigation are 
discussed in Section 6. 

2 Lagrangian-based state transition algorithm 

This section presents LBSTA algorithm that extends STA to solve constrained nonlinear 
optimisation problem. STA proposed in Xiaojun et al. (2011), and Zhou et al. (2012) is a 
random search algorithm using state transition to determine the next iterative solution of 
the unconstrained optimisation problem. STA algorithm contains two parts as  
self-learning and communication strategy. Self-learning is used to search for feasible 
solution using state transformation methods such as rotation, translation, axesion, and 
expansion. While communication strategy is used to improve the premature convergence 
by incorporation of individual communication through crossover functions. This 
investigation uses simulated Binary crossover (SBX) is developed by Kalyanmoy Deb 
(Deb and Kumar, 1995) which has wide application in evolutionary computation. SBX 
function is given by 

[ ]
[ ]

1 1 2

2 1 2

0.5 (1 ) (1 )
0.5 (1 ) (1 )

Y X X
Y X X

β β
β β

⎧ = − + −
⎨ = − + −⎩

 (1) 

where β is a random variable, obeying the following probability distribution. 

( )

( ) 2

( ) 0.5 1 0
1( 0.5 1 1

c

c

η
c

c η

p η

p η

β β β 1

β) β
β +

⎧ = + ≤ ≤
⎪
⎨ = + >⎪
⎩

 (2) 

where p(.) is the probability density function, ηc is the distribution index (Deb and 
Kumar, 1995). 
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2.1 LBSTA algorithm 

The STA in Zhou et al. (2012) is first modified by including the constraints as penalty 
function with Lagrangian multiplier. The general constrained optimisation problem is 
formulated as, 

1 2

min ( )
s.t. ( )

f x
B g x B≤ ≤

 (3) 

where f(.) is the objective function, g(.) is the inequality constraints, x is the decision 
variable and B1 and B2 are the lower and upper bound of the constraints. Lagrangian 
function L(.) is given by 

( ) ( )1 1 2 2( ) ( ) ( ) ( )L x f x λ B g x λ g x B= + − + −  (4) 

where λ1 and λ2 are Lagrangian multiplier. LBSTA algorithm solves the optimisation 
problem in equation (3) using the Lagrangian function given in equation (4) as the  
cost function. The pseudo code for the implementing LBSTA algorithm is given in 
Algorithm 1. In the algorithm α, β, γ and δ are parameters related to state transformation 
operators like rotation factor, translation factor, axesion factor and expansion factor 
respectively. More details about STA and its parameters found in Zhou et al. (2012). 

Algorithm 1 Pseudo Code for LBSTA  

1: Initialize feasible solution x(0) randomly, Initialize α, β, γ and δ, set k ← 0, Form the 
Lagrangian function L(.) 

2: repeat 
3:  if α < αmin then 
4:   α ← αmax 
5:  end if 
6:  k ⇐ k+ 1 
7:  state ← Expansion(x(k – 1), SE, γ ) {Expansion Transformation} 
8:  if min L(state) < L(x(k– 1)) then 
9:   Update x(k – 1) 
10:   state ← Translation(x(k – 1), SE, β) {Translation Transformation}  
11:   if min L(state) < L(x(k– 1)) then 
12:    Update x(k – 1) 
13:   end if 
14:  end if 
15:  state ← Rotation (x(k – 1), SE, α ) {Rotation Transformation} 
16:  if min L(state) < L(x(k – 1)) then 
17:   Update x(k – 1) 
18:   state ← Translation (x(k – 1), SE, β) 
19:   if min L(state) < L(x(k – 1)) then 
20:    Update x(k – 1) 
21:   end if 
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22:  end if 
23:  state ← Axesion (x(k – 1), SE, δ) {Axesion Transformation} 
24:  if min L(state) < L(x(k – 1)) then 
25:   Update x(k – 1) 
26:   state ← Translation (x(k – 1), SE, δ) 
27:   if min L(state) < L(x(k – 1)) then 
28:    Update x(k – 1) 
29:   end if 
30:  end if 
31:  if mod(Iter, CF) == 0 then 
32:   state ← communication_strategy(L(.), state) {Intermittent Exchange} 
33:  end if  
34:  x(k) ← x(k – 1) 
35:  α ← α/fc 
36: until the specified termination criterion is met. 

3 PID controller tuning for multivariable process 

A multi-input and multi-output (MIMO) system consist of m inputs and l outputs is 
represented as in equation (5) 

11 1

1

( ) ( )
( )

( ) ( )

p p l

p

pm pml

G s G s
G s

G s G s

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

 (5) 

coupled and decoupled form of multivariable PID controller of m inputs and l outputs is 
represented as in equation (6) and equation (7) respectively. 

11 1

1

( )
( )

( ) ( )

l

c

m ml

K K s
K s

K s K s

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

 (6) 

11( ) 0
( )

0 ( )
dc

ml

K s
K s

K s

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

 (7) 

The generalised PID parameter vector of Kdc(s) for tuning is represented as 

[ ] [ ]11 11 1111, , . , , , , ,ml ml mlml p i d p i dθ θ K K K K K K=… …  (8) 

The PID controller tuning is formulated as an optimisation problem to minimising the 
objective function in equation (9) 
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1 2
0 0

min ( ) ( )
T T

U
J e t dt e t dt= +∫ ∫  (9) 

where e1 = [Yds1 – Y1], e2 = [Yds2 – Y2], Yds1 and Yds2 are the desired set value for the output 
Y1 and Y2 respectively. The parameter vectors of decoupled PID controller Kdc(s) is 
represented as (10) 

[ ] [ ]11 11 22 22 2211 22 11, , , , , ,  p i d p i dθ θ K K K K K K=  (10) 

Bounds on the control input of the constraints of the optimisation is given as in  
equation (11) 

1min 1 1max

2min 2 2max

 u U u
u U u

< <
< <

 (11) 

where (u1min, u2min) and (u1max, u2max) are (min(U1), min(U2)) and (max(U1), max(U2)) 
respectively. Objective function is reformulated to incorporate constraints on the control 
signal with penalty factor using Lagrangian multiplier as in equation (12) 

( ) ( )( )( ) ( )( )( )
( )( )( )( ) ( )( )( )( )

11 22 1 1min 11 1 2min 22

2 11 1max 2 22 2ma x

, min – min

max max

L θ θ J λ u U θ λ u U θ

λ U θ u λ U θ u

= + − +

+ − + −
 (12) 

4 Binary distillation column 

The pilot plant has eight trays with condenser and reboiler as shown in Figure 1. A 
mixture of methanol and water is used as a feed in the system. Controlled variables of the 
distillation column plant are composition of top (Y1) and bottom products (Y2) which are 
expressed in weight percentage of methanol (%wt.MeOH). Manipulated variables are 
reflux steam flow rate (U1) and reboiler steam flow rate (U2) which are expressed in 
lb/min. Linear dynamic transfer function model was developed by Berry (1973) which is 
given in equation (13). 
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 (13) 

The steady-state decoupling matrix of the above plant model is given as in Menhas et al. 
(2012). 

11 121

21 22
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Figure 1 Schematic diagram of distillation column pilot plant (see online version for colours) 

 

Simulations were carried out in three different scenarios, they are 

Case 1 MIMO PID controller with decoupler with constraints given in equation (15) 

1

2

0.99 2.36
0.94 2.50

U
U

< <
< <

 (15) 

Case 2 MIMO PID controller without decoupler with constraints given in equation (16) 

1

2

0.01 1.00
0.01 0.03

U
U

< <
− < < −

 (16) 

Case 3 MIMO PI controller without decoupler with constraints given in equation (17) 

1

2

0.04 0.83
0.05 0.01

U
U

− < <
− < <

 (17) 

5 Results 

MATLAB along with Simulink is used in our simulations on Intel Core 2 Duo processor, 
2.93 GHz and 2GB RAMPC. The results obtained using LBSTA are compared with 
PBPSO algorithm, as it has been argued to be the most optimal EA for tuning PID 
controllers in Menhas et al. (2012). However, the PBPSO solves an unconstrained 
optimisation problem that does not consider the process constraints. On the other hand, 
LBSTA algorithm proposed in this investigation solves the constrained optimisation 
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routine considering the physical limitations of the process. Therefore, LBSTA is more 
suitable for implementing PID controllers for MIMO system over other EAs in literature 
as the constraint limits are not breached. Unconstrained PBPSO algorithm and LBSTA 
algorithms are applied to all the three cases to obtain the optimal parameters. Parameter 
settings of algorithms are kept constant for three cases given in Table 1. 
Table 1 STA parameters 

SE, SN N 

α 1 

αmax 1 

αmin 1e–8 

β 1 

γ 1 

δ 1 

fc 2 

CF 10 

ηc 1 

5.1 Case 1: MIMO PID controller with decoupler 

The step response curves of top and bottom product given by (Y1) and (Y2) are shown in 
Figure 2(a) and Figuare 2(b), respectively. It is easy to verify that the performance 
obtained using LBSTA is comparable with unconstrained PBPSO. Further, total  
control effort is reduced by 10.38% for both (U1 and U2) as indicated in Figure 3(a) and 
Figure 3(b). Comparison of results obtained over 20 independents trails of simulations 
using LBSTA and PBPSO is shown in Table 2. This result illustrates that the IAE with 
the LBSTA algorithm is comparable with unconstrained PBPSO. Therefore, one can 
verify that the LBSTA performance is comparable with unconstrained PBPSO. 

Figure 2 (a) Output response of top product composition (Y1) (b) Output response of bottom 
product composition (Y2) (see online version for colours) 

  
(a)     (b) 
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Figure 3 (a) Control signal of top product composition (U1) (b) Control signal of bottom product 
composition (U2) (see online version for colours) 

  
(a)     (b) 

Table 2 Optimal PID parameters obtained for case 1 

Algorithm Performance 
index 

PID controller parameter Fitness 
value 

11pK  11iK  11dK  22pK  22iK  22dK  

PBPSO* IAE 2.0000 0.1178 –0.2493 1.9994 0.1250 –0.2412 20.4109 
LBSTA IAE 1.7920 0.1148 –1.2295 1.2693 0.0970 0.0883 20.5469 

Note: *PID parameters taken from Menhas et al. (2012). 

5.2 Case 2: MIMO PID controller without decoupler 

Step response of the binary distillation without decoupler is shown in Figure 4(a) and 
Figure 4(b), respectively. The response indicates a reduction in peak-overshoot by 30%in 
top and bottom product composition, while the control effort gets reduced by 61.9%as 
illustrated in Figure 5(a) and Figure 5(b). Table 3, compares the performance of LBSTA 
and PBPSO algorithm for 20 independent trails, results show that the IAE value of the 
constrained LBSTA is comparable with the unconstrained PBPSO. 

Figure 4 (a) Output response of top product composition (Y1) (b) Output response of bottom 
product composition (Y2) (see online version for colours) 

  
(a)     (b) 
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Figure 5 (a) Control signal of top product composition (U1) (b) Control signal of bottom product 
composition (U2) (see online version for colours) 

  
(a)     (b) 

Table 3 Optimal PID parameters obtained for case 2 

Algorithm Performance 
index 

PID controller parameter Fitness 
value 

11pK  11iK  11dK  22pK  22iK  22dK  

PBPSO* IAE 0.9976 0.0025 0.3450 –0.0313 –0.0078 –0.0155 13.1976 
LBSTA IAE 0.1718 0.0010 –0.3403 –0.0505 –0.0065 –0.1137 14.1525 

Note: *PID parameters taken from Menhas et al. (2012). 

5.3 Case 3: MIMO PI controller without decoupler 

Figure 6(a) and Figure 6(b) show the top and bottom product of the binary distillation 
column with PI controller. The responses indicate that the peak-overshoot is significantly 
reduced compared to unconstrained PBPSO algorithm. The control inputs with MIMO PI 
controller with decoupler is shown in Figure 7(a) and Figure 7(b), respectively. These 
results illustrates that the control signal reduces by 20.24%, indicating significant 
savings. Table 4 shows the comparison of the unconstrained PBPSO and LBSTA-based 
MIMO PI controller without decoupler. One can verify that the LBSTA also gives almost 
similar IAE value as compared to unconstrained PBPSO. 
Table 4 Optimal PID parameters obtained for case 3 

Algorithm Performance 
index 

PID controller parameter Fitness 
value 

11pK  11iK  22pK  22iK  

PBPSO* IAE 0.8261 0.0027 –0.0117 –0.0068 13.3833 
LBSTA IAE 0.5969 0.0223 0.0024 –0.0056 13.4895 

Note: *PID parameters taken from Menhas et al. (2012). 
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Figure 6 (a) Output response of top product composition (Y1) (b) Output response of bottom 
product composition (Y2) (see online version for colours) 

  
(a)     (b) 

Figure 7 (a) Control signal of top product composition (U1) (b) Control signal of bottom product 
composition (U2) (see online version for colours) 

  
(a)     (b) 

Table 5 Control effort specifications 

Algorithm 
Control signal U1  Control signal U2 

u1Min u1Max ||u1||2  u2Min u2Max ||u2||2 

Case 1 

PBPSO* 0.9993 2.3672 43.7969  0.9403 2.5083 42.7963 
LBSTA 0.9997 1.4315 42.2073  0.9992 1.2552 39.9074 

Case 2 

PBPSO* -0.0165 1.0001 3.5526  -0.0747 -0.0313 1.9418 
LBSTA 0.0046 0.2131 1.3528  -0.0696 -0.0456 1.9523 

Case 3 

PBPSO* -0.0489 0.8288 3.3316  -0.0565 -0.0117 1.9204 
LBSTA 0.0044 0.6192 2.7498  -0.0501 0.0024 1.8670 
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From the Table 5 results, one can verify that the LBSTA performs better than the 
unconstrained PBPSO algorithm. This can be interpreted from the response (top and 
bottom composition), control input and IAE values. The LBSTA optimises the 
performance of the MIMO binary distillation column in all the three cases studied in the 
literature, signifying the suitability to tune MIMO controllers for industrial process with 
physical constraints. 

6 Conclusions and future work 

The paper addressed the problem of designing optimal PID controllers for multivariable 
systems having interactions. To compute the optimal PID parameters that improve the 
process performance, the LBSTA algorithm was used, which is a modification of 
conventional STA with constraints that reflect the physical limitations of the 
multivariable process. STA has the faster convergence and has the ability reach the global 
optimum over existing methods in the literature. The proposed LBSTA algorithm was 
used to tune binary distillation column for three cases: 

1 PID controller without decoupler 

2 PID controller with decoupler 

3 PI controller without decoupler. 

Our results indicate that LBSTA tuned PID controller performs better than PBPSO tuned 
controller widely studied in literature for tuning multivariable system. Comparison was 
performed on peak overshoot, IAE metric and control effort for three cases. In Case 1, 
total control effort is reduced by 10.38%, Case 2, 30% reduction of peak overshoot and 
control effort reduced by 61.9% and case 3, control effort reduced by 20.24% over 
uncontrained PBPSO. From the results, conclusions can be drawn that the LBSTA 
performs better than existing EA to tune PID controllers for multivariable process. It 
reduced. Further, as the physical constraints of the process are included in obtaining the 
PID parameters, the LBSTA is more suitable for industries as against unconstrained 
solutions in literature. Verifying the performance of LBSTA for designing fractional and 
robust PID controllers is the future scope of this investigation. 
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This work  describes  the  reinforcement  ability  of newly  harvested  plant  stem  fibers  named  veldt  grape
bast  fiber  (Cissus  quadrangularis) in a  thermoset  matrix.  The  stamped  fibers  are  extracted  using  the water
immersion  technique,  followed  by  a  manual  shaving  operation.  The  tensile,  chemical  and  morpholog-
ical  properties  of the  veldt  grape  fiber were  studied.  The  mechanical  performance  of  the  compression
molded  veldt  grape/polyester  composite  was  studied,  for  the  effects  of  the fiber  length  and  fiber  loading.
A  non-linear  trend  in  mechanical  properties  was  noticed  with  the  varying  parameters.  However,  better
mechanical  properties  were  observed  for the optimum  fiber length  of  40 mm  and  40  wt%  of  fiber  loading.
A  comparative  study  was  performed  between  the  various  existing  plant  fiber  composites  and  the  newly
developed  one.  Further,  the  morphological  analysis  was  also  done  on  the  tensile  and  impact  fractured
composites,  using  the  scanning  electron  microscope.

© 2015  Published  by Elsevier  Ltd.

1. Introduction

Nowadays, the development of any innovative material system
needs to meet of eco-friendly requirements. If not for the sake of
economy, but at least from the aspect of social awareness. Hence,
in recent years most of the materials scientists are concentrating
on developing bio-degradable materials for the purpose of feasible
recycling. Accordingly, natural fiber reinforced composites (NFRCs)
are the ones which can be termed as partially bio-degradable
composites. They would be suitable replacements for the exist-
ing conventional composites regarding the environmental benefits
[1–3]. And also, advantages like low density, plentiful availability,
human welfare during handling, recyclability and worthiness as a
reinforcing element of NFRCs, can overrule the usage of synthetic
fiber composite [4–7]. Moreover, the benefits of NFRCs in diverse
engineering applications such as automotive, construction, pack-
aging industry [8–10] and sports goods, will drive the materialist
towards light weight composites with more thrust.

Indeed, it is essential for the researcher to find the details about
the constituents of composites, to realize the performance of NFRCs.
In this regard, characteristics like strength, chemical analysis and
characterization need to be studied for any fiber, to assess its
reinforcing efficiency. Several studies have been reported on the

∗ Corresponding author. Fax: +91 4563 289042.
E-mail address: n.rajini@klu.ac.in (N. Rajini).

extraction process [11], mechanical properties [12], thermal sta-
bility [13], chemical analysis [14] and morphologies of various
natural plant fibers. Encouraging findings of fiber characteristics
will lead to the preparation of composites in a polymer matrix, for
the betterment of mechanical strength. Many of the thermoset and
thermoplastic matrices were used as binding materials in NFRCs
[15–17]. Recently, the mechanical characteristics of various new
natural fibers such as okra [18], Grewia tillifolia [19] and Agave
Americana L. [20] were studied, as alternative replacements in a
thermoset matrix. The identification of new plant fibers continues,
due to the expectation of its unique mechanical characteristics. The
need for low density eco friendly composites is highly improving
in the field of automotive and packaging industries.

Many works have reported using various natural fibers such
as, banana, sisal, coir, jute, hemp, oil palm, borassus, tamarind,
palmyra, pineapple in a polymer matrix, for various engineering
applications [21–30]. Moreover, studying the mechanical proper-
ties of any composites is important for all engineering applications.
Consequently, the various parameters affecting mechanical per-
formance also need to be studied to analyze the composites [31].
Among all the parameters, varying the fiber length and weight% of
the fiber content have to be studied for understanding the mechan-
ical properties of newly derived composites. Srinivasan et al. [1]
studied the mechanical properties of randomly oriented short san-
sevieria cylindrica fiber reinforced polyester composites (SCFRPCs)
for the effects of fiber length and wt%  of fiber content. The vari-
ation in the mechanical properties, such as tensile, flexural and

http://dx.doi.org/10.1016/j.mtcomm.2015.08.001
2352-4928/© 2015 Published by Elsevier Ltd.
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Table  1
Properties of the isophthalic polyester resin.

Sl. no Properties Range

1 Tensile strength (MPa) 18.88
2  Tensile modulus (GPa) 0.71–1.114
3  Flexural strength (MPa) 29.45
4  Flexural modulus (GPa) 1.06–1.09
5  Compressive strength (MPa) 90–250
6  Shrinkage (%) 0.004–0.008
7  Density (kg/m3) 1131
8  Specific gravity 1.1–1.49

impact properties of SCFRPCs was significantly affected by varying
factors. Umadevi et al. [30] studied the mechanical performance
of pineapple leaf fiber reinforced polyester composites. The crit-
ical fiber length and optimum fiber weight percentage of 30 mm
and 30 wt% were found to have enhanced the mechanical proper-
ties, compared to others. The mechanical properties of the recently
developed hildegardia polypropylene bio-composites were ana-
lyzed by Xiaoyan et al. [32]. It was found that fiber loading has
shown significant changes in the tensile properties. Sathiskumar
et al. [33] carried out work on the tensile and flexural proper-
ties of snake grass/polyester composites. They found the optimum
fiber length and weight percentage of 30 mm and 25% of volume
fraction respectively, for better mechanical performance. Besides,
there are many other factors like chemical treatment of fibers,
stacking sequence, hybridization and coupling agent found to affect
the performance of NFRCs in various aspects including mechanical
properties [34].

However, the identification of new plant fibers and making com-
posites using the same is unavoidable in the field of materials
research, especially for ecological products. In this work, a sim-
ple extraction technique was employed to separate the fibers from
the stem of the veldt grape plant. The single fiber analysis was
performed to study the mechanical, chemical and morphological
characteristics. Moreover, there has been no reports available, using
veldt grape stem fiber (VGF) as reinforcement in a polymer matrix.
Hence, this work attempts the fabrication of VGF/polyester com-
posites, using the compression molding technique. The mechanical
performance of the fabricated composites was also studied for the
effects of fiber length and fiber loading. The morphological analysis
was also done to study the behavior of interfacial adhesion between
the fiber and matrix, using scanning electron microscopy (SEM).

2. Materials and experimental methods

2.1. Polymer matrix

In the present work, isophthalic unsaturated polyester resin was
used as a matrix [29,33,35,36]. Methyl ethyl ketone peroxide and
cobalt naphthalene were used as a catalyst and accelerator, respec-
tively. The chemicals were procured from M/s  Vasavibala Pvt. Ltd,
Chennai, Tamil Nadu, India. The properties of polyester resin as per
the manufacturer’s data are presented in Table 1.

2.2. Extraction procedure

The veldt grape plants were identified at the bottom of the hill
located in the southern part of Tamil Nadu, India. It is probably
native to India or Sri Lanka, but is also found in Africa, Arabia, and
Southeast Asia. It was grown as a long climber with more num-
ber of weak linking series of stems, as shown in Fig. 1a. Normally,
this plant reaches a height of 1.5 m and has quadrangular-sectioned
branches, with internodes 8–10 cm long and 1.2–1.5 cm wide. The
inter-linked long climbers are separated with more number of indi-
vidual stems like short fingers, using scissor cutting at the nodes

(Fig. 1b). The sized stems were crushed with a hammer by stamp-
ing process. A range of 50–80 N hammering force has been applied
while removing the flush on the fiber surface. Then, the compressed
stems were rinsed in water for 24 h for decomposing the crushed
flush (Fig. 1c). Without prior stamping, the process can take around
5–7 days of stored water immersion of stems for the fiber separa-
tion. Finally, the water immersed stems were transformed in to
fiber bundles using the manual shaving process, as seen in Fig. 1d.
And again the bundle of fibers connected at the nodal point was
separated as individual fibers for the maximum length of 100 mm.
The fibers were immersed into the container with water for about
24 h, and thoroughly washed for removing the unwanted impu-
rities from the fiber surface. The cleaned and washed fibers were
placed in a high temperature hot air oven at 100 ◦C for about two
hrs [2,37]. This was  done for removing the water particles from the
fiber surface. Finally, the dried fibers were cut to size, as per the
required fiber length for the fabrication of composites.

2.3. Tensile testing of VGF

A single fiber strength was measured using the INSTRON univer-
sal testing machine of type 5500 R, according to the ASTM D 3379
standard [38]. A single gauge length of 50 mm is used for the tensile
testing. Pneumatic grips were used to clamp the fibre with a pres-
sure of 0.4 MPa. A 1.0 kN capacity load cell was used to measure the
load. The tensile tests were conducted with a cross head speed of
10 mm/min. To account for the variability of the natural fibres, an
exact number of 25 samples was  used for testing, and the average
value was  reported.

2.4. Chemical analysis and fiber diameter

This analysis was carried out to determine the content of lignin,
cellulose, wax, moisture and ash of VGF. The lignin content was
determined according to the Klason method [39]. The cellulose con-
tent was measured according to Kurshner and Hoffer’s method [40].
The wax  content of VGF was  determined following the method
developed by Conrad [41]. The ash content was  analyzed as per
the ASTM E 1755-61 standard [42], and the samples were dried in
an oven at 104 ◦C for 4 h, to determine the moisture content [1].
The single fiber surface was  captured, using a Motic optical micro-
scope with an in-built Moticam 2500 camera, digitally controlled
by Motic Images Plus 2.0 ML  image processing software. The appar-
ent diameter was measured in different locations along the length
of the fiber.

2.5. Fabrication of composite

The VGFC was fabricated in the laminate form of size
300 mm × 125 mm  × 3 mm  using the compression molding tech-
nique. Before making the composites, the fibers were subjected to
pre-compression, and converted into a sheet in a randomly ori-
ented fashion. Afterwards, the fibers were placed inside the mould
cavity followed by the pouring of the resin-catalyst mixture over
the fibers, to ensure complete wetting. The split mould was closed
by applying 15 MPa  pressure, and the entire setup was brought for
the room temperature for curing for another 24 h. Using the same
procedure, the 3 mm  composite laminates were fabricated, with
varying fiber length and wt% of fiber loading. Finally, the molded
composites were placed inside a hot air oven at 80 ◦C about 2 h for
post curing process. The samples were cut into required sizes for
mechanical testing.
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Fig. 1. Fiber extraction method (a) veldt grape plant harvesting (b) stamping on sized plant (c) stamped plant is immersed in water (d) fiber extracted by using hand and
extracted fibers.

2.6. Mechanical testing of the composite

Tensile testing of the composite was carried out, in accor-
dance with ASTM-D3039 [33]. The rectangular shape tensile
specimens were prepared using a diamond tipped cutter with
dimensions of 200 mm × 20 mm × 3 mm.  The three point bend-
ing test was performed using ASTM-D790 [29] to understand
the flexural properties at room temperature on a specimen of
127 mm × 12.7 mm × 3 mm dimension. Both tensile and flexural
tests were performed, using universal testing machine (INSTRON
Series 3382) with the load cell capacity of 400 kN under a cross
head speed of 5 mm/min. The charpy impact test was performed
according to ASTM-D256 [29] on an un-notched VGFC specimen
of size 65 mm × 13 mm × 3 mm.  The average value of five samples
was reported in each test.

2.7. Characterization of composite specimens

The fractured specimens of the tensile and impact samples of
VGFC were examined using JEOL M-  6390 Scanning Electron Micro-
scope (SEM). All the fractured specimens were coated with gold,
and kept in an ionizer. Micrographs of the fractured specimens were
taken by subjecting them to a voltage of 10–15 kV.

3. Results and discussion

3.1. Chemical analysis

The chemical composition of VGF was  already reported in [43].
Generally, the strength and stiffness of plant fiber depend on �-
cellulose content [44]. Besides, higher amount of lignin in fiber
leads to more elongation. The composites tend to have lower ten-
sile strength and modulus [45]. Accordingly, the lower �-cellulose
content (48.25%) and higher lignin content (15.9%) of VGF are the
reasons for lower tensile strength and modulus. Whereas, the other
natural fibers like century and okra posses the equivalent void
content of VGF leading to higher tensile strength [46,47]. This is
because of because of higher �-cellulose content.

3.2. Apparent diameter measurement

Generally, the apparent diameter of a single fiber was  measured
to find the area of cross-section for most of the natural fibers [20]. In
this work, the apparent area of the fiber was  determined assuming
that the fiber cross-section is circular, using the microscope image
(Fig. 2). However, the diameter of the natural fibers varies with
increasing fiber length. Hence, the average apparent fibre diameter
of 30 VGF samples was reported, by measuring the values at various
lengths along the longitudinal direction, using Image-J software.
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Table  2
Tensile properties of VGF.

VGF fiber Mean diameter(mm) Tensile strength(MPa) Tensile modulus (GPa) Strain at failure(%)

Using apparent cross-sectional area 0.251 ± 0.1 207.4 ± 35 5.583 ± 1.1 5.16 ± 1.37
Using true cross-sectional area 0.198 ± 0.2 321.6 ± 90 6.3 ± 1.5 5.16 ± 1.37

Fig. 2. Optical microscope image of VGF for the determination of fibre diameter
using Motic images 2.0 mL  software.

Fig. 3. A typical stress- strain curve of VGF.

3.3. Tensile behavior of VGF fiber

Fig. 3 shows a typical representative stress–strain curve of VGF.
The pattern of the curve reveals the nature of a ductile material. The
tensile strength of the VGF fiber was determined using the mean
apparent diameter. Generally, the fibers collected from the stem
are called ‘bast’ fibers. A comparison of the tensile properties of VGF
was done, with those of other bast fibers such as flax, hemp, and
jute. A higher range of tensile strength was noticed for the other
bast fibers flax (343–2000 MPa), hemp (270–900 MPa) and jute
(320–800 MPa) compared to VGF, and it was only (176–325 MPa).
However, all these bast fibers offer better tensile properties by pos-
sessing higher density and lower cellulose content than VGF [48].
Similarly, the value of strain to failure of VGF was found to be higher

than that of the other bast fibers. Qualities like low density and
higher elongation to failure of VGF are suitable for durable light
weight components. The tensile properties of VGF are shown in
Table 2.

Fig. 4a and b shows the SEM micrograph of VGF cross section
with the outer area and area of void content. Both the areas were
calculated with the help of image-J software using the method
reported in [18]. In addition to the conventional measurement, the
tensile strength and modulus of VGF was also recalculated using
the true cross-sectional area (outer area- area of void content) with
standard deviation and were presented in Table 2. As expected, the
correction of the area significantly influences the mechanical prop-
erties of VGF as reported by others [18]. Moreover, only the major
lumen (void) size was taken into account for determining the area of
void content. Fig. 4c indicates the measurement of mean diameter
using SEM image.

3.4. Mechanical properties

The tensile, flexural and impact strength of VGF/polyester com-
posites are shown in Fig. 5(a–c) with varying fiber length and fiber
loading. The effect of the fiber length was not found to be more
significant in the lower wt% region (up to 30 wt%) for tensile and
flexural properties, as seen in Fig. 5a,b. At the same time, a signifi-
cant variation in the impact strength was  found even at the lower
wt% of fiber content. However, the change in length can take up
different magnitudes of stress transfer between the fiber and the
matrix. At a lower fiber content, the presence of a larger gap is pos-
sible due to the distribution of the minimum fiber length. It can
create the possibility of discontinuous stress transfer between the
fibers. The pulling force can have more probability of failures due
to the exposure of the large matrix region. Moreover, the change in
magnitude of shear stress at the fiber end can also cause the fail-
ure in a different manner. The flow of resin inside the porous fiber
along the longitudinal direction can create different stress concen-
tration, due to the different sizes of the pores at the cross-section
of the fiber. The maximum tensile strength value of 27.45 MPa  was
found in the case of 40 mm  fiber length and 40 wt%. It shows around
31.22% increase in value compared to the pristine polyester. At the
same time, the percentage of increase in tensile strength of com-
posite with optimum fiber content (40 wt%) are 49%, 35%, 21 % and
6% at 10, 20, 30 and 50 wt%, respectively, with constant fiber length
(40 mm).  Similarly, the tensile strength of composite is higher with
20%, 16% and 12.5% at 20, 30 and 50 mm  compare to the optimum
fiber length of 40 mm.

But, only a slight decrease in tensile strength (24 MPa) was
observed for the 50 mm fiber length at 50 wt%. But, it does not pro-
vide better results in the flexural and impact properties. It could
be possibly due to the curling tendency of the fibers, because
of increasing length. Since, the flexural strength of the compos-
ites is the combined effect of compression and shear. Herein, it
was observed that the curling of fibers already loses its ability to
resist the compression. Better interfacial bonding can have more
resistance to shear and can lead to better flexural strength. The
compatibility between the fiber and the matrix, wettability, and
fiber morphology are the factors enhancing the interfacial adhesion
between the fiber and the matrix. The maximum flexural strength
of 63.7 MPa  was  noticed for the composites with 40 mm  length and
40 wt%  of fiber parameters, ensuring better interfacial bonding. This
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Fig. 4. SEM micrographs of VGF (a) cross section area (b) major lumen area and (c) mean diameter of VGF using Image J software.

was further confirmed by the morphological analysis of the frac-
tured surface discussed in the next section. It shows 54% increase
in flexural strength compared to pure polyester. The percentage of
increase in flexural strength of the composite with optimum fiber
content (40 wt%) are 45%, 44%, 29% and 16% at10, 20, 30 and 50 wt%,
respectively, with constant fiber length (40 mm).  Similarly, the flex-
ural strength of composite is higher with 26%, 29% and 16% at 20,
30 and 50 mm compare to the optimum fiber length of 40 mm.  The
determination of the impact strength of composites is needed to
study the toughness behaviour of the material. The combination
of different constituents such as the matrix and fiber phase will
make the toughness complex. Irrespective of the fiber length, the
impact strength of the composites gets increased drastically in a
linear fashion, on successive increasing of the wt% of the fiber con-
tent, except for the 20 mm fiber length. The energy absorption is
based on the fiber length as well as fiber content in fiber reinforced
polymer composites.

Statistical analysis has been carried out by two-way analysis
of variance (ANOVA) to study the significance between the fiber
length and fiber loading and between tensile and flexural prop-
erties. In statistics, the two-way ANOVA is used to examine the
influence of two different categorical independent variables on one
way dependent variable. Further, it helps to determine the main
effect of contribution of each independent variable by identifying
the significant interaction among the variables. The following two
groups of hypothetical conditional statements are framed for the
acceptance of significance using two-way statistical analysis.

Group-1
H 01: There is no significant difference between the fibre lengths

(or) fiber loading.

Table 3
ANOVA test for tensile properties at 40 wt% of fiber loading with varying fiber length.

Source SS DF MS F-ratio P-value F-critical

BFL 70.07388 3 23.35796 0.962563 0.468999 4.757063
BFP  6535.737 2 3267.869 134.6663 1.03E-05 5.143253
Error 145.5985 6 24.26641

Total 6751.41 11

BFL–between fiber lengths; BFP–between flexural properties; SS–sum of square;
DF–degree of freedom; MS–mean square; F-ratio, F-test for ANOVA; F-critical, F-
value obtained from table. [Number of observations = 60; number of samples = 5].

H 02: There is no significant difference between the tensile (or)
flexural properties.

Group-2
H 11: There is a significant difference between the fibre lengths

(or) fiber loading.
H 12: There is a significant difference between the tensile (or)

flexural properties.
In the case of acceptance, one of the conditional statements in

Group-1 will be selected for the corresponding fiber length (H 01)
and tensile properties (H 02). Similarly, in the case of rejection, one
of the conditional statements in Group-2 will be selected for the
corresponding variables. The condition of acceptance and rejection
is determined from calculated F-ratio and F-critical (chosen from
the F-Table) from ANOVA tables.

Two way  ANOVA analysis shown in Tables 3 and 4 represents the
tensile properties and flexural properties at 40 wt% of fiber loading
with varying fiber length. The variances between two variable such
as, fiber length and tensile properties and fiber length and flexu-
ral properties are studied. If, F-ratio value is less than the F-critical



K. Mayandi et al. / Materials Today Communications 4 (2015) 222–232 227

Fig. 5. (a) Tensile, (b) flexural and (c) impact strength of VGFPCs with the effect of varying fiber length and fiber loading.

Table 4
ANOVA test for flexural properties at 40 wt% of fiber loading with varying fiber
length.

Source SS DF MS  F-ratio P-value F-critical

BFL 70.07388 3 23.35796 0.962563 0.468999 4.757063
BFP  6535.737 2 3267.869 134.6663 1.03E–05 5.143253
Error 145.5985 6 24.26641

Total 6751.41 11

BFL–between fiber lengths; BFP–between flexural properties; SS–sum of square;
DF–degree of freedom; MS–mean square; F-ratio, F-test for ANOVA; F-critical, F-
value obtained from table. [Number of observations = 60; number of samples = 5].

then the corresponding variable will be accepted otherwise it has
to be rejected. Accordingly, the statistically significant difference
between the variables will be selected from the Group-1 or Group-
2. In this work, the acceptance of fiber length is found due to the
lesser F-ratio value than F-critical attributed to the selection of H 01
conditional statements from Group-1, in both tensile and flexural
properties. It implies that there is no significant difference between
the fiber lengths. At the same time, a statistically significant differ-
ence between the mean value of tensile and flexural properties is
observed from one level of composite to another at 95.0% confi-
dence level. This is due to the higher value of predicted F-ratio than
F-critical as shown in Tables 3 and 4, and it leads to the option of
rejection. Hence, the corresponding conditional statement of H 12
from Group-2 has been selected. Moreover, the P-value of the F-test
is less than 0.05 in the case of tensile and flexural properties. This

Table 5
ANOVA test for tensile properties at 40 mm of fiber length with varying fiber loading.

Source SS DF MS  F-ratio P-value F-critical

BFW 66.62161 4 16.6554 1.914153 0.201508 3.837853
BTP  1189.826 2 594.9128 68.37147 9.33E-06 4.45897
Error 69.60948 8 8.701185

Total 1326.057 14

BFL–between fiber lengths; BFP–between flexural properties; SS–sum of square;
DF–degree of freedom; MS–mean square; F-ratio, F-test for ANOVA; F-critical, F-
value obtained from table. [Number of observations = 60; number of samples = 5].

further justifies the statistically significant difference between the
mean tensile and flexural properties from one level of composite
to another at 95.0 % confidence level as reported in [16].

ANOVA analysis shown in Table 5 presents the variance between
wt% of fiber loading and tensile properties at a constant fiber length
of 40 mm.  ANOVA analysis shown in Table 6 presents the variance
between wt%  of fiber loading and flexural properties at a con-
stant fiber length of 40 mm.  In both the cases, only the statistically
significant difference is found in the case of tensile and flexural
properties. In order to find the nature of significance among the
fiber length, tensile and flexural properties the correlation anal-
ysis is performed. Based on the type of correlation, the relation
among the variables is decided. The positive correlation between
the variables indicates that if the fiber length (or) wt%  of fiber load-
ing increases there is an increase in tensile (or) flexural properties
similarly when the fiber length (or) wt% of fiber loading decreases,
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Table 6
ANOVA test for flexural properties at 40 mm of fiber length with varying fiber
loading.

Source SS DF MS  F-ratio P-value F-critical

BFW 205.3233 4 51.33081 1.086232 0.424652 3.837853
BFP  6479.656 2 3239.828 68.55933 9.24E–06 4.45897
Error 378.0466 8 47.25583

Total 7063.026 14

BFL–between fiber lengths; BFP–between flexural properties; SS–sum of square;
DF–degree of freedom; MS–mean square; F-ratio, F-test for ANOVA; F-critical, F-
value obtained from table. [Number of observations = 60; number of samples = 5].

there is also a decrease in tensile (or) flexural properties. The neg-
ative correlation between the variables indicates that if the fiber
length (or) wt% of fiber increases then the tensile (or) flexural prop-
erties will decrease. When the fiber length (or) wt% of fiber loading
decreases, then the tensile (or) flexural properties will increase.
Tables 7 and 8 show the correlation between the fiber length and
mechanical properties and the correlation between the fiber wt%
and mechanical properties, respectively. In both tensile and flexu-
ral properties, the positive correlation is predicted among the fiber
length, strength and % of failure to strain, respectively. It indicates
that the increasing fiber length leads to the increase in strength
and% of failure to strain. Similarly, for the fiber wt%, the same kinds
of observations are noticed. At the same time, the positive and nega-
tive correlation is predicted between fiber length and modulus for
both the properties. It indicates that the variables of fiber length
and fiber loading are independent to modulus of both tensile and
flexural.

The toughness of VGF/polyester composite was studied with the
help of impact properties shown in Fig. 5c. Generally, stiffer mate-
rial can posses only lower energy absorption capability due to the
quicker energy dissipation, indicating the lower impact strength.
Interestingly, in this work, a comparable impact strength was
observed for the composites, which also possess the better tensile
and flexural properties. It may  due to the shape of the fiber cross-
section, and it was one of the parameters involved in the energy
absorption properties. The highest impact strength was  observed
for 30 mm length and 40 wt% of fiber content with the maximum
increase of 84.07%. At the same time, an increase of 81.57% was
observed for 40 mm and 40 wt% of fiber content, and it seems to be
comparable with the maximum value. The percentage of increase
in impact strength of the composite with optimum fiber content

(40 wt%) are 81%, 54%, 50% and 4% at 10, 20, 30 and 50 wt%, respec-
tively, with the same fiber length (40 mm).  Similarly, the impact
strength of composite is higher with 36%, 16% and 35% at 20, 30
and 50 mm compare to the optimum fiber length of 40 mm.

Hence, different fiber lengths and fiber wt%s were observed to
be the influencing, parameters affecting the tensile, flexural and
impact strength of the composites, as indicated in Fig 5(a–c). How-
ever, a notable increase in the mechanical strength was observed
for the particular case of fiber length and wt% of fiber loading, and it
can be termed as an optimum composite. Accordingly, the compos-
ite with 40 mm fiber length and 40 wt%  of fiber loading was found
to be optimum composite producing better mechanical strength.
Further, all the VGF/polyester composites offer better results in
flexural and impact strength compared to the tensile properties. It
can be considered as an alternative light weight composite which
is suitable for bending and sudden loading applications in the con-
struction industry.

3.5. Morphological analysis

Scanning electron microscope was performed to study the
interaction between the fiber and the matrix, because, interfacial
bonding is the critical factor to decide the mechanical strength
of composite. Fig 6(a–b) shows the tensile fractograph of the
VGF/polyester composite at 40 wt% of fiber loading with 20 mm
and 40 mm fiber lengths. The adhesion between the fiber and the
matrix is clearly seen from the fiber pull out shown in Fig. 6a. And
also, the short fiber length is peeled off at a lower force itself, due
to the lesser surface to contact area.

The tensile fractured surface of the optimum composite (40 mm
and 40 wt% of fiber length and fiber loading) is shown in Fig. 6b. The
absence of fiber pullout in Fig. 6b indicates more resistance at the
interface against tensile loading. Moreover, the strong coupling of
the matrix observed surrounding the fibers, ensures better inter-
facial bonding. The appearance of a small narrow interfacial gap
can provide better load transfer between the fiber and the matrix.
These observations found in the fracture surface evidence the better
interfacial bonding. It can be the reason for the better mechanical
strength (Fig. 6b) of the optimum composites.

Fig. 7(a–c) shows the SEM micrograph of VGF/polyester com-
posite at 40 mm fiber length with 10, 30 and 50 wt% of fiber
contents. From Fig. 7a, one can easily identify the large interfacial
gap between the fibers in the case of lower wt% of fiber loading.
Though better interfacial adhesion was  found in this case, it exhibits

Table 7
Correlation for tensile and flexural properties at 40 wt%  of fiber loading with varying fiber length.

Fiber length(mm) Tensile properties Flexural properties

Strength(MPa) % Of strain Modulus(GPa) Strength(MPa) % Of strain Modulus(GPa)

20 22 3.373 1.045 46.75 2.74 2.556
30  23.18 5.087 1.195 45.16 4.35 1.683
40  27.45 4.238 1.195 63.7 3.42 2.117
50  24 5.277 1.086 53.67 4.08 1.722
Correl.val 0.565762 0.719059 0.207253 0.601256 0.553932 −0.65456

Table 8
Correlation for tensile and flexural properties at 40 mm of fiber length with varying fiber loading.

Fiber wt%  Tensile properties Flexural properties

Strength(MPa) % Of strain Modulus(GPa) Strength(MPa) % Of strain Modulus(GPa)

10 14 1.94 1.494 35.285 2.18 2.179
20  17.8 2.04 1.661 35.933 2.52 2.613
30  21.65 2.62 1.729 45.198 2.83 2.701
40  27.45 4.24 1.95 63.7 3.42 2.117
50  25.7 6.17 1.083 53.3 3.74 1.675
Correl.val 0.942966 0.936094 −0.26007 0.836942 0.993735 −0.57328
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Fig. 6. SEM micrographs of tensile fractured samples of 40 wt%  of fiber loading with
the length of (a) 20 mm (b) 40 mm.

only lower tensile strength. The results indicate that the tensile
strength depends not only on adhesion but also on the number of
interfacial regions. An increasing number of interfaces can be pos-
sible while increasing the wt% of fiber loading. Fig. 7b shows the
orientation of fibers in different lines of action referred to as ran-
dom orientation. Moreover, the fiber breakage shown in the Fig. 7b
restricts the fiber pullout due to shear. Therefore, the magnitude
of tensile strength gets increased due to the minimum fiber pull
out. Beyond a certain limit, the increasing wt% of fiber loading can
decrease the interfacial thickness. The loosely separated accumu-
lation of fibers shown in fig. 7c, represents the higher loading of
the fiber content. More fiber to fiber contact can happen due to the
insufficient amount of matrix content. Consequently, the efficiency
of load transfer capability gets decreased between the fiber and the
matrix.

The SEM images of the VGF/polyester composite material sub-
jected to impact loading are presented in Fig. 8a,b, at 40 wt%  of
fiber loading with 20 mm and 40 mm fiber lengths. Fig. 8a shows
more matrix fracture and less amount of fiber pullout, indicating
the lower amount of energy absorption. In fact, a stiffer material
can have only lower energy absorption. The increasing amount of

Fig. 7. SEM micrographs of tensile fractured samples of 40 mm fiber length with the
varying wt%  of fiber loading of (a) 10 wt% (b) 30 wt% (c) 50 wt%.
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Fig. 8. SEM micrographs of impact fractured samples of 40 wt%  of fiber loading with
(a)  20 mm and (b) 40 mm fiber length.

discontinuous interface can make the material brittle at a lower
impact load. Fig. 8b shows the fractured surface of the composites
posses maximum tensile and flexural strength. The extensive fiber
pullout, fiber bending and formation of voids confirm the increasing
energy absorption.

Generally, it is a fact that the maximum strength and maximum
toughness cannot be achieved simultaneously [30]. However, the
VGF/polyester composite with better tensile and flexural strength
also exhibits considerable impact strength and can be designated
as the optimum combination (40 mm  and 40 wt%) for the desired
mechanical properties. In the case of 50 mm of fiber length, the
matrix failure seemed to be predominant, and it lowers the impact
energy.

The impact strength of the composites is found to increase lin-
early with the increase in fiber loading, as shown in Fig. 5c. The SEM
micrograph of the impact fractured surface of the VGF/polyester
composites, with varying fiber loads at 40 mm  fiber length, is shown
in Fig. 9 a–c. The crack advancement at the interface fracture and
the enriched matrix region are the failure mechanisms found with
less amount of energy absorption, as shown in Fig. 9a. Whereas, at
30 wt% of fiber loading, a strong adhesion between the fiber and the
matrix was found, and it produces the maximum impact strength
value, as indicated in Fig. 5c. This adhesion needs more energy

Fig. 9. SEM micrographs of impact fractured samples of 40 mm fiber length with
the varying wt%  of fiber loading of (a) 10 wt%  (b) 30 wt% (c) 50 wt%.



K. Mayandi et al. / Materials Today Communications 4 (2015) 222–232 231

Table  9
Comparison of tensile, flexural and impact properties of VGFPC with other natural fiber composites.

S.l. No Fiber composite type
(Untreated)

Fabrication
method

Tensile Flexural Impact Strength
(J/m)

Ref

Strength
(MPa)

Modulus
(GPa)

Strength
(MPa)

Modulus
(GPa)

1 VGF/Polyester Compression molding 27.34 1.195 63.7 2.116 39.91 Present work
(40  wt%)

2 Palmyra/Polyester Compression molding ≈18 ≈1.95 ≈48.1 ≈0.9 ≈42 [29]
(30 wt%)

3 Borassus/HDPE Compression molding 24.6 0.663 20.1 0.673 105 [49]
(15 wt%)

4 S. cylidrica /Polyester Compression molding ≈75 ≈11 83.85 – – [1]
(40 wt%)

5 Palmyra/Rooflite resin Compression molding 42.65 – 59.19 – – [50]
−55%

6 Jute/Polyester Compression molding ≈47 – 63 – – [51]
(36 vol%)

7 Coir/Jute/Polypropylene Compression molding 48 – 40 0.78 – [52]

to apply, for pulling the fiber out through the matrix by shearing
action. The interfacial debonding surrounding the fibers can trans-
form the crack propagation in the form of voids and cracks, as seen
in Fig. 9b, leading to more energy absorption. The fiber agglomera-
tion seen in Fig. 9c could be the probable reason for the decrease in
the impact strength, on increasing the fiber content to 50 wt%. And
also, the group of fiber pullout is possible with single interfacial
debonding with lower amount of energy.

Moreover, it is generally accepted that the toughness of the fiber
composites is dependent mainly on the fiber stress–strain behavior
[30]. Table 9 shows the performance of the VGF/polyester compos-
ites compared to the other composites, with respect to weight%
and manufacturing methods. Among all, VGF exhibits higher and
comparable tensile and flexural properties with existing compos-
ites presented in Table 9. VG fibers possess moderate fiber strength
with high failure strain, and therefore, impart a high impact energy
to the composites as compared to the others, as given in Table 9.

4. Conclusion

The chemical and tensile properties of the newly identified VGF
were analyzed to find its reinforcement suitability in a polymer
matrix. The composites were fabricated with VG fiber and polyester
matrix, using the compression molding method. The effects of vary-
ing parameters, such as the fiber length and fiber loading on the
mechanical properties are reported. The following findings were
resulted from the testing of the newly developed composites:

• The importance of the stamping process prior to the water
immersion technique followed by the manual shaving process is
seen from the significant reduction in time for the fiber extraction.

• The tensile properties of VG fiber was found to be comparable
than the other bast fibers with lower density and high strain rate
of failure.

• As expected, the VG fiber reinforced polyester composites exhibit
better mechanical properties than pure polyester, but it was
found significant only for a particular fiber length and fiber load-
ing.

• Moreover, all the wt%s of the VGF/polyester composites offer bet-
ter flexural and impact strength than the tensile strength. This
indicates the significance of the VG fiber towards more resistance
against compression and sudden application of loading.

• The fiber length of 40 mm and 40 wt% of fiber loadings were found
as the optimum combination for the composite, providing higher
mechanical strength with better toughness.

• The occurrence of failures at the interface due to fiber pull out,
interface fracture, hackles, matrix cleavage, voids and cracks, fiber

breakage and fiber/matrix debonding were studied, with the help
of the SEM morphological analysis.
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Honeycomb sandwich shells with composite face sheets are of extensive use in the spacecraft industry. Information
on the number of resonant modes present in a frequency band is required to study their response behaviour under
acoustic excitation. Modal densities of thin composite cylindrical shells have been reported while transverse shear
deformations have not been considered. But in honeycomb sandwich panels, transverse shear deformations are
significant, especially at higher order modes of vibration. In this work expressions for natural frequency and
modal density of composite cylinders incorporating transverse shear deformation are derived. The modal densities
of a typical cylinder that are obtained using the derived expression are compared with the results obtained using
the finite element method and they are similar. Effects of transverse shear and orthotropic nature of the face sheets
on the modal densities are investigated. It is shown that computing the modal density of honeycomb sandwich
cylinders without considering the transverse shear deformation can lead to significant errors at high frequencies.
Expressions of modal densities for special cases are also derived from the general expression.

NOMENCLATURE

ux, uθ, ur displacement along the longitudinal,
tangential and radial directions

ψx, ψθ rotations of the transverse plane
Nxx, Nθθ, Nxθ force resultants per unit length
Mxx,Mθθ,Mxθ moment resultants per unit length
εxx, εθθ in-plane direct strains
γxθ in-plane shear strain
γxr, γθr transverse shear strains
Qxr, Qθr shear forces per unit length
Ø Airy’s stress function
Aij extensional stiffness terms
Bij coupling stiffness terms
Dij bending stiffness terms
Qij coefficients of elastic stiffness
qr external transverse force per unit area
N shear rigidity of the shell
G shear modulus of the core
t thickness of face sheet
h thickness of the core
a radius of the cylinder
L length of the cylinder
A Area of the cylinder
K1, K2 function of wave numbers
m axial half wave number
n circumferential full wave number
n(ω) number of modes per rad/s
n(f) number of modes per Hz
N(ω) number of modes below the radian fre-

quency ‘ω’
N(f) number of modes below the cyclic fre-

quency ‘f ’

1. INTRODUCTION

Honeycomb sandwich plates/shells are widely used in satel-
lite structures due to their high stiffness to weight ratio. Broad
band acoustic excitation is one of the critical loading condi-
tions for satellite structures. Statistical Energy Analysis (SEA)
is a promising tool to study the response behaviour of struc-
tures subjected to such high frequency dynamic loads. Modal
density is an important parameter encountered in the calcula-
tion of response using SEA.1, 2 Expressions for modal densi-
ties of several structural forms are derived and are in use. Xie
et al.3 presented mode counts of several simple structural sys-
tems with various basic boundary conditions. They confirmed
that at high frequencies the modal density is independent of
boundary conditions.

In several larger spacecrafts, the primary structure consists
of a central cylinder which is a honeycomb sandwich construc-
tion with composite face sheets. Several studies have been re-
ported on modal densities of cylindrical shells. Modal densi-
ties of honeycomb sandwich cylinders have also been reported.
Wilkinson4 derived an expression for modal densities of sand-
wich cylinders incorporating shear deformation of the core and
Erickson5 modified the expression considering rotary inertia.
Ferguson and Clarkson6 obtained an expression for estimat-
ing modal density of paraboloidal structural element. Elliot7
presented expressions for the modal densities of thin as well
as honeycomb sandwich cylindrical shells in the form of inte-
grals which were evaluated numerically. Finnvedan8 presented
a finite element based approach to estimate the modal density
of shells and hence no expressions are derived and it was ap-
plied to isotropic shells. An alternate methodology to evaluate
the modal density of circular cylindrical shells is presented by
Farshidianfar et al.9 but it is applicable to only isotropic shells.
Ramachandran and Narayanan10 studied the effect of stiffen-
ers on the modal density of isotropic cylindrical shells. All the
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above works are on the isotropic shells or honeycomb sand-
wich shells with isotropic face sheets.

An expression for the modal densities composite cylindri-
cal shells was derived earlier11 which can be used for estimat-
ing the modal densities of thin composite cylindrical shells.
But the modal density determined using this expression does
not consider the transverse shear flexibility. In honeycomb
sandwich structures the shear modulus of the core is consid-
erably low and can have a significant effect on the modal den-
sity. Therefore, an expression for modal density of cylindrical
shells considering the shear flexibility is essential, especially
for determining the modal densities of honeycomb sandwich
composite cylinders.

In this work, modal densities of honeycomb sandwich cylin-
drical shells with composite face sheets are obtained. An ex-
pression for modal density of composite cylindrical shells con-
sidering transverse shear deformation is derived. An expres-
sion for natural frequency is required to derive the expression
for modal density. No closed form expressions are presented
in literature for estimation of natural frequencies of such shells
incorporating transverse shear. Therefore, an expression for
natural frequency is first derived. Expression for modal density
is then derived by adopting wave space integration technique.
Modal densities of a typical composite cylinder computed us-
ing the expression derived here are compared with the results
obtained using the finite element method. Influence of trans-
verse shear deformation on the modal densities is investigated.
The expressions for some special cases are also presented.

2. DIFFERENTIAL EQUATIONS OF MOTION

Consider a cylinder having a radius a, length L and mass
per unit area of ρm. The co-ordinate axes are denoted by x for
longitudinal, θ for tangential and r for radial as shown in Fig. 1.
The displacement along the longitudinal direction is ux, along
the tangential direction (linear displacement) is uθ and along
the radial direction is ur.

In this work, Donnell’s shell theory incorporating first order
shear deformation along with Airy’s stress function is used.

2.1. Force and Moment Equilibrium
Equations

For laminated cylindrical shells under free vibration, ne-
glecting rotary inertia,

∂Nxx
∂x

+
1

a

∂Nθx
∂θ

= ρm
∂2u0x
∂t2

; (1)

∂Nxθ
∂x

+
1

a

∂Nθθ
∂θ

+
Qθr
a

= ρm
∂2u0θ
∂t2

; (2)

∂Qxr
∂x

+
1

a

∂Qθr
∂θ
− Nθθ

a
= ρm

∂2ur
∂t2

; (3)

∂Mxx

∂x
+

1

a

∂Mθx

∂θ
−Qxr = 0; (4)

∂Mxθ

∂x
+

1

a

∂Mθθ

∂θ
−Qθr = 0; (5)

which is a set of coupled equations with 5 displacement com-
ponents (u0x, u0θ, ur, ψx, ψθ).12–14 In the above equations Nxx,
Nθθ, Nxθ, Mxx, Mθθ, and Mxθ are the force and moment re-
sultants (per unit length) and Qxr and Qθr are the shear forces
per unit length. In the above equations u0x and u0θ are the mid-
surface displacements and ur is the radial displacement. Com-

Figure 1. Coordinate system.

bining Eqs. (3), (4), and (5) we get

∂2Mxx

∂x2
+

2

a

∂2Mθx

∂x∂θ
+

1

a2
∂2Mθθ

∂θ2
− Nθθ

a
= ρm

∂2ur
∂t2

. (6)

Considering only the normal loading and neglecting the inertia
in the in-plane directions, Eq. (1) becomes

∂Nxx
∂x

+
1

a

∂Nθx
∂θ

= 0. (7)

Further, since the shear term Qθr
a is small relative to the other

terms of Eq. (2), Eq. (2) reduces to

∂Nxθ
∂x

+
1

a

∂Nθθ
∂θ

= 0. (8)

Equations (6), (7), and (8) form the force and moment equilib-
rium equations. It is to be noted that these differential equa-
tions do not change whether the transverse shear deformation
is considered or not.

2.2. Strain Displacement Relations
The strains are related to displacements as

εxx =
∂ux
∂x

; (9)

εθθ =
1

a

∂uθ
∂θ

+
ur
a
; (10)

γxθ =
∂uθ
∂x

+
1

a

∂ux
∂θ

. (11)

Equations (9), (10), and (11) do not change whether the trans-
verse shear deformation is considered or not. Also, the normal
strains acting on the plane parallel to the middle surface are
negligible compared to the other strain components. In other
words, no stretching is present in the radial/normal direction,
i.e. εr = 0. The radial displacement is independent of thick-
ness.12

2.3. First Order Shear Deformation Theory
Denoting the rotations of the transverse plane as ψx and ψθ,

the displacement field in a thin shell as well as in a thick shell
with first order shear deformation theory is

ux = u0x + zψx; (12)

uθ = u0θ + zψθ; (13)

where u0x and u0θ are the mid-surface displacements. In a thin
shell, ψx = −∂ur∂x and ψθ = − 1

a
∂ur
∂θ .
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Donnell’s first order shear deformation theory13 is used in
the present formulation. Therefore, the transverse planes that
are normal to the un-deformed mid-surface remain straight but
not normal to the mid-surface after deformation. The rotations
of the transverse planes are

ψx = γxr −
∂ur
∂x

; (14)

ψθ = γθr −
1

a

∂ur
∂θ

. (15)

In the first order shear deformation theory the curvatures are
given by

κxx =
∂ψx
∂x

=
∂γxr
∂x
− ∂2ur

∂x2
; (16)

κθθ =
1

a

∂ψθ
∂θ

=
1

a

∂γθr
∂θ
− 1

a2
∂2ur
∂θ2

; (17)

κxθ =
∂ψθ
∂x

+
1

a

∂ψx
∂θ

=
∂γθr
∂x
− 2

a

∂2ur
∂x∂θ

+
1

a

∂γxr
∂θ

. (18)

Substituting the expressions for the rotations of the
transverse plane [Eqs. (14–15)] and the displacement field
[Eqs. (12–13)] in Eqs. (9–11), the strains become

εxx = ε0xx + zκxx; (19)

εθθ = ε0θθ + zκθθ; (20)

γxθ = γ0xθ + zκxθ; (21)

where ε0xx, ε0θθ and γ0xθ are the mid-surface strains.
The transverse shear strains will be constant across the sec-

tion

γxr = γ0xr; (22)

γθr = γ0θr; (23)

where γ0xr and γ0θr are the mid-surface shear strains

γ0xr = ψx +
∂ur
∂x

; (24)

γ0θr = ψθ +
1

a

∂ur
∂θ

. (25)

It should be noted that the term uθ
a is neglected in the ex-

pression for γθr as per Donnell’s theory, whereas other theo-
ries (Love’s theory, Loo’s theory, Sander’s theory) include this
term in the formulation. In this work Donnell’s theory is used.

2.4. Force and Moment Resultants
The force and moment resultants are defined as in the case

of thin shells asNxxNθθ
Nxθ

 =

k=n∑
k=1

hkˆ

hk−1

σxxσθθ
τxθ


k

[
1 +

z

Ri

]
dz; (26)

Mxx

Mθθ

Mxθ

 =

k=n∑
k=1

hkˆ

hk−1

σxxσθθ
τxθ

[1 + z

Ri

]
z dz; (27)

where Ri is the radii of curvature in the respective direction
and k refers to the number of layers in the laminate. For cylin-
drical shell, Rx =∞ and Rθ = a.

It is assumed that the term
[
1 + z

Ri

]
is very close to

unity.15, 16 The stresses are related to the strains through elas-
tic stiffness coefficients denoted by Qij , details of which are
not given here for brevity but explained in Josephine Kelvina
Florence and Ranji work.11 The strains are related to the mid-
surface strains and curvatures through Eqs. (19–21). Combin-
ing all the above relations the force and moment resultants be-
come

Nxx
Nθθ
Nxθ
Mxx

Mθθ

Mxθ

 =


A11 A12 A16 B11 B12 B16

A12 A22 A26 B12 B22 B26

A16 A26 A66 B16 B26 B66

B11 B12 B16 D11 D12 D16

B12 B22 B26 D12 D22 D26

B16 B26 B66 D16 D26 D66




ε0xx
ε0θθ
γ0xθ
κxx
κθθ
κxθ

 ;

(28)

where Aij =
∑k=n
k=1 (Qij)k(hk − hk−1), also called as exten-

sional stiffness terms; Bij = 1
2

∑k=n
k=1 (Qij)k(h

2
k−h2k−1), also

called as coupling stiffness terms;Dij =
1
3

∑k=n
k=1 (Qij)k(h

3
k−

h3k−1), also called as bending stiffness terms; and Qij are co-
efficients of elastic stiffness.

In the present work the laminate considered is symmetric
and balanced, therefore Bij = 0; A16 = 0; A26 = 0. Also,
assume that D16 and D26 are negligible, the above relations
become
Nxx
Nθθ
Nxθ
Mxx

Mθθ

Mxθ

 =


A11 A12 0 0 0 0
A12 A22 0 0 0 0
0 0 A66 0 0 0
0 0 0 D11 D12 0
0 0 0 D12 D22 0
0 0 0 0 0 D66




ε0xx
ε0θθ
γ0xθ
κxx
κθθ
κxθ

 . (29)

The above set of equations is the same as those for thin com-
posite cylindrical shells, but the expressions for the curvatures
include the transverse shear effects.

2.5. Governing Differential Equations of
Motion

Using Airy stress function, the stress resultants can be de-
fined as

Nxx =
1

a2
∂2Ø
∂θ2

; (30)

Nθθ =
∂2Ø
∂x2

; (31)

Nxθ = −
1

a2
∂2Ø
∂x∂θ

. (32)

The function Ø was first introduced by Airy and is in gen-
eral known as Airy’s stress function.17 Using this function, the
first two equations of motion are satisfied completely. In other
words, two independent in-plane displacements are eliminated
and the unknowns reduce to two which are Ø and ur. For solv-
ing the two unknowns, we make use of the third equation of
motion and an additional equation generated using compatibil-
ity condition.

Substituting Eq. (29), Eqs. (16–18) and Eq. (31) in Eq. (6),
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we get

D11
∂3γxr
∂x3

+
D22

a3
∂3γθr
∂θ3

+

(D12 + 2D66)

a

{
∂3γθr
∂x2∂θ

+
1

a

∂3γxr
∂x∂θ2

}
=

D11
∂4ur
∂x4

+
2(D12 + 2D66)

a2
∂4ur
∂x2∂θ2

+

D22

a4
∂4ur
∂θ4

+
1

a

∂2Ø
∂x2

+ ρm
∂2ur
∂t2

. (33)

Equation (33) represents the first governing differential equa-
tion which is in terms of γxr, γθr, ur and Ø.

The terms involving γxr, γθr need to be eliminated to have
a closed form expression for the modal density. For this, we
make use of force equilibrium consideration which is given
below for ready reference

∂Qxr
∂x

+
1

a

∂Qθr
∂θ
− Nθθ

a
+ qr = 0. (34)

For a honeycomb sandwich construction, the average shear an-
gle γxr = Qxr

Nx
where Nx = Gxh

(
1 + t

h

)2
,18 where Gx is

the core shear modulus, h is the thickness of core and t is
the thickness of face sheet. Assuming the core to be isotropic
Gx = Gθ = G andNx = Nθ = N , called shear rigidity of the
shell, the shear angle can be expressed as

γxr =
Qxr
N

; γθr =
Qθr
N

. (35)

Substituting Eq. (35) into Eq. (34), the force equilibrium equa-
tion becomes

∂γxr
∂x

+
1

a

∂γθr
∂θ
− 1

Na

∂2Ø
∂x2

= −qr
N
. (36)

From Eq. (36), upon suitable algebraic operations, we get

D11
∂3γxr
∂x3

+
D22

a3
∂3γθr
∂θ3

= − 1

N

(
D11

∂2qr
∂x2

+
D22

a2
∂2qr
∂θ2

)
+

1

N

(
D11

a

∂4Ø
∂x4

+
D22

a3
∂4Ø

∂x2∂θ2

)
− D11

a

∂3γθr
∂x2∂θ

− D22

a2
∂3γxr
∂x∂θ2

.

(37)

Substitution of Eq. (37) into Eq. (33) gives

− 1

N

(
D11

∂2qr
∂x2

+
D22

a2
∂2qr
∂θ2

)
+

1

N

(
D11

a

∂4Ø
∂x4

+
D22

a3
∂4Ø

∂x2∂θ2

)
+(

D12 + 2D66 −D11

a

)
∂3γθr
∂θ∂x2

+(
D12 + 2D66 −D22

a2

)
∂3γxr
∂x∂θ2

= D11
∂4ur
∂x4

+

2(D12 + 2D66)

a2
∂4ur
∂x2∂θ2

+
D22

a4
∂4ur
∂θ4

+
1

a

∂2Ø
∂x2

+ ρm
∂2ur
∂t2

.

(38)

It is not possible to eliminate γxr and γθr completely. If the
terms having γxr and γθr are neglected, the differential equa-

tion becomes

− 1

N

(
D11

∂2qr
∂x2

+
D22

a2
∂2qr
∂θ2

)
+

1

N

(
D11

a

∂4Ø
∂x4

+
D22

a3
∂4Ø

∂x2∂θ2

)
= D11

∂4ur
∂x4

+

2(D12 + 2D66)

a2
∂4ur
∂x2∂θ2

+
D22

a4
∂4ur
∂θ4

+
1

a

∂2Ø
∂x2

+ ρm
∂2ur
∂t2

.

(39)

As qr = −ρm∂2ur
∂t2 , the above differential equation becomes

D11
∂4ur
∂x4

+
2(D12 + 2D66)

a2
∂4ur
∂x2∂θ2

+
D22

a4
∂4ur
∂θ4

+

1

a

∂2Ø
∂x2

+ ρm
∂2ur
∂t2

− ρm
N

∂2

∂t2

(
D11

∂2ur
∂x2

+
D22

a2
∂2ur
∂θ2

)
−

1

N

(
D11

a

∂4Ø
∂x4

+
D22

a3
∂4Ø

∂x2∂θ2

)
= 0. (40)

Equation (40) is the first governing differential equation in
terms of Airy’s stress function and normal displacements.

In this formulation, all the terms representing the shear ef-
fects are not included. However, if one considers the differ-
ential equation of a thin composite cylinder (which is given
below for reference),

D11
∂4ur
∂x4

+
2(D12 + 2D66)

a2
∂4ur
∂x2∂θ2

+
D22

a4
∂4ur
∂θ4

+

1

a

∂2Ø
∂x2

+ ρm
∂2ur
∂t2

= 0; (41)

one can infer that most of the significant terms are included. It
should also be noted that if the terms having γxr and γθr are not
neglected, it will not be possible to incorporate shear effects,
which will result in significant error.18 Since these terms are
third derivatives of the shear angle it is expected that these are
negligible.

To obtain the second differential equation, compatibility
condition is enforced. This is carried out by eliminating the
displacements from the strain displacement relationships and
is given by Eq. (42) as

κxx
a

+
∂2ε0θθ
∂x2

− 1

a

∂2γ0xθ
∂x∂θ

+
1

a2
∂2ε0xx
∂θ2

− 1

a

∂γxr
∂x

= 0. (42)

Using Eq. (29) and the definition of Airy stress function as
given in Eqs. (31–32), the mid-surface strains can be written
asε0xxε0θθ
γ0xθ

 =
1

A11A22 −A2
12

 A22 −A12 0
−A12 A11 0
0 0 1

A66


 1

a2
∂2Ø
∂θ2

∂2Ø
∂x2

− 1
a2

∂2Ø
∂x∂θ

.
(43)

Using Eq. (31) and Eq. (43) in Eq. (42), we get

A2
12 −A11A22

a

∂2ur
∂x2

+A11
∂4Ø
∂x4

+

1

a2
A11A22 −A2

12 − 2A11A66

A66

∂4Ø
∂x2∂θ2

+
A22

a4
∂4Ø
∂θ4

= 0.

(44)

This is the second equation in terms of Ø and ur.
Hence, Eqs. (40) and (44) are the governing differential

equations in terms of Airy’s stress function and normal dis-
placements.
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2.6. Assumptions
Though the assumptions involved in arriving at the differen-

tial equations are presented whenever they are applied they are
summarized here to have an overall idea. Some of these as-
sumptions are part of any two-dimensional structural analysis
but given here for completeness.

1. The shell is cylindrical.

2. The shell is shallow; the term [1 + z
Ri

] is very close to
one. The radius of curvature is very large compared to
the in-plane displacements.

3. Material is linearly elastic.

4. The laminate is symmetric, therefore Bij = 0.

5. The laminate is balanced, therefore A16, A26 = 0.

6. D16 and D26 are negligible.

7. Plane stress condition exists.

8. εr = 0, i.e., the displacement ur is independent of z.

9. The transverse shear strains in the face sheets are ne-
glected.

10. Mass distribution is uniform, i.e. mass per unit area is
constant.

11. Rotary inertia is neglected.

12. In a honeycomb sandwich construction the core is homo-
geneous; the wavelength is far greater than the cell size.

13. The transverse planes that are normal to the un-deformed
layers deform. The transverse deflection is due to both
shear force and bending moment.

14. The transverse plane remains straight but not normal to
the mid surface after deformation. Mindlin’s theory is
used. The rotation of the transverse plane (γxr and γθr) is
independent of the thickness of the shell and for this the
average value of the shear angle is used.

15. Donnell’s shear deformable theory is adopted. Influence
of inertia force in the in-plane direction is neglected. This
is restricted to normal loading.

16. The displacements ux and uθ are not independent but re-
lated by Airy’s stress function.

3. NATURAL FREQUENCY
To determine the modal density and mode count, an expres-

sion for natural frequency needs to be available. As no closed
form expression for natural frequency of composite cylindri-
cal shell considering transverse shear deformation has been
reported, derivation of the same is first carried out. Solu-
tion to differential equations for free vibration with simply
supported boundary conditions along the curved edges of the
cylinder lead to the required expression for natural frequency.
The boundary conditions are ur(0, θ, t) = ur(L, θ, t) = 0,
M(0, θ, t) = M(L, θ, t) = 0. These boundary conditions are
satisfied by

ur(x, θ, t) = Umn sin
mπx

L
cosn(θ − δ)ejωt; (45)

Ø(x, θ, t) = Ømn sin
mπx

L
cosn(θ − δ)ejωt; (46)

for m half waves in the axial direction and n full waves in
the circumferential direction. The parameter δ represents an
arbitrary angle indicating that there is no preference in circum-
ferential direction.

Upon substitution of Eqs. (45) and (46) in the governing dif-
ferential equations we get∣∣∣∣M11 M12

M21 M22

∣∣∣∣×{UmnØmn

}
= 0; (47)

where
M11 = D11

(
mπ
L

)4
+ 2(D12 + 2D66)

(
mπ
L

)2 (n
a

)2
+

D22

(
n
a

)4−ρmω2− ρmω
2

N

(
D11

(
mπ
L

)2
+D22

(
n
a

)2)
;

M12 = −
{

1
a

(
mπ
L

)2
+ 1

aN

(
D11

(
mπ
L

)4
+D22

(
mπ
L

)2(n
a

)2)}
;

M21 =
A11A22−A2

12

a

(
mπ
L

)2
;

M22 = A11

(
mπ
L

)4
+A22

(
n
a

)4
+

A11A22−A2
12−2A12A66

A66

(
mπ
L

)2 (n
a

)2
.

Setting the determinant of the above matrix to zero gives the
expression for natural frequency as Eq. (48). Equation (48) is
the expression for natural frequency of orthotropic cylindrical
shells considering transverse shear deformation of first order.

If transverse shear effects are neglected, i.e. when N
tends to∞, the expression for the natural frequency becomes
Eq. (49), which is the same as that reported for thin composite
cylinders.11

To assess the influence of transverse shear on the natural fre-
quencies of typical honeycomb sandwich composite cylinder
used in spacecraft the natural modes are obtained considering
the transverse shear [Eq. (48)] as well as neglecting the trans-
verse shear [Eq. (49)]. The length of the cylinder is 3000 mm
and the mean radius is 600 mm.

Material properties of the sandwich cylinder are given be-
low.
Face sheet
Material: 2 layers of bidirectional CFRP.
Each layer has the following properties:

Young’s modulus = 1.47× 1011 N/m2

Shear modulus = 4× 109 N/m2

Poisson’s ratio = 0.03
Thickness = 0.08 mm
Density = 1660 kg/m3

Core
Material: Aluminium honey comb

Thickness = 12 mm
Density = 32 kg/m3

Shear modulus = 1.4× 108 N/m2

The cross-section of the cylinder has the following elastic
properties: A11 = 4.71 × 107 N/m, A22 = 4.71 × 107 N/m,
A12 = 1.41×106 N/m,A66 = 1.28×106 N/m,D11 = 1.74×
103 Nm, D22 = 1.74× 103 Nm, D12 = 52.2 Nm, and D66 =
47.3 Nm. Shear rigidity of the section is 17.25 × 105 N/m.
Mass per unit area of the cylinder is 0.92 kg/m2 (includes 2
face sheets, core and adhesive).

As the transverse shear effects are expected to be significant
for higher order modes the results are given in Table 1 for the
higher order modes. The results show the need for the inclu-
sion of transverse shear deformation even for these cylinders.

4. MODE COUNT AND MODAL DENSITY
Modal density is the average number of modes per unit fre-

quency. Modal density can be determined from the constant
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ω2
mn =

1

ρm

[
1 +

(
D11

N

(
mπ
L

)2
+ D22

N

(
n
a

)2)]
D11

(mπ
L

)4
+ 2(D12 + 2D66)

(mπ
L

)2 (n
a

)2
+D22

(n
a

)4
+

A11A22−A2
12

a

(
mπ
L

)2 × { 1
a

(
mπ
L

)2
+ 1

aN

(
D11

(
mπ
L

)4
+D22

(
mπ
L

)2 (n
a

)2)}
A11

(
mπ
L

)4
+A22

(
n
a

)4
+

A11A22−A2
12−2A12A66

A66

(
mπ
L

)2 (n
a

)2
; (48)

ω2
mn =

1

ρm

D11

(mπ
L

)4
+ 2(D12 + 2D66)

(mπ
L

)2 (n
a

)2
+D22

(n
a

)4
+

(
mπ
L

)4 A11A22−A2
12

a2

A11

(
mπ
L

)4
+A22

(
n
a

)4
+

A11A22−A2
12−2A12A66

A66

(
mπ
L

)2 (n
a

)2
. (49)

Table 1. Comparison of natural frequencies of a cylinder with and without
shear deformation.

m, n, Frequency Frequency
axial half circumferential neglecting considering

wave full wave shear shear
number number deformation (Hz) deformation (Hz)

9 2 1019 1002
10 3 1008 970
6 7 1018 941
7 7 1062 975
10 12 2944 2394
20 11 4004 3008
15 17 5967 4161
16 18 6700 4528
30 15 8420 5204
28 20 10144 5872

‘ω’ curve in the wave number plane. The number of modal
points enclosed by the curve gives the number of modes be-
low the frequency ω. The derivative of the expression for the
number of modes below the frequency ω, with respect to the
frequency gives modal density.

4.1. Expression for Mode Count
Mode count, denoted by N(ω), is the number of modes be-

low the frequency ω and it can be obtained from the ratio of
the area enclosed by the constant ω curve to the area that cor-
responds to one mode. Mathematically, mode count for two
dimensional surfaces in the wave domain can be written as

N(ω) =
A

π2

‹
dK1dK2;

where K1 and K2 are the wave numbers in the principal direc-
tions of the cylindrical shell surface and A corresponds to the
area of the cylinder.

N(ω) =
aL

π

π
2ˆ

0

r2dθ. (50)

By defining the wave numbers as K1 = mπ
L and K2 = n

a in
Eq. (48) and using a polar coordinate system in the wave space,
the expression for r2 can be obtained as

r4
f1

ρmω2
mn − f3

− r2f2
N
− 1 = 0; (51)

where f1, f2, and f3 are functions of θ (given below) repre-
senting the orthotropic elastic properties:

f1 = D11c
4 + 2(D12 + 2D66)c

2s2 +D22s
4;

f2 = D11c
2 +D22s

2;

f3 =
(A11A22−A2

12)c4

a2

A11c4+A22s4+
A11A22−A2

12−2A12A66
A66

c2s2
.

Solving for r2, we get

r2 =
ρmω

2
mn − f3
2f1

f2N ±
√(

f2
N

)2

+
4f1

ρmω2
mn − f3

.
(52)

Considering the positive root of r2 and using it in Eq. (50) and
changing ωmn to ω, we get the expression for the mode count
as

N(ω) =
aL

π

π
2ˆ

0

ρmω2−f3
2f1

f2N +

√(
f2
N

)2
+

4f1
ρmω2

mn−f3


dθ.
(53)

Equation (53) is the expression for mode count of sandwich
cylindrical shells considering transverse shear deformation.

4.2. Expression for Modal Density
Modal density, denoted by n(ω), is related to mode count by

the relation n(ω) = dN(ω)
dω . It is to be noted that modal density

as a function of frequency is expressed as n(f) = 2πn(ω).
Differentiating the expression for mode count given by

Eq. (53) with respect to ‘ω’, we get

n(ω) =
ρmωaL

Nπ

π
2ˆ

0


f2
f1

+

√(
f2
f1

)2
+

4N2

f1(ρmω2−f3)

−
2N2

f1(ρmω2 − f3)
√(

f2
f1

)2
+ 4N2

f1(ρmω2−f3)

dθ; (54)

n(f) =
2Afρm
N

π
2ˆ

0


f2
f1

+

√(
f2
f1

)2
+

4N2

f1(ρmω2−f3)

−
2N2

f1(ρmω2 − f3)
√(

f2
f1

)2
+ 4N2

f1(ρmω2−f3)

dθ. (55)
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Table 2. Modal density using derived expression and finite element method.

Frequency Modal density
(Hz) Expression from Eq. (55) Finite element method
500 0.132 0.139
630 0.161 0.137
800 0.210 0.211

1000 0.263 0.272
1250 0.246 0.271
1600 0.261 0.270
2000 0.290 0.330
2500 0.332 0.377

Equation (55) gives the modal density for a composite cylin-
drical shell at frequency f , having a surface area ofA and con-
sidering the transverse shear deformation.

5. COMPARISON WITH THE RESULTS OF
FINITE ELEMENT METHOD

Modal densities for a typical honeycomb sandwich cylinder
with composite face sheets are obtained using the expression
derived and they are compared with those obtained using the
finite element method. The length of the cylinder considered
is 2260 mm, mean radius is 452 mm, which results in a surface
area of 6.42 m2.

Material properties of the above sandwich cylinder are given
below.
Face sheet
Material: 4 layers (0/-35/0/35) of CFRP [1 layer of Bidirec-
tional CFRP + 3 layers of Unidirectional CFRP]

Thickness = 0.365 mm
Young’s modulus of Unidirectional lamina

= 2.15× 1011 N/m2 (along the fibre direction)
= 6.6× 109 N/m2 (along the transverse direction)

Shear modulus of Unidirectional lamina = 3.9× 109 N/m2

Major Poisson’s ratio = 0.23
Density = 1600 kg/m3

Properties of the Bidirectional lamina are the same as those de-
scribed in Section 3.
Core
Material: Aluminium honeycomb

Thickness = 12 mm
Shear modulus = 1.4× 108 N/m2

Density = 32 kg/m3

The cross-section of the cylinder has the following elastic
properties: A11 = 1.03 × 108 N/m, A22 = 0.363 × 108 N/m,
A12 = 0.186 × 108 N/m, A66 = 1.99 × 107 N/m, D11 =
3.95×103 Nm,D22 = 1.43×103 Nm,D12 = 0.705×103 Nm,
and D66 = 0.753 × 103 Nm. The other elastic properties are
D16 = 0.03×103 Nm, D26 = 0.015×103 Nm. Shear rigidity
of the section is 17.83 × 105 N/m. Mass per unit area of the
cylinder is 4.7 kg/m2 (includes 2 face sheets, core and adhe-
sive).

Modal densities computed using the expression given by
Eq. (55) are given in Table 2 and Fig. 2. Finite element
model is developed for the cylindrical geometry using 4-noded
quadrilateral element. It is a shell element with 5 degrees-
of-freedom for each node. The face sheets and the core to-
gether are considered as a laminate. The elements are assigned
with the properties of the laminate. The elastic properties of
the laminate are determined from the properties of each layer.
To represent transverse shear deformation, Mindlin’s theory is
used and the shear effects are included in the finite element
model in terms of shear correction factor.

Natural frequencies of the normal modes of this cylinder
are determined using NASTRAN solver. All the modes up to

Figure 2. Comparison of modal densities using expression from Eq. (55) and
finite element method.

3000 Hz are extracted. Modal density for each one third octave
band is then computed as the ratio of the number of modes in
that band to the bandwidth. The results are given in Fig. 2 and a
very good agreement is seen validating the expression derived.

6. EXPRESSION FOR MODAL DENSITY IN
SPECIAL CASES

Modal density of a composite cylindrical shell considering
transverse shear deformation can be obtained using Eq. (55).
It is essential to verify whether the derived expression under
limiting cases converges to the existing expressions. Also, the
expression can be in a simple form under certain conditions.
These are discussed here.

6.1. Negligible Transverse Shear
Deformations

When the transverse shear effects are negligible, expression
for modal density of sandwich cylinder should converge to that
of thin composite cylinders.11 This condition can be achieved
by taking N to∞. Taking N inside the braces of general ex-
pression, we get

n(f) = 2Afρm

π
2ˆ

0


 f2
Nf1

+

√(
f2
Nf1

)2
+

4

f1(ρmω2−f3)

−
2

f1(ρmω2 − f3)
√(

f2
Nf1

)2
+ 4

f1(ρmω2−f3)

dθ. (56)

As N tends to∞,

n(f) = 2Afρm

π
2ˆ

0

{(√
4

f1(ρmω2 − f3)

)
−

2

f1(ρmω2 − f3)
√

4
f1(ρmω2−f3)

}
dθ. (57)

On simplification

n(f) = 2Af
√
ρm

π
2ˆ

0

dθ
√
f1

√
ω2 − f3

ρm

. (58)

Upon substitution of f1 and f3, we get Eq. (59), which is
the same as the expression reported for modal density of thin
composite cylindrical shells.11 When the shear effects are ne-
glected, the expression for modal density derived here con-
verges to that of thin composite cylindrical shells.
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n(f) =
A

π

√
ρm

π
2ˆ

0

dθ{
1− c4(A11A22−A2

12)

4π2f2ρma2(A11c4+A22s4+
A11A22−A2

12−2A12A66
A66

c2s2)

} 1
2 {

D11c4 + 2(D12 + 2D66)c2s2 +D22s4
} 1

2

.

(59)

6.2. Isotropic Shells
For a cylinder with isotropic material, A11 = A22, D11 =

D22 = D. The functions of θ become
f1 = D11c

4 + 2(D12 + 2D66)c
2s2 +D22s

4 =
D(1− 2c2s2 + γc2s2);

f2 = D11c
2 +D22s

2 = D11 = D;
f3 = A11c

4(1−α2)

a2
{
1−2c2s2+ 1−α2−2αβ

β c2s2
} ;

where A12

A11
= α; A66

A11
= β; 2(D12+2D66)

D11
= γ. For an isotropic

cylinder, α = µ; β = 1−µ
2 ; γ = 2.

The product cos2 θ sin2 θ is approximately constant except
for values of θ near 0 and π/2. Since there is no preference for
a wave number component, in other words equal probability
of occurrence for the wave components, an average value of
cos2 θ sin2 θ is proposed to be used which is equal to 0.125.11

It should be noted that this approximation holds good as long
as β > 0.2 and for an isotropic cylinder β is 0.35. Mak-
ing use of this approximation we get f1 = D; f2 = D;
f3 = A11c

4(1−µ2)
a2 . Upon substitution of these functions the

expression for modal density becomes

n(f) =
2Afρm
N

π
2ˆ

0


1+√√√√1+

4N2

D
(
ρmω2−A11c4(1−µ2)

a2

)
−

2N2

D
(
ρmω2−A11c4(1−µ2)

a2

)√
1+ 4N2

D
(
ρmω2−A11c

4(1−µ2)

a2

)
dθ.

(60)

Defining f(θ) = D
(
ρmω

2 − A11c
4(1−µ2)
a2

)
, the above ex-

pression reduces to

n(f) =
2Afρm
N

π
2ˆ

0

{
1+

√
1+

4N2

f(θ)
− 2N2√(

f(θ)+4N2
)
f(θ)

}
dθ.

(61)
Equation (61) gives the expression for modal density of
isotropic cylinders considering transverse shear deformation.

It will be interesting to compare the results given by Eq. (61)
and those obtained by Wilkinson’s expression4 for a typical
sandwich cylinder with isotropic face sheets. The cylinder
considered has a length of 3000 mm, mean radius of 600 mm
resulting in an area of 11.3 m2. The honeycomb core has a
density of 32 kg/m3 and the thickness of the core is 12 mm.
The face sheet has a thickness of 0.3 mm made of Alu-
minium. Young’s modulus of Aluminium is considered as
7.2 × 1010 N/m2. The mass per unit area of the cylinder is
0.9151 kg/m2.

The modal densities of the cylinder whose properties are
given above are computed using Eq. (61) and compared with
the results obtained using the expression derived by Wilkin-
son4 in Fig. 3. The results show that the modal densities deter-

Figure 3. Modal densities of sandwich cylinders with isotropic face sheets.

mined using the expression derived here converges to those by
the Wilkinson’s expression when the cylinder is isotropic.

6.3. Modal Density at High Frequencies
At very high frequencies, the structural wavelengths are very

much lower compared to the circumference so that a cylinder
tends to behave like a flat plate.6 The expression at high fre-
quencies can be obtained by setting R to∞ as

n(f) =
2Afρm
N

π
2ˆ

0


f2
f1

+

√(
f2
f1

)2

+
4N2

ρmω2f1

−
2N2

ρmω2f1

√(
f2
f1

)2
+ 4N2

ρmω2f1

dθ; (62)

where f1 = D11c
4 + 2(D12 + 2D66)c

2s2 +D22s
4;

f2 = D11c
2 +D22s

2.
It is interesting to compare the modal densities obtained us-

ing Eq. (62) with those using the expression for the composite
flat panels, considering transverse shear deformation, reported
by Renji18 which is given as Eq. (63)

n(f) =
2abρf

N

π
2ˆ

0

{
f2
f1

+
1

f1

(
ρ2ω4f22 +

4ρω2N2

√
D11D22

)− 1
2

(
ρω2f22 +

2N2f1√
D11D22

)}
dθ; (63)

where f1 = 1− γ21 sin2 2θ with γ21 = 1
2

{
1− D12+2D66√

D11D22

}
;

f2 =
(
D11

D22

) 1
4

c2 +
(
D22

D11

) 1
4

s2.

It should be noted that the two equations are similar in na-
ture. The forms, in which the wave numbers (K1 and K2) and
the functions of θ (f1 and f2) are defined, are different in both
the expressions. In the case of shells, wave numbers are de-
fined as K1 = r cos θ; K2 = r sin θ, whereas they are defined
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Table 3. Modal densities of a honeycomb sandwich composite cylinder.

Frequency Modal density (modes/Hz)
(Hz) With transverse shear Without transverse shear
500 0.132 0.139
630 0.161 0.137
800 0.210 0.211

1000 0.263 0.272
1250 0.246 0.271
1600 0.261 0.270
2000 0.290 0.330
2500 0.332 0.377
3150 0.390 0.147
4000 0.473 0.144
5000 0.575 0.145
6300 0.712 0.145
8000 0.895 0.145

as D
1
4
11K1 = r cos θ; D

1
4
22K2 = r sin θ for plates. As an exam-

ple, both the expressions give a modal density of 0.5 modes/Hz
at 10000 Hz for the cylinder described in Section 3.

6.4. Modal Density for Cylinders Having
Equal Properties in Both the Directions

For cylinders having equal properties in the two material-
property directions, i.e., A11 = A22, D11 = D22, the expres-
sion for modal density can be written in a simple form as

n(f) =
2Afρm
N

π
2ˆ

0


f2
f1

+

√(
f2
f1

)2
+

4N2

f1(ρmω2−f3)

−
2N2

f1(ρmω2 − f3)
√(

f2
f1

)2
+ 4N2

f1(ρmω2−f3)

dθ. (64)

The functions of θ become
f1 = D11(1− 2c2s2 + γc2s2);
f2 = D11;
f3 = A11c

4(1−α2)

a2
{
1−2c2s2+ 1−α2−2αβ

β c2s2
} ;

with A12

A11
= α; A66

A11
= β; 2(D12+2D66)

D11
= γ.

7. INFLUENCE OF TRANSVERSE SHEAR
DEFORMATION AND ORTHOTROPY

7.1. Transverse Shear
To understand the effect of the transverse shear deformation,

modal densities are obtained (in one-third octave bands) for
a honeycomb sandwich composite cylinder, whose properties
are given in Section 5, and the results are presented in Table 3
and Fig. 4.

Modal density of a thin cylinder increases with frequency,
reaches a maximum and then converges to the modal density of
flat plates. The transverse shear deformation increases modal
density. The influence is negligible at low frequencies but very
significant at high frequencies. At high frequencies due to the
presence of transverse shear deformation modal densities in-
crease with frequency whereas it remains constant if the trans-
verse shear deformation is neglected. Figure 4 clearly indicates
that in the absence of the present expression, modal density
calculated by neglecting transverse shear can result in signifi-
cant error at higher frequencies.

Modal densities, as a function of frequency, for different val-
ues of N are shown in Fig. 5. Results show that modal density

Figure 4. Modal densities of honeycomb sandwich composite cylinder.

Figure 5. Effect of transverse shear flexibility on modal density of composite
cylinder.

increases sharply with increase in shear flexibility and the ef-
fect is larger at high frequencies. When the shear rigidity is
very high the modal densities of the cylinder are identical to
those of thin cylinder.

7.2. Orthotropic Nature of the Cylinder
Modal density is also influenced by the in-plane shear prop-

erty, apart from other factors, which is represented by the pa-
rameters β and γ. As both the parameters have similar effects
on the modal density, results for various values of γ only are
presented.

A typical cylinder whose properties are same in both the di-
rections, given in Section 3, is considered. Modal densities for
various values of γ are shown in Fig. 6. The results show that
the parameter γ has a significant role and it has similar influ-
ence at all frequencies. Modal densities increase with decrease
in the values of γ. In other words, modal densities increase
with decrease in in-plane shear modulus and Poisson’s ratio.
For an isotropic material γ = 2 and it is equal to 0.17 for the
cylinder considered.

7.3. Use of Expression for Isotropic
Cylinders

In the absence of the expression derived in this work one
could use the available expression reported in the literature
which is for isotropic materials. The term D11 of the given
cylinder can be equated to D of the equivalent isotropic cylin-
der and the thickness can be worked out. Wilkinson’s expres-
sion4 can now be used to obtain the modal densities. The cylin-
der whose details are given in Section 3 is considered. The
isotropic cylinder is a honeycomb sandwich cylinder with the
same core as the given cylinder but face sheets made of Alu-
minium alloy having Young’s modulus 7.2 × 1010 N/m2. The
thickness of the face sheet of the isotropic cylinder is 0.3 mm.
The results are given in Fig. 7.
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Figure 6. Effect of in-plane shear stiffness on the modal density.

Figure 7. Modal densities estimated using expression for isotropic cylinders.

The results show that the estimated modal densities are very
much lower if isotropic models are used signifying the need
for the expression derived here.

8. CONCLUSIONS
Expressions for estimating the natural frequency, mode

count and modal density of composite cylindrical shells in-
corporating transverse shear deformation are derived. Modal
densities of typical cylinders of spacecraft are obtained. The
results are in accordance with the number of modes determined
using the finite element method. Transverse shear deformation
increases modal density and the impact is very significant at
higher frequencies. Effect of the orthotropic nature of the face
sheets is to increase the modal density further but its impact is
present at all frequencies. It is shown that in the absence of the
expression derived here the modal densities computed will be
in significant error.
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