
 

 

ABSTRACT 

KARAHAN TOPRAKCI, HATICE AYLIN. Piezoresistive Properties of Polyvinyl Chloride 

Composites. (Under the direction of Dr. Tushar K. Ghosh and Dr. Richard J. Spontak.) 

 

Textile based sensors provide an interface between the user and the electronic system by 

converting any type of physiological or environmental signal into electrical signals. Common 

applications include health monitoring, rehabilitation, multimedia, and surveillance.  

In this research we demonstrate fabrication of piezoresistive sensors on textile fabrics 

through application of a screen-printed conductive nanocomposite layer of plasticized 

poly(vinyl chloride) (PVC), and carbon nanofiber (CNF). In order to understand the behavior 

of conductive plastisol, morphological, mechanical and electrical properties of composite 

films were investigated for different molecular weights of PVC. Homogeneous filler 

dispersion and good filler/polymer interphase were observed without any dominant filler 

orientation. Mechanical and electrical properties were found to be affected by CNF, 

plasticizer content and matrix molecular weight. CNFs were found to provide substantial 

bridging in the matrix and enhance strength. These nanostructured composite sensors were 

found to be sensitive under different levels of strain which can be monitored by change in 

electrical resistance.  

Finally, we demonstrate the fabrication of piezoresistive sensors on textile fabrics through 

application of a screen-printed conductive nanocomposite layer of conductive plastisol.  

Conductive plastisol was found to show good adhesion to fabric with homogeneous CNF 

distribution. As in composite films, samples were found to show negative piezoresistance at 

different levels of strain. Strain level and filler concentration were found to affect the 

piezoresistive behavior and sensitivity of the printed sensors.  
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CHAPTER 1. INTRODUCTION 

 

Recently, increasing demand of mobile devices opened a new era for wearable electronics. 

Textiles constitute an ideal choice as platforms for wearable devices, since they are flexible, 

lightweight, and can be worn everywhere in many forms. This class of textiles with 

electronic capabilities has been referred to as electronic textiles (e-textiles). Depending on 

the type and application, e-textiles may be capable of sensing, data processing, actuation, and 

energy storage or generation. Among all these, textile-based sensing has become an active 

area of research in the emerging field of e-textiles. Textile based sensors provide an interface 

between the user and an electronic system by converting physiological or environmental 

signals into electrical signals. Truly, wearable garments may be capable of monitoring 

variables such as  strain, pressure, temperature, displacement, humidity, etc., and can be used 

in many applications  including medical rehabilitation, health monitoring, communication, 

entertainment, sports, space, firefighting, security, and surveillance.  

Textile based strain sensors can be fabricated by using different materials, among which 

conductive polymer composites seem to have great potential. Poly(vinyl chloride) (PVC) is a 

promising material for forming textile-compatible conducting polymer composites for many  

of these applications. PVC is a product of polymerization of vinyl chloride [CH2=CHCl]. It is 

one of the most consumed thermoplastics, with a wide range of applications ranging from 

construction supplies to textiles because of its unique properties such as strength, lightweight, 

ease of processing-blending, low flammability, chemical stability, and low cost. PVC based 

products can either be made from pure PVC or with various additives, such as plasticizers, 
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colorants, modifiers, fillers [1-3]. Depending on the composition and mechanical properties, 

PVCs can be classified into two main categories as rigid and plasticized PVCs. While, 

unplasticized PVCs are known as rigid PVCs; plasticized ones are referred as flexible PVCs 

[1,2]. Plastisol is a multiphase, paste-like composition obtained by the suspension of PVC 

resin in a suitable plasticizer with other additives such as thermal stabilizers and fillers [4-6]. 

Plasticizer is the key component of the plastisol and it determines both processing (viscosity, 

glass transition temperature, etc.) and end-use properties (i.e., flexibility) of the composition.  

Plasticizer characteristics, such as, polarity, molecular weight, chain length and linearity, 

viscosity, weight fraction, etc. can be used to tune these properties [7]. An effective 

plasticization is achieved when a homogeneous distribution of the plasticizer within the resin 

occurs thereby reducing the interaction between the polymer chains so that they can move 

easily. Phthalates, sebacates, phosphates and epoxies, are the common plasticizers for PVC 

[1,5,7-9].  

Polymer nanocomposites (PNCs) are relatively new and promising class of materials with at 

least one nanoscale component. Nanofillers with relatively high surface area and aspect ratio 

can have profound effects on the mechanical, electrical and thermal properties of the 

composites even at very low concentrations. The PNCs can be formed using nanoparticles in 

the form of fibers, tubes, spheres, or platelets in order to obtain desired properties with any of 

thermoplastic, thermosetting, or elastomer resins as the matrix material [10,11]. Carbon 

nanofiber  (CNF) is one of the common nanofillers used for nanocomposites, because of its 

high surface area, superior electrical [12], thermal [13], mechanical [14] properties and 

relatively lower cost (compared with carbon nanotubes). 
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The research presented here, is aimed at development of textile based piezoresistive sensors 

with tunable electrical and mechanical properties. This innovative approach includes use of 

conductive plastisol composite whose properties can be controlled by tailoring the system 

components and other parameters.  

The dissertation is organized in different chapters each of which represents an article. All 

chapters, with the exception of 1 and 7, is written in the form of review or research articles. 

A short description of each is provided below. 

Chapter 1. Introduction to conductive and piezoresistive composites and outline of the thesis 

Chapter 2. Includes review of the recent literature on conductive polymer composites with 

particular focus on piezoresistive polymer composites.  

Chapter 3. Includes a detailed review of textile based sensors (TBS). Various TBSs are 

classified based on their working principles, advantage, and limitations.  

Chapter 4. Describes the fabrication and mechanical characterization of carbon nanofiber-

filled polyvinyl chloride (PVC) composites. 

Chapter 5. Detailed account of fabrication and electrical properties of carbon nanofiber-filled 

polyvinyl chloride (PVC) composites are explored here. 

Chapter 6. Describes piezorestive sensing characteristics of printed textile fabrics. 

Chapter 7. Includes summary of the present study and recommendations for future work. 
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CHAPTER 2. PIEZORESISTIVE BEHAVIOR OF POLYMER COMPOSITES 

 

Abstract 

Polymers are preferred in many applications because of their desirable properties, such as 

strength, toughness, lightweight and facile process ability.  However the vast majority of the 

polymers are electrically insulating and used extensively as electrical insulators. In order to 

expand their applications, electrical conductivity is engendered by incorporating various 

conductive fillers including nanoparticles into their structure. Polymeric nanocomposites that 

are filled with conducting nanoparticles have received great attention with regard to their 

functional structures. Lower percolation threshold and improved mechanical properties are 

the most important contributions of nanofillers which are stemmed from their high aspect 

ratio and high surface area. They have wide range of applications including static electricity 

discharging, electromagnetic interference shielding, conducting adhesives, self-regulating 

heaters and piezoresistive sensors.   

Piezoresistance is referred to a change in resistance due to applied strain or temperature. In 

general, the behavior is attributed to change in dimensions and/or material properties. Since 

most of the polymeric composites are not very rigid structures, any external factor can lead to 

change in dimensions, filler-filler relative distances and resistance of the composite. By 

monitoring the change in resistance, magnitude of the external factor can be determined 

which is basically mechanism of the piezoresistive sensing. 
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2.1 Polymer Based Electronics (Organic Electronics) 

Polymer based electronics, also known as organic electronics, are fabricated from polymeric 

materials including conductive polymers and plastics with molecular level functionality, 

satisfied physical, chemical, mechanical and electrical characteristics. Since organic 

structures present weak intermolecular interaction, they show high flexibility in the solid 

state in addition to toughness, low temperature processing, and especially low cost. The main 

difficulties of organic electronics, however, are their low carrier mobility that prevents their 

use under high-frequency and their unstable structure, which may lead to rapid degradation 

of electronic properties under environmental exposure [1-3]. But these disadvantages can be 

overcome through the help of organic chemistry which enables the formation of organic 

molecules with desired properties or by addition of organic/inorganic materials. Polymers 

can be used to fabricate a wide variety of electronic components such as conductors, 

resistors, semiconductors, insulators mainly based on their varying electrical conductivity 

[3,4].  Electrical as well as other characteristics of polymers can be modified by the addition 

of any filler, additive or reactants. [3-5]. Polymers can be found in different forms and 

structures like pure materials (homopolymers), blends of different polymers, short-chain 

oligomers, longer-chain polymers, precursors to polymers, inorganic polymers, conjugated 

organic molecules, or conductive filler containing (organic–inorganic) composites [5,6]. 

Depending on the dominant properties of the organic polymer, main applications include 

switching devices [7], low-end smart cards, and radio-frequency identification tags (RFIDs) 

[3,4,8], organic light emitting diodes (OLEDs), LCDs, thin film transistors, organic field-
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effect transistors (OFETs), solar cells and sensors [1,3,4,9,10]. Especially sensor applications 

are of increasing importance because of their wide range of usage for many areas. 

2.2 Electrically Conducting Polymers 

Most polymers are insulating and are used extensively as electrical insulators.   However, 

there are two major classes of conducting polymers that have been developed over the last 

fifty years and are currently used in many applications.  They include intrinsically conducting 

polymers and conducting polymer composites. A major breakthrough in the area of 

conductive polymers,the discovery that polyacetylene could be easily oxidized (by electron 

acceptors) or reduced (by donors) in 1971 [11], lead to an entirely new field of intrinsically 

conductive polymers. In conducting polymer composites, an electrically conducting phase is 

dispersed in sufficient quantity in a polymeric matrix to form a conductive composite.  

 

 

Figure 2.1 Classification of materials based on their conductivity [12]   
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Conductive polymers which show electrical conductivity in the range of semiconductors and 

conductors (Fig. 2.1 and Fig. 2.2) are emerging as the basis of a number of new technologies, 

including static electricity discharging, electromagnetic interference shielding, conducting 

adhesives, self-regulating heaters and piezoresistive sensors. 

 

 

Figure 2.2 Band theory model for (a) insulators (b) semiconductors and (c) metals [12] 

 

The constant of proportionality is the electrical resistance (R) for the material; 

                                                                                                                   Equation (2.1)                                                                     

In SI units, voltage is expressed in volts (V), resistance in Ohms (Ω) and current in amperes 

(A).  Another formulation of Ohm’s law is expressed as: 

                                                                                                                   Equation (2.2)                                                                                                                                                                  
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where, J is the current density in unit area (A m
-2

), σ  is the conductivity E is the electric field 

or electrical potential gradient and is used to express the voltage drop (V) through the length 

(L) of the material.   

                                                                                                                 Equation (2.3)                                                                     

Conductivity (σ) can also be formulated as a function of conductance (G, Ω
−1

), in general,  

                                                                                                                  Equation (2.4)                                                                         

                                                                                                              Equation (2.5)                                                                                 

                                                                                                                Equation (2.6) 

Since conductance (G) is the reciprocal of resistance (R) it can be written as a function of 

resistivity: 

                                                                                                                Equation (2.7) 

Polymers are different from metals in theory in terms of their electrical behavior. Unlike 

metals, most polymeric materials are insulating. Since electrons are located in covalent bonds 

in polymers, they cannot move as in metals. In polymers electrical conductivity can be 

attained through the addition of organic or inorganic conductive fillers or by producing a 

polymer with special structure which are called intrinsically conducting polymers (ICP), 

consisting of conjugated bonds [12,13]. 

2.2.1 Intrinsically Conducting Polymers (ICPs) 

Intrinsically conducting (IC) polymers are materials which possess both polymer and metal 

properties. They behave like a polymer in terms of their basic chemical, physical and 

mechanical characteristics (flexibility, elasticity, toughness, malleability) and like a metal in 
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terms of their electrical properties [14]. Most polymers are “saturated” and act as electrical 

insulators because all available electrons in their structure, which can carry electrical current, 

are located in the σ-bonds. On the other hand conjugated structure of IC polymers give rise to 

electrons that are able to move more easily along the polymer backbone, because π-electrons 

are less strongly bound than the σ-electrons [15,16]. Other effects of π-electrons (conjugated 

structure) can be observed on some electronic properties such as low energy optical 

transitions, low ionization potentials, and high electron affinities which are mainly caused by 

the less chemically stable structure of the polymers.  In other words, these polymers can be 

oxidized or reduced more easily and more reversibly than conventional polymers [14-16]. 

Excitation of a polymer (addition or removal of electrons) which leads it to behave like a 

metal can be obtained by visible photons, electron donating or accepting chemicals and so on 

[15,16]. Discovery of this effect in doped polyacetylene was first reported in 1977 by Chiang 

et al. [17]. Dopant is an element which is added to ICPs in low concentrations in order to 

enhance their optical/electrical properties. Doping is a process for increasing the carrier 

concentration and mobility in which conjugated polymer is exposed to a doping agent in the 

gas or solution phase, or by electrochemical oxidation or reduction. Electrical properties of 

these ICPs can be changed from an insulator to conductor by controlling the doping level 

[14,15]. The key properties of a conjugated polymer in relation to its potential as a precursor 

to a conducting composition are ionization potential, electron affinity, band gap, and band 

width [15,16]. ICPs can be in polyaromatic and linear forms. Polyaniline, polypyrole, 

polythiophene are polyaromatic; polyacetylene, polythiazyl are linear ICPs.  
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ICPs are potential materials for all types of applications which require conductivity, because 

they are flexible, relatively lightweight compared to standard metals, do not corrode and they 

can be easily controlled during chemical processing. They can be used in different forms 

from films to coatings, and as nanofibers. While in some applications such as 

electromagnetic radiation shielding, batteries, conductive adhesives-printing, antistatic 

clothing, active electronics they are preferred for their conductivity; for some applications 

such as electrical displays, chemical, biochemical and thermal sensors the main reason is 

their electroactivity [14]. 

2.2.2 Conducting Polymer Composites (CPCs) 

Polymer composites represent a convenient route to multi-functional materials. Conducting 

polymer composites (CPCs) are systems consisting of at least one polymeric matrix with at 

least one type of conducting phase (organic/inorganic fillers). In general, composites often 

offer significant alternatives to single-phase materials not only for their easy processing, 

lower cost, light weight structure but also for superior physical and chemical properties such 

as high strength, chemical resistance. Electrically conducting polymer composites are ideal 

for many applications including static electricity discharging, electromagnetic interference 

shielding, conducting adhesives, self-regulating heaters and piezoresistive sensors. For 

obvious reasons, there has been a rapid increase in the number of publications in this area in 

recent years and a number of good reviews of literature have been published. The focus of 

this comprehensive review is polymer composites as it relates to textile sensors.   The review 

is done in two parts. In the first part, basic terms and definitions, mechanisms and parameters 
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are explained; the second part of the study is dedicated to piezoresistive behavior of CPCs 

under different external conditions.  

2.2.2.1 Mechanism of electrical conduction and percolation behavior in conducting 

polymer composites 

Mechanism of electrical conduction in conductive polymer composite has been studied 

extensively.  Based on the composition of the composite different mechanisms of conduction 

such as electron tunneling, electron hopping, ionic transport, field emission, band type 

conduction and simple inter-aggregate conduction by contact have been suggested. While 

conduction by contact is ohmic, electron tunneling shows non-ohmic behavior [13,18,19].  

As the fraction of conducting phase of the composite increases, the composite generally 

undergoes from insulator to conductor transition. This transition has been generally analyzed 

within the framework of effective media and percolation theories. The clearly delineated 

transition from insulating to conducting behavior is referred to as the percolation threshold.  

The fundamental reason for this transition is the existence of aggregates (or islands) of 

conducting particles in the heterogeneous mixture of materials.  Below the critical content of 

conducting particles, conduction throughout the material cannot take place. Above this 

threshold, sufficient conducting pathways throughout the composite are set up such that the 

bulk conductivity increases dramatically.  

Conductivity of the composite is directly related with the conduction mechanism of the fillers 

and “interparticle charge transfer” that mainly depends on the number of contact points in the 

composite and is affected by many factors, such as filler, matrix, and component properties, 
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processing conditions (fiber-matrix interface, alignment of filler, anisotropy, applied 

pressure, shear, and fiber breakage) [13].  

Percolation is a standard model to describe the spatial distribution of species within 

disordered systems [20,21]. It was firstly developed by Flory (1941) and Stockmayer (1943) 

to describe the formation of large molecules from small branching molecules. In the 

mathematics, percolation was introduced by Broadbent and Hammersley (1957). Their 

approach was mainly based on the spread of hypothetical fluid particles through a random 

medium. It can be used to explain different physical phenomena in diverse research topics 

including, electrical conductivity, magnetism, electrochemistry, and molecular transport 

[20,21].  

Percolation can be described in terms of either the structural or the dynamic properties of a 

system. From the structural perspective, it occurs when geometric features composed of large 

clusters (of size p) approach pc, the critical cluster size. At small values of cluster size, flocs 

or individually separated particles exist. However, as p is increased, the physical cluster size 

increases and at pc sufficiently large flocs starts to form a continuous network and connect 

opposite edges of the specimen [20-22]. From the dynamical aspect, any deterministic 

parameter (i.e., a site or bond) is designated as a physical property such as conductivity or 

elasticity [22]. In that sense, percolation depends on the bond structure and bond density in 

the network. Two sites are called connected if there is at least one path between them. As 

seen in Fig. 2.3d a set of connected sites bounded by vacant bonds forms a cluster. This 

transition point in the network structure from a disconnected structure to a connected one; is 

called the percolation concentration [20,21].   
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According to percolation theory, the bulk conductivity (σ) of a percolating composite with 

volume concentration, Ф, of the conducting phase behaves as a power law of the form 

[19,20] where σo is a constant of proportionality, and Фc is the critical volume fraction of the 

filler at the percolation threshold.  

          
                                                                                               Equation (2.8) 

The exponent t is characteristic of the transition from dispersed filler particles to networked 

particles, and is assumed to be universal, i.e., material independent. In three-dimensional 

systems, t is around 2 when describing electrical conductivity [13,23].  

 

 

Figure 2.3 Bond (a, b) and site (c, d) percolation 

 

(a)

(b)

(c)

(d)
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Although, percolation theory is the basic phenomena accepted for the conductivity in 

composites, there are other conditions before and after percolation threshold which required 

to be explained simply.  

Depending on the filler or matrix properties and filler concentration, fillers have mainly two 

positions in the matrix:  

- Separated by a distance (highly separated (xa), closely separated (xb))  

- Direct contact (direct contact one continuous network (xc), direct contact many 

networks (xd)). 

 

 

Figure 2.4 General behavior of a composite material conductivity vs. filler concentration 

 

As shown in Fig. 2.4, at low filler concentrations xa, conductivity is governed by the 

insulating polymeric matrix because of inadequate amount of filler. At this level, fillers are 

highly separated and can be found individually dispersed or in the form of flocks. Since the 
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distance between the fillers is not enough to transfer charges, they can only inject some 

carriers into the polymeric matrix and do not change the conductivity of the system 

significantly [19,24].   

For the filler concentration designated as xb in the Fig. 2.4, although fillers/flocks are 

theoretically separated from each other and filler concentration is less than the concentration 

required to establish conducting networks, the composite may show some level of 

conductivity that can be explained by quantum mechanical model [24-27]. When the 

movement of an electron is evaluated according to the classical physics, we will face with 

two cases. Basically, if it has enough kinetic energy, it can pass a barrier, or if the energy is 

not enough to overcome the barrier, it won’t pass. On the other hand, from the quantum 

mechanics perspective; electrons can be expressed as waves under specific circumstances. A 

wave can cross (or tunnel) a potential energy barrier even if it does not have enough energy, 

because when a wave come across a potential barrier, it does not immediately lose all its 

energy but starts to diminish exponentially and small fraction of electrons can penetrate 

(tunnel) to the conduction band of the neighboring conductive filler and creates current flow. 

This phenomenon is called electron tunneling and it presents the ability of a particle to cross 

a potential energy barrier and forming a tunneling-percolation system with the help of other 

conducting fillers in the vicinity. The rate of the tunneling in a composite is directly affected 

by the energy of the electrons, thickness, electrical characteristics of the barrier and applied 

voltage. The ability of an electron to tunnel a gap, under a given electric field, increases 

exponentially with a decrease in the gap size. The gap size between fillers/flocks has to be 

sufficiently close for interacting with each other’s with a threshold particle-particle distance 
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of ~10 nm or less (in the range of Å). Another important factor is the applied voltage. 

Voltage dependence of the current intensity is given as, 

         
 

 
                                                                                                 Equation (2.9) 

where     
 

 
 are the constants. Eq. (2.9) shows that under higher voltage, current density 

increases and more electrons can tunnel through the insulating gap [13]. Since, the 

mechanism of conductivity based on electron tunneling is not same as the one observed in 

metals, it is expected to show different I-V behavior. While linear I-V relationship is 

obtained for the composites with continuously contacting fillers; nonlinear I-V curve is 

obtained for the composites with closely separated fillers/flocks [19,24,28-30]. Besides non-

ohmic I-V character, temperature and pressure dependency of the composite resistance can 

be some of the other hints which indicate electron tunneling as a dominant mechanism in the 

system. Especially, thermal fluctuations are important factors for lowering the potential 

barrier [13,24].  

The mechanism of conduction changes from electron tunneling to direct inter-

particle/aggregate conduction in the case of increase in the concentration designated as xc in 

Fig 2.4, known as percolation threshold as mentioned previously [13,19].  

The conductivity of the composite at concentrations above percolation threshold (xc) as 

designated xd in Fig. 2.4, is determined by the filler properties and theoretically it approaches 

the conductivity of the filler particle since the connected filler pathways span the composite. 

Fig. 2.4 also shows that conductivity does not change a lot in this region as in percolation 

region, and becomes almost flat. The conduction mechanism is affected by:   the charge,   
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the carrier concentration and   the mobility of the carriers (     ). Although carrier 

concentration increases, mobility of the carriers show slow decrease because of increasing 

interface/surface area between matrix and fillers [19,24,31]. 

2.2.2.2 Factors affecting the conductivity in conducting polymer composites 

Although conductivity phenomenon occurs to some extent in almost every composite 

containing conducting particle, every composite shows different electrical behavior mainly 

because of its components. Filler and matrix polymer properties, processing conditions are 

factors that have direct effect on the dominant mechanism of conductivity.  

A) Filler properties 

Composites are complex systems with at least two different components. Since fillers are the 

charge carriers in the system, their properties directly affect the electrical properties of the 

system. Filler type [32,33], dimension (diameter, length, etc.), shape (tube, cylinder, etc.), 

geometry [34], surface properties, compatibility with matrix [35,36], purity [37], 

concentration [38,39], production process (i.e., vapor grown CNF  shows better conduction), 

tendency to disperse or aggregate, and their orientation [40,41] are important factors that 

have strong influence on electrical properties of the composites.  

Different types of metallic, organic and inorganic fillers have been reported in the literature.  

These include silver [42], nickel [43], copper [44], ICPs [45],  carbon fibers (CF) [32,46,47], 

carbon black (CB) [33,46], graphite [32,48], graphite nanosheets (GN) [48], carbon 

nanofibers, (CNF) [33,49], carbon nanotubes (CNTs) [33], and mixture of some of these 

materials [32,45,50]. In addition to these particles, continuous fibers have also been used in 
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different forms such as laminates or woven fabrics [51,52]. Metallic fillers are one of the 

oldest materials used in CPCs because of their excellent electrical and thermal conductivity. 

However, for CPCs, generally carbonaceous fillers are preferred because of their relatively 

low cost and ease of processing as well as light weight and chemical and corrosion resistance 

[51]. The main difference in the electrical behavior of a CPC is caused from the inherent 

conductivity of the filler particles. Typically, CPCs have conductivity between polymer and 

filler. Even if two fillers belong to the same group, they can show different electrical 

properties. Since carbonaceous fillers are generally produced from artificial materials, their 

properties including fine structure, filler length, diameter, wall thickness, structural defect 

ratio are directly related with raw material and processing conditions such as pressure, 

temperature and time.  All these variables have effects on the growth mechanism of carbon 

layers [53,54].  

 

 

Figure 2.5 Fillers with different aspect ratios (a and b, c), fillers with different aspect ratio 

and same concentration (a and c) 

 

Aspect ratio=x, Concentration=y

Aspect ratio=4x, Concentration=y/4

Aspect ratio=4x, Concentration=y

(a)

(b)

(c)
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In all fillers mentioned above; if we assume fillers made from the same material, continuous 

fillers are expected to show the higher conductivity than the chopped ones. As known for the 

conductivity in a system consisting chopped/loose fillers, can be obtained by contacts 

between fillers. On the other hand for the continuous fillers, even single filament might be 

enough to transfer charge from one end to another because of being a network itself.  

Filler geometry (dimension, shape, etc.) is another important factor that determines charge 

transport throughout the CPCs. The aspect ratio or the ratio of the length to the diameter for 

fibers or ratio of diameter to thickness for platelets and flakes is considered a key 

dimensional characteristic of particles. Aspect ratios of the fillers can change from 1 

(spheres) to 100s; while low aspect ratio indicates short, thick fillers; high aspect ratio 

indicates long, thin/narrow fillers. In general, the percolation threshold is lower for high 

aspect ratio particles [55-57]. Particles with a higher aspect ratio present higher probability to 

span the composite boundary at a lower concentration (see Fig 2.5 and 2.6). 

 

 

Figure 2.6 Effect of filler aspect ratio on the critical filler concentration [58] 
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In addition to aspect ratio, shape of the filler also affects the percolation behavior of the 

composite. While spheres/particles have to be packed closely and form continuous 

conductive chains of a network [59]; higher aspect ratio particles such as fibers, wires, tubes, 

sheets just need to come to close proximity to each other along their length in order to set up 

a conducting pathway [34]. While percolation threshold of carbon black composites have 

been reported to be in the range of   25-60 wt% depending on the intrinsic conductivity and 

the structure [59-61], CNF filled composites have been shown to have a lower percolation 

threshold in the range of 0.68-6.3 wt% [39,49,62]. CNTs showed even lower values of PT 

within the range of 0.1-2 wt% because of their relatively higher aspect ratios ranging 

between 100 and 5000 [63-66]. Another important parameter, the surface area of the fillers, 

differentiates the particles with same aspect ratio. As shown in Fig. 2.7, although all three CB 

particles have aspect ratio of 1, they have different surface areas which affect their filler-filler 

and filler-matrix interaction and number of the contact points. Generally, higher structures 

lead to lower percolation threshold because of their higher potential of forming contacts 

throughout the composite [67]. 

 

 

Figure 2.7 Carbon black with different structures 
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Flandin et al., used carbon fiber (CF), carbon black (low and high structure) with an 

ethylene–octene elastomer in order to compare the effect of filler aspect ratio on percolation 

threshold. While low structure carbon black (LSCB) showed percolation threshold around 

40% v/v, the high structure carbon black (HSCB) had a lower threshold of 15% v/v, and the 

same for CF was 10% v/v (see Fig. 2.8) [67]. 

 

 

Figure 2.8 Effect of concentration for different fillers [67] 

 

Li et al., used different fillers fabricated by different methods including spraying carbon 

black (4.87 m
2
 g

-1
), semi-reinforcement furnace black (13.55 m

2
 g

-1
), fast extruding furnace 

black (FEF, 33.38 m
2
 g

-1
), high abrasion furnace black (HAF, 68.36 m

2
 g

-1
), and conductive 

carbon black (CCB, 981.62 m
2
 g

-1
) with increased high surface areas as shown inside the 

parentheses. Polymeric matrix was ethylene-propylene-diene rubber (EPDM) and 

EPDM/CCB composites showed the highest conductivity because of its larger surface area 

[61].  

In another study with CB/PE, CF/PE and CNT/PE composites, Zhu et al., reported lower 

percolation threshold for particles with increasing aspect ratio, see Fig. 2.9 [68]. 
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Figure 2.9 Effect of filler type and concentration on conductivity [68] 

 

Filler concentration is a measure of the amount of filler in the composite and is generally 

expressed in weight percent (wt%), volume percent (v%), or parts per hundred (pph). In 

addition to intrinsic filler properties (i.e., conductivity) and geometry, filler concentration is 

the most important parameter influencing conductivity of a CPC.  Filler concentration has the 

most influence on filler-filler and filler/polymer interspacing and interaction. In general, the 

conductivity-concentration relation can be divided into three main regions, see Fig. 2.4 

[19,24,59].  

1) The region between bulk polymer and the threshold concentration,   

2) A transition region from insulating to conducting phase which shows significant increase 

in conductivity, and 

3) Conducting region  

In the first region, fillers are highly separated and can be found individually dispersed or in 

the form of flocks. Since at this concentration, fillers are not close enough, conductivity does 

not change significantly. On the other hand, in the second region, abrupt change is observed 

with increasing concentration. In this region particles start to come close and form a 
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continuous network throughout the composite and conductivity of the composite increases 

dramatically. In the third region conductivity of the composite does not change significantly. 

Although different CPCs have different percolation threshold, all of them show characteristic 

conductivity behavior for composites [13,18,19,38,59,69].   

Filler surface property is another important factor in determining the conductivity of the 

CPC. Since there are significant structural differences between filler and matrix materials 

including density, surface energy, and stiffness; it is not always easy to process and obtain 

optimum composite properties However, this can be overcome by additional processing such 

as modification of the surface characteristics of the filler. Surface properties and surface 

chemistry of the components are extremely important, because materials get in contact at the 

outer boundary of a material [35,70]. Different physical and/or chemical modifications have 

been  carried out for fillers including heat treatment [36,71,72], grafting [73], electrochemical 

deposition [74] and acid treatments by sulfuric and/or nitric acid in order to: 

 enhance the cleanness, degree of purity [74],  

 remove structural defects [74], 

 increase the effective surface area [34,75],   

 increase surface functionality [73], 

 decrease surface energy [36], 

 increase conductivity of the filler [72],   

 enhance the filler-matrix interaction (bondability, compatibility, etc.) and to control 

the interface properties [73,76,77]. 
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Heat treatment of fillers is an effective way to remove structural defects and polar functional 

groups, improvement of the graphitic structure/crystallinity and electrical properties. On the 

other hand, heat treatment may reduce specific surface area, length and aspect ratio of the 

filler through removal of pore volume and this might lead to increase in percolation threshold 

of a CPC. In order to minimize these disadvantages of heat treatment, optimization of the 

process is strongly advised [36,71,72].  

Grafting has been used for functionalization of surface by chemically bonding different 

structures and increasing the interaction between filler and matrix [73,76,77]. While strength 

and modulus of the composites showed significant increase [77], electrical conductivity is 

decreased because of the grafted layer. As shown in Fig. 2.10 grafted layer tend to wrap the 

filler and hinder the charge transport by increasing the filler-filler distance [73,76,77], and 

can even change the mechanism of conductivity from linear (ohmic) to nonlinear (non-

ohmic) [73].  

 

 

Figure 2.10 Effect of surface functionalization on filler dispersion  

 

Acidic pretreatment can also be effective as a surface modification method. It is a chemical 

oxidative pre-treatment that causes etching of the filler surface and generally carried out at 
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high temperatures. The treatment is used for increasing the surface area of the filler, removal 

of impurities, exfoliation of nanofillers and functionalization of filler surface by imparting 

oxygen containing groups such as carboxyl and hydroxyl. All of these not only affect the 

geometry and electrical properties of the fillers but also dispersability, adhesion behavior of 

fillers in the matrix and electrical, mechanical properties of the composites [33,74,75,78]. 

Since carbonaceous fillers are inert structures, strong acids such as nitric and/or sulfuric acid, 

hydrochloric acid or strong bases such as ammonium hydroxide/hydrogen peroxide are 

required in order to modify the properties [74,75,78]. It is also one of the common ways to 

obtain expanded graphite which shows activated surface and multi-pores with a higher 

volume expansion ratio. The process not only increases the filler-polymer interaction and 

dispersion rate but also lowers percolation threshold because of expanded filler structure 

[34,75]. In addition, nitric acid has been used to remove the amorphous carbon from CNFs 

and thereby increasing the filler conductivity [74]. 

B) Matrix properties 

Polymer type is another factor which plays a significant role on the conductivity of CPCs. In 

the literature, different polymers and polymer blends have been used including elastomeric, 

amorphous, semi-crystalline, liquid crystalline, thermoplastic, thermosetting polymers. In all 

these groups of polymers, epoxy [79-81], polyethylene (PE) [82,83], polypropylene (PP) 

[84], polyvinyl chloride (PVC) [85], polycarbonate (PC) [62], polystyrene (PS) [86,87], 

polyamide (PA) [88], poly(methacrylate) (PMA) [89], polyacrylonitrile (PAN) [90], 

polydimethylsiloxane (PDMS) [91] are the commonly investigated ones. 



 

27 

The electrical conductivity of the CPC is significantly influenced by the polymer’s electrical 

behavior, filler-matrix interaction. The filler-matrix interaction in turn determines filler 

dispersion in the matrix and is directly affected by the molecular weight [89,92], and 

crystallinity [92] of the matrix polymer.  In addition, polarity and surface tension of the 

matrix polymer are also important [19,54,93].  

Molecular weight of a matrix polymer is directly related to the number of the repeat units in a 

polymer chain which determines the physical properties such as glass transition temperature 

(Tg), melting point (Tm), chain mobility, melt viscosity, entanglement ratio, average diameter 

of random coils (average radius of gyration) [89]. As known, polymer chains can entangle 

with fillers and minimize the movement of other chains in the vicinity or restrict the fillers. 

This behavior is affected by the radius of gyration of a polymer and higher molecular weight 

polymers might have more impact because of their relatively high radius of gyration [89]. In 

order to minimize the percolation threshold; filler geometry, filler-filler distance and average 

diameter of the random coil should be taken into consideration [89]. Effect of the molecular 

weight on electrical conductivity was studied by many authors. In these studies, different 

molecular weights of PS, PE [92], vinyl acetate (EVA) copolymers [54,94], 

poly(methylmethacrylate) (PMMA) and polyvinyl chloride–vinyl acetate copolymer (PVC–

VA) [94], polyethylene oxide (PEO) were used with a conducting filler. The outcomes 

showed that, highest percolation threshold was observed for highest molecular weight 

because higher chain entanglement ratio and lower chain mobility make it difficult to spread 

on filler and minimize the percolating network formation [54,92,94]. Another effect of 

molecular weight is reflected by the melt viscosity [54,94]. As reported by Huang, higher 
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molecular weight leads to higher melt viscosity resulted high shearing during mixing and this 

is an undesired effect for the dispersion of carbon black and formation of the conducting 

network [54,94]. In addition to that, high viscosity requires higher shear mixing which might 

lead to breakage of the fibrous fillers and decrease in the aspect ratio [95]. 

Crystallinity of a polymer determines the ratio of structural order which affects the physical 

and mechanical properties. When the issue is the CPCs, crystallinity of the polymer has some 

influences on the electrical conductivity of the system basically resulting from dispersion of 

fillers [96]. Tiong et al., used amorphous PS, low density polyethylene (LDPE) with low 

crystallinity, high density polyethylene (HDPE) with high crystallinity and CNFs as 

conducting filler. While CNFs dispersed well in LDPE, and PS; agglomeration was observed 

for HDPE. Different types of dispersion characteristics lead to different percolation behavior. 

PS/CNF nanocomposites had the lowest and HDPE/CNF nanocomposites had the highest 

percolation concentration [96]. On the other hand, Wessling et.al., reported relatively low 

percolation threshold for PE than amorphous PS [92]. Furthermore, Huang et.al., used CB 

and three different vinyl acetate (EVA) copolymers with different crystallinity [54]. The 

lowest percolation threshold was found for the polymer with the highest crystallinity. It was 

concluded that crystalline polymers restricted the fillers into the amorphous region and 

increase the contact rate.  

In addition to dispersion of fillers, another result of filler-matrix interaction is the nucleation.  

As previously reported by many authors, CNTs behave as nucleating agents for some 

semicrystalline polymers and change the shape of crystallites and orientation of the crystal 

growth [96,97] which might influence the electrical behavior of the system. 
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Polarity and surface tension of the polymer are other important factors for the electrical 

behavior of polymers and the CPCs. Since polarity and surface tension of a polymer can be 

affected by many criteria including chemical structure, amount of end groups, density, 

molecular weight, morphology of the polymer, components of the system, processing 

temperature; different polymers show different adhesion and electrical behavior as mentioned 

previously. While acrylonitrile butadiene rubber (NBR), a polar polymer, has a volume 

resistivity of 1010 ohm cm; non polar polymer ethylene-propylenediene monomer rubber 

(EPDM) showed around 1018 ohm cm [98].  In addition to these, polarity and surface tension 

are important factors for CPCs, especially for the behavior of intermolecular attraction 

between the polymer chains, filler-matrix interaction and spreading tendency of polymer onto 

the fillers. Polymer adhesion is of critical importance for filler dispersion, filler to filler 

distance and the interface layer on the filler. As reported by Miyasaka et al., polymers with 

higher surface tension and polarity lead to higher percolation threshold. Because, higher 

amount of surface-active, polar segments are preferentially adsorb on the filler surface which 

generally leads to a better dispersion [99]. Yamamoto et al., also reported similar behavior.  

While, polymers with low surface tensions PVA and PMMA were found to form cupper 

sulfide (CuS) aggregates; PAN resulted with a homogeneous filler distribution because of its 

high surface tension. This behavior leads to higher conductivity for CuS-PVA and -PMMA 

composites and lower for CuS-PAN composite [100]. On the other hand, Sau et al., reported 

a lower percolation concentration for a polar polymer (i.e., NBR) compared to a non-polar 

polymer (i.e., EPDM) [98]. 
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Figure 2.11 Selective localization of CB in a polymer blend [101] 

 

In addition to single polymeric systems, polymer blends can be effectively used in order to 

lower the percolation threshold (see Fig. 2.11). In these systems, generally two different 

polymers are used with different degree of crystallinity which induces phase separation and 

forces fillers to migrate into one phase and lowers the percolation threshold [102-106]. 

C) Process parameters 

Processing is as important as the inherent properties of filler and matrix; since it determines 

the dispersion, distribution, alignment, orientation, aspect ratio, filler-filler distance, filler 

concentration, and homogeneity of the CPCs. Processing should be determined by 

considering the end use of the CPC. If the composite is designed just for electrical 

applications, the process should focus on optimization of percolation behavior and lowering 

the threshold concentration. On the other hand, if the CPC is designed to be used for any type 

of electronic application requires high mechanical durability and stability; filler dispersion 
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and interface properties of the composite become significant. In the second case, 

optimization requires attention because in order to obtain a good dispersion, harsh processing 

conditions and longer processing time might be needed which influence the aspect ratio of 

the fillers and percolative behavior. However, dispersion mechanism is not governed only by 

processing but also type of the components and their physical properties (cluster size, purity, 

surface properties of filler, polymer surface tension, etc.) are of importance. If the fillers form 

strong agglomerates due to Van der Waals forces and physical entanglements it might be 

difficult obtain satisfied results [40,93,95,107].  

For the production of CPCs, various methods can be used including melt mixing [40,107], in-

situ polymerization [73], solution casting [57,108]. The common process in each method is 

the mixing which aims blending of the components. Depending on the filler concentration, 

viscosity of the mix and polymer processing conditions, it can be carried out by many 

different methods such as traditional (direct) mixing [109], high-shear mixing, ultrasound 

mixing, melt mixing and chaotic mixing which can be combined with another mixing or 

shaping process such as injection molding, extrusion or hot pressing [40,93,95].  

Solution Processing: Solution processing is one of the common methods used for the 

preparation of CPCs because of its simple procedure. Process starts with the dispersion of 

filler in the solvent or polymer solution by any type of mixing (magnetic stirring, 

ultrasonication [110], high shear mixing and followed by pouring the solution on a plate and 

evaporation of the solvent under predetermined conditions.  Since the properties of polymer 

solution changes for various solvents, type and amount of solvent are of significance in terms 

of solubility degree of the polymer and conductivity of the system [80,93,108,111,112]. 
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Although solution processing has some drawbacks from the environmental aspects and 

industrial applicability, it leads to lower percolation thresholds since solvent decreases the 

viscosity of the system and enhances the dispersability of the filler [80,93,112,113].  

 

 

Figure 2.12 Effect of solvent on the formation of conducting network [57]  

 

Sharma et al., studied the effect of solvent type on the electrical behavior of MWCNT filled 

epoxy composites. They used dimethyl formamide (DMF) and N-methyl pyrrolidone (NMP) 

as solvents. Although both solvents lead to similar percolation behavior, samples prepared 

with DMF showed better dispersion, interface and higher electrical conductivity than that 

using NMP. In addition samples prepared with NMP, were found to have aggregates with 

porosity. DMF was found an effective solvent in terms of filler dispersability and filler-

matrix interaction [108]. Another interesting study was carried out by Yunusa et al. [57]. 

They have designed a mixing process based on the solubility parameter and swelling ratio of 

the polymers. They have used polymer compositions of poly(acrylonitrile butadiene styrene) 
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and poly(styrene butadiene styrene) block copolymers and various solvents including; 1,1,1-

trichloroethane, toluene, acetone, isopropyl alcohol. As shown in Fig. 2.12, depending on the 

solubility and swelling ratio of the polymer, different morphologies and lower percolation 

values can be obtained. 

Melt mixing: As in all type of mixing techniques, the aim of the melt mixing is to provide 

homogeneous filler dispersion in a molten polymer. Needless to say that this process is used 

for thermoplastic polymers and basically consists of three steps including, incorporation of 

filler and matrix, deagglomeration, and distribution of the filler. Deagglomeration of fillers is 

the most important step of processing and its deagglomeration mode generally based on 

rupture or erosion mechanism. To have a homogeneous dispersion and to balance the 

agglomeration and deagglomeration; filler structure, polymer melt behavior, applied 

hydrodynamics have to be taken into consideration [40,107]. 

Melt mixing can be carried out under normal conditions if the fillers can easily disperse in 

the molten polymer. On the other hand, for the composites consisting of a polymer with high 

viscosity and highly agglomerated fillers; mixing conditions should be changed. Since some 

fillers, i.e. CNTs, show strong attractive van der Waals forces and they have the tendency to 

form agglomerates. In such cases, lower flock size, and high-shear mixing is required to 

obtain good dispersion [40,86]. Pegel et al. investigated the effect of mixing type, time and 

speed on the electrical behavior of multi walled carbon nanotube/polycarbonate composites. 

Mixing time, temperature and speed were found important in terms of CNT dispersability 

and electrical behavior [40], resistivity increases with mixing time because of homogeneous 

dispersion and breakage of fillers which was also reported in previous studies [86,114-116]. 
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Viscosity of a filled matrix is determined by filler and matrix. Since carbonaceous and 

metallic fillers are solid, rigid structures and generally not affected by temperature changes, 

polymer properties become more important in terms of the viscosity of the system.  

Generally, any increase in the temperature leads to a reduction in the viscosity of the polymer 

and lowers the shear effects on fillers which trigger the aggregate and conductive network 

formation [93,117-119].  

In-situ polymerization: Another way to produce CPC is the in-situ polymerization. It has 

been used for various types of polymers from thermosetting to thermoplastic and fillers 

including CB [87], CNF [73], and CNT [120]. Process consists of filler dispersion in the 

monomer liquid/monomer solution and followed by polymerization or curing. In the first 

step, low molecular weight and low viscosity monomers are adsorbed to the surface of the 

fillers that contributes proper filler wetting. In the second step, polymerization takes place 

which can be initiated by an initiator, heat or radiation. Since polymerization is a sensitive 

process, any change in the conditions might cause extreme change in filler dispersion, 

polymer absorption by the filler surface, filler-filler distance, filler orientation and 

conductivity of the system. By this method, aspect ratio of the fillers are retained and perfect 

dispersion with better filler matrix interaction can be obtained even at high filler loadings 

because of the grafted polymer onto the surface of the filler [73,87,93,111,112,121]. 

However, some critical factors have to be taken in to consideration. First of all, proper 

dispersion of the filler in the monomer liquid/monomer solution should be provided 

[87,111,121], because, once the polymerization starts, polymer settling is triggered and that 

might affect the viscosity of the medium which has an important role for the filler dispersion. 
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In addition to that side product formation is another important point which might influence 

the total volume and properties of the system, so additional steps might be required in order 

to remove these undesired products from the system [121]. It was reported by Arlen et al., 

that the success of the process in terms of filler dispersion and electrical behavior not only 

depend on the polymerization but also on the surface properties of the fillers and interface 

properties. While good dispersion and strong interface can be obtained by in situ 

polymerization, it was also noted that strong interface hinders the charge transfer from filler 

to filler and lowers the conductivity of the system [73]. Since polymerization is effected by 

the materials in the medium; filler concentration might affect the distribution of molecular 

weight of the polymer. At high concentrations, fillers restrict the macromolecular chains and 

prevent the interaction between polymer chains. As reported by Li et al., any increase in the 

CB fraction leads to decrease in the molecular weight of the polymer which did not affect the 

general percolation behavior of the CPC [87].  

D) Other factors 

 In addition to filler characteristics, polymer properties and processing conditions, other 

factors such as additives and environmental factors can affect the resistivity by changing 

filler dispersion, filler-matrix interaction and filler-filler distance.  While some systems only 

consist of matrix and filler, some systems require extra additives to obtain desired 

morphology and properties such as viscosity, flexibility etc. Additives can be in the form of 

plasticizers [122], blowing agents [123], surfactants [110], cross-linker, initiator [124] and so 

on. Since they change the physical and chemical composition of the composite, it is very 

much possible to observe a change in the electrical properties of the system depending on the 
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amount of additives. In addition to additives, external mechanical effects and environmental 

conditions were found to affect the conductivity of the system. Although other factors 

mentioned above affects conductivity without changing the filler-filler distance, 

environmental factors such as temperature, pressure, vibration, and ambient atmosphere were 

found effective under certain conditions which are going to be evaluated in the following 

chapter dealing with piezoresistive behavior of the composites. 

2.3 Piezoresistivity and Piezoresistive Composites 

Piezoresistivity is a material property that involves change in electrical resistance due to 

applied mechanical stresses. It was first reported in 1856 by William Thomson (Lord Kelvin) 

who observed the resistance change in iron and copper as a result of applied strain [125]. 

Application of this discovery has been in practice as strain gauges and thermo resistors since 

early 1900’s. These devices are made from pure metals or metal alloys. In 1950’s, 

piezoresistive behavior of silicon and germanium semiconductors was discovered by Smith 

[126] while working in the Bell Laboratories. It opened a new era in piezoresistive sensors. 

To illustrate the concept of piezoresistivity consider a prismatic bar of uniform rectangular 

cross‐section. The resistance R of the conductor can be expressed as, 

  
  

 
                                                                                                                Equation (2.10) 

where ρ is the specific resistance or resistivity, L is the length, and A (= w x t) is the cross-

sectional area of the conductor, see Fig. 2.13. 
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Differentiating Eq. (2.10) we obtain:   

   
 

 
   

 

 
   

  

  
                                                                                 Equation (2.11) 

                            

Dividing the Eq. (2.11) by resistance R,  

  

 
 

  

 
 

  

 
 

  

 
                                                                                             Equation (2.12)           

The terms dA⁄A represents fractional change in area, dL/L represents fractional change in 

length in the long‐direction, and      represents fractional change in resistivity of the 

conductor resulting from applied force along the longitudinal direction.  The relative change 

in length, or the axial strain: 

        
  

 
                                                                  Equation (2.13) 

Lateral strain: 

          
  

 
 

  

 
                                                        Equation (2.14) 

If the Poisson ratio is now expressed in terms of axial and lateral strain: 

   
        

      
                                                                                                     Equation (2.15) 

Now the relative resistance change can be written as a function of the strain and resistivity;  

 
  

 
              

  

 
                                                                                Equation (2.16) 

The relative change in resistance expressed in Eq. (2.16) clearly has two components 

described as geometric and electronic. 
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Figure 2.13 Piezoresistance caused from dimensional change [127] 

 

The terms             , and (
  

 
  represent the geometric and material (or inherent) 

components of piezoresistivity, respectively. In semiconducting materials (e.g. silicon, 

germanium) the fractional change in resistivity,  
  

 
 , is the predominant source of 

piezoresistive behavior. For metals, on the other hand, the fractional change in resistivity is 

nearly insignificant compared to the fractional change in resistance due to deformation or 

geometrical change. 

The Gauge Factor (K) of a piezoresistive material is defined as the fractional change in 

resistance (ΔR/R) per unit strain, ε. It is expressed as [127];  

  
 
  

 
 

      
        

  

 
 

      
                                                                          Equation (2.17) 

In metals, the change in inherent resistivity is negligible and GF can be reduced to: 

        
 
  

 
 

      
                                                                                    Equation (2.18) 

For metals, the Poisson’s ratio is generally in the range of between 0.3-0.4, and GF is around 

2. If a semiconductor material is exposed to strain, symmetry of the crystal lattice is 
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degenerated and as a result the carrier mobility and resistance change [126,127]. Electrical 

sensitivity in the atomic state and generation of high resistance difference makes 

semiconductors very favorable materials for piezoresistive sensors. They generally show 

relatively high GFs, around two orders of magnitude more than metals. Since the geometrical 

component (ν   0.28) of the GF is not as high as the material component, it can be neglected 

and GF can be written as [127]:  

                
 
  

  
 

      
 

  

 
 

      
                                                                       Equation (2.19)  

For conducting composites, mechanism of piezoresistance is different. Although change in 

the geometry of the composite due to applied strain may be significant, the most important 

factor is the change in conducting network structure. The change in network structure may be 

due to a combination of change in inter-particle separation, and reorientation of filler 

particles [128,129]. 

             
 
  

  
 

      
 

  

 
 

      
                                                                            Equation (2.20) 

For composites, change in electrical resistance can be caused by external factors including 

mechanical (tensile, compression, bending), thermal or environmental. In all cases resistance 

change is governed by change structure of the composite involving change in filler-filler 

distance and number of the contact points and/or density of contact points. When any such 

external stimulus is applied, it may lead to the breakdown of the filler junctions; or the 

reformation of the conducting network by rotation, alignment and translation of the fillers 

[67,130]. If the dominant behavior is the filler separation, resistance will increase this 

behavior is referred as positive piezoresistance. On the other hand, if fillers get closer and 
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form new conducting networks, resistance will decrease which is referred as negative 

piezoresistance. Dominant mechanism depends on many structural and external factors such 

as polymer type, filler type, concentration, geometry [130], filler orientation-dispersion 

[131], amplitude, direction and type of external factor [130], measurement configuration. 

2.3.1 Application of Piezoresistive Composites  

Piezoresistive polymer composites can be used in different forms such as coating, printed 

layer, film and bulk form in many areas from civil engineering to textiles as self-monitoring 

sensory materials [52] because of their ability to reflect the magnitude of external factors in 

terms of change in resistance. These composites can be used as strain, pressure, temperature 

and gas sensors and can be produced easily with relatively lower cost [128]. 

Strain Sensors: Strain sensors are a widely used tool in a variety of applications including 

monitoring processes, infrastructure, and human health. Varieties of strain sensors used today 

include types of strain gauges, fiber optic sensors, etc. Most of these sensors, however, are 

rigid and are not suitable for monitoring large strains (>5%). High sensitivity of flexible 

carbonaceous polymer composites to mechanical strain makes them particularly suitable for 

sensor applications for detection of strain, force and pressure in applications that require 

flexibility, conformability, and ability to measure high strains. For a sensitive and effective 

sensor, strain and resistance ranges should be determined carefully in terms of linearity. 
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Figure 2.14 Positive piezoresistance  

 

As shown in Fig. 2.14 application of unidirectional strain leads to filler separation and 

decrease in the resistance. Filler separation degree is directly related with the magnification 

of the strain/stress. On the other hand, when aligned continuous fibers or laminates are used 

as filler as shown in Fig. 2.15; filaments or laminates come closer under strain and leads to 

decrease in resistance. However if applied strain increased and elastic limits of the composite 

is exceeded, filler-matrix debonding, filler breakage, might occur and resistance will increase 

[132-134]. In addition to filament based composites, some authors reported negative 

response for CB [67] and nickel/carbon fiber [135] filled polymer composites. This behavior 

was attributed to the filler alignment during loading process as shown in Fig. 2.15.  

As mentioned earlier, piezoresistive behavior in CPCs is measured with deformation of the 

composite in different modes.  The response is not only governed by polymer and filler 

properties but also testing conditions. While, magnitude of the applied strain gives us the 

total deformation in the composite system; strain rate gives us the deformation at a given 

time. Since the viscoelastic response of the composite is affected by strain rate, filler 

configuration, filler-filler distances and piezoresistive response might also be affected. 
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Generally, a higher strain and strain rate can lead to higher change in resistance because of 

higher deformation of the composite [118,136-138].  

 

 

Figure 2.15 Negative piezoresistance 

 

Kost et al. compared the effect of strain rate on the piezoresistive behavior of 10 wt% CB 

filled silicone rubber composites. As shown in Fig. 2.16, both magnitude of the strain and 

strain rate were found to influence the response of the composite. 2 mm/min strain rate lead 

to higher change in resistance when compared with 0.01 mm/min [136]. 

 

 

Figure 2.16 Effect of strain and strain rate on 10 wt% CB filled silicone rubber composites 

[136] 
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Similar study was carried out by Pramanik et al. with CB and short carbon fiber (SCFs) filled 

nitrile-rubber composites at higher strain values. As shown in Fig. 2.17, strain and strain rate 

were significant parameters in terms of the resistivity change because of their effect on filler 

configuration in the elongation process [137].  

 

 

Figure 2.17 Effect of strain rate on the relative resistivity of different nitrile-rubber 

composites CF6 (SCF) and XF4 (SCF+CB): ( - - - ) 0.04 min
-1

 and ( __ ) 0.02 min
-1

 [137] 

 

Das et al., investigated the effect of magnitude of strain and strain rate on the piezoresistive 

behavior and repeatability of CB and SCF filled ethylene-vinyl acetate (EVA) composites.  

 

 

Figure 2.18 Effect of strain and strain rate on electrical resistivity during loading and 

unloading cycle of SCF/EVA composites [118] 
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As shown in Fig. 2.18 and 2.19 both CB and SCF filled composites showed higher sensitivity 

under higher strain and strain rate which is assumed to be caused from the higher separation 

ratio. On the other hand, composites showed irreversible behavior between loading and 

unloading cycles [118]. 

 

 

Figure 2.19 Effect of strain and strain rate on electrical resistivity during loading and 

unloading cycle of CB/EVA composites [118] 

 

In addition to short fiber and particle filled composites, Boschetti-de-Fierro et al. investigated 

the electromechanical response of unidirectional and bi-directional continuous carbon 

fiber/epoxy composites under different magnitudes of strain.  

 

 

Figure 2.20 Piezoresistive behavior of unidirectional continuous carbon fiber reinforced 

epoxy [0°] [52]. 
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As shown in Fig. 2.20, filler orientation is of significance in terms of piezoresistive response. 

Although both composites showed increase in resistance by the increase in strain; 

unidirectional continuous fiber reinforced epoxy showed increase in two steps and bi-

directional one showed step-wise increase. The region which showed the highest increase 

was reported to be caused from the fracture of the fibers in the structure [52]. 

 

 

Figure 2.21 Piezoresistive behavior of cross-ply [0°/90°] continuous carbon fiber reinforced 

epoxy [52] 

 

Pressure Sensors: Piezoresitive pressure sensors are devices that undergo change in 

resistance under applied pressure. The response is assumed to be caused from the different 

compressability of filler and polymeric matrix under pressure. Because of this difference as 

compression applied to CPC, fillers either separate or approach each others. In order to 

differentiate positive and negative relationship between pressure and resistance for pressure 

sensors, two acronyms; positive pressure coefficient (PPC) and negative pressure coefficient 

(NPC) can be used. As shown in Fig. 2.22, type of the piezoresistive behavior is directly 

related with the filler geometry and magnitude of the pressure [130,139,140]. 
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Figure 2.22 Positive piezoresistance for different types of fillers under compression 

 

While for fillers such as graphite nanosheets it is easier to increase the number of the points 

by applying pressure, this might adversely affect the CB particles. Since nanosheets have 

higher surface area, formation of the new networks can be dominant during the pressure 

application [139]. 

 

 

Figure 2.23 Negative piezoresistance for different types of fillers under compression 
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On the other hand, network formed by CB, can easily be destructed by the compression 

because of their spherical shape [141]. But, degree of resistance change is affected by the 

applied pressure. Pressure affects the filler configuration, filler to filler distances and 

piezoresistive response throughout the composite. The change in the resistance depends on 

the magnitude of the compression. Generally, at lower pressures, reformation of conducting 

networks dominates. However, at higher compression, resistance change can be higher 

because of higher dimensional change of the composite which leads to higher filler 

separation [54,103,130,141-143]. As reported by many authors, even if sample showed NPC, 

with the increase in the magnitude of the pressure, particle separation or destruction of the 

network even filler breakage might dominate and resistance will increase, see Fig. 2.22. On 

the other hand, type of the pressure coefficient not only depends on the magnitude of the 

pressure but also to the filler geometry and concentration [34,131,142,144]. As reported by 

Vidhate et al., at concentrations above the percolation threshold, increase in the compression 

stress was not found effective for resistance change [142]. 

Wang et al., studied the effect of magnitude of the compression on the piezoresistive 

behavior of carbon black filled silicone rubber composite. As shown in Fig. 2.24, increase in 

the pressure lead to increase in conductivity which was attributed to the higher rate of 

breakdown of conducting network under higher pressure values [141].  
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Figure 2.24 Effect of pressure on the piezoresistive behavior of CB filled rubber composites 

[141] 

 

Similar behavior is reported for Sn-Pb/PE composites by Wu et al. As shown in Fig. 2.25, 

higher compression stresses lead to higher filler separation and breakdown of the conducting 

network [54]. 

 

 

Figure 2.25 Time dependence of piezoresistance for the sample (vol 30%) of Sn–Pb/PE 

under various stresses [54] 
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Temperature Sensors: In addition to mechanically driven piezoresistance, thermally driven 

polymer expansion can lead to piezoresistive response in CPCs. Generally, increased 

temperature gives rise to expansion of the polymer and destruction of the conducting network 

by increasing filler-filler distance [138]. Similar to the designation for strain sensors, for 

temperature sensors, positive and negative piezoresistance is designated by positive 

temperature coefficient (PTC) and negative temperature coefficient respectively. The type of 

the piezoresistive behavior (PTC ot NTC) is directly related with the polymer physical-

chemical properties, filler geometry, content, aspect, heating-cooling rate, number of the 

heating-cooling cycles (thermal history) [145-147].   

 

 

Figure 2.26 Positive and negative piezoresistance for different types of fillers under 

temperature effect 

 

However thermal properties of the polymeric matrix are more pronounced and main reason is 

given as the higher thermal expansion coefficient of matrix than that of fillers’. Even if same 

amount of heat is transferred to two different CPC, the response can be different because of 
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the different expansion ratios of the polymers [145-147].  As reported by many authors, a 

PTC phenomenon is generally observed around the melting temperature (Tm) of the 

semicrystalline polymers. As shown in Fig. 2.26, with the increase in the temperature, 

thermal expansion of the polymer takes place and molecular movement increases; this leads 

to destruction of the conducting network and increase in the resistance [68,118,146-149]. On 

the other hand, except some special cases [118,150], NTC behavior is generally observed in 

the melt state of the polymer which is caused from the low viscosity of the polymer and 

reconnection/agglomeration tendency of the conducting filler [146,147].    

Feng et al., studied the effect of temperature change on the resistivity of CB filled ethylen-

tetratluoro ethylene (ETFE) composites. As shown in Fig. 2.27, normalized resistivity is not 

affected up to 60°C which is caused from the lower expansion rate of polymer far below its 

melting point. After 60°C, increase in the normalized resistivity becomes noticeable and huge 

jump is seen around melting point of the polymer [138]. 

 

 

Figure 2.27 Piezoresistive behavior of CB/ETFE composites under various temperatures 

[138] 
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Gas Sensors: In addition to strain, pressure and temperature sensing ability of the CPCs, it 

was also reported by many authors that they are suitable materials for gas/ vapor sensors 

because of their ability to  give measurable response about vapor type and concentration by 

change in resistance. The mechanism of the piezoresistance in this instance is similar to 

temperature sensors and shown in Fig. 2.28. When a CPC is exposed to vapor, gas molecules 

diffuse into the composite and lead to swelling of the polymeric matrix and decrease the 

system viscosity. Increase in the volume and decrease in the viscosity of the polymer affect 

the movement and distribution of polymer-filler and generally result with an increase in the 

filler-filler distance and composite resistance which is named as positive vapor coefficient 

(PVC) [87,151-156]. At a given time, resistance generally increases up to a peak value and 

followed by a decrease probably caused from the reformation of the conducting network 

which is named as negative vapor coefficient (NVC) [87,151].  

 

 

 Figure 2.28 Positive and negative piezoresistance for particles under vapor effect 
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Type and magnitude of the piezoresistance depend on polymer-vapor interaction which is 

affected by both structural and environmental factors including; polymer type, crystallinity, 

filler type, dispersion, geometry, concentration, vapor type, pressure, and concentration,  

exposure time, composite processing [87,151-153,155,156].  

2.3.2 Factors Affecting the Piezoresistance 

Factors that influence piezoresistive behavior of CPCs can be divided into two groups as 

external and structural. While external factors are related with the environmental conditions, 

testing conditions such as rate and magnitude and exposure time of strain, pressure, 

temperature, type and concentration of vapor as summarized in the previous section; 

structural factors are related with the composition of the CPC such as filler and matrix 

properties and going to be explained in the following section. 

2.3.2.1 Filler properties  

Piezoresistance in CPCs is directly related with the filler-filler separation and number of the 

contact points; type of the fillers are extremely important in terms of piezoresistive behavior. 

Different types of metallic, organic and inorganic fillers were reported in the literature for 

piezoresistive composites including nickel [157], ICPs [27,158,158-160], carbon fibers 

[67,161-163], carbon black [67], graphite [131], graphite nanosheets [131], CNF [164], CNT 

[165] and mixture of some of these materials. It was also reported that different fillers show 

different electrical, mechanical and piezoresistive behavior mainly caused from their 
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geometry, specific surface area, interaction with matrix and distribution in the composite 

[67,131,140,166].  

Many studies were carried out in order to discriminate the effects of fillers on 

piezoresistance. Fladin et al., used carbon fiber (CF), low structure carbon black (LSCB), and 

high structure carbon black (HSCB) with an ethylene–octene elastomer. While CF and LSCB 

showed positive piezoresistance, HSCB showed negative piezoresistance under low strain 

values. In addition to that, CF and LSCB containing composites did not show reversible 

mechanical and electrical behavior under repeated cycling. This behavior was assumed to be 

caused from the lower filler-matrix interaction and more interfacial disruption for composites 

containing CF and LSCB compared to HSCB [67]. Moreno et al. used poly (styrene–

ethylene/butylene–styrene) (SEBS) as a matrix material; carbon black (CB) and graphite 

(GP) as conducting fillers. Piezoresistance was evaluated in terms of strain and pressure. 

While CB/SEBS showed an abrupt decrease at very low compressive strain, CB/SEBS 

showed more linear behavior.  

 

 

Figure 2.29 Piezoresistive behavior of HDPE/conventional graphite composites and 

HDPE/GN nanocomposite [131] 
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On the other hand, both the fillers showed similar trend under tensile strain. However, 

CB/SEBS was found to show higher change in resistance [166]. Lu et al., investigated the 

piezoresistive behavior of the high density polyethylene (HDPE) composites filled with 

graphite nanosheets (GN) and two different type of natural graphite powder. Piezoresistive 

behavior is tested under compression. As can be seen from Fig. 2.29, all three samples 

showed NPC for lower compression values which is followed by PPC. While graphite 

containing fillers showed higher NPC at lower compression values, GN containing 

composites were found to present higher PPC at high compression values which are assumed 

to be caused from the differences in filler aspect ratio and concentration [131]. As previously 

stated high aspect ratio and discontinuous fillers show larger sensitivity to mechanical effects 

[162]. Lu et al., used multiwalled carbon nanotube (CNT) and carbon black (CB) with poly 

(dimethylsiloxane) (PDMS) and investigated the piezoresistive behavior of these composites 

under tensile strain [165]. While 18 wt% CNT/PDMS composite had a GF 12.4, CB/PDMS 

sample showed a GF around 7.4 at the same concentration as shown in Fig. 2.30. 

 

 

Figure 2.30 Gauge factor of CNT/PDMS and CB/PDMS composites [165] 
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Another comprehensive study was carried out by Zhang et al. They have used  tin-lead 

(Sn±Pb) alloy powder, copper (Cu) powder, aluminum (Al) powder and carbon black (CB) 

as conducting fillers and polyethylene (PE), polystyrene (PS) and four different epoxy resins 

as matrixes. Piezoressitive behavior was evaluated under uniaxial pressures [140]. 

 

 

Figure 2.31 Fractional resistance change of (Ф=30%) of Cu/PE, Al/PE, and CB/PE 

composites under uniaxial pressure [140] 

 

Regardless of the filler and polymer type, composites showed PPC. However, Al filled 

composite showed higher sensitivity in terms of resistance change followed by Cu and CB as 

shown in Fig. 2.31. This behavior is attributed to the differences in potential barrier height 

which is a constant used for transmission capability of electrons through the composite. In 

the same study they have also investigated the piezoresistive behavior of Sn-Pb fillers with 

different filler diameter as 0.1 and 0.5 µm. Composite filled with higher particle diameter 

was found to be more sensitive to pressure changes even at lower values (see Fig. 2.32). This 

is probably caused by the number of the fillers and contact points. Since concentration is 

same for both composites, the number of the fillers and contact points are higher for the 
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lower diameter filler, and it is not easy to destruct the network as easy as the composite with 

higher diameter filler [140]. 

 

 

Figure 2.32 Fractional resistance change of (Ф=30%) of Sn-Pb/PS composites under 

uniaxial pressure [140] 

 

In addition to fibrous and mostly spherical particle fillers, Gordon et al. evaluated the 

unidirectional piezoresistive behavior of single and two lamina carbon fiber epoxy 

composites under tensile strain. While single lamina showed positive piezoresistance with the 

GF of +2; two-lamina composite showed negative piezoresistance with the GF of -6. Reason 

was assumed to be caused by the change in the number of the contact points under strain. In 

the case of single lamina, dominant mechanism was reported to be the breakage of the 

conducting network with the effect of strain. On the other hand, for two-lamina composite, 

laminates come closer under tension and formation of new conducting network was 

achieved. For both composites, behavior was found linear and reversible which is caused 

form the continuous nature of the fillers [167]. In order to compare the fillers, another study 
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was carried out by Shui et al. They have used polyether sulfone (PES) as a matrix, and CF 

and carbon filament as filler with the diameters of 0.1 µm and 10 µm respectively. Carbon 

filament containing composite was found to show more linear piezoresistance with less 

noise. However, CF containing composites showed higher change in resistance at similar 

strain values. Robust structure of CF gives rise to separate easily [163]. 

Zhu et al., investigated the effect of filler type on the temperature dependent electrical 

behavior of CPCs [68]. In the study they have used carbon black (CB), vapor-grown carbon 

fiber (CF), and carbon nanotube (CNT) with polyethylene (PE). Charge transport mechanism 

was found to be depended on the filler type and geometry. CB was reported to be the most 

sensitive filler in terms of resistance change. As shown in Fig. 2.33, while CB and CF 

containing composites showed NTC before the melting temperature of the polymer, CNT/PE 

composites did not show any significant change in the resistance because polymer expansion 

was not sufficient to destruct the conducting network. 

 

 

Figure 2.33 Temperature dependence of resistivities for the PE/CB, PE/CF, and PE/CNT 

composites with the indicated carbon contents [68]. 
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Because of their limitations mentioned above, metallic fillers are not commonly preferred for 

piezoresistive composites. However different metallic fillers were reported in the literature 

including Ni [149,157,168], Ni coated Ag [149], Zn [169], Sn-Pb alloy, copper, aluminum 

[140], with the aim of using as a strain or compression sensor. As in all types of fillers, 

inherent conductivity and filler geometry are the most important factors for the conducting 

network formation and piezoresistive behaviour. Since all metals have different nature and 

conductivity, they will show different piezoresistive behavior. Zhang et al., used copper and 

aluminum as fillers and PE, PS, epoxy as matrixes. According to their outcomes, Al filled 

composite showed higher sensitivity than that of Cu’s under pressure and this was attributed 

to the differences in potential barrier height of two different metals [140]. Since metallic 

fillers are under risk of oxidation, they can be coated by other materials in order to prevent 

oxidation and enhance the electrical properties. Kchit and Bossis, used two different silicone 

with two different metallic fillers; nickel and nickel coated silver and observed negative 

piezoresistance with the effect of pressure [149]. Another study with Ni and elastomeric 

matrixes was carried out by Bloor et al. and samples were found to show negative 

piezoresistance under strain, pressure and bending.  The highest magnitude of the resistivity 

change was reported around 1014 under pressure [157]. Abyaneh and Kulkarni, reported Zn–

PDMS composites which showed negative pressure coefficient (NPC) under compression. 

The resistivity change was given about seven orders of magnitude around 4MPa with a good 

repeatability [169].  
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Unlike metallic fillers, ICPs are rarely used for the piezoresistive sensors because of their 

insoluble, instable and brittle structure.  Polypyrrole (PPy) [159] and polyaniline (PANI) 

[27,158,160] are the most used ICPs for CPCs and piezoresistive composites. 

Brady et al., developed PPy coated polyurethane (PU) foam which can be used as a pressure 

sensor. Conducting PU foam was found to show good stability against mechanical effects 

occurred during washing and reported to be used as a textile based pressure sensor. As shown 

in Fig. 2.34, resistance increased by the compression and magnitude of the change in 

resistance depends on the applied pressure [159]. 

 

 

Figure 2.34 Normalised (R0 − R) trace of PPy coated PU foam under different pressure 

values [159] 

 

Dopant materials are of importance in terms of electrical properties of the ICPs. In order to 

investigate the dopant factor, Kar et al., prepared PANI by two different dopants; HCl or 

dodecyl benzene sulfonic acid (DBSA) and mixed both PANIs with styrene–butadiene–

styrene (SBS) elastomeric matrix. Although both composites reported to be used as 

piezoresistive pressure sensors because of their NPC behavior; some distinctions were 
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demonstrated in terms of piezoresistive sensitivity and morphology. As shown in Fig. 2.35, 

while DBSA doped PANI showed more uniform morphology, HCl doped PANI showed 

phase segregation which was assumed to be the reason for more sensitive piezoresistive 

behavior [160]. 

 

 

Figure 2.35 SEM images of PANI: (a) DBSA doped and (b) HCl doped [160] 

 

Kalasad et al. designed conducting composite with PANI and cis-1,4-polyisoprene and 

investigated the effect of compression and temperature on the conductivity of the samples.  

 

 

Figure 2.36 Change in conductivity with the effect of (a) compression and (b) temperature 

[27] 
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As shown in Fig. 2.36, increase in the applied pressure leads to NPC. On the other hand, 

increase in the temperature give rise to PTC which was attributed to the water decrease in the 

water content in PANI [27]. 

Castro et al. designed DBSA-doped polyaniline and poly(n-butyl methacrylate) composite 

and evaluated the piezoresistive behavior under tensile strain at different PANI 

concentrations. As reported, samples with PANI content (4 and 5 wt%) close to percolation 

concentration showed positive piezoresistance and were found more sensitive piezoresistive 

behavior than higher PANI containing samples (10 and 15 wt%) [158].  

Carbon fibers are one of the most used conducting materials used for piezoresistive 

composites in the form of filament/continuous [163], short [67,118,162], chopped fiber [52], 

laminates [52,133] or woven fabrics [52]. Wang et al. investigated the piezoresistive 

behavior of short carbon fiber filled epoxy composites under tension and compression. While 

positive piezoresistance was observed for the samples under tension; compressed samples 

showed negative piezoresistance. Gauge factors were reported as 6-23 under tension and 29-

31 under compression [162]. Das et al., used short CF, ethylene-propylene-diene rubber 

(EPDM), ethylene-vinyl acetate copolymer (EVA). According to their outcomes, polymer 

type, filler concentration, degree of strain and strain rate are of importance in terms of 

piezoresistive behavior of the composites [118]. Shui et al., used CF and carbon filament in 

order to compare the piezoresistive behavior of two different fillers with the diameters of 0.1 

µm and 10 µm, respectively. Carbon filament containing composite was found to show more 

linear piezoresistance with less noise [163]. In addition to fibers and filaments, some studies 

are carried by using continuous carbon fiber laminates [133]. In order to determine the 
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piezoresistance in different directions, they have used different electrode configurations for 

various current introductions. Depending on the measurement configuration, while 

unidirectional composites showed positive GF -89 to +20.5; multidirectional laminates 

showed GF -7.1 to 11.19 [133]. Another interesting study was carried out by Boschetti-de-

Fierro et al., they have used chopped, unidirectional and bi-directional continuous carbon 

fiber. As reported, chopped fiber was found to show a linear piezoresistive behavior [52].  

2.3.2.2 Filler concentration 

As mentioned earlier, filler concentration is extremely important for obtaining a conducting 

system. Since filler-filler and filler/polymer interspacing and interaction ratio directly 

affected by filler concentration, piezoresistive behavior of the CPC is also affected 

[140,158,165,168,170,171]. Based on percolation theory, piezoresistive behavior can be 

evaluated in main three regions as shown in Fig. 2.37. 

 

 

Figure 2.37 Effect of filler concentration on piezoresistive behavior of CPCs under strain 
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If the filler concentration is far below the percolation threshold, resistance of the composite 

will be more close to resistance of the polymeric matrix so even if there is a change in the 

resistance, determination of low value signal can be difficult. When the filler concentration is 

far above the percolation threshold, very low resistance output can be affected by the contact 

resistance [165] or it can be difficult to break-down the conducting network under low strain 

or pressure values [140,170-172]. However, piezoresistive behavior in percolation region 

was reported to show better piezoresistive behavior than other regions. Since percolation 

threshold is the concentration at which conducting network starts to form, composite is more 

sensitive to any external effect and any change in the filler-filler distance or resistance can be 

determined easier with a higher sensitivity [131,158,171]. 

 

 

Figure 2.38 Piezoresistive behavior of CNT filled PDMS composites at different filler 

contents [165] 

 

Lu et al., investigated the effect of filler concentration on piezoresistive behavior of CNT-

PDMS composites under different strain values. As shown in Fig. 2.38, 18 wt% CNT 

containing composite, which is closer to percolation threshold, was found more sensitive to 
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strain change than the others.  This was assumed to be caused from the dominant mechanism 

of destruction of conducting network which is more dominant at relatively lower 

concentrations of CNT [165]. Similar behavior was also observed for ICP filled CPCs. 

Castro et al., studied the response of the PANI/PBMA composites under different strain 

values at different PANI concentrations. As shown in Fig. 2.39, lower filler containing 

composites are more sensitive in terms of resistance change. On the other hand, at higher 

concentrations separation of conducting phase is more difficult than low concentrations 

[158].  

 

 

Figure 2.39 Piezoresistive behavior of PANI/PBMA composites at different filler contents 

[158] 

 

Beruto et al., investigated the piezoresistive behavior of graphite filled silicone composites in 

the range of percolation region (25–35%) under compression. As shown in Fig. 2.40, 

although all the composites showed NPC, and reached a stable regime after some time, 

magnitude of the resistance change depends on filler concentration and decreases after 

percolation threshold. In addition to this, filler concentrations below percolation threshold 
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require higher compression values in order to show the same resistance mainly because of 

higher filler-filler distance [171]. 

 

 

Figure 2.40 Piezoresistive behavior of graphite/silicone composites at different 

concentrations under compression [171] 

 

Lu et al., investigated the piezoresistive behavior of graphite nanosheet filled high density 

polyethylene (GN/HDPE). As shown in Fig. 2.41, all composites showed the similar 

behavior, NPC followed by PPC.  

 

 

Figure 2.41 Piezoresistive behavior of HDPE/GN composites at different concentrations 

under compression [131] 



 

66 

However lower filler containing composites were found to show dominant mechanism of 

filler separation from lower compression values when compared with higher filler containing 

composites which is a result of higher filler-filler distance. Similar results were also reported 

by Chen et al., with graphite nanosheet and silicone rubber composites that lower filler 

concentration lead to higher sensitivity in terms of resistance change as given in Fig. 2.42 

[144].  Luheng et al., prepared carbon black filled silicone rubber composites with different 

filler contents and investigated the piezoresistive behavior under compression [170,172]. As 

shown in Fig. 2.43 and 2.44, piezoresistive behavior is affected by the filler concentration. 

Although all three samples showed NPC at the beginning with the increase of the magnitude 

of the compression, their behavior changed to PPC at a critical pressure. 

 

 

Fiure 2.42 Piezoresistive behavior of graphite nanosheet/silicone rubber composites at 

different concentrations under compression [144] 

 

As shown in Fig. 2.43 and 2.44, critical pressure is affected by filler concentration. Higher 

filler concentration leads to higher critical pressure.   
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Figure 2.43 Piezoresistive behavior of carbon filled silicone rubber composites at different 

filler contents [172] 

 

Because, increase in the filler amount decreases the filler-filler gap and requires higher 

values in order to break the conducting network. In addition to this, low filler content leads to 

more sensitive CPCs in terms of resistance change [170,172]. 

 

 

Figure 2.44 Effect of filler concentration on piezoresistive behavior of CB/silicone rubber 

composites [170] 

 

Wang and Ding also obtained lower sensitivity for the lower concentrations of filler for 

carbon black-silicone rubber composites under compression (see Fig. 2.45). All the 
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composites showed NPC at the beginning followed by a constant-stable resistance which is 

probably caused from the high amount of the filler. Unlike the composites loaded with low 

amount of filler, dominant mechanism is not the breakage of the conducting network and 

filler separation is more difficult [173,174]. 

 

 

Figure 2.45 Piezoresistive behavior of CB/SR composites at different filler loading [173]  

 

In addition to pressure and strain effects, Lu et al., investigated the effect of filler 

concentration on piezoresistance of MWCNT-PDMS composites under different 

temperatures [165]. 

 

 

Figure 2.46 Changing of relative resistance for different MWCNT-PDMS composites at 

different temperatures [165] 
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As shown in Fig. 2.46, at higher temperatures, lower filler concentration leads to higher 

change in resistance. On the other hand, for higher filler concentrations, filler separation and 

reformation of conducting networks occur together and affects the rate of the change in 

resistance [165]. 

2.3.2.3 Matrix properties 

Polymer properties such as molecular weight [89,92], crystallinity [92], polarity and surface 

tension [19,54,93] are of importance in terms of filler-matrix interaction, filler dispersion and 

filler-filler distance. Although these criteria seem to only affect the electrical behavior of the 

composite, they also affect the response of the polymer under different external factors. 

Depending on the type of the external factor, some polymer properties govern the mechanism 

of piezoresistance. While for strain and pressure sensing, mechanical and elastic properties of 

the polymers come forward; for temperature sensors thermal properties such as thermal 

expansion coefficient, of the polymer is taken into consideration. On the other hand for gas 

sensors glass transition- melting temperature, solubility and swelling degree of the polymer 

in a specific vapor become the deterministic polymer property [161]. 

The role of the polymeric matrix for pressure and strain sensors stem from different 

elongation and compressibility of fillers and polymers. Generally, fillers are stiffer than 

polymers and their movement and orientation in the composite might be affected by the 

polymer. At that point compressibility and modulus of the polymer come forward. Since, the 

response of a soft and stiff polymer under same strain or pressure is not same; difference in 

viscoelastic properties might affect the movement and orientation of the fillers in the matrix 
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[130]. While stiff/brittle polymers might restrict the filler movement, elastomeric polymers 

give more chance of rotation and orientation by the effect of polymer chain orientation [138].  

Another important point to be taken into consideration is the effect of polymer type on the 

percolation behavior of the composite. Since percolation region is the most sensitive region 

in terms of the piezoresistive behavior, sensors are generally chosen from this region. 

Depending on the content of the filler throughout the composite, composites might show 

different piezoresistive behavior. As shown in Fig. 2.29 [131] and Fig. 2.42 [34] even if the 

same filler was used, percolation threshold was reported to be higher for HDPE than silicone 

rubber which might stem from polymer type and processing. While HDPE showed both NPC 

and PPC; silicone rubber showed PPC even at lower compression values [34,131].  

Kchit and Bossis investigated the effect of polymeric matrix type on the piezoresistaive 

character of nickel coated silver containing composites. They have used commercial 

elastomer silicones RTV141 and silicone RTV1062 [149].  

 

 

Figure 2.47 Piezoresistance of composites with the same volume fraction (30%) [149]. 



 

71 

As shown in Fig. 2.47 RTV141 was found to be more sensitive under the same compression 

values and this was attributed to the distinction in the energy adsorption property of the 

polymer on conducting filler [149]. 

Dong et al., used poly(methyl methacrylate) (PMMA), poly(butyl methacrylate) (PBMA) 

and poly (2-ethylhexylmethacrylate) (PEHMA) and investigated the effect of type of 

polymeric matrix on the piezoresistive behavior of CB filled composites under different 

vapor exposure. As shown in Fig. 2.48, PEHMA was found to be the most sensitive 

composite in terms of resistance change and followed by PBMA and PMMA. This behavior 

was attributed to the difference in the viscosity and Tg of the polymers. These properties not 

only affect the dispersability of the filler in the matrix during processing but also diffusion of 

solvent vapor.  Polymers with lower viscosity or Tg lead to higher solvent diffusion and 

higher sensitivity with lower response time [161].  

 

 

Figure 2.48 Piezoresistive behavior of CB filled polymethacrylate composites under the 

exposure of ethyl benzene vapor [161]. 
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Zhu et al., used low-molecular-weight polyethylene (LMWPE) and high-molecular-weight 

polyethylene (HMWPE) as polymeric matrix and CB as filler and investigated the 

piezoresistive behavior under different temperatures for different ratios of LMWPE/HMWPE 

blends. As shown in Fig. 2.49, CB/LMWPE and CB/HMWPE showed different 

piezoresistance. While 100% LMWPE showed increase in resistance with the increase in the 

temperature; HMWPE did not show any significant change [68].  

 

 

Figure 2.49 Piezoresistive behavior of CB (13 wt%) filled LMWPE/HMWPE composites 

[68] 

 

Conclusions 

This review study provides detailed overview about the basic concepts of conductive and 

piezoresistive polymer composites in order to develop a background for textile based 

piezoresistive sensors that have attracted considerable scientific and commercial interest 

because of their potential for health monitoring, posture monitoring, rehabilitation, etc. 
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Conductive polymer composites are alternative materials for piezoresistive sensors because 

of their tunable properties. They present superior piezoresistive sensing character compared 

with traditional metal and semiconductor sensors in terms of their flexible and lightweight 

structure. In addition to these, easy processing, lower cost, high strength, chemical resistance 

are the reasons for increasing demand to these materials. They can be used for many 

applications including strain, pressure and temperature sensors. Piezoresistive response is 

basically affected by two factors as external and structural. While external factors are testing 

and environmental conditions; structural factors are determined by the composition of the 

composites. Although various conductive materials can be used for piezoresistive sensors, 

nanofillers have become promising materials for obtaining relatively lower percolation 

threshold and higher sensitivity in terms of piezoresistive response. However they have some 

challenges during processing such as filler dispersion. In order to achieve the best 

piezoresistive response, material composition, processing and testing conditions are the most 

important parameters that should be taken into consideration. 
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CHAPTER 3. TEXTILE BASED SENSORS 

 

Abstract 

This review study provides detailed overview about textile based sensors which are capable 

of sensing fundamental signals related to physiological and mechanical activities, including 

vital signs, of a human body with no discomfort to the subject. Second section is an overview 

about sensors and mechanism of sensing. In the third section, textile based sensors are 

classified according to their sensing mechanism such as capacitive, inductive, piezoelectric, 

optical, chemical and piezoreistive. In this section there is a focus on piezoresistive textile 

based sensors. Although newer concepts and applications of textile based sensors are 

developing at a very fast rate, this review includes the most important contributions in this 

area. 

3.1 Introduction 

Recent efforts in integrating electronic functionality in fibers and textiles have led to an 

entirely new field of research and product development dubbed as electronic textiles or e-

textiles. Electronic textiles are functional textiles which offer aesthetic appearance as 

conventional textiles with the additional electronic functionality. Although research in the 

field of e-textiles started at the end of 1960s; the most important contributions have been 

made in the last two decades, in parallel with the advances in polymer-based flexible 

electronics and optics.  In addition, design and development of functional polymers and 
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fibers have played a significant role in this development [1-3]. Electronic textiles include 

wearable-instrumented garments capable of sensing fundamental signals related to 

physiological and mechanical activities, including vital signs, of a human body with no 

discomfort to the subject are crucial to many applications including biomedicine, 

rehabilitation, and haptic interfaces. 

Textiles (garments and others products) constitute an obvious choice as multifunctional 

platforms because of many reasons, including, flexibility, lightweight, conformability, etc. 

Off-the-shelf electronic systems are often not ideal for integration in textiles because of their 

incompatible properties, such as bulk, rigidity, etc. and associated problems with wearability 

and lack of durability to washing, perspiration, etc. [2-6]. 

E-textiles can be classified according to their functions as passive smart, active smart textiles, 

and very smart. Passive smart textiles are mainly composed of sensory element which can 

only sense the changes in the environment. Active smart textiles have ability to sense and 

react. The third generation of the smart textiles has the ability of sensing, reacting and 

adapting to the environment [7-9]. Depending on the type and function of adapted/integrated 

electrical-electronic system, e-textiles may be capable of sensing, data processing, actuation, 

and energy storage or generation; integrated sensing capability with flexibility and 

environmental stability is a key element for future e-textile products.  Ideal textile based 

sensors should be able to provide an interface between user and the electronic system by 

converting any type of physiological or environmental signal into electrical signals [1,2,10-

20]. Such sensors can be readily used in many applications such as sports [21], medicine 

[12,14,18,22-26], communication [27], entertainment, and protection [15].  
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Although textile based sensors have many potential advantages over traditional semi-

conductor based electronics, the flexibility of the textile substrate as well as number of other 

factors related to the application environment bring about a number of critical issues to be 

considered. Obviously, placement of a sensor is important for the reliability of the obtained 

data [4,5]. Sensors should be placed in/onto the best locations. While sensors which sense 

breathing or heart rate are generally placed around the chest [19,28], sweat sensors are 

located around the sweating area [20,29,30]. Even if sensors are located properly, if the 

garment is not well-fitted, sensory systems might easily move relative to any reference and 

the reliability and reproducibility of the data become questionable. Since textiles are layers 

between us and environment, we should also consider the environmental effects like 

temperature, humidity, pressure, macro and micro climate around us for the accuracy of a 

textile based sensor. Both outer environment and body conditions can easily affect the 

results. In that sense, sensor materials and systems should be compatible with the 

environment and/or resistive to the environmental conditions. In addition to all these 

technical requirements, they should be simple, can be used easily, and care/maintenance 

process should not be complex, difficult and the most important point is the economical 

affordably of the system [2].  

3.2 Principles of Sensing 

Sensors are transducers that are capable of converting mechanical, chemical, optical, and 

other forms of stimuli into electrical signals. In other words, sensors are able to measure and 

convert the quantity of physical variable into an electrical signal [10,31]. Depending on the 
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system, common physical variable or stimulus can be any kind of condition in the form of 

force, temperature, length, strain, pressure, time, resistance, capacity, frequency, velocity, 

acceleration; and output signal can be voltage or current [10,31]. 

 

 

Figure 3.1 Mechanism of sensors 

 

Sensors are used as a part of a system and can be located at any place in the system 

depending on the requirements and accuracy of the signals. Since the outputs of most sensors 

are relatively weak, and noisy, often it is necessary to amplify, condition and/or modify the 

output, through the help of conditioners, processors, filters, amplifiers, etc., in order to 

generate useful information [10,31,32]. Ideally, sensors should be sensitive to the input 

stimulus, and should not influence the measured variable. May be the most important criteria 

is the sensor sensitivity which is the indication of change in the sensor’s output as a function 

of input [10,31,32]. 

Sensors can be classified in a number of ways; such as contact/noncontact sensors, depending 

on the distance to the object; absolute/relative sensors depending on the chosen reference; 

and active/passive sensors depending on the requirement of external power, and finally based 

on the type of measured property. However, in a fundamental sense, the most useful 

classification can be based on the principle of sensing [10,31,32]. The principles discussed 
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here are not comprehensive by any means, but the following constitute the more relevant 

categories to the current topic.   

3.2.1 Capacitive Sensors 

Capacitive sensors are used for detection or monitoring of motion, proximity, position, flow, 

pressure, thickness, health monitoring, and electric field and so on. Changes in the system are 

followed by change in capacitance which is the ratio of the total charge to the potential 

difference for a given capacitor. A capacitor basically consists of a pair of conductors/metal 

plates separated by a dielectric material. Any change in the conductor area-size, distance or 

dielectric constant of the material directly affects the capacitance. In a capacitive sensory 

system, one of the conductor/metal plates is the sensor and the target is the other 

conductor/metal plate. In this case, a capacitive sensor system measures the current between 

a sensor and a material in terms of capacitance/electric field changes. If the sizes of the 

sensor and material are constant, any change in capacitance gives the change in distance [33]. 

 

 

Figure 3.2 Capacitive sensor based on spacing variation [33]  
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Figure 3.3 Capacitive sensor based on area variation [33]  

 

Capacitive sensors could be either contact or non-contact type and are composed of a probe 

and a driver. While a probe is in charge of creating the sensing area; driver controls, and 

measures the sensing current. They are generally used to determine position of a conducting 

material or thickness, density of a non-conducting material. Recently, capacitive touch 

sensors become very popular for mobile devices, cell phones and mp3 players [10,32,33]. 

3.2.2 Inductive Sensors  

Inductive sensors are generally used for determination of position, proximity in order to 

detect metallic materials in a non-contact mode. They can also be used to detect defects in 

conducting materials because of their ability to sense the structural changes of the material 

[10,32]. They operate according to the principle of inductance which is a characteristic of 

opposing any change in current.  
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Figure 3.4 Inductive sensor and sensing mechanism 

 

As shown in Fig. 3.4 an inductive sensor basically has four components: inductive coil, 

oscillator, detection circuit, and output circuit. Inductive sensors emit electromagnetic field 

generated by the oscillator, which penetrates and induces current in the material. Induced 

current creates its electromagnetic field which can be measured as a change in the field 

through the help of an induction loop/probe [10,32]. As shown in Fig. 3.4, if the target 

approaches to the inductive coil, an oscillator and a detection coil start to generate a magnetic 

field which induces Eddy currents. Eddy currents lead to generation of a magnetic field and 

affect the amplitude of the field produced by the sensor [10,32]. Type/structure of material, 

size of sensor and material, distance between them is of significance in terms of the obtained 

data [10,32].  

3.2.3 Piezoelectric Sensors 

Piezoelectric sensors are active sensors and used to determine pressure, acceleration, force or 

strain with the help of piezoelectric materials which can generate an electric potential when 

any mechanical stress is applied or conversely show mechanical deformation when electric 
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field is applied. This phenomenon is called piezoelectric effect and basically caused bythe 

change in polarization which is basically deformation of the crystal lattice and displacement 

of the ions in unit cells under any mechanical stress.  

 

 

Figure 3.5 Mechanism of piezoelectric sensing 

 

Quartz, tourmaline and some other piezoelectric ceramics are the common piezoelectrics 

which are insulating materials in the form of single crystals without center of symmetry in 

their crystalline structure [34-37]. 

3.2.4 Optical Sensors 

Optical sensors are equipments with the ability of converting light rays into electronic 

signals. In other words, they measure the quantity of light as a function of intensity, phase, 

polarization, or wavelength and convert these variables into an understandable form. They 

have wide range of applications from daily life to aerospace applications in the form of 

temperature, pressure, and strain sensors because of their high performance even under harsh 

environments. They can perform in two different modes as intrinsic and extrinsic.  
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Figure 3.6 Mechanism of optical sensors 

 

While intrinsic sensors are used for determining the change within the fiber; extrinsic ones 

are used for determining the change in the outside region of the fiber. They have many 

advantages mainly stemmed from their physical and structural properties such as light 

weight, small size with high sensitivity, electrical and chemical passiveness, excellent 

transmission properties, multiplexing capability, wide dynamic range, large bandwidth, and 

resistance to temperature, vibration and shock, etc. [38-40].  

3.2.5 Chemical Sensors 

A chemical sensor is a device used in order to transform chemical data into electrical signal. 

As shown in Fig. 3.7 they generally consist of two main parts such as active sensing layer 

and transducer. Signal generation takes place at the active layer by interaction of analyte and 

sensor. Any variation occurred in physical or chemical properties after interaction can be 

monitored by a transducer with different mechanisms including electrochemical, optical, 

mass, and thermal. Chemical sensors generally function with host-guest mechanism, so that; 

they must be specific to the sample.  
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Figure 3.7 Mechanism of chemical sensors [41] 

 

They can be work in contact and non-contact mode depending on the application which is a 

very wide range of including pH, concentration, color measurement of the materials 

[10,41,42]. 

3.2.6 Piezoresistive Sensors 

Piezoresistive sensors are commonly used to determine the applied strain or pressure on a 

material by monitoring change in electrical resistance of the material.  

 

 

Figure 3.8 Mechanism of piezoresistive sensors 

 

Sensing Layer

Transducer

Analyte Electrical Signal



 

99 

If we apply stress on a piezoresistive material in the form of stretching or compressing; 

change in the geometry/ dimensions of the material will cause a change in electrical 

resistance which is basically caused by the change in carrier density [32,43]. Generally metal 

alloys and semiconductors such as germanium and silicon [44] are used for the piezoresistive 

sensors. However, piezoresistive effect has been also observed for multicomponent systems 

as conducting composites as reviewed in Chapter 2 [45,46].  

3.3 Textile Based Sensors 

3.3.1 Textile Based Capacitive Sensors 

As mentioned earlier, capacitive sensors measure the input stimulant through change in 

capacitance. A capacitor consists of a pair of conductors separated by a dielectric. A textile 

capacitive sensor consists of some sort of polymer (or fibrous) dielectric with textile 

electrodes onto the surface [11,47]. Conducting electrodes can be formed in many ways 

including weaving [11], knitting [47], embroidering onto the fabric by conductive yarns [21], 

or printing with a conducting material [11]. Textile based capacitive sensors has been 

proposed for the determination of;  

- touch [11,47,48], 

- proximity [47], 

- load transfer, pressure [11,48], 

- health monitoring,  respiration monitoring [19], 

- muscle activity and motion detection [21],   

- sweat-rate [20], 
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- activity recognition of body posture, arm movement, chewing, swallowing, speaking, 

and head motions [49]. 

Sergio et al. designed a system for mapping applied pressure and imaging the shape of the 

area over which pressure is applied.  

 

  

Figure 3.9 Diagram of the capacitor array [11,48] 

 

The capacitive textile sensor is made of conducting fibers arranged in interlaced rows and 

columns on the opposite sides of piece elastic foam acting as the dielectric (see Figs. 3.9 and 

3.10).  

 

 

Figure 3.10 Smart fabric [48] 
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The change in capacitance depends on the magnitude of the applied pressure. In order to 

determine the pressure distribution, every row and column is scanned and signals are 

processed and turned into the image as shown in Fig. 3.11. While the system is advantageous 

in determining the distribution of pressure, it has the disadvantage of being very sensitive due 

to the structure of the foam layer [11,48]. 

 

 

Figure 3.11 Palm of a hand [11]  

 

Wijesiriwardana et al., used metal and conducting fibers, which is chemically CuS bonded 

polyester, for electrodes and polyester fabric as the dielectric [47].  

 

                       

 

Figure 3.12 (a) Amplitude spectra of an electrode pair  (b) phase spectra of an electrode pair 

[47] 
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This system reported to be a candidate for applications such as touch, proximity and position 

sensors. As shown in Fig. 3.12, two different configurations were used for the electrodes.  In 

the first configuration, electrodes were designed to close the circuit when touched by a 

finger. The other system consists of parallel-plate electrode pads with an elastic dielectric 

[47]. 

Another interesting design of a textile based capacitive pressure sensor for tracking muscle 

activity and motion of the upper arm has been proposed by Meyer et al. The device consists 

of three layers including electrodes (1, 3), spacer fabric (2) and shielding layer (4). 

Electrodes are formed by embroidered silver coated yarn and separated by the compressible 

spacer fabric. In order to prevent crosstalk, the shielding layers are located on both sides of 

the sensory system [21]. 

 

 

Figure 3.13 Scheme of the capacitive pressure sensor (top and bottom electrode of 

conductive textile (1, 3), compressible spacer fabric (2), and shielding layer (4)) [21] 

 

Meyer evaluated the sensor by monitoring muscle activity, see Fig. 3.14.  The periodic 

expansion and contraction cycles of biceps and triceps were monitored. As reported by the 
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authors, system has some disadvantages including uneven pressure distribution around arm 

caused by the friction between band and the skin [21]. 

 

 

Figure 3.14 Muscle activity of biceps and triceps [21] 

 

Textile based capacitive sensors have been proposed for health monitoring by many authors. 

Kang et al., designed a capacitive fabric sensor for health monitoring as shown in Fig. 3.15.  

The sensor has been built by using stretchable and non-stretchable fabrics with conductive 

silver ink printed electrodes in a parallel-plate configuration which behaves as a capacitor.  

The sensor has been evaluated for monitoring repeated expansion and contraction cycles in 

breathing. Since system functions as a capacitive sensor, any change in the position of 

electrodes in the y axis during breathing leads to change in active area of the electrodes and 

capacitance. Breathing cycles can be monitored from this change [13]. 

 

 

 Figure 3.15 Schematic diagrams for the active electrodes [13] 



 

104 

 

Another textile based capacitive sensor with the same mechanism in ref. [13] for health 

monitoring has been proposed by Meritt et al. In addition to previous study, system was 

designed in the form of a belt, consists of silver ink printed electrodes, fabric, hook and loop 

fastener, and rubber, and conducting elastic material (see Fig. 3.16). Depending on the 

replacement of the parallel electrodes during inhaling and exhaling capacitance of the system 

changes and this change can be used for continuous monitoring of breathing [19].   

 

 

Figure 3.16 Capacitive sensory systems for respiration monitoring [19] 

 

System was tested under different respiration rates to monitor respiration effort and 

compared with a spirometer (an apparatus for measuring the volume of air inspired and 

expired by the lungs). The data presented in Fig. 3.17 shows the best fit for deep breathing 

and panting [19]. 

http://en.wikipedia.org/wiki/Volume
http://en.wikipedia.org/wiki/Air
http://en.wikipedia.org/wiki/Lung
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Figure 3.17 Respiration graph A: 30 s normal breathing, B: 10 s deep breath, C: 15 s normal 

breathing, D: 10 s panting, E: 20 s normal breathing [19] 

 

One of the recent applications of a textile based capacitive sensor is in sweat-rate 

determination. To determine the sweat-rate, capacitive moisture sensors are used. If the sweat 

reaches to the sensor and penetrates into the dielectric, dielectric constant will change 

(increase) because of difference in polarizability of sweat. Change in dielectric constant 

directly affects the capacitance of the sensor. Coyle et al., used capacitive moisture sensor 

consisting of hydrophilic films coated with a layer of gold and is integrated between net-like 

fabrics (88 wt% polyamide, 12 wt% elastane) as shown in Fig. 3.18  

 

 

Figure 3.18 Humidity sensor and  humidity sensors integrated to textiles [50] 
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Figure 3.19 Sweat monitoring belt [50] 

 

Sweat-rate measurement during any type of exercise is a useful tool. As shown in Fig. 3.19, 

integrated sensors were found effective in terms of the measurement of sweat rate especially 

in the first 30 minutes of activity. However, long time monitoring such as whole day does not 

seem to be possible with this system (see Fig. 3.20) [50].  

 

 

Figure 3.20 Response of textile sweat rate sensor compared to commercial vapometer [50]  

 

One of the latest studies about capacitive textile sensors is reported by Cheng et al. [49]. The 

device consists of one electrode, and a flexible textile patch.  The human body functions as 

the dielectric and earth (or ground) as the other electrode (see Fig. 3.21).  
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Figure 3.21 Sensory system [49] 

 

The system measures the capacitive change in the body depending on the movement of a 

particular part of the body due to an action. 

 

  

Figure 3.22 Three different placements of the sensory system (chest, wrist and neck) [49] 

 

The sensor has been shown to be effective in following body posture, arm movement, 

chewing, swallowing, speaking, and head motions as shown in Figs. 3.22, 3.23and 3.24 [49]. 

 

 

Figure 3.23 Signals from the neck electrodes left: chewing a piece of bread and swallowing, 

middle: swallowing 15ml of water, right: different head positions [49] 
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Figure 3.24 Signals from upper leg electrodes (front middle, front up, side and back) during 

a modes of locomotion experiment (left), signals from lower arm and wrist electrodes during 

a movement sequence (right) [49] 

 

3.3.2 Textile Based Inductive Sensors 

As mentioned earlier, inductive sensors are used for determination of position, proximity in 

order to detect metallic materials in a non-contact mode [10,32]. Basically they consist of 

inductive coils and emit electromagnetic field. If any metallic material approaches to the 

inductive coil, it affects the amplitude of the field produced by the sensor [10,32]. By 

analyzing the change in electromagnetic field and inductance position and proximity of the 

target system can be monitored. Although they are widely used in industry, their textile based 

derivations are limited [22,51].  As in industrial ones, textile based inductive sensors can be 

fabricated by formation of inductive coils with the help of knitting [51], stitching, or printing 

[22]. Different materials can be used including copper wires [51] or magnetic wires [22], and 

they can be used for respiration monitoring, motion capturing [22,51]. One of the main 

focuses in textile based inductive sensors is to produce inductive coils. As seen in Fig. 3.25, 
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different types and configurations of spirals can be designed including single, transformer-

type and autotransformer-type differential sensor. Kang et al., reported some alternatives for 

the basic layouts of textile based inductive sensors as shown in Fig. 3.25. In all these 

alternatives, the one which shows the highest inductive change under the same conditions 

should be preferred. In addition to that, electrical stability of the conducting materials needs 

to be considered [22]. 

 

 

Figure 3.25 Basic geometric layout of the conductor for magnetic induction in single-plate 

sensor. (a) spiral, (b) solenoid type (conductors on both sides), (c) meander type, (d) zigzag 

type, and (e) sinusoid type [22] 

 

Wijesiriwardana et al., designed an inductive tranducer with Cu wire, elastomeric fibers 

(Lycra) and nonconductive fibers by knitting in the form of coils, as shown in Fig. 3.26 [51]. 

 

 

Figure 3.26 Knitted coils [51] 
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Knitted coils were used for the determination of strain and displacement. To determine the 

strain, wearable coils were located around the chest and variation was monitored during 

breathing was recorded, as shown in Fig. 3.27. The change in inductance was measured by 

inductive plethysmography technique and converted into voltage [51].  

 

  

Figure 3.27 (a) Respiratory monitoring system made by knitted coils and (b) voltage change 

during breathing [51] 

 

Coils were also used for measurement of the angular displacement of the elbow as shown in 

Fig. 3.28. In addition to that, fingers and calves were reported to be some other potential 

parts of the body on which they can be worn [51]. 

 

  

Figure 3.28 Sleeve arrangements (a) elbow straight position (b) different angular positions of 

the coils (c) angular displacements [51]  
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System successfully showed the change in angular rotation as shown in Fig. 3.29. However, 

sensitivity and repeatability of the system can be needs to be improved.  

 

 

Figure 3.29 Normalized induced voltage of the coil-2 when coil-1 maintaining a constant 

voltage value [51] 

 

Kang et al. designed inductive textile sensors by using nonwoven fabric and magnetic wires 

which were stitched onto the nonwoven fabric as shown in Fig. 3.30 [22]. 

 

 

Figure 3.30 Inductive sensors with (a) four lines of zigzag pattern and (b) two lines of zigzag 

pattern [22] 
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In the study, inductive sensing was obtained by the change in the location of the wires under 

strain. Since system responded to low magnitude of strain, it was found effective in terms of 

determination of respiration signals as shown in Fig. 3.31 [22]. 

 

 

Figure 3.31 Simulated breathing signals during 4 seconds by stretching and relaxing the 

sensor by hand [22] 

 

3.3.3 Textile Based Piezoelectric Sensors 

Piezoelectric sensors may be ideal for textiles because of their ability to monitor the change 

in force, pressure or strain with the help of generated electrical potential with repeatable and 

reliable outcomes. Other advantages are simple structure, low cost, and low power 

consumption. Poly(vinylidenefluoride) (PVDF), may be the most common material used in 

the development of  piezoelectric sensors is found in film form and can be easily integrated 

into e-textiles. However, interface, environmental factors, capacitive coupling between body 

and piezoelectric material and type of the connections are important criteria for the optimal 

efficiency of the piezoelectric sensors [52-57]. Textile based piezoeletric sensors have been 
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reported for applications, such as finger motion monitoring [52], gait analysis [53], strain 

sensing [54], cardio respiratory monitoring [55], heart rate monitoring [56], and pressure 

sensing [57]. 

Edmission et al. designed an electronic glove with the aim of using it as a functional 

keyboard. In order to sense flex and tap motions of the hands piezoelectric films were used. 

In the study, firstly kinetic activity and relative motions of the fingers were analyzed and 

some standard typing kinematics was determined. Depending on this, positions of the 

piezoelectric films were determined, as shown in Fig. 3.32. Two different piezoelectric films 

were used. Each sensor was connected to an A/D converter and signals generated during 

flexion and tapping were processed by the developed software [52].  

 

  

Figure 3.32 Sensor arrangement and e-glove [52] 

 

As seen from Fig. 3.33, according to outcomes, movement of the fingers could be monitored 

by monitoring voltage change during movement.  In addition to that, direction of movement 

affects the magnitude and behavior of the response [52]. 
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Figure 3.33 Voltage response of flex and tap [52] 

 

Laxminarayana and Jalili reported nanocomposite electrospun webs of CNT/PVDF solution 

[54] to fabricate piezoelectric sensors. They prepared different nanocomposite fibrous 

sensors with filler ratio varying between from 0.01 to 0.05 wt% as shown in Fig. 3.34.  

 

 

Figure 3.34 Electrospun sensors with different CNT content [54] 

 

In order to test the voltage generated from strain, samples were sandwiched with PZT (lead 

zirconate titanate) actuator. When voltage is applied to the actuator, both actuator and 

nanofiber webs bend and the nanofiber webs generate voltage. As shown in Fig. 3.35, strain 

sensing ability of the CNT (0.05 wt%) filled composites increased about 35 fold. This 
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improvement was assumed to be caused not only by piezoelectric properties of CNF and 

PVDF but also by electrospinning. Electrospinning is a way for the formation of nanofibers 

under high voltages which enhances the dipole alignment in PVDF [54].  

 

 

Figure 3.35 Comparison between plain copolymer sensor and CNT-based sensors, PZT 

input: 160 V at 175 rad second
-1

 PVDF [54] 

 

Choi et al., developed a piezoelectric sensory system for monitoring cardio-respiratory 

signals during sleeping. The system is designed in the form of a waist belt consisting of 

conducting fabrics (copper coated knitted fabric) as electrodes for electro cardiogram (ECG), 

PVDF film as a sensor for monitoring the respiratory behavior, signal acquisition circuits and 

a universal serial bus (USB) for communication.  

 

 

Figure 3.36 Sketch of the sensory system [55] 
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In order to compare the reliability of the system, commercial ECG and pneumography sensor 

systems were used.  The system was found to be superior to the commercial sensors in 

monitoring the heartbeat and respiratory cycle after data extraction [55]. 

 

  

Figure 3.37 Extraction of respiratory cycle information from PVDF film sensor signals, (a) 

the original signal from PVDF film sensor, (b) the extracted respiratory cycle waveform and 

(c) the signal from the pneumography sensor for comparison (left). Extraction of heartbeats 

information from PVDF film sensor signals, (a) the original PVDF film sensor signal, (b) the 

extracted heartbeats information and (c) 3-lead ECG sensor signal (right) [55] 

 

Another promising application of these sensors is in the automotive industry. Drean et al., 

developed a car-seat with piezoelectric sensors intended to determine applied pressure [57]. 

The PVDF pressure gauges were located between outer fabric and foam. They were 

connected to an amplifier and impedance phase analyzer.  Changes in phase angle as a 

function of pressure are shown in Fig. 3.39 for different laminate compositions. 
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Figure 3.38 Car seat structure and fabric structure for cap components [57] 

 

Although all three systems had different values, they showed linear behavior. This indicates 

that, these structures are good alternatives for sensory applications [57]. 

 

 

Figure 3.39 Change in phase angle as a function of pressure for different laminates [57] 

 

Gait stability is one of the most important problems for motion impaired people. Lui et al., 

developed a textile based monitoring system with the ability of storing angular velocity, 

vertical acceleration and piezoelectric data in order to monitor and evaluate the local 

dynamic stability of a motion impaired user to prevent falls. As designated in Fig. 3.40, 

system consists of various electronics including sensors, printed circuit boards, 

microcontrollers and communication devices. Piezoelectric sensors were integrated to the 
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heel in order to provide data for the heel contact. Data was transferred to a processer with the 

help of an electronic toll collection system and a Bluetooth. Tests were carried out with the 

help of different groups of people including four healthy elderly, four motion-impaired 

elderly and five healthy young individuals and showed the validity of the system in terms of 

evaluation of the local dynamic stability [58]. 

 

 

Figure 3.40 E-textile pants [58] 
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3.3.4 Textile Based Optical Sensors 

Optical sensors offer potential alternatives to the textile based sensors discussed thus far, 

primarily because of superior structural properties including lightness and excellent optical 

properties even under harsh conditions [38,39]. Also, they are readily available in fiber form 

[59-61], and therefore can be easily be incorporated into textiles in different forms including 

woven [62,63], knitted [64] or nonwoven fabrics using different techniques [63,64]. 

However, fabric formation by knitting or weaving may lead to mechanical bending and 

decrease in the degree of light transmission. In order to minimize these effects, more flexible 

optical fibers or different fabric structures are preferred for textile based optical sensors 

[62,64].  Macro-bending [61,64,65], Bragg grating [61,65] and time reflectometry sensors 

[65] are common textile based optical sensors reported in the literature. Regardless of type of 

the optical fiber, they can be used as pressure [62] and strain sensors based on the change in 

intensity, phase, polarization, wavelength, spectral distribution of the transferred light after 

exposure to strain or pressure [61,64,65].  

Rothmaier et al., developed a textile based fiber optic sensor. In the study flexible optical 

fibers were produced and integrated into a woven fabric during weaving as shown in Fig. 

3.41. Fabric sensors were tested for their pressure sensing ability. When pressure is applied, 

change in the dimensions of the optical fibers lead to change in transmitted light intensity. By 

monitoring this magnitude of the applied pressure was monitored for one fabric structure. On 

the other hand, the system was not found effective for the pressure mapping applications 

[62]. 
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Figure 3.41 Atlas woven fabric by flexible optical fibers and cotton 

 

Dhawan et al., developed different textile based optical sensors in the form of woven, knitted 

and nonwoven fabrics by using silica and plastic optical fibers. For the woven fabric, optical 

fiber was incorporated during weaving. As shown in Fig. 3.42, sensory system was found 

effective in the determination of bending behavior of the fabric [64]. 

 

 

Figure 3.42 (a) Woven optical sensor under bending process and (b) response of the system 

as a function of transmitted power & curvature of fabric [64] 

 

Optical fibers have also been integrated into knitted fabrics and evaluated for their strain 

sensing ability. The system was found to measure strain quite effectively (see Fig. 3.43 and 

3.44).  
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Figure 3.43 (a) Knitted optical sensor under strain (b) response of the system as a function of 

transmitted power and strain [64] 

 

 

Figure 3.44 Chest band and strain sensor located at elbow/knee [64] 

 

Another interesting application of textile based optical sensors is in health monitoring 

applications.  De Jonckheere et al., developed textile based sensors for health monitoring 

during Magnetic Resonance Imaging (MRI) [61]. Since metallic materials can affect the 

quality of the signal during the MRI process, optical fiber sensors have been used to follow 

the respiration. The proposed sensory system mainly consists of two parts as shown in Fig. 

3.45. 
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Figure 3.45 Sensory system [61] 

 

The first part is designed for the monitoring of abdominal movement. Optical fiber is 

integrated into an elastic textile by a crochet process. Abdominal movement lead to 

stretching of the textile and change in the position of the optical fiber. As shown in Fig. 3.46, 

abdominal movement was successfully monitored [61].  

 

 

Figure 3.46 Optical fiber embedded textile sensor and  corresponding cycle of power 

variation [61] 

 

Since this sensor was not found adequate for the monitoring of thoracic movements, different 

optical fiber was stitched onto an elastic textile. Fiber Bragg Grating (FBG) is a special 

optical fiber with higher strain sensitivity. The sensor was able to monitor the thoracic 

movement, see Fig. 3.47. 
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Figure 3.47 FBG stitched textile sensor and cycle of power variation [61] 

 

Grillet et al., developed textile based optical sensors including a macro-bending sensor, a 

Bragg grating sensor, and a time reflectometry sensor. All three sensors are strain sensors and 

used for the monitoring of the abdominal movement. Sensors were found effective in terms 

of determination of strain between 0 and 3% [65].  

3.3.5 Textile Based Chemical Sensors 

Recently, textile based chemical sensors have also been reported. Almost all textile systems 

summarized above are physical sensors and are used for determination of physical variables; 

however chemical sensors have different sensing mechanism and they are used for the 

converting chemical information to measureable signals [41,42].  

Since textile based chemical sensing is a very new area, they are still at the level of design, 

optimization and validation. Textile based chemical sensors are generally used as 

biochemical sensors for the determination of body fluids such as sweat and used for the 

determination of sweating-rate and sweat pH and components of sweat [30,50,66], wound 

healing [67].  
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These sensors have been fabricated using different materials including polyamide/lycra, 

polyester/lycra fabrics with additional layers including pH sensitive dyes, and hydrogels. 

Although there are different sensing mechanism for traditional chemical sensors [41,42], 

textile based chemical sensors is a very new area and generally mechanism based on 

colorimetric changes. Coyle et al., developed a textile based pH sensor by using pH sensitive 

dyes with various absorption behaviors. In the study, change in pH was aimed to be 

monitored by color change of the dyes. As shown in Fig. 3.48, system consists of a sweat 

collection system, LED light source, photo detector and pH sensitive dye (Bromothymol 

blue, pH 6-7.6) which is fixed on fabric.  

 

 

Figure 3.48 (a) Textile based pH sensor and (b) outcome as a function of light intensity vs. 

pH [20] 

 

After sweat wicks to the pH sensitive dye, color starts to change from yellow to blue and the 

amount of the absorbed light coming from LED light source increases. This leads to decrease 

in the measured light intensity at the light detector. As shown in Fig. 3.49, change in pH was 

measured as a function of light intensity [20]. The sensory system was modified by using a 

different fluid transfer system by inserting additional sodium and conductivity sensors as 
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shown in Fig. 3.49. Fluid transport system consists of a polyamide/lycra ® fabric as a base 

material which is printed with a hydrophobic layer in order to obtain fluid transport channel. 

Effective sensing area was circumscribed by a polyurethane film and super absorbent 

material, was located at the end of the transport channel to store the sweat [30]. The sensing 

mechanism was same as the previous study [20,30]. 

 

 

Figure 3.49 (a) Fluid handling system and (b) pH sensor and optical detection system [30] 

 

As shown in Fig. 3.50, initial outcomes were reported to reflect the pH of the sweat during 

exercise [30]. 

 

 

Figure 3.50 pH, conductivity and sodium sensors and outcomes of pH sensor during exercise 

[30]  
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Sodium activity and conductivity measurements were carried out in a number of studies 

[30,66]. However, it was not validated by another system; as shown in Fig. 3.51, response of 

the system was found successful [30,66]. 

 

 

Figure 3.51 (a) Sodium activity during exercise trial [66] (b) sodium activity and change in 

conductivity during in vitro trials [30] 

 

In addition to monitoring of body fluids, textile based structures have also been used for 

detection of blood proteins such as albumin. Shim et al. coated cotton yarns with single-

walled carbon nanotubes (SWNTs). CNTs were dispersed in poly(sodium 4-styrene 

sulfonate) (PSS)-water solution containing anti-albumin and coating was carried out by 

dipping cotton yarn into these solutions. Mechanism of the sensing is shown in Fig. 3.52. 

When chemical sensor interacts with the albumin, albumins react with anti-albumins. 

Removal or rearrangement of anti-albumins leads to decrease in the tunneling distance of 

SWCNTs and increase in conductivity. Through the help of increase in conductivity, albumin 

concentration can be calculated. As reported, very low concentrations (119 nM) can be 

monitored with high sensitivity and selectivity [68]. 
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Figure 3.52 Chemical sensing mechanism of CNT/ anti albumin coated cotton yarns [68]  

 

3.3.6 Textile Based Piezoresistive Sensors 

Textile based piezoresistive sensors (TBPS) have wide range of applications including; 

- strain monitoring [69-71],  

- gas sensing [72],  

- temperature sensing [69],  

- pressure sensing [73], 

- body-posture monitoring with:  

- gloves [69,74], 

- sleeve [71], 

- leotard [71], 

- knee pad [71], 

- knee sleeve [6], 

- bra (breast motion monitoring) [75], 

- health monitoring (vital signals, respiration), 

- rehabilitation. 
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Various materials including composites in a number of forms have been used for TBPS as 

applications. These include, inherently conducting polymers, conductive filler loaded 

composites, conducting yarns, and knitted fabrics. However most of the systems function 

according to the principle of strain sensors. Regardless of the type and form of the sensory 

material, when any type of external stimulus is applied, mainly two possible mechanisms 

occur. First one is the breakdown of the conducting junctions; second is the reformation of 

the new conducting network [76,77]. If the dominant behavior is the breakdown of electrical 

networks, resistance will increase; this behavior is referred as positive piezoresistance. On 

the other hand, if formation of new conducting network is dominant, resistance will decrease 

and this phenomenon is referred as negative piezoresistance.  Dominant mechanism depends 

on many structural and external factors such as polymer type, filler type, concentration, 

geometry [77], filler orientation-dispersion [78], amplitude, direction and type of external 

factor [77]. 

Initial studies on TBPSs started with the coating of textile surfaces with inherently 

conducting polymers. Recently, intrinsically conducting polymers (ICPs) have become 

important alternative for many applications which require conductivity, because of their 

flexible, relatively lightweight structure. Polypyrrole (PPy) is the common conducting 

polymer in the literature for TBPSs because of its high conductivity, non-toxicity and ease of 

processing [6,69-73,75,79-83]. And also, poly(3, 4 – ethylenedioxythiophene) - poly(4-

styrenesulfonate) (PEDOT-PSS) was also reported [84]. 

Most important contributions in the area of TBPS were made by De Rossi’s group from 

University of Pisa, Italy. In their preliminary studies, they used coated Lycra fabrics with 
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PPy layer applied through epitaxial deposition. The fabric showed negative piezoresistivity 

with the gauge factor around 12.5- 13.25. The decrease in the resistance was attributed to the 

change in fabric geometry under strain which lead to increase in the total conducting area in 

contact between loops [69-71]. In the study, a sensing glove with PPy coated elastic fabrics 

on the finger-tips, was developed. In the data presented in Fig. 3.53 shows variation in 

resistance with movement of the fingers [69]. However, PPy coated sensors were reported to 

show some disadvantages such as high setting and response times and also coating process is 

relatively difficult when compared with traditional printing and coating methods [70].  

 

 

Figure 3.53 Piezoresistive behavior of the (a) PPy coated fabric and (b) sensing glove (c) 

time dependent behavior of sensing glove [69] 

 

De Rossi et al., also investigated the thermal behavior of sensors under different 

temperatures. PPy coated lycra fabrics samples showed negative piezoresistivity with the 

temperature coefficient (TCR) of resistance between -0.03 and -0.05°C
-1

 [69]. 

(c)
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In addition to strain and thermal induced piezoresistivity, Scilingo et al., reported pressure 

induced piezoresistive behavior of PPy coated fabrics. As shown in Fig. 3.54, increased 

pressures lead to decrease in the resistance [70]. 

 

 

Figure 3.54 (a) Resistance change as a function of temperature (b) percent variation of 

resistance as a function of pressure for PPy-Lycra/cotton [70] 

 

In another study, carried by De Rossi’s group [4], cyclic behavior of the PPy coated fabrics 

was investigated. As seen in Fig. 3.55, the applied strain is not totally recoverable, there is a 

noticeable hysteresis between loading (stretching) and unloading (shortening) cycles. Since 

one sensor output is not enough for mapping the action, they have studied different 

topologies and sensor sets with a proper algorithm in order to optimize the system and 

showed the system’s ability to map the human movements [4].  

(b)(a)
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Figure 3.55 Cycling behavior of PPy coated fabric [4] 

 

Generally, negative piezoresistance was reported for PPy coated textiles [6,69-71,81]; 

however, Kim et al., observed positive piezoresistance for PPy/PET/Spandex fabric 

composites as shown in Fig. 3.56. Polymerization technique was also found to have 

significant influence in terms of the total PPy wt%, resistivity, and mechanical properties of 

the fabric and piezoresistive behavior of the sample. Different methods might lead to 

different amount of deposited layer on the fibers with different surface morphology and 

resistance values [83]. 

 

 

Figure 3.56 Piezoresistive behavior of the PPy/PET/Spandex fabric [83]  
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As mentioned previously, PPy coated textile sensors have some drawbacks including low 

stability and aging [81]. To understand the basic mechanism of degradation, Li et al., 

prepared PPy-coated Nylon (83 wt%)/Lycra (17 wt%) fabrics by both chemical vapor 

deposition (CVD) and solution polymerization (SP). As shown in Fig. 3.57, CVD lead to a 

thinner and more homogeneous coating and higher sensitivity when compared with SP. This 

behavior was assumed to be caused by the thin layer coating of PPy which does not affect the 

recoverability of elastic fabric. They have also annealed the samples and obtained more 

stable sensing behavior against strain, temperature and humidity which is very promising for 

textile based sensors [79,80]. 

 

 

Figure 3.57 SEM images of (a) pristine fabrics and PPy-coated fabrics prepared (b) by CVD 

at low temperature and (c) by solution polymerization. (d) the conductivity changes with 

strain of PPy-coated fabrics prepared by  CVD and (e) solution polymerization (deformation 

= 50%) [79] 

 

Dunne et al., developed a pressure-sensitive torso garment consisting pressure sensors which 

are mainly PPy coated polyurethane foams.  

(a) (b)

(c)

(d)

(e)
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Figure 3.58 (a) Garment structure and sensor layout and (b) prototype pressure-sensitive 

torso garment [73] 

 

As shown in Fig.3.58, sensors were located at six different positions with the aim of 

detecting vital signals and body movement including breathing, shoulder movement, neck 

movement, and shoulder-blade pressure [73].  

 

 

Figure 3.59 (a) Relative resistance response (Rt/R0) to deep breathing, (b) resistance 

response to shoulder lift, (c) resistance response to neck movement, and (d) resistance 

response to constant scapula pressure [73] 

 

(a) (b)
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As presented in Fig. 3.59, preliminary results showed that the system can be of use barring a 

few concerns related to aging of PPy, hysteresis, and thermal stability [73].  

Campbell et al., fabricated PPy coated fabrics for monitoring vertical beast displacement 

during exercise [75]. In this system, a PPy coated fabric sensor (nylon (80 wt%)/lycra (20 

wt%)) was attached onto the brassiere with a 20% pre-strain, see Fig. 3.60.  The prestrain 

was necessary to obtain data in the linear range of the sensor fabric. In addition to the 

sensors, infrared emitting diodes (IRED) were integrated in to the garment in order to 

determine the variation in sensor length and vertical breast movement. Meanwhile a 

commercial motion analysis system (OPTOTRAKs 3020) was used to validate the fabric 

sensor output. As shown in Fig. 3.60, the system was found effective for the determination of 

the beast displacement during running at 10 km h
-1

.  

 

 

Figure 3.60 (a)Sensor attached brasserie (b) voltage change as a function of time and 

displacement data from IRED (10km h
-1

) [75] 

 

Another interesting application of TBPS in athletics was reported by Munro et al., [6]. 

Monitoring the athletes’ motion/body movement during training is of importance to 

minimize possible injuries. Munro et al., developed a wearable knee sleeve consisting PPy-

(a) (b)
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coated nylon-lycra fabric sensor to monitor the anterior cruciate ligament movement as 

shown in Fig. 3.61. The system mainly aims to determine knee flexion angle and warns the 

users with an audio signal about the right landing position. Initial data on the fabric-sensor 

showed negative piezoresistance with gauge factors ranging between −0.1 and −10.0 (0–70% 

strain) as shown in Fig. 3.61, sample 1 showed the highest linearity and range of strain [6]. 

 

 

Figure 3.61 (a) The intelligent knee sleeve and (b) piezoresistive behavior of different fabric 

based sensors under strain [6] 

 

After optimizing the sensor, different individuals were asked to perform four different 

landing positions with the sensorized wearable knee sleeve. The system was validated with 

the traditional methods used for this application and the comparison is shown in Fig. 3.62. 

The authors noted that the system is not very efficient for small changes in flexion angle, and 

has to be prestrained (i.e., 10%) before the application. Sweating might also affect the 

resistance of the sensor [6]. 

(a) (b)
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Figure 3.62 Example of intelligent knee sleeve raw sensor and audible output (audible onset 

(–); sensor strain output (– – –)) and knee flexion angle calculated (-) for the deep hop 

movement [6] 

 

In addition to strain sensors, Kincal et al., studied the gas sensing ability of PPy coated 

fabrics through the change in conductivity [72]. PPy coated fabrics were tested in order to 

determine their piezoresistive behavior under different gases. Samples were exposed to 

different mixture of gases such as NH3/HCl and NH3/CO2. While NH3/HCl exposure leads to 

nearly one order of magnitude change in conductivity, the sensor behavior was not found 

repeatable. On the other hand tests carried out with NH3/CO2 were found to be more stable 

with lower change in conductivity [72]. 

 

 

Figure 3.63 Conductivity change for PPY-4 during cycling with HC1/N2/NH3/N2 [72] 
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Textiles coated with conducting elastomer composites have many advantages over ICPs, 

including high flexibility, stability and ease of application. In most of these studies, carbon or 

graphite is preferred as the conductive phase in the composite.  

Scilingo et al., fabricated piezoresistive textile sensors by coating an elastic fabric (86 wt% 

polyester and 14 wt% lycra) with carbon filled rubber [85]. In order to detect respiration, the 

sensors were located around rib cage and abdomen as shown in Fig. 3.64. 

 

  

Figure 3.64 (a) Piezoresistive sensors (b) located at rib cage (RC) and the abdomen (AB) 

[85] 

 

To monitor movement, sensors were located on the right elbow joint. The system was 

compared to commercial sensors and found to be effective for movement monitoring. As 

shown in Fig. 3.65, the output of the textile sensor, showed similar pattern compared to the 

commercial one [85]. 

(a) (b)
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Figure 3.65 Signal obtained from electrogoniometer (upper) and fabric sensor (lower) during 

(a) slow movement (b) fast movement of the arm [85] 

 

Tognetti et al., reported a sensing garment for post-stroke rehabilitation called upper limb 

kinesthetic garment (ULKG) [86]. The ULKG is an elastic garment mainly consisting of 

arrays of conducting silicone elastomer (Elastosil) in various patterns and can be used for the 

gesture, posture and movement monitoring, see Fig. 3.66.  

 

 

Figure 3.66 (a) The electronic acquisition scheme (on the left) and the mask (b) The UKLG 

[86] 

(a) (b)

(a) (b)
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Figure 3.67 Posture recognition trials performed by the user and represented by the avatar on 

the right [86] 

 

Paradiso et al., reported a smart health monitoring system using different textile based 

sensors [12].  

 

 

Figure 3.68 (a) Prototype model (b) respiration signal derived from piezoresistive fabric 

(upper) and biopac pneumograph (lower) [12] 

(a) (b)
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Piezoresistive textile sensors, fabricated from carbon filled silicone coated elastic fabric, 

were located around chest and abdomen and used for respiration monitoring, see Fig. 3.68. 

The system was found effective for detecting respiration signals and compared well with a 

commercial system [12]. 

Lorussi et al., developed a sensing glove for acquiring finger movements to be used in 

rehabilitation. The sensing glove is fashioned out of a fabric coated by conductive silicone 

and showed resistance value of 1 kΩ cm
-1

 and gauge factor of 2.8. The glove has a special 

pattern, while bold tracks function as sensors, thin tracks function as signal carriers [87]. 

Although the sensing glove, reported by Lorussi et al. [87], has many advantages such as 

comfort and wearability; resistance change did not show linear behavior and quick response 

it showed slow nonlinear behavior. This problem was addressed by post-processing of data 

[87]. 

 

 

Figure 3.69 (a) Sensorized glove. (b) behavior of the relative variation of resistance of sensor 

against the relative strain [87] 

 

Another interesting study was carried out by Tesconi et al. [88]. They designed a sensing 

band for monitoring knee flexion of patients who are suffering from venous ulcers. As shown 

in Fig. 3.70, the lower limb sensing garment consists of printed conductive elastomer arrays.  

(a) (b)
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Figure 3.70 (a) The mask used for the sensors (b) the equivalent electric scheme (c) overall 

prototype consisting of a knee band KB, sensorized shoe and an “on body unit” [88] 

 

In addition to this, sensing shoe was used for determination of the gait cycle [88]. The data 

obtained from knee flexion sturdy is shown in Fig. 3.71. 

 

 

Figure 3.71 Flexion-extension of the central sensor of KB (continuous curve) and signal 

coming from the shoe sensor (dashed curve) which marks the gait cycle [88] 

 

In addition to silicone, other polymers can also be used as a matrix for the conducting 

composites. Cochrane et al., reported a piezoresistive sensor made of a nylon fabric printed 

with a Styrene-Butadiene-Styrene (SBS) co-polymer filled with highly structured carbon 

black powder [17]. 

 

(a) (b) (c)
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Figure 3.72 (a) Piezoresistive fabric sensor and (b) its piezoresistive behavior [17] 

 

The fabric sensor showed positive piezoresistive response with a gauge factor of 80 [17]. 

Tesconi et al., designed a smart garment for monitoring movement of lower limbs [89]. The 

sensing garment consists of an array of printed sensors (graphite/ silicon) to monitor knee 

and hip position during rowing, see Fig. 3.73.  

 

 

Figure 3.73 (a) The arrangement of the marker on body of the athlete (b) the model obtained 

by using experimental set-up [89] 

 

The sensing garment was compared to a commercial system in measuring the flexion-

extension angles during knee movement. The measured change in resistance was interpreted 

into kinematic output with the help of computational algorithms; see Fig. 3.74 [89]. 

(a) (b)
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Figure 3.74 Flexion-extension angles of the hip (θ1) and knee (θ2) of the left leg in two 

different trials. The red line is the SMART-e output, while the blue one represents the 

sensing garment response [89] 

 

In addition to strain sensor, conducting silicone has been used as a pressure sensor [90].  

 

  

Figure 3.75 (a) Schematic diagram of the pressure sensor and sensor packages, (b) integrated 

textile sensors on insole [90] 

 

Shu et al., reported a carbon black filled silicone coated fabric pressure sensor for monitoring 

applied foot pressure during walking [90]. Six sensors were located on the insole of a shoe as 

shown in Fig. 3.75. In order to evaluate the performance, sensors were exposed to different 

pressures between 10-800 kPa. The sensors were characterized as stable after 100,000 cycles. 

(a) (b)
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The sensors also showed high resistance to changes in the humidity because they were 

packaged in silicone rubber [90]. 

 

 

Figure 3.76 Piezoresistive behavior of pressure sensors as a function of (a) pressure and (b) 

time [90] 

 

Knitted fabrics are formed by interlacement of yarn loops as shown in Fig. 3.77. Knitted 

fabrics are commonly used method in textile fabric manufacturing for apparel and are 

desirable in some applications because of their low stiffness and resulting comfort.  

 

 

Figure 3.77 (a) Weft knitted fabric and (b) the knitted stitch [91] 

 

(b)(a)

(a) (b)
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The knit fabric structure is formed by overlapped loops and if conducting yarns are used, 

movement of these loops is the main factor for their piezoresistive response [92]. Different 

fibers can be used for knitted sensors including carbon and steel [16]. However, to increase 

the cyclic stability of the fabric, elastic conductive fibers are better alternatives. Since fabric 

structure directly affects electromechanical properties of the textile sensor, before the design 

of the knitted sensor, fiber type, yarn properties, loop geometry, fabric deformation-recovery 

behavior and pattern of the conductive path in the fabric should be taken into consideration. 

Integration of conductive yarns in a knit structure can be different based on the direction of 

the applied strain in an application, see Fig. 3.78 [14,16,26,92,93]. 

 

 

Figure 3.78 Textile sensors from knitted fabric [92] 

 

One of the first studies on using knit fabrics as sensors was carried out by Wijesiriwardana et 

al. [92]. They developed a knitted strain gauge by using conductive elastomeric fibers as 

shown in Fig. 3.79 and evaluated its response to applied strain. 
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Figure 3.79 Electroconductive fiber path 

 

While deformation in the Y direction resulted in increase in resistance, deformation in the X 

direction showed decrease in resistance. This difference in response is attributed to the 

mechanical anisotropy of loop deformation. 

 

 

Figure 3.80 (a) Resistance change in wale direction (b) resistance change in course direction 

[92] 

 

When a simple knit structure (i.e., single jersey) is deformed in the Y direction, the loop 

shape changes to a slender shape in which the length to width ratio increases.  This 

deformation characteristic is postulated to result in the decrease in resistance. On the other 

hand, when the applied strain is in X direction, the conducting paths in the fabric structure 

comes closer and is thought to lower overall electrical resistance of the structure [92]. 

 

(a) (b)
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Figure 3.81 Loop extension and recovery in different directions [91] 

 

Paradiso et al., reported knitted piezoresistive sensors with the ability of monitoring vital 

signs and movement [94]. The knitted piezoresistive sensors fabricated using conductive 

yarns were located around abdomen and chest for respiration monitoring and on arms in 

order to monitor movement [94]. 

 

 

Figure 3.82 Prototype model [94] 

  

The sensor system was able to monitor the basal condition respiration designated as Th-R 

and Ab-R in Fig. 3.82.  While movement sensors did not show any change during basal 

condition, the elbow sensors’ response was noticeable in the case of flexion and extension 

(Fig. 3.83) [94]. 
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Figure 3.83 (a) Signals in basal condition, D1, D2, D3 Einthoven leads I, II, III. V2, V5: 

standard precordial leads V2 and V5. Th-R, Ab-R: respiration sensors on thoracic and 

abdominal position respectively. Sh-M, Eb-M: movement sensors on the left shoulder and 

elbow, respectively (b) Signals obtained during flex-extension of the left elbow [94] 

 

In the another study Paradisio et al., reported use of knitted sensors fabricated using 

commercial conducting yarns (PAC by Europa NCT, Poland) and located on shoulders and 

elbows to monitor movement, see Fig. 3.84 [24]. 

 

 

 Figure 3.84 (a) Movement sensors located on shoulder and elbow (b) signals obtained 

during abduction-adduction of the left shoulder, D1, D2, D3 Einthoven leads I, II, III. V2, 

V5: standard precordial leads V2 and V5. Th-R, Ab-R: respiration sensors in thoracic and 

abdominal positions, respectively. Sh-M, Eb-M movement sensors on the left shoulder and 

elbow, respectively [24] 

 

(b)(a)

(b)(a)



 

149 

Loriga et al., developed a sensing t-shirt by incorporating conducting yarns (Belltron®9R1), 

into the fabric structure during knitting by intarsia technique. The sensors are located at 

abdominal and thoracic regions for respiration monitoring, see Fig. 3.85 [25,95,95]. 

 

 

Figure 3.85 Knitted sensing t-shirt for monitoring abdominal and thoracic respiration [25,95] 

 

In order to evaluate the efficiency of the system, the output from the knitted sensor is 

compared to that from a commercial system, see Fig. 3.86. Both systems showed similar 

behavior, although the thoracic and abdominal knitted sensors showed similar trends, the 

magnitude of change was noted to be different and is thought to have caused by different 

deformation ratio of the fabric sensors at different locations [25,95]. 
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Figure 3.86 (a) Signals obtained from piezoresistive fabric sensor (upper) and Biopac 

pneumograph (lower) during normal respiration (b) comparison of thoracic (upper) and 

abdominal (lower) respiration signal by fabric sensors (1-normal, 2- predominantly 

abdominal, 3-thoracic repiration) [25,95] 

 

Zhang et al., produced tubular and flat warp knitted fabric from stainless steel and carbon 

fibers in order to use as strain sensors as shown in Fig. 3.87. They have investigated the 

effect of fiber type, structure, testing speed and temperature on the piezoresistive behavior of 

the knit structures [16]. 

 

 

Figure 3.87 Tubular knitted fabric (a) steel (b) carbon and (c) single warp steel and carbon 

knitted fabric [16] 

 

(b)(a)

(c)

(b)(a)
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As seen in Fig. 3.88, both carbon and steel fabrics showed negative piezoresistance. 

However, carbon fabrics showed higher stability than of steel. The flat knitted warp sensor 

showed better stability when compared to tubular fabrics. It was also reported that, higher 

testing speed lead to lower hysteresis with higher recoverability.  

 

 

Figure 3.88 Piezoresistive response of (1a) tubular steel (2a) tubular carbon (3a) single warp 

steel (4a) single warp carbon 

 

Since carbon fibers have high thermal stability, they have also been investigated under 

varying temperature. The knitted sensors showed similar behavior in the temperatures range 

of 20-200°C, see Fig. 3.89. However, resistance decreased at higher temperature.   
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Figure 3.89 Piezoresistive respond under different temperature and strain [16] 

 

Pacelli et al., fabricated knitted sensors using conducting yarn and investigated the effect of 

elastic recovery on sensing performance. The base fabric of the sensors contained 

elastomeric yarn, spandex, of three different mass linear densities (designated as Ny60, Ny 

59 and Ny 58 in Fig. 3.90). All three sensors showed positive and linear piezoresistive 

behavior in the range of 8-55% strain. Fig. 3.90 (b) presents the signals obtained from the 

knitted sensor and that from a commercial electrogoniometer. Although output values are 

different they showed similar pattern during the movement of the elbow [14]. 
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Figure 3.90 (a) Piezoresistive behavior of knitted sensors  fabricated from different spandex 

fibers (b) Signal obtained from knitted sensor (upper) and electrogoniometer (lower) during 

fast elbow bends [14] 

 

Huang et al., developed a knitted respiration belt for babies in order to prevent Sudden Infant 

Death Syndrome (SIDS). As shown in Fig. 3.91, system consists of basal and conducting 

yarns. In this instance, the sensors are constructed from a conductive yarn (carbon coated 

Resistat F901) wrapped polyester yarn and elastomeric fibers. Unlike the previous systems, 

the conducting yarns are spaced in intervals. Evaluation of the belt was carried out using  an 

artificial lung and the system was found effective for the respiration monitoring between 

ranges of number of breath per minute (BPM) [93,96]. 

 

(b)(a)
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Figure 3.91 Respiration monitoring system [93,96] 

 

Yarns, fabricated from different raw materials by different methods are the basic components 

of fabrics. Recent developments in materials and manufacturing technologies have facilitated 

growth of functional yarns particularly suited for use in sensors for e-textile applications 

[97]. Yarn based sensors have been reported for strain and posture monitoring [98-100]. 

Different materials including, carbon loaded elastomer [97,99], carbon coated fibers 

[93,96,101], silver coated fibers, and stainless steel fibers [100] have been used for the 

development of yarn based sensors. The sensors have been fabricated in the form of single 

filaments [97,99] or twisted yarns [93,96,101] have  been used alone [93,97,101] or have 

been incorporated in various forms of textiles [98,99]. Unlike in traditional yarns, sensing 

yarns are required to have superior elasticity in addition to electrical conductivity. Elasticity 

can be an inherent property [97,99] of the conductive component or can be enhanced by the 

addition of elastic fibers into the yarn structure [93,96,101]. While for conducting filaments, 

mechanism of the piezoresistance is governed primarily by the material properties [97,99], in 

composite/twisted yarns every component and the structure influence the electromechanical 

behavior of the yarn [93,96,101]. 
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Gibbs et al., developed sensing pants with the ability of determining joint angles. The 

sensing elements are arrays of conductive textile fibers located around three different joints, 

see Fig. 3.92 [98]. 

 

 

Figure 3.92 (a) Sensing pants (b) schematic of sensor (c) location of sensor arrays and basic 

angles used in the study [98] 

 

The sensing mechanism based on the deformation of the fiber and the resulting change in 

resistance shown in Fig. 3.93 has been correlated with the change in the angle of joint [98].  

 

 

Figure 3.93 Resistance change as a function of knee flexion angle [98] 

 

(c)(b)(a)
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Mattmann et al., fabricated piezoresistive fibers, with a gauge factor of 20, from carbon 

loaded thermoplastic elastomer (SEBS-block copolymers) as presented in Fig. 3.94. In the 

study, electromechanical properties of fiber and fiber attached to a fabric were evaluated 

[97]. 

 

 

Figure 3.94 (a) Piezoresistive thread (b) piezoresistive thread attached onto the fabric [97] 

 

The highest linearity of the piezoresistive response in the range of 0-100% strain was 

obtained from a 50 wt% carbon loaded composite and was chosen as the sensor thread for 

this study [97]. 

 

 

Figure 3.95 Piezoresistive behavior of fibers at different filler loading as a function of strain 

[97] 

(a) (b)
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In the second part of the study, they attached the sensor threads onto a fabric and tested the 

effect of strain, testing speed and aging. As seen in Fig. 3.95, the resistance increased with 

the application of strain, however, the stability of the sensor was found to depend on the level 

of pre-cycling. If the samples cycled once to 80% strain, the following cycles showed 

stability regardless of the magnitude of the strain.  In addition, the testing speed was found to 

have no significant effect on the piezoresistive response [97].  

 

 

Figure 3.96 Piezoresistive behavior as a function of strain (a) at different maximum strain 

(b) at different testing speed (c) aging behavior [97] 

 

By using these piezoresistive threads, Mattmann et al., designed a sensing garment in order 

to monitor upper body posture, see Fig. 3.97. Piezoresistive threads were placed at 21 

different locations throughout the garment using silicone film adhesive. The silicon film, 

used for attachment, also helped minimize the unrecovered strain [99]. 

 

(a) (b) (c)
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Figure 3.97 Sensing garment and attachment of sensor threads [99] 

 

Fig. 3.98 shows an example of posture recorded using the SEBS yarn strain change as a 

function of time and rotational angle. It is evident that the sensor was able to record increased 

rotational angle and speed of movements.  However, the system was not able to monitor 

similar postures and some positions in which upper body position did not change such as 

sitting and standing [99]. 

 

 

Figure 3.98 Strain change vs. movement speed and rotational angle [99] 

 

In another interesting approach, Huang et al., fabricated sensor yarns by using carbon coated 

fiber, elastic and polyester fibers by single or double wrapping with different levels of twist 

[93]. 
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Figure 3.99 Piezoresistive yarn-based sensors (a) single wrapping (b) double wrapping [93]  

 

For obvious reasons, single wrapped yarns showed higher resistance than double wrapped. 

Both yarns showed positive piezoresistance under strain but double wrapped yarn showed 

higher linear response with lower sensitivity [93].  

 

 

Figure 3.100 Piezoresistive response of (a) single wrapping yarns (b) double wrapping yarns 

[93]  

 

This was attributed to less slippage in the structure in case of double wrapping under strain 

caused from synergistic effect of longitudinal and lateral forces. Higher level of twist was not 

found to have any influence on the piezoresistive behavior of yarns [93]. 

In another study carried out by Huang et al., effect of different types of core and conductive 

yarns and level of twist were investigated. Two different polyester fibers 

(a) (b)
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(56dtex/144filaments and 56dtex/48filaments) and two different conductive fibers (Resistat 

F901, Merge S022 (24dtex)-CCF 24 and Resistat F901, Merge D044 (49dtex)-CCF 49) and 

spandex were used.  As shown in Fig. 3.101, polyester yarn with higher number of filaments 

in cross-section (56dtex/144filaments), lead to higher piezoresistive response. This was 

attributed to higher deformation rate and reduced distributed force for coarser yarns [101]. 

 

 

Figure 3.101 Effect of type of (a) core yarn and (b) conductive yarn on piezoresistive 

response [101] 

 

Fig. 3.101 (b) shows the effect of conductive yarn type on piezoresistive behavior. As can be 

seen, CCF 49 showed lower gauge factor and higher linearity which was assumed to be 

caused from higher stiffness. Higher stiffness enables fiber to carry higher load under same 

strain and this leads to less deformation and lower change in resistance. In addition to 

material type, effect of twist number was also investigated. Although there is no significant 

difference was reported for CCF 49, twist number was found as an important criterion for 

CCF 24. Increased number of twist resulted with lower sensitivity because of its restrictive 

effect on conductive fibers. Although sensor yarns seem promising they have some 

(a) (b)
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disadvantages such as requirement of preload before measurement. This was reported to be 

caused by the crimp of the yarn which is directly related with the addition of spandex fiber 

into the structure [101]. 

Conclusions 

This review study provides detailed overview about the basic concepts textile based sensors 

that have attracted considerable scientific and commercial interest because of their potential 

for health monitoring, posture monitoring, and rehabilitation and so on. Textile-based sensing 

has become an active area of research in the emerging field of e-textiles in recent years. 

Although textile based sensors can be broadly categorized into capacitive, inductive, optical, 

chemical, piezoelectric and piezoresistive; much of the work has been focused on 

piezoresistive sensor. While, with the inductive sensors, the coils need to be integrated into 

the sensor which make them less comfortable and limit their usage. Capacitive sensors also 

have issues related to repeatability and stability. Similarly, the optical sensors are expensive 

and their properties might change while they are integrated into the fabric and hence are not 

reliable, while, the piezoelectric sensors are relatively expensive and have limited scope of 

applications. By contrast, printed piezoresistive sensors that are resistant to environmental 

conditions, besides being conformable to the body shape. Hence, from among the multitude 

of sensors discussed, the printable strain sensors using piezoresistive materials offer wide 

range of applications. 
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CHAPTER 4. MECHANICAL BEHAVIOR OF CARBON NANOFIBER FILLED 

PLASTICIZED POLYVINYL CHLORIDE 

 

Abstract 

In the present study, we examine a conductive plastisol (plasticized polyvinyl chloride) 

composite for printing on textile fabrics as a sensory layer. Vapor grown carbon nanofibers 

(VGCNFs) at various concentration levels were dispersed in a plastisol matrix to create the 

composite. Microscopic analysis showed homogeneous dispersion of CNFs without any 

dominant filler orientation throughout the composites with good filler-matrix interface and 

absence of any pores or voids. Morphological and mechanical properties were studied as a 

function of filler, matrix, and plasticizer contents for three different molecular weights of 

PVC.  Mechanical properties were found to be affected by CNF, DOS content and matrix 

molecular weight. PVC based polymer composites are promising materials for conductive 

coatings and piezoresistive sensors because of their lightweight and flexible structures.  

4.1 Introduction 

Polymer nanocomposites (PNCs) are relatively new and promising class of materials with at 

least one nanoscale component. Nanofillers with relatively high surface area and aspect ratio 

used in these composites may have profound effects on the mechanical, electrical, and 

thermal properties even at very low concentrations. For PNCs, different kinds of 

nanoparticles can be used in the form of fibers, tubes, or spheres in order to obtain desired 
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properties in combination with any of thermoplastic, thermosetting, or elastomer resins [1,2]. 

Recently, there has been increasing interest in nanocomposites filled with carbon nanofibers 

due to their high surface area and aspect ratio, superior electrical [3], thermal [4], mechanical 

[5] properties and lower cost (compared with carbon nanotubes). PVC has been of 

importance to the industry for many years with a wide range of applications from 

construction sector to toys and medical industry to textiles because of its desirable properties 

including strength, lightweight, durability, and ease of processing at relatively low cost.  

Plastisol is a multiphase, paste-like composition obtained by the suspension of PVC resin in a 

suitable plasticizer. Compositions of plastisol are commercially available as printing paste for 

textiles with tunable print properties [6-8]. Functionalization of plastisol with the addition of 

conductive fillers such as CNFs can be a good way of fabricating lightweight, conformable 

flexible sensory materials that are compatible with electronic textile products including body-

worn sensors.   

Here, an elastic conductive and solvent-free nanocomposite plastisol paste, formulated from 

PVC and other additives has been investigated for its morphological and mechanical 

properties in the form of films. The goal is to use this nanocomposite for printing on textiles 

to develop various e-textile components including sensors.  

4.2 Materials and Methods 

The PVC resins used for plastisol preparation are commercially available Solvin 367, 372, 

and 376 from Solvay Corporation (Brussels, Belgium). These resins are referred to as PVC-

41, PVC-50, and PVC-60, where the postscripts denote the number-average molecular 
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weight of the resin in kg mol
–1

. Bis(2-ethylhexyl) sebacate (dioctyl sebacate) (DOS, Fisher 

Chemicals) was used as the plasticizer and poxidized soybean oil (ESO) (Spectrum 

Chemicals Mfg Corp.) was used as the thermal stabilizer. Vapor grown carbon nanofibers 

(VGCNF, Showa Denko Corporation) with surface area of 13 m
2
 g

-1
, and nominal fiber 

diameter of 150 nm with aspect ratio ranging from 100 to 150 were used as fillers. For 

potential application of the plastisol composite in screen printing on textile fabrics, a bonding 

agent, designated as Binder 2001 and sold by Nazdar SourceOne, was also used.  

Composite samples with well dispersed CNF were prepared in a high shear mixer 

(Mazerustar KK-50S). ESO and DOS were mixed for 10 sec. and CNF was added and mixed 

further for 60 sec. which was followed by addition and mixing of PVC. In the last step binder 

was added to the mixture and mixed further for 60 sec. CNF containing plastisol paste was 

compression molded into 0.5 mm thick films in a laboratory type hydraulic press with heated 

platens at 140°C for 30 min. 

Composites with four levels of PVC/DOS ratios (50/50, 45/55, 40/60, 35/65), and eight 

levels of filler concentrations from 0 to 8 wt% were prepared with ESO (5 wt% of PVC) and 

binder (20 wt% of PVC+DOS). 

To investigate the level of CNF dispersion, orientation, surface morphology, and filler-matrix 

adhesion characteristics, the composite specimens were examined in a JEOL-6400F field 

emission scanning electron microscope (FESEM) under low-voltage (1 kV) without any 

coating on the surface.   

Stress–strain behavior of the composite films was characterized by following ASTM test 

method 1708 on a universal load frame (MTS 3G). For each composite type, 5 specimens 
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were tested for load-extension behavior. The load-extension values were subsequently 

converted to engineering-stress and true-strain. For the strain cycling tests, (25mm x 80mm) 

composite specimens were prepared and tested on a MTS 3G load-frame with a gauge length 

of 50 mm. Samples were cycled to pre-yield strain of 20% at 4.4 mm min
-1

. The strain value 

which intercepts stress value at 0 MPa was determined as unrecovered strain.  

To understand the viscoelastic response of the composites dynamic mechanical analysis 

(DMA) was conducted with a dynamic mechanical analyzer from TA Instruments. The tests 

were performed in tension mode in a temperature range from -140 to 40°C with heating rate 

of 3°C min
-1

 at a frequency of 1 Hz, and a strain amplitude of 15 µm. The gauge length was 

15-16 mm with specimen width of 0.65 mm. Glass transition temperature (Tg) of the samples 

was determined from the peak of tan δ. 

4.3 Results and Discussion 

4.3.1 Morphology 

In order to understand the dispersion and orientation of fibers and surface morphology, we 

have taken images from cross-section, edge and surface of the samples, cryo-fractured in 

liquid nitrogen.  Cross-sectional and edge images presented in Fig. 4.1 show well dispersed 

CNF in the plasticized PVC without any dominant orientation and/or fiber clusters even at 

high concentrations for all three matrixes. For all samples no pores, pulled out CNFs, or 

matrix discontinuity were observed. The good matrix-filler interaction is probably due to 

well dispersed fibers (high-shear mixing), decreased surface tension of the polymer by the 

addition of plasticizer, high temperature processing (melt processing), and nanoscale surface 
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roughness of the CNF particles. High shear mixing is a one-step, easy and effective way of 

dispersing nanofillers in a polymeric matrix and lowering the matrix viscosity by which the 

matrix-filler interaction is enhanced [9]. In addition, plasticizers are known to lower the 

surface tension of the polymer and increase the penetration ratio between two phases [10]. 

Nano-scale surface roughness of the CNFs may also have led to mechanical interlocking with 

the matrix in order to have higher adhesion and make the interface stronger [11]. 

 

 

Figure 4.1 Cross-section images of 50/50 PVC-60/DOS at (a) 2% (b) 5% and (c) 8% CNF 

(wt%) inset showing the magnified images of the samples 

 

4.3.2 Mechanical Behavior 

Mechanical properties of composites are of significance not only for providing insights into 

the structure in terms of filler dispersion and morphology but also for determination of their 

performance limits and mechanical compatibility with other materials. Typical stress-strain 

behavior of the PVC-CNF composites (PVC-50, 50/50 PVC/DOS) for various CNF content 

is presented in Fig. 4.2.  
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Figure 4.2 Stress-strain behavior PVC-50 (50/50 PVC/DOS) as a function of CNF (wt %) 

content Inset: SEM image of the cracked composite represents reinforcing and bridging 

effect of CNFs in PVC matrix  

 

Tensile strength of the composites as a function of CNF (wt%) content, PVC/DOS ratio, and 

molecular weight of PVC is presented in Fig. 4.3.  It is obvious that the composite strength 

increased with increasing CNF content for all PVC molecular weights and PVC ratios as the 

load bearing capacity of the polymeric system is increased by transferring the stress from 

matrix to the fibers. It has been known for many years that, with the incorporation of filler 

into a polymeric system, mechanical properties change due to high modulus of fillers and 

strong interactions between polymeric matrix and particles [5,11-17]. Mechanism of 

reinforcement in composites depends critically on filler and polymeric matrix.  During the 

application of continuously increasing load, at some point plastic deformation occurs and 

matrix cannot withstand the stress. This process is followed by micro crack formation. With 

increasing load, micro cracks can propagate to the interface between fiber and matrix. The 

role of the nanofibers becomes important at that point by providing substantial bridging to 

matrix and strength to composite. As a result, load bearing capacity of the composite 
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increases, micro crack formation is prevented/minimized to some degree and behavior of the 

breakage changes from fracture mode to crack propagation [18,19]. 

 

 

Figure 4.3 Variation of tensile strength of plastisol composites with various CNF content and 

PVC/DOS ratios for (a) PVC-50 (b) comparison of tensile strength for various PVC matrixes 

for 50/50 PVC/DOS ratio 

 

Since the contribution of the CNFs in the reinforcing mechanism is dictated by the 

fiber/matrix interface, transfer of the load from matrix to the filler depends on the bonding at 

the interface which determines the interfacial strength and overall properties of the 

composite. As known strong interface shows modified bulk polymer properties which are 

better than bulk polymer [11-14]. Although this effect is seen for almost all types of fillers; in 

the case of nanofillers, enhancement is more pronounced because of their high aspect ratio 

and surface area. High aspect ratio and surface area lead to increase in total contact area 

between filler and matrix which directly alters interface (altered polymer rate) throughout the 

composite and enhances mechanical properties [11-13,20-22]. Good filler/polymer interphase 
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with high adhesion of polymer to the filler regardless of the CNF concentration is evidenced 

in the cross-sectional images presented in Fig. 4.1. 

 

 

Figure 4.4 Variation of initial modulus of plastisol composites with various CNF content and 

PVC/DOS ratios for (a) PVC-41 (b) comparison of initial modulus for various PVC matrixes 

for 50/50 PVC/DOS ratio  

 

It is also apparent from Fig. 4.3 that with increasing amount of DOS, the tensile strength 

decreased gradually, most likely due to the plasticizing effect of DOS. Plasticizers are known 

to penetrate into the amorphous regions [11-13,20-22] of the polymer, and lower the 

intermolecular forces (cohesion), and entanglement ratio in the polymer by increasing the 

free volume, thereby making the movement of chains easier, resulting in lowered mechanical 

properties [7,10,23].  Among the different compositions of the plastisol, highest tensile 

strength was observed for 50/50 PVC/DOS at 8 wt% VGCNF which indicated an optimum 

composition for highest continuity of the matrix and sufficient matrix-filler contact that 

enhanced stress transfer from matrix to filler. Amongst the three different molecular weights 
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of PVC, PVC-60 showed the highest tensile strength (Fig. 4.3b) supporting our hypothesis of 

enhanced polymer chain entanglements and lower free volume caused by lower number of 

chain ends. In line with these observations, initial modulus data presented in Fig. 4.4 show 

similar trends. The increase in initial modulus is more pronounced for composites with least 

plasticizer content, possibly indicating higher level of plasticization resulting in weaker 

matrix and CNF-matrix interface. While the highest value for PVC-41 was found around 5 

MPa; for PVC-61 same composition showed initial modulus around 7.5 MPa.  

 

 

Figure 4.5 Variation of tangent modulus of plastisol composites with various CNF content 

and PVC/DOS ratios for (a) PVC-50 (b) comparison of tangent modulus for various PVC 

matrixes for 50/50 PVC/DOS ratio 

 

Close examination of the composite stress-strain curves presented in Fig. 4.2 show almost 

bilinear behavior.  Apart from the initial Hookean region, a second linear region is seen 

between ~150-300% strain. The second region, characterized by the tangent modulus at 

250% strain, the modulus increased with increasing CNF content. Higher molecular weight 
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and lower DOS content also lead to higher modulus at this point. However the increase in the 

tangent modulus is not as distinctive as in initial modulus.  It seems, the filler reinforcement 

effect is more significant in the Hookean region compared to that at higher strains. 

Yield stress is the stress at which yield occurs and after that plastic deformation starts which 

is useful piece of information for determination of mechanical limits of the polymeric 

systems. As we did not observe yield point because of high level of plasticizer [24], yield 

stress was calculated based on the yield point at which deviation started from linear response 

on the stress-strain curve. As given in Fig. 4.6, results are parallel with the initial modulus 

outcomes that, yield stress is increasing with the addition of CNF and higher molecular 

weight and lower DOS content gives higher yield stress values.  

 

 

Figure 4.6 Variation of yield stress of plastisol composites with various CNF content and 

PVC/DOS ratios for (a) PVC-50 (b) comparison of yield stress for various PVC matrixes for 

50/50 PVC/DOS ratio  
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Dimensional stability of a material is a measure of its ability to retain the shape under various 

conditions including stress, temperature and humidity.  Mechanical strain cycling is a useful 

tool to determine its dimensional stability and potential response under cyclic loading 

condition [7,10,23]. 

 

Figure 4.7 Stress-strain behavior of 50/50 PVC-50/DOS composites (0 % and 8% wt CNF)  

 

Fig. 4.7 shows the stress–strain responses of the 1
st
 and 25

th
 extension cycles of the 

plastisol/CNF composites with 0 and 8 % CNF (wt%) performed at 20% strain amplitude. 

Stress softening is observed for all samples regardless of the composition of the composites.  

Elastomers, in general, and elastomeric composites, in particular, are known to show lower 

maximum stress value compared to the first cycle when stretched repeatedly to a constant 

maximum strain. This is a well-known phenomenon referred to as “Mullins Effect” [25-28]. 

Although further softening can be observed in the subsequent cycles, the magnitude is 

relatively lower than the first softening [25,26,29]. The primary manifestation of Mullins 

effect is in the reduced level of stress in the polymer during recovery relative to that observed 
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during extension. This behavior gives rise to hysteresis in polymers and polymer composites. 

In general, composites consist of three basic phases namely matrix, filler, and interface. Each 

of these phases may respond differently to the applied stresses. Polymer chains might slide 

on each other, change their orientation, or chain rupture might occur in the polymer-filler 

interface (Fig.4.11) [25,26]. Since CNFs are very rigid, they can retain their shape and show 

high dimensional stability under small strain. On the other hand, their relative distance and 

spatial location can change under stress due to rigid body translation and rotation leading to 

distortions between polymer-polymer and filler-polymer interphase. While some of these 

changes are reversible, some of them are not, see Fig. 4.8. As a result of irreversible changes, 

which are basically breakage/rupture of filler-polymer interactions and/or disruption of filler 

network, composites show different mechanical behavior in the following cycles [27,28,30-

32].  

 

 

Figure 4.8 Schematic showing polymer-filler interaction in a composite under stress  

 

The unrecovered strain during unloading cycles as a function of number of cycles for various 

filler concentrations of 50/50 PVC-50/DOS composition are shown in Fig 4.9. All 
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compositions show stress softening and reach a steady state after a few (ca. 4) cycles. 

However, the softening is more pronounced for higher CNF content and the relative change 

between cycles increases with increasing filler concentration. Since CNFs are rigid elements 

in the composite structure, the recoverability of the composite is directly related to the 

response of the polymer chains during unloading cycle. In case of higher filler 

concentrations, polymer chains experience higher levels of constraints due to the CNFs and 

require more time for recovery [25,33]. While the total unrecovered strain is 0.046 (mm/mm) 

for 8 wt% CNF containing sample end of 25 cycles; it is 0.012 (mm/mm) for unfilled sample. 

The impact of filler concentration on the stress softening has been noted previously in the 

literature [25-28,30-33]. 

 

 

Figure 4.9 Effect of (a) filler concentration (b) plasticizer (DOS) content on unrecovered 

strain as a function number of cycles in strain cycling at 20% strain amplitude for 50/50 

PVC-50/DOS composites 
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Fig. 4.9a shows the effect of filler concentration for PVC-50/DOS 50/50 composites on 

unrecovered strain. Higher filler concentration leads to higher unrecovered strain, especially. 

in the first few cycles which is of importance in terms of total unrecovered strain. Effect of 

plasticizer content on the response of the composites containing 8% CNF during strain 

cycling is shown in Fig 4.9b. In general, plastisol compositions with higher plasticizer 

content show lower levels of unrecovered strain during the few initial cycles. However, there 

is no significant difference between 45/55 and 40/60 PVC-50/DOS containing samples in 

terms of unrecovered strain. Their values were found to be between 50/50 and 35/65 

PVC/DOS composites. Increased plasticizer content tends to reduce the restriction on 

polymer chains by increasing free volume and weakening interaction between filler and 

matrix. As a result of increased mobility of polymer chains, recovery time decreased and 

highly plasticized samples showed lower unrecovered strain. 

Fig. 4.10 shows the effect of molecular weight on unrecovered strain for 8 wt% CNF 

containing PVC/DOS 50/50 composites. As previously mentioned, although filler content 

and PVC/DOS ratio were found to be important in determining hysteresis behavior, we did 

not observe any significant influence of PVC molecular weight on the unrecovered strain. 

Since the difference in molecular weights is not very significant, the effect was suppressed 

by plasticizer and filler at low level of strains.  
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Figure 4.10 Unrecovered strain as a function of number of cycles in strain cycling at 20% 

strain amplitude for various plastisol composites having varying PVC molecular weights and 

8% CNF 
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thermoplastic polymers; higher storage modulus in glassy state and lower storage modulus at 

higher temperatures, especially in rubbery state. 

 

 

Figure 4.11 (a) Storage modulus and tan δ curves as a function of temperature for 50/50 

PVC-50/DOS composites with 0, 2, 5, and 8 wt% CNF (b) storage modulus and tan δ curves 

as a function of temperature for 8 wt% CNF filled 50/50 PVC/DOS composites for various 

PVC molecular weights 
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immobilization of polymer chains) [35,38].  Although addition of 2 wt% CNF caused around 

5˚C change in Tg, further increase in filler concentration resulted in minor increase in Tg [36]. 

In addition to that, samples with CNFs showed broader tan δ curve which can be attributed to 

wider transition regime compared with neat plastisol. Similar response was obtained for all 

three molecular weights of PVC.  

Effect of plasticizer content on storage modulus and tan δ is shown in Fig. 4.12. It is obvious 

that increasing amount of plasticizer, result in lower storage modulus and Tg most likely due 

to the plasticizing effect of DOS.  

 

 

Figure 4.12 (a) Storage modulus and tan δ curves as a function of temperature for 8 wt% 

CNF filled 35/65, 40/60, 45/55 and 50/50 PVC-50/DOS composites, (b) Tg as a function of 

CNF (wt%) content and PVC-50/DOS ratio 
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PVC/DOS ratios, lowest Tg was observed for 35/65 PVC/DOS due to higher plasticization 

effect. 

Effect of molecular weight on storage modulus and tan δ is shown in Fig. 4.11b. As seen, 

higher molecular weight resulted in higher storage modulus which is probably caused by 

enhanced polymer chain entanglements and lower free volume caused from lower number of 

chain ends resulting into increased strength. However we did not observe significant change 

in Tg depending on PVC molecular weight for CNF filled composites at any PVC/DOS ratio. 

As a summary, Tg was found to be highly depended on PVC/DOS ratio. While addition of 

CNFs filler concentration was found to affect the Tg, increase in filler concentration showed 

slight effect on Tg. On the other hand, matrix molecular weight did not lead to significant 

shift in Tg.  

Conclusions 

CNF reinforced plastisol composites were prepared by incorporation of different levels of 

CNFs for three different molecular weights of PVC. Morphology and mechanical properties 

of composites were investigated. Mechanical properties were found to be affected by CNF, 

DOS content and matrix molecular weight. Fillers provide substantial bridging in the matrix 

and enhance strength by increasing load bearing capacity of the composite by preventing or 

minimizing crack formation. Good filler/polymer interphase was observed without any 

dominant filler orientation regardless of the CNF concentration throughout the composites 

even at high filler concentrations. Tg of the samples was found to be affected by PVC/DOS 

ratio and filler concentration. While higher plastisol content lead to lower Tg, higher filler 
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concentration resulted in higher Tg. CNF reinforced plastisol composites are alternative 

materials for conductive coatings and piezoresistive sensors because of their strong, 

lightweight and flexible structures. 
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CHAPTER 5. ELECTRICAL CHARACTERIZATION of CARBON NANOFIBER FILLED 

PLASTICIZED POLYVINYL CHLORIDE  

 

Abstract 

In the present study, we investigated the electrical behavior of a conductive composite based 

on plasticized Poly(vinyl chloride) (PVC)  in dioctylsebacate (DOS) and carbon nanofibers 

(CNFs). Microscopic analysis showed homogeneous dispersion of CNFs without any 

dominant filler orientation throughout the composites with good filler-matrix interface, 

absence of any pore or voids. Electrical properties were studied as a function of filler, matrix 

and plasticizer contents for three different molecular weights of PVC.  Flexible conductive 

composites were found to show negative piezoresistive behavior under different levels of 

strain in the range of 2-16%. In addition, piezoresistive behavior was found to be affected by 

strain preconditioning, filler concentration and plastisol composition. 

5.1 Introduction 

Polymers are preferred for many applications because of their desirable properties, such as 

strength and toughness, lightweight, facile process ability, and environmental stability. Vast 

majority of the polymers are electrically insulating and are used extensively as electrical 

insulators. However, in many applications electrical conductivity is desirable, therefore, 

various conductive fillers including nanoparticles have been incorporated into their structure 

to engender conductivity. Polymeric nanocomposites filled with conducting nanoparticles 

have received great attention with regard to their functional structures. Vapor grown carbon 
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nanofibers (VGCNFs) are one of the common nanofillers used for nanocomposites, because 

of their high surface area, superior electrical [1], thermal [2], mechanical [3] properties and 

relatively lower cost (compared with carbon nanotubes). Carbon nanofibers (CNFs) are 

fibrous structures that grow spontaneously by autocatalytic chemical vapor deposition of 

organic gases on metal catalysts [4,5]. These fibrous structures consist of (stacked) graphitic 

outer layer which show different orientations to the fiber axis.  Graphite is composed of 

parallel sheets of sp
2
 bonded carbon atoms in crystalline lattices. sp

2
 hybridized carbon atoms 

form hexagons by sigma and pi bonds. While sigma bonds provide strength to the graphite, 

pi bonds are responsible for electrical conductivity [6,7]. This form of carbon enhances 

mobility and interaction of loosely bound valence electrons between adjacent planes lead to 

good electrical conductivity [5,6]. CNFs can be used for many applications including 

electrostatic dissipation (ESD) [8], electromagnetic/radio frequency interference (EMI/RFI) 

protection [9], reinforced structures [3,10], to lithium-ion secondary batteries [11], 

electrochemical capacitors [12], hydrogen storage [13], and piezoresistive sensors [14-16].  

Piezoresistance refers to the change in electrical resistance stemming from applied external 

forces. Piezoresistive effect has been observed for metals such as iron and nickel [17], and 

semiconductors such as germanium and silicon [17-20] as well as multi-component 

composite systems [14-16,21,22]. In general, piezoresistivity stems from changes in material 

dimensions as well as inherent changes in resistivity caused from lattice deformations. While 

for metals piezoresistive effect is caused by geometrical changes; for semiconductors it is 

dominated by crystal lattice degeneration and change in carrier mobility [20]. Mechanism of 

piezoresistance is somewhat different for conductive polymer composites. Since conductivity 
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is obtained through networks formed by conductive fillers, the network configuration 

determines its piezoresistive response. Unlike metals or semiconductors, neither geometrical 

nor structural deformation is the issue for conductive fillers (CB, CNF, CNT, etc.). The 

conductive fillers used in polymer composites are much stiffer than the matrix materials, at 

low level of strain they maintain their dimensional stability. However, their relative spatial 

location or orientation can change under stress due to displacement and/or rotation 

[14,21,22]. Changes in the conductive network configuration lead to change in electrical 

resistance, ultimately. By monitoring the change in resistance, magnitude of the applied 

stress/strain can be determined.  In other words, the piezoresistive response of conductive 

polymer composites is primarily due to the breakdown of the filler junctions and/or 

reformation of the conducting network [14,21,22]. Dominant mechanism depends on many 

factors such as filler concentration, filler geometry, filler orientation and dispersion, and 

direction and amplitude of the applied stress [14,21,22]. Depending on the dominant 

mechanism, the observed piezoresistive behavior can be either positive (increase in 

resistance) or negative (decrease in resistance) [14,21,22] as a function of applied stress. 

Recent trend in the area of piezoresistive sensors is to design elastomeric structures which 

show good recoverability and repeatability.   

In this work, we report the piezoresistive behavior of plasticized-PVC (plastisol)-CNF 

composites with the long-term goal of using the composite as sensory layers on fabrics. 

Plastisol is a multiphase, paste-like composition obtained by the suspension of PVC resin in a 

suitable plasticizer with other additives such as thermal stabilizers and fillers. It is the 

common synthetic print media for textiles for many years owing to its low cost, easy 
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processability (printability) and durability [23-25]. Conducting plastisol films were found to 

show homogeneous filler dispersion and excellent strain-dependent piezoresistive response. 

Sensitivity and stability of the piezoresistive behavior was found to critically depend on the 

preconditioning and magnitude of the applied strain, filler concentration and plastisol 

composition. In addition to these, effect of stress softening on electrical response was also 

examined.  

Since conductive plastisols can easily be printed on textiles, they are promising candidates as 

flexible, lightweight, conformable sensory materials that are compatible with electronic 

textile (e-textile) products including body-worn sensors. They can be used for many 

applications including health monitoring and posture determination.   

5.2 Materials and Methods 

The PVC resins used for plastisol preparation were Solvin 367, 372, and 376 from Solvay 

Corporation, France. These resins are referred to as PVC-41, PVC-50, and PVC-60, where 

the postscript designation denotes the nominal number-average molecular weight of the resin 

in kg mol
–1

. The plasticizer used was Bis(2-ethylhexyl) sebacate (dioctyl sebacate) (DOS) 

manufactured by Acros Organics and obtained from Fisher Chemicals. Epoxidized soybean 

oil (ESO) was used as thermal stabilizer and obtained from Spectrum Chemicals Mfg. Corp. 

The carbon filler was VGCNF obtained from the Showa Denko Corporation, Japan. Fibers 

had surface area of 13 m
2
 g

-1
 and nominal fiber diameter of 150 nm with aspect ratio ranging 

from 100 to 150. In order to ensure adhesion between the conducting plastisol composite and 
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fabric substrates in future studies, a bonding agent commercially available as Binder 2001 

(Nazdar SourceOne, USA) was also used.  

In the first step in forming the composite, ESO and DOS were mixed for 10 sec. and CNF 

was added and mixed for 60 sec. which was followed by addition and mixing of PVC for 

further 60 sec. In the final step, the binder was added to that mixture and processed for 60 

sec.  In all cases the mixing was done in a high shear mixer (Mazerustar KK-50S). Then, 

CNF containing plastisol paste was compression molded into 0.5 mm thick films in a 

laboratory type hydraulic press with heated platens at 140°C for 30 min. The temperature 

was chosen to achieve complete melting of PVC to enhance the interaction between matrix 

and filler interface. 

All of the experimental data being reported here were collected using the low, middle and 

high molecular weight PVC, earlier designated as PVC-41, PVC-50, and PVC-60, 

respectively. Composites with four levels of PVC/DOS ratios (50/50, 45/55, 40/60, 35/65), 

and ten levels of filler concentrations from 0 up to 10 wt% were prepared with ESO (5 wt% 

of PVC as generally used in the literature [23,25-27] and binder (20 wt% of PVC+DOS as 

recommended by the manufacturer) as the other additives.  To investigate CNF dispersion, 

orientation, surface morphology, filler-matrix adhesion characteristics, composite specimens 

were examined with a JEOL-6400F field emission scanning electron microscope (FESEM) 

under low-voltage (1kV) without any coating on the surface.   

Dimensional stability of a material is a measure of its ability to retain the shape under various 

conditions including stress, temperature and humidity.  Mechanical strain cycling is a useful 

tool to determine its dimensional stability and potential response under cyclic loading 
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condition [26,28,29]. Since this material was proposed to be used as a strain sensor, 

mechanical properties under cyclic conditions need to be determined. For the strain cycling 

tests, (25mm x 80mm) composite specimens were prepared and tested on a MTS 3G load-

frame with a gauge length of 50 mm. Samples were cycled to pre-yield strain of 16% strain at 

4.4 mm min
-1

. The strain value which intercepts stress value at 0 MPa was determined as 

unrecovered strain.  

Volume resistivity of the composite films was determined by Keithley Model 6517B 

Electrometer and Model 8009 Resistivity Chamber in accordance with ASTM D-257 

standard. Before making the electrical measurements, specimen thicknesses were determined 

using a precision thickness meter (Mitutoyo ID-C112E). 

To determine the piezoresistive behavior of the films in longitudinal (parallel to the strain) 

direction, specimens, 80 mm long and 25 mm wide, were prepared by attaching four 

electrical leads, 1.3 mm apart, along the centerline of the sample parallel to the longitudinal 

direction. Electrical leads were attached to the samples by using small beads of plastisol 

composites with high carbon black content (20 wt%) prepared in our lab for this purpose. 

Test specimens were clamped on a specially made load-frame (Fig. 5.1) with the gauge-

length set at 50 mm and cycled to 2, 4, 8, 12, and 16% strain amplitudes at a speed of 4.4 mm 

min
-1

. Dynamic resistance measurement on these samples was carried out using a set-up 

consisting of a current source (Keithley 6221) and a nano-voltmeter (Keithley 2182A) under 

1 µA input current. The set-up is controlled by a computer for automated data acquisition and 

control. 
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Figure 5.1 Piezoresistance measurement set-up. 

 

5.3 Results and Discussion 

5.3.1 Morphology 

In order to analyze the dispersion and orientation of fibers and surface morphology, we have 

taken images from cross-section, edge and surface of the samples which were cryofractured 

in liquid nitrogen.  Uniformly dispersed light and raised spots in cross-sectional images in 

Fig. 5.2 represent CNFs. The images (Fig. 5.2 inset) clearly show homogeneously dispersed 

CNFs in the plasticized PVC matrix without any dominant orientation and fiber clusters even 

at high concentrations. In addition, robust filler/polymer interphase is seen in high polymer-

filler adhesion, regardless of the CNF concentration. The good adhesion is probably due to 

the well dispersed fibers, decreased surface tension of the polymer by the addition of 

plasticizer, high temperature processing (melt processing), and nano-scale surface roughness 

of the CNFs.  
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High shear mixing is an easy and effective way of dispersing nano-fillers in a polymeric 

matrix. High shear forces in mixing are generally thought to lead to thinning of matrix 

polymer (lowering of viscosity) causing enhanced interaction between matrix and fillers [30]. 

In addition to that, plasticizers lower the surface tension of the polymer and increase the 

penetration ratio between the two phases [26]. Additionally, high temperature processing can 

also result in better adsorption. Nano-scale surface roughness of the CNFs might also be 

effective in interlocking with the matrix resulting in higher adhesion and stronger interface 

[10].  

 

 

Figure 5.2 50/50 PVC-50/DOS at different CNF concentrations cross-section images (a) 2 

wt% (b) 5 wt% and (c) 8 wt% CNF. Inset figures show the magnified edge images of the 

samples 

 

5.3.2 Electrical Properties 

5.3.2.1 Resistivity 

The addition of conducting fillers into an insulating matrix enhances its electrical properties 

such as conductivity. Unlike inherently conducting materials, a percolation threshold must be 

20 µm

1 µm

20 µm

1 µm

(a) (b) (c)

20 µm

1 µm



 

200 

reached by the filler before the matrix becomes conductive. As the fraction of conducting 

phase of the composite increases the composite generally undergoes an insulator to conductor 

transition. This transition has been generally analyzed within the framework of effective 

media and percolation theories [31,32]. The clearly delineated transition from insulative to 

conductive behavior is referred to as the percolation threshold.  This is the point at which 

conductive filler particles begin to form of a continuous conducting path across the 

composite and the resistivity of the composite drops precipitously by many orders of 

magnitude. From the structural perspective, percolation occurs when geometric features 

composed of large clusters (of size p) approach pc, the critical cluster size. At small values of 

cluster size, flocs or individually separated particles exist and conduction throughout the 

material cannot take place. However, as p is increased, fraction of conducting phase of the 

composite, the physical cluster size increase, sufficiently large flocs starts to form a 

continuous network and connect opposite edges of the specimen which generally lead 

composite to undergo an insulator to conductor transition.  

According to percolation theory, the bulk resistivity () of a percolating composite with 

volume concentration, , of the conducting phase follows a power law of the form [33-37]: 

        
    for                                                                                 Equation (5.1)     

where, ϕc is the percolation threshold, t is the critical exponent. For percolating systems the 

values of ϕc and critical exponent t can be obtained from the best linear fit of log () and log 

(ϕ-ϕc). 

The value of the critical exponent t is thought to be material independent and for three-

dimensional percolating systems the universal behavior is represented by t=2 [22,35,38,39]  
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However, conductive composites show t values in a wide range from 0.9 to 6.4 depending on 

the network structure and mechanism of conductance [22,35-41]. In two-dimensional 

systems the reported values of t lie between 1.4-1.5, and for three-dimensional systems, t 

values are assumed in the range of 1.5-2 [22,35,38,39]. The difference between 2D and 3D 

networks and non-universal behavior were basically attributed to filler type, filler geometry 

[22,35,38,39], matrix type [40], and processing conditions [41] all of which affect the 

tunneling behavior between conductive fillers [42-45]. 

The resistivity of plastisol composite films as a function of CNF content (wt%) and 

PVC/DOS ratio is shown in Fig. 5.3. 

 

 

Figure 5.3 (a) Variation of resistivity of plastisol composite films as a function of CNF 

content and PVC-50/DOS ratios, (b) Effect of matrix type on resistivity 

 

All four PVC/DOS compositions show transition from insulating to conducting regardless of 

the matrix molecular weight. In all cases, the composites tend to show higher percolation 

threshold for increasing plasticizer content and lower percolation threshold for higher 
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molecular weights of PVC. In order to confirm that and to explore the lattice 

dimensionality/structure, critical exponent (t) and percolation concentration (ϕc) were 

calculated from power law equation given in Eq. 1. Calculated values of ϕc and t for PVC-41, 

PVC-50, and PVC-60 at different PVC/DOS ratios are shown in Fig. 5.4 For the PVC/CNF 

composites being reported here the calculated values of the critical exponent t were found to 

be higher than 2 for all plastisol compositions (PVC/DOS).  This is in line with previous 

results (2.38-3.21) obtained from VGCNF filled composites [35-37]. Deviation from 

universal behavior probably caused by the complex conduction mechanism due to high 

aspect ratio [35-37] of CNFs and higher contact resistance between fillers [46,47] caused by 

the presence of DOS.   

 

 

Figure 5.4 (a) Effect of PVC-60/DOS ratio and (b) matrix molecular weight on exponent t 

value  

 

Fig. 5.4 a and Table 5.1 shows the log (ρ) vs. log (ϕ-ϕc) for different PVC/DOS ratios for 

PVC-60 and Fig 5.4b shows log (ρ) vs. log (ϕ-ϕc) values for 50/50 PVC/DOS, PVC-41, PVC-
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50 and PVC-60. While increase in DOS content lead to increase in ϕc and exponent t; 

increase in molecular weight resulted in lower ϕc and exponent t. While 50/50 PVC-60/DOS 

had a ϕc value of 0.03, 35/65 PVC-60/DOS had ϕc value of 0.034 with corresponding t values 

2.15 and 3.29, respectively. The difference between ϕc values and the critical exponent t were 

assumed to be caused by plasticizer content [48] and molecular weight of the PVC. PVC-

DOS interaction is directly related with the polymer-plasticizer compatibility and is 

determined by their physical and chemical properties (molecular weight, polarity, etc.) 

[23,24,26,49]. DOS is an aliphatic CH2 chain compound with two ester groups which makes 

it relatively non-polar, see Fig. 5.5a. The DOS molecule can interact with PVC with the help 

of the ester groups as shown in Fig. 5.5b [26,49-51].  

 

Table 5.1 t, ϕc and R
2
 values of samples 

Composite t ϕc R
2
 

50/50 PVC-41/DOS 3.77 0.041 0.9 

50/50 PVC-50/DOS 2.94 0.039 0.99 

50/50 PVC-60/DOS 2.15 0.03 0.96 

45/55 PVC-60/DOS 2.32 0.031 0.96 

40/60 PVC-60/DOS 2.82 0.0325 0.96 

35/65 PVC-60/DOS 3.29 0.034 0.98 

 

 

In case of high DOS content, as in Fig 5.6a, the excess DOS will either be absorbed by the 

filler, or migrate to the surface to form an insulating layer [51]. In either case, DOS can 
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modify the electrical conductivity of the CNFs, increase the contact resistance between fillers 

(charge transfer between fillers become more difficult) and lead to higher resistivity at a 

given filler concentration [52]. 

In a conducing composite, the mechanism of conductivity can change depending on the 

components of the system. Although CNFs seem to be the conducting phase in the 

composite, they also generate resistance to electron flow at the contact points as constriction 

resistance and tunneling resistance. The contribution of conducting phase to the overall 

conductivity is not only related to its inherent conductivity or its concentration but also the 

structure of the network and contact resistance between fillers [46,53].  

 

 

Figure 5.5 (a) Chemical structure of DOS and (b) PVC-DOS interaction [26,51]  

 

In a system consisting of only polymer and filler, electron transfer can occur by direct contact 

between fillers and/or tunneling of electrons through a thin layer of polymer of the order of 
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remains constant, electron transfer might be hindered because of formation of additional 

insulating layer between filler-polymer and the mechanism of conductivity might become 

more complex [20,46,54]. 

In case of higher molecular weight of PVC-60, the accessible polar groups are higher.  That 

leads to higher interaction with DOS and the amount of the plasticizer present at the fiber-

matrix interface and on the surface is likely to be lower. The PVC-60, therefore, is likely to 

produce lower resistivity compared to the PVC-41 due to PVC-plasticizer interactions. In 

fact, PVC-60 has a lower t value of 2.15 compared to 2.94 for PVC-50 and 3.77 in case of 

PVC-41. On the other hand, for low molecular weight PVC-41, lower interaction might lead 

DOS molecules to be absorbed by CNF or migrate to the surface, shown schematically in Fig 

5.6b.   

 

 

Figure 5.6 Potential effect of DOS ratio on morphology (a) effect of DOS ratio and (b) effect 

of molecular weight 
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5.3.2.2 Piezoresistance 

Understanding of the piezoresistive behavior is a key to determine potential application of 

the PVC-CNF composite in sensing. Based on the percolation behavior of the composites 

presented in Fig. 5.3a, PVC-50 was chosen for further investigation for its piezoresistive 

behavior. In the study of piezoresistive behavior, influence of filler concentration and two 

levels of PVC/DOS ratio (50/50 and 35/65) were examined. CNF content of 8 and 9 wt% 

were chosen for their potential to be the most sensitive and stable response.  Additionally, the 

conductivity values of these combinations were in the range of our four point conductivity 

measurement set up.  

Ideally a piezoresistive sensor should show effective sensing behavior over a useful range of 

strain. In order to analyze this, piezoresistance studies were carried out with composite films 

at 2, 4, 8, 12, and 16% strain amplitudes. One of the most important observations made in 

this study is the effect of mechanical strain preconditioning, the repeated cyclic uniaxial 

straining of the specimen, on its piezoresistive response. Strain preconditioning creates a 

strain history which not only affects the subsequent mechanical behavior [55] but also 

electrical response. Our initial studies on the piezoresistive behavior of the composites 

suggested strong influence of the preconditioning amplitude. In general, the samples 

preconditioned at a higher strain level, produced consistent mechanical and electrical 

behavior below that strain level. Therefore, all of the samples reported in this study were 

preconditioned at 16% strain for 25 cycles.   
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In addition to piezoresistive response, other characteristics such as, dynamic response 

(repeatability and dynamic range, hysteresis), and aging behavior are also important for 

potential application of a material as sensor.  

Dynamic response of a sensor is significant in terms of its ability to respond timely under the 

effect of stimulus. If a sensor does not respond at the required frequency, dynamic error 

might occur [56,57].  In all of the measurements reported here the strain-resistance 

relationship was monitored simultaneously as a function of time. Dynamic response is not 

only important for obtaining a continuous data but also important for evaluating cyclic 

stability of the sensory material.   

Fig. 5.7 illustrates the change in electrical resistance of 8 wt% CNF containing 50/50 

PVC/DOS plastisol film at 2, 4, 8, 12, and 16% strains. In case of lower strain amplitudes (in 

the range of 2-8%), electrical resistance dropped with increasing strain and subsequently 

increased during recovery. This behavior can be attributed to the reversible CNF network 

configuration caused by applied strain. For higher strain amplitudes (in the range of 12-16%), 

increasing strain resulted in decreasing resistance, however, beyond a certain strain 

threshold; a slight increase in resistance is noted with increasing strain. After several cycles, 

the electrical response stabilizes and subsequent cycles almost retrace the same trend except 

for the beginning and end of the cycles. 

Although strain induced reduction in resistance (negative piezoresistance) has been reported 

elsewhere [21,22,58], to our knowledge this type of behavior is being reported for the first 

time for CNF containing composites.  
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Figure 5.7 Dynamic piezoresistive behavior of 8 wt% CNF containing 50/50 PVC-50/DOS 

plastisol composite films as a function of time for 10 cycles at different levels of strain:      

(a) 2% (b) 4% (c) 8% (d) 12% and (e) 16% 
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CNFs are high aspect ratio, cylindrical fillers, as a result any strain induced rotation and/or 

reorientation would have more significant and somewhat different effect on CNF composites 

than composites containing spherical fillers, i.e. carbon black. Unlike spherical particles, any 

change in spatial orientation (due to rotation) of the CNFs is more likely to affect the 

conducting network configuration (density of the contact points) within the composite. At 

lower values of strain, fibers tend to reorient along the strain direction primarily through 

rotation resulting in relatively lower filler to filler distance and formation of new bridges, 

networks leading to lower electrical resistance (see Fig. 5.8). At higher values of strain, 

translation of particles predominates, resulting in greater inter-particle separation and higher 

resistance (see Fig. 5.8). The increase in resistance during unloading is primarily due to the 

restoration of the relative position of the CNF particles due to recovery of the matrix 

polymer. However, in almost all cases the zero-strain electrical resistance is higher than that 

at the end of the first cycle. This is caused by the deformation (highest stress softening occurs 

in the first cycle) occurred in the first loading cycle [55]. 

 

 

Figure 5.8 Mechanism of piezoresistance change in PVC/CNF composites (a) at zero strain 

(b) between zero strain and critical strain (c) critical strain (d) after critical strain 

 

Hysteresis is another important parameter used for sensor characterization. Hysteresis is a 

phenomenon in which the response of a physical system to an external stimulus depends not 
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only on the present magnitude of the stimulus but also on the history. For piezoresistive 

strain sensors, it indicates the ability of a sensor to recover to its original behavior after 

repeated use. Since, hysteresis is an indicator of deviation from its original characteristics; its 

magnitude is of extreme important in terms of repeatability of the sensing function [56,57]. 

In our system, hysteresis behavior of electrical resistance was evaluated from resistance data 

during the loading-unloading cycles. Any deviation from the electrical resistance during the 

last loading cycle is assumed to be due to hysteresis. Based on this explanation, two 

characteristics of electrical resistance during loading-unloading cycles are noted as indicators 

of hysteresis; the change in resistance at the end of unloading cycle, and a measure of the 

plateau region at the beginning and end of cycles caused by the unrecovered strain as shown 

in Fig. 5.9. Since piezoresistance is an electro-mechanical phenomenon, mechanical response 

of the composite has significant impact not only on the polymer-polymer and filler-polymer 

interactions, but also configuration of filler network and electrical response. CNFs are very 

stiff material; they can retain their shape and show high dimensional stability under low level 

of strain. On the other hand, their relative distance and spatial location can change due to 

rigid body rotation and movement under stress caused by the deformation of the polymeric 

matrix (elongation along strain direction). Since filler spacial position under strain is 

controlled by the matrix polymer deformation, the ability of the polymer to recover from 

applied strain directly affects the mechanical and electrical response of the composite during 

the following cycles [21,22]. Although the samples showed good cyclic stability at low level 

of strains (in range of 2-8%); it showed a higher drop in resistance for 16% strain and 
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stabilized after higher number of cycles. This is assumed to be caused by stress softening of 

the composites under cyclic loading.  

 

 

Figure 5.9 10
th

 cycles of 8 wt% CNF containing 50/50 PVC-50/DOS plastisol composite 

films for different levels of strain amplitudes (a) change in resistance plotted a function of 

time, and (b) normalized resistance plotted as a function of time R0 is the resistance value at 

zero strain 

 

The level of unrecovered strain after mechanical cycling depends on the extent of stress 

softening and that in turn depend on the strain amplitude [59-61]. As seen in Fig. 5.10, the 

higher the maximum strain the higher the unrecovered strain (deformation). Effect of 

unrecovered strain on piezoresistive response is clearly manifested in the 10
th

 cycle strain-

resistance plot presented in Fig. 5.9. The resistance values plotted in Fig 5.9b is normalized 

by the initial resistance (Ro) at the beginning of the cycle. The small rise and fall in resistance 

at the beginning and end of the plot, respectively, represent the slack in the sample due to 

unrecoverable deformation in the sample representative of mechanical hysteresis. For 

obvious reasons, the highest hysteresis is observed in case of 16% and followed by 12% 
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strain amplitudes. Another notable feature of the behavior is the critical strain of transition at 

which the transition occurs from decreasing to increasing resistance as a function of strain. 

Strain amplitudes of 2, 4 and 8% did not show any transition, they showed continuous 

decrease in the resistance as a function of strain. While the critical strain of transition is 

11.3% for 12% strained sample, it is 11.7% for 16% strain amplitude. Small shift in that 

value is assumed to be caused from higher deformation end of 16% strain cycle. Higher 

deformation leads to higher unrecovered strain and it requires more time for complete 

recovery which is a result of different time-dependent behavior of composites.   

 

 

Figure 5.10 Cyclic tensile loading unloading curves for  8 wt% CNF containing 50/50 PVC-

50/DOS plastisol composite film at 4%, 12%, and 16% strain (1
st
and 25

th
 cycles) 
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amplitude.  This is a well-known phenomenon is referred to as Mullins effect [55,59,60] and 

has been attributed to various forms of network alteration in elastomers. 

 

 

 

Figure 5.11 Polymer-filler interaction/stress softening during loading and unloading cycles 

(Mullins Effect) 

 

During repeated loading-unloading cycles, polymer chains might slide on each other, change 

their orientation or chain rupture might occur in the polymer-filler interface (Fig. 5.11) 

[55,59,60]. While some of these changes are reversible some are not. As a result of the 

irreversible changes, mostly due to micro level distortions between polymer chains and 

damage at the filler-polymer interphase [62-66], composites show hysteresis in mechanical 

response. Although further softening can be observed in the subsequent cycles, the 

magnitude is relatively lower than the initial softening [55]. In case of higher strain 

amplitudes, the degree of stress softening is relatively higher.  In the present case, (Fig. 5.10) 
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the highest stress softening, and the largest decrease in resistance during loading and highest 

increase in resistance at the end of first cycle was observed for 16% strained sample.  

Another important point is the symmetry of resistance values recorded during loading-

unloading cycles. Although, the response during loading and unloading cycles almost seem 

to mirror each other, the drop in resistance during recovery is slightly more than the during 

the loading cycle. This is most likely due to the Mullins effect discussed earlier. The lower 

stress at a given strain during unloading compared to the loading cycle results in lower 

restorative force during recovery. This behavior has been noticed consistently in all 

PVC/CNF composites.  

A) Effect of filler concentration on piezoresistive response 

Filler concentration in a composite is one of the most influencing parameters in determining 

the composite characteristics, including its piezoresistive response. Filler concentration 

directly affects the conductive network structure (number of contacts, density of the 

conductive network in unit volume) which is critical for the sensing behavior of the material. 

In the case of very low filler concentrations, conductive network can be broken-down under 

very low level of strain that makes it impossible to monitor the piezoresistive behavior at 

higher level of strains. On the other hand, at very high filler concentrations (far above the 

percolation threshold), because of the difficulty in disturbing/breaking-down the highly 

saturated filler network, it is very difficult to monitor the piezoresistive response at low level 

of strains. Starting from these observations, we have compared the piezoresistive response of 

8 and 9 wt% CNF containing 50/50 PVC-50/DOS samples. Fig. 5.12 shows the effect of 

filler concentration on the piezoresistive behavior of PVC/CNF composites with 8 and 9 wt% 



 

215 

CNF at strain amplitudes of 2 and 16%. As obvious from the data both samples showed 

chance in resistance under strain but magnitude of sensitivity, which is represented by gauge 

factor, is different for each sample.  

Gauge factor (K) is defined as the change in resistance of a sample (ΔR) under an external 

strain (ɛ) was calculated using the expression by considering the most linear part of the R vs. 

 response: 

                                                                                                              Equation (5.2)                                                                                                              

Here R0 is the resistance of the sample at zero strain. 

 

 

Figure 5.12 Normalized resistance of 10
th

 loading cyles of 8% and 9% CNF containing 

50/50 PVC-50/DOS containing samples. Inset figure shows the gauge factor for each sample 

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Strain (%)
0               4               8               12               16N

o
rm

a
li

z
e

d
 R

e
s

is
ta

n
c

e
 (

R
/R

o
)

 8% CNF   9% CNF

2.4 2.7 3.0 3.3 3.6 3.9
-0.5

-0.4

-0.3

-0.2

-0.1

0.0 8% CNF 

9% CNF


R

/R
0

Strain (%)



 

216 

As given in Fig. 5.12, while 8 wt% CNF containing sample showed a K value of -42.63; 9 

wt% CNF containing sample showed a value of -22.54. As obvious from these results 

piezoresistive response was found more sensitive at concentrations close to the percolation 

threshold and weaker for higher filler concentrations. Piezoresistive response of conductive 

polymer composites is primarily due to the breakdown of the filler junctions and/or 

reformation of the conducting network. In our case lower filler concentration was found to 

support the formation of the additional conductive paths in throughout the composite by 

change in filler orientation. On the other hand, since at higher concentration number of the 

conductive paths already higher (more saturated network), and resistivity of the system is 

lower, change in filler orientation did not lead to large-scale changes in the resistance. This 

relationship between filler concentration and piezoresistive response gives us chance to 

choose the filler concentration for desired sensory behavior.  

B) Effect of PVC/DOS ratio on piezoresistive response 

Matrix type is another important variable for the piezoesistive response, because it directly 

affects the processing conditions, filler-matrix interaction, interphase, filler dispersion and 

network configuration. However in our case, same polymer was used with different 

matrix/plasticizer ratio. Since we observed different electrical behavior and percolation 

threshold values depending on the PVC/DOS ratio in the previous part, we have investigated 

the effect of plasticizer (DOS) content on piezoresistive response. In order to discern the 

influence of the plasticizer (DOS) content of the composites on their piezoresistive behavior, 

an additional composition of 35/65 PVC/DOS matrix was evaluated.  Fig. 5.13 shows the 

dependence of relative resistance of the composites. Although both samples showed negative 
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piezoresistance under strain, magnitude of the relative resistance chanced and critical strain 

of transition values were affected by composition of the composite. As given in Fig. 5.12 and 

Figure 5.13, while 50/50 PVC-50/DOS showed a K value of -22.54; 35/65 PVC-50/DOS 

sample showed a value of -44.36. As obvious from these results, 35/65 PVC-50/DOS 

composite showed higher sensitivity with almost no hysteresis when compared with 50/50 

PVC/DOS. There are basically two reasons for this kind of response. First one is the higher 

flexibility and better recoverability of the composite which contains higher level of DOS. 

Increased plasticizer reduces the restriction of polymer chains by increasing free volume and 

weakening interaction between filler and matrix. As a result of increased mobility of polymer 

chains, fillers can rotate relatively easier even at lower levels of strain. The relative change in 

resistance for 35/65 PVC/DOS at 4% strain was higher than the one obtained for 50/50 

PVC/DOS at 16% strain.  This was also seen in transition values of critical strain. While 

50/50 composite presented a transition value round 11.5%; 35/65 PVC-50/DOS showed a 

value of around 6%. 
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Figure 5.13 Normalized resistance of 10
th

 loading cyles of 9 wt% CNF containing samples 

with the PVC-50/DOS ratios of 50/50 and 35/65. Inset figure shows the gauge factor for each 

sample  

Other reason is the contact resistance between fillers. As previously mentioned, higher DOS 

content increases the contact resistance between fillers and lead to higher resistivity. In that 

case, even at lower strains chance in filler location is crucial for overcoming the contact 

resistance between fillers. Since zero strain resistance of 35/65 PVC/DOS relatively higher, 

movement and rotation of fillers lead to formation of new pathways and decreases the 

distance between fillers and electron movement from one filler to other enhances.  
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Figure 5.14 Dynamic piezoresistive behavior of 9 wt% CNF containing 35/65 PVC-50/DOS 

plastisol composite films as a function of time for different levels of strain (a) 2% (b) 4%   

(c) 8% (d) 12% and (e) 16% 
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The other point is the difference in cyclic symmetry and cyclic stability. As clearly seen from 

Fig. 5.14, 35/65 PVC/DOS showed almost no hysteresis with good cyclic stability and 

symmetry when compared with 50/50 PVC/DOS one. As previously mentioned hysteresis 

occurred in piezoresistive response was caused by mechanical hysteresis given unrecovered 

strain. While 50/50 PVC-50/DOS sample showed unrecovered strain value of 3.7% end of 10 

cycles; 35/65 showed 2.2% which is an indication of better recoverability. 

Conclusions 

In this study, we have presented the fabrication of various conductive plastiosol composite 

films and their morphological, electrical and piezoresistive characterization. Homogeneous 

CNF distribution was achieved by high shear mixing for both low and high filler 

concentrations. Filler concentration, PVC/DOS ratio and molecular weight of PVC were 

found to affect the resistivity of the system. While increased DOS content was found to 

increase in resistivity, higher molecular weight resulted in lower resistivity. Samples were 

found to show negative piezoresistance at different levels of strain. Both filler concentration 

and PVC/DOS ratio was found significant in terms of piezoresistive response. Lower CNF 

content and higher DOS content lead to higher sensitivity in terms of piezoresistance.  

As a summary we have shown that CNF filled conductive plastisols were able to detect the 

change in strain by monitoring the change in resistance. These materials can be used for 

many applications including printed sensors. 
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CHAPTER 6. PIEZORESISTIVE FABRIC BASED SENSORS 

 

Abstract 

In this study, we demonstrate fabrication of piezoresistive sensors on textile fabrics through 

application of a screen-printed conductive nanocomposite layer of plasticized poly(vinyl 

chloride) (PVC), and carbon nanofiber (CNF). CNFs at various concentration levels were 

dispersed in a plastisol matrix to achieve the piezoresistive sensing layer on the fabric. 

Microscopic analysis showed homogeneous dispersion of CNFs without any dominant filler 

orientation throughout the conductive layer with good filler-matrix interface. It was also 

shown that conductive layer presented good adhesion to the fabric even after repeated cycles. 

The PVC/CNF nanocomposite printed fabrics were found to exhibit significant sensitivity to 

applied strain and magnitude of sensitivity was found to depend on magnitude of strain and 

filler concentration.  

6.1 Introduction 

Recent efforts in integrating electronic functionality in fibers and textiles have led to an 

entirely new field of research and product development dubbed as electronic textiles or e-

textiles. Electronic textiles are functional textiles which offer aesthetic appearance as 

conventional textiles with the additional electronic functionality. Although research in the 

field of e-textiles started at the end of 1960s; the most important contributions have been 

made in the last two decades parallel with the advances in polymer-based flexible electronics 
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and optics. In addition, design and development of functional polymers and fibers have 

played a significant role in this development. Electronic textiles include wearable-

instrumented garments capable of sensing fundamental signals related to physiological and 

mechanical activities, including vital signs, of a human body with no discomfort to the 

subject. In a broader sense e-textiles is can be extended to any textile products and may be 

crucial to many future applications including biomedicine, rehabilitation, and haptic 

interfaces.  

Textiles (garments and others products) constitute an obvious choice as multifunctional 

platforms because of many reasons, including, flexibility, lightweight, conformability, etc. 

However, off-the-shelf electronic systems are often not ideal for integration in textiles 

because of their incompatible properties such as bulk, rigidity, etc. and associated problems 

with wearability and lack of durability to washing, perspiration, etc.  In its simplest form, E-

textiles can only have sensory elements which can only sense the changes in the 

environment. Others may have the ability to sense and react. The third generation of the E-

textiles has the ability of sense, react and adapt to the environment [1-3]. Depending on the 

type and function of adapted/integrated electrical-electronic system, E-textiles may be 

capable of sensing, data processing, actuation, and energy storage or generation.  

Integrated sensing capability with flexibility and environmental stability is a key element for 

future e-textile products. Sensors are transducers that are capable of converting mechanical, 

chemical, optical, and other forms of stimuli into electrical signals. In other words, sensors 

are able to measure and convert the quantity of physical variable into an electrical signal. 

Depending on the system, common physical variable or stimulus (measurand) can be in the 
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form of force, temperature, length, strain,  pressure, time, resistance, capacity, frequency, 

velocity, acceleration; and output signal can be voltage or  current [4,5]. Like in the 

traditional electronic sensors, ideal textile based sensors should be able to provide an 

interface between user and the electronic system by converting any type of physiological or 

environmental measurand into electrical signal [6-14]. Such sensors can be readily used in 

many applications such as sports [12], medicine-rehabilitation [15], and protection [16]. 

Textile based sensors can be classified in a number of ways based on application (health 

monitoring, pressure, strain sensors) or type of material (knitted, woven, printed fabric, etc.). 

However, in a fundamental sense, the most useful classification can be based on the principle 

of sensing. The most common principles of sensing implemented in textiles are capacitive 

[8,17-20], inductive [18,21,22], piezoelectric [23,24], optical [10,25-28], 

chemical/biochemical [9,12,13] and piezoresistive [29-32]. In all these, textile based 

piezoresistive sensors (TBPS) have wide range of applications including; strain monitoring 

[33], gas sensing [34], temperature sensing [15,35], pressure sensing [36,37] body-posture 

monitoring [38-40] health monitoring (vital signals, respiration) and rehabilitation [29,38,41]. 

Piezoresistivity is a material property where the bulk resistivity of the material is altered by 

applied deformation. The piezoresistive effect has been observed for semiconductors such as 

germanium and silicon [42] as well as multicomponent composite systems [43]. The 

piezoresistive response of polymer composites with conductive fillers has been attributed, 

primarily, to the breakdown of the filler-filler junctions and/or reformation of the conducting 

network. Dominant mechanism depends on many factors such as filler concentration [44,45], 

filler geometry and orientation [46,47] and direction and amplitude of the applied stress [48]. 



 

229 

Depending on the dominant mechanism, the observed piezoresistive behavior due to applied 

tensile strain can be either positive (increase in resistance) or negative (decrease in 

resistance).  

Various materials and composites in a number of forms have been used for TBPS. These 

include, inherently conducting polymers (ICPs) [34,49-51], conductive polymer composites 

(CPCs), conducting yarns [11,52,53], and knitted fabrics [54] made from conductive yarns. 

Initial studies in the area of TBPS started with simply coating of textile surfaces with ICPs, 

primarily because of their good electrical conductivity and flexiblity. Polypyrrole (PPy) is the 

most often used conducting polymer reported in the literature for textile based sensors 

because of its high conductivity, and non-toxicity [33,34,49-51]. However, PPy has the 

disadvantages of instability in air, aging tendency, high response times with poor 

repeatability [34,35].  It is also reported that coating with PPy is relatively difficult and time 

consuming when compared with traditional printing and coating methods [35]. On the other 

hand, textiles coated with CPCs have many advantages over ICPs, including higher 

flexibility, stability, ease of application, low cost and compatibility, accuracy with good 

repeatability [14]. The aim of this work is to develop a flexible, lightweight and strain 

sensitive textile based sensor for E-textile applications.  Potential applications of the 

proposed sensor include physiological monitoring and rehabilitation.  

In this work, we report printed sensors using elastic, conductive, and solvent-free 

nanocomposite plastisol paste, developed mainly from PVC, and CNFs. The conducting 

plastisol composite layer was found to show homogeneous filler dispersion and good 

adhesion to the fabric. The printed fabrics showed strain-dependent negative piezoresistive 
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response. Sensitivity and stability of the piezoresistance was found to be dependent on the 

preconditioning and magnitude of the applied strain and filler concentration. 

 

6.2 Materials and Methods 

The PVC resin used for plastisol preparation is Solvin 372 from Solvay Corporation. The 

resin was referred to as PVC-50, where the postscript designation denotes the number-

average molecular weight of the resin in kg mol
–1

. The plasticizer used is Bis(2-ethylhexyl) 

sebacate (dioctyl sebacate) (DOS) manufactured by Acros Organics and obtained from Fisher 

Chemicals. Epoxidized soybean oil (ESO) is used as thermal stabilizer and obtained from 

Spectrum Chemicals Mfg Corp. Vapor grown carbon nanofibers (VGCNF)  used as 

conducting filler  is obtained from the Showa Denko Corporation. The VGCNF had surface 

area of 13 m
2
 g

-1
 and nominal fiber diameter of 150 nm with aspect ratio ranging from 100 to 

150. In order to ensure adhesion between the conducting plastisol composite and the fabric 

substrate, a bonding agent, designated as Binder 2001 and sold by Nazdar SourceOne, is also 

used.  

Based on our previous studies plastisol with 50/50 PVC/DOS ratio was deemed ideal for 

printing on fabrics. Composites with 50/50 level of PVC/DOS ratio and five levels of filler 

concentrations from 3 up to 7 wt% were prepared with binder (20 wt% of PVC+DOS as 

recommended by the manufacturer) as the other additive 5 wt% (of PVC) of ESO and 20 

wt% of PVC+DOS as the other additive. In preparing the composite printing paste all mixing 

was done in a high shear mixer (Mazerustar KK-50S). In the first step of composite 

preparation, appropriate amount of ESO and DOS were mixed for 10 sec. and CNF was 
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added and mixed further for 60 sec. This was followed by addition and mixing of PVC for 

another 60 sec. In the last step, the binder was added to the mixture and processed further for 

60 sec.  Screen printing of the plastisol composite on fabrics (single jersey knitted, 92% 

Polyester, 8% Spandex, 345 gr m
-2

) were carried out by hand with flat printing screen with 

the mesh number of 60 (60 mesh in 1 inch). Post printing curing of the conductive plastisol is 

necessary to gel and fuse the material for producing uniform, rubbery printed layers. Curing 

was carried out in a Mathis Laboratory type dryer at 140°C for 30 minutes. The temperature 

was chosen to achieve complete melting of PVC to enhance the interaction between matrix-

filler and paste-fabric interface. For the preparation of the films, CNF containing plastisol 

paste was then compression molded into 0.5 mm thick films in a laboratory type hydraulic 

press with heated platens at 140°C for 30 minutes.  

To investigate CNF dispersion, orientation, surface morphology of printed layer, filler-matrix 

and composite-fabric adhesion characteristics, the printed fabrics were examined with a 

JEOL-6400F field emission scanning electron microscope (FESEM) under low-voltage 

(1kV) without any surface coating.   

Volume resistivity of the composite films was determined by Keithley Model 6517B 

Electrometer and Model 8009 Resistivity Chamber   in accordance with ASTM D-257 

standard. Since printed fabrics have two layers as printed layer and fabric, same instrument is 

not proper for resistivity measurements of printed fabrics. Resistance measurement of the 

printed fabrics was carried out using a four- probe set-up consisting of a current source 

(Keithley 6221) and a nano-voltmeter (Keithley 2182A) under 1 µA input current. The set-up 
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is controlled by a computer for automated data acquisition and voltage scans. Resistivity of 

the samples was calculated from the following formula: 

                                                                                                                Equation (6.1) 

Before making the electrical measurements, specimen thicknesses were determined using a 

precision thickness meter (Mitutoyo ID-C112E). 

To determine the piezoresistive behavior of the printed fabrics, specimens, 80 mm long and 

25 mm wide, were prepared by attaching four electrical leads, 1.3 mm apart, along the 

centerline of the sample parallel to the longitudinal direction (parallel to the direction of 

applied strain). Electrical leads were attached using small beads of plastisol composites with 

high carbon black content (20 wt%) prepared in our lab for this purpose. Specimens were 

clamped on a load frame (Fig. 6.1) with the gauge length set at 50 mm and cycled to 2, 4, 8, 

12, 16% strain amplitudes at a speed of 4.4 mm min
-1

. Dynamic resistance measurement on 

these samples was carried out using the same four-probe set up used for resistance 

measurements.  

 

 

Figure 6.1 Piezoresistance measurement set-up 
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Since we have observed the effect of mechanical strain preconditioning, the repeated cyclic 

uniaxial straining of the specimen, on its piezoresistive response for conductive composites, 

all of the samples reported in this study were, therefore, preconditioned at 16% strain for 25 

cycles.  For the strain cycling tests, (25mm x 80mm) composite specimens were prepared and 

tested on a MTS 3G load-frame with a gauge length of 50 mm. Samples were cycled to pre-

yield strain of 16% strain at 4.4 mm min
-1

. The strain value which intercepts stress value at 0 

MPa was determined as unrecovered strain.  

6.3 Results and Discussion 

6.3.1 Morphology 

In order to analyze the dispersion and orientation of CNFs in the plastisol composite, and to 

discern the surface morphology of the printed layer as well as plastisol-fabric adhesion we 

examined cyrofractured (in liquid nitrogen) cross-sections and surfaces of the test samples.   

 

 

Figure 6.2 SEM images of 6% CNF containing 50/50 PVC-50/DOS plastisol printed fabric 

at different magnifications  

20 µm100 µm

500 µm
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Uniformly distributed light and raised spots representing the CNF particles in Fig. 6.2 and 

Fig. 6.3 clearly show the uniform dispersion of fillers without any dominant orientation and 

particle clusters. It is also obvious from Fig. 6.3c and d, that the filler/polymer interphase is 

robust with high matrix/filler adhesion. The good adhesion between CNFs and plastisol is 

probably due to, decreased surface tension of the plasticized polymer matrix, high 

temperature processing (melt processing), and the nanoscale surface roughness of CNF 

particles. In addition, printed plastisol layers in Fig. 6.2, 6.3c and d) do not show any surface 

cracks or delamination as evidence of good adhesion to the fabric even after mechanical 

cycling.  

 

 

Figure 6.3 SEM images of 6% CNF containing 50/50 PVC-50/DOS plastisol printed fabric 

(a) surface before cycling (b) surface after 200 cycles (c) cross-section before cycling and (d) 

cross-section after 200 cycles 

 

 

2 µm 2 µm

5 µm 5 µm

a

c d
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6.3.2 Electrical properties 

6.3.2.1 Resistivity 

The addition of conducting fillers into an insulating matrix enhances its electrical properties, 

i.e., conductivity [55-57]. Unlike inherently conducting materials, a percolation threshold 

must be reached by the filler before the matrix becomes conductive. Percolation threshold is 

the point at which conductive filler particles begin to form of a continuous conducting path 

across the composite and the resistivity of the composite drops precipitously by many orders 

of magnitude.  The resistivity of printed fabrics as a function of CNF content (wt%) is shown 

in Fig. 6.4.  

 

 

Figure 6.4 Variation of resistivity of composite films and printed fabrics as a function of 

CNF content. Inset figure shows the on exponent t values of film and printed fabric 
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As shown in Fig. 6.4, resistivity of both composite film and printed fabric showed transition 

from insulating to conducting by increasing the filler content. However, percolation threshold 

of printed fabric seems to be lower than composite film. In order to determine the percolation 

threshold according to the classical percolation theory and to have an idea about the lattice 

dimensionality/structure/strength of the percolating network, critical exponent was calculated 

(by using the resistivity values) below the percolation threshold with a power law equation 

[58,59] as follows which was well agreed in the literature [55,56,60-62]:  

        
    for                                                                                  Equation (6.2) 

ρ is the resistivity of the printed layer, ϕ is the volume fraction of the filler, ϕc is the 

percolation threshold, and t is the dc transport critical exponent. The occurring linear 

relationship between log (ρ) vs. log (ϕ-ϕc) allowed us to calculate the ϕc and t. Different ϕc 

values were used in order to obtain best fit and highest R
2
 values.  

 

Table 6.1 t, ϕc and R
2
 values of samples 

Material t ϕc R
2
 

Composite Film 2.94 0.039 (~7 wt %) 0.99 

Printed Fabric 2.20 0.021(~3.5 wt %) 0.92 

 

 

As given in Table 6.1, percolation behavior of the printed composite layer was found to be 

significantly different from the composite films.  While composite film showed a ϕc value of 

0.039 (~7 wt %) and t value of 2.94, printed fabric showed a ϕc value of 0.021 (~3.5 wt %) 
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and t value of 2.20. In our previous studies, we have observed the negative effect of DOS on 

resistivity. Based on this observation, we have investigated the plasticizer-fabric interaction. 

While polar plasticizers have strong interactions with polymeric matrix and lower potential 

for migration from the matrix to the fabric; non-polar solvents show poor interaction and 

higher migration tendency [24, 36]. DOS is a non-polar plasticizer and its migration from 

plastisol to fabric seems possible, especially for the composites with higher levels of 

plasticizer. The lower percolation threshold for printed fabric is likely caused by plasticizer 

migration from the matrix plastisol to the fabric. In order to investigate this, fabric samples 

were extracted in acetone and dried followed by printing (on part of it) and curing. Non-

printed part of the fabric at the boundary of the printed area was removed and boiled in 

acetone for 30 minutes for extraction of DOS. Acetone was evaporated and FT-IR spectrum 

of the extract was obtained.  

 

 

Figure 6.5 FT-IR spectrum of DOS (black) and extract (red). Inner figure represents the 
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FT-IR spectra of pure DOS and the extract presented in Fig. 6.5 completely overlap each 

other. It is obvious that the plasticizer has migrated to the fabric during printing and/or the 

curing process. DOS is an aliphatic CH2 chain with two ester groups which makes it 

relatively non-polar, see Fig. 6.6a. The DOS molecule can interact with PVC with the help of 

the ester groups as shown in Fig. 6.6b [63-66]. Because of relatively non-polar structure, all 

DOS molecules might not interact with PVC and easily accessible smooth fiber surfaces (see 

Fig. 6.2) likely to allow wicking of DOS into the fabric structure and away from the 

composite. Decreased DOS will also decrease the contact resistance between fillers and 

increase the conductivity of the network. 

 

 

Figure 6.6 (a) Chemical structure of DOS (b) PVC-DOS interaction [63,66]  

  

Mechanism of conductivity in a material and in particular in a composite can change 

depending on the components of the system. Although CNFs seem to be the conducting 
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contact points as constriction resistance and tunneling resistance. The contribution of 

conducting phase to the overall conductivity is not only related with its inherent conductivity 

or its concentration but also the structure of the network and contact resistance between the 

fillers [67,68]. In a system consisting of only polymer and filler, electron transfer can occur 

by direct contact of fillers and/or tunneling of electrons through a thin layer of polymer in the 

order of few angstroms. In the case of higher plasticizer content, even if the filler-filler 

distances kept constant, electron transfer might be hindered by the formation of an additional 

insulating layer at the filler-polymer interphase and the mechanism of conductivity might 

become more complex [67,69,70]. On the other hand, in the case of printing, migration of 

DOS from plastisol to the fabric decreases contact resistance between fillers and enhances 

the electrical conductivity and lowers the percolation threshold of the system. 

In addition to ϕc value, we have observed change in t value for printed films. As given in the 

literature, conductive composites show t values in a wide range from 0.9 to 6.4 depending on 

the network structure and mechanism of conductance [55,56,62,71-75]. While two 

dimensional systems were found to show t values between 1.4-1.5, three dimensional 

systems were reported to have 1.5-2.  As a common terminology, t=2 accepted as a universal 

behavior and deviation from this (t>2) described as non-universal behavior. The difference 

between 2D and 3D networks and non-universal behavior were basically attributed to filler 

type, filler geometry [62,72,74,75], matrix type [71], processing conditions [73] all of which 

affect the tunneling between conductive fillers [76-79]. Deviation from universal behavior 

(t=2) and complex conduction mechanism probably caused by high aspect ratio [55,56,62] of 

CNFs and high contact resistance between fillers [67,80]. Although, t value of the printed 
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layer was higher than 2 which is in agreement with previous results (2.38-3.21) obtained 

from VGCNF filled composites [55,56,62], it was lower than what we obtained for 

composite films which is also caused from the migration of DOS from the plastisol structure 

during printing or curing.  

6.3.2.2 Piezoresistance 

Ideally a piezoresistive sensor should show effective sensing behavior over a practical range 

of strain. In order to analyze this, piezoresistance studies were carried out with printed fabrics 

at 2, 4, 8, 12, and 16% strain amplitudes. Our initial studies on the piezoresistive behavior of 

the printed fabrics suggested strong influence of mechanical preconditioning of the samples 

to a higher strain for consistent behavior within the strain range of interest.  All of the 

samples reported in this study were, therefore, preconditioned at 16% strain for 25 cycles 

prior to evaluation of their piezoresisitive behavior. 

The piezoresisitve behavior reported here is limited to fabrics printed with 5, 6, and 7 wt% 

CNF containing plastisol composites. The choice is primarily based on our initial studies on 

percolation behavior of the PVC/CNF composites and printed fabrics, as well as the viscosity 

of the printing paste required for screen printing.   

The piezoresistive response of the printed fabrics was investigated as a function of strain 

amplitude ranging from 2% to 16%. Figs. 6.8, 6.9, and 6.10 show change in electrical 

resistance as a function of time during 10 loading and unloading cycles at various strain 

amplitudes for different filler concentrations. In all cases, all fabric sensors showed drop in 

resistance with applied strain, a response dubbed as negative piezoresistance in the literature.  
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In all cases of lower strain amplitudes (in the range of 2-8%), electrical resistance dropped 

continuously with increasing strain, and the resistance increased during recovery. The drop in 

resistance can be attributed to the reversible change in CNF network configuration in which 

the rotation as well as translation of cylindrical CNF particles due to applied strain resulted in 

more CNF particles being brought to the sample-plane.  The potential result is greater 

number of percolating pathways through the composite and there by lower electrical 

resistance. For higher strain amplitudes (in the range 12-16%), increasing strain resulted in 

initial lowering of resistance, however, beyond a certain strain small increase in resistance is 

noted with increasing strain. The rise in resistance at greater applied strain is a result of 

translation dominated particle movement at higher strain that results in overall damage to the 

percolating network. Although strain induced negative piezoresistance has been reported 

elsewhere for carbon black filled composites [46,81,82]  and CNT-coated yarns [83], to our 

knowledge, this type of behavior is being reported for the first time for conductive (CNF 

filled) plastisol printed fabrics. CNFs are high aspect ratio, cylindrical fillers, as a result any 

strain induced rotation and/or reorientation would have more significant and somewhat 

different effect on CNF composites than composites containing spherical fillers, i.e. carbon 

black. Unlike spherical particles, any change in spatial orientation (due to rotation) of the 

CNFs is more likely to affect the conducting network configuration (density of the contact 

points) within the composite. 
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Figure 6.7 Mechanism of piezoresistance change in PVC/CNF composites (a) zero strain (b) 

between zero strain and critical strain (c) critical strain (d) after critical strain 

 

As shown in Fig. 6.7, at lower values of strain, fibers tend to reorient along the strain 

direction primarily through rotation resulting in lower filler to filler relative distance and 

formation of new bridges, networks leading to lower electrical resistance.  At higher values 

of strain (after critical strain), translation of particles predominates, resulting in greater inter-

particle separation and higher resistance (see Fig. 6.7). The increase in resistance during 

unloading was a result of relaxation and recovery of the polymeric matrix, which stimulates 

CNFs to return to their original position. The resistance-strain relationships of PVC/CNF 

composite printed fabrics shown in Figs. 6.8, 6.9, and 6.10, are generally stable, repeatable, 

and show almost no hysteresis. This behavior is markedly different from that of composite 

films reported earlier.  

The difference is most likely caused by the structural characteristics of the highly elastic 

knitted fabric and the flexible printed layer. Printed fabrics can be considered as laminates 

with three components namely, the printed layer (plastisol composite), the fabric, and may be 

more importantly the interphase, see Fig 6.2. The properties of each of these directly affect 

electrical, mechanical, morphological properties of the system. The interphase is formed by 

the penetration of plastisol composite into the fabric structure and functions to bind the yarns 

in the fabric and restricts their mobility.  Particularly, in case of relatively more deformable 
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knit fabrics the formation of this interphase enhances the mechanical properties of the fabric 

significantly.  

 

 

Figure 6.8 Dynamic piezoresistive behavior of 5 wt% CNF containing 50/50 PVC/DOS 

plastisol printed fabric as a function of time for different levels of strain (a) 2% (b) 4% (c) 

8% (d) 12% and (e) 16% (red dashed lines represents the end of 1
st
 loading and unloading 

cycle) 
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Figure 6.9 Dynamic piezoresistive behavior of 6 wt% CNF containing 50/50 PVC/DOS 

plastisol printed fabric as a function of time for different levels of strain (a) 2% (b) 4% (c) 

8% (d) 12% and (e) 16% (red lines represents end of 1
st
 loading and unloading cycle) 
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Figure 6.10 Piezoresistive behavior of 7 wt% CNF containing 50/50 PVC/DOS plastisol 

printed fabric as a function of time for different levels of strain (a) 2% (b) 4% (c) 8% (d) 

12% and (e) 16% (red lines represents end of 1
st
 loading and unloading cycle) 

 

Fig. 6.11 shows the effect of filler concentration and strain amplitude on strain sensitivity 

(normalized resistance) and cyclic symmetry of the printed fabrics. 
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Figure 6.11 Normalized resistance values of printed fabrics with 5, 6, and 7 wt% CNF 

containing plastisol as a function of strain (10
th

 loading and unloading cycles)   

 

As obvious from the data, both samples showed chance in resistance under strain with very 

good cyclic symmetry but magnitude of sensitivity which is represented by gauge factor, is 

different for each sample.  Gauge factor (K) is defined as the change in resistance of a sample 

(ΔR) under an external strain (ɛ) was calculated using the expression by considering the most 

linear part of the R vs.  response: 

                                                                                                              Equation (6.3) 

Here R0 is the resistance of the sample at zero strain. 

As given in Fig. 6.11, while 5% CNF containing sample showed a K value of -31.51; 6 wt% 

CNF containing sample has a value of -11.8 and 7 wt% CNF containing sample has a value 
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of     -8.3. As obvious from these results piezoresistive response was found more sensitive at 

concentrations close to the percolation threshold and weaker for higher filler concentrations.  

 

 

Figure 6.12 Normalized resistance of 10
th

 loading cyles of 5, 6, and 7 wt% CNF containing 

samples. Inset figure shows the gauge factor for each sample (10
th

 loading and unloading 

cycles)   

 

Piezoresistive response of conductive polymer composites is primarily due to the breakdown 

of the filler junctions and/or reformation of the conducting network. In our case, lower filler 

concentration was found to support the formation of the additional conductive paths in 

throughout the composite by change in filler orientation. On the other hand, at higher 

concentrations number of the conductive paths already higher (more saturated network), and 

resistivity of the system is lower, change in filler orientation did not lead to large-scale 
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changes in the resistance. This relationship between filler concentration and piezoresistive 

response gives us chance to choose the filler concentration for desired sensory behavior.  

Conclusions 

In this study, we have presented the fabrication of piezoresistive fabric based sensors and 

their morphological, electrical and piezoresistive characterization. Homogeneous CNF 

distribution was achieved by high shear mixing for both low and high filler concentrations. 

Samples were found to show negative piezoresistance at different levels of strain. Strain level 

and filler concentration were found to affect the piezoresistive behavior and sensitivity of the 

printed sensors. Lower CNF content and higher strain level resulted in more sensitive 

piezoresisive response. As a summary, we have shown that printed fabrics with CNF filled 

conductive plastisols were able to detect the change in strain by monitoring the change in 

resistance with perfect cycling stability. These materials can be used for many applications 

including strain gauges and rehabilitation purposes.  
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CHAPTER 7. CONCLUSIONS & FUTURE SUGGESTIONS 

 

Carbon nanofiber (CNF) filled plastisol (plasticized polyvinyl chloride) composites were 

developed by incorporation of different levels of filler for three different molecular weights 

of PVC to be used as a printing media for textile based sensors. Morphological, mechanical 

and electrical properties of composites were investigated. Good filler/polymer interphase was 

observed without any dominant filler orientation regardless of the CNF concentration 

throughout the composites even at high filler concentrations. Mechanical properties such as 

tensile strength and elastic modulus were found to be affected by filler, plasticizer content 

and matrix molecular weight. While, increase in filler ratio and molecular weight of polymer 

matrix lead to enhance in mechanical properties; increase in plasticizer ratio was found to 

negatively affect the mechanical properties. Same variables were also found to affect the 

electrical and piezoresistive response of the composites. While increased plasticizer content 

was found to increase the resistivity, higher molecular weight resulted in lower resistivity. 

Although all conductive plastisols were found to show negative piezoresistance at different 

levels of strain from 2 to 16%, samples with lower CNF content and higher DOS content lead 

to higher piezoresistive sensitivity with the gauges factors around -42to -44. In addition to 

characterization of composites, conductive plastisol was used as printing media for textiles to 

be used as piezoresistive strain sensors. Printed fabrics showed relatively lower percolation 

threshold compared with composite films. This difference was showed to be caused by 

plasticizer migration from plastisol to fabric during printing and curing. Similar with plastisol 

composites, printed fabrics showed negative piezoresistance under different levels of strain 
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changing from 2-16% and lower filler concentration showed higher gauge factor compared 

with higher filler concentrations. 5, 6 and 7% CNF containing printed samples showed gauge 

factors of -31.51, -11.18 and -8.3 respectively. However printed fabrics resulted in higher 

cyclic stability compared with composites. The difference is most likely caused by the 

structural characteristics of the highly elastic knitted fabric and the flexible printed layer. 

Printed fabrics can be considered as laminates with three components namely, the printed 

layer (plastisol composite), the fabric, and may be more importantly the interphase. The 

properties of each of these directly affect electrical, mechanical, morphological properties of 

the system. The interphase is formed by the penetration of plastisol composite into the fabric 

structure and functions to bind the yarns in the fabric and restricts their mobility.  

Particularly, in case of relatively more deformable knit fabrics the formation of this 

interphase enhances the mechanical properties and recoverability of the fabric significantly.  

The key material parameters that determine performance of conductive piezoresistive 

composites are their filler, plastisol and matrix composition. Different sensor materials with 

different sensing limits can be obtained by tuning the plastisol composition. In addition to 

strain sensors, these materials are promising materials for pressure, temperature and gas 

sensors. Research in that area might be useful for development of multifunctional textile 

sensors. 


