
 

 

ABSTRACT 

KALANADHABHATLA, SARAL. Piezoresistivity Behavior of Polydimethylsiloxane 
(PDMS) based Conducting Composites for Printing on Textiles. (Under the direction of 
Tushar K. Ghosh and Richard J. Spontak.) 

Flexible and conformable sensors are important for many applications including the 

emerging area of electronic textiles.  Inconspicuous strain sensors embedded or built into 

fabrics can be used to monitor human physiological signals to gait analysis. As an emerging 

technology, we explore printable fabric sensors based on elastomeric composites. Carbon 

nanofiber (CNF) reinforced polydimethylsiloxane (PDMS) conducting composites are 

investigated as printed sensory layer on textile fabrics. CNFs possess high aspect ratio of 

70~130 and excellent electrical and physical properties comparable to that of carbon 

nanotubes. Morphological analysis of the composite films, performed using SEM studies, 

revealed homogeneous dispersion of CNFs. DC conductivity studies displayed a very low 

percolation threshold value of ~1.86wt%. At a filler concentration of ~5 wt%, the composites 

showed a two-fold increase in their tensile strength and initial modulus values. The 

increasing variation of modulus with increasing CNF concentration observed during the 

quasi-static mechanical studies was substantiated in our Dynamic mechanical studies. In 

addition, DMA results indicated decreasing damping of these specimens with increasing 

filler loading. This validated their use as excellent candidates for the development of sensors 

for commercial applications.    

In order to elucidate the effect of A.R. and intrinsic conductivity of the reinforcing 

fillers, PDMS based composites were also developed using carbon black (CB). For the CNF 

composites the electrical resistance decreased as a function of strain below a critical value of 

applied strain (~10%).  Beyond the critical strain, electrical resistance increased with 



 

 

increasing strain.. In CB/PDMS films, the resistance increased for all strain amplitudes. The 

difference in strain induced response between CB and CNF composites seem to originate 

from their vastly different aspect ratios. . Both CNF- and CB-PDMS films demonstrated 

highly reversible and repeatable resistance-strain relation. The gage factor of CB-PDMS 

composites was found to be much higher (~380) than CNF-PDMS composites (±10 – 15). In 

addition, all of these composites displayed low hysteresis and negligible aging effects in the 

short run.  

Finally, printed fabric sensors were fabricated by screen printing the CNF-PDMS 

composites on light weight knit fabrics. The printed fabrics were investigated for their 

morphological, electromechanical and strain sensing characteristics. These fabric composites 

displayed negative piezoresistivity at small strain amplitudes of < 10% which is similar to 

that observed in their film counterparts. At high strains (>25%), however, the response 

changed to positive piezoresistivity. In addition, the materials’ response to strain was found 

to be reversible and highly repeatable irrespective of the strain amplitude. Although, gage 

factor values of these sensors were not very high, they recovered with subsequent cycles and 

displayed highly repeatable performance. The printed fabric sensors indicated little effect of 

aging with conductivities of untested specimen remaining unaltered even after a year.  

   



 

 

Piezoresistivity Behavior of Polydimethylsiloxane Based Conducting Composites for 
Printing on Textiles 

 

 

by 
Saral K. Kalanadhabhatla 

 

 

A dissertation submitted to the Graduate Faculty of 
North Carolina State University 

in partial fulfillment of the 
requirements for the degree of 

Doctor of Philosophy 
 

Fiber and Polymer Science  
& 

Materials Science & Engineering (Co-Major) 

 

Raleigh, North Carolina 

2012 

 

APPROVED BY: 

 

_______________________________  ______________________________ 
                   Dr. Tushar K. Ghosh            Dr. Richard J. Spontak 
       Co-Chair of Advisory Committee          Co-Chair of Advisory Committee 

 
 
 

________________________________  ________________________________ 
                 Dr. Russell E. Gorga             Dr. John F. Muth 



 

ii 
 

DEDICATION 

Amma & Nanna 



 

iii 
 

BIOGRAPHY 

Saral K. Kalanadhabhatla is originally from Rajahmundry, Andhra Pradesh, India. He was 

born on December 31, 1981. He is the son of Mr. Murthy V.S. Kalanadhabhatla and Krishna 

Veni. He received a Bachelor of Technology in Chemical Engineering from Indian Institute 

of Technology Madras, Chennai, India. Saral completed his Master of Science in Material 

Science and Engineering in 2006 from North Carolina State University, Raleigh. His research 

was aimed at characterization of photovoltaic cells developed using polycrystalline Silicon. 

Saral started working towards a Doctor of Philosophy degree in Fiber and Polymer Science 

and Material Science and Engineering (Co-Major) at North Carolina State University. Saral 

has a particular interest in Organic Electronics and expertise in the fabrication and 

characterization of nanocomposites for sensing applications. 



 

iv 
 

ACKNOWLEDGMENTS 

I would like to take this opportunity to thank all those who have been instrumental in making 

this research possible. First of all, I am deeply indebted and extremely grateful to Dr. Tushar 

K. Ghosh for his continued guidance and assistance. His constructive criticism and patience 

have been invaluable even when the going was tough. The completion of my doctoral degree 

has helped me grow as a person and I wholeheartedly thank Dr. Ghosh for this. I would also 

like to extend my sincere gratitude to Dr. Richard Spontak, co-chair of my committee, for 

instilling in me the passion towards the science of polymers. He was always there to guide 

me in conceptualizing my ideas and helped me in advancing my creativity. I want to thank 

my committee members, Dr. John Muth and Dr. Russell Gorga for the time, invaluable inputs 

and encouragement on a variety of aspects related to my research. I feel fortunate to have had 

the guidance of my committee members. 

I will forever cherish all the late night discussions and exchange of ideas with Abhishek 

Singh. He always indulged my scientific curiosity and has been an incredible support to me 

during my stay here. A special thanks to my colleagues Aylin Karahan and Krishna Bala for 

always willing to help me around the lab. 

I wholeheartedly thank my family, mom, dad, Rani, Anna Mohan, Krishna Mohan, Reddy 

and Padma Kal, Ratnakumar and Lakshmi Bugga for being there for me at any time of the 

day or night. Without their support, this work would never have been possible. Lastly but 

most importantly, I want to thank Vennela Thumula for believing in me even during the 

times I did not believe in myself. 



 

v 
 

TABLE OF CONTENTS 

LIST OF FIGURES…………………………………………………………………….. viii 
LIST OF TABLES……………………………………………………………..……….. xii 
  
CHAPTER 1. INTRODUCTION………………………………………………..……... 1 
  
CHAPTER 2. LITERATURE REVIEW………………………………………….……. 5 
   2.1 Introduction……………………………………………………………...………... 5 
   2.2 Piezoresistivity…………………………………………………………......……... 8 
      2.2.1. Fundamental Theory of Piezoresistivity……………………………………... 10 
         2.2.1.1. Uniaxial stresses – Special Case…………………………………….…… 13 
      2.2.2. Piezoresistance in silicon…………………………………………………….. 14 
         2.2.2.1. Gage Factor………………………………………………………………. 15 
         2.2.2.2. Factors controlling piezoresistivity in silicon……………………………. 17 
         2.2.2.3. Modeling of piezoresistive effect in silicon…………………………..….. 21 
   2.3 Elastomeric Nanocomposites (ENC) ……………………………………….……. 26 
      2.3.1 Elastomers…………………………………………………………...………... 27 
      2.3.2 Fillers used in ENCs…………………………………………………..……… 29 
      2.3.3 Mechanical Properties of ENCs………………………………………………. 31 
      2.3.4 Electrical Properties of ENCs…………………………………………...……. 32 
         2.3.4.1 Conduction Mechanism in ENCs - Percolation…………………………... 33 
         2.3.4.2 Estimating conductivity in percolating systems………………………….. 36 
            2.3.4.2.1 Charge Carrier Transport in Conducting Composites………………… 38 
         2.3.4.3 Factors governing percolation threshold…………………………….……. 41 
            2.3.4.3.1 Effect of the type of polymer on the conductivity……………………. 43 
            2.3.4.3.2 Filler diameter………………………………………………….……... 43 
            2.3.4.3.3 Filler Hardness………………………………………………………... 44 
            2.3.4.3.4 Filler Aspect Ratio……………………………………………...…….. 45 
            2.3.4.3.5 Filler Distribution…………………………………………………….. 46 
      2.3.5 Carbonaceous reinforcements in the synthesis of ENCs……………………... 47 
         2.3.5.1 Carbon Black (CB) ………………………………………………..……… 48 

2.3.5.1.1 Synthesis of CB-polymer composites………………………………… 50 
2.3.5.1.2 Conductivity dependence on the processing methods of CB 
composites……………………………………………………………..………... 52 

         2.3.5.2 Carbon Nanotubes (CNTs) ……………………………………………….. 54 
2.3.5.2.1 Synthesis of CNT-polymer composites and their electrical 
conductivity…………………………………………………………….……….. 55 

         2.3.5.3 Carbon Nanofibers (CNFs) ………………………………………………. 59 
2.3.5.3.1 Processing of composites………………………………………..……. 62 
2.3.5.3.2 CNF reinforced ENCs…………………………………………..…….. 63 

   2.4 Piezoresistivity in Elastomeric Nanocomposites (ENCs) ……………………..… 67 
      2.4.1 Mechanism of Resistance change under strain in ENCs…………………..…. 68 



 

vi 
 

      2.4.2 Factors governing piezoresistivity in ENCs………………………………….. 70 
         2.4.2.1 Aspect Ratio of the fillers…………………………………………...……. 71 

2.4.2.2 Type of Filler……………………………………………………...……… 73 
2.4.2.3 Volume fraction of the fillers (φ)…………………………………….…… 76 
2.4.2.4 Type of the matrix and processing technique of synthesis of ENCs……... 77 
2.4.2.5 External load applied……………………………………………….…….. 79 

            2.4.2.5.1 Type of load applied………………………………………………….. 80 
2.4.2.5.2 Effect of strain rate and extension………………………………..…… 81 

2.4.3 Mathematical Models on Piezoresistivity in ENCs…………………………... 87 
2.4.3.1 Piezoresistance under compressive load…………………………….……. 88 
2.4.3.2 Piezoresistance under Tensile load………………………………….……. 91 

2.4.4 Industrial Perspective………………………………………………….……… 93 
2.4.5 Conclusions………………………………………………………….………... 93 

   2.5 Summary……………………………………………………………….…………. 94 
   2.6 References……………………………………………………………….………... 96 
  
CHAPTER 3. ELECTROMECHANICAL CHARACTERIZATION OF 
CONDUCTING COMPOSITES DEVELOPED USING 
POLYDIMETHYLSILOXANE REINFORCED WITH CARBON 
NANOFIBERS………………………………………………………………...………... 112 
   3.1 Abstract………………………………………………………………….………... 112 
   3.2 Introduction……………………………………………………………...………... 112 
   3.3 Sample Preparation and Measurement……………………………………………. 116 
   3.4 Results and Discussion…………………………………………………….……… 118 
      3.4.1 Morphological Characterization………………………………………...……. 118 
      3.4.2 Electrical Measurements……………………………………………….……... 120 
      3.4.3 Mechanical Behavior…………………………………………………..……... 122 
         3.4.3.1 Stress-strain Response……………………………………………...…….. 122 
         3.4.3.2 Strain Cycling……………………………………………………..……… 127 
         3.4.3.3 Mathematical Modeling of Initial Modulus of PDMS-CNF composites…. 129 
            3.4.3.3.1 Effect of Aspect Ratio of the reinforcing fillers……………………… 132 
         3.4.3.4 Dynamic Mechanical Analysis…………………………………………… 135 
   3.5 Conclusions……………………………………………………………...……….. 137 
   3.6 References……………………………………………………………….……….. 138 
  
CHAPTER 4. PIEZORESISTANCE CHARACTERISTICS OF TEXTILE 
PRINTABLE POLYDIMETHYLSILOXANE (PDMS) BASED CONDUCTING 
POLYMER COMPOSITES ……..……………………………………………..………. 

 
 

145 
   4.1 Abstract…………………………………………………………………………… 145 

4.2 Introduction…………………………………………………………….………… 146 
4.3 Sample Preparation and Characterization Parameters……………………………. 151 
4.4 Results and Discussion…………………………………………………………… 154 

      4.4.1 Morphological Analysis……………………………………………….……… 154 



 

vii 
 

4.4.2 Mechanical Cycling………………………………………………………… 156 
4.4.3 Electrical Characteristics…………………………………………………….. 160 
4.4.4 Piezoresistance Characteristics………………………………………….……. 161 

         4.4.4.1 Piezoresistance of PDMS-CNF composites………………………….…… 161 
 4.4.4.2 Piezoresistance of CB-PDMS composites…………………………….… 170 

4.4.5 Strain Sensor Characterization………………………………………….…….. 173 
4.5 Conclusions……………………………………………………………..……..… 177 
4.6 References……………………………………………………………….…….. 178 

  
CHAPTER 5. PRINTED PIEZORESISTIVE FABRIC SENSORS FOR 
ELECTRONIC TEXTILES……………………………………………………..…….. 182 
   5.1 Abstract………………………………………………………………….…….. 182 
   5.2 Introduction……………………………………………………………..…….. 183 
   5.3 Sample Preparation and Characterization Parameters………………………… 187 
    5.4 Results and Discussion…………………………………………………….…….. 191 
      5.4.1 Morphological Analysis……………………………………………….…….. 191 
      5.4.2 Mechanical Behavior…………………………………………………..…….. 193 
      5.4.3 Electrical conductivity of the PDMS-CNF/Nylon printed fabrics………….. 199 
      5.4.4 Piezoresistive Behavior………………………………………………..…….. 200 
         5.4.4.1 5wt% CNF-PDMS/Nylon printed fabrics…………………………….. 200 
         5.4.4.2 4wt% CNF-PDMS/Nylon printed fabrics…………………………….. 204 
      5.4.5 Strain Sensor Characterization………………………………………….…….. 206 
   5.5 Conclusions……………………………………………………………..…….. 210 
   5.6 References……………………………………………………………….…….. 210 
  
CHAPTER 6. CONCLUSIONS……………………………………………………….. 213 



 

viii 
 

LIST OF TABLES 

Table 2.1 Gage factors of some common materials………………………………….. 17 
Table 2.2 Piezoresistive Coefficients of monocrystalline silicon……………………. 19 
Table 2.3 Comparison of piezoresistive coefficients and elastic constants of silicon.. 20 
Table 2.4 Variation of longitudinal gage factors with doping concentration in silicon 

at 300K…………………………………………………………………….. 20 
Table 2.5 Comparison of properties of different common elastomers natural rubber 

(NR), EPDM (ethylene propylene diene monomer) rubber and silicone 
rubber (ELASTOSIL® R 401/40) at various temperatures……………….. 29 

Table 2.6 Longitudinal piezoresistive characteristics of some ENCs under 
compressive load………………………………………………………….. 86 

Table 2.7 Longitudinal Piezoresistive Characteristics of some ENCs under tensile 
load... ……………………………………………………………………… 87 

Table 3.1 Physical properties of CNF under study…………………………………... 116 
Table 3.2 Mechanical Properties of PDMS – CNF composite……………………….. 124 
Table 3.3 Comparison of mechanical Characteristics of CNF/PDMS and CB/PDMS 

composites after 10 strain cycles to a maximum strain of 40%…………… 
 

127 
Table 4.1 Physical properties of CNF and CB used in this study……………………. 151 
Table 4.2 Comparison of mechanical cycling characteristics of CNF/PDMS and 

CB/PDMS composites……………………………………………………... 158 
Table 4.3 Comparison of critical strain under longitudinal piezoresistance study for 

CNF-PDMS composites under different levels of strain amplitude (εmax) 
and changing CNF concentration (Data given for the most stable cycle 

(10
th 

cycle))………………………………………………………………… 170 
Table 4.4 Gage Factor values of CB-PDMS and CNF-PDMS composites computed 

at different times…………………………………………………………… 173 
Table 5.1 Physical properties of carbon nanofibers (CNF) used in this study……….. 188 
Table 5.2 Mechanical characteristics of printed fabrics (Wale) (max. strain, εmax = 

40%)……………………………………………………………………….. 195 
Table 5.3 Comparison of electrical resistivity of printed fabrics with composite 

films………………………………………………………………………... 200 
Table 5.4 Gage Factor of CNF-PDMS printed fabrics at different times (10th cycle).. 207 



 

ix 
 

LIST OF FIGURES 

Figure 2.1 A prismatic conductor under external stress (σ)……………………. 9 
Figure 2.2 Components of stress (σ) and current density (J) vectors on an 

anisotropic rigid body……………………………………………. 12 
Figure 2.3 Longitudinal and transverse piezoresistance……………………….. 12 
Figure 2.4 π11 coefficients for various dopant levels (in cm−3) as a function of 

temperature……………………………………………………. 21 
Figure 2.5 Effect of tensile stress on constant energy surfaces (ellipses) in multiple 

crystal directions; dotted lines denote the stressed condition…………. 23 
Figure 2.6 Schematic of an elastomeric network held by cross-links (black dots) 

under unstretched (left) and stretched (right) conditions……………. 27 
Figure 2.7 Schematic of changing filler configurations with increasing loading…. 35 
Figure 2.8 Representative plot of percolation governed conduction in a composite. 

(B) - Percolation threshold………………………………………. 35 
Figure 2.9 Depiction of constriction resistance (a) between two circular filler 

particles and (b) constriction resistance between one filler particle and 
flat surface of another……………………………………………. 39 

Figure 2.10 Variation of specific resistivity with particle size in a HDPE/TiB2 
system…………………………………………………………. 44 

Figure 2.11 Statistical distribution of a powder like particles of A.R = 1 (left) and 
fiber like particles of A.R = 200 (right) under the same filler 
loading…………………………………………………………. 45 

Figure 2.12 Fiber Aspect Ratio as a function of Volume fraction of the Carbon 
fibers required in producing the same value of resistivity……………. 46 

Figure 2.13 High resolution TEM image of CB particle………………………… 48 
Figure 2.14 Effect of CB loading on the tensile strength of different composites….. 52 
Figure 2.15 Effect of increased contact resistance (Rc) and filler concentration on 

the conductivity of a composite…………………………………… 58 
Figure 2.16 Multi walled CNF structure (a) Fishbone type (b) Parallel types……… 59 
Figure 2.17 Comparison of resistivities of different types of VGNCFs in their PP 

composites. The resistivities required for different electronic 
applications are given in the background………………………….. 65 

Figure 2.18 Schematic of a fiber/ elastomeric composite under strain (a) before 
strain – percolating (conductive) and (b) after strain – non-percolating 
(nonconductive) ………………………………………………… 67 

Figure 2.19 Effect of A.R of fillers on the pressure sensitivity of ENCs 
demonstrated using MWNT/PMVS composites…………………….. 72 

Figure 2.20 Variation of resistivity (ρ) in high structured CB (HSCB)/ E-O 
elastomeric nanocomposite in different domains of strain (ε)  (Left). 

 
 



 

x 
 

Structural model explaining this change of ρ(ε) in with respect to 
changing CB orientation within the composite (Right) ……………… 

 
74 

Figure 2.21 Piezoresistive effect in GN/SR composites (Left) and the proposed 
mechanism illustrating structural changes in the filler configurations 
under compressive pressure………………………………………. 

 
 
 

75 
Figure 2.22 Effect of changing filler concentration on the resistance strain profile 

and sensitivity of (a) MWNT/PMVS (compressive strain) [60] (b) 
MWNT/PDMS (tensile strain) nanocomposites [203] and (c) 
CB/polyisoprene (tensile) here CNP – conductive nanoparticle i.e. CB... 78 

Figure 2.23 Comparison of effect of varying degrees of elasticity of matrices on the 
piezoresistance characteristics of their composites Left: 30% elongation 
and Right: 150% elongation……………………………………… 79 

Figure 2.24 Piezoresistance of CB/PI composite (φ = 10wt %) under compression… 81 
Figure 2.25 Effect of (a) maximum strain, (b) relaxation and (c) strain rate on the 

piezoresistance properties of CB/SR composites [191, 192]. Plots in the 
top represent the variation of stress while the bottom plots are for 
normalized resistivity………………………………………..….. 83 

Figure 2.26 Piezoresistance curve of CB/PI composites comparing experimental and 
theoretical expressions…………………………………………… 90 

Figure 2.27 Experimental vs. modeled variation of conductivity and threshold 
volume fraction of the fibers with increasing strain…………………. 92 

Figure 2.28 Life shirt® developed by Vivometrics© used to perform galvinic skin 
response measurement………………………………………….. 93 

Figure 3.1 SEM Images of unstrained 5wt% PDMS-CNF composite (Acceleration 
voltage used for imaging). A – Surface (1KV), B - Cross section (1KV) 
and C, D – Edge directions (5KV) ………………………………. 120 

Figure 3.2 Resistivity (ρ) vs. filler concentration (φ) of PDMS-CNF composite 
films (φ*=1.86 wt%). Inset: log ρ vs. log (φ−φ*)…………………… 121 

Figure 3.3 (a) Stress-strain profiles of PDMS-CNF (Inset: stress vs. strain at small 
strains) (b) Mechanical characteristics of PDMS-CNF composites as a 
function of CNF Content…………………………………………. 123 

Figure 3.4 Cyclic stress-strain behavior of CNF/PDMS composites strained till ε = 
40% for 10 cycles (Cycle 1 and Cycle 10 indicated for each case) …… 127 

Figure 3.5 Comparison of initial modulus between experimental results and 
standard model predictions when the A.R of CNFs is fixed at (a) 100 
and (b) best fit…………………………………………………... 134 

Figure 3.6 Dynamic Mechanical Analysis results of PDMS-CNF nanocomposites 
subjected to temperature scan highlighting (a) storage modulus (E’) 
(Inset: E’ at higher temperatures) and (b) tan δ……………………. 135 

Figure 4.1 SEM Images of A) Carbon Nanofibers and B) Carbon Black………… 155 



 

xi 
 

Figure 4.2 SEM Images of unstrained 5wt% PDMS-CNF composite (Acceleration 
voltage used for imaging). A – Surface (1KV), B - Cross section (1KV) 
and C – Edge directions (5KV) ………………………………….. 155 

Figure 4.3 SEM Images of 5wt% CB/PDMS along A) cross-section (1KV) and B)  
 
Edge directions (5KV) ………………………………………….. 

 
 

156 
Figure 4.4 Stress-strain behavior of CB/PDMS (A – Cycle 1 & B – Cycle 10) and 

CNF/PDMS (C – Cycle 1 & D – Cycle 10) composites under cyclic 
loading conditions of 10 strain cycles performed with sample strained 
till ε = 40% in each cycle………………………………………… 157 

Figure 4.5 Comparison of resistivities of PDMS-CNF and PDMS-CB composites.. 160 
Figure 4.6 Longitudinal piezoresistance study of 5wt% CNF-PDMS composites 

extended to maximum strain (εmax) of 10% under (a) Dynamic loading – 
10 cycles (b) Individual Cycles 1, 5 and 10……………………….. 162 

Figure 4.7 Longitudinal piezoresistance study of 5wt% CNF-PDMS composites 
extended to maximum strain (εmax) of 40% under (a) Dynamic loading – 
10 cycles (b) Individual Cycles 1, 5 and 10………………………… 162 

Figure 4.8 Longitudinal piezoresistance study of 5wt% CNF-PDMS composites 
extended to maximum strain (εmax) of 70% under (a) Dynamic loading – 
10 cycles (b) Individual Cycles 1, 5 and 10………………………… 163 

Figure 4.9 Schematic representation of proposed hypothesis highlighting the 
simultaneous rotation and translation of individual fibers used to 
explain the piezoresistive response of the CNF-PDMS conducting 
composites…………………………………………………….. 165 

Figure 4.10 Transverse piezoresistance study of 5wt% CNF-PDMS composites 
extended to maximum strain (εmax) of 10% under (a) Dynamic loading – 
10 cycles (b) Individual Cycles 1, 5 and 10………………………… 166 

Figure 4.11 Transverse piezoresistance study of 5wt% CNF-PDMS composites 
extended to maximum strain (εmax) of 10% under (a) Dynamic loading – 
10 cycles (b) Individual Cycles 1, 5 and 10………………………… 166 

Figure 4.12 Dynamic studies of longitudinal piezoresistance study of 4wt% CNF-
PDMS composites extended to maximum strain (εmax) of (a) 10% and 
(b) 40%……………………………………………………..…. 168 

Figure 4.13 Dynamic studies of transverse piezoresistance study of 4wt% CNF-
PDMS composites extended to maximum strain (εmax) of (a) 10% and 
(b) 40%…............................................................................. 169 

Figure 4.14 Dynamic studies of longitudinal piezoresistance study of 5wt% CB-
PDMS composites extended to maximum strain (εmax) of (a) 10% and 
(b) 40%………………………………………………………… 171 

Figure 4.15 Dynamic studies of longitudinal piezoresistance study of 4wt% CB-
PDMS composites extended to maximum strain (εmax) of (a) 10% and 171 



 

xii 
 

(b) 40%…............................................................................. 
Figure 4.16 Hysteresis and Aging characteristics of piezoresistive strain sensors a) 

5wt% CNF-PDMS b) 4wt% CNF-PDMS c) 5wt% CB-PDMS and d) 
4wt% CB-PDMS……………………………………………….. 175 

Figure 5.1 Conducting PDMS-CNF composite fabrics developed via screen 
printing on Nylon………………………………………………. 189 

   
Figure 5.2 A) Surface B-D) Cross Section morphologies of 5wt% CNF-PDMS 

composite resin screen printed on Nylon substrate…………………. 192 
Figure 5.3 Mechanical cycling response of PDMS-CNF printed fabrics in 

comparison with pure fabric and pure film (a) 1st Cycle and (b) 10th 
Cycle; ■ represents printed fabrics, ● represents composite films and ▲ 
represents fabric………………………………………………… 194 

Figure 5.4 Schematic of materials under strain (ε): knitted fabric substrate during 
1st cycle at (a) ε = 0 and (b) ε = 40%; printed fabric during 1st cycle at 
(c) ε = 0 and (d) ε = 40% (white areas denote debonding at the polymer-
fabric interface) ………………………………………………… 196 

Figure 5.5 Dynamic piezoresistance of 5wt% CNF-PDMS/Nylon printed fabrics 
extended to maximum strain (εmax) of 10% (a) 10 cycles (b) 1st, 5th and 
10th Cycles………………………………………………….….. 201 

Figure 5.6 Dynamic piezoresistance of 5wt% CNF-PDMS/Nylon printed fabrics 
extended to maximum strain (εmax) of 40% (a) 10 cycles (b) 1st, 5th and 
10th Cycles………………………………………………..…….. 202 

Figure 5.7 Dynamic piezoresistance of 4wt% CNF-PDMS/Nylon printed fabrics 
extended to maximum strain (εmax) of 10% (a) 10 cycles (b) 1st, 5th and 
10th Cycles……………………………………………..……….. 204 

Figure 5.8 Dynamic piezoresistance of 4wt% CNF-PDMS/Nylon printed fabrics 
extended to maximum strain (εmax) of 40% (a) 10 cycles (b) 1st, 5th and 
10th Cycles…………………………………………..………….. 205 

Figure 5.9 Hysteresis and Aging characteristics of printed fabric strain sensors a) 
4wt% CNF-PDMS/ Nylon b) 5wt% CNF-PDMS/Nylon…………….. 208 

 



 

1 
 

CHAPTER 1 

INTRODUCTION 

 

Piezoresistive strain sensors based on polymers enjoy many advantages over their 

metallic or semiconducting counterparts like flexibility, extensibility, shape memory, light 

weight and conformability. This is due to coiled nature of flexible polymer chains held 

together because of a variety of forces for e.g. covalent, ionic, hydrogen bonding, Van der 

Waals forces or dipole-dipole interactions. When under tension, the polymer coils unfold 

allowing the material to deform to considerably high values of strains (>300%). Electrically 

conducting polymers are of two types: (a) Intrinsic (polymer chains are conducting due to the 

presence of delocalized π−π interactions across their backbone) and (b) Conducting polymer 

composites (CPC) (insulating matrix reinforced with conducting fillers). The basic 

mechanism of conductivity of a CPC occurs via percolation and is a function of the 

concentration of fillers inside the matrix.  

The sensing mechanism of a piezoresistive strain sensor is based on detecting changes 

in the conductivity of the sensoric system when an external strain is applied on it. In case of a 

CPC, a change in the conductivity under external load is entirely dependent on inter-particle 

separation (dint) between the individual conducting elements (fillers). When under strain, 

depending on the extensibility of the polymeric chains, fillers can undergo large change in 

their dint values which changes the conductivity of the system to larger degrees. Resulting 

sensitivities (change in resistance per unit strain) in a CPC based strain sensors are found to 
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be 3 to 4 times that of silicon based strain sensors. However, conducting polymers in general 

suffer from various other issues such as hysteresis, aging, environmental instability, 

inconsistencies in resistivity and signal transmission, repeatability in response to strain etc. 

owing to their viscoelastic deformation characteristics.  

State of the art research is aimed at overcoming these hurdles in designing active 

electronic components in an attempt to replicate the performance of microelectronic devices 

which are mostly made using silicon. These ‘organic electronic devices’ retain several 

advantages like light weight, processability at atomistic scale, tailorability in properties, 

cheap and easier processing conditions, flexibility, conformability etc., making them 

attractive alternatives to silicon. However, these materials still suffer from those obstacles 

discussed before, which affect the efficiency of conducting polymers. Nevertheless, several 

types of electronic devices such as light emitting diodes, transistors, photovoltaic cells, 

electrochemical cells etc. have been successfully synthesized exclusively using polymeric 

materials. One such area of immense interest is ‘wearable sensors’ which have electronic 

sensing elements interfaced with textiles.  

Wearable sensors or ‘smart textiles’ have been processed using various techniques 

with the basic requirement of establishing conducting channels on textile substrates for 

sensory applications. Conducting textile polymeric sensors are synthesized by (a) coating 

fabrics with conducting materials or (b) depositing (or printing) CPCs on a fabric substrate. 

CPC based fabric sensors are easier to process although they suffer from issues like 

debonding at the polymer-fabric interface. Although their conduction levels and electron 
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transduction properties are relatively inferior to metals/semiconductors, CPCs enjoy such 

features like cheaper processing and adherence to textile substrates which make them ideal 

candidates for interfacing. Very few studies pertaining to CPC based fabric sensors were 

performed and most of these systems either use high filler content or suffer from problems 

pertaining to their performance under cyclic loading still remain. 

The motivation of the current work is to find a solution to the problems of conducting 

polymer composites and fabric sensors developed from them. Our approach is to use an 

optimally crosslinked elastomer for the matrix medium so as to achieve textile adherence and 

high extensibility at the same time retaining structural integrity which is the key requirement 

to solve issues related to consistency and repeatability in performance. For the filler material, 

we need to have fillers with high aspect ratio (to reduce the percolation threshold) and good 

interfacing ability with the elastomeric chains. Accordingly, polydimethylsiloxane (PDMS) 

was selected as the matrix materials and carbon nanofibers (CNF) for the conducting 

medium. PDMS was chosen for its excellent mechanical properties such as elasticity, high 

extensibility, chemical inertness and memory. Additionally, it is resistant to aging and 

weathering and also provides good adherence to textiles. CNFs were found to be an ideal 

filler material owing to their excellent physical, electrical and mechanical properties as well 

as adherence to polymers. Screen printing was the adopted technique for the deposition of 

CPCs over a textile (nylon) substrate. 

The PDMS-CNF conducting composites were prepared via solvent casting technique 

and screen printed onto a nylon substrate to generate textile fabric sensors. Before dealing 
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with the fabric sensors, we need to have a thorough knowledge of the mechanical, electrical 

behavior of the composite. In Chapter 2, details of the synthesis, morphological, mechanical 

(quasistatic and dynamic analysis) and electrical (percolation) characteristics of PDMS-CNF 

based CPCs are presented. In addition, mathematical modeling of the elastic modulus of 

these composites was performed and compared with the experimental observation. In 

Chapter 3, mechanical cycling as well as piezoresistive characteristics of PDMS-CNF 

composites are discussed. The ability of these CPCs to act as strain sensors was investigated 

by observing their sensor characteristics namely gage factor, hysteresis and aging on 

specimen observed over a period of 18 months. In Chapter 4, the synthesis of printed fabric 

sensors is presented followed by their characterization of mechanical and piezoresistive 

behavior. Finally, the PDMS-CNF based ‘printed fabrics’ were subjected to strain sensor 

characterization along gage factor, hysteresis and aging effects over a period of 9 months. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Introduction 

Composite materials, natural or manmade, are composed of two or more constituents 

often having vastly different properties (physical, chemical, electrical etc.).  Examples of the 

most common composite materials today are wood, fiber reinforced plastics, bricks, concrete, 

etc. A polymeric composite, in general, is made of a polymer matrix that surrounds the 

reinforcements. The reinforcement materials are often particles of various shapes and 

dimensions. Polymeric composites have been conventionally used in producing high 

strength, high stiffness materials [1] for structural applications [2]. Composites are preferred 

in many applications for their lightweight and superior mechanical, thermal, and 

environmental properties. According to a review by Zhang et al [3], the world annual 

production of composites is ~10mill tons in 2007 and is growing at a rate of 5-10% per 

annum.  

The first reinforced polymeric material, as listed in Genesis and Exodus in Bible, 

were supposedly consisted of bitumen-based pitch for building construction purposes and 

bundles of papyrus reed embedded in bitumen matrix for construction of river boats, used by 

people of Babylonia and Mesopotamia between 4000-2000 BC. The Hindu Vedas (written 

about 1000 BC) were also found to have a reference to the use of lac (complex polymeric 

substance consisting of polyether and polyester chains) with fine sand in the manufacture of 
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wheat stone which were known in India and China for centuries [3-5]. In the modern era of 

composites, use of glass fibers in polystyrene for tensile strength modifications was 

suggested to be in practice dating back to the 1950s [4].  

The world of composites which started with structural composites with improved 

mechanical behavior has advanced into electrically conducting materials. Electrical 

conductivity is imparted in polymer composites by incorporating conductive particles into 

otherwise insulating polymer matrix. These are often termed as electrically conducting 

polymer composites (ECPC) since this behavior is derived from the presence of a conducting 

phase.  An example of this is carbon black reinforced epoxy compound. Another method of 

producing conducting polymers is by adding different reactive agents (oxidizing and 

reducing) which bring a change in the chemical structure of these polymers. Such compounds 

are termed as intrinsically conducting polymers due to the presence electronic energy states 

in their molecular configuration (termed Molecular Orbitals) [6]. The latter types of polymers 

are generally made up of conjugated bonds (alternating π-bonds) in the chemical structure of 

the polymer e.g. polyaniline. Significant research in conducting polymers (CP) only began in 

1966 [7]. However, CPs are rapidly forging their way into everyday electronics with a wide 

gamut of applications ranging from sensors used in the detection of such as motion, stress 

etc. to incorporation in IC chips as heat sinks and EMI and RFI shielding materials and 

competing with semiconductors in the fabrication of active electronic components such as 

transistors, light emitting diodes (LEDs) and integrated circuits (ICs) [7]. 
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A sensor is any device that is capable of converting one form of energy to another 

form. It is similar to a transducer but without causing a change in the measuring property of 

the material. Different types of polymeric sensors have been realized over the years for e.g. 

biosensors, humidity sensors, stress/strain sensors etc. The main reason for the growing 

interest in developing such electronic devices is attributed to many factors like 

conformability, light weight, ease of processing, competing performance, cheaper costs of 

fabrication etc. [8] 

A Polymer Composite Sensor, thus by definition, is a sensor developed from 

electrically conducting composite capable of responding and detecting changes in a material 

by a change in its electrical activity. Polymer Composite Sensors are the new types of 

electronic systems (which come under the class of Organic Electronics) that are competing 

in performance and reliability with the present day electronic materials like silicon, gold etc. 

owing to their ability to facilitate conduction at rates comparable to those of metals. Added to 

that, they offer many attractive features like enhanced performance at reduced cost, in situ 

diagnostic abilities and feasibility of monitoring and defect engineering in composites 

manufacture and applications [9].  

The primary aim of this review is piezoresistive behavior of ECPC with particular 

focus on elastomeric nanocomposites (ENCs). Piezoresistive behavior refers to change in 

electrical resistance of materials under applied strain. It was first reported in metals [10], 

followed by semiconductors silicon and germanium [11] and subsequently in conducting 

polymer composites. This ability of strain sensing has been exploited in developing various 
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types conducting polymer composite piezoresistors. ENCs are a class of such composites 

with viscoelastic characteristics that impart high structural integrity even at high strains. This 

attractive feature is utilized in realizing various types of piezoresistive strain sensors using 

ENCs. A critical literature review on piezoresistivity in ENCs is presented. To begin with, 

the concept of piezoresistivity is introduced followed by a brief discussion on piezoresistivity 

in silicon. This is followed by a discussion on ECPC with special focus on elastomeric 

nanocomposites covering such areas as mechanism of conductivity in CPC, their synthesis, 

different types of reinforcements used and the resulting electromechanical characteristics. 

Following this, a comprehensive review of piezoresistivity observed in ENCs is put forth 

with detailed analyses on its origin, various influencing factors and finally different 

mathematical models proposed to correlate the observed resistance vs. strain phenomenon in 

ENCs. 

  

2.2 Piezoresistivity 

The piezoresistance effect is defined as a change in the electrical resistivity of a 

material under external stress or strain. Resistivity is an intrinsic property of a material which 

governs the electrical resistance experienced by charge carriers within the material when an 

external electric field is applied across its ends [12]. Consider a prismatic solid bar of length 

L0, area of cross section A0 and resistivity ρ  (Figure 2.1).  
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Figure 2.1: A prismatic conductor under external stress (σ) 

 

Electrical resistance of this material is related to the resistivity as:  

� �� �����      (2.1) 

When subjected to an external strain, the fractional change in its resistance is governed by 

changes in geometry (dimensions) and changes in resistivity expressed as: 

�	
	 �� ��� 
����� �������     (2.2) 

Hence piezoresistivity is a combined effect of geometric (
��
�� � ��

���and resistive (
��
� �changes. 

However, these changes are manifested differently in different types of materials. For 

example, in metals a change in resistance under strain is largely controlled by geometric 

changes since the band structure responsible for the conductivity (or resistivity) in metals is 

not altered. In case of ECPC), piezoresistivity is a combination of both effects since 

molecular arrangement of conducting elements gets modified under external strain [13]. 

Although the principal application of piezoresistance was found in the development of strain 

gages (devices used to measure strain e.g. accelerometer), other physical and thermodynamic 

properties can also be measured using this property by converting changes in those 
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parameters to strain [14]. Its effect is pronouncedly utilized in electronics industry wherein 

performance of devices like integrated circuit strain gages, pressure sensors and Hall-effect 

devices is hampered by encapsulation stresses.  

The first known experiments on piezoresistivity were performed by Bridgman on 

polycrystalline metals [15] in 1925. This was subsequently extended to several single crystal 

metals such as Bismuth [16], Tin [17], Antimony [18], Zinc and Cadmium [19] etc. In 1954, 

CS Smith [11] reported piezoresistive behavior of cubic crystals of silicon and germanium 

semiconductors. Owing to its excellent electromechanical properties, silicon has been 

extensively studied ever since and has been widely used as sensors.  

In this chapter, a brief theory of piezoresistivity is presented in or der to explain the various 

parameters of importance.  

 

2.2.1. Fundamental Theory of Piezoresistivity 

The fundamental understanding of piezoresistivity begins with Ohm’s law to relate 

electric field vector (���) and current density vector (��) in the body through resistivity [14, 16, 

20-23]: 

���� � ���                                          (2.3) 

For a three dimensional anisotropic crystal, resistivity is a tensor of the form��������. But the 

nine elements get reduced to six due to crystal symmetry. Equation (2.3) can be written as, 

�������� � � ��� � �!� �� �"�! �" ��� �
��������                 (2.4) 
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Here ρ1 to ρ3 are principle components of resistivity whereas ρ4 to ρ6 are the shear 

components, see Figure 2.2. 

For an isotropic material, the six component resistivity tensor can be rewritten as a 

6�1 matrix. Further, if a change in the resistivity of the material is expressed as,�# � �$ 

%�#� where ρ0 is the resistivity of the material before change. This change is expressed as, 

 ��� � �!� �� �"�! �" ������ � &'
''
'(
�������"�!� )*
**
*+

 ��

�
&'
''
'(
�$�$�$,,, )*
**
*+ 


&'
''
'(
%��%��%��%�"%�!%� )*

**
*+
         (2.5) 

When an external stress is applied on a piezoresistive material, it undergoes a change 

in its conductivity (or resistivity). For an isotropic material, a change in its resistivity is 

manifested in all the directions since stress (σ) is a 6×6 tensor. Changes in resistivity are 

related to the applied stress according to the relation [16]  

-�
�� � .#/0�         (2.6) 

Or, 

�
��
&'
''
'(
%��%��%��%�"%�!%� )*

**
*+ �

&'
''
'(
.�� .�� .��.�� .�� .��.�� .�� .��

, , ,, , ,�,� ,� ,�,� ,� ,�, , �,�, �,� ,�
."" , ,�������, ."" ,�������, , ."")*

**
*+

&'
''
'(
0�0�0�1��1��1��)*

**
*+����������  (2.7) 

Here σi, and τij (i, j = 1 to 3) are normal and shear components of principal stress respectively 

and πij (i, j = 1 to 4) are termed as piezoresistance coefficients.  
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Combining equations (2.4), (2.5) and (2.7), we obtain expressions for electric field 

applied along principal co-ordinates (Ei) as  

�� � �$�� 
 �$.��2��� 
 �$3��42� 
 2��� 
 �$3""4��1�� 
 ��1�� (2.8) 

�� � �$�� 
 �$.��2��� 
 �$3��42� 
 2��� 
 �$3""4��1�� 
 ��1�� (2.9) 

�� � �$�� 
 �$.��2��� 
 �$3��42� 
 2��� 
 �$3""4��1�� 
 ��1�� (2.10) 

In equations (2.8) – (2.10), the first terms 4�$�# (i = 1 to 3) correspond to ‘unstressed 

conduction’ while the subsequent terms are stressed components of piezoresistive effect. In 

order to generalize the piezoresistive coefficients for any directions, two separate terms 

namely, longitudinal and transverse coefficients of piezoresistivities (πL and πT respectively) 

are defined. Longitudinal piezoresistance is observed when electric field lies along the same 

axis as stress whereas transverse piezoresistance is when electric field is perpendicular to the 

stress axis (Figure 2.3).  
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Figure 2.2: Components of stress (σ) 
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A transformation from a known orientation (whose piezoresistive coefficients are 

known) to the longitudinal and transverse axes (L, T, z) can be obtained using the expressions 

[23], 

.� � .�� 
 643"" 
 �3�� � 3��47��8�� 
 7��9�� 
8��9��  (2.11) 

.5 � .�� 
 43�� � �3�� � 3""47��7�� 
8��8�� 
 9��9��  (2.12) 

 

Here l, m, n are directional cosines of the crystal lattice. The main advantage of deriving 

these equations lies in their simplification of the expression for fractional change in 

resistivities (equation (2.6)). The final expression for normalized resistivities for the case of 

longitudinal and transverse piezoresistance is given below: 

 

Longitudinal Case:     :-���;< � .�0��         (2.13) 

Transverse Case:     :-���;= � .505      (2.14)  

Combining equations (2.13) and (2.14) for the case of isotropic materials, fractional change 

in resistivity with external stress can be expressed as (referred to as linear piezoresistivity 

effect): 

-�
�� � .�0� 
 .505     (2.15) 

2.1.1.1 Uniaxial stresses – Special Case 

In case of uniaxial tension or compression with stress acting along x (σy = σz = 0), 

equation (2.7) reduces to: 
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�
�� �

%��%��%��� � �.��.��.��� >0?@                               (2.16) 

 

Combining equations (2.5) and (2.16) for the special case of uniaxial stress acting on the 

material, with no shear components, the expression for the net resistivity of the material 

becomes: 

�������� � �$ �A 
 .��0?A 
 .��0?A 
 .��0?�    (2.17) 

Equation (2.17) is the direct relation between measured resistance under uniaxial stress and 

its corresponding piezoresistance coefficients.  

 

2.2.2. Piezoresistance in silicon 

Piezoresistivity in silicon was discovered by Charles S. Smith [11] in 1954 and since 

then this property has been exploited in developing various types of sensing devices like 

strain gages, accelerometers, pressure sensors, optical and magnetic sensors, transducers 

among many others. Considerable amount of research has been performed in analyzing the 

piezoresistive characteristics of silicon since it is the most important material used in micro-

electro-mechanical systems or MEMS fabrication process. The issue of importance is the 

presence of strains that are generated during the fabrication of an integrated circuit (IC) 

where various processing parameters like temperature etc. lead to changes in the intrinsic 

conductivity of silicon. Various theories have been proposed by several authors in support of 
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the physics of piezoresistivity and a variety of mathematical models have been proposed in 

this context. To comprehend the workings of piezoresistance in conducting polymer 

composites, it is imperative that we analyze the phenomenon in silicon. In this chapter, a 

brief review of various factors affecting the piezoresistive characteristics of silicon is 

discussed. Different models proposed to explain this phenomenon in silicon are also 

presented.  

 

2.2.2.1 Gage Factor 

The reason for the wide spread use of silicon as strain sensor is understood to be 

because of such characteristics like high sensitivity and excellent repeatability in its 

performance without any hysteretic or aging effects [14, 20, 23]. The reason for such high 

sensitivity (also called gage factor) in silicon is observed to be because of the contribution 

from both geometric and electronic (resistive) effects. The electronic contribution in 

semiconducting silicon arises from changes in the band structure of the material which is 

primarily governed by carrier mobility, carrier type, carrier concentration, temperature etc. 

among other factors [14 -18].  

Efficiency of a piezoresistive sensor is characterized using a dimensionless parameter 

called ‘gage factor’ defined as fractional change in the resistance of the material (dR/R) over 

a finite strain (ε) or 

Г ��� �	 	CD            (2.18) 

Following equation (2.2), 
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Г �� ���D 
 A �� ����D     (2.19) 

For a rectangular specimen under uniaxial longitudinal strain (EF � GH
HI�as shown in Figure 

2.1,  

��
�� � �J

J� 
 �K
K� � �LM � LN � �6OLP     (2.20) 

(Assuming, uniform Poisson’s ratio, i.e. Q � � EREF � � ESEF,)  

Combining equations (2.19) and (2.20), 

Г �� ��T�D 
 A 
 6O      (2.21) 

In case of changes occurring over a linear variation of ρ(ε),  

Г � �A 
 6U 
� ���V�D     (2.22) 

Depending on the sense of their gage factor, materials can be  

(a) Positive piezoresistors which show an increase in resistance with strain. They possess a 

positive K value, or  

(b) Negative piezoresistors which show a decrease in resistance with increasing strain. They 

are found to have a negative value of K [14]. 

General purpose strain gages use Cu-Ni or Ni-Cr alloy as the resistivity element 

within the gage and K=2 for such metals or metal alloys. The small value of K is primarily 

due to the invariant nature of resistivity to external strains and K value is almost entirely a 

geometric effect i.e. K ≈ 1+2ν, for metals. In silicon however, K value ranges from -102 to 

135 depending on the type of material, applied pressure among other factors [24-25]. A 
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general description of various factors governing the piezoresistivity in silicon is discussed in 

the following sections. Table 2.1 compares values of gage factors observed in several metals 

and silicon.  

Table 2.1: Gage factors of some common materials 

Material Gage Factor 

Copper 1.6 

Nickel -12.62 
Aluminum 1.4 

Platinum 2.6 

Iron 0.44 
Cobalt 0.84 

Molybdenum 0.8 

Tin 3.34 

Bismuth -11.36 

Silcon (single crystal) -102 to 135 

Silicon (Polycrystalline) -30 to 50 

Silicon (Silicon on Insulator) 30 to 110 

 

 

2.2.2.2 Factors controlling piezoresistivity in silicon 

Electrical conductivity (σ) in a doped semiconductor is a well-known function of 

charge carrier concentration and mobility given by [27]: 

0 � 9WXY 
 ZWX[      (23) 

Here n and p are carrier concentrations of electrons and holes respectively, µn and µp are 

mobilities of electrons and holes respectively and e is the electronic charge. Mechanism of 

piezoresistivity in crystalline silicon changes depending on the type of silicon (n- or p-type). 

In n-type silicon, doping creates additional electron energy level (impurity level) near top of 
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the band gap. This facilitates electrons to jump to the conduction band when an external 

stress or strain is applied on the material [28]. In p-type silicon however, the complex band 

structure poses difficulty in analyzing the true mechanism of piezoresistivity and was 

attributed to the separation of heavy and light hole valence bands [29]. Thus changes in the 

carrier concentration triggered by electrons hopping between energy bands of the material 

under strain can generally be considered as the reason for piezoresistivity in silicon. It needs 

to be mentioned here that carrier mobility (µn/µp) is a function of carrier concentration as 

well as temperature and needs to be accounted for in computing the conductivity of the 

material. This becomes much crucial in the case of polycrystalline silicon where additional 

parameters like grain boundaries, grain size, grain orientation, doping level and annealing 

treatments are observed to be influential factors [14, 23]. It has been reported that 

polycrystalline silicon can only reach 60-70% of the piezoresistive sensitivity of the single 

crystalline silicon [26]. 

Although the piezoresistive coefficients put forward by Smith [11] are still in use 

(Table 2.2), studies performed on silicon revealed that piezoresistive behavior is a function of 

many factors like crystal structure (single/poly), carrier concentration, majority carriers, 

extent of load, environmental conditions like temperature, humidity etc. and geometry of the 

material under study [24-26, 28]. Keeping in view of the objective of the proposed research, 

some important effects are reported here and readers are requested to visit the suggested 

citations for further information.  
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Table 2.2: Piezoresistive Coefficients of monocrystalline silicon [11] 

 
Doping 

Concentration (cm
-3
) 

Resistivity 

(ΩΩΩΩ-cm) 

Piezoresistive Coefficients (× 10
11
) 

(m
2
/N) 

ππππ11 ππππ12 ππππ44 

n-type 1.5 × 1015 7.8 -102.2 53.4 -13.6 

p-type 4 × 1014 11.7 6.6 -1.1 138.1 

 

Crystal structure is one of most important characteristics in determining the 

piezoresistive behavior of silicon. Depending on the type of structure (n-type/p-type; single 

crystalline /polycrystalline, crystal direction), one can realize completely differing 

electromechanical properties. For e.g. gage factor is negative for n-silicon along <110> while 

it is positive for p-silicon along <100>. This was explained to be due to the anisotropic nature 

of the single crystalline silicon (diamond cubic lattice) and difference in the load-transfer 

characteristics of the respective materials [14]. Table 2.3 compares piezoresistive coefficients 

and other elastic constants of n-type and p-type single crystal silicon [14].  

Another important parameter controlling the piezoresistance behavior (and gage 

factor) is the dependence on impurity (doping) concentration and temperature. As mentioned 

in equation (2.18), Kanda [28] proposed a model to compute piezoresistive coefficient (π) as 

a function of Fermi level of a semiconductor and reported that π is a decreasing function of 

both doping concentration and temperature. A variation of longitudinal gage factor with 

doping concentration for n-type and p-type silicon at 300K is presented in Table 2.4. The 

dependence of piezoresistivity on doping concentration and temperature were reported to be 

similar in case of poly silicon [14]. 
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Table 2.3: Comparison of piezoresistive coefficients and elastic constants of silicon [14] 

 
n-type p-type 

 
Maximum Minimum Maximum Minimum 

 
Magnitude Direction Magnitude Direction Magnitude Direction Magnitude Direction 

ππππ11 -102.2 <100> -31.2 <110> 71.8 <100> 6.6 <100> 

ππππ12 53.4 <100> 
0 

-17.6 
<110> 
<110> 

-66.3 <110> -1.1 <100> 

KL -131.3 <100> -51.6 <110> 122.4 <110> 10.2 <100> 

KT 71.1 <100> 
0 

-28.6 
<110> 
<110> 

-110.9 <110> 
0 

0.125 
<100> 
<100> 

E 1.69 <110> 1.3 <100> 1.69 <110> 1.3 <100> 

νννν    0.28 <100> 0.064 <110> 0.28 <100> 0.064 <110> 

 

Here π11 and π12 are longitudinal and transverse piezoresistive coefficients (× 1011) (m2/N), 

KL and KT are longitudinal and transverse gage factors respectively, E is the Young’s 

Modulus (× 1011) (N/m2) and ν is the Poisson’s ratio.  

Table 2.4: Variation of longitudinal gage factors with doping concentration in silicon at 
300K 

Doping Concentration (cm
-3
) 1× 10

18
 5× 10

18
 1× 10

19
 5× 10

19
 1× 10

20
 

Gage factor (n-type) 98 92 85 52 34 

Gage factor (p-type) 95 80 66 28 20 
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Temperature carries a very similar effect on the piezoresistive behavior of silicon 

materials i.e. decreasing gage factors as operating temperature increases as shown in Figure 

2.4 [25, 30, 31]. This change was reported to be due to a change in the temperature 

coefficient of resistance. As can be observed from the figure, at low doping level, 

longitudinal piezoresistance coefficient (π11) values of silicon decreases linearly with 

increasing temperature (from -80°C to 100°C). However, not much of a change in π11 is 

noticed for higher doping levels (>1020 cm-3).  

 

Figure 2.4: : : : π11 coefficients for various dopant levels (in cm−3) as a function of temperature 
[25, 30] 

 
 

2.2.2.3 Modeling of piezoresistive effect in silicon 

Considering the variety of factors influencing the resistance-strain characteristics in 

silicon, various attempts have been to model this relation [31-34]. As mentioned previously, 

a change in the resistivity of the silicon material under external strain is a direct consequence 

of shifting of energy levels or their creation thereof.  
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The first attempt at explaining the variation of resistance of silicon under stress is 

made by Smith [11] in his ‘band warping model’. He proposed that the effects of external 

stress are manifested as changes in the mobility (µ) and charge carrier density (N) as given 

below: 

(a) Effect of change in mobility is directed at changing the amplitude of thermal vibrations 

within a volume ν.  

�\]�
�\]^ � �_^�`abc        (2.24) 

 Here α is the coefficient of thermal expansion, χ0 is the compressibility factor of the 

resistor and Cv is the specific heat of the material.  

(b) Effect of change in carrier concentration is manifested as changes in the band gap (Eg) 

which changes the resistivity of the material as given by: 

�\]de�\]^ f :��g;
�
      (2.25) 

However this model fails to explain the result of shear piezoresistive coefficient 

higher than that predicted by the model. Likewise various theories and models have been 

proposed by many authors in an attempt to account for all the factors affecting the resistance-

strain response of semiconducting silicon. Some of these models include: 

a. Dopant segregation model [35] 

b. Many valley model [36] 
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c. Carrier trapping model [36] 

d. Thermionic emission model [37] 

e. Hole-effective mass model [34] 

Each model attempts at providing greater efficiency in determining the 

piezoresistance characteristics of strained silicon. For example, according to the ‘many valley 

model’ or deformation potential theory, tensile stress applied on an anisotropic crystal lattice 

deforms the energy band structure shrinking the surface along longitudinal direction whilst 

expanding it along transverse directions (as shown in Figure 2.5). This theory can be used to 

qualitatively describe anisotropic results in piezoresistance behavior of single crystalline 

silicon.  

 

Figure 2.5: Effect of tensile stress on constant energy surfaces (ellipses) in multiple crystal 
directions; dotted lines denote the stressed condition [36] 

Another model proposed to explain the piezoresistive behavior of polycrystalline 

silicon was that of French and Evans [38]. According to this theory, grain boundaries are 

most susceptible to strain and hence play major role in affecting the piezoresistance behavior. 

The proposed model produced greater efficiency in their piezoresistive coefficients and 
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sensitivity results. Pfann and Thurston [39] extended this idea to study the longitudinal, 

transverse and shear piezoresistive coefficients in various types of semiconductor stress 

gages indigenously developed in their lab. Piezoresistance properties of poly-Silicon 

prepared by vacuum evaporation of p-type Si on ceramic and quartz substrates were studied 

by Tufte and Long in 1963 [40]. They have obtained a gage factor (GF) of 25. Various 

experimental studies were performed on variation of resistance using different types of loads 

and found that GF increased with a decrease in the carrier density of majority carriers from 

1017 to 1019 cm-3. With a strain range of 0 to 0.002, relative resistance (∆R/R) of the films is 

found to vary linearly and it increased with tensoral strain but decreased with compressive 

strain. 

In 1982, Kanda [41], proposed theoretical expressions relating the effects of impurity 

concentration (from 10l6 to 1020 cm-3), orientation of the crystal with respect to substrate 

((l00), (110), and (211) planes) and temperature (-75 to 175°C) on the piezoresistance 

coefficients of n- and p-Si. He then compared the results calculated from these expressions 

with the experimental data and obtained a good match between the two. French and Evans 

[38] studied the piezoresistance effect in polysilicon and calculated the longitudinal and 

transverse piezoresistance coefficients for n- and p-type polysilicon and compared their 

results with theoretical studies. Adopting the widely used finite element modeling (FEM) 

method to predict the resistance-stress characteristics of piezoresistors, Pancewicz et al [42] 

obtained the Vout of various semiconductor pressure sensors and compared the simulated data 

with experimental results.  
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A typical piezoresistive pressure sensor will comprise of piezoresistors mounted on or 

inside a diaphragm and strain sensitivity is realized by subjecting the diaphragm to external 

stress. Within the domain of elasticity, for thin diaphragms resistance was observed to always 

vary linearly with applied pressure [43]. Silicon strain gages, which take lion’s share in the 

strain gage industry, were first built on metal diaphragms [44] where the bonding between 

piezoresistors and metal was achieved by using epoxies, phenolics and eutectics. Because of 

the high cost and stability issues associated with these diaphragms, the next generation 

pressure sensors were developed on single crystal diaphragms with diffused piezoresistors. 

This resulted in high piezoresistance properties and elimination of hysteresis and creep issues 

of the metal diaphragms. Although an increase in sensitivity and cost were attained, 

processing these diaphragms was difficult [45]. This led to the development of pyrex-glass 

supported silicon pressure sensors [46]. Utilizing niche techniques such as ion implantation, 

these pressure sensors possessed advantages like controlled implantation, batch processing, 

no thermal mismatch, down scaling etc at low cost and more sensors-per-wafer. But the 

demand for continued scaling and need for higher performance at reduced sizes resulted in 

‘Micromachined Sensors’ [41-46]. With the advent hi-tech micromachining tools, sensors 

were developed on micrometer sized diaphragms [47]. Although considerable advancements 

were achieved in terms of electronics and processing, sensitivity and reproducibility were 

reduced.  

During the late 70’s, about the time when new advancements in the field of integrated 

chip (IC) designing were beginning to emerge, varied areas of science were researched upon 

in order to overcome the hurdles of using silicon in ICs such as costs of processing and 
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fabrication, issues of conformability, mobility etc. Different materials such as Ge, III-V 

semiconductors etc. were studied in search of an alternative for silicon especially in the field 

of sensors. One such class of materials was conducting polymer composites. They bring with 

them several advantageous features that are not found in silicon such as ease of processing, 

cheaper costs, conformability etc. albeit the magnitude of conductivities are much lower than 

that of silicon and additionally, they come with their own problems like aging, noise, 

environmental instability etc. However, research has been done in order to overcome these 

hurdles and better their drawbacks to emulate the properties of silicon and other 

semiconductors. In the next section, we present a review of various studies performed over 

the years in the field of conducting polymer composites, in view of their capabilities as 

pressure sensors. 

 

2.3 Elastomeric Nanocomposites (ENC) 

As discussed earlier, a conducting polymer composite (CPC) comprises of two phases 

(a) an insulating polymer matrix and (b) conducting fillers reinforced into the matrix. 

Intrinsic conductivity and the mechanism of charge transfer in a CPC are primarily 

dependent on the volume fraction of these reinforced fillers. Piezoresistivity (change in 

resistivity with stress/strain) in a CPC is manifested because of change in the distance 

between conducting elements as the material gets compressed/expanded [13]. The ability of 

strain sensing in a CPC is envisaged by the fact that polymers are flexible (easy to deform) 

and can undergo larger degrees of straining. In addition, unlike metals, they can produce 

several orders of variation in their conductivities.  
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2.3.1  Elastomers 

In general, elastomers (rubbers) refer to polymers with rubber-like behavior. They 

readily undergo large reversible deformation at small stresses.  Elastomers are a class of 

organic polymers which exhibit the property of viscoelasticity (exhibiting both viscous and 

elastic characteristics) with low Young’s modulus and high yield strain (up to 1000% [48]) 

compared to other polymers. Elasticity is imparted to their structure due to the presence of 

flexible backbone and chemical cross-links (Figure 2.6) [49] which hold the polymer chains 

under deformation avoiding chain slippage, resulting in larger elongations. They have their 

thermodynamic glass transition temperatures (Tg) usually below 0°C and hence are rubbery 

in nature at room temperature. Conversely, elastomers 

possess very low mechanical strengths relative to the 

average polymer in rubbery state. Because of their 

viscoelastic nature elastomers exhibit small amount of 

mechanical hysteresis, stress relaxation and creep 

characteristics [50]. With increasing temperature, the 

mechanical properties were found to get hampered 

owing to breaking of these crosslinks. Table 2.5 

illustrated this point by comparing some of the 

mechanical characteristics of different elastomers at 

different temperatures [51]. 

The process of elongation of an elastomer 

Figure 2.6: Schematic of an 
elastomeric network held by 

cross-links (black dots) under 
unstretched (left) and stretched 

(right) conditions [49]. 
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results in alignment of chains at higher strains and induces crystallinity on a local basis 

within some crystallizable elastomers. Removal of this strain allows the elastomer to almost 

revert back to its original amorphous structure, given that the crosslinking concentration 

remains intact during stretching [48]. Proximity of an elastomer to its Tg was shown to 

impart interesting structural alterations. The closer an elastomer is to its Tg, the more 

crystallization sites exist but slower is the crystallization growth. Balancing of these two 

factors (about the middle temperature of rubber state) results in deriving maximum tensile 

strength to an elastomer as compared to its completely amorphous form [48]. Another factor 

that influences its tensile properties is the crosslink density. Overabundance of crosslinks 

induces extreme rigidity to the polymer and increasing their concentration beyond an 

optimum point starts to decrease the elongation to failure. This effect is a combination of two 

factors. Crosslinks being not as mobile as the chains will tend to stiffen the polymer 

backbone adding strength to the material. Increasing the number of crosslinked sites would 

augment this stiffening making the structure very rigid impeding the mobility of backbone 

and relative motion between chains. Hence crosslink density also needs to be optimized to 

derive maximum elongation and ultimate strength in an elastomer [48]. 
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Table 2.5: Comparison of properties of different common elastomers natural rubber (NR), 
EPDM (ethylene propylene diene monomer) rubber and silicone rubber (ELASTOSIL® R 

401/40) at various temperatures [51]. Here T.S is the Tensile Strength (N/mm2), εb is 
Elongation at break (%) and T.R is Tear Resistance (N/mm) 

Material 

25 °C 100 °C 150 °C 

Hardness 

(Shore A) 
T. S εεεεb T. R T. S εεεεb T. R T. S εεεεb T. R 

EPDM 42 15.4 670 17 9.8 270 - 5 200 - 

NR 37 15.2 610 42 9.4 330 15 5 210 10 

401/40 40 9.6 720 22 8.5 530 17 7.6 490 11 

 

 

2.3.2  Fillers used in ENCs 

To increase the mechanical strength of elastomers, they are reinforced with 

particulate fillers such as carbon black and silica to form elastomeric composites. The basic 

requirement in producing such composites is to have a homogeneous filler dispersion and 

good polymer-filler adhesion so as to attain optimum reinforcement and low hysteresis [52]. 

Over the years, ENCs have been produced using various reinforcing agents (fillers) and could 

be classified into three types based on their dimensions [52 – 54]:  

a. Isodimensional fillers (all dimensions in nm) or spherical particles like carbon black 

(CB), silica, aluminum oxide and titanium oxide 

b. Elongated fillers (two of the three dimensions in nm scale): Examples carbon nanotubes, 

carbon nanofibers (CNFs), cellulose whiskers, gold or silver nanotubes etc. 
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c. Layered fillers (Only one dimension in nm scale) – Layered silicates, layered graphite 

flakes etc.  

In micro or conventional composites particles with micron-scale dimensions may 

exist as aggregates with no insertion of the polymer matrix which requires high levels of 

loading (filler concentration) of 20 - 40% to obtain desired improvement in properties. This 

poses a problem of processability and also increases the weight and processing costs of the 

composite [52]. The Nanocomposites, on the other hand, are attractive due to several factors 

such as maximum polymer-filler interactions due to the availability of high surface area and 

surface energy (reactivity) of the fillers. Hence desired properties such as enhancement in 

mechanical/electrical properties can be achieved at very low filler loadings [54]. Various 

reports have established this understanding e.g. Okada et al [55] found that mechanical 

properties obtained using 40phr carbon black (CB) composite can be replicated by replacing 

CB with 10phr organoclay in nitrobutile rubber (NBR). Similar results were obtained by 

Arroyo et al [56] under exact same filler compositions used in natural rubber (NR). However, 

a singular disadvantage of using nanofillers is their tendency to form aggregates and 

agglomerates owing to their high adsorption surface energies. Individual discussion of 

different fillers used in the manufacture of ENCs namely CB, CNT and CNF is presented in 

the following sections from the perspective of the mechanical and electrical property 

enhancement induced by each of these fillers. 
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2.3.3 Mechanical Properties of ENCs 

One of the main motivations behind the development of reinforced composites is to 

produce flexible materials with enhanced mechanical properties like Young’s modulus, 

strength, etc.  Successful incorporation of nano-materials in elastomers has produced the 

desired effect at low filler loading without deterioration of the soft and flexible nature of the 

polymers. Additionally, several authors have reported increased mechanical performances of 

ENC with increased filler loading. This was attributed to enhancement in (a) polymer-filler 

interaction and (b) filler-filler interaction. Depending on the type of filler used, this change is 

manifested differently [52]. The primary criterion however is to have an enhanced adhesion 

between the interacting molecules. However various other factors like filler size, filler shape 

and structure, filler content, filler dispersion in the matrix and polymer-filler interaction are 

observed to influence the mechanical properties. The final value of the measured property is 

a combination of all of the listed factors of interest [50, 54]. A brief discussion of the same is 

presented below. 

Carbon nanotubes have been exrtensively investigated as reinforcing particles in 

elastomeric composites because of their high modulus, high aspect ratio (A.R) and wide 

ranging electrical conductivities [57-61]. Bokobza et al [57] observed substantial increase in 

elastic modulus of styrene-butadiene rubber (SBR)/single walled CNT (SWNT) composites 

with small amount of filler. In another recent study by the same authors [58], mechanical 

characteristics of styrene-butadiene rubber (SBR) composites made using a blend of CB and 

multi-walled CNT (MWNTs) were analyzed. They reported significant enhancement in the 
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properties of the composite with critical concentration of conductivity (percolation threshold) 

lower than either of the phases. Some of the other common elastomers explored in this 

scenario were natural rubber [59] and silicone rubber [60]. Effect of surface functionalization 

was analyzed by Bhattacharya et al [61] on NR/carboxylated (c-) MWNT dispersed using 

sodium dodecyl sulfate. They found a low percolation threshold value of < 1wt% and an 

increase in Young’s modulus value by 10-fold was reported when the c-MWNT loading was 

increased to 8.3wt%. 

 

2.3.4  Electrical Properties of ENCs 

Different types of fillers ranging from inorganic powders like metals (σ ≈ 105 S/cm 

for Ni, Cu, Ag, TiB2 etc.,) to carbonaceous fillers like carbon black (CB), carbon nanotubes 

(CNTs),  carbon nanofibers (CNFs), graphite (σ ≈ 0.1-10 S/cm) etc. have been reported as 

potential candidates of reinforcements for electrical applications. Although intrinsic 

conductivity is comparable in all these fillers, conductivities of the composites containing 

these differ with different polymer-filler combinations. The reason for this is that conduction 

in a composite is governed by various parameters like filler size, aspect ratio, filler-filler 

separation, distribution of fillers in the matrix and process of synthesis used in forming 

composites [27].  

To have a complete understanding of the mechanism of electrical conductivity of  a 

composite material, a thorough knowledge of the various parameters such as, filler content, 

type of fillers used, , processing techniques adopted etc., is essential. Similar to the 
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mechanical properties, electrical conductivities of a composite are governed by a collective 

influence of all the parameters. A brief discussion of these is presented below. 

 

2.3.4.1  Conduction Mechanism in ENCs - Percolation 

 The basic mechanism of conduction in a random disordered medium like composites 

occurs by the process of percolation. First initial studies in the field of percolation governed 

dispersion of dispersed phase were suggested to have been performed by Clerk Maxwell and 

Rayleigh [62]. Since this pioneering work, the process of transport of media in percolation 

has been studied exhaustively and different mathematical models were proposed by many 

authors [62-71]. The importance of percolation models in random systems is highlighted by 

the fact that in materials the availability of structural regularity is very limited compared to 

thermodynamically favored random order. Considerable advances have been made in this 

area ever since. Started at first with description of percolation in terms of electrical transport 

properties in random systems, it was successfully extended to predict various 

physicochemical characteristics like mechanical, rheological and kinetic properties of colloid 

dispersions and polymers [65, 66]. The basic phenomenon of percolation assumes that 

fundamental relations governing transport mechanisms in a random system have a universal 

character [72]. 

 In any insulating polymer matrix, a conductive filler material is added to obtain an 

electrically active composite that facilitate charge transfer. The reason for the previously 

non-conducting polymer to conduct electricity (for that matter any form of transport) with the 
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presence of conductive filler particles is proposed to occur due to a phenomenon called 

Percolation. Well known examples of percolation include spreading of wild fire, oil flow in 

water, water seeping into the soil etc. [66]. There have been numerous articles denoted to 

explaining and analyzing the different aspects of percolation process [65-71]. 

 Percolation theory was first studied formally by Broadbent and Hammersley [69] 

and is developed to mathematically describe a disordered media, where disorder is defined as 

a random variation in the degree of connectivity. They analyzed flow in a static random 

medium by introducing lattice models and showed that no fluid will flow if the concentration 

of the active medium is smaller than some threshold value called percolation threshold. The 

percolation threshold in the context of fluid flow through a porous media (φc), is that 

concentration of transporting media at which there is no longer an unbroken path from one 

side of the system to the other. The key feature of percolative transport is the existence of a 

density threshold and in crossing this threshold, the mediums’ transport coefficient 

(resistivity, porosity etc.) changes sharply between opaque and transparent [37]. The 

likelihood that any given region is sufficiently well connected to the rest of the system to be 

available for conduction is referred to as percolation probability [65].  

 Charge transfer in a composite occurs via conduction channels that get established 

by fillers which are in contact with one another. A conduction network is said to have formed 

when electrons transfer from one point to another within the composite. However for the 

entire composite to be conducting, this conduction network has to span from one end of the 

composite to the other end. This can only happen when sufficient numbers of fillers come in 
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contact with one another connecting two opposite ends of the composite. Thus electrical 

conduction is a function of the concentration of the fillers (reinforcements) (Figures 2.7 and 

2.8).  

 

 

 

 At very low filler loadings, the mean distance between particles is large and the 

composite conductivity is mainly governed by the polymer matrix (>109 Ω-cm) (fig 8A). 

With increased loading, at some specific volume fraction of the fillers (called percolation 

threshold – φc) the proximity of the filler particles increases and they form networks that 

extend across the entire composite (Figure 2.7B). At this point, a drastic increase in the 

conductivity is observed. The triggering of this ‘exponential’ rise in the conductivity of the 

composite is attributed to electron transfer occurring via quantum mechanical tunneling. This 

in turn suggests that at φc, the separation between conducting particles (dint) is ≤10nm that is 

Figure 2.7: Schematic of changing filler 
configurations with increasing loading. The 
corresponding percolation curve at these 
representative loadings is presented in Figure 2.8. 

A 

C 

B 

D 

Figure 2.8: Representative plot of 
percolation governed conduction in a 
composite. (B) - Percolation threshold 
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requisite for tunneling. In terms of energy, electrons quantum mechanically tunnel from one 

filler to other through the polymeric energy barrier. Finally when the concentration of the 

fillers goes beyond φc, three dimensional network linkages are formed extending in all 

directions and conductivity is almost unaltered by any change in the filler concentration [62, 

65-71, 73] (Figure 2.8C and 2.8D). 

 

2.3.4.2  Estimating conductivity in percolating systems 

Knowledge of the percolation study also helps us to understand the flow of fluid and 

other composite properties such as distribution of clusters (which is indicative of the level of 

dispersion), identifying the cluster separation, phase changes around a critical threshold 

(kinetics of the dispersion phenomenon) etc. [72, 74]. Obtaining the value of percolation 

threshold, which is indicative of the critical volume fraction of the particles in the conducting 

phase φc, which is essential in designing a sensor composite. As the volume fraction of the 

conducting phase (φ) increases, flexibility of the polymer decreases because of the increasing 

stiffness of the composite [69]. Also increased concentration of solute particles (fillers) 

increases the cost of production. Hence it is essential to minimize φφφφc to the maximum extent 

possible, in other words decreasing the percolation threshold for an optimal performance of 

the reinforced polymer as a piezoresistive sensor.  

Many theoreticians have published different relations regarding estimation of the 

conductivity of a percolating system impregnated with conducting particles. However, all of 

these relations were only able to predict the conductivity only after the system has reached 
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percolation threshold φc, since before percolation threshold conductivity is largely that of the 

insulating medium. A common thread that runs in all these theories is the equation governing 

conduction within the premises of φc. This is explained by Frisch and Hammersley [69] who 

proposed that just above φc, the conductivity (σ) is found to increase with filler concentration 

(φ) as 

04h�∝�4h � hij     (2.26) 

The parameter ‘t’ is termed as percolation exponent and is generally between 1.65 and 2 for 

three dimensional lattices. Those percolating systems with a value of t=2 are termed as 

universally percolating and t=2 is called universal percolation constant. This definition of 

percolation applies only for ideal systems which assume infinite resistivity of matrix and 

infinite conductance in conducting fillers with spherical geometry. For non-ideal systems, 

Straley [75] developed special scaling factors to be incorporated into equation (2.26) to 

analyze real systems with finite conductivities.  

In the 1980s, new models of percolation relations were investigated from the 

thermodynamic perspective to correlate the effect of percolation as changes in the chemical 

structure of polymers. These models are built by considering the interfacial interactions 

between different species of the system considering them as multiple phases [74, 76 – 78].  
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2.3.4.2.1 Charge Carrier Transport in Conducting Composites 

The process of charge carrier transport is observed to occur in two steps (i) injection 

of the charge carriers into the material and (ii) the motion of the carriers inside the composite 

via different processes like hopping, tunneling, ballistic transport and diffusion or metallic 

conduction [79, 80]. Medalia [81] has identified four different conduction aspects that govern 

the overall conductivity of a diphasic composite (polymer and fillers) namely conduction 

within the matrix, within the filler, between adjacent filler particles and between filler and 

matrix and vice-versa.  

In a percolating system, three different conduction regimes have been identified by 

Medalia [81] based on the distance of separation (d) between filler particles - (i) At low filler 

loading well below φc, the mean separation between filler particles is larger than 10nm, 

which does not permit for inter-particulate tunneling to take place and composite 

conductivity is controlled by the conductivity of the matrix (ii) As the loading increases, at 

one particular threshold (mean particular distance dint ≈ 10 nm), conduction is assisted by 

electric field assisted quantum mechanical tunneling between neighboring filler particles 

[82], which is given by the relation: 

 k5l]]m\#]n � o�]pqr4� s
d     (2.27) 

Here j is the current density and E is the electric field applied across the composite. The 

value B is a measure of the energy barrier between the polymer and the filler. A, n are 

constants and the value of n typically ranges between 1 and 3. Alternatively, Frenkel [83] 
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suggested another mechanism where in the charge transport across the composite happens by 

electric field assisted hopping given by the expression: 

ktuvv#]n � o	w�pqr4� xdyTz{|}~5     (2.28) 

Hopping conductivity takes into effect various other material parameters like surface 

properties of the filler particles, the interfacial region between fillers and the work function 

of the polymer and the composite (since both polymer matrix and the fillers take part in the 

process of conduction via hopping). Here AR is the Shottky Richardson constant (=1.2×106 

A/K2m2), K is a constant, Φf is the work function of the filler, E is the applied electric field, 

kB is the Boltzmann constant and T is the temperature. The values of Φf are governed by 

properties of the polymer, interfacial separation, type and size of the filler and dispersion of 

the polymer; and (iii) when the loading is sufficiently high, filler particles come in close 

contact and conduction occurs through the conduction paths established and conductivity is 

determined by filler particles and the 

microscopic separation between them. 

Another important factor governing the 

conductivity of a composite is the contact 

resistance between filler particles and that 

between the polymer and the filler. Contact 

resistance is shown to be controlled by two 

effects, the constriction resistance between 

Figure 2.9: Depiction of constriction 
resistance (a) between two circular filler 
particles and (b) constriction resistance 
between one filler particle and flat 
surface of another [62, 84] 
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fillers (due to deformation of the filler surface) and the contact resistance of tunneling [83]. 

Bush [84] and Strumpler [62] suggested an expression to calculate the constriction resistance 

(Rc) taking into effect the contact spot area of curvature radius ‘a’ (area of contact between a 

filler particle and a flat surface of another filler) (Figure 2.9) which is of the form: 

    (2.29)  

ρT is the bulk resistivity of the filler particles. E, ν are Young’s Modulus and Poisson’s ratio 

of filler. F is the elastic force between filler contacts and r is the radius of protrusion of one 

filler into another (same as the filler radius). However, it needs to be noted that this only 

works for circular filler particles and assuming perfect dispersion of the filler within the 

polymer matrix. Also it does not take into effect the deformation stresses created within the 

matrix due to compressive forces of the filler particle. Since Rc is inversely related to 

protrusion radius r, the softer the filler material more is its protrusion and smaller is the 

constriction resistance. 

Transport characteristics of a composite filled with conductive elements, in addition, 

are also dependent on many other macroscopic parameters like temperature, voltage applied, 

degree of dispersion etc. [90-92]. For example, Sichel et al [85] studied the transport 

properties of carbon filled poly (vinyl chloride) (C-PVC) and found that conduction at low 

temperatures is primarily controlled by the tunneling of carriers. The energy barrier that 

controls tunneling is created by the insulating polymer matrix existing between fillers and is 

modulated by temperature activated fluctuations [86] similar to using metal fillers in 
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insulating matrices [87]. But the tunneling phenomenon is not observed in metal atoms. 

Accordingly, I-V characteristics were divided into three regimes: at low dc fields, materials 

are ohmic and at some critical threshold field they enter into a thermally activated breakdown 

regime above which they are non-ohmic. However the authors identified one common thread 

among the various macroscopic factors which govern the principles of conduction and that is 

the influence of polymer-filler and filler-filler interactions which form the heart of charge 

transport controlling mechanisms in polymer composites. An overview of these effects and 

various experimental parameters which control them can be found in other studies [73, 88-

94]. 

 

2.3.4.3 Factors governing percolation threshold 

Various factors such as shape of the fillers, their geometry and morphology, degree of 

dispersion, processing technique, etc. that influence the percolation threshold of a conducting 

composite have been identified [73-75, 79 – 84, 88]. Miyasaka et al. [76] suggested that the 

value of φc increases with increasing polarity or surface tension of the polymer since polar-

polar interactions between polymer and filler inhibits the dint between the filler particles 

increasing the value of resistance of the composite, although it results in an enhanced 

wettability between the polymer and the fillers. However, this condition is observed to get 

reversed for the case of intrinsically conducting polymers [79, 95, 96]. Contrary to this result, 

Sau et al [97] working with EPDM (zero polarity) and NBR (high polarity) systems 

reinforced with Acetylene Black (AB) realized higher φc for EPDM/AB and low φc for 
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NBR/AB. It was suggested that the polarity of the fillers has to be taken into consideration as 

well since in the case of polar fillers, the polar-polar interactions enhance the wettability 

while decreasing the dint between the filler particles decreasing φc. Increase in the viscosity of 

the polymer is another factor that was observed to increase the φc [97] degrading the fillers 

owing to the high shear action required in dispersing the fillers in viscous polymer systems. 

Narkis and Vaxman working on crystalline polymeric composites [98] indicated that very 

fine filler particles (like CB) tend to accumulate in the amorphous regions of the polymer and 

resulting in their trapping in the crystallites when the polymer gets crystallized thereby 

increasing φc.  

The type of fillers used in forming conductive composites was also found to play an 

important role in achieving low φc. For NBR/CB systems φc is observed to be between 20 and 

35phr whereas the same was between 10 to 20 phr when short fiber CFs are used. Also 

higher AR particles form better 3D conducting networks in a polymer compared to spherical 

particles. Continuing the discussion on the effect of type of fillers, CB particles containing 

chemically active –H and –O groups are found to capture electrons and decrease conductivity 

[99]. CB/polymer systems are also observed to be influenced by their high structure and 

anisotropic distribution and microporosity of the polymer [98]. For the case of CFs, higher 

AR and surface to volume ratio lead to higher conductivity notwithstanding susceptibility to 

fiber attrition and degradation during processing. The degree of dispersion and fiber 

orientation are found to be enhanced in presence of shear forces during processing [98].  
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2.3.4.3.1 Effect of the type of polymer on the conductivity 

Conductivities exhibited by a composite system are largely governed by the 

interaction between polymer matrix and filler domains. Soft polymeric matrices are shown to 

allow the dispersion of filler particles in a more uniform manner with less energy than a hard 

material [62]. Internal stresses that develop during the processing as well as high temperature 

curing of the composite result in shrinkage due to compressive forces. This enhances the 

interparticular electron transduction due to increase in the proximity within fillers for better 

charge transfer. This same effect was documented by many authors. Miller [99b] observed a 

decrease in resistivity of Ag/epoxy system by two to five orders of magnitude upon curing 

the system. Working on a similar composite system (Ag/epoxy) Gul et al [100] observed that 

increasing the shear stress on the composite drastically decreased the resistivity by seven 

orders of magnitude. Along the same lines, using a simple model based on elastomeric 

polymer, Adolf and Martin [101] came up with expressions for calculating build up stresses 

that are generated during isothermal/non-isothermal cure from the thermodynamic 

perspective.  

 

2.3.4.3.2 Filler diameter 

Radius of the filler particle is one of the strong factors influencing the charge transfer 

occurring through its structure. Filler particles of larger sizes have to interact with less 

number of particles compared to smaller particles and hence the net contact resistance 

between filler particles gets reduced by a large amount. This same effect was in fact observed 



 

44 
 

by McLeod et al. [88] in HDPE system 

filled with TiB2 of different particle size 

distributions (Figure 2.10). At almost 

similar filler content of TiB2 (ρ = 9-35 

µΩ-cm), particles of size 1-5 µm 

exhibited highest specific resistivity 

values of 0.17Ω which decreased with 

increasing filler radius until particle radius is ~65 µm. Specific resistivity increased with 

further increase to ~ 70 µm and stabilized beyond that. A similar trend has been observed by 

Ruschau et al [83] who reported an increasing conductivity for increasing particle size in 

their fine Ag powder dispersed silicone rubber composite system.  

The filler size is also observed to have a strong effect on the heating of a composite 

by an electric current. This is because of the fact that smaller particle sizes result in larger 

number of contacts. Following the Joule-Thomson effect, continued passing of electric 

current result in release of heat across the contact between the fillers and due to the presence 

of more number of contacts in a small particle system, heating is observed to occur faster 

[89]. 

 

2.3.4.3.3 Filler Hardness 

As seen from equation (2.29), softer filler materials possess higher contact resistances 

limiting their charge transport ability. Strumpler and Glatz-Reichenbach [62] report that hard 

Figure 2.10: Variation of specific resistivity 
with particle size in a HDPE/TiB2 system [19]. 
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fillers like ceramic silicides, borides (e.g. TiB2) and carbides etc provide relatively higher 

conductivities compared to soft and porous fillers. Another discerning feature of hard 

material against soft materials is that they do not stick with each other which make them 

easier to disperse and blend in a polymer matrix [62]. On the other hand, ductile particles like 

Ag, although give rise to a large contact area with good adhesion to neighboring particles are 

found to show lower contact resistance [90].  

 

2.3.4.3.4  Filler Aspect Ratio 

The shape of the filler particle is another critical factor influencing the composite 

conductivity. It was observed by many [65 – 80] that establishment of a three dimensional 

network in a percolation like system becomes increasingly difficult with spherical particles 

because of the uniformity in 

the size of the fillers. 

Percolation threshold gets 

drastically reduced for 

particles with aspect ratio 

(A.R) larger than 1. Mobius 

[91] illustrated this effect for 

the statistical distribution of two dimensional (elongated) fillers of different sizes and same 

filler loading on a two dimensional plane (Figure 2.11). The A.R of the powder like particles 

(left) is close to 1 where as that of fiber like particles (right) is 200. The connecting paths 

 

Figure 2.11: Statistical distribution of a powder like 
particles of A.R = 1 (left) and fiber like particles of A.R = 
200 (right) under the same filler loading [91] 
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established across the plane can be clearly observed in the 

fiber like particles of higher A.R compared to low A.R 

fibers.  

Mobius et al. [96] studied the influence of 

increasing A.R for different kinds of carbon fibers and 

observed the variation in the filler concentration required 

to produce the same resistivity (100 Ω-cm). Carbon fibers 

with A.R of 1000 required only 1vol% filler loading 

whereas fibers with A.R 10 required a volume fraction of 

~10% (Figure 2.12). However, this is not true in case of 

wavy fillers like CNTs as observed by Dang et al. [102]. In their studies on MWNT/ 

Polymethylvinylsiloxane (PMVS), they observed that φc increased from 0.8vol% to 1.1vol% 

when A.R increased from 50 to 500. They reasoned this to be due to convolution and 

tanglement nature of MWCNTs which decreases the effective A.R of these fillers. 

 

2.3.4.3.5 Filler Distribution 

The distribution of filler particles in a composite is mainly dependent on the 

processing technique used in preparing the composite. Although different techniques are 

possible based on desired output of the composite, it was suggested that presence of shear 

forces at the time of distribution of the fillers in the matrix is important to have a defined 

orientation of the conducting fillers. A high degree of orientation was also observed to obtain 

 

Figure 2.12: Fiber Aspect 
Ratio as a function of Volume 
fraction of the Carbon fibers 
required in producing the 
same value of resistivity [91] 
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by using electric/magnetic force fields during the processing [93]. The effect of magnetic 

fields on the orientation of the conducting species within a polymer matrix was studied 

extensively by various researchers. High values of conductivities (100-1000 S/cm) were 

observed by Gul and Golubera [94a] at low filler loadings (1-10 vol %) of powdered Ni in 

epoxy composites by using a dc magnetic field of 103 – 104 A/m applied during polymer 

hardening. 

 

2.3.5 Carbonaceous reinforcements in the synthesis of ENCs 

From the different types of processing techniques and the factors affecting the 

percolation threshold, it can be concluded that conductivity in a diphasic composite system 

(polymer matrix and filler particles) is a function of various parameters and the types of filler 

particles. For the sake of brevity, a discussion on particular carbonaceous fillers namely 

Carbon Black (CB), Carbon nanotubes (CNTs) and Carbon Nanofibers (CNFs) is presented 

in the next section. However, the basic conduction mechanism i.e. percolation, is observed to 

be universal in all of these composites composed of different fillers.  

As discussed before, it is the method of establishing effective filler-filler and filler-

polymer bonding at the molecular level and the filler dispersion characteristics that controls 

the charge transport behavior irrespective of the processing methods. Therefore only the 

experimental conclusions on studies performed in each of the filler types are going to be 

discussed in the following sections with attention on macroscopic factors like processing 

schemes whenever needed. For comparison, experimental results obtained for composites 
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using thermoplastic and thermosetting polymers were also presented alongside those of 

ENCs. 

 

2.3.5.1 Carbon Black (CB) 

CB fillers are formed in an incomplete combustion of hydrocarbons when they are 

still in the vapor phase. Owing to their extremely small size 

and large surface energy of adsorption, they tend to form 

aggregated via van der Waals forces of attraction. Depending 

on the degree of aggregation, three different structures of CB 

are in vogue. A high structured CB (e.g. Ketjenblack®) may 

have about 200 particles per aggregate with considerable 

branching and chaining whereas a low structured CB is known 

to have around 30 particles per aggregate [103]. A high 

structure CB has higher conductivity due to the presence of strong attractive forces between 

particles which is also a disadvantage in dispersing the CBs to form composites since 

separation between the aggregates is a key parameter in obtaining a homogeneous dispersion 

[104 – 106]. Although a high degree of dispersion is not desirable for high electrical 

conductivities, it helps to have homogeneity in producing composites with strong mechanical 

properties. This is discussed in a later part of this review. Figure 2.13 shows a high resolution 

TEM (HRTEM) image of a CB (scale bar indicates 20nm) particle [107]. Unlike the case of 

CNFs where the surface of the fibers needs to be functionalized to get higher dispersion 

 

Figure 2.13: High 
resolution TEM image 
of CB particle [107] 
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properties, CBs already contain oxygenated species on their surface [104, 106]. Since CB 

particles are produced via thermal oxidation (in presence of hydrogenated oil), their surface 

contains chemisorped oxygen complexes – mostly carboxylic, quinonic, phenolic or lactonic 

groups. The effect of these oxygenated species chiefly influences the dispersion process by 

forming chemical bonds with the polymer matrix. But a disadvantage with these oxygen 

groups is that they behave as traps reducing the charge carrier density of the conducting 

composite unless they are saturated while blending with polymers [108]. This was also 

observed to be controlled by the type of blending process. 

As discussed in percolation, the average inter-particular separation distance (dint) was 

found to play a major part in the conduction mechanism of CBs. In a study conducted by 

Polley and Boonstra (1957) [109], different CBs with dint ranging from 10nm to 28nm were 

tested for their electrical behavior in rubber composites. They found that resistivity (ρ) varies 

exponentially with dint and is independent of the particle size as long as the aggregates are in 

the proximity of conduction (near φc). However, it needs to be noted that the size of the 

aggregate is directly related to particle size. It was already shown before that particles with 

high aspect ratio (A.R) have higher probability of forming conducting paths at low fiber 

loadings [98, 99]. And formation of aggregates of sizes required for formation of percolation 

threshold is a direct consequence of the A.R of the particle. This is in fact confirmed by Patel 

and Lee [110] who observed an increased conduction and lower percolation threshold values 

at higher aggregate sizes. High surface area and high degrees of porosity are also suggested 

to be the critical characteristics of CBs that optimize conductivity at very lower filler content 
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in polymer composites. Although a CB of higher surface area enhances the filler-filler and 

filler-polymer bonding, it results in increased melt viscosities which hinder the dispersion of 

these fillers in the matrix [108]. 

 

2.3.5.1.1 Synthesis of CB-polymer composites 

The processing techniques used for the synthesis of a CB-polymer composite are 

mostly common to any conventional methods of composite preparation. The general 

techniques that were used in the literature are melt-blending, solvent casting, shear mixing 

etc. [111 – 115]. However, it was mentioned in the above studies that the selection of the 

process needed for the preparation of CB/polymer blends is highly dependent on its viscosity 

requirements since, as discussed before, the high surface energy of the CB particles tends to 

increase the viscosity of the blend impeding the homogeneity of the dispersion. Added to 

this, the percolation threshold is observed to be governed by different factors like the 

interaction between the polymer and CB, crystallinity of the composite and the viscosity of 

the polymer-CB mix. 

Tchoudakov et al. [115] observed that in a melt blended composite system of CB 

reinforced in PP displayed a percolation threshold was between 2-4 wt% whereas that of 

nylon-6 was 25wt%. A very good interaction between CB and Nylon is suggested to have 

reduced the CB-CB particular interaction increasing the threshold required for conduction. 

Effect of crystallinity was discussed by Huang [108] in his review of conductivity in CB-

polymer composite system according to which dispersion of conducting particles is more 
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homogeneous if the polymer is amorphous. Any crystalline domains present would reject the 

incoming CB particles to lower the free energy of the system. On the contrary, the results of 

the experimental studies of CB dispersed in polymers of different crystallinity using the same 

technique suggest a reverse effect [116, 117]. Conducting composite systems of CB/PP (80% 

crystalline) prepared by Wu [116] obtained percolation threshold at 2wt% and that of 

CB/Ethylene-octene elastomer copolymer (c.f. Engage) (10-15% crystalline) obtained a 

threshold at 5 wt%. This was suggested to be due to the non-polar nature of Engage which 

affects the CB-polymer interaction in achieving efficient dispersion and required higher fiber 

loading. This reasoning was also confirmed by the higher value of volume resistivity for 

Engage/CB (5wt%) system than the PP/CB (2wt%) system. In another study of the effect of 

molecular weight (MW) of the polymer on the percolation threshold, Sumita et al [112], with 

the help of for ethylene–vinyl acetate copolymer (EVA), poly(methyl methacrylate) 

(PMMA), and polyvinyl chloride–vinyl acetate elastomer copolymer (PVC–VA) concluded 

that increasing MW always increased the percolation threshold due to the fact that high MW 

polymers are more difficult to spread on CB resulting in slow formation of network and 

higher filler loading. 

Also, Huang [108] observed the effects of plasticizing agents on the conductivity of a 

polymer-CB composite and showed that electrical conductivity gets enhanced when a 

plasticizer is used since it reduces the average MW and melt viscosity to facilitate easy 

dispersion of fillers in the matrix. The effect of CB loading on the tensile strength was also 

explained in his study by considering the results from different sources [116-119] and 

concluded the tensile strength for most polymers increases from 0vol% loading to a certain 
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volume fraction of the CB after which it 

starts to decrease (Figure 2.14). This 

variation is different for different polymers 

due to the CB-polymer degree of wetting 

and strength of interaction between the CB 

aggregates within the polymer matrix. Thus 

it can be understood that the process of 

achieving lower percolation threshold 

involves inter-play between a lot of 

parameters and an optimization of all the factors needs to be obtained for efficient conducting 

composite systems. 

 

2.3.5.1.2 Conductivity dependence on the processing methods of CB composites 

The variation in the conducting properties of composite systems is largely governed 

by the method used for processing. Huang [108] suggests that dispersion is the most 

important step in the processing and to achieve higher degrees of dispersion the influence of 

shearing force used to break the CB agglomerates has to be carefully considered. This is 

because if the shearing force exceeds the optimum value, it would result in aggregate 

breakage and fiber damage. The important types of compounding devices used in making the 

blend are intensive dry mixers, internal intensive batch mixers, two-roll mills are extruders 

Figure 2.14: Effect of CB loading on the 
tensile strength of different composites 

[116-119]. 
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etc. However a perfect dispersion is not always needed or even desired to obtain higher 

conductivities [108].  

The effect of structure and processing time on electrical conductivity were studied by 

Bigg [120] when using CBs of different porosity – Ketjenblack (highly porous), Vulcan 

black (medium porosity, high structure) and Acetylene black (low porosity). He concluded 

that the conductivity of highly porous CB composites is less sensitive to processing time than 

for those made of high structure CB. Kato and Miyashita [121] performed similar studies on 

CB filled composites and concluded that higher molding temperatures yielded superior 

conductivities with every other material parameter remaining the same and also increase in 

the molding time decreased the resistivity which was explained in terms of coagulation of CB 

particles. Longer molding times were observed to allow CB particles to come close and 

coagulate and form clusters which resulted in a conductive network throughout the matrix. 

In conclusion, CB reinforced composites were the first generation of conducting 

polymer composites developed due to their excellent polymer-filler and filler-filler adhesion 

characteristics. Another attractive feature of CBs is their low percolation thresholds which 

were observed to be due to their inherent nature to form aggregates which makes them 

transfer their intrinsic conductivities almost entirely into the composites in which they are 

reinforced. However this aggregate formation characteristic was found to be detrimental in 

establishing three-dimensional percolating networks which is critical for the functionality of 

composite in terms of the electrical and mechanical performance especially when switching 

properties are desired for their use as sensors. In addition to this, they possess low intrinsic 
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conductivities compared to other carbonaceous fillers like CNTs and CNFs. Due to the lack 

of 3-dimensionality in their structure they were also observed to lack in producing high 

strength materials unless in cases of high filler loading.  

 

2.3.5.2 Carbon Nanotubes (CNTs) 

Ever since their discovery in 1991 by Iijima S and Bethune et al [122], enormous 

amount of research has been conducted on the structural, mechanical, electrical and thermal 

properties of Carbon Nanotubes (CNTs) [74]. This is primarily attributed to their outstanding 

physical and material properties, in some cases even exceeding those of any known current 

material. Exceptional material properties of CNTs such as electrical (mobility: µCNT = 

1000×µCu), thermal conductivities (thermal conductivity KCNT = 2×KDiamond), structure 

stabilities (up to 2800ºC), elastic modulus (EM of Diamond = 1.2TPa and EM values of 

CNTs up to 1.8 TPa have been reported) and tensile strength (TS of CNT is 10 -100 times 

higher than the strongest steel at a fraction of weight) and low density have been reported in 

literature [123]. One of the forms of CNTs, the multi walled nanotubes (MWNTs) have been 

observed to show extraordinary current carrying capacity, sustaining a current density >109 

A/cm2
 [124] and the intrinsic conductivity of individual nanotubes is found to be between 104 

S/m and 107 S/m [125, 126]. Many novel material devices have been developed by various 

researchers exploiting the excellent properties of CNTs in potential applications ranging from 

conducting polymer composites, conducting polymer sensors and actuators, FETs, field 

emission displays and other such microelectronic devices [74, 122, 123, 127 and 128]. This 
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section focuses on highlighting the major work related to CNTs systems particularly 

concentrating on the CNT-polymer composite conductivity and mechanical properties.  

CNTs are graphene sheets folded in the form of a cylinder with ends capped in a 

structure that resembles graphene sheet that is hemispherically folded (imagine semi-section 

of buckminister fullerene molecule). CNTs are produced using arc-discharge process by 

vaporizing graphite in liquid helium environment, chemical vapor deposition or laser 

ablation. They exist in either single layer or multiple layer and accordingly termed SWNT 

and MWNT (multiple layers of enclosed SWNT with increasing diameter). SWNT have 

diameters in the range of 1-2 nm whereas MWNTs can be found with diameter varying 

between 3 to 30nm.  

 

2.3.5.2.1 Synthesis of CNT-polymer composites and their electrical conductivity 

Synthesis of CNT (SWNT and MWNT) has been reported using variety of techniques 

over the years and the most important among them are arc discharge method, laser ablation 

method and gas phase catalysis from CO and CVD from hydrocarbons [127, 129-134]. 

Thostenson [127] in his review of advancements in CNTs and their composites suggested 

that CVD method is the most effective technique among the above to produce the purest 

form of CNTs with multidimensional arrays. Since it does not come under the scope of this 

report, readers are directed to refer these references [127, 129-134] for further details on 

processing, morphology characterization techniques and deformation mechanisms of CNTs. 

Elsewhere, Chunyu Li [135] reviewing on the sensor and actuators made of CNTs and CNT-
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composites has provided comprehensive details about charge distribution on CNTs, their 

electromechanical actuation mechanisms and applications etc.  

In formation of CNT-polymer composites it was claimed by many [136 – 139] that 

for effective distribution of mechanical deformation along the volume of the composite, 

uniform dispersion followed by wetting and adhesion between CNT and polymer are very 

critical. Highlighting the importance of having smaller size and high aspect ratio (A.R) to 

achieve better dispersion of CNTs, the authors [124,136-139] observed a range of percolation 

threshold values between 0.001wt% to 10wt% due to the availability of tremendously large 

A.R of CNTs (A.R between 100-10,000). In a similar study, Salvatet et al [139] showed that 

the dispersion of CNTs in a polymer matrix is difficult to obtain even with high A.R fillers 

due to their high surface energy.  Gong et al [137] observed an increased dispersion and 30% 

increase in the elastic modulus upon addition of a non-ionic surfactant to the polymer 

solution before processing. Another critical parameter in the formation of conductive CNT 

composites, especially while using MWNTs, is the effect of non-linear forms of CNT 

particles. Over the years, attempts have been made to realize the conductivity profile of wavy 

MWNTs using simulations and special algorithms [135]. The wavy nature is predominantly 

assumed to be sinusoidal or helical in developing these algorithms [140, 141] the details of 

which are beyond the scope of this review and can be referred in [124]. However, the 

important conclusion from these simulations was that percolation threshold of wavy CNTs 

increases with increased curling. The difference between using SWNT and MWNT is 

observed by Gojny et al [142] who concluded that MWNTs offer better potential to develop 

conducting composites due to the fact that MWNTs produce better dispersibility than 
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SWNTs because of the loosely bound external walls, unlike SWNTs which are extremely 

rigid and tend to form linear relatively oriented structures inside a polymer matrix. In this 

conjunction, it needs to noted that although the intrinsic conductivity values of CNTs are in 

the range of 104 S/m - 107 S/m [133, 134], this value tremendously drops down by many 

orders of magnitude when mixed in a composite and was observed to be between 10-5 and 10-

2 S/m [107, 109]. 

Another important factor that largely controls the conductivity is the contact 

resistance (Rc) between CNTs which was observed to be particularly high in case of CNTs. 

Fuhrer [143] performed measurements on crossed SWNTs and observed a contact resistance 

between 100 and 400kΩ for metal/metal SWNTs or semiconducting/semiconducting SWNT 

junctions. The value of Rc is proposed to depend on atomic structures in the contact regions, 

length of the contact, diameter of the CNT and structural relaxations. The value was found to 

be two orders higher for metal-semiconductor junctions. This high Rc value is expected to 

increase when immersed in a matrix due to existence of an insulating polymer film between 

the CNTs and the value of Rc increases with increasing thickness of the polymer film. 

Recently, Li et al [144] developed simulations to study the effect of Rc on tunneling distance 

and conductivity of CNT composite. They concluded that the maximum tunneling distance 

between CNTs in a composite is about 1.8nm and the value of conductivity (tunneling 

controlled) of the composite decreases rapidly with increased contact resistance between 

particles (Figure 2.15).  
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Alignment of the CNTs within the matrix is another important parameter that plays an 

important role in deciding the composite conductivity. There are some contradictory results 

that showed opposing conclusions on this effect 

[145-147]. Haggenmueller et al [145] reported 

enhanced electrical conductivities when SWNTs 

are oriented in the SWNT/polymer matrix. Choi 

et al [146] obtained similar result in CNT-

polymer composites and explained it to be due to 

formation of efficient percolation paths in 3-

dimensions with enhanced structural order. But 

Du et al [147] experimenting on the effects of 

alignment of CNTs in similar CNT-polymer composites, concluded that alignment in fact 

reduced the conductivity. They further noticed that the conductivity values are optimal when 

the CNTs are slightly aligned rather than randomly isotropic. This was resolved by studies 

performed by Li et al [148] who performed Monte-Carlo simulations and also considering 

the CNT waviness. Interestingly, they noticed that conductivity increases as the alignment 

angle increases from 0º to ~70-80º (with respect to measurement direction) but decreases 

with further increase in angle. Hence certain degree of alignment is found to be needed in 

developing CNT based composites to achieve higher conductivities. In conclusion, carbon 

nanotubes are one of the most sought after materials due to their extremely high physical as 

well as material properties such as electrical and thermal conductivities, mechanical strength 

and inertness to oxidation.  The high symmetry existing within the structure of CNTs results 

Figure 2.15: Effect of increased contact 
resistance (Rc) and filler concentration 

on the conductivity of a composite [144] 
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in the formation of ordered structures when mixed with a polymer to form composites. 

However, a drawback in CNT based composites is that although CNTs are equipped with 

very high intrinsic conductivity values they fail to reproduce that high conduction levels in a 

composite form and a drop of 9 orders of magnitude in conductivity was observed. Various 

macroscopic factors related to the structure and orientation of the CNTs that are responsible 

for the decrease are analyzed including surface waviness, dispersion, percolation, contact 

resistance and alignment of the fibers within the composite. The studies, however, were not 

able to explain the reason for the composite conductivities not coming even closer to the 

intrinsic value of conductivity (which is theoretically possible in a percolating field) from the 

stand point of the structure-property relationships in the polymer and CNTs.  

 

2.3.5.3 Carbon Nanofibers (CNFs) 

 Carbon Nanofibers (CNFs) are a unique class 

of carbon fibers grown using special metal catalyzed 

techniques. They are cylindrical nanostructures with 

graphene layer stackings in the form of cones or plates. 

The physical properties of CNFs come very close to 

that of CNTs in structural diversity, ease of processing 

and performance but have an additional advantage of 

cheaper costs of manufacture [74]. The reason for this 

was reported to be due to the distributed nature of the 

Figure 2.16: Multi walled CNF 
structure (a) Fishbone type (b) 
Parallel types [149] 
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physical properties of CNFs as opposed to CNTs whose properties are discreet. They are 

epitaxially grown using hydrocarbon decomposition on a metal substrate using chemical 

vapor deposition synthesis [149]. CNF that was produced thus is referred to as vapor grown 

carbon nanofiber (VGCNF or VGCF). The final structure of the CNFs is also largely 

governed by the crystallographic direction of the metal catalyst.  

Depending on the crystallinity of the metal used, two types of structures are 

commonly obtained from a CVD process of VGCNF: (i) Fishbone type and (ii) Parallel Type 

(Figure 2.16) [149]. Synthesis of these microstructures was reported by Kristin De Jong et al 

[149] in a detailed fashion which involves dissociation of hydrocarbons on the surface of a 

metal, nucleation of carbon within the metal which also acts as a catalyst and helps in 

increasing the chain length of the fiber. Also the surface structure of this metal, alongside 

nucleation, controls the structure morphology of the growing nanofiber. Thus using different 

metals result in different forms of CNF. De Jong et al [149] reported that the ordering of 

atoms is higher within the graphene plane than between the layers of the multi-tubed 

structure and concluded that it was possible to produce CNFs of length in the range of 0.1 µm 

to 1mm and diameter ranging from 3 to 100nm. The surface area of the CNFs can go as high 

as 200 m2/g with no observed micropores (diameter < 2nm). One of the exciting applications 

of CNFs is their ability to conduct current. Although not as high as that of CNTs, the intrinsic 

resistivity of CNFs is ~5×10-5 Ω-cm. The experimental details of conducting CNF based 

ENCs are discussed in forthcoming sections. 
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Commercially they are grown using many precursors and their grades are named after 

the precursors from which they are manufactured the most important of them are (a) PAN 

based (with Polyacrylonitrile precursor) (b) Pitch based fibers (byproduct of petroleum and 

coal – coking industry) (c) Rayon fibers. In their summary of the advancements in carbon-

carbon (C-C) composites, Windhorst and Blount [150] indicated that PAN based CFs have 

the best mechanical properties in addition to their ability to retain structural integrity even 

when heated to T ≈ 1000°C. 

The main advantage of CNFs that separates them from CNTs is their ability to not 

form oriented structures when compounded to form a composite. This gives them excellent 

dispersibility and wetting properties within a polymer matrix alongside providing high 

conductivity values. Tibbetts [151] explains this to be because of the nature of CNFs to 

clump together and not spread out like CNTs. However, this negatively affects the 

composite’s mechanical properties because of lack of binding between fibers and polymers 

since CNFs are observed to form random dispersion profiles [151]. Another important aspect 

of CNFs is their low cost of production compared to high purification procedures adopted in 

the manufacture of CNTs. The low dispersion of CNTs in composite structures is due to 

strong Van der Waals interaction between individual SWNTs. To increase the fiber-fiber 

attraction which directly influences the mechanical properties, many attempts were taken to 

improve the surface functionality of the fibers. Also, to attain high degree of dispersion and 

isotropic properties, it is essential to have an adequate fiber-matrix interaction irrespective of 

the type of the matrix. Extensive research has been proposed in the literature to answer this 

problem in CNFs. 
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2.3.5.3.1 Processing of composites 

Depending on the type of the polymer matrix used for producing composites, a wide 

variety of methods have been practiced by many researchers over the years ranging from 

simple mixing or melt blending to screw-extrusion and injection molding techniques. 

Tibbetts [151] argues that optimized performance of a composite would require optimization 

of many factors involved in the synthesis of the composite like materials (fiber and the 

polymer), processing techniques, experimental conditions, distribution of fibers within the 

matrix, strength of interactions between fiber-fiber/fiber-polymer etc. A few examples [152-

155] of various blending procedures that were followed to have an efficient composite are 

discussed in order to get a general idea of the effect of processing technique on the properties 

of the composite. Tibbetts and McHugh [152] used injection molding to develop composites 

reinforced with VGCNF. The authors highlighted that although injection molding is a simple 

technique in producing composites with no fiber breakage effects (no high shear), it is 

limited to blending of small sample quantities. Alternately, Zeng et al [154] have used twin-

screw extrusion followed by melt spinning to produce polymethyl methacrylate 

(PMMA)/CNF composite systems in the form of films and threads. Using this technique they 

observed an 80% increase in the tensile modulus at 5 wt% loading of CNF but without any 

increase in the tensile strength. However, increasing the loading to 10% resulted in a 

substantial decrease in the tensile modulus values which was explained to be due to issues 

with dispersion and decrease in the fiber-polymer wetting with increased concentration of the 

fiber particles. Another important parameter in deciding the processing technique is the 

viscosity of the fiber-polymer blend before processing [152]. Above techniques were 
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observed to only work for systems with lower viscosity at room temperature like 

thermoplastics or elastomers and polymer systems with higher viscosities e.g. thermosets, fail 

due to lower degrees of dispersions [74]. Thus high viscosity matrices have to be brought 

into liquid phase before mixing.  

Patton et al [156] adopted two different methods to prepare blends of VGCNF in 

epoxy systems viz. (a) mixing the polymer and the fiber with acetone and casting and (b) 

blending in a mixer (at 3000rpm) followed by 2hrs of twin-roll roller mixing. They observed 

a 3-fold and 4-fold increase in the flex modulus for (a) and (b) respectively. The difference in 

blending methods adopted will also have an effect on the conductivity of the composite.  

 

2.3.5.3.2 CNF reinforced ENCs 

As discussed before different forms of VGCNFs can be formed depending on the 

temperature of the growth process and the intrinsic resistivity of VGCF differs depending on 

the processing temperature. Heremans [157] measured the resistivities of different kinds of 

VGCF as a function of the processing temperature and concluded that the intrinsic resistivity 

(ρ) decreases with increasing processing temperature. Room temperature resistivity of 

VGCFs processed at 1100ºC is 2×10-3 Ω-cm, while that of VGCNFs grown at ~2800ºC 

(graphitization temperature) is 5×10-5 Ω-cm.  

From the composite viewpoint, Bernardo et al [158] reviewed a comprehensive study 

of electrical transport properties of VGCNF polymer systems in various systems. They 
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claimed that it is not essential to have a higher degree of orientation of the fibers inside the 

polymer matrix to achieve higher conductivities as they observed a decrease in the 

conductivity of the composite when the orientation changed from random to unidirectional. 

However, using different processing methods, resistivities of CNF dispersion in polymer 

systems have been measured in many studies [159 – 161]. Xu et al [160] synthesized 

VGCNF/vinyl ester composites using various compounding techniques including mechanical 

stirring (at 3000 rpm) and mixing with roller blades (Braebender) and showed very low 

percolation thresholds of 2-3 wt%. However the resistivities measured were never below 10 

Ω-cm. Recently Zhang et al [161] demonstrated the advantage of CNFs over CBs in their 

ability to form uniform dispersions in a polymer matrix by studying CB/polystyene and 

VGCNF/polystyrene composites prepared by solvent casting. They observed greatly 

improved conductivities in composites made from CNFs as compared to those of CBs at the 

same filler loading. This is attributed to the availability of CNFs in very high aspect ratios 

which result in low percolation thresholds. 

Finnegan and Tibbetts [162] compiled the resistivity vs. fiber loading profiles of 

different types of VGCNFs in polypropylene composites and compared the values to the 

resistivities of present day requirements in different applications (Figure 2.17). From their 

study, they concluded that graphitization of CNFs at higher temperatures enhances the fiber-

polymer bonding since fibers produced from high T graphitization techniques are cleaner 

with less impurities.  
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Park et al [163] compared the 

percentage weight loss in TGA (Thermo 

Gravimetric Analysis) of various 

composites obtained from three different 

fillers viz. CNF, CNT and CB. Of the three, 

CNF was found to sustain the least amount 

of mass loss when the temperature is 

increased to 300ºC, 400ºC and 500ºC. They 

also performed temperature coefficient of 

resistance (TCR) studies (Resistance change 

with increasing temperature) and observed 

that CNF and CB displayed high positive 

TCR while CNT had a negative TCR and the resistance decreased with increased 

temperature. This is suggested to be due to rigidity of the CNT structure and due to decrease 

in the filler-filler contact distances decreasing the contact resistance. 

In comparison to their role as conductive fillers, the advantage of CF and CB over 

metallic filler particles is suggested to be their ability to form chain-like aggregate structures 

that aid in forming 3D conduction networks [3]. And between CB and CF, an important 

difference in the conducting mechanism between CB and CF is highlighted by Calleja et al 

[164] in his study of HDPE/CF systems mixed with different concentrations of CB 

concluding that CF is effective in providing charge transport over a large area while CB 

particles work by improving inter-fiber contacts. Lafdi and Matzek [156] found a similar 

 

Figure 2.17: Comparison of resistivities of 
different types of VGNCFs in their PP 
composites. The resistivities required for 
different electronic applications are given 
in the background [162]. 
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result from their epoxy (Epon 862) composites and three different types of VGCNFs. They 

obtained a maximum improvement in the modulus by a factor of 3 times higher than the neat 

resin by using a surface oxidized VGCNF while the largest increase in thermal diffusivity 

was given by a high T graphitized VGCNF. Ishikawa et al [165] developed a novel technique 

of reinforcing CNF between plies of a composite to increase tensile strength. To achieve 

higher loadings of VGNCFs in composites they used stirring of fibers in the matrix resin 

followed by vacuum deaeration. The composites thus prepared with 20-35% loading showed 

enhanced compressive strengths but surprisingly no change in the modulus. This was 

suggested to be due to the weak fiber-polymer bonding because of high fiber loading of 

VGCNFs. 

In conclusion, VGCNFs are one of the nanostructured forms of elongated graphite 

like CNT but are cheaper and possess better dispersibility and network forming abilities 

compared to CNTs. In addition to this, the intrinsic electrical conductivity of CNF is higher 

than that of CB although it is inferior to conductivity of CNT. However, CNFs have 

displayed better composite forming characteristics compared to either of CB or CNT due to 

their excellent processability features which are observed to be lacking in CNT/CB. When 

dispersed they form continuous 3-dimensional conducting networks which when coupled 

with their compatibility with polymers, (especially polar) are used in the synthesis of 

composites with electrical, thermal and mechanical applications. But the disadvantage of 

CNFs lies in obtaining purer forms of CNFs for which reason preprocessing steps like 

surface functionalization are proposed in making efficient composites for electrical as well as 

mechanical devices.  
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In retrospect, each of the discussed carbonaceous fillers i.e. CB, CNT and CNF have 

their own advantages and disadvantages. The establishment of effective homogeneous 3D 

network inside the composite and attainment of lowest percolation threshold value is 

dependent on various factors as discussed e.g. processing conditions, purification types, filler 

physical/mechanical/ electrical characteristics etc. In the next section, pressure sensing via 

piezoresistive behavior of nanocomposites made using these fillers will be discussed.   

  

2.4 Piezoresistivity in Elastomeric Nanocomposites (ENCs) 

As discussed, piezoresistivity in 

ENCs is manifested due to changes in 

resistivity brought in by changes in 

separation between conducting fillers when 

the composite is subjected to external strain 

[13] (Figure 2.18).  Although this 

fundamental aspect forms the crux of a 

piezoresistance phenomenon in ENCs, it is 

governed by many factors. Various authors have researched upon the important parameters 

that control the changes in the configuration of fillers during mechanical strain on the 

composite [166 – 187]. According to these reports, the piezoresistive response in a 

conducting composite is controlled by a combination of any of the following factors: 

Figure 2.18: Schematic of a fiber/ 
elastomeric composite under strain (a) 
before strain – percolating (conductive) and 
(b) after strain – non-percolating 
(nonconductive) [13] 
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� Characteristics of the fillers (such as type of the filler, aspect ratio, orientation and 

homogeneity of distribution within the composite, strength of interaction with the 

polymer chains, volume fraction of the fillers (loading) etc.) 

� Characteristics of the matrix (such as Modulus, polarity, potential energy barrier etc.) 

� Characteristics of composite (processing technique, percolation threshold, isotropicity 

of filler distribution etc.) 

� Type of pressure applied on the composite (uniaxial, biaxial, hydrostatic in tensile or 

compressive directions) 

  Keeping in view of the various functionalities that govern the percolation threshold 

(presented earlier in section 2.3.4.2.2), a comprehensive discussion of various composite 

systems displaying piezoresistivity is presented in this section. This is followed by a review 

of the work performed by various authors on different mathematical models put forward to 

theoretically calculate such electromechanical responses. In the context of the 

piezoresistivity, the main advantage of ENCs over semiconductors lies in the fact that these 

materials, being percolating media, can display significant changes in their resistivities under 

minute loads. The ability of such elastomeric systems to undergo large deformations with 

minimal structural variations comes as an added benefit.  

 

2.4.1  Mechanism of Resistance change under strain in ENCs 

  The piezoresistive behavior of elastomeric nanocomposites is quite different from 

what was observed in semiconducting materials e.g. silicon. When an elastomeric composite 
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is deformed, owing to the elastic nature of the polymer and the large difference in Young’s 

modulus values between the soft matrix (<1MPa) and hard fillers (>100 GPa), the brunt of 

the load is borne by the matrix [48, 52, 53]. The load thus is transferred to polymer chains 

taking which deform viscoelastically. Depending on the strength of the polymer-filler 

interface and the level of the load, the exerted pressure will result in either rotate or translate 

the fillers (at low strains) or delamination of the interface (when force exceeds the bond 

strength). Translation of the fillers is usually observed in symmetric particles whereas the 

effect of rotation is seen in asymmetric fillers [166]. This structure-property interplay results 

in a change in the separation between the fillers (dint) which can decrease (often observed 

during compressive loading) or increase (mostly during tensile loading). Accordingly, the 

total number of ‘percolating networks’ spanning the composites can either decrease or 

increase ensuing a respective increase or decrease of the resistance.  

  As mentioned, the breakage or enhancement of the spanning network is a function of 

various parameters like distribution of the fillers, strength of the interface, aspect ratio of the 

fillers, composite processing method etc. all of those that also control the percolation 

threshold. The advantage of an elastomeric matrix comes in its ability to withstand large 

strains without yielding such that the structural integrity is mostly kept intact and presenting 

a composite with reversible and repeatable properties. This comes handy especially in 

designing their application as a sensor where reversibility is one of the key characteristics. 

This perspective of change in filler orientations and dint (and associated changes in the 

tunneling conductivities across fillers) has been a popular perspective and is used in 
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developing various mathematical models governing piezoresistive in flexible conductors [13, 

167-171] (discussed in section 2.4.3). 

 In addition to these factors, piezoresistivity is also influenced many other parameters 

and the resulting resistance-strain characteristics of a composite are a combination of all of 

these factors. For the sake of brevity, I shall focus on some of the important factors among 

those mentioned before, with experimental evidences provided by a variety of authors 

concerning piezoresistivity in elastomeric nanocomposites, in the following sections. One of 

the key characteristics of a sensor (and particularly piezoresistive sensor) is sensitivity (or 

Gage Factor) which is defined as the ability of a material to undergo large changes in its 

sensing property (here resistivity) even under minute stimulation (strain). Piezoresistive 

materials are normally gauged according to their sensitivities and reversible characteristics 

(returning to original resistance after removal of load). Hence GF is used as a standard 

characteristic tool in analyzing the effectiveness of an ENC. 

 

2.4.2  Factors governing piezoresistivity in ENCs 

  Although a variety of factors were shown to influence the resistance-strain 

characteristics of a conducting elastomeric nanocomposite, some of those that were shown to 

play a significant part are concentration of the fillers (or percolation threshold), Aspect ratio 

of the fillers and processing conditions of the composite. Some of the aforementioned factors 

like homogeneity in filler dispersion and orientation are intrinsically taken care of during the 

processing of the composites since they are vital in establishing a low φc value so as not to 
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deteriorate the mechanical characteristics of the polymer. Also, in most of the studies 

performed on ENCs, the values of GF are not reported due to either nonlinear resistance load 

response or the theoretical nature of the concerned work. For the sake of comparison 

however, I calculated the GF values of the strain sensor using equation (2.18) for small 

strains and within the linear regime of the resistance load curves that were reported by those 

authors.   

 

2.4.2.1  Aspect Ratio of the fillers 

  The importance of aspect ratio (A.R) to get lower percolation threshold (φc) and better 

polymer-filler interface has already been discussed in Section 2.3.4.2.2. In addition to 

producing better ENCs with enhanced mechanical and electrical properties, A.R also governs 

the degree and magnitude of variations of the piezoresistive properties of elastomeric 

composites. Particles with higher A.R require lesser loading levels and this in turn leads to 

lesser percolation networks. Additionally, they can aid in strengthening the composite to 

better withstand larger loads. In the presence of a viscoelastic medium like an elastomeric 

matrix, depending on their dispersion and association with the polymeric chains, fillers can 

undergo multiple configurations several interesting results were observed by many authors 

[13, 102, 166, 172 – 177].  

  To illustrate this effect, Flandin et al [166], developed Ethylene-Octene elastomeric 

composites using carbon fibers (CF) and a low structure carbon black (CB) with the help of a 

high shear rheomixer. The sizes of the fillers varied from 10µm (CF with A.R = 20) to 300 
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nm (LSCB) and the percolation threshold values of the composites changed significantly 

from 9.5 vol% for CF to 40 vol% for LSCB. Piezoresistance studies performed on these 

composites under tensile loading conditions revealed a similar performance. Resistance was 

observed to increase for both CF and LSCB whilst the GF values§ decreased from ~210 (CF) 

to ~6 (LSCB). A similar effect of high strain 

sensitivity was observed by Chen et al [172], 

experimenting with graphene nanosheets (A.R = 

100–500) dispersed in silicone rubber (SR) matrix 

identified extremely low φc of 0.9 vol%. 

Piezoresistance studies performed using 

compressive stress for a filler concentration of 

1.36 vol% resulted in extremely high changes in 

the composite resistance under minute loads (<1 

MPa). Corresponding GF observed in these studies§ was ~125 (within a strain range: 25% 

<ε< 40%). However, the effect of increasing GF with increasing A.R. is not always valid 

especially in case of flexible fillers as demonstrated by Dang et al [102]. Working with 

MWNT/ polymethylvinylsiloxane (PMVS) composite they observed that when the A.R of 

the fillers was increased from 50 to 500, φc in fact increased from 0.9vol% to 1.1 vol%. 

Alongside, compressive piezoresistance analysis revealed that the stress sensitivity (
-�
���, P-

applied pressure) decreased from 0.55 to 0.33 N-1 (Figure 2.19). They reasoned this to be due 

to convoluted and tanglement nature of the longer MWNTs which bend around the 

 

Figure 2.19: Effect of A.R of fillers 
on the pressure sensitivity of ENCs 
demonstrated using MWNT/PMVS 
composites [102]. 
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composite decreasing the effective A.R. of the filler. This indicates that a higher A.R does 

not always result in better sensitivity and warrants for an optimum value in the A.R of the 

fillers. 

 

2.4.2.2 Type of Filler 

  Type of filler is an extremely critical aspect of interest owing to the fact that changing 

the structural/physical characteristics of filler would bring in drastic variations in the 

resistance-strain profile of its composite. The reason for this can be manifold such as changes 

in their microstructural arrangement, adhesion with the polymer chains, response to the 

external strain etc. among others. Care needs to be taken when comparing the effect of two 

composites of differing filler types. We present a few examples to illustrate this effect, 

Flandin et al [166, 177], developed Ethylene-Octene (E-O) elastomeric composites using 

carbon fibers (CF) and carbon black (CB) with different aggregate dimensions i.e. a high 

structure (HSCB) and a low structure (LSCB). All the composites were developed using high 

shear rheomixer and the sizes of the fillers varied from 10µm (CF with A.R = 20) to 300 nm 

(LSCB) to 21nm (HSCB). They observed low φc value of 9.5 vol% for CF which increased to 

40 vol% for LSCB but sharply dropped down to ~ 12 vol% for HSCB.  

  Piezoresistance studies performed on these composites under tensile loading 

conditions revealed a similar performance. Resistance was observed to increase for both CF 

and LSCB whilst the GF values§ decreased from ~ 210 (CF) to ~ 6 (LSCB). However, the 

same studies performed on HSCB resulted in an interesting relation between resistance and 
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strain. Resistivity (ρ) was found to increase slightly from a strain value of 0 to 3% followed 

by a decrease when strained from 3% to ~ 30%. Deforming the composite further displayed 

an increase in ρ with two different profiles, first a gradual increase until ~600% strain 

followed by a rapid increase beyond 600% straining (Figure 2.20). Authors have explained 

this effect of resistivity change occurring in different strains domains due to separation of 

aggregates network (domain I) followed by reversible rearrangement of ‘secondary 

aggregates’ [178]. A subsequent increase in ρ (albeit gradual) was attributed to breakage of 

these secondary aggregates and final rapid increase in ρ was thought to be a result of 

breakage of percolation networks (‘depercolation’) (domain IV).   

 

  An important outcome of this observation i.e. negative piezoresistance effect 

(resistance decreasing with increasing strain) in ENCs under tensile loading is very rare and 

has been reported only twice before for (a) Nickel filaments in SR matrix [179] and CB filled 

metallocene catalyzed E-O copolymer [177]. In another study highlighting the advantage of 

 

Figure 2.20: (Left) Variation of resistivity (ρ) in high structured CB (HSCB)/ E-O 

elastomeric nanocomposite in different domains of strain (ε). (Right) Structural model 

explaining this change of ρ(ε) in with respect to changing CB orientation within the 
composite [176, 177]. 
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nanofillers, graphite micro particles (length (L): 5–15 µm and t: 1–2 µm) dispersed in silicone 

rubber (SR) via shear mixing resulted in a φc of 31 vol% [180]. However, SR composites 

made with graphite nanosheets (t: 30-80 nm, A.R: 100-500) via solvent casting method 

resulted in an extremely low φc of 0.9 vol% [172]. Compressive piezoresistance analysis of 

the former composite resulted in a GF value of -26 (at φ = 32 vol%) whereas the same study 

on the latter composite (at φ = 1.36 vol%) displayed interesting result (Figure 2.21).  

 

 

  Resistance remained almost unaltered until a strain value of ~30% (area 1) beyond 

which resistance starts to increase first gradually (area 2) and then rapidly (area 3) resulting 

in a high positive GF of 125. This also is one of the few instances of a positive 

piezoresistance effect observed in compressive piezoresistance analysis. The reason for the 

shift from a negative to positive trend in resistance is indicated to be due to the sheet like 

nature of the fillers which undergo simultaneous breaking and formation of percolation 

networks. In area 1, due to the strong adhesion between GN and SR, both the matrix and the 

Figure 2.21: Piezoresistive effect in GN/SR 
composites (Left) and the proposed mechanism 
illustrating structural changes in the filler 
configurations under compressive pressure [180] 
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fillers are equally pulled apart and destruction of network is only slightly higher than the 

formation. In area 2, shear motion of the matrix results in transverse motion of the GN 

breaking the percolating network and in area 3, rapid destruction of the network without 

much formation. The high value of GF is indicated to be due to the proximity of the filler 

concentration to its φc and the lower loading level of the filler. 

 

2.4.2.3  Volume fraction of the fillers (φφφφ) 

One of the most important criterions in using a composite piezoresistive strain sensor 

is the value of the filler concentration (φ). Owing to the advantage of tenability in 

electromechanical characteristics offered by ENCs, electrically conducting composites can be 

made use of as piezoresistors under variety of loading levels. However composites with φ 

closer to φc have been reported to realize maximum sensitivity (GF) [177, 181 – 184]. This is 

due to the existence of fewer percolation networks at a φ near φc which can be broken using 

small strains resulting in large variations in the composite resistance. This was well 

documented in almost all of the piezoresistance studies [166-190]. To illustrate this point, a 

few such examples including MWNT/PMVS composites [102], MWNT/PDMS composites 

[183] and CB/Polyisoprene composites [185] are mentioned here in Figure 2.22.  



 

77 
 

 

 

2.4.2.4     Type of the matrix and processing technique of synthesis of ENCs 

  Another critical factor that determines the resistance strain response of an ENC is the 

type of the matrix used in conjunction with the type of processing technique employed. 

Different polymers associate in different ways with a host particle depending on their 

physical/ chemical compatibility which is also reflected in their values of percolation 

threshold (φc). This is also aided by the kind of mixing method employed in fabricating the 

composite. For e.g. graphite micro particles (length (L): 5–15 µm and t: 1–2 µm) dispersed in 

silicone rubber (SR) via shear mixing resulted in a φc of 31 vol% [180]. However, SR 

composites made with graphite nanosheets (t: 30-80 nm, A.R: 100-500) via solvent casting 

method resulted in an extremely low φc of 0.9 vol%. A similar effect was observed in CB 

based ENCs. Highly aggregated CB nanofillers in E-O elastomeric composite made using 

high shear rheomixer [177] displayed a φc of ~ 12 vol% and the same fillers mixed in a 

Figure 2.22: Effect of changing filler concentration on the resistance strain profile and 
sensitivity of (a) MWNT/PMVS (compressive strain) [102] (b) MWNT/PDMS (tensile strain) 
nanocompos-ites [183] and (c) CB/polyisoprene (tensile) here CNP – conductive nanoparticle 

i.e. CB [185]. 
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PMVS matrix under similar processing conditions exhibited φc of 5.19 vol% [182]. 

Alternately, high structured CB nanoparticles (Ketjenblack ®) dispersed in SR elastomer 

prepared via compression molding technique displayed φc of ~ 6 wt% whereas those made in 

polyisoprene elastomer had a φc value of ~ 9 wt%. And all of these composites displayed 

varied GF values depending on the volume concentration of the fillers and strain conditions 

employed during their piezoresistance characterization (See Table 2.6 and 2.7 for a 

comprehensive description of different ENCs). 

Hussain and co-workers [173] came up with a comprehensive research work 

concerning the various factors controlling the pressure-sensitive nature of conducting ENCs 

made using carbon micro-balls (~ 8µm in diameter) dispersed in SR matrix using ultrasonic 

energy. The factors studied were different processing conditions such as dry mixing, wet 

mixing and solvent casting (using ethanol and hexane). Composites made using each of these 

techniques were also analyzed at different concentrations of the filler content. Operating 

within a compressive pressure range of 0-1.2 MPa, the outcome of their study indicated that 

resistivity decreased monotonically in all these scenarios. However composites produced 

using solvent casting method were observed to be most sensitive to external pressure 

followed by wet mixing trailed by dry mixing. They reasoned this to be due to the fact that 

dispersibility of particles is higher in a liquid medium compared to a solid medium. 

Concerning the type of solvent used, composites mixed using hexane displayed better 

sensitivity than ethanol. This was explained to be due to the fact that rubber particles dissolve 

in hexane resulting in a homogeneous mixture which was not possible with ethanol.  
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Another interesting work performed by Yasuoka et al [184] on carbon nanofiber 

(CNF)/epoxy ENCs discussed the effect of elongation nature of the matrix. Comparing the 

CNF based ENCs made 

using two different epoxy 

materials of different 

elongation % (EA = 30% and 

EB = 150%), the authors 

observed that fc of EA < 

1wt% where as that of EB ~ 

3wt%. Conversely, their 

strain sensitivities are vastly 

different. Piezoresistance studies performed on both these composites at a filler concentration 

of 2wt% CNF showed positive piezoresistance (Figure 2.23) with GF of ~6.67 for EA 

(strained to 3%) and ~ 600 for EB (strained to 15%).   

 

2.4.2.5 External load applied 

Deformation experienced by a composite under external load gets manifested in a 

variety of routes such as the amount of rotation/translational motion of the fillers, extent of 

deformation taken up by the matrix or the fillers etc. These changes are dependent on various 

factors associated with the load applied like type of load (tensile/compressive), amount of 

external load and extent of deformation of the composite, rate of load exertion. In 

viscoelastic materials like elastomers which are very sensitive to the applied load all of the 

Figure 2.23: Comparison of effect of varying degrees of 
elasticity of matrices on the piezoresistance characteristics 
of their composites Left: 30% elongation and Right: 150% 

elongation [184] 
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above mentioned factors determine the way resistivity of the composite changes. As 

witnessed in earlier mentioned instances these changes can be instantaneous [102, 183-185] 

or gradual [180, 183-185]. In addition to the GF, the time it takes for the composite to exhibit 

changes in the resistivity under given load (response time), ability of a material to return back 

to its original state of conduction (reversibility) and the amount of energy lost during each 

cycle of application and removal of load (hysteresis) etc. also constitute the functionalities of 

a strain sensor. A material needs to be characterized and optimized for each of these 

performances in order for it to be used as a sensor. And these functionalities are governed by 

the conditions of applied load. In this context, some of the important works performed in 

answering these issues are presented in this section. 

 

2.4.2.5.1 Type of load applied 

 Load applied on a composite is of two types: Compressive or Tensile. Although 

polymer chain deformations show a similar stress vs. strain behavior (viscoelastic) when they 

are compressed or elongated, the way conductivity (or resistivity) of an ENC changes is 

different in these two scenarios. As discussed earlier, in general, compression was found to 

result in decrease in resistivity due to the fact that fillers come closer and tunneling junctions 

present across fillers either thin down or disappear thereby increasing the number of 

percolating networks inside the composite [173, 180, 181]. Conversely, a tensile load in 

general was observed to result in a increase in the resistivity as the separation between the 

fillers increases with composite elongation [166, 175, 186, 182-185]. However, results 
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opposite to these were also reported and reasons corresponding to these observations were 

discussed previously. In essence, the way an ENC behaves under external load is a combined 

effect of all of the factors that influence the piezoresistance properties of the composite 

mentioned earlier and cannot single out any single factor. Owing to the limited number of 

instances concerned with a composite attempted for its compressive and tensile piezoresistive 

analysis, we present an example to drive the point home.  

 Knite et al. [185] attempted at characterizing CB/ polyisoprene (PI) (φc ~ 9wt%) 

nanocomposites for their piezoresistive behavior under compressional and tensile loading 

conditions. They observed that the CB/PI composite 

resistance (φ = 10wt %) increased during both tensile 

and compressional loading (Figure 2.22c and 2.24). 

They reasoned this to be due to a destruction of 

percolating channels of CB network during tension. In 

case of compression, the destruction is due to the 

deformation of the composite perpendicular to the 

direction of the applied load.  

 

2.4.2.5.2 Effect of strain rate and extension 

 ENCs under cyclic loads respond differently with different rates of deformation 

applied on them. This is due to the difference in the rate at which load gets transferred within 

the composite, governed by its mechanical characteristics like creep. However, a generic rule 

 

Figure 2.24: Piezoresistance of 

CB/PI composite (φ = 10wt %) 
under compression [185] 
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can be obtained to summarize the effect of amount of extension and rate of extension. In 

most ENCs, increasing the extent of stretching results in either a change in the slope of the 

ρ(ε) curve (gradual to rapid or vice versa) or a change in the sense of the curve (+ve to –ve or 

vice versa) or both. In the former case, a change in slope was theorized to be due to a 

mechanical transformation experienced by the composite (like elastic-to-plastic or strain 

hardening etc.), which can be visualized from its stress-strain curve. In the case of latter, a 

change in the sense of ρ(ε) curve is suggested to be due to a change in the sense of separation 

between conducting particles (increasing ρ due to a decrease in the separation fillers or vice 

versa). 

 Similarly, the effect of strain rate on the ρ(ε) is as a direct consequence of time 

controlled polymer deformation response to external load (or creep). Owing to their 

viscoelastic nature, elastomers suffer from such issues like creep and hysteresis which signify 

a delay or loss respectively, in the energy supplied to the system. This also affects the 

relaxation and repeatable nature of the ρ(ε) curves of ENCs wherein a return to the original 

configuration is time governed and hysteretic.  These issues are illustrated in a work 

performed by Kost et al. [186, 187].  In their study, the authors analyzed the piezoresistance 

behavior of CB/SR composites under different strain rates and maximum extensions (εmax) 

(Figure 2.25). They reported that the variation in the piezoresistance curves (change of slope) 

with changing max. strain is in direct agreement with the stress-strain behavior of the 

composite (Figure 2.25a) [187].  
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 A secondary mechanical transformation occurring in the CB/SR composite at ~10% 

was found to reflect in a changing slope of its ρ(ε) curve for almost all the measurable filler 

content. This was also found to be true for relaxation behavior wherein the composite is 

strained to 80% and 20% and the recovery in its mechanical and electrical performance is 

analyzed with time (Figure 2.25b). Although the rate and magnitude of the result was found 

to differ between the electrical and mechanical responses, the correlation between the two 

effects was highlighted. A variety of factors were cited as responsible for this difference in 

the degree of response namely formation/destruction of percolating networks, orientation of 

carbon aggregates which are not major contributors of stress but are extremely important for 

composite conductivity [187]. Figure 2.25c demonstrates the effect of changing strain rate 

(a) 
(c) 

Figure 2.25: Effect of (a) maximum strain, (b) relaxation and (c) strain rate on the 
piezoresistance properties of CB/SR composites [186, 187]. Plots in the top represent the 

variation of stress while the bottom plots are for normalized resistivity (ρ/ρ0)  

(b) (a) 
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from 0.01 /min to 2 /min and its influence on the electromechanical characteristics [186]. As 

can be noticed, its influence is not so high in the mechanical performance of the composite 

but the electrical behavior has been affected severely. This was explained to be due to lack of 

particular alignment within the composite even at large strains leading to minimal effect on 

the mechanical stress strain curve. However, the effect on its conduction characteristics is a 

direct reflection of the rate at which the network destruction is occurring in the composite. At 

slower rate, even though the destruction continues to happen, continuous relaxation of the 

chains to recover the exerted load results in rearrangement of the particles and thus not much 

increase in the resistivity of the ENC. 

In order to facilitate a panoramic understanding of the piezoresistivity effect 

displayed by ENCs, the results of studies reported until now were tabulated according to the 

type of load applied i.e. compressive (Table 2.6) and tensile (Table 2.7). Some of the gage 

factor values (marked *) mentioned in these tables were calculated by me under linearity 

approximation of R vs. strain (ε) curves and are not absolute values. They are purely meant 

for the sake of comparison.  

Considerable amount of literary work is spent on explaining the resistance strain 

behavior of elastomeric nanocomposites considering the various influencing them and 

various mathematical models have been reported on this subject area. Some of these models 

are discussed in the next section.  
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Table 2.6: Longitudinal piezoresistive characteristics of some ENCs under compressive load 

Filler/ 

Matrix 

Filler 

properties 

Synthesis 

Technique 
φφφφc Studied Effect 

Gage Factor 

(φφφφ) 

Refe

renc

e 

Zn/ 
PDMS 

d: 0.1-40 
µm 

Mechanical 
Mixing 

>87 
wt% 

Filler loading 
on GF 

-34 (87 wt%) 181 

Ni/SR d: 1-3 µm 
Melt mixing 

under oriented 
magnetic field 

18 
vol% 

Viscosity of the 
matrix 

~ - 14.28* 
(18 vol%) 

~ - 6.13* (23 
vol%) 

191 

MWNT
/ 

PMVS 

d: 20-40 
nm 

L: 10–
15 µm 

Wet Mixing 
~1 

vol% 
Aspect Ratio of 

fillers 

�����(1.3 

vol%) 
0.55 N-1 (for 
A.R = 50)* 
0.33 N-1 (for 
A.R = 500)* 

102 

Nano 
graphit
e (GN)/ 

SR 

t: 30-80 nm 
A.R: 100-

500 

Solvent 
Casting 

0.9 
vol% 

Compressive 
Piezoresistance 

~ 125 (1.36 
vol%)* 

172 

Graphit
e/ SR 

L: 5–15 µm 

t: 1–2 µm 
Wet Mixing 

~ 31 
vol% 

Compressive 
Piezoresistance 

~ -26 (32 
vol%)* 

180 

Carbon/ 
SR 

d: ~8 µm 

Wet Mixing 
(WM), Dry 

Mixing (DM) 
and solvent 
casting (SC) 

~ 27 
vol% 

Processing 
conditions & 

Filler 
concentration 

�����~ 1.25 (35 

vol%) for all 
mixing 

methods* 

173 

CB/SR - 
Solvent 
Casting 

- 
Electromechani
cal Relaxation 

- 188 

CB/SR 
Tens of 

nms 
Solvent 
Casting 

- 
Mass Ratio of 

CB to SR 
- 189 

 

* - Calculated from the resistance-strain graph, d, L – diameter and length of the filler, t – 
thickness of nanosheets 
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Table 2.7: Longitudinal Piezoresistive Characteristics of some ENCs under tensile load 

Filler/ 

Matrix 

Filler 

Dimensions 

Preparati

on 
φφφφc 

Studied 

Effect 
Gage Factor* Ref 

Carbon 
Whisker
s/ SEBS 

d: 0.25-0.5 
µm 

Solution 
casting 

-  
Processing 
temperature 

of fillers 

~80 (400°C, 52vol 
%)* 

~85 (600°C, 33vol 
%) 

175 

CB/ 
Ethylene
-Octene 

d: 21nm 
Aggregate 
d: 110nm 
A.R: 2.78 

High shear 
mixing 

~12 
vol% 

(a) Filler 
Loading, (b) 
Thermal and 

(c) 
Mechanical 

history 

For 12.5 vol% 
- 4.25 for ε = 0 to 

20% 
3.8 for ε = 20 to 

110% * 

177 

CB and 
CF/ 

Ethylene
-Octene 

CF: d= 10 
µm, 

A.R=20 
LSCB: d= 
300 nm, 

HSCB: d = 
21-27nm 

High shear 
mixing 

CF: 
9.5vol 

% 
LSCB:
40vol 

% 
HSCB
:~12v
ol % 

Type of Filler 
(HS-High 
Structure 
LS – Low 
Structure) 

~ 210 (20 vol% of 
CF) 

~ 5.9 (45 vol% of 
LSCB) 

-16 (20vol% of 
HSCB) 

166 

CB 
(Ketjenb

lack)/ 
SR 

- 
Compressi
on Molded 

6 wt% 
Strain rate and 

Max. 
extension 

~ 10 (8wt %) 
~ 6.25 (12wt %) 

186 

CB/ 
PMVS 

d: 25 nm 

High shear 
mixing + 

high T 
curing 

5.19 
vol% 

(a) Filler 
Loading 

(b) Ambient 
Conditions 

0.025 MPa-1 (8vol 
%) 

0.0125 MPa-1 
(12vol %) 

182 

CNT/ 
PDMS 

d: 40-60 nm 
L: 1-2 µm 

Solvent 
Casting 

4 wt% 

(a) Filler 
Loading 

(b) Type of 
Filler 

12.8 ( 18wt% 
MWNT) 

~7 (20% CB) 
183 

CB/ 
Polyisop

rene 
d: 30nm - 

~ 9 
wt% 

Compression 
vs. Elongation 

~10 for low strain 
ε < 0.1 (10wt %) 

185 

CNF/ 
Epoxy 

d: 150 nm 
L: 10-20 

µm 

Mechanica
l (Dry) 

mixing + 
high T 
curing 

~ 

Elongation % 
of the matrix 
(EA = 30% 
and EB = 
150%) 

At 2 wt% CNF 
GF (EA) = ~6.67 
GF (EB) = ~600 

184 
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2.4.3. Mathematical Models on Piezoresistivity in ENCs 

 Modeling is an important tool to analyze the different functionalities controlling a 

property or a relation. Various types of mathematical models on the piezoresistive behavior 

of ENCs have been proposed by a variety of authors [13, 167-171]. Although most of the 

models were developed using various assumptions, they were shown to provide many key 

microstructural interplay between the structural and electromechanical aspects of an ENC. In 

addition, they also help us to identify some key factors concerning fillers (volume fraction 

(φ), diameter (D), aspect ratio (A.R) orientation (θ) distribution of the fillers) or the matrix 

(modulus of elasticity, work function) which govern the piezoresistive property of an ENC. 

In this section a concise review of some of the basic mathematical models proposed are 

presented.  

 Owing to the fact that most of the modeling performed in ENCs is to use these 

models in explaining the experimental observations, models developed on piezoresistivity of 

ENCs are divided under two main scenarios: (a) piezoresistance under compressive load and 

(b) piezoresistance under tensile load. However one common thread that runs in most of 

these models was the utilization of tunneling assisted current (j) transfer characteristics to 

explain the piezoresistive behavior of a composite, given by the expression [169].  

k � mzn
"v���pqr4������������p�p�� � "�

� �6���   (2.30) 

Here h is the Plank’ constant, m is the mass of an electron 
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2.4.3.1 Piezoresistance under compressive load 

One of the primary applications of a piezoresistor is its use as a pressure sensor and 

hence most of work performed on the analysis of piezoresistive behavior in ENCs is their 

response under compressive loads. As seen in the previous section, depending on the type of 

the composite resistivity response of an ENC under compression was observed to either 

increase or decrease with applied stress (or strain).  Accordingly, models were developed to 

answer this trend. 

Zhang et al. [169, 170] analyzing the time dependent piezoresistance response in 

conducting composites, suggested that the total resistance of a composite (R) is a function of 

not just the resistances of individual phases (matrix (Rm) and filler (Rc)) but also depends on 

the total number of conducting paths available for charge transfer (S) and total number of 

fillers present in each conducting path. Accordingly they derived the expression: 

� � 4���	���	��� �     (2.31) 

Using equation 2.31 to account for Rm and neglecting resistance across fillers (Rc), they 

deduced an expression for resistance of a composite: 

� � �
� � ����

��zmz� pqr4���     (2.32) 

Assuming that any external load (σ) would only impart a change in the separation between 

particles (s), they arrived at an expression for piezoresistance in composites 

	
	� � :A � �

�; pqr ��� �
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Here R0 is the initial resistance of the composite before compression and M is the 

compression modulus.  

Equations (2.32) and (2.33) are one of the most widely used analytical models in 

predicting the resistance response of a piezoresistive material under compressive stress. A 

key assumption that went in the design of the model is that conduction is only along the 

direction of compression neglecting current flow in any other direction and also that 

compressive deformation occurs only within the elastic boundaries. Also, authors assumed 

that the filler particles are spherical and of uniform size arranged in a cubic lattice.  

 On the other hand, Knite et al [185] observed that in CB/PI composite system, R 

increased with increasing load which was also noticed by Chen et al [172] in graphite 

nanosheets impregnated SR composite system. The authors suggested this to be due to a 

destruction of percolation networks (L) in an elastomeric matrix under strain (ε) although a 

decrease in inter-particle distance (s) exists. They proposed an alternative expression for 

nanostructured CB/elastomer composite to include for this by modifying equation 34, given 

by: 

¥¦� � ¥¦ �$ 
 ¥¦>A 
 p@ 
 o�p� 
 o�p� 
 o�p� 
§   (2.34) 

Or   ¥¦� � ¥¦�$ 
 ¥¦>A 
 p@ 
 ¨o#p]   (2.35) 

Here Ai (i = 1, 2, 3, 4 and so on) are summation constants and n is the index.  The size of the 

expansion is dependent on the extent of load applied i.e. higher the load, higher the number 

of components to be used. Using this expression they obtained excellent matching between 

experiment and theory (Figure 2.26).  
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 Wang Luheng [188-190] combined 

these two phenomena to explain their 

experimental observation of piezoresistance in 

CB/SR composites at different CB 

concentration (φCB). They observed that at low 

φCB (<10wt%) R increased with load, at 

moderate φCB (10-13wt%) R decreased first and 

then increased with increasing load and finally 

at higher φCB (>13wt%) R increased monotonically with increasing load. They reasoned this 

to be due to changing filler separation resulting in either (a) creation of newer conducting 

paths (at higher φCB) or (b) destruction of existing paths (at lower φCB). They developed a 

statistical expression that relates the number of conducting paths (L(σ)) existing at any given 

load (σ) given by: 

�4�
�� � �

>©mª«¬�m®¬@     (2.36) 

(W, X, Y, Z are parameters of the distribution with W+Y = 1, W, X, Y, Z > 0) 

They combined this result with Zhang’s expression of piezoresistivity (equation 2.33) to 

produce an expression explaining the piezoresistance at different concentrations of the fillers: 

	
	� � >¯p�°� 
 ±p²�@ :A � �

�; pqr ³� �
� �A � �

 ¡�´   (2.37) 

 

 

Figure 2.26: Piezoresistance curve of 
CB/PI composites comparing 
experimental and theoretical 

expressions [204]. 
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2.4.3.2 Piezoresistance under Tensile load 

Among the earliest known theoretical models for conducting composites under 

tension, Carmona et al [168] developed a model relating resistivity (ρ) changes as a function 

of hydrostatic stress (P) on the composite within the percolation domain.  

�
� V µ�µ� � �

��
µ��µ� � K¡4��¡4¡�¡� 4¶· � ¶i    (2.38) 

Here ρc is the intrinsic resistivity of the conducting phase (fillers), t is the exponential factor 

in the percolation type conductivity expression (equation 2.26), χm and χc −isothermal 

compressibility factors for m-matrix and c–conducting fillers. The authors developed these 

equations from the first principles of conduction (equations 2.1 and 2.26). However, this 

model tedious in it that one has to extract the values of thermodynamic compressibility of the 

individual phases.  

As mentioned earlier, piezoresistivity is a function of many parameters and very few 

models exist which consider all the governing factors and comprehensively explain the 

resistance strain characteristics of a composite. One such study of extreme interest is 

performed by Taya et al (1997) [13]. Authors formulated a model to predict the 

piezoresistance behavior of a conducting elastomeric composite with short fibers under 

mechanical strain.  The model is based on three fundamental theories independently 

developed by various authors given by (a) Power law of conductivity – which calculates the 

conductivity of a percolating medium near and beyond its percolation threshold (φ*), (b) 

Fiber Reorientation Model (FRM) [192-194] which predicts the change in the microstructure 

of the composite under external loading as a measure of average angle of orientation of the 
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fillers under given stress conditions, and (c) Fiber Percolation Model (FPM) [194] – which is 

used to predict the formation of 3D conductive channels and subsequently φ*. This model 

considers fiber volume fraction (φ), fiber aspect ratio (length/diameter, L/D) and fiber 

orientation distribution (θ) using FRM. Using finite element modeling, authors have 

developed a relation between conductivity and tensile strain and obtained a close match 

between model and experimental results. Simulations of the piezoresistive effects of a short 

fiber/elastomer composite using the above method indicated an increase in the strain level of 

the composite is observed to decrease the conductivity of the composite and beyond a critical 

strain (εc) the composite becomes non-conducting. This is attributed to a change in the 

orientation (θ) of the fibers leading to a change the percolating network to become non-

percolating. They also observed that increasing strain causes a change in the microstructure 

of the polymer matrix and increases the value of threshold volume fraction of the fibers (φc). 

The universal value of the conductivity 

exponent in percolating systems (Equation 

(2.26)) is observed to come out as 2 from the 

model. The results of their model and 

matching experimental results are given in 

Figure 2.27, which shows a decreasing 

conductivity (and increased percolation 

threshold) with increasing strain which is 

expected from a percolating system 

exhibiting positive piezoresistive response. 

Figure 2.27: Experimental vs. modeled 
variation of conductivity and threshold 

volume fraction of the fibers with 
increasing strain [13] 
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2.4.4 Industrial Perspective 

Keeping in view of the excellent advantages of CPC based sensors, sensorized 

garments like the ones discussed above have been developed by various industries such as 

Smartex [195], Sensatex [196], Philips [197], 

Vivometrics [198] (Figure 2.29) and Verhaert [199] with 

wide range of functionalities in sensing like 

bioelectrodes, thermistors, chemioresistors, pyro and 

photoelectric sensors. Development of fabric based 

piezoresistive sensors is also being actively investigated 

at UMIST and University of Manchester. Their approach 

is based on knitted fabric structures made of CPs and 

CPCs [200].  

 

2.4.5 Conclusions 

By observing the trends in piezoresistance behavior of various conducting polymer 

composites discussed above, the following conclusions are drawn: 

� Compression, in general, results in a negative piezoresistance effect (NPCR) where 

resistance decreases with increased stress/strain. Tension results in positive 

piezoresistance effect (PPCR) where resistance of the material increases with load. In 

some systems which have a threshold concentration of the fillers, both PPCR and NPCR 

effects can be observed. 

Figure 2.28: Lifeshirt® 
developed by Vivometrics© 
used to perform galvinic skin 
response measurement [198] 
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� The situation is reversed for intrinsic conducting polymers where NPCR is observed 

during tensile loading. 

� Hysterisis and Irreversibility effects are observed when the material undergoes plastic 

deformation. However these effects subside after repeated cycling. 

� The main reason for observance of piezoresistance in percolating systems (e.g. CPC) is 

due to the formation/destruction of conduction channels within the composite which are 

accompanied by changes in the inter-particle distances.  

� Piezoresistance effect is fundamentally controlled by material parameters such as volume 

fraction of the fillers (conducting phase), elastic modulus of the matrix (insulating phase), 

Work function difference between conducting and insulating phases, type of stress 

applied and aspect ratio of the fillers.  

� Time dependant resistance changes under constant load are always increasing in nature 

irrespective of the elastic-plastic domain the stress/strain fall in. However the rate of 

increase in resistance decreases with time. In other words, dR/dt is positive but d2R/dt2 is 

negative.   

 

2.5 Summary 

In conclusion, a review of elastomeric nanocomposites (ENCs) prepared from 

elastomeric polymer matrices reinforced with conducting fillers is presented with special 

attention to conducting fillers such as metals, CBs, CNTs and CNFs. In the subtext of ENCs, 

the conduction mechanism of ENCs, factors affecting their conductivity at the microscopic 

and macroscopic levels are discussed. Owing to the numerous parameters that affect the 
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ultimate conductivity of a CPC, it was not possible to distinctly identify one particular 

system to be the best candidate for piezoresistive applications and hence only the influence of 

material as well as environmental aspects is given. It needs to be noted that to produce a most 

effective composite, an optimization has to be achieved in all governing parameters.  

Each of the reviewed conductive filler particles viz. carbon blacks (CBs), carbon 

nanotubes (CNTs) and carbon nanofibers (CNFs) are observed to display excellent properties 

in composite form. However they were observed to have their own strengths and certain 

weaknesses which, if not overcome, would dwarf their progress. CBs one of the best 

candidates studied for producing devices are found to have excellent characteristics in terms 

of their compatibility in polymer matrices, dispersibility, low critical concentrations, fiber-

fiber and polymer-fiber bonding. But their low intrinsic conductivities coupled with low 

structural order form an indicative of areas in which tomorrows research has to focus upon. 

CNTs on the other hand, which exhibit extremely high electrical, mechanical and thermal 

properties ever known in synthetic materials, suffer from huge contact resistances between 

fillers, low polymer-filler adhesion (unless surface functionalized) due to the high structural 

order and high costs. CNFs on the other hand, have shown promise in terms of excellent 

microscopic interactions between fiber-fiber and fiber-polymer, ability to form regular 3D 

structures with high degree of order and compatibility with polymer matrices along with 

advantages like ease of processing and printability. But the lack of high intrinsic 

conductivities like CB, requirement of purification processes and distributed nature of 

physical and electromechanical properties and need for preprocessing techniques like surface 

treatments were observed to increase their cost of processing. CNFs are also observed to 
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suffer from decrease in fiber-fiber interactions under high loading and extremely high 

temperatures. If the drawbacks in these systems are bettered by coming up new processing 

methods or improving the existing ones, we can get cheaper organic electronic devices with 

substantial performances and multi-functionalities via integration. 
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CHAPTER 3 

ELECTROMECHANICAL CHARACTERIZATION OF CONDUCTING 

COMPOSITES DEVELOPED USING POLYDIMETHYLSILOXANE 

REINFORCED WITH CARBON NANOFIBERS 

 

3.1 Abstract 

Electrically conducting composites were developed using polydimethylsiloxane 

(PDMS) reinforced with carbon nanofibers (CNF) using solvent casting method. The PDMS-

CNF composites displayed very low percolation threshold value of ~2wt%. The conducting 

composites were then analyzed for their morphology, electrical, and mechanical 

characteristics. In addition, initial modulus vs. filler concentration predictions of various 

mathematical models are compared with that of the PDMS-CNF composites and the results 

are discussed. 

 

3.2 Introduction 

Reinforcement of fillers inside a soft polymer matrix is known to produce composites 

of competing electromechanical properties superior to their inorganic counterparts. 

Developed initially for aerospace and defense applications by the US Govt. to enhance the 

mechanical properties of structural materials, carbonaceous composites have since advanced 

into fabrication of electrically conducting materials. Since the beginning of research in this 
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area in the late1960s [1], electrically conducting polymers (CPs) have made their way into 

everyday electronics with a wide gamut of applications ranging from bio-sensing devices [2, 

3], photovoltaic cells and LEDs [4], motion sensing and stress sensing etc. to incorporation in 

IC chips as heat sinks and EMI and RFI shielding materials [5]. 

Conductivity of an electrically conducting composite is governed by percolation. 

When conducting fillers are introduced in an insulating polymer, conductivity of the 

composite starts to rise until a critical filler concentration (termed percolation threshold (φ*)) 

where an exponential rise in the conductivity is seen. This is due to the fact that with 

increasing filler content, their inter-particle separation decreases until the threshold value at 

which electron movement across the bulk of the composite is initiated by tunneling [6]. 

Conductivity of the composite (σ) around the percolation threshold is expressed as: 

0 � 0$4h � h¸K     (3.1) 

Here σ0 is the conductivity of the reinforced media (fillers), φis the volume fraction of the 

fillers and t is called the percolation coefficient which has a universal value of 2 for ideal 

systems. The increase in conductivity continues with increasing concentration of the fillers 

until the completion of percolation network throughout the hydrodynamic volume of the 

composite. Conductivity of the composite plotted as a function of filler content plateaus 

beyond this point and any further increase in concentration only results in a minor increase in 

conductivity.  



 

114 
 

It is advantageous to produce electrically conductive composites with low percolation 

threshold , φ*, values so as not to sacrifice the inherent properties like flexibility, and 

extensibility of a soft polymer matrix in addition to cheaper cost of processing. Carbon based 

fillers are found to cater to this particular concern very effectively. Composites prepared 

using carbon fillers (Carbon nanotubes (CNTs), Carbon nanofibers (CNFs), carbon black 

(CB), graphitic, etc.) have attracted particular attention in the class of electromechanical 

composites owing to their many advantages such as superior electrical and mechanical 

properties, thermal conductivity and thermal stability [6]. Compared with meso- and milli-

sizes, the nanoscale dimensions of these fillers possess high surface energy due to their large 

surface to volume ratio. This imparts such features as ease of surface-functionalization, high 

degrees of dispersion as well as stronger filler-filler and polymer-filler associations [7].  

 CNTs possess high electrical conductivity (104-105 S/cm) and generally produce 

much lower values of percolation threshold (φ*) for CNT-based composites. It has been 

widely reported by various studies [8-12] that φ* values for CNT-based composites is < 0.5 

wt% [10, 12] whereas those of CNF-based composites is between 1-10 wt% [8, 9, 11] 

depending on the processing conditions of these composites. Finnegan and Tibbetts [13] 

obtained a φ* value of 6wt% using vapor grown CNF in a polypropylene matrix. 

Additionally, they reported that the value of φ* decreases with increasing level of 

graphitization within the VGCNF. Xu et al [14] synthesized vinyl ester resin-based 

composites and reported a φ* between 2-3wt % CNF.  
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 An important parameter governing the percolation threshold and conductivity values 

of a composite is the aspect ratio of the fillers. Zhang et al [15] demonstrated the advantage 

of CNFs over CBs in their ability to form uniform dispersions in a polymer matrix by 

studying CB and VGCNF/polystyrene composites prepared by solvent casting. They found 

enhanced conductivities in composites made from CNFs as compared to those of CBs at the 

same filler loading. This is attributed to the availability of CNFs in very high aspect ratios 

which resulted in low percolation thresholds. An important difference in the conducting 

mechanism between CB and CF is highlighted by Calleja et al [16] who in their study of 

HDPE/CF systems mixed with different concentrations of CB concluded that CF is effective 

in providing charge transport over a large area while CB particles work by improving inter-

fiber contacts. A comprehensive repertoire of percolation threshold in CNF based composite 

systems including their processing methods is reported by Al-Saleh and Sundararaj [17]. 

Any polymer composite behavior is greatly influenced by the matrix polymer 

properties. One of the advantages of an elastomeric matrix lies in its mechanical properties, 

including high elasticity and large failure strain. This behavior is primarily due to the 

presence of chemical crosslinks connecting individual polymer chains. Considering our long-

term objective of fabricating strain sensing devices made out of polymeric systems, 

elastomers are ideally suitable. Accordingly, we selected PDMS, an elastomer with such 

features as high elasticity, low hysteresis, highly repeatable deformation characteristics and 

environmental stability. Carbon nanofibers are considered as the cheaper variants of CNTs 

with similar electrical and mechanical properties [10]. CNFs are cylindrical nanostructures 

with graphene layers stacked in the form of cones or plates. In addition to the high intrinsic 
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conductivity and strength, other advantages of CNFs include low density, high thermal 

conductivity, low thermal expansion coefficient, high specific modulus of elasticity, 

chemical inertness even at high temperatures (except in presence of oxygen) etc. [18]. CNF is 

also known to possess highest degree of structural order among all CFs [18]. Hence, CNFs 

are chosen to be the conducting medium in our composite system.  

 

3.3 Sample Preparation and Measurement 

PDMS used in this study was obtained from Dow Corning® (9601) with a 

crosslinking agent (dimethyl methyl hydrogen siloxane) while Carbon Nanofibers (CNFs) 

were obtained from Showa Denko Corp®. The physical properties of CNF, as obtained, are 

listed below in Table 3.1. PDMS-CNF composite samples of various filler concentration 

were prepared with solvent casting method using n-hexane as the solvent.  

Table 3.1: Physical properties of CNF under study 

 

 

 

 

 

 

* www.sdkc.com/documents/VGCF-H.pdf 

Physical Property CNF (VGCF-H)* 

Diameter (D) 150 nm 

Length (L) 10-20 µm 

Density 2 g/cc 

Apparent Bulk Density 0.01 g/cc 

Specific Surface Area 13 m2/g 

Resistivity (ρ) 10-4 Ω−cm 
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To prepare the composite films, CNFs (of specific concentration, φ) are dispersed in 

25ml hexane and mixed using a high shear planetary mixer (Mazerustar®) for 1 min. 10gm 

of PDMS polymer is then added to the CNF/Hexane mix and the contents are mixed for 1 

min. 1gm (10% of the PDMS base) of curing agent is then added to this mix and the contents 

are mixed for 1min and the resulting solution is solvent cast for 3 days. Film thickness is 

observed to be ~ 0.7 – 0.8 mm.   

To evaluate the distribution of CNF fillers inside the polymer, the PDMS-CNF 

composites were subjected to morphological investigation using scanning electron 

microscope (SEM). A JEOL 6400F Field Emission SEM was used with two different 

accelerating voltages of 1KV and 5KV and high resolution micrographs were obtained along 

planar, cross section and edge directions of the specimen. Cryo-fracturing technique (in 

liquid N2) was used to obtain cross-section and edge samples for imaging. 

Evaluation of electrical resistance of PDMS-CNF films at different volume fraction 

(φ) of CNF was performed using Keithley 6221/2182A measurement set-up using two-probe 

(at low CNF concentrations of φ = 0, 1 and 2wt %) and four-point-probe techniques (φ = 3, 4, 

5 and 6wt% CNF). In both cases, resistance values were taken at 9 different regions of the 

sample and averaged. 

Mechanical behavior of the composites was investigated under quasistatic and 

dynamic testing conditions. Quasistatic mechanical studies were performed using MTS 30/G 

® tensile tester according to ASTM standard D-638 [19]. Various mechanical characteristics 

of the composite i.e. initial modulus, tangent modulus, tensile strength and failure strain were 
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obtained from the stress-strain relationships. In all mechanical studies, specimen were cut 

into rectangular dimensions of 50mm × 20mm were tested at 20 mm/min. For each CNF 

concentration, at least 4 samples were analyzed for their mechanical performance. 

Mechanical cycling was performed in a similar fashion where composite films were extended 

for 10 strain cycles to a maximum strain value of 40%.  

An accurate knowledge of time-temperature dependent mechanical behavior is 

necessary for understanding the overall stress-strain response of nanocomposites. We 

employed studies using Dynamic Mechanical Analysis (DMA) for this characterization. 

Dynamic studies are useful to extract glass transition temperature (Tg) and damping 

characteristics as a function of filler content, temperature and frequency of operation. PDMS-

CNF composites with CNF concentration ranging from 0 to 5wt% were characterized for 

their dynamic mechanical behavior in accordance with ASTM D4065-01[54] using a Q800 

DMA (TA Instruments, USA). Dynamic characteristics were measured as a function of 

temperature (ranging from -150°C to 50°C) and frequency (1, 10 and 50Hz). The DMA 

instrument was set up with gage length of 15mm, strain amplitude of 0.05% and temperature 

ramping rate of 3°C/min.  

3.4 Results and Discussion 

3.4.1 Morphological Characterization 

SEM images of surface and cryofractured cross-sectional images of the 5wt% CNF-

PDMS composite are presented in Figure 3.1. The microscopic images reveal uniform and 
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homogeneous of nanofibers within the PDMS matrix. No obvious sign of fiber-

agglomeration or preferential orientation were noticed from these images. Planar and cross-

section images observed at multiple regions along the specimen revealed absence of air voids 

within the specimen. 

  

 

Figure 3.1: SEM Images of unstrained 5wt% PDMS-CNF composite (Acceleration voltage 
used for imaging). A – Surface (1KV), B - Cross section (1KV) and C, D – Edge directions 

(5KV). 

 

A B 

C D 
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3.4.2 Electrical Measurements 

Change in electrical resistivity (ρ) of PDMS-CNF composites with increasing 

concentration of the CNF (φ) is presented in Figure 2. The values of φ* and t were derived 

from the best linear fit of a plot of log ρρρρ vs. log (φ−φφ−φφ−φφ−φ∗∗∗∗)))) (for φ > 1 wt%) (equation (3.1)) using 

regression analysis (inset of Figure 2). The value of φ* is found to be ~0.86 vol% (or 1.86 

wt%). This value of φ* falls in the range of values of percolation threshold observed 

previously by others [8, 9 and 11]. 

 

Figure 3.2: Resistivity (ρ) vs. filler concentration (φ) of PDMS-CNF composite films 

(φ*=1.86 wt%). Inset: log ρ vs. log (φ−φ*) 

 

The value of t came out to be ~ 4.5 which is much larger than the universal value of 2 

[6].  A similar deviation from the universality of percolation exponent in conducting 

composites, ranging between 2 and 10, has been reported previously [20-22]. Various factors 

like physical properties of the constituents, method of synthesis etc. contribute to this non-
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universality [23-25]. Depending on the type of material under study, several mathematical 

models were proposed to explain this deviation, the most important of which are Random 

Resistivity (RR) Model by Kogut and Straley [23], Random Void (RV) model by Halperin, 

Feng and Sen [24] and Tunneling – Percolation (T-P) model by Balberg [25]. It needs to be 

highlighted that owing to a lack of experimental proof at the nanoscale as yet, explanation for 

the non-universality in ‘t’ is still relied on the theoretical postulates of the aforementioned 

phenomenological models. RR model, which was a starting point for the other two models, is 

based on probabilistic distribution of random resistors connected by ‘bonds’. The model then 

predicts the limits of ‘t’ in a ‘bond percolation’ form of conduction. Lacking a microscopic 

justification for the above construct led to the development of RV and T-P models. RV 

model [24] is developed by assuming a random distribution of insulating spheres (voids) in a 

conducting medium. Balberg’s T-P model [25] is opposite to that of R-V model in it that it 

assumes a random distribution of conducting spheres in an insulating medium and current 

flows through these spheres via tunneling. This model is closer in its applicability to our 

current system and hence is adopted to explain the non-universality of t. According to this 

theory, a non-universal percolation might be observed if the distribution function of the 

‘interparticle tunneling distances’ decays much slower than the ‘interparticle conductivity 

distribution’. This results in a diverging behavior of the ‘conductivity distribution’.  

Theory and experimental observations from the work of Menot et al [20] further 

corroborated this postulate. They developed two sets of ‘RuO2-glass’ piezoresistive 

composites with different percolation behavior i.e. universal and non-universal percolating 

systems by varying the cluster size of RuO2 particles. The piezoresistance studies on these 
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systems revealed a significant variation of strain sensitivity of the composites under strain for 

the non-universally percolating systems. Universally percolating composite, on the other 

hand, demonstrated minimal dependence of its resistance on the strain. Hence they concluded 

that non-universality is exhibited in those systems where ‘strain dependent conductivity’ is 

influenced by external perturbations. Our PDMS-CNF composite system was observed to 

exhibit a similar variation in conductivity with applied strain (results provided in Chapter 4) 

and we purport this to be a reason for the observed non-universality in the percolating system 

in accordance with the explanation provided by the T-P model. 

 

3.4.3 Mechanical Behavior 

3.4.3.1 Stress-strain Response 

In order to understand the mechanical characteristics of the composites, PDMS-CNF 

films of CNF content ranging from 0 to 5 wt% were subjected to uniaxial tensile testing until 

failure. The resulting stress-strain plots are given in Figure 3.3a. From these plots, we notice 

that the stress-strain curve of each of the nanocomposite is made up of three distinct domains. 

At small strains (ε < 10%), stress increases linearly with strain, demonstrating a ‘Hookean’ 

type of deformation. This quickly transforms into another linear domain with a reduced 

modulus at ε ~ 10%. Composites continue to deform linearly until ε ~ 200%, beyond which 

they transition into a third linear domain having a higher modulus. In order to facilitate a 

better explanation of the physics of deformation across these domains, modulus values are 
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calculated for the initial elastic region (initial modulus) and the second linear region (tangent 

modulus at ε ~ 20%). Additionally, tensile strength and failure strain values are also 

calculated to further characterize the mechanical response of these composites. For each 

specimen, these characteristics were measured on 4 different samples and averaged (Table 

3.2). These results were also plotted as a function of CNF concentration  in Figure 3.3b. Even 

with a low filler loading (5 wt% CNF), we noticed a significant reinforcement effect in the 

PDMS-CNF composites with ~100% increase in the initial modulus and 50% increase in the 

tensile strength compared to that of pure PDMS (Table 3.2). 

        

Figure 3.3: (a) Stress-strain profiles of PDMS-CNF (Inset: stress vs. strain at small strains) 
(b) Mechanical characteristics of PDMS-CNF composites as a function of CNF Content. 

 

  

a b 
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Table 3.2: Mechanical Properties of PDMS – CNF composite 

 

Initial Modulus 

(MPa) 

Tangent Modulus  

at 20% strain (MPa) 

Max. Strain 

(%) 

Max. Stress 

(MPa) 

Virgin 0.71 ± 0.1 0.37 ± 0.05 520 ± 85 1.32 ± 0.34 

2wt% CNF 0.66 0.3 600 1.39 

3wt% CNF 0.9 ± 0.06 0.41 ± 0.05 550 ± 75 1.58 ± 0.22 

4wt% CNF 1.02 ± 0.13 0.4 ± 0.04 500 ± 65 1.3 ± 0.2 

5wt% CNF 1.42 ± 0.2 0.4 ± 0.05 680 ± 83 1.7 ± 0.2 

 

From Figure 3.3a we can notice that, at a given strain, stress experienced by the 

composite increased with increasing CNF concentration. For pure PDMS, forces assisting in 

load transfer are primarily chemical crosslinks connecting polymer chains. With the inclusion 

of stiffer nanofillers into the soft PDMS matrix, new polymer-filler and filler-filler 

interactions are created in addition to the previously existing polymer-polymer interactions. 

These new associations, when present throughout the volume, impart higher load bearing 

properties to the composite system increasing the overall stress supported by the composite. 

This volume effect, termed hydrodynamic reinforcement, has been previously reported in 

both CNF [8, 9, 13, 26 and 27] as well as CNT [28-33] based composites. 

Figure 3.3a also reveals a nonlinear stress-strain behavior typical of amorphous 

polymer nanocomposites at T>Tg. As discussed before, three distinguishable deformation 

domains were identified from the stress-strain profiles of the PDMS-CNF composites with 

transitions between them occurring at ε ~10% and ~200%. (a) In the first domain at small 

strains (0 < ε <10%), the composite lies in the Hookean domain (elastic deformation) where 

stress-strain curve is linear and the initial modulus increases with increasing CNF content as 
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explained earlier. With increasing deformation, the Hookean domain quickly shifts into a 

relatively softer domain at ε ~10%. As strain on the composite rises, polymer chains of the 

PDMS matrix start to stretch along the direction of the strain. CNF particles adhered to these 

chains would also begin to move along with these chains until they start separating from one 

another. Because of this breakdown/ loosening of the filler−filler networks the load transfer 

characteristics of the composite diminishes alongside reducing the stress and tangent 

modulus of the composite (strain softening) [57, 59, 66]. This transition extends till ε ~ 20% 

marking the complete disruption of the filler–filler networks. (b) In the second linear domain, 

the composite continues to deform with the same modulus from ε ~ 20% to ~ 200%. Tangent 

modulus values increase only slightly when CNF concentration changed from 0 to 5 wt% 

(Table 3.2). The diminished influence of CNF inclusions on the composite stiffness in this 

domain indicates that bulk of the stress is shared by the crosslinks between polymer chains. 

We suspect this lack of reinforcing effect even under increased CNF content is possible when 

majority of nanofibers orient along the direction of strain. Continued deformation of the 

composite would only result in separating these fillers further from each other without 

deriving any major contribution to the overall load transfer characteristics. 

In the third domain, with further increase in strain (ε > 200%), tangent modulus starts 

to rise again stabilizing at a strain value of ~ 220% and the composite deformation continues 

at this same modulus until failure. This effect of ‘strain hardening’ is a consequence of the 

alignment of polymer chains and CNF particles along the direction of the strain and thereby 

stiffening (or hardening) the composite [35, 57, 58].  
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The mechanical properties of PDMS-CNF composites are further plotted as a 

function of CNF concentration (Figure 3.3b). Initial modulus of the composites increases 

quadratically with increasing CNF content whereas the change is linear for tensile strength. 

The ultimate strain, on the other hand, decreased with increasing CNF content. Some studies 

on CNF [36, 37] and CNT [10, 28-30, 32] have reported a monotonous increase in tensile 

strength with increasing filler concentrations. In other reported studies on CNF [9, 26, 38, 39] 

and CNT [10, 40], however, these values increased until a specific filler concentration 

followed by a drop. The dependence of tensile strength on the filler concentration is a 

function of many parameters such as processing conditions, type of fillers, physical and 

chemical properties of the constituents etc. which regulate the strength of polymer-filler 

bonding. The fact that tensile strength increases linearly with increasing CNF content 

indicates the increasing strength of the composites as well as their ability to withstand high 

stresses. Similarly, with increasing filler concentration, strain at break increased in some 

cases, e.g. CNF [36], CNT [30] whereas it decreased in other cases, e.g. CNF [8, 38, 39], 

CNT [10, 40], and Clay [37]. Again, the trend in the variation of ultimate strain with filler 

concentration is governed by various factors and differs with different composite constituents 

and method of processing. However, an effect similar to this has been reported previously for 

PDMS reinforced with both CNT and CNF [41]. 
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3.4.3.2 Strain Cycling 

The mechanical behavior of the composites under cyclic loading up to a strain of 40% 

is presented in Figure 4 for 0, 4, and 5wt% CNF-PDMS composites highlighting the 1st and 

10th cycles in each case. Similar to the previous study, the corresponding mechanical 

properties viz. initial modulus, tangent modulus at 20% strain, energy loss during cycling and 

unrecovered strain were calculated from these plots and presented in Table 3.3. 

       

Figure 3.4: Cyclic stress-strain behavior of CNF/PDMS composites strained till ε = 40% for 
10 cycles (Cycle 1 and Cycle 10 indicated for each case). 

Table 3.3: Comparison of mechanical Characteristics of CNF/PDMS and CB/PDMS 
composites after 10 strain cycles to a maximum strain of 40%. 

Filler 

Content 

Cycle 

# 

Initial Modulus 

(MPa) 

Tangent Modulus at 

20% strain (MPa) 

% Energy Loss 

during Cycling 

Unrecovered 

Strain (%) 

Virgin 
1 0.7 ± 0.08 0.27 ± 0.05 23 3.15 ± 1 

10 0.8 ± 0.08 0.31 ± 0.02 8.8 0.5 
4wt% 
CNF/ 

PDMS 

1 1 ± 0.1 0.29 ± 0.07 40.9 4.35 ± 0.1 

10 1 0.25 16.7 0.55 ± 0.3 

5wt% 
CNF/ 

PDMS 

1 1.4 ± 0.2 0.39 ± 0.07 50.3 5.5 ± 0.5 

10 1.1 ± 0.25 0.24 18.3 1 ± 0.05 

 

a b 
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The strain-cycling results reveal two significant characteristics of these composites: 

(a) the stress-strain profiles are not superimposable and (b) a residual strain remains at the 

end of the unloading curve. The reasoning for both the features is underlined as the ‘stress-

softening’ or effect in the composite literature [66]. Several theories were proposed to 

explain the softening behavior of filled elastomers which fall under two fundamental 

theories. The first theory originates from the concepts put forward by Blanchard and 

Parkinson [67], Bueche [68] and Rigbi [69] which suggests that softening is due to the 

breakdown or loosening of filler-filler and polymer-filler networks resulting in a strain-

induced relative motion of the filler and polymer chains. This effectively reduces the net 

strain-energy of the composite during unloading (Table 3.3) creating a residual elongation at 

the end of the strain cycle. A second theory postulated by Mullins and co-workers [70, 71] 

explains softening during a nonaffine deformation to be due to quasi-irreversible 

rearrangement of molecular networks resulting from short chains reaching the end of their 

extensibility followed by disentanglement from larger chains. As a result, these segments do 

not contribute in load bearing process during unloading. However, these segments are 

thought to contribute to the overall load bearing ability of the composite if the strain 

amplitude increases during subsequent cycling. This effect is known as ‘Mullins effect’ [70]. 

A review of different parameters influencing the stress-softening in elastomeric composites 

and various constitutive mathematical models developed to address them can be found here 

[66].   

Although the softening effects persist during successive cycles, their contribution is 

greatly reduced immediately after the 1st cycle as evidenced from the lower values of energy-
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loss and unrecovered strain (Table 3.3). The degree of molecular rearrangements and 

associated energy losses are extreme in the 1st cycle and their effect is greatly reduced in 

subsequent cycles [57, 59]. However, the molecular rearrangement adversely influences the 

stiffness of the composite and the initial modulus drops from cycle 1 to cycle 2 but remains 

almost unchanged thereafter. Comparing the effect of CNF concentration, the values of the 

mechanical properties (Table 3.3), specifically % Energy Loss (and unrecovered strain), are 

higher for 5wt% compared to 4wt% due to the fact that at higher CNF content the number of 

polymer-filler and filler-filler interactions are more and when broken they result in relatively 

larger reduction in their properties.  

 

3.4.3.3 Mathematical Modeling of Initial Modulus of PDMS-CNF composites 

The mechanical behavior of particle reinforced elstomers is significantly influenced 

by the amount, properties, and distribution of the included particles. Initial modulus of the 

composite is one of these important characteristics. Many mathematical models have been 

proposed to accurately estimate the stiffness of composites. In general, that analysis has been 

either statistical (microscopic) or phenomenological (macroscopic) [42]. Mathematical 

models developed via statistical approach assume elastomers to be a network of long chains 

with junctions (bonds) and include critical aspects of hydrodynamic reinforcements such as 

agglomerations, aspect ratio, surface area of filler etc. as factors influencing the load transfer 

across the network. In contrast, in phenomenological approach, the overall strain density 

function is generated using linear theory of Viscoelasticity inside an incompressible polymer-



 

130 
 

filler medium. Stress acting on the composite is then deduced as a derivative of this strain 

density function. Models developed using this theory involve various assumptions made to 

simplify indeterminates in the analysis.  

The starting point for any model developed using the statistical approach has 

predominantly been the Einstein-Smallwood theory [43] which extended the viscosity theory 

(proposed by Einstein) to fit the experimentally observed variation of viscoelastic properties 

(initial modulus, tensile strength etc.) with changing concentration of the reinforcements in a 

composite. More often, the models developed using Einstein-Smallwood theory are adjusted 

to fit the ‘rule of mixtures’, which assumes that the composite property is a volume weighted 

average of the individual phases i.e. matrix and the filler [43]. Over the years, many such 

models have been proposed to successfully estimate the material properties of composites. 

For the sake of brevity, we limit our study only to those models that were developed on 

elastomeric composites and applicable in the present context. It is important to note that most 

of the models discussed here were developed for a specific type of matrix-filler system.  

Einstein-Smallwood model [43, 44] (equation 3.2) is one of the fundamental models 

of obtaining initial modulus of composites. This was developed as an analogous form of 

theory of viscosity developed for spherical particles and that initial modulus of a composite is 

only dependent on the volume fraction of the fillers.  

�i � �·�4A 
 6V¹h      (3.2) 
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The physical conditions that govern this result are that the particles are freely 

dispersed i.e. low volume fraction, rigid (infinite modulus) and spherical in shape (geometric 

factor, constant 2.5 in equation (3.2)). The condition of freely dispersed corresponds to the 

non-overlapping nature of the particles contributing to the linearity of the equation (3.2). 

However, in real systems, such an idealized system is impractical and various extensions 

have been proposed to this model in order to incorporate different types and shapes of the 

filler inclusions in a soft matrix.  

Guth [45] has observed that particle-particle interactions, even at low φ, would 

modify the above assumption making the modulus of the composite a quadratic variation in 

the volume fraction of particles.  

�i � �·4A 
 6V¹h 
 AºVAh�    (3.3) 

However, Guth model (equation (3.3)) is still limited to spherical fillers. This was revised by 

Cohan [46] who put forward the ‘Guth-Cohan’ model to include non-spherical particles.  

�i � �·4A 
 ,V»¼rh 
 AV»6r�h�    (3.4) 

But this model still suffers from inaccuracies at higher filler loadings. 

Brodnyan [48] proposed another model for the evaluation of initial modulus of 

composites with non-spherical fillers. Originally developed for the estimation of viscosity of 

suspensions with fillers in the shape of an ellipsoid, this model has been extended to 

modulus.  
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�i � �·�pqr :�V!¡�$V"$½4v��yV¢�¾¡���¡ ;    (3.5) 

However, this model also suffers from a limitation that the aspect ratio of the fillers (p) has 

an upper limit of 15. Along the same lines, Halpin-Tsai model [51] was another most widely 

used model developed by modifying the basic ‘Hookean principle of elasticity’ along tension 

to match with the ‘rule of mixtures’. Halpin-Tsai model is found to be most effective for 

oriented continuous fillers but fails for short random fillers.  

 �i ���· :��¿À¡��À¡ ;�where�Á � � : d|�d�d|�¿d�;   (3.6) 

Here ξ = 2(l/t) where l is length of fillers along straining direction and t is their thickness 

along a direction normal to the strain axis. Nevertheless, this model ignores interactions 

between constituent particles and the suggested reason is due to the large difference in their 

respective Poisson’s ratios. The variation of initial modulus as a function of filler content 

predicted by these representative models is compared with that obtained in our present study 

for a range of aspect ratios.  

 

3.4.3.3.1 Effect of Aspect Ratio of the reinforcing fillers 

From Figure 3.5a we see that a monotonous increase in initial modulus (E) with 

increasing CNF concentration (φ) can be noticed and an analytical fit to the observed results 

resulted in a quadratic expression of the form shown in equation (3.7): 

E = 0.71742 (1 – 10.8φ + 2087.5φ2)    (3.7) 
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The aspect ratio (A.R) of our CNF fillers is approximated to be ~100 although a wide 

distribution of length and diameter of these CNFs is possible. The experimental results are 

hence compared with the above mentioned mathematical models considering two different 

possibilities of A.R i.e. (a) an A.R of 100 and (b) A.R of models that offers a closer fit to our 

results. The results are presented accordingly in Figures 3.5a and 3.5b. As Figure 3.5a 

suggests, none of the models offered a close match with our experimental results when an 

A.R of 100 is considered. This can possibly be due to the various limitations associated with 

each of the models presented earlier. Another possible reason could be the fact that most of 

these models were derived from the ‘rule of mixtures’. As discussed, this is not appropriate 

with systems having large difference in the moduli of the constituent phases. However, many 

authors have previously reported successful fit between the models and their experimental 

data. For instance, Flandin et al [53] reported good match between the experimental and Guth 

model’s [45] prediction of variations in their CB filled ethylene-octene elastomer system. 

The close fit is attributed to the fact that Guth’s model [45] was developed for spherical 

reinforcements. Similarly instances of perfect fit between model and experimental data 

observed in literature was noticed to occur only in situations where model’s basis matches 

with that of the kind of composite system experimented.  

To get a better fit between theoretical models and experimental data A.R of fillers is 

decreased and the results are compared in Figure 3.5b. At low CNF content (≤ 4wt %), Guth-

Cohan’s model predicted an A.R of 20 while both Halpin-Tsai and Brodnyan models 

predicted an A.R. of 10 for a close fit with our experimental data.  
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Despite the limitations of the constitutive models, the models’ prediction of reduction 

in A.R. helps us to conclude the possibility of either fiber damage or filler aggregation during 

processing [65]. Added to this, CNFs used in this study have a wide distribution of A.R. 

which might be responsible for the mismatch between our results and those from the 

theoretical models.  

       
 

Figure 3.5: Comparison of initial modulus between experimental results and standard model 
predictions when the A.R of CNFs is fixed at (a) 100 and (b) best fit. 

 

In addition to the quasi-static mechanical studies performed at a given temperature 

discussed before, an understanding of their variation under dynamic strain cycling scenario 

and over wider temperature range is essential. This facilitates an accurate knowledge of the 

time-temperature dependent stress-strain response of nanocomposites. Dynamic studies are 

also useful to extract glass transition temperature (Tg) and damping characteristics as a 

function of filler content, temperature and frequency of operation. Such dynamic mechanical 

 a  b 
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analysis (DMA) studies were performed using conditions mentioned earlier and the results 

are presented in the next section. 

 

3.4.3.4 Dynamic Mechanical Analysis 

Figure 3.6 shows the variation of storage modulus (Figure 3.6a) and loss tangent 

(Figure 3.6b) as a function of temperature for virgin PDMS and PDMS-CNF nanocomposites 

performed at a frequency of 1Hz. From Figure 3.6a we can notice that the composites exhibit 

two different thermodynamic transitions, first one occurring near −112°C (termed β 

transition or Tβ) and another being glass to rubber transition at ~ −30°C (Tg). Also, the values 

of storage modulus (E’) increases with increasing CNF content (Figure 3.6a) indicating the 

mechanical coupling effect [56, 57].  

           
Figure 3.6: Dynamic Mechanical Analysis results of PDMS-CNF nanocomposites 

subjected to temperature scan highlighting (a) storage modulus (E’) (Inset: E’ at higher 

temperatures) and (b) tan δ 
 

 a  b 
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For some time there has been differing arguments relating to the origin of secondary 

beta transitions (Tβ) which are commonly observed in non-crystallizing polymers [62]. In 

general, they are associated with either side-group relaxations [55] or conformational 

changes [62] comprising of rotation of small length chain fragments and do not involve large 

changes in the modulus. This is in fact observed in our case and E’ value dropped from ~ 4 

GPa to ~1.5 GPa during this transition.  

With increasing temperature, a gradual decrease of E’ values of the composites to 400 

MPa at ~ 31°C ensued. Following this, the composites underwent glass-rubber transition 

where E’ value dropped around 4 orders of magnitude to ~1 MPa. With further increase in 

temperature, E’ remained almost stable till ~30 °C for all the composites but started to drop 

gradually until the end of the study (50 °C). The reinforcing effect of CNF on PDMS 

composites is noticed from the increasing values of E’ with increasing CNF content which 

becomes prominent after the glass transition (see Inset of Figure 3.6a) [57]. Further, E’ 

values of the composites at 25 °C obtained from the DMA studies were very close to those 

measured from quasi-static stress-strain plots. DMA studies are the best way to obtain the 

values of composite moduli accurately by overcoming such delimiting factors like chain 

relaxation and damping characteristics of polymeric composites which are some of the 

common sources of error in quasistatic measurements. The fact that the modulus values are 

very close in these two studies imparts credibility to the quasistatic studies which are easier 

to perform and analyze.  

The two transitions (Tβ and Tg) were also highlighted in the tan δ (ratio of loss 

modulus E” to storage modulus E’) plots (Figure 3.6b). From these plots we can notice that 
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the value of Tβ and the height (peak intensity) of the Tβ peak remain almost constant for all 

composites with differing CNF wt%. However, in case of Tg, the value of Tg decreases 

slightly while its peak intensity increases with increasing CNF content. The value of Tg is a 

direct consequence of the number of mobile units participating in the relaxation process. In 

the presence of a reinforcing medium, the effective number of polymer-polymer associations 

decreases because of the newly formed polymer-filler associations. And with increasing filler 

content, the number of mobile units undergoing chain relaxation gets further reduced. Thus, 

the thermal activation energy required to trigger such glass transition decreases with 

increasing CNF content [57].  Thus Tg decreases with increasing CNF content as witnessed 

in the present case. Consequently, intensity of a tan δ peak is related to the impact resistance 

of the polymers or its ability to dissipate energy (damp) at room temperature [64]. An 

increase in the value of the tan δ peak suggests a decrease in the number of mobile units 

undergoing relaxation which is directly proportional to decreased damping. Thus with 

increased CNF content, the composites not only became stiffer but also exhibited decreased 

damping characteristics. 

 

3.5 Conclusions 

Carbon nanofibers (CNFs) reinforced polydimethylsiloxane conducting composite 

films were developed using solvent casting process and their electromechanical properties 

were analyzed. Composites displayed homogeneous distribution of CNFs with no 
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preferential orientation. The PDMS-CNF composites had a low percolation threshold (~1.86 

wt%). Using tensile testing, mechanical behavior of these composites displayed linear 

variation in tensile strength and tangent modulus with CNF concentration (φCNF). However, 

initial modulus variation was found to be a quadratic relation with filler content which is very 

similar to the Guth-Cohan model. At a filler concentration of ~5 wt%, the composites 

showed a two-fold increase in their tensile strength and initial modulus (E.M.) values. This 

E.M. vs. φCNF variation when compared with standard mathematical models revealed a close 

fit with the experimental data at a filler aspect ratio of 10-20.In spite of the issues like the 

basis of these mathematical models and their governing boundary conditions, the result 

suggested possibility of some damage to the fibers during processing. Dynamic mechanical 

studies performed on the PDMS-CNF composites substantiated the quasistatic mechanical 

studies and indicated decreased damping characteristics of these specimens with increasing 

filler loading. This validates their use as excellent candidates for the development of sensors 

for commercial applications. 
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CHAPTER 4  

PIEZORESISTANCE CHARACTERISTICS OF TEXTILE PRINTABLE 

POLYDIMETHYLSILOXANE (PDMS) BASED CONDUCTING 

POLYMER COMPOSITES 

 

4.1. Abstract 

Electrically conducting composites were developed using textile printable elastomer 

using polydimethylsiloxane (PDMS). Conductivity was imparted to the insulating matrix by 

reinforcing it with two types of conductive fillers, carbon nanofibers (CNF) and carbon black 

(CB). The composites made using ‘solvent casting’ method were studied for their structural, 

mechanical and electrical characteristics. The electromechanical characteristics of these 

composites were analyzed for 4wt% and 5wt% filler concentrations via piezoresistance 

measurements along longitudinal and transverse directions. The results indicated a negative 

piezoresistance effect along both the directions. The composite films were also characterized 

for their sensoric performance in terms of gage factor, hysteresis and aging properties. 4wt% 

CB-PDMS composites indicated extremely high gage factor values of ~380 whilst all the 

composites extremely low hysteretic effects. 
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4.2. Introduction 

Electrically conducting polymers (ECPs) are an important class of materials for the 

development of flexible, lightweight and inexpensive electrical devices of the future [1]. The 

main attraction of such materials stems from their unique characteristics like tunability in 

electromechanical properties, lightweight, anti-corrosive, conformable and more importantly 

cheaper costs of fabrication. Conducting polymer composites (CPCs) constitute a subset of 

ECPs and are formed by dispersing sufficient quantity of electrically conducing particles in a 

polymer matrix [2]. CPCs have been used in electrostatic discharge (ESD) protection, 

lithography, interconnecting technology and also as charge transferring media in developing 

various active and passive electronic devices like transistors, photovoltaic cells, diodes, 

sensors etc. [2]. In the field of sensing, CPCs have been utilized in the development of 

various types of sensors concerning physiological, kinesthetic, stress/strain, health 

monitoring, bio sensing etc. In the subtext of stain sensors made using CPCs, carbonaceous 

fillers reinforced with different types of polymers attracted considerable attention for reasons 

discussed earlier in Chapter 3. Notable among these are nanofillers esp. carbon nanotubes 

(CNTs) [3-8], carbon nanofibers (CNFs) [9], graphite [10], carbon fibers (CF) in meso- and 

milli- range [11, 12], carbon black (CB) [13-16] as well as various metals including nickel 

[17-19]. Under tensile strain, majority of composites made using CNT [4-6], CNF [9] and CF 

[11] fillers displayed positive piezoresistivity (resistance increases with strain). However, 

under compressive strain results have shown that the trend in piezoresistivity depends on the 

proximity of the filler content (φ) to the percolation threshold (φ*). At φ closer to 
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φ∗, piezoresistivity was observed to be positive for different fillers (e.g. CNT [5, 7], CB [14, 

15] and graphite [10]). However, the same at a loading level slightly higher than φ∗ displayed 

a decrease followed by an increase in their resistance values with strain e.g. CF [12] and CB 

[14] composites. On the other hand, composites made with filler content more than double 

the threshold value (φ∗) displayed negative piezoresistivity under compressive strains (e.g. 

composites made using CB [14, 16] and Ni or Ni:Mo (0.5:0.5) [19]).  

 To the best of our knowledge, an instance of negative piezoresistivity under tensile 

loading was observed by only a few studies [17, 31]. Attempting different types of fillers 

(metal, ceramic, graphite etc.) and matrix (epoxy, silicone rubber (SR), polyethylene and 

polypropylene) combinations, Ishigure et al [17] observed that all of the composites made 

using Cu/epoxy; SnO2/epoxy; La0.5Sr0.5CoO3/SR and SnO2/SR displayed decreasing 

resistance with tensile strain. However, it needs to be highlighted that the filler loading in 

these systems was very high (25 – 60 vol% depending on the composite) and this would 

create overabundant filler concentration. Similarly Flandin et al [31] observed a complex 

piezoresistance relationship in their study of CB filled ethylene-octene elastomer and 

proposed a constitutive microstructural model for their resistance–strain response. 

Sensitivity (or gage factor) (K), defined as the degree of change in the resistance of a 

material per unit strain, is one of the key characteristics of a strain sensor. In the perspective 

of CPCs, sensitivity is governed by various factors ranging from constituents to method of 

synthesis to type of strain (tensile or compressive) method employed. These factors have 

been effectively investigated by many researchers in the context of elastomeric 
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nanocomposites which is the subject of our current work. Nanocomposites of multiwalled 

CNT (MWNT) reinforced in PDMS matrix were studied by Junyong Lu et al [20] for their 

R(ε) characteristics and observed a range of K between 1.38 and 12.4 depending on the vol. 

fraction of the CNT (φCNT). Normalized resistance curves changed from non-linear to linear 

behavior as φCNT changed from 18 wt% to 25% and correspondingly K values decreased 

from ~12.4 (18 wt%) to ~1.38 (25%). The decrease in the K was explained to be due to a 

decrease in the mobility of the filler particles due to the high chain entanglement density and 

also because of an increase in the composite resilience to higher loads. Dang et al [3] worked 

on a similar system of CNTs/methyl vinyl Silicone Rubber (SR) and studied the effect of 

aspect ratio (AR). They disclosed that the φ* value for SR/CNT composites with an AR of 50 

(φ*=0.8 vol%) is significantly lower than that of SR/CNT with A.R = 500 (φ*=1.02 vol%) 

because of the enhanced entanglement of highly elastic SR chains around CNTs with higher 

AR.  

Compressive piezoresistive studies on SR/CNT (with A.R = 50) indicated a positive 

R/R0 vs. pressure response and composites with A.R = 50 possessing higher K and 

repeatability than those with A.R = 500. Kost et al [21] studied resistance–strain 

characteristics of Ketjenblack/SR composites for strains up to 80% and found that gage 

factor (K) decreased with increasing filler loading from 8 wt% to 15 wt% (φ∗ ~ 8wt%) and 

that R/R0 (normalized resistance) vs. ε decreased with increasing strain rate. An extension of 

this study on same materials [22] displayed high reversibility in R vs. ε curves for 

mechanically preconditioned samples. They observed positive piezoresistivity (R increase 
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with ε) in R/R0 vs. ε curves but their dynamic behavior differed with the type of maximum 

strain (εmax) applied. During strain cycling at low εmax, the peak value of R/R0 in each cycle 

was found to decrease with time in 0 wt% CNF samples whereas it increased with time for 

higher εmax. This changed for the mechanically preconditioned samples where the peak value 

remained constant and reversible with time. A deformation sensor was developed by Valenta 

et al. [13] using silicone rubber impregnated (or ‘dotted’) with acetylene carbon black. 

Dynamic piezoresistive studies performed on this material displayed a positive and reversible 

piezoresistive response under uniaxial deformation. They reported a change in the resistive 

response from asymmetric to symmetric when the composite was subjected to mechanical 

pretension. Added to this, fatigue tests performed on these materials demonstrated minimal 

loss in piezoresistance behavior and that imparting a pre-stress within the silicon rubber 

sensor improved the linearity and cyclic preloading is necessary to stabilize the electric 

material properties.  

Efficiency of a composite sensor is governed by specific material properties like 

percolation threshold, matrix-filler adhesion, filler orientation, aspect ratio of fillers etc. as 

identified by certain models on piezoresistivity [23]. Higher volume fraction of fillers results 

in brittle composites and also cost of processing increases and hence lower percolation 

threshold values are desired [22]. In addition, for a sensor to exhibit repeatability, it is 

necessary to have a strong polymer-filler interface in order to maintain structural integrity 

after strain cycles. Keeping in view of factors like hysteresis and aging, matrix with excellent 

elastic characteristics is preferred. Silicone Rubber (SR or commercially available 
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polydimethylsiloxane - PDMS) is an elastomer that has been one of the most extensively 

used matrix material in development of strain sensors due to its excellent elastic, thermal and 

mechanical properties along with high mechanical reversibility and superior filler adhesion 

properties [10]. PDMS has been studied for its unique flexibility, high environmental 

stability and one of the lowest glass transition temperatures (-125 ºC), low change in the 

shear modulus with temperature (1.1kPa ºC-1), low chemical reactivity, non-toxicity and high 

compressibility [24].  

Thus for a conducting composite to act as a piezoresistive sensor, factors like type of 

fillers, filler orientation, physical properties of fillers and polymers etc. play an important 

role. An ideal filler material is supposed to provide low percolation threshold but at the same 

time is capable of exhibiting higher strain sensitivity. In addition, fillers have to have high 

bonding with the matrix to withstand significant amount of external load without failure and 

at the same time are chemically inert from environmental as well as external conditions. 

CNFs, which are long cylindrical nanostructures with graphene layers stacked in the form of 

cones or plates, are known to cater to these requirements of reinforcements of a composite. 

Additionally, they possess excellent physical, electrical and mechanical properties which 

make them excellent candidates for composite reinforcement as highlighted in Chapter 3.  

In this study, CNF reinforced PDMS composites were investigated for their 

electromechanical and piezoresistive behavior under tensile loading conditions. 

Piezoresistivity was monitored dynamically along longitudinal (electric field parallel to the 

strain axis) and transverse (electric field normal to the strain axis) directions and also at 
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different times to observe the aging and hysteresis effects of the CNF/PDMS and CB/PDMS 

conducting composites. In order to compare the effect of the type of filler, CB reinforced 

PDMS composites of the same CB volume fraction as that of CNF-PDMS were prepared and 

subjected to a similar analysis of electromechanical characteristics. 

4.3. Sample Preparation and Characterization Parameters 

Polydimethylsiloxane (PDMS) based electrically conducting composites were 

synthesized by reinforcing PDMS matrix with two different carbonaceous fillers namely 

Carbon Nanofibers (CNF) and Carbon Black (CB). Polydimethylsiloxane used in this study 

is a special screen printable polymer obtained from Dow Corning (9601 Textile Printing Ink). 

Carbon Nanofibers were purchased from Showa Denko® (VGCF-H) while Carbon Black 

was obtained from Akzonobel (Ketjenblack EC-300J). The physical properties of CNF and 

CB, as purchased, are listed in Table 4.1.  

Table 4.1: Physical properties of CNF and CB used in this study 

 

 

 

 

 

 

 

 

 

 

 

† - www.sdkc.com/documents/VGCF-H.pdf 
* - Akzo Nobel Electrically Conductive Ketjenblack Product Literature, 300. S. Riverside 

Plaza, Chicago, IL, 60606 (1999). 

Physical Property CNF (VGCF-H) † CB (Ketjenblack- EC 300J)* 

Diameter (D) 150 nm 
30-100 nm (Spherical) 

Length (L) 10-20 µm 

Density 2 g/cc 1.8 g/cc 

Apparent Bulk Density 0.01 g/cc 0.1-0.125 g/cc 

Specific Surface Area 13 m2/g 950  m2/g 

Resistivity 10-4 Ω-cm. 0.01-0.1 Ω−cm. 
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In our earlier study on CNF-PDMS composites, we reported a φ* value of ~1.84 wt% 

(section 3.4.2). In order to facilitate the detection of resistance changes within the limits of 

our electrometer, four composite specimen comprising of 4wt% and 5wt% CNF/PDMS, 

4wt% and 5wt% CB/PDMS are selected and evaluated for their morphological, mechanical, 

electrical and piezoresistive characteristics. Keeping in view of our ultimate objective, these 

conducting composites were further subjected to an analysis of their sensoric performance 

particularly sensitivity, hysteresis and aging.  

Conducting composites were prepared via solvent casting method by mixing PDMS 

matrix with conductive fillers (CNF and CB) with hexane as the solvent medium. Steps of 

preparation of these conducting composites are as follows: (1) conductive fillers (CNF or 

CB) of specific weight fraction (φ) are dispersed in 25ml hexane and mixed using a high 

shear planetary mixer (Mazerustar®) for 1 min. (2) 10gm of PDMS-9601 base polymer is 

then added to the CNF/Hexane mix and the contents are mixed for 1 min. (3) 1gm of catalyst 

aka crosslinking agent (10% of the PDMS base) is then added to the PDMS/CNF/Hexane 

mix and the contents are mixed for 1min and the resulting solution is solvent cast in a closed 

container for 3 days at room temperature. Films produced were found to be dry and 

homogeneous in texture. Film dimensions averaged at 13cm × 11cm with thickness ~ 0.7 – 

0.8mm.   

In order to observe the homogeneity in the distribution and orientation of conductive 

fillers within the composite, the composites are subjected to scanning electron microscopic 

imaging using JEOL 6400F Field Emission SEM based at our facility (Analytical 
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Instrumentation Facility, AIF, NCSU). Two different accelerating voltages e.g. 1KV and 

5KV were used for imaging films in various modes namely planar, cross-section and edge. 

The cross-section and edge images were obtained by cryo-fracturing the composites using 

liquid N2.  

DC resistance of PDMS-CNF films at different volume fraction (φ) of CNF was 

measured using four-point-probe technique using Keithley 6221/2182A measurement 

assembly. Resistance values were taken at 9 different regions of the sample and averaged. 

The advantage of using an elastomeric PDMS matrix lies in its ability to sustain 

structural integrity even under multiple stress/strain loading. In order to visualize this, 

mechanical cycling studies were performed (10 cycles, max. strain of 40%) on these 

composites at the rate of 20 mm/min using MTS 30/G tensile tester according to ASTM 

standards (ASTM D-638 [25]). For each filler concentration, 4 samples were analyzed for 

their mechanical performance. Various mechanical characteristics such as initial modulus 

(tangent modulus at 0% strain), tangent modulus calculated between 20% and 40% strain, 

energy loading, % energy loss during cycling and unrecovered strain were calculated from 

these plots. 

Piezoresistive behavior of the composite films was characterized using a 

programmable uniaxial load frame that allowed control of strain amplitude as well as rate of 

strain. Four equispaced copper electrodes are attached to the surface of the sample using a 

conductive adhesive (obtained from ja-bar®: series 000-040 Ag/Ni based Silicone adhesive) 

for resistance measurement under strain. Simultaneous dynamic piezoresistance studies are 
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performed for 10 continuous loading and unloading cycles at a strain rate of 20 mm/min. The 

spacing between the electrodes is kept at a constant value of 1.5 cm. Resistance is 

continuously measured during extension (strain loading) and contraction (strain unloading) 

of the composite specimen using four probe technique. From the obtained resistance (R) vs. 

strain (ε) readings, gage factor (K) (or sensitivity of a strain sensor) defined as the change in 

resistance of a sample (∆R) under an external strain (ε) was calculated using the expression: 

Г � %�TÂ�$       (4.1) 

Here R0 is the resistance of the sample at zero strain. In order to substantiate the sensoric 

behavior of the strain sensitive PDMS-CNF composites, sensor characteristics besides gage 

factor namely hysteresis and aging are deduced from the obtained piezoresistance plots. 

Hysteresis effects are understood to be variation in the electromechanical response of a 

sensor during repeated operation (cycling). Aging denotes this variation in response when 

performed at different times.  

 

4.4. Results and Discussion 

4.4.1. Morphological Analysis 

To understand the structural distribution of the conducting fillers within the insulating 

PDMS matrix, the conducting composites thus produced were analyzed for their 

morphological characteristics such as dispersion of the fillers and their orientation using 

SEM Imaging technique. Figure 4.1 shows the SEM Image of CNF and CB fillers obtained 
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after step 1. Figure 4.2 indicates the microstructure of 5wt% CNF/PDMS composites along 

planar, cross-section and edge directions obtained at different magnifications while Figure 

4.3 indicates the same for 5wt% CB/PDMS composites.   

  

Figure 4.1: SEM Images of A) Carbon Nanofibers and B) Carbon Black.  

 

Figure 4.2: SEM Images of unstrained 5wt% PDMS-CNF composite (Acceleration voltage 
used for imaging). A – Surface (1KV), B - Cross section (1KV) and C – Edge directions 

(5KV). 

 

A B 

A C B 
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Figure 4.3: SEM Images of 5wt% CB/PDMS along A) cross-section (1KV) and B) Edge 
directions (5KV). 

 

From Figures 4.2 and 4.3, it can be noticed that the dispersion of the fillers is 

homogeneous and isotropic. Cryo-fractured cross-sectional images (Figures 4.2B and 4.3B) 

with fibers protruding from the surface indicate a strong polymer-filler interface which 

underlines the efficacy of processing conditions adopted for the composite fabrication.  

4.4.2 Mechanical Cycling 

The mechanics of failure and cyclic strain characteristics of PDMS-CNF composites 

was presented earlier in section 3.4.3. Cyclic loading up to a strain (ε) of 40% is applied on 

the composites and their stress-strain behavior was compared with increasing filler content. 

In our studies we noticed that irrespective of the type and amount of filler content, the 

composites produced a similar stress-strain response for cycles 2 to 10. For the sake of 

brevity, we highlight only the 1st and 10th cycles of these results for CNF-PDMS (Figures 

4.4A and 4.4B) and CB-PDMS (Figures 4.4C and 4.4D). Figures 4.4A to 4.4D clearly 

indicate that the mechanical response of both CNF and CB based composites comprise of 

B A 
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two distinct linear domains with different moduli, connected by a transition zone (termed as 

‘pseudo-yield’ point [38]). In order to characterize the composite behavior within these two 

domains, modulus values were calculated separately for the two domains viz. initial modulus 

(for 0<ε<20%) and tangent modulus (for 20<ε<40%), for all the specimens. Added to this, 

other characteristics namely ‘% energy loss during cycling’ and ‘unrecovered strain’ were 

also calculated from these plots and presented in Table 4.2.  

       

       

Figure 4.4: Stress-strain behavior of CB/PDMS (A – Cycle 1 & B – Cycle 10) and 
CNF/PDMS (C – Cycle 1 & D – Cycle 10) composites under cyclic loading conditions of 10 

strain cycles performed with sample strained till ε = 40% in each cycle.  

a b 

c d 
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Table 4.2: Comparison of mechanical cycling characteristics of CNF/PDMS and CB/PDMS 
composites  

Filler 
Content 

Cycl
e # 

Initial 
Modulus 

(MPa) 

Tangent Modulus 
between ε = 20% 
and 40% (MPa) 

% Energy 
Loss during 

Cycling 

Unrecovered 
Strain (%) 

0 wt% 
PDMS 

1 0.7 ± 0.08 0.27 ± 0.05 23 3.15 ± 1 

10 0.8 ± 0.08 0.31 ± 0.02 8.8 0.5 

4wt% CB/ 
PDMS 

1 0.6 ± 0.1 0.26 ± 0.05 32.8 4.1 

10 0.50 0.27 ± 0.05 15.1 0.9 

5wt% CB/ 
PDMS 

1 0.7 ± 0.04 0.31 ± 0.05 37.4 4.3 ± 0.4 

10 0.75 ± 0.02 0.37 16.8 1.1 ± 0.2 

4wt% CNF/ 
PDMS 

1 1 ± 0.1 0.29 ± 0.07 40.9 4.35 ± 0.1 

10 1 0.25 16.7 0.55 ± 0.3 

5wt% CNF/ 
PDMS 

1 1.4 ± 0.2 0.39 ± 0.07 50.3 5.5 ± 0.5 

10 1.1 ± 0.25 0.24 18.3 1 ± 0.05 

 

For CNF-PDMS composites during the first cycle (Figure 4.4A), as discussed before, 

an elastic deformation (or Hookean) region was observed at small strains with stress-strain 

curve being linear. The modulus values in this domain increase with increasing filler content 

from 0 wt% to 4wt%. This is attributed to the newly formed polymer-filler and filler-filler 

associations imparting higher load bearing capabilities to the composite. Increasing filler 

content increases enhances these associations and consequently increasing the modulus 

(reinforcing effect) as was also evidenced by other studies [26]. An absence of a pseudo-

yield point in case of pure PDMS reiterates this observation that due to a lack of reinforcing 

agents, pure PDMS yields almost as soon as it experiences deformation. With increasing 

strain in the composites, both 4wt% and 5wt% yield at a critical strain value into a second 
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linear domain of lower modulus (or tangent modulus, Table 4.2). The triggering of this 

transition is associated with a disruption of filler network because of the stretching of these 

polymer chains [36, 37]. Increasing CNF content from 4 to 5 wt% increases the tangent 

modulus of the composites primarily due to the fact that higher filler content results in more 

number of filler-filler and filler-polymer associations which get ruptured progressively. This 

is evidenced from the very close tangent modulus values in cycle 10 (as such for all 

subsequent cycles) for both 4 and 5 wt% composites (Figure 4.4B, Table 4.2).  

In case of CB based composites, a similarity in the stress-strain response as well as 

mechanical properties (Table 4.2) with changing CB content is witnessed (Figures 4.4C and 

4D) except in one singular instance. Similar to pure PDMS, CB-PDMS composites yield 

almost instantaneously when deformed. This suggests weaker interactions between the 

individual CB aggregates which get ruptured and causing them to separate as soon as the 

composite experiences external strain. Also the initial modulus values of these composites 

are lower than that of the 0 wt% PDMS. The reason for this is thought to be due to an inferior 

association between CB aggregates and the surrounding matrix. Instead of imparting a 

reinforcing effect as witnessed in case of CNF-PDMS composites, the CB-PDMS 

associations result in weakening the composite and diminishing its load bearing capability. 

Hence these agglomerates act purely as hydrodynamic reinforcements between polymer 

chains and inhibit crosslinking and entanglement actions of the polymer chains and 

deteriorate the strength of the composite. The trend continues from the 1st cycle (Figures 

4.4C) to 10th cycle (Figures 4.4D).  
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4.4.3. Electrical Characteristics 

The physics of charge transfer in an insulating matrix impregnated with conducting 

fillers has been well established to be governed by the principle of percolation [32]. With 

increasing concentration of the conducting medium, the previously insulating system starts to 

facilitate transfer of electrons due to increasing proximity between the fillers. Beyond a 

certain critical concentration of the fillers (termed percolation threshold, φ∗), a small increase 

in φ results in a dramatic increase in the conductivity (or decrease of resistivity) of the 

composite from insulating to semi-conducting or even metallic conduction. 

A similar study of resistivity vs. filler concentration carried out for our PDMS-CNF 

composites resulted in a threshold value of ~1.84 wt% (section 3.4.2). In this current study, 

resistivities of 4 and 5 wt% CB-PDMS composites were measured along the same fashion 

and presented along with our earlier study of CNF-PDMS composites for comparison in 

Figure 4.5.  

 

Figure 4.5: Comparison of resistivities of PDMS-CNF and PDMS-CB composites. 
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As can be noticed, CB based composites are observed to be slightly more conducting 

that those prepared using CNF fillers. This is probably due to purer form of CB particles 

when purchased against that of CNFs which contained different types of metallic/ 

carbonaceous impurities at the time of purchase. 

 

4.4.4. Piezoresistance Characteristics 

Analysis of strain sensor characteristics was performed by measuring the dynamic 

piezoresistance studies of both CNF and CB reinforced composites and presented in Figures 

4.6 to 4.15. Piezoresistance studies were performed along longitudinal (electric field from 

four probes parallel to the strain axis) and transverse (electric field from four probes normal 

to strain axis) directions at the same strain rate that was employed for mechanical studies i.e. 

20 mm/min.  

 

4.4.4.1. Piezoresistance of PDMS-CNF composites 

First we present the piezoresistance results of 5wt% CNF-PDMS composite along 

longitudinal direction at different strain amplitudes (εmax) of 10% (Figure 4.6), 40% (Figure 

4.7) and 70% (Figure 4.8). In each of these studies, sample was strained to εmax (loading) and 

released back to original position (unloading) and this is dynamically repeated 10 times 

(Figures 4.6A, 4.7A and 4.8A). The resistance (R) – strain (ε) response during 1st, 5th and 10th 
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piezoresistance cycles in each case are compared with each other (Figures 4.6B, 4.7B and 

4.8B).  

       
 

Figure 4.6: Longitudinal piezoresistance study of 5wt% CNF-PDMS composites extended to 

maximum strain (εmax) of 10% under (a) Dynamic loading – 10 cycles (individual cycles are 
represented by grey vertical lines) (b) Individual Cycles 1, 5 and 10.  

 

        

Figure 4.7: Longitudinal piezoresistance study of 5wt% CNF-PDMS composites extended to 

maximum strain (εmax) of 40% under (a) Dynamic loading – 10 cycles (individual cycles are 
represented by grey vertical lines) (b) Individual Cycles 1, 5 and 10. 

a b 

a b 
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Figure 4.8: Longitudinal piezoresistance study of 5wt% CNF-PDMS composites extended to 

maximum strain (εmax) of 70% under (a) Dynamic loading – 10 cycles (individual cycles are 
represented by grey vertical lines) (b) Individual Cycles 1, 5 and 10.  

 

With the exception of the first cycle, a smooth reversible and extremely repeatable 

R(ε) response ensured in each of these studies. The electrical performance of these 

nanocomposites can be correlated with their mechanical performance wherein a near perfect 

match in the stress-strain curves has been observed between cycles 2 to 10. Thus, 

repeatability in the resistance-strain of the composite can be attributed to the composite 

overcoming its mechanical hysteresis immediately after the first cycle (section 4.3.3). 

Considering this repeatability in the piezoresistive response between cycles 2 to 10, we select 

cycle 10 for explanation of its resistance-strain behavior. For the piezoresistance study under 

εmax of 10% (Figure 4.6), resistance decreased from ~5.8 kΩ to ~3 kΩ with increasing strain 

from 0 to 10% (negative piezoresistance). When this strain is removed at the same rate 

(unloading), resistance of the sample displayed a reversible change from ~3 kΩ to ~5.8 kΩ. 

When the strain amplitude is increased to 40% an interesting resistance-strain response is 

a b 
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observed (Figure 4.7) where resistance was found to decrease from ~17 kΩ to ~4.5 kΩ 

during loading till a critical strain value (εc) of ~20%. Beyond this strain, R(ε) response 

becomes positive and resistance starts to increase from ~4.5 kΩ  and continues to rise till the 

end of the strain cycle (ε = 40%) to ~6 kΩ . R(ε) response along the unloading direction was 

found to be an almost mirror image of the loading curve when the sample resistance goes 

down initially from ~6 kΩ to ~4.8kΩ (ε = εc) followed by an increase and reaching a 

maximum of ~19kΩ when the sample is completely recovered (ε = 0). This type of R(ε) 

response has been found to repeat itself for cycle 2 to cycle 10.  

The observed piezoresistive behavior of the CNF composites can be explained 

through the high aspect ratio of the particles and the resulting strain-induced changes in the 

percolating network.    It illustrates two competing mechanisms at play; (1) the uniaxial strain 

induced rotation as well as straightening or uncurling of CNFs, (2) rigid body translation of 

the high aspect-ratio cylindrical particles embedded in the softer cross-linked elastomeric 

network, leading to the disruption (formation and destruction) of the 3D conducting 

pathways inside the composite illustrated schematically in Figure 4.9. The CNF particles 

have aspect ratios of up to ~100, and the number of interparticle contacts (tunneling or 

physical) along a conductive pathway is likely to be high. At small strains, the overall inter-

particle separation decreases with increasing applied strain due primarily to the rotation (of a 

part or as a whole) of the long cylindrical CNF particles that are out plane or curled, leading 

to greater in-plane (XY) alignment and lower electrical resistance. This may happen even in 

case where the particle geometric centers move further away due to applied strain. It is 
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important to remember that the vast difference in moduli of the silicone and CNF lead to 

nonaffine strain field in the composite and greater possibility of particle rotation and 

alignment. 

 

Figure 4.9: Schematic representation of proposed hypothesis highlighting the simultaneous 
rotation and translation of individual fibers used to explain the piezoresistive response of the 

CNF-PDMS conducting composites (not to scale). 

 

A very similar R(ε) profile resulted for 5wt% CNF-PDMS composites when the strain 

amplitude changed from 40% to 70% with the exception of resistance values at different 

strain levels (Figure 4.8). Alongside, the critical strain value (εc) increased from ~20% to 

~34% when εmax is changed from 40% to 70%. This is due to a difference in the level of 

mechanical hysteresis experienced by the composite which increases with increasing strain 

amplitude.  

Following this, the 5wt% CNF-PDMS composites have been analyzed for their 

transverse piezoresistance behavior under similar conditions of straining to εmax of 10% and 

40%. As mentioned earlier, in the case of transverse piezoresistance study, strain is applied 
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normal to the direction of the electrodes. The results are presented in Figures 4.10 (εmax = 

10%) and 4.11 (εmax = 40%).  

      
Figure 4.10: Transverse piezoresistance study of 5wt% CNF-PDMS composites extended to 

maximum strain (εmax) of 10% under (a) Dynamic loading – 10 cycles (individual cycles are 
represented by grey vertical lines) (b) Individual Cycles 1, 5 and 10. 

       

Figure 4.11: Transverse piezoresistance study of 5wt% CNF-PDMS composites extended to 

maximum strain (εmax) of 10% under (a) Dynamic loading – 10 cycles (individual cycles are 
represented by grey vertical lines) (b) Individual Cycles 1, 5 and 10. 

The transverse piezoresistance response of the 5wt% CNF-PDMS composites was 

observed to be very similar to that of the longitudinal response (Figures 4.6 and 4.7) with the 

a b 

a b 
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obvious exception of the resistance and critical strain values. However the interplay between 

electrical response and mechanical deformation characteristics of the fibers in transverse 

study are quite opposite to the longitudinal case. In the case of transverse study, negative 

piezoresistivity at small strain amplitudes (ε ≤ 10%) can be attributed to the fillers coming 

closer due to contraction along the transverse direction normal to the external strain. 

However, when the strain on the sample is increased (ε > 10%), the fillers continue to come 

closer until a threshold value where the separation between them hits a minima (εc for 

transverse). At this point, when the deformation continues beyond εc, fillers start to rotate 

along the thickness direction which results in an increase in the inter-particle separation. 

Thus resistance starts to increase again until a max. strain of 40%. Reversal of applied strain 

and cycling results in a symmetric variation of resistance which is very similar to that 

longitudinal case.  

An instance of negative piezoresistance has been reported only in a few studies in 

conducting composite films [17, 31] but for the first time, we report a negative 

piezoresistance study with high degrees of reversibility and repeatability in its electrical 

resistance. In addition to this, the resistance-strain response was observed to be highly 

symmetric with respect to the ε = εmax line irrespective of the strain amplitude in all cases 

(Figures 4.6-4.10). Also the piezoresistive response is extremely similar along both 

longitudinal and transverse directions.  

Similar to the previous study, dynamic piezoresistance analysis of 4wt% CNF-PDMS 

composites along longitudinal and transverse directions at two different strain amplitudes 
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(εmax = 10% and 40%) are presented in Figures 4.12 and 4.13 respectively. Figure 4.12A 

represents the longitudinal study on 4wt% CNF-PDMS films strained to an εmax of 10% and 

Figures 4.12B represents the same for an εmax of 40%. Corresponding plots of resistance-

strain response for the transverse piezoresistance study is presented in Figures 4.13A (εmax = 

10%) and 4.13B (εmax = 40%) respectively.  

            
Figure 4.12: Dynamic studies of longitudinal piezoresistance study of 4wt% CNF-PDMS 

composites extended to maximum strain (εmax) of (a) 10% and (b) 40% (individual cycles are 
represented by grey vertical lines). 

  

a b 
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Figure 4.13: Dynamic studies of transverse piezoresistance study of 4wt% CNF-PDMS 

composites extended to maximum strain (εmax) of (a) 10% and (b) 40% (individual cycles are 
represented by grey vertical lines). 

As can be observed from these plots, with the exception of resistance values at 

different strains, the R(ε) profiles of 4wt% CNF-PDMS films are very similar to that of 

5wt% CNF-PDMS composites. The variation in the values of resistances exhibited by 4wt% 

CNF-PDMS composites is found to be higher than that found in 5wt% CNF-PDMS 

composites i.e. at a given strain value resistance of 4wt% CNF-PDMS is higher than that of 

5wt% CNF-PDMS. This is due to the lower volume fraction of nanofibers within the 

polymer matrix which, to start with, possess larger separation between them and hence when 

deformed undergo larger degrees of change in their resistance values. This effect of enhanced 

changes in resistances under strain (higher sensitivity) upon decreasing the concentration of 

fillers has been established previously [16, 20, 31]. Consequently, a decrease in the 

concentration of the CNF from 5wt% to 4wt% resulted in a decrease in the values of critical 

strain which were found to be ~16.5% for εmax = 40% and ~25.4% for εmax = 70% (Table 3). 

a b 
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This is because of the fact that number of nanofibers undergoing reorientation and translation 

during the straining of the composite is lower because of which the strain required to align 

the fibers along the strain axis (and thereby saturating the orientation component) is smaller.  

Table 4.3: Comparison of critical strain under longitudinal piezoresistance study for CNF-
PDMS composites under different levels of strain amplitude (εmax) and changing CNF 

concentration. (Data given for the most stable cycle (10
th 

cycle)) 
 

Critical Strain (εεεε
c
) εεεεmax = 40% εεεεmax = 70% 

4wt% CNF-PDMS 16.5 25.4 

5wt% CNF–PDMS 19.5 33.6 

 

4.4.4.2. Piezoresistance of CB-PDMS composites 

To determine the effect of the type of fillers on the electromechanical characteristics 

of elastomeric nanocomposites, conducting CB-PDMS composites with 4wt% and 5wt% CB 

composition have been prepared and their longitudinal piezoresistance characteristics were 

analyzed under the same experimental conditions as those employed for CNF-PDMS 

composite films. The results of 5wt% CB-PDMS are presented first in Figure 4.14 at εmax of 

10% (Figure 4.14A) and 40% (Figure 4.14B) while that of 4wt% CB-PDMS are presented in 

Figure 4.15 which comprises of studies at εmax of 10% (Figure 4.15A) and 40% (Figure 

4.15B).  
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Figure 4.14: Dynamic studies of longitudinal piezoresistance study of 5wt% CB-PDMS 

composites extended to maximum strain (εmax) of (a) 10% and (b) 40% (individual cycles are 
represented by grey vertical lines). 

 

      
Figure 4.15: Dynamic studies of longitudinal piezoresistance study of 4wt% CB-PDMS 

composites extended to maximum strain (εmax) of (a) 10% and (b) 40% (individual cycles are 
represented by grey vertical lines). 

 

As can be noticed from Figure 4.14 and 4.15, irrespective of the strain amplitude the 

resistance-strain response of both 4wt% and 5wt% CB-PDMS composites is monotonously 

increasing (positive piezoresistance) during the strain loading. In addition to this, the 

a b 

a b 
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piezoresistance behavior is observed to be highly reversible during strain loading and 

unloading and repeatable between cycles, which highlight the elastomeric nature of the 

composite. With increasing the level of strain amplitude from 10% to 40%, both 4 and 5 wt% 

CB-PDMS composites continued to display positive and concurrently larger variations in 

their resistances. This is indicative of the fact that the mechanism of resistance change is due 

to a continuous increase in the separation of the conducting entities within the matrix (here 

high structured CB agglomerates). The reorientation effect that was previously observed in 

CNF-PDMS composites is not noticed in the case of CB-PDMS composites due to the fact 

that CNF fillers are cylindrical in nature (with an aspect ratio of ~100, Table 4.1) whereas 

spherical CBs form agglomerates within the composite with low aspect ratio (~5-6 [35]). 

This is in conjunction with their stress-strain characteristics (Figure 4.4C and 4.4D) which 

indicated poor interactions between individual CB aggregates resulting in their low yield 

point. This would suggest that the deformation of the CB based composite would result in a 

monotonously increasing inter-particulate separation with increasing strain. This effect has 

been previously observed by various authors [8]. Also, change in the resistance for a given 

strain exhibited by the composites is higher in 4wt% CB-PDMS than 5wt% CB-PDMS 

(Figures 4.14 and 4.15) as observed in CNF-PDMS composites and can be explained using 

the same reasoning given before for CNF-PDMS composites. 

It can be recalled that increase in inter-particle separation in case of CNF-PDMS 

composites also occurred only after the yielding of the composite (at the start of). Hence, 

from a theoretical stand point, a study of electrical activity of this type of CPC also helps in 

understanding the intricate morphological transformations occurring within a nanocomposite. 
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This is more favorable due to the fact that these transformations at such nanoscale are 

difficult to observe visually (even with such tools like high resolution electron microscopes).  

 

4.4.5 Strain Sensor Characterization 

Once the electromechanical and piezoresistive characteristics of the CNF and CB 

based PDMS conducting composites was established, we set forth to analyze the strain sensor 

characteristics namely gage factor, hysteresis and aging. Accordingly, piezoresistance studies 

to a εmax of 40% were performed on each of these composites at different times using the 

same experimental conditions as before. From these plots, values of gage factor (K) for each 

composite were calculated using equation 1 for each of the 10 cycles considering the most 

linear part of the R(ε) response of each cycle. These values are presented in Table 4.4.  

Table 4.4: Gage Factor values of CB-PDMS and CNF-PDMS composites computed at 
different times. 

 
Time after  

1st test (days) 
5wt% CB- 

PDMS 
4wt% CB- 

PDMS 
Time after 1st  
Test  (months) 

4wt% CNF 
-PDMS 

5wt% CNF- 
PDMS 

0 18 ± 4  383 ± 10 0 −14.6 ± 0.2 −8.6 ± 0.6 

1 14 ± 1 373 ± 9 9.5 −13.4 ± 0.2 −10.9 ± 0.2 

2 15 ± 1 370 ± 15 10 −12.8 ± 0.1 −12.3 ± 0.2 

90 16 ± 3 403 ± 14 10.5 −12.4 ± 0.3 −12.3 ± 0.2 
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As can be observed from Table 4.4, gage factor values of 4wt% and 5wt% CB 

composites remained almost unaltered even when measured after 90 days. As noticed earlier, 

gage factor of 4wt% CB-PDMS composites is way higher than those obtained for 5wt% CB-

PDMS composites and this has reported by various authors [16, 20 and 31]. Gage factor was 

also calculated for 4wt% and 5wt% CNF-PDMS composites in a similar manner and are 

presented separately in Table 4.4 since the times of measurements of these composites are 

different from CB-PDMS composites. Interestingly, in case of CNF-PDMS composites, gage 

factor remained almost the same even 10 months after the 1st measurement for both 4wt% 

and 5wt% CNF-PDMS composites. Additionally, gage factor values of both these 

composites are very close to each other even though the resistance values at any given strain 

of these individual composites is entirely different (as seen in section 3.4.2). This is due to 

the fact that even though resistance values (and hence ∆R values) are higher for 4wt% CNF 

film, it’s the ratio ∆R/R0 that determines the sensitivity of the composite and enhanced zero 

resistance values (R0) of the composite compensate for the former.  

In addition to the gage factor values, effect of mechanical hysteresis and aging on the 

R(ε) response of each of these composites were also derived from those piezoresistance 

studies performed at different times. Effect of mechanical hysteresis is understood as a 

variation in the R(ε) profile under repeated application of strain loading and unloading 

(studied for 10 cycles). Aging on the other hand is this variation as a function of time. For the 

sake of brevity and ease of comparison, only R0 (Resistance at strain = 0) and R40 (Resistance 

at strain = 40%) are selected from these piezoresistance plots and presented in Figure 4.16 to 



 

175 
 

analyze the effects of hysteresis and aging on the R(ε) response of CNF (Figures 4.16A and 

4.16B) and CB (Figures 4.16C and 4.16D) composites.  

      

       

Figure 4.16: Hysteresis and Aging characteristics of piezoresistive strain sensors a) 5wt% 
CNF-PDMS b) 4wt% CNF-PDMS c) 5wt% CB-PDMS and d) 4wt% CB-PDMS. Maximum 

(R0 for CNF and R40 for CB) and Minimum (R0 for CB and R40 for CNF) resistance exhibited 
by each specimen is indicated in solid and hollow data points respectively. 

 

It can be seen from these plots that  both CNF and CB based composites displayed 

minimal hysteretic effects i.e. values of neither R0 nor R40 changed significantly within each 

cycle when performed continuously at a given time. In addition to this, in each of the 

a b 

c d 
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composite sample resistance returned back to its initial value (R0 for the first cycle) after 

complete relaxation of the specimen. However, the effect of time or aging is significant 

especially in the case of CNF-based conducting composites.  

For 5wt% CNF-PDMS composites (Figure 4.16A), R0 value changed from ~2 kΩ to 

~18 kΩ at the end of first test but this value remained almost unaltered for subsequent tests. 

As explained earlier (section 3.4.1) this increase is attributed to the overcoming of the 

mechanical hysteric loss owing to the breaking of lose bonds present in the composite 

system. Piezoresistance analysis performed after complete relaxation of the composites 

resulted in large increase in R0 value after 1st cycle and is suggested to be due to the 

reformation of some lose bonds which get broken after the first cycle resulting in a repeatable 

behavior with subsequent cycles. Additionally, the amount of change in R0 decreased with 

continued cycling at different times. R40 values displayed a similar behavior of increase after 

first test (from ~7.4 kΩ to ~11.2 kΩ) but dropped down with subsequent cycling at different 

times. A similar effect has been seen observed in the case of 4wt% CNF-PDMS composites 

(Figure 4.16B) although the change in resistance values are far higher compared to 5wt% 

CNF-PDMS composites.  

Similarly, CB-PDMS composites demonstrated a minimal effect of hysteresis and 

aging with R0 values remaining very close to their initial values during test (Figure 4.16C and 

4.16D). However R40 values for 5wt% CB-PDMS composites increased slightly after first 

test but decreased with subsequent cycling at different times. In other words, similar to CNF-
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based composites, CB-PDMS composites displayed minimal hysteresis effects but the effect 

of aging appeared to influence the maximum value of resistance reached at different times.  

 

4.5. Conclusions 

CNF and CB reinforced polydimethylsiloxane (PDMS) conducting nanocomposites 

were synthesized using solvent casting technique and characterized for their morphological, 

mechanical electrical and piezoresistive behavior. Morphological analysis revealed 

anisotropic distribution of the fillers with no preferential orientation. Resistivity vs. filler 

concentration curves revealed a low percolation threshold value of 1.86wt% was obtained. 

Under dynamic loading conditions, CNF based conducting composites displayed negative 

piezoresistance at small strains which shifted a positive piezoresistive response at larger 

strains. CB-PDMS composites, on the other hand, produced a consistent positive 

piezoresistance behavior independent of strain amplitude. The resistance-strain response 

characteristics were observed to be highly reversible and extremely repeatable in nature. 

Additionally sensor characterization revealed huge gage factor values for 4wt% CB-PDMS 

composites and the electromechanical endurance of these composites to mechanical 

hysteresis has been highlighted. Although an effect of aging was identified at first attempt, it 

stabilized with repeated cycling. Importantly, these piezoresistive studies were found to help 

understand the complicated deformation characteristics of nanofillers reinforced composites. 

This marks their utility as attractive tools to identify the structure-property relationships and 

understand the morphological transformations of nano-sized fillers (such as rotation/ 
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stretching/ translation) especially due to a lack of proper visual aids to observe them at such 

length scales.  
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CHAPTER 5 

SCREEN-PRINTED FABRIC SENSORS MADE FROM CARBON 

NANOFIBER - POLYDIMETHYLSILOXANE CONDUCTING 

COMPOSITES 

 

5.1 Abstract 

Electrically conducting fabrics have been prepared using carbon nanofibers (CNF) 

reinforced polydimethylsiloxane (PDMS) composites printed onto knitted nylon based 

fabrics. CNF-PDMS resin was prepared via solvent casting method and is applied on the 

fabric substrate using screen printing technique. ‘Printed fabrics’ thus obtained were 

investigated for their morphological, electromechanical and strain sensing characteristics. 

Piezoresistive studies conducted at two different strain amplitudes of 10% and 40% revealed 

interesting response of negative piezoresistivity at small strain amplitudes (10%) but changed 

to positive piezoresistivity at larger strain amplitudes (40%). The reasoning for this kind of 

behavior is provided in conjunction with their mechanical stress-strain characteristics. 

Extending these results, the ability of thus developed printed fabrics to act as strain sensors 

was characterized in terms of their gage factor, hysteresis and aging characteristics. These 

studies highlighted the consistent and repeatable performance of the printed fabrics even after 

being subjected to a repeated testing over a period of 6 months.   



 

183 
 

5.2 Introduction 

Electronic (e-) textiles belongs to the new generation of  “smart” textiles and  are a 

part of the new computing paradigm known as ubiquitous or pervasive computing. By 

definition, E-textiles are systems or devices obtained by introducing electronic functionalities 

into textile products. The method of integration can be external, when conventional 

microelectronic devices are embedded into fabrics; or integral, when fabrics themselves are 

made electrically conducting yarns. In case of latter, electrically conducting yarns made 

either using metallic fibers e.g. silver, steel etc. or inorganic fibers e.g. carbon fibers, carbon 

nanotubes, graphite etc. are utilized [1]. Another means of preparing conducting textiles is by 

coating fabrics with conducting materials. Various techniques of applying conductive coats 

on fabrics were experimented in literature for e.g. ink-jet printing, screen printing, spin 

coating etc.  

Sensors capable of sensing stress/strain/displacement are essential in many functional 

e-textile systems. Although conventional strain sensors developed using metals or 

semiconductors possess excellent signal integrity and transmission characteristics, they lack 

textile-like properties such as flexibility, conformability, extensibility, etc. Owing to their 

brittle nature, the maximum strain possible in these materials under external load is generally 

very small and therefore their mechanical compatibility with highly extensible textile 

materials is very limited. Some of the alternatives attempted in the literature to overcome this 

problem include use of optical fibers [2], piezoelectric polymer fibers [3], fibers coated with 

conductive polymers [4] and conducting polymer composites (CPC) [5]. Coating of yarn 
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filaments with CPC has been one of the most examined in developing fabric sensors [4, 6-

11]. This is due to the fact that CPCs aid in the enhancement of structural integrity in 

addition to imparting charge transfer characteristics to the overall fabric. This is especially 

useful when cyclic loadings involving high strain amplitudes are employed. However, these 

systems require complicated and often expensive processing steps. CPC based fabric sensors, 

on the other hand, are easier to process although they suffer from issues like debonding at the 

polymer-fabric interface. However sensors made using CPCs display high extensibility in 

addition to offering tailorability in conductivity and material stiffness since these properties 

are controlled by the filler concentration. Although their conduction levels and electron 

transduction properties are relatively inferior to metals/semiconductors, CPCs enjoy such 

features like cheaper processing and compatibility to textile substrates. This comes as a great 

advantage since textile materials are very flexible and easily deformable in all directions.  

Exploiting this affinity between the two media, different types of devices have been 

developed for wide areas of applications such as health monitoring [12], biomedicine [6], 

physiological sensing [4, 13], chemical/bio-sensing [14, 15] etc. In the field of organic 

electronics conducting polymeric layers were preferentially deposited on top of insulating 

textile substrate in designing various types of organic devices such as photovoltaic cells [16] 

and organic transistors [17, 18]. The reason for such increasing interest in research and 

development of organic devices is attributed to the fact that they possess both electrical 

conducting characteristics similar to a semiconductor as well as mechanical properties of 

polymers e.g. flexibility [17].  
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In the field of strain sensing, CPC based textile sensors have been studied by many. 

Various aspects of physiological sensing such as respiration, cardiovascular activity, blood 

pressure etc. can be sensed using such devices by continuous monitoring of body kinematics 

and vital signs [6, 7]. The working principle behind such strain sensors is the property of 

piezoresistivity which dictates changes in the conductivity (or resistance) of the sensor under 

strain (imparted by changes in the input parameter e.g. sweat/blood pressure/muscular 

activity). The main focus of most of the research on CPC based textile strain sensors is aimed 

at developing systems with high sensitivities while maintaining the signal integrity for 

continued operation under different strain amplitudes. The motivation for this stems from the 

viscoelastic deformation characteristics of polymers which impart signal delays in the 

materials response as well as recovery under external strain. Added to this, issues like 

mechanical hysteresis and creep also contribute to inconsistencies in resistance and 

sensitivity. Alongside, repeatability of resistance-strain response under mechanical cycling is 

also another key issue which needs to be addressed for multiple usage of such sensors. Some 

of the key works in this regard are discussed.  

Cochrane et al [5] reported textile sensors using CPCs based on carbon black (CB) 

filled styrene-butadiene-styrene copolymer blend prepared via solvent casting technique and 

printed on nylon fabric. For a CB concentration of 26 vol%, piezoresistance studies 

demonstrated a monotonically increasing resistance with strain having a gage factor of 80. 

The response was explained as a consequence of decreasing number of conducting paths 

between CB particles with increasing strain in the material. However, the authors did not 

perform a cyclic deformation study to understand the functionality of the sensor under cyclic 
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loading conditions. Mattmann et al [11] revised this by modifying the above fabric sensor for 

dynamic sensing under cyclic strain loading. The authors developed a thermoplastic 

elastomer (styrene–ethylene–butylene–styrene)-CB (50 wt%) composite extruded into fibers 

and reinforced into a silicone matrix and adhered to a nylon fabric. The fabric sensor thus 

developed showed positive and linear piezoresistive behavior for large strains (100%) with a 

gage factor of ~80. Added to this, sensor characterization indicated minimum hysteresis and 

excellent repeatability in its piezoresistance response.  

Active work in the area of wearable sensors has been performed by De Rossi’s group 

from University of Pisa, Italy for kinesthetic, physiological as well as cardiovascular 

monitoring [8-10]. Wearable strain sensors have been realized by them using Cotton/Lycra 

by masked smearing of graphite loaded silicone rubber on the fabrics [8]. Using these 

materials, they obtained a nonlinear piezoresistance response with a sensitivity (gage factor, 

GF) value of -12 under compressive strain. In addition, the sensor displayed large relaxation 

times This composite was applied on various types of substrate generating sensorized 

garments for various applications including body posture recording, gesture monitoring, and 

respiratory activity. In another study [9], sensors were obtained from a thin layer of 

polypyrrole (PPy) coated on Lycra/cotton fabric. The fabric was observed to behave as 

piezoresistive strain gauge with a positive piezoresistive response under uniaxial tensile 

strain and a GF of 2.5.  

Although considerable work has been done in synthesizing the fabric based sensors, 

majority of these sensors were developed by coating the yarns with conducting materials. 
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Very few studies pertaining to CPC based fabric sensors were performed and most of these 

systems either use high filler content or suffer from problems pertaining to their performance 

under cyclic loading still remain. In this work, we attempted at developing CPC based fabric 

sensors using polydimethylsiloxane (PDMS) elastomer reinforced with carbon nanofibers 

(CNF). PDMS was chosen for its excellent mechanical properties such as elasticity, high 

extensibility, chemical inertness and memory. Additionally, it is resistant to aging and 

weathering and also provides good adherence to textiles [11]. An ideal filler material is 

supposed to provide low percolation threshold but at the same time is capable of exhibiting 

higher strain sensitivity. In addition, fillers have to have high bonding with the matrix to 

withstand significant amount of external load without failure and at the same time are 

chemically inert from environmental as well as external conditions. Carbon nanofibers 

(CNFs) were found to be an ideal filler material owing to their excellent physical, electrical 

and mechanical properties The PDMS-CNF composite was prepared via solvent casting 

technique and screen printed onto textile fabrics. The printed fabric sensors were 

characterized for their mechanical and electrical behavior. Finally, the ability of the printed 

fabric to act as a strain sensor is investigated by analyzing their gage factor, hysteresis and 

aging characteristics. 

 

5.3 Sample Preparation and Characterization Parameters 

A comprehensive discussion on the piezoresistive characteristics of PDMS-CNF 

composite films made using solvent casting method was presented previously in section 4.4.4 
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and the same method of resin preparation is followed in this study. PDMS-CNF/Nylon 

printed fabrics were obtained in a two-step process: (1) preparation of the PDMS-CNF resin 

and (2) application of this conducting paste on nylon based fabric substrate using screen 

printing. Textile printable polydimethylsiloxane (PDMS) with crosslinking agent was 

obtained from Dow Corning (9601). Carbon nanofibers (CNF) were purchased from Showa 

Denko. The physical properties of CNFs are provided in Table 5.1. Knitted fabrics (92% 

nylon/ 8% spandex – single jersey/plain) are obtained from Elastic Fabrics of America.  

Table 5.1: Physical properties of carbon nanofibers (CNF) used in this study 

 

 

 

 

 

The preparation of PDMS-CNF composite resin ink via solvent casting method 

(solvent: hexane) in a high shear mixer was discussed previously [section 3.3] and is repeated 

here. The percolation threshold observed in the earlier case [section 3.4.2] was ~2wt%. Since 

the objective of current study is to investigate the sensoric nature of screen printed 

conducting textiles, 4 and 5wt% CNF concentrations are selected. The viscosity of the 5wt% 

CNF- PDMS resin is ~7000cPs with considerable amount of hexane present. In the second 

stage, the thus prepared conducting resin is printed on the fabric substrate (~700µ thick) 

Physical Property CNF (VGCF-H) † 

Diameter (D) 150 nm 

Length (L) 10-20 µm 

Density 2 g/cc 

Apparent Bulk Density 0.01 g/cc 

Specific Surface Area 13 m2/g 

Resistivity (ρ) 10-4 Ω-cm. 
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along wale direction using screen printing technique. A finer screen of mesh size ‘240 

threads/inch2’ is used for the printing with a rectangular mesh opening for the conducting ink 

deposition. Thus printed conducting fabrics were cured at room temperature for 3 days.  

 
 

 

Figure 5.1: Conducting PDMS-CNF composite fabrics developed via screen printing on Nylon 

Similar to the study of PDMS-CNF films (chapter 4), screen printed conducting 

fabrics were also subjected to morphological, mechanical, electrical and strain sensor 

characterization. Analysis of the filler distribution within the film (CNF-PDMS) and the 

fabric substrate were made using scanning electron microscope (SEM) images obtained on 

JEOL 6400F Field Emission SEM. Images were acquired at two different accelerating 

voltages of 1KV and 5KValong planar, cross-section and edge directions. The cross-section 

and edge images were obtained by cryo-fracturing the composites using liquid N2. From the 

images, the conducting PDMS-CNF composite film deposited on the nylon substrate was 

observed to be ~190µm thick. 

Printed fabrics of varying CNF compositions (4 and 5 wt%) were then studied for 

their mechanical cycling performance under tensile loading conditions. With the help of 
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MTS 30/G tensile tester the specimen’s stress-strain curves were obtained under dynamic 

mechanical cycling up to a strain of 40% for 10 cycles at a rate of 20 mm/min. according to 

ASTM standards (ASTM D-638 [19]). For each filler concentration, stress-strain curves were 

obtained for 3different samples and various mechanical characteristics such as initial 

modulus, tangent modulus calculated at ~20% strain, % energy loss during cycling and 

unrecovered strain were calculated from these plots and the average values are presented. 

Four point probe technique was used to evaluate the electrical resistivity of the printed 

fabrics using Keithley 6221/2182A measurement assembly. The operating current is 

maintained at 1µA and spacing between the probes is 3mm. Resistance values were taken at 

different regions of the specimen and resistivity was calculated.  

Printed fabrics were then subjected to longitudinal piezoresistance (electric field 

applied along the direction of the strain axis) studies using an in-house assembly described 

previously [section 4.4.4]. Four copper leads are attached to the surface of the specimen 

using a conductive adhesive (obtained from ja-bar®: series 000-040 Ag/Ni based Silicone 

adhesive) for resistance measurement under dynamic strain. The spacing between these 

electrodes is kept at a constant value of 1.5 cm. Resistance measurement during the 

application of strain is carried out with the help of Keithley 6221/2182A assembly using 

four-point-probe technique. The study included continuous extension (loading) and 

contraction (unloading) of the specimen at a strain rate of 20 mm/min while monitoring its 

resistance and this continued for 10 strain cycles. Two different strain amplitudes i.e. 10% 

and 40% were attempted in this process. From the obtained resistance (R) vs. strain (ε) 
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readings, gage factor (K) (or sensitivity of a strain sensor), defined as the change in 

resistance of a sample (∆R) under an external strain (ε), was calculated using the expression: 

Г � %�TÂ�$      (5.1) 

Here R0 is the resistance of the sample under zero strain. In order to substantiate the sensoric 

behavior of the strain sensitive PDMS-CNF/Nylon conducting fabrics, sensor characteristics 

besides gage factor namely hysteresis and aging are deduced from the obtained R vs. ε plots. 

Hysteresis effects are understood to be the variation in the resistance of a sensor under 

repeated operation (cycling). Aging, on the other hand, is this same variation at different 

times of operation when the specimen is completely relaxed. In each of the above 

characterization studies, the results were compared with those obtained in case of PDMS-

CNF based composite films [section 4.4.4]. 

 

5.4 Results and Discussion 

5.4.1 Morphological Analysis 

The microstructural aspects of the film (PDMS-CNF composite) and the substrate 

(Nylon with penetrated PDMS-CNF resin) of the printed conducting fabrics were analyzed 

using SEM imaging technique along planar, cross-section and edge directions (Figure 5.2).  
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Figure 5.2: A) Surface B-D) Cross Section morphologies of 5wt% CNF-PDMS composite 
resin screen printed on Nylon substrate  

 

Surface and cross-section images of the printed fabrics (Figures 5.2A and 5.2B) 

indicate a significant penetration of the composite into the substrate. We can also notice the 

outline of the knitted fabric structure on the surface (Figure 5.2A). Cross-sectional images at 

higher magnification (Figure 5.2C and 5.2D) display a homogeneous and isotropic 

A B 

C D 



 

193 
 

distribution of CNFs within the matrix encapsulating the filaments of the fabric. Images of 

cryo-fractured specimen (Figure 5.2D) also display nanofibers protruding from the surface of 

surface which indicates a strong polymer-filler bonding. This also highlights the effective 

crosslinking of the polymer chains even when surrounded by yarn filaments.  

One of the most critical characteristics of a strain sensor is its structural integrity 

when subjected to external load. Owing to the viscoelastic behavior of elastomeric 

composites which exhibit hysteretic effects, structural integrity of a sensor made using such 

materials is a major factor dictating its reusability. In addition, it provides an insight into the 

interplay between the properties of composite material and the fabric owing to the fact that 

printed fabric is essentially a composite of elastomeric PDMS reinforced with CNFs as well 

as fabric yarn. Further, an understanding of the cycling characteristics in both mechanical 

and electrical perspectives provides one with knowledge of the boundary conditions of 

applicability as a sensor. A discussion of the mechanical cycling behavior of the PDMS-CNF 

printed fabrics is presented first. This is followed by their electromechanical cycling 

characteristics.  

 

5.4.2 Mechanical Behavior 

The cyclic stress-strain response of the printed fabric composites cycled at constant 

strain amplitude of 40% for 10 cycles is presented in Figure 5.3. In our study, we noticed that 

the stress-strain curves traced by the printed fabrics between cycles 2 to cycle 10 are very 

close to one another. For the sake of brevity in explanation, we thus present only the results 
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comparing cycle 1 and cycle 10. The mechanical response of 4wt% and 5wt% CNF-

PDMS/Nylon specimen are compared with composite films in 1st cycle (Figure 5.3a) and 10th 

cycle (Figure 5.3b) respectively. The stress-strain response of the fabric as well as the printed 

fabrics displayed two distinct domains. A transition between these domains occurred at a 

critical strain value of ~20%. These domains were characterized separately by calculating 

their moduli before (initial modulus) and after (tangent modulus @ ε = 20%) this transition. 

Added to these values, some more characteristics namely % energy loss and unrecovered 

strain during cycling are calculated for cycle 1 and cycle 10 and compared in Table 5.2. 

       

 Figure 5.3: Mechanical cycling response of PDMS-CNF printed fabrics in 
comparison with pure fabric and pure film (a) 1st Cycle and (b) 10th Cycle; ■ represents 

printed fabrics, ● represents composite films and ▲ represents fabric. 

 

  

a b 
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Table 5.2: Mechanical characteristics of printed fabrics (Wale) (max. strain, εmax = 40%) 

Material 
Cyc
le # 

Initial 
Modulus 

(MPa) 

Secant  
Modulus 

(MPa) 

Energy Loss 
during Cycling (%) 

Unrecovered 
Strain (%) 

Nylon Knitted 
Fabric 

1 0.18 0.33 ± 0.2 55 7.5 

10 0.2 0.28 ± 0.1 45 2.5 

5wt% CNF-
PDMS Film 

 1 1.42 ± 0.2 0.39 ± 0.07 50.25 5.45 ± 0.5 

 10 1.1 ± 0.25 0.24 18.32 0.98 ± 0.05 

4wt% CNF-
PDMS /Nylon 

1 1.5 ± 0.1 0.95 ± 0.2 56 ± 5 6 ± 1.0 

10 1 ± 0.2 1.5 ± 0.1 28 ± 2 2 

5wt% CNF-
PDMS /Nylon 

1 2 ± 0.15 0.6 ± 0.1 61 ± 2 7 ± 1.0 

10 0.9 ± 0.1 1.6 ± 0.2 32 ± 2 2 ± 0.6 

 

Figure 5.3 indicates the stress-strain response of three different materials i.e. fabric, 

composite film and the printed fabric. Cycling characteristics of composites were already 

discussed earlier (section 4.4.2 (figure 4.4) of chapter 4). Their stress-strain profile consisted 

of an initial linear domain at small strains followed by a softened region with a reduced 

modulus value. With increasing CNF content, the number of polymer-filler interactions 

increases which impart enhanced load bearing characteristics to the composite resulting in an 

increase in their initial modulus values. In this study, we focus our attention on the load 

extension behavior of the pure fabric and printed fabrics.  

In case of fabric, we again observed two linear regions with different moduli in its 

stress-strain response in its 1st cycle (Figure 5.3a). A transition between these regions occurs 

at a strain (ε) of ~20%. At low strains, (ε < 20%), modulus is quite low compared to that of 



 

 

composite films (~0.2MPa) but at higher strains (

continued to increase with higher levels of deformation. The reason for this is explained with 

the help of a schematic (Figure 5.4). 

      

Figure 5.4: Schematic of materials under strain (

at (a) ε = 0 and (b) ε = 40%; printed fabric during 1
areas denote debonding at the polymer

 

The basic structure of a weft knitted fabric is made 

filaments (Figure 5.4a). At small strains, these loops slip over one another undergoing 

geometric stretching while simultaneously aligning along the direction of the strain until a 

critical value of deformation (

filaments due to their geometric reorientation and hence the total load experienced by the 

composite (and concurrently the initial modulus) is very low [24]. However, deformation of 

the fabric beyond this critical strain results in a strain

filamental reorientation within the fabric reaches a threshold. Stretching the fabric beyond 

this point results in the deformation of these filaments aligned along the direction of str

b 

a 

composite films (~0.2MPa) but at higher strains (ε >20%), modulus increases by 50% and 

continued to increase with higher levels of deformation. The reason for this is explained with 

the help of a schematic (Figure 5.4).  

              

materials under strain (ε): knitted fabric substrate during 1

= 40%; printed fabric during 1st cycle at (c) ε = 0 and (d) 
areas denote debonding at the polymer-fabric interface).  

The basic structure of a weft knitted fabric is made of interlocking loops of yarn 

filaments (Figure 5.4a). At small strains, these loops slip over one another undergoing 

geometric stretching while simultaneously aligning along the direction of the strain until a 

critical value of deformation (εL ~20%). Until this point no real strain is experienced by the 

filaments due to their geometric reorientation and hence the total load experienced by the 

composite (and concurrently the initial modulus) is very low [24]. However, deformation of 

ritical strain results in a strain-hardening kind of an effect when the 

filamental reorientation within the fabric reaches a threshold. Stretching the fabric beyond 

this point results in the deformation of these filaments aligned along the direction of str
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%), modulus increases by 50% and 

continued to increase with higher levels of deformation. The reason for this is explained with 

        

): knitted fabric substrate during 1st cycle 

= 0 and (d) ε = 40% (white 

of interlocking loops of yarn 

filaments (Figure 5.4a). At small strains, these loops slip over one another undergoing 

geometric stretching while simultaneously aligning along the direction of the strain until a 

l this point no real strain is experienced by the 

filaments due to their geometric reorientation and hence the total load experienced by the 

composite (and concurrently the initial modulus) is very low [24]. However, deformation of 

hardening kind of an effect when the 

filamental reorientation within the fabric reaches a threshold. Stretching the fabric beyond 

this point results in the deformation of these filaments aligned along the direction of strain 
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(Figure 5.4b). As a result, load on the composite (and hence its modulus) starts to go up with 

increasing strain (secant modulus in Table 5.2).  

Fabric recovery during unloading is again a bilinear stress-strain response as 

witnessed during loading. As strain on the fabric decreased from 40%, load was observed to 

drop steeply for a small decrease in the strain (high modulus) until ε ~ 35% followed by a 

transition to another linear response where the stress-strain response is more gradual (low 

modulus). The initial response of high modulus response is attributed to the process of 

recovery of the stretched filaments (Figure 5.4b) of the fabric which is accomplished by a 

critical strain value of εU ~ 35%. This is followed by materials attempt to return back to its 

original configuration (Figure 5.4a) via geometric reorientation which is, similar to that 

witnessed during loading, a low energy (and low modulus) mechanism. The difference in the 

critical strain values during loading and unloading (εU ≠ εL) is attributed to the frictional 

losses during yarn slippage and mechanical hysteresis of the system [24]. This is also 

manifested as unrecovered strain (~ 7.5%) towards the end of the cycle 1. However, with 

cycling this value decreases to 2.5% for cycle 2 and all subsequent cycles (Table 5.2), even 

though the stress-strain behavior remains almost unchanged from cycle 1 to cycle 10. 

Correspondingly, the values of initial and secant moduli remain almost similar to the 1st cycle 

indicating the elastic nature of the fabric.  

For the case of printed fabrics, stress-strain response is higher than that of the 

composite film for both 4wt% and 5wt% CNF concentrations. This is due to the fact that 

printed fabric is essentially a reinforcement of the PDMS matrix as well as the filaments of 
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the fabric which enhances the stiffness of the entire system imparting higher load bearing 

capability to the printed fabric (Figure 5.4c). Consequently, initial modulus values also got 

enhanced compared to that of the composite films (Table 5.2). A similar response was 

observed in knitted fabric reinforced elastomeric composites [20, 21]. Added to this, the 

initial modulus values of the printed fabric increases with increasing CNF concentration 

similar to that of the PDMS-CNF composite films observed earlier. Hence, the explanation of 

enhanced filler-filler and polymer-filler interactions with increasing CNF content, resulting 

in higher load bearing properties of the composite holds here [20, 21]. Also, a transition to a 

softer domain (decreased modulus) similar to that seen in composite films is witnessed here 

at ~7% strain and is attributed to breaking up of the filler-filler interactions reducing the 

overall load borne by the composite. During unloading, the shape of the stress-strain curve of 

the printed fabrics, which was similar to that of the composite films during strain loading, 

shifts to that similar to that of the fabric (strain-hardening region followed by softening). We 

hypothesize this to be due to a weaker interface between the composite and the fabric 

filaments (Figure 5.2B) which ruptures at the end of the 1st loading cycle (ε = 40%) making 

the printed fabric behave like that of a fabric in its mechanical response (Figure 5.4c and 

5.4d) during the following loading and unloading strain cycles.  

This also implies that the structure of the printed fabrics (Figure 5.4c) changes to that 

of the fabric (Figure 5.4a) whose interstitial space is occupied by the composite. This also 

explains the behavior of the printed fabrics like that of the fabric during unloading. During 

cycle 2 (and cycle 10, Figure 5.3b) however, printed fabrics display three different domains 
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in their stress-strain curve. Upon overcoming residual strain, stress linearly varies with strain 

initially for a small deformation (ε ~ 3%) displaying the reinforcing effect of the composite 

and the fabric. The curve then transitions into a stress-softened domain (drop in modulus) 

which can be a combined effect of breakage of the filler network and geometric reorientation 

of the yarn filaments. This continues until a strain of ~ 20% beyond which the material 

undergoes another transition where modulus continuously increases with strain indicative of 

the strain-hardening effect observed in the fabric. The response of the printed fabric during 

unloading is very similar to that of the fabric can be explained along the same lines of 

unstretching of the extended yarn filaments followed by their recovery via geometric 

reorientation to their original shape.  

 

5.4.3 Electrical conductivity of the PDMS-CNF/Nylon printed fabrics 

Following the analysis of mechanical characteristics, printed fabrics were evaluated 

for their electrical conductivity (or resistivity). Electrical resistance was measured using four-

point-probe technique for printed fabrics at 4wt% and 5wt% CNF concentrations and the 

results are compared with those obtained for PDMS-CNF composite films in Table 5.3. As 

an obvious consequence of percolation theory [22], with increasing CNF content from 4wt% 

to 5wt% decreased the resistivity of the printed fabrics from ~4.25 KΩ-cm to ~700Ω-cm.  
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Table 5.3: Comparison of electrical resistivity of printed fabrics with composite films 

Resistivity (kΩΩΩΩ-cm) 
CNF Concentration 

4 wt% 5 wt% 

PDMS-CNF/Nylon  

printed fabrics 
3300 ± 900 695 ± 200  

PDMS - 9601 1700 ± 500 430 ± 300 

 

When compared with pure composites, conductivity is lower for printed fabrics for 

4wt% as well as 5wt% specimen. This is because of the insulating nylon filaments interfering 

with the percolation paths between CNF fillers and interrupting the conduction channels. 

This same effect was also responsible for comparatively higher values of standard deviation 

observed in printed fabrics (Table 5.3). 

 

5.4.4 Piezoresistive Behavior 

Screen printed conducting fabrics were further characterized for their piezoresistance 

and strain sensor properties. Similar to the previous study, 4wt% and 5wt% printed fabric 

specimen were selected for this study.  

 

5.4.4.1 5wt% CNF-PDMS/Nylon printed fabrics 

Dynamic piezoresistance studies performed on 5wt% CNF-PDMS/Nylon printed 

fabrics for 10 cycles along wale direction are presented below in Figures 5.5a and 5.6a for a 

strain amplitude of 10% (Figure 5.5) and 40% (Figure 5.6). From the above figures, the 
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resistance-strain response in representative cycles i.e. 1st, 5th and 10thcycles is plotted 

separately for 10% strain amplitude in Figure 5.5b and for 40% strain amplitude in Figure 

5.6b.  

The results for the 10% strain amplitude (Figure 5.5) indicate a ‘negative 

piezoresistance’ behavior (resistance decreased with increasing strain) similar to the response 

observed in PDMS-CNF composite films (section 4.4.4). As explained before, the reason for 

this type of response is understood to be due to the reorientation of fillers during the 

stretching of polymer chains which decreases the inter-particle distance between CNFs and 

consequently, decreases resistance. Many features of this resistance (R)–strain (ε) response in 

       

 Figure 5.5: Dynamic piezoresistance of 5wt% CNF-PDMS/Nylon printed fabrics extended 

to maximum strain (εmax) of 10% (a) 10 cycles (individual cycles are represented by grey 

vertical lines) (b) 1st, 5th and 10th Cycles 
 

a b 
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Figure 5.6: Dynamic piezoresistance of 5wt% CNF-PDMS/Nylon printed fabrics extended 

to maximum strain (εmax) of 40% (a) 10 cycles (individual cycles are represented by grey 

vertical lines) (b) 1st, 5th and 10th Cycles 

 

printed fabrics are similar to those found in PDMS-CNF composite films indicating the fact 

that at small strain cycles (10%), the materials response is dominated by the composite. 

Compared with zero-strain resistance at the start of the study, resistance (and hence 

resistivity) value increases by the end of 1st cycle due to hysteretic effects. However, with 

successive cycling, the response stabilizes with cycles traversing close to similar paths in 

their resistance-strain profile. Similar to that of composite films, the piezoresistive response 

in printed fabrics during subsequent cycles is very smooth, highly reversible (resistance 

returns back to the same value at the end of each cycle), extremely repeatable (similarity in 

the R(ε) profile between cycles).  

Changing the strain amplitude to 40% (Figure 5.6) resulted in an interesting 

piezoresistive response in the printed fabrics. Resistance decreases initially with loading 

(similar to the response for 10% strain (ε) amplitude, Figure 5.5) rapidly until ε ~7% and 

a b 
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gradually till it reaches minima at ε ~12% (negative piezoresistance). Beyond 12% strain, 

resistance starts to increase with increasing strain, at a slow rate until ε ~ 20% but rapidly 

from then on till the end of loading cycle (ε = 40%) (positive piezoresistance). This kind of 

shift in the piezoresistance curve is also witnessed in composite films and can be explained 

from the fact that reorientation effects noticed at small strains reach a threshold value at a 

critical strain where nanofibers align along the direction of the strain. A similar response of 

positive piezoresistance was observed by Cochrane et al [5] in their carbon black (CB) based 

styrene-butadiene-styrene copolymer elastomer. The observed response was explained to be 

due to a decrease in the number of electrical connections between conducting particles during 

extension contributing to a continuous increase of resistance.   

Revisiting the mechanical study (Figure 5.3), we can notice that it is around this strain 

value of 7% that the stress - softening transition is triggered in printed fabrics which 

stabilizes around 12%. With continued deformation beyond 12%, polymer chains start to 

stretch thereby increasing the separation between the CNFs because of which resistance 

continues to rise till the end of loading cycle (also schematic in Figure 5.4d). During 

recovery (unloading from ε = 40% to 0) resistance monotonously decreases with strain for 

most part. From a strain of 40%, resistance continues to decrease till ε ~ 7% corresponding to 

the unstretching of the yarn filaments and reorienting back into their original shape as 

witnessed in their mechanical cycling response which return back to their previous 

configuration. Finally, at a physical strain of ~7%, the printed fabric system reaches its 

engineering strain limit of 0 (unrecovered strain) and further change in resistance is attributed 
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to buckling of the sample. The piezoresistance effect in the following cycles continues to 

mimic that of cycle 1 in its entirety with the exception of resistance values. This establishes 

the fact that the performance of these strain sensors is highly repeatable. 

 

5.4.4.2 4wt% CNF-PDMS/Nylon printed fabrics 

To visualize the effect of filler concentration on the strain sensor performance of a 

screen printed fabric, the same piezoresistance studies mentioned in Section 4.4.4 were 

repeated on 4wt% CNF-PDMS/Nylon printed fabrics. The results are given in Figures 5.7 

and 5.8. 

      
Figure 5.7: Dynamic piezoresistance of 4wt% CNF-PDMS/Nylon printed fabrics extended 

to maximum strain (εmax) of 10% (a) 10 cycles (individual cycles are represented by grey 

vertical lines) (b) 1st, 5th and 10th Cycles 

a b 
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Figure 5.8: Dynamic piezoresistance of 4wt% CNF-PDMS/Nylon printed fabrics extended 

to maximum strain (εmax) of 40% (a) 10 cycles (individual cycles are represented by grey 

vertical lines) (b) 1st, 5th and 10th Cycles 

 

As can be noticed, the piezoresistive response of 4wt% specimen is similar to that of 

5wt% CNF based printed fabrics barring the resistance values. In addition to this, the degree 

of change in resistance at a given strain of the printed fabrics is higher in case of 4wt% CNF 

specimen than that of the 5wt% CNF. A similar behavior of increased sensitivities with 

decreasing filler concentration was also witnessed in the case of PDMS-CNF composite films 

(section 4.4.4.1). The reason for this is reported to be due an increase in the inter-particle 

separation with decreasing filler content thereby facilitating larger changes in the composite 

resistance (and resistivity) at a given strain [23]. For 10% strain amplitude (Figure 5.7), upon 

overcoming hysteretic effects during the 1st cycle, the system’s response to strain is similar to 

that observed in 5wt% CNF-PDMS/Nylon i.e. negative piezoresistivity. Likewise, 4wt% 

CNF based printed fabric displays reversibility and repeatability in addition to the 

symmetricity in its resistance strain profile. For the case of 40% strain amplitude, the 

a b 
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resistance-strain response of 4wt% CNF based printed fabric was found to be very similar to 

that of 5wt% CNF based printed fabric (Figure 5.8) with the obvious exception of resistance 

values. 

 

5.4.5 Strain Sensor Characterization 

Upon establishing the resistance-strain response of the printed fabrics and their 

repeatability characteristics, the utility of these materials as strain sensors is investigated. 

Accordingly, the materials’ response to strain is observed by repeating these studies at 

different times for multiple cycles. From this, functionality of these materials as strain 

sensors is characterized with the help of parameters namely gage factor, hysteresis and aging 

properties. Considering the repeatability in the piezoresistive response, to simplify the 

observation, these sensor parameters were reported only for the response of the 10th cycle 

under 40% strain amplitude scenario (Figure 5.9) for both 4wt% (Figure 5.9a) and 5wt% 

CNF (Figure 5.9b) based printed fabrics.  

Gage factor (K) is an important characteristic in identifying not only the sensitivity of 

a strain sensor but also helps in estimating the resistance (and hence resistivity) of a sensor at 

a given strain value. As discussed in section 5.4.4, the kind of piezoresistive response of our 

printed fabrics is governed by the extent to which the fabrics are strained during each cycle, 

resulting in two scenarios. A strain amplitude of 10% resulted in resistance decreasing with 

strain while strain amplitude of 40% gave rise to a positive piezoresistance (for a strain range 

of ~12% to 40%) with resistance increasing with strain. Accordingly, K values were 
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calculated for these two scenarios separately. To have an understanding of the sensitivity of 

these printed fabrics, K values are calculated for this range in the 10th cycle of dynamic 

piezoresistance studies performed at different times using equation 1. For the 10% strain 

amplitude scenario, K value is close to –7 and –6 for 4wt% and 5wt% CNF based specimen 

respectively. For the case of 40% strain amplitude, piezoresistive response of 4wt% and 

5wt% CNF-PDMS/Nylon specimen was observed to be predominantly positive (resistance 

increasing with strain) from strain values of ε = ~12% to 40%. The results are presented in 

table 4.  

Table 5.4: Gage Factor of CNF-PDMS printed fabrics at different times (10th cycle). 
 

Time after 1
st
 Test  (months) 

4wt% CNF  

Printed Fabric 

5wt% CNF  

Printed Fabric 

ε ~ 7% to 40% ε ~ 10% to 40% 

Virgin 9.13 1.5 

1day 20.4 2.7 

1 month 19.8 2.3 

2 months 20.2 2 
 

 

Hysteresis in a sensor is a measure of the sensor’s functionality under repeated use 

whereas aging of a sensor represents its performance (or lack thereof) observed at different 

times of measurement. With measurements repeated at different times, we noticed that the 

profile of the piezoresistance response did not change between these studies. Hence for the 

sake of brevity and comparison, we selected only those values of resistance at minima i.e. 

ε~12% (denoted as R0) and maxima ε = 40% (denoted as R40) from these piezoresistance 

plots and presented in Figure 5.9. 
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Figure 5.9: Hysteresis and Aging characteristics of printed fabric strain sensors a) 4wt% 
CNF-PDMS/ Nylon b) 5wt% CNF-PDMS/Nylon. Maximum (R40) (solid lines) and 

Minimum (R0) (dotted lines with hollow data points) resistances exhibited by each specimen 
are indicated in solid and hollow data points respectively. 

 

As discussed earlier, decreasing filler content from 5wt% to 4wt% elevated the 

sensitivity of the printed fabrics from 1.5 to ~9 when tested on virgin species during the first 

run (10 cycles). The same study was repeated after allowing sufficient time for the specimen 

to relax. During the second run (20 cycles), however, K values almost doubled for both the 

CNF content but decreased slightly with a repeated testing performed after a month (30 

cycles) and also after 2 months (40 cycles). The jump in the gage factor at the end of the 2nd 

run was indicative of some damage to the specimen due to mechanical hysteresis which also 

ruptures some percolating paths. This results in an increase in the resistivity of the sensor as 

well as the degree of change in resistance for a given deformation (sensitivity). However, this 

damage was found to stabilize by the end of 2nd run (20 cycles) and gage factor almost 

remained constant during successive testing.  

a b 
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In addition to the sensitivity of a sensor, it is also critical to know of possible changes 

to its conductivity when subjected to external strain. A sensor with minimal changes in its 

conductivity and complete recovery to its initial state even upon repeated use is ideally 

desired. This is a challenge when dealing with sensors based on soft polymers. This is due to 

their viscoelastic deformation characteristics which dictate time controlled recovery 

(relaxation). A similar behavior is encountered in our printed fabrics based on elastomeric 

nanocomposite films. With repeated testing for multiple cycles at different times, the 

resistance-strain response characteristics changed with each run. In order to provide a better 

representation of these changes, resistance values occurred at definitive strains (0% and 40%) 

are acquired and plotted in Figure 5.9 for 4wt% CNF-PDMS/Nylon (Figure 5.9a) and 4wt% 

CNF-PDMS/Nylon. As evidenced from the figure, our sensor shows the effects of a hike in 

the resistance values esp. R40 (i.e. resistance @ ε = 40%) which increases by 2.5 times for the 

printed fabric with 4wt% CNF (Figure 5.9a). A similar effect was witnessed for 5wt% CNF 

based strain sensor where R0 value almost doubled while R40 increased by 3 times during the 

2nd run (Figure 5.9b). However, these changes stabilized with subsequent cycling. Added to 

this, printed fabric sensors showed an additional feature of decreasing values of R0 and 

R40during dynamic cycling in each run. This is understood to be an effect of unrecovered 

strain generated during straining which decreases immediately with successive cycling 

(Table 5.2). However, the fact that the piezoresistive response stabilizes towards the end of 

2nd run and becomes repetitive with successive runs indicates the ability of these sensors for 

use in repeated testing.  
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5.5 Conclusions 

Electrically conducting fabric composites with strain sensing abilities were developed 

using polydimethylsiloxane (PDMS) based nanocomposites using carbon nanofiber (CNF) 

fillers. The fabrics at differing filler concentrations were studied for the morphological, 

mechanical, electrical and piezoresistive characteristics. These fabric composites 

demonstrated interesting piezoresistive behavior displaying ‘negative piezoresistivity’ for 

small strain amplitudes of 10% and ‘positive piezoresistivity’ for higher strain amplitudes of 

40%. In addition, the materials’ response to strain was found to be reversible and highly 

repeatable irrespective of the strain amplitude. Further, the conducting fabric composites 

were also subjected to their strain sensor characterization analyzing the device performance 

for their gage factor, hysteresis and aging behavior. Although, gage factor values of these 

sensors were not very high, they recovered with subsequent cycles and displayed highly 

repeatable performance. The printed fabric sensors indicated little effect of sensor aging with 

conductivities of untested specimen remaining unaltered even after an year of synthesis. 

However, the effect of mechanical hysteresis remained with sensors displaying hysteretic 

effects even after repeated cycling.  
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CHAPTER 6 

CONCLUSIONS & FUTURE SUGGESTIONS 

Electrically conducting nanocomposite films were developed using carbon nanofibers 

(CNFs) reinforced inside a textile printable polydimethylsiloxane (PDMS) using solvent 

casting process. CNF dispersion was found to be homogeneous and isotropic within the 

composites. Electrical percolation studies of PDMS-CNF composites, performed by 

measuring their resistivity at different CNF content, indicated a low percolation threshold 

(~1.86 wt%). Mechanical behavior of these composites performed under uniaxial tensile 

loading conditions displayed an increasing trend in stress-strain curves with increasing filler 

concentration. However, elastic modulus variation was found to be a quadratic relation with 

filler content which is very similar to the Guth-Cohan model. This E.M. vs. φCNF variation 

when compared with standard mathematical models revealed a close fit with the 

experimental data at a filler aspect ratio of 10-20 suggesting a possible damage to the 

nanofibers during processing. Next, these conducting composites were investigated for their 

piezoresistive and strain sensor characteristics.  

To compare the effect of filler type on these characteristics, PDMS conducting 

composite with carbon black as the conducting medium were prepared in the same method as 

PDMS-CNF composites. Considering the cyclic operating conditions of strain sensors, CNF 

& CB reinforced PDMS nanocomposites were subjected to cyclic mechanical straining to 

maximum strain of 40% and for 10 cycles. For the mechanical response, CNF based 

composites displayed a typical yielding at low strain followed by stress-softening effects 
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while CB based PDMS specimen displayed yielded almost at zero strain indicating a poor 

polymer-CB interface. This behavior peculiarity reflected in the piezoresistance 

characterization studies under dynamic strain cycling conditions. CNF based conducting 

composites displayed negative piezoresistance at small strains (10%) which shifted to a 

positive piezoresistive response at some critical strain, when the strain amplitude changes to 

40%. CB-PDMS composites, on the other hand, produced a consistent positive 

piezoresistance behavior independent of the strain amplitude. The resistance-strain response 

characteristics were observed to be highly reversible and extremely repeatable in nature in 

both CNF and CB based composites highlighting the importance of elastomeric matrix 

medium. Further, sensor characterization on these composites was performed to analyze their 

response as a function of # of strain cycles and time of study. CNF based composites, studied 

for over an year, revealed a gage factor (GF) of ~ -8 which stabilized to ~ -12 after 20 cycles 

and remains constant thenceforth. CB-PDMS composites showed a similar effect and 4wt% 

CB specimen displayed a high GF of ~400. Alongside, the electromechanical endurance of 

these composites to mechanical hysteresis has been highlighted in the repetitive 

piezoresistive profiles at different times. Importantly, these piezoresistive studies were found 

to help understand the complicated deformation characteristics of nanofillers-reinforced-

composites. This marks their utility as attractive tools to identify the structure-property 

relationships and understand the morphological transitions of nano-sized fillers (such as 

rotation/ stretching/ translation). This is particularly interesting owing to the lack of proper 

visual aids to observe these transitions at such length scales.  
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In the next study, the thus prepared CNF-PDMS composites were extended for their 

use as wearable sensors by depositing conducting composites on textile fabrics. In this 

context, textile fabric sensors were prepared by applying the PDMS-CNF resin prepared by 

solvent casting earlier on a nylon fabric using ‘screen printing’ technique. Two different CNF 

content i.e. 4wt% and 5wt% (which are above percolation threshold) are attempted in making 

printed fabrics and are then subjected to electromechanical and strain sensor characterization. 

Mechanical strain cycling studies revealed an interesting phenomenon. The mechanical 

response of the printed fabrics during the first cycle is similar to that of the composite at 

small strains. But it changes to that of a fabric behavior upon straining the printed fabric to 

40% and continue to the display stress-strain profile similar to that of a fabric for all 

subsequent strain cycles. This indicates a debonding across the polymer-fabric interface. 

Consequently, the printed fabric composites were found to exhibit interesting piezoresistive 

behavior displaying ‘negative piezoresistivity’ for small strain amplitudes of 10% (similar to 

that of PDMS-CNF composite films) and ‘positive piezoresistivity’ for higher strain 

amplitudes of 40% (due to the debonding effect at the matrix-filler interface). In addition, the 

materials’ response to strain was found to be reversible and highly repeatable irrespective of 

the strain amplitude. The conducting fabrics were further subjected to strain sensor 

characterization investigating their GF (10th cycle), hysteresis and aging effects on the 

performance of the sensor. For the negative piezoresistance domain (small strains) GF was 

found to be ~ -6 for both 4wt% and 5wt% CNF specimen. For the positive piezoresistance 

(large strains), stabilized GFs of 4wt% and 5wt% CNF specimen are 20 and 2 respectively. 

Additionally, printed fabric sensors indicated little effect of sensor aging with conductivities 
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of untested specimen remaining unaltered even after 3 months (duration of study) of 

synthesis. However, the effect of mechanical hysteresis remained with sensors displaying 

hysteretic effects even after 30 cycles. 


