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ABSTRACT 

 

Transparent conductors and flexible sensors are essential components of modern 

technology. Doped metal oxides and conductive polymers are typically used as the 

functional materials. With the former being inherently brittle and increasingly expensive 

and the latter suffering from chemical instability and complex processing, it is widely 

accepted that further technological progress requires new materials. Carbon nanotube 

modified polymers show great promise for the development of components that 

simultaneously exhibit electrical conductivity, optical transparency, and or mechanical 

flexibility. The interest in carbon nanotube modified polymers is reflected in a substantial 

and ever increasing amount of research devoted to the development of exactly such 

materials. Progress over the past years has been considerable, yet fundamental problems 

remain to be explored; most notably, the nature of electron conduction through carbon 

nanotube modified polymers is not fully understood. In this work, electron conduction in 

carbon nanotube modified polymers is studied, focusing on the configurational 

characteristics of the particle network that underlie the electrical behaviour of the 

material. 

Multiwalled carbon nanotube modified polydimethylsiloxane is used as a model 

material. Detailed analyses of electrical and rheological material properties provide the 

basis for the investigation of the interdependence between network configuration and 

electrical behaviour. It is shown that electron conduction in carbon nanotube modified 
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polymers is controlled by percolation, involves quantum mechanical tunnelling at carbon 

nanotube junctions, and primarily depends on the configuration of the particle network, 

which can be described by two parameters, namely the percolation threshold and the 

conductivity exponent. At particle mass fractions close to the percolation threshold the 

electrical behaviour of the material is dominated by the characteristics of individual 

electron-conducting paths, in which electron conduction is controlled by quantum 

mechanical tunnelling between adjacent but non-contacting particles; at higher particle 

mass fractions, despite quantum mechanical tunnelling events within the individual 

electron-conducting paths, the electrical behaviour of the material is dominated by the 

characteristics of the network as a whole, which can be viewed as a resistor network. It is 

found that the piezoresistive effect in electroconductive nanocomposites is rooted in a 

mechanical deformation induced change in the distribution of local conductances and it is 

shown that the conductivity exponent depends on the distribution of local conductances, 

and that the latter varies with network morphology. It is inferred that the prevalent 

assumption that percolation theory presupposes direct contact between adjacent particles 

within electron-conducting paths is incorrect, and that, instead, percolation theory 

assumes a particle network with constant local conductance. With regard to the use of 

carbon nanotube modified polymers as functional materials, it is shown that particle mass 

fraction together with processing can be adapted to optimize performance. Optimized 

percolation by means of external fields is studied in detail, and key parameters as well as 

the underlying microstructural changes within the particle network are identified. 
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ABRÉGÉ 

 

Des conducteurs transparents et des capteurs flexibles sont des composantes 

indispensable de la technologie moderne. Des oxydes métalliques dopés et des polymères 

conducteurs sont typiquement utilisés en tant que matériaux fonctionnels. Le premier 

étant intrinsèquement fragile et de plus en plus cher et le dernier souffrant d'instabilité 

chimique et de fabrication complexe, il est généralement reconnu qu’un progrès 

technologique continu nécessite des nouveaux matériaux. Les polymères modifiés de 

nanotubes de carbone sont très prometteurs pour le développement de composants qui 

sont simultanément conducteur et transparent et ou flexible. L'intérêt porté aux polymères 

modifiés de nanotubes de carbone se traduit par un effort important et croissant en 

recherche scientifique consacrée à l'élaboration de tels matériaux. Le progrès au cours des 

dernières années a été considérable, mais des problèmes fondamentaux restent à être 

expliqué; en particulier, la nature de conduction par électrons n’est pas entièrement 

comprise. Dans ce travail, la conduction par électrons dans les polymères modifiés de 

nanotubes de carbone ainsi que les caractéristiques de la configuration du réseau de 

particules qui sous-tendent le comportement électrique du matériau sont étudiées. 

Le polydiméthylsiloxane modifié de nanotubes de carbone à parois multiples est 

utilisé comme matériau modèle. Des analyses détaillées des propriétés électriques et 

rhéologiques du matériau constituent la base de l’analyse de l'interdépendance entre la 

configuration du réseau et le comportement électrique. Il est montré que la conduction 
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par électrons est contrôlée par percolation, consiste en l’effet tunnel au niveau des 

jonctions de nanotubes de carbone, et dépend principalement de la configuration du 

réseau des particules, qui peut être décrit par deux paramètres, à savoir le seuil de 

percolation et l’exposant de conductivité. Pour des concentrations proches du seuil de 

percolation le comportement électrique du matériau est dominé par les caractéristiques 

des trajets conductrices individuels, dans lesquels la conduction par électrons est contrôlé 

par l’effet tunnel; pour des concentration plus élevées, en dépit des effets quantiques au 

sein les trajets conductrices individuels, le comportement électrique du matériau est 

dominée par les caractéristiques du réseau dans son ensemble, qui peut être considéré 

comme un réseau de résistance. Il est constaté que la piézorésistance des nanocomposites 

conducteurs est dû à un changement dans la distribution des conductances locales induit 

par la déformation mécanique, et il est démontré que l'exposant de conductivité dépend 

de la distribution des conductances locales, et que celui-ci varie en fonction de la 

morphologie du réseau. Il en est déduit que l'hypothèse commune que la théorie de la 

percolation suppose un contact direct entre les particules adjacentes au sein des trajets 

conductrices individuels est incorrect, et qu’au lieu de cela la théorie de la percolation 

suppose un réseau de particules avec une conductance locale constante. En ce qui 

concerne l'utilisation des polymères modifiés de nanotubes de carbone en tant que 

matériaux fonctionnels, il est démontré que la concentration en particules ainsi que le 

traitement peuvent être adapté pour optimiser la performance du matériau. La percolation 

optimisée au moyen des champs externes est étudiée en détail, et les changements au 

niveau microstructure au sein du réseau ainsi que les paramètres clés sont identifiés. 
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CHAPTER 1 

 

Introduction 

 

 

1.1 Presentation of the Problem 

Over the past decades, transparent conductors and flexible sensors have become 

essential to modern technology, forming indispensable building blocks in numerous new 

applications, ranging from electrodes in solar cells to flat panel displays, and from 

flexible touch screens to structural health monitoring [1-4]. Nowadays, however, 

continued technological progress is hindered due to limited material availability and 

functionality. Tin-doped indium oxide, for example, it the most commonly used material 

for transparent conductors, but the cost of indium is rising steadily, and tin-doped indium 

oxide is inherently brittle, which is a deficiency of doped metal oxides in general [5-7]. 

Flexible sensors, on the other hand, are typically not made from a single material, but 

rather by integrating electrically active elements on flexible substrates, which is why they 

suffer from multistep processing and problems related to material integration [3, 4, 8]. 

Carbon nanotube modified polymers have the potential to provide a solution to this 

problem and to further technological progress in areas where transparent and or flexible 

electroconductive materials are key components. Modifying polymers with carbon 

nanotubes allows for the design of electroconductive functional nanocomposites where 
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electron flow through the material is implemented via the formation of an electrically 

conducting particle network throughout an electrically non-conducting polymer matrix. 

Amongst nanoparticles in general, carbon nanotubes stand out due to their excellent 

electrical properties and high aspect ratios, enabling a major improvement in electrical 

conductivity at small particle mass fractions, with a minimal impairment of other material 

properties, namely optical transparency and mechanical flexibility. In comparison to 

intrinsically conducting polymers (i.e., conjugated polymers where electrical conductivity 

is the result of electron delocalization) electroconductive nanocomposites typically 

exhibit superior chemical stability and better processability [7], and, more importantly, 

material selection is not limited to conjugated polymers, thus enabling their use in a 

wider range of applications. 

The interest in carbon nanotube modified polymers as a transparent and or flexible 

electroconductive material is reflected in a considerable and ever increasing amount of 

research devoted to the development of exactly such materials. On the one hand, research 

has focused on characterization and selective production of carbon nanotubes. Progress in 

this field has been immense, starting in 1991 with the discovery of carbon nanotubes [9], 

and peaking out in 2013 with the fabrication of a computer built entirely from carbon 

nanotube field-effect transistors, which runs an operating system that is capable of 

multitasking [10, 11]. As a result, both physical and chemical properties of carbon 

nanotubes are well understood. On the other hand, research has focused on the integration 

of carbon nanotubes with polymers and the design of new materials exhibiting electrical 

conductivity combined with optical transparency and or mechanical flexibility. Progress 
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in this field has also been considerable leading to the development of transparent 

conducting films based on carbon nanotube modified polymer [12] or carbon nanotube 

film based flexible touch panels [13]. As a result, much has been learned about 

processing of electroconductive nanocomposites. 

Between the above two research foci, however, there is a lack of literature and 

fundamental problems remain to be explored. Most notably, the nature of electron 

conduction through carbon nanotube modified polymers is not yet fully understood. It is 

well established that, on the one hand, the evolution of electrical conductivity with 

particle mass fraction is characteristic of percolation and thus describable by a 

percolation threshold and a conductivity exponent, and that, on the other hand, the 

electrical properties of the material depend on the configuration of the electron 

conducting particle network. It has further been shown that the latter can be optimized to 

bring about higher conductivity values for a given particle mass fraction. It is however 

unclear what microstructural changes cause such an increase in electrical conductivity, 

and, more importantly, it is unknown to date how the conductivity exponent is affected 

by network optimization. As to the development of a material that exhibits high electrical 

conductivity and high optical transparency simultaneously, for example, this is of 

significance as low conductivity exponents are essential for such materials [14]. It has 

also been reported that carbon nanotube modified polymers are piezoresistive materials; 

however, while some systems exhibit a positive interdependence between electrical 

resistance and compressive strain, for other systems this interdependence is negative. 

These seemingly conflicting results have left the research community puzzled up to now 
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as current knowledge fails at providing a valid explanation. A successful application of 

carbon nanotube modified polymers as flexible sensors requires an understanding of the 

strain induced configurational changes within the particle network, which presumably 

form the basis of the piezoresistive effect.  

The thesis in hand addresses these problems. Both for the purposes of basic research 

and in order to further the applicability of carbon nanotube modified polymers as 

functional materials, it is of interest to attempt to understand the nature of electron 

conduction and its dependence on network configuration in more detail. 

 

1.2 Thesis Objectives 

The aim of this thesis is to investigate electron conduction in carbon nanotube 

modified polymers and its dependence on the configuration of the particle network. 

Multiwalled carbon nanotube modified polydimethylsiloxane is used as a model material. 

A detailed analysis of the electrical properties of the system studied shall provide the 

basis for the subsequent investigations into piezoresistance, network formation and 

optimized percolation. Furthermore the thesis is aiming at developing a clear picture of 

the microstructural changes within the particle network that underlie both the electric 

response to mechanical deformation and the changes in electrical behaviour due to 

network optimization. 

 

1.3 Thesis Organisation  

CHAPTER 2 first clearly defines the area of interest of this thesis, then reviews 

current knowledge of structural characteristics and intrinsic properties of CNTs, as well 
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as of the main physical properties of CNT – polymer nanocomposites, and then 

introduces research on electrical properties of CNT modified polymers. 

CHAPTER 3 presents a detailed analysis of both the alternating and direct current 

electrical properties of the model material (i.e., multiwalled carbon nanotube modified 

polydimethylsiloxane), and CHAPTER 4 then studies the electric response to mechanical 

deformation of the material. Thereby, dominant conduction mechanisms are identified 

and the electrical behaviour of carbon nanotube modified polymers is related to the 

configuration of the particle network. 

CHAPTER 5 addresses the problem of positive vs. negative piezoresistance in 

electroconductive nanocomposites with high aspect ratio particles. A percolation theory 

based model relating the variation in electrical resistance to compressive strain is 

developed and applied to the piezoresistance characterization of the model material, as 

well as to relevant data from the literature on carbon nanotube, graphene, and high 

structure carbon black based electroconductive nanocomposites. It is shown why current 

theories fail at providing a general description for the experimental findings, and the 

electric response to compressive and tensile deformation of both high aspect ratio particle 

and low aspect ratio particle based electroconductive nanocomposites is discussed. 

CHAPTER 6 then looks at network formation and optimized percolation in 

multiwalled carbon nanotube modified polydimethylsiloxane. The rheological properties 

of the material prior to polymerization are analyzed in detail, network optimization by 

means of an electric field is studied and it is examined in what way this affects the 

conductivity exponent as well as what configurational changes form the basis for the 
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increase in electrical conductivity, and it is also studied how the electrical conductivity 

evolves during polymerization of the elastomeric matrix as well as how this depends on 

particle mass fraction. 

In Chapters 3 to 6 an effort is made to identify to what extend the results pertain 

specifically to the system studied in this work (i.e., multiwalled carbon nanotube 

modified polydimethylsiloxane), and what results are applicable to carbon nanotube 

modified polymers in general. Finally, general conclusions, original contributions, and 

suggestions for future work are presented in CHAPTER 7. 
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CHAPTER 2 

 

Review of Scientific Literature 

 

 

2.1 Area of Interest 

The first scientific study on carbon nanotube (CNT) modified polymers dates back to 

1994 [15], i.e. soon after the discovery of CNTs [9] and the first reports on their excellent 

and largely unprecedented intrinsic properties [16-19]. As indicated in Chapter 1, 

research efforts since have been considerable and are ever increasing. Fundamental and 

applied research on CNT – polymer nanocomposites are often closely entangled and the 

breadth of research is enormous, encompassing many scientific disciplines ranging from 

physics to chemistry to materials science and engineering. Progress in various research 

areas is summarized in several review articles [20-30] and textbooks [31-36]. 

The area of interest of this thesis is electron conduction in bulk CNT modified 

polymers, i.e. electrical conductivity in a material in which the electrically conducting 

CNTs form a three-dimensional and macroscopically uniform network throughout an 

electrically non-conducting polymer matrix, as is outlined in Figure 2.1. In this Chapter 

relevant scientific literature is reviewed as follows: first, structural characteristics and 

intrinsic properties of CNTs are presented, second, mechanical and thermal properties as 

well as processing of CNT modified polymers are discussed, and, third, research on 
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electrical properties of CNT modified polymers is introduced. Each section concentrates 

on the most relevant aspects, but scientific references are given for more in-depth 

information. Also, literature specific to the subjects of Chapters 3 to 6 is further reviewed 

at the beginning of each chapter. 

 

 

Figure 2.1. Pictorial illustration of research on CNT – polymer nanocomposites (NCs), 

ranging from controlled placements of CNTs on polymeric substrates at a nanoscopic 

scale, to random dispersions of CNTs in polymeric matrices at a macroscopic scale. This 

thesis looks at electron conduction in bulk CNT modified polymers (three-dimensional 

and macroscopically uniform CNT network throughout polymer matrix).  
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2.2 Carbon Nanotubes 

CNTs are seamless cylinders of one or more layers of graphene. In the former case 

the carbon structure is called single-walled carbon nanotube (SWCNT) whereas in the 

latter case it is denoted multi-walled carbon nanotube (MWCNT) [31]. The cylinder 

length can vary from less than 100 nm to a few centimetres, while the diameters of 

SWCNTs and MWCNTs typically range from 0.8 to 2 nm and from 5 to 20 nm, 

respectively [30]. CNTs thus typically exhibit very high aspect ratios. Pristine CNTs have 

all carbon atoms bonded in a hexagonal lattice, except at their ends where CNTs can be 

open or capped; defects typical in mass-produced CNTs, however, introduce pentagons, 

heptagons, and other imperfections in the CNTs sidewalls, which is generally detrimental 

to their intrinsic properties [30, 31]. 

Owing to this particular atomic structure, CNTs exhibit outstanding electrical, 

mechanical and thermal properties. Depending on the orientation of the graphene layer 

with respect to the cylinder axis, the so-called chirality of CNTs, individual layers 

forming the CNT sidewalls can be metallic or semiconducting [31]. MWCNTs, the type 

of CNTs used in this work, are typically metallic [30], can exhibit electrical 

conductivities in excess of 107 S/m [42-44], and can carry currents of up to 109 – 1010 

A/cm2 [43]. Due to the one-dimensional nature of CNTs, electrons can travel through the 

material without scattering, which results in ballistic transport and minimal Joule heating 

[23]. In comparison, the best metal conductors such as silver, cooper or gold, exhibit 

similar electrical conductivities, but much smaller specific current carrying capacities. In 

addition, room temperature thermal conductivities higher than 3000 W/m.K have been 
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measured on individual MWCNTs [45], which exceeds the thermal conductivity of 

diamond, and, when considering the transvers section of the CNT sidewalls only, 

individual MWCNTs can exhibit an elastic modulus of up to 1 TPa, together with a 

tensile strength of 100 GPa [30, 31, 46], which is unparalleled. For more in-depth 

information about the science of CNTs, Reference [31] is recommended. 

From a historical viewpoint it is interesting to note that there is some debate about 

who should be credited with discovering CNTs [47, 48]. TEM images published by 

Iijima in 1991 [9] are generally considered the first report of MWCNTs, and there is no 

doubt that this work is responsible for a tremendous increase in CNT related research 

activities. However, TEM evidences of nano-sized tubular carbon structures had already 

been reported before; according to [48] for the first time in 1952 by Radushkevich and 

Lukyanovich [49]. It has been conjectured that the uncertainty surrounding this question 

might explain why no Nobel Prize has yet been awarded in this area of research [31]. 

 

2.3 Bulk CNT – Polymer Nanocomposites 

The most common approach to exploiting the excellent intrinsic properties of CNTs is 

by incorporating these nanoscopic particles into a macroscopic matrix. Bulk CNT – 

polymer nanocomposites are obtained by mixing CNTs with a polymer, which 

theoretically allows for combining properties of the two materials; e.g., the tensile 

strength of CNTs with the specific weight of polymers for use in lightweight structures, 

or the electrical conductivity of CNTs with the optical transparency and or the 

mechanical flexibility of polymers for use as electroconductive functional materials. 
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2.3.1 Mechanical properties of bulk CNT – polymer nanocomposites 

The mechanical reinforcement of polymers by means of CNT addition is an area of 

research that has received a lot of attention, particularly in the early days of CNT – 

polymer nanocomposites research. As to the elastic properties, a parameter that is 

typically used to evaluate the degree of reinforcement is the particle volume fraction, pv, 

dependent rate of increase of Young’s modulus, Y, i.e. dY/dpv [23, 50]. The most 

common theories for modelling mechanical properties of fibre based composites, which 

have also been applied to nanocomposites, i.e. the rule of mixtures and the Halpin–Tsai 

equations, both predict maximum dY/dpv values of around 1 TPa [23]. The best results 

reported in literature are in this range [23, 51-53]; for the vast majority of studies, 

however, reported data give much lower maximum dY/dpv values, and for many systems 

dY/dpv < 10 GPa [23]. From the elastic moduli data compiled in [23] and [54] for more 

than one hundred different CNT – polymer systems, it becomes apparent that, on 

average, CNT addition to polymers increases the elastic modulus by a factor smaller than 

2, which is low considering the orders of magnitude difference between the elastic 

moduli of the two constituent materials. 

The reported strength properties of CNT modified polymers resemble the elastic 

properties in the sense that they are rather low compared with expectations from the 

intrinsic properties of CNTs (cf. Section 2.2), and also rather low compared to continuous 

carbon fibre reinforced polymers [55]. Just as for the elastic properties, reported strength 

properties of CNT – polymer nanocomposites tend to be widely scattered. On the one 

hand, it has been reported that the addition of 10 wt.% of MWCNT to natural rubber 
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increases the ultimate tensile strength from 1 MPa to around 7 MPa [56], yet, on the other 

hand, it was found that the addition of 9 wt.% of MWCNT to poly(styrene-co-butyl 

acrylate) actually decreases the ultimate tensile strength from about 35 MPa to 15 MPa 

[57]. On average over more than one hundred different systems [54], CNT addition to 

polymers increases strength by a factor of around 1.7, which is low in light of the fact 

that the strength properties of the reinforcing CNTs and the polymeric matrix differ by a 

factor of typically more than 1000. 

Besides the elastic and strength properties, other mechanical properties of bulk CNT – 

polymer nanocomposites have also been studied, such as fracture toughness [58, 59] and 

hardness [60, 61]. Generally, CNT addition to polymers enhances the respective property, 

but to a lower degree than expected. For more information about mechanical properties 

of bulk CNT – polymer nanocomposites, References [23, 31, 54] are recommended. 

 

2.3.2 CNT polymer interaction, dispersion, and processing 

Interfacial shear strength and dispersion issues are believed to be the two main 

reasons for why the full potential of CNTs has not yet been reached with regard to 

mechanical reinforcement of polymeric matrices. Mechanical reinforcement requires an 

efficient load transfer of the external stresses applied to a CNT – polymer nanocomposite 

as a whole to the CNT network. On the one hand this depends on how well the two 

constituent materials are bonded, i.e. the interfacial properties. It is known that the latter 

depend on the chemistry of the system and on the nature of polymer morphology at the 

interface [23]; however, more work is needed to fully understand and improve CNT 
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polymer interfacial interactions. In this context, considerable research efforts are 

currently being devoted to improving the latter through both non-covalent and covalent 

interaction techniques [27], with CNT functionalization for chemical bonding of the 

reinforcing particles to the polymeric matrix receiving much attention [31, 62, 63]. On 

the other hand, efficient load transfer to the CNT network requires a uniform dispersion 

of the reinforcing particles to the level of individual CNTs being coated with polymer 

[23]. However, CNTs are highly flexible through bending and buckling [29] and 

naturally exhibit a large specific surface area, which, in combination with their high 

aspect ratio, leads to a strong tendency for CNTs to stick together and aggregate. It is 

difficult to disintegrate aggregates to the level of individual CNTs, and aggregate 

properties are generally inferior to those of individual CNTs [23]; therefore, CNTs in 

bulk CNT modified polymers predominantly stay in the form of aggregate, which thus 

lessens the reinforcing effect. 

Aggregate disaggregation and CNT dispersion depends on the characteristics of the 

two constituent materials as well as on material processing. The most commonly used 

processing techniques are dry mixing, melt processing, solution mixing by means of a 

suitable solvent, in-situ polymerization, and variations thereof [23, 54, 64]. The choice of 

processing method is naturally narrowed by the type of the polymer; e.g., melt processing 

requires the matrix material to be thermoplastic, and solution mixing is limited to soluble 

polymers. With regard to CNT dispersion and aggregate disaggregation, solution mixing 

and in-situ polymerization generally give better results than dry mixing and melt 

processing; the latter, on the other hand, are simpler methods, which are more compatible 
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with standard industrial techniques. Given that the characteristics of the CNT network, 

and ultimately the material properties, depend on material processing, considerable 

research efforts are currently being devoted to improving CNT dispersion and aggregate 

disaggregation, the most popular routes being CNT functionalization [62] and the use of 

external fields (cf. Chapter 6). For more information about processing and interactions in 

CNT – polymer nanocomposites, References [23, 27, 54] are recommended. 

 

2.3.3 Thermal properties of bulk CNT – polymer nanocomposites 

The thermal conductivities of standard polymers roughly vary from 0.2 W/m.K for 

amorphous polymers to 0.5 W/m.K for highly crystalline polymers [65, 66]. CNT 

addition to polymers can increase the thermal conductivity by about one order of 

magnitude; e.g., polymethylmethacrylat modified with 4 wt.% of MWCNTs exhibits a 

thermal conductivity of up to 3.44 W/m.K [67]. Although significant, this increase is low 

compared with expectations from the intrinsic thermal conductivity of CNTs (cf. Section 

2.2). A large thermal resistance at CNT to polymer interfaces has been identified as the 

primary issue [66]. The latter is believed to be due to poor chemical bonding between the 

two constituent materials, and to phonon mismatch, resulting in severe phonon scattering 

at the interface and to a drastic reduction of the interfacial thermal transport properties. In 

addition, CNT to CNT interfaces also exhibit considerable thermal resistances; the 

thermal conductivities of MWCNT films, for example, have been reported to be about 15 

W/m.K [68] to 25 W/m.K [69], which is two orders of magnitude lower than the intrinsic 
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thermal conductivity of individual MWCNTs. For more information about thermal 

properties of bulk CNT – polymer nanocomposites, Reference [66] is recommended. 

The mechanical, thermal and electrical (cf. Section 2.4) properties of CNT modified 

polymers are by far the most studied ones, it should however be noted that other 

properties, such as optical [70-72], fire-retardant [73], and tribological properties [74, 

75], are also being investigated. In this context it should further be noted that, in order to 

take advantage of their outstanding intrinsic properties, CNTs are not only being added to 

polymers, but also to metallic [76], ceramic [77], or cementitious [78] matrices. 

 

2.4 Electrical Properties of Bulk CNT – Polymer Nanocomposites 

Given the above-presented discrepancies between theoretical expectations and 

experimental findings, reasonable doubt has to be entertained with regard to the use of 

CNTs as a major constituent in composite materials for mechanical or thermal 

applications. The situation is very unlike though with respect to electrical applications, as 

the requirements for the CNT network are significantly different: first, in contrast to 

mechanical reinforcement, electrical enhancement does not require strong CNT polymer 

interfacial interactions, nor a uniform dispersion of the electrically conducting particles to 

the level of individual CNTs, and, second, significant differences apply between the 

thermal and electrical properties as the CNT to polymer conductivity ratio is several 

orders of magnitude higher for electrical conductivity, and the conductivity is not of 

phononic type but of electronic type instead. 
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As indicated before, CNT – polymer nanocomposites are electroconductive because 

of the CNTs forming an electron-conducting network throughout a polymer matrix, 

which typically is electrically insulating. As introduced in Sections 2.2 and 2.3.2, CNTs 

exhibit unparalleled specific electrical conductivity and current carrying capacity values, 

have very high aspect ratios, are of nanoscopic size, and are mechanically flexible. The 

combination of these four factors makes CNTs the prime filler material and stand out in 

comparison to other candidates, such as carbon black or metallic nanofibres. They enable 

a major improvement in electrical conductivity at small particle mass fractions, without 

significant compromises on other properties of the polymeric matrix, and make CNT – 

polymer nanocomposites an interesting functional material for a wide range of 

applications where polymers are preferred to metals or ceramics, but where electrical 

conductivity is a required material property; e.g., flexible tactile sensors [8], low-

resistance high-transparency films [12], flexible electro-chromic films [79], or 

transparent and or flexible electric heating elements [80]. 

The potential of CNT – polymer nanocomposites is reflected in a steadily high 

number of patents issued each year, and an annually increasing number of scientific 

publications, as is shown in Figure 2.2. The potential is also reflected in an annually 

increasing CNT production capacity (cf. inset in Figure 2.2). The breadth of different 

CNT – polymer systems that have been looked at is immense. The evolution of the 

electrical conductivity of CNT modified polymers with particle mass fraction is of 

similar type for all systems. The electrical conductivity typically remains at the level of 

the polymer matrix up to a critical mass fraction, at which the material exhibits a sudden 
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transition from electrically insulating to conducting. Above that critical point, the 

electrical conductivity then increases with particle mass fraction, with a progressively 

decreasing improvement in electrical conductivity per unit particle mass fraction (cf. 

Figure 3.11). The sudden transition from electrically insulating to conducting is typically 

described by percolation theory. The latter will be introduced in Chapter 3.4.3, and its 

application to electron conduction in CNT modified polymers will be a recurrent topic 

throughout this thesis. 

 

 

Figure 2.2. Annual scientific publications and patents, according to the result analysis 

tool of Elsevier’s bibliographic database Scopus, with the words ‘carbon nanotube’, 

‘polymer’, and ‘electrical’ appearing altogether in article title, keywords, and or abstract. 

Inset: Annual CNT production capacity, taken from [30], where it was estimated based 

on a survey among thirty manufacturers of CNTs.  
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Just as for the mechanical properties, reported electrical properties of CNT – polymer 

nanocomposites tend to be widely scattered (cf. Figures 6.1 and 6.2), and just as for other 

material properties of CNT – polymer nanocomposites this is a consequence of the fact 

that the electrical properties depend on the characteristics of the particle network, which 

in turn depend not only on the characteristics of the constituent materials but primarily 

also on material processing (cf. Section 2.3.2). For epoxy resin modified with 1 wt.% of 

MWCNT, for example, reported electrical conductivity values vary from less than 10-10 

S/m [81] to 1 S/m [82], and the corresponding minimum particle mass fraction needed to 

form an electron-conducting MWCNT network throughout the epoxy matrix range from 

0.000025 to more than 0.035. For MWCNT modified polycarbonate, on the other hand, 

some studies observed a transition from electrically insulating to conducting at particle 

mass fractions that had no significant influence of the viscoelastic properties of the 

material [83, 84], whereas other studies found both the viscous and the elastic portion of 

the viscoelastic behaviour of the material to increase significantly at particle mass 

fractions below the insulator to conductor transition [85, 86]. In addition, in some cases 

published results are mutually contradicting; the electric response to uniaxial 

compression of MWCNT modified polydimethylsiloxane, for instance, has been reported 

to be positive in some studies [87, 88], but to be negative in others [89]. 

This breadth of reported results, and in particular the apparent contradictions, present 

major obstacles with regard to an understanding of electron conduction in CNT modified 

polymers and its dependence on the configuration of the CNT network. Against this 

background, the main issues, namely nonuniversal percolation, positive vs. negative 
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piezoresistance, as well as network formation and optimization, will be addresses one by 

one in Chapters 3 through 6, where relevant scientific literature is reviewed in more 

detail. 
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CHAPTER 3 

 

Measurement and Analysis of Electrical Properties of MWCNT – PDMS 

Nanocomposites 

 

Parts published in Materials Research Society Symposium Proceedings – 

MRS Proceedings 2012, 1410. DOI: 10.1557/opl.2012.856. 

3.1 Introduction 

The addition of small quantities of CNTs to electrically non-conducting polymers can 

transform the latter into electrically conducting ones, without significant compromises on 

other material properties, which makes CNT – polymer nanocomposites an interesting 

candidate for a wide range of applications where polymers are preferred to metals or 

ceramics, but where electrical conductivity is a requirement (cf. Chapter 2). The interest 

in the electrical properties of CNT – polymer nanocomposites is reflected in a high 

number of scientific articles published each year: according to the result analysis tool of 

Elsevier’s bibliographic database Scopus, more than one scientific publication per day 

has become available over the course of this dissertation research, where the words 

‘carbon nanotube’, ‘polymer’, and ‘electrical’ appear altogether in article title, keywords, 

and or abstract (cf. Figure 2.2). 

The majority of these publications look at the electrical properties of CNT modified 

thermoplastic and thermosetting polymers, cf. [83, 84, 86, 90-128] and [81, 82, 129-155], 
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respectively, with polystyrene and epoxy resin being among the most used matrix 

materials. In comparison, studies where the matrix is an elastomeric polymer are rather 

scarce; when it comes to CNT modified polydimethylsiloxane (PDMS), for example, the 

material system studied here, only a handful articles look specifically at electrical 

characteristics, cf. [80, 88, 156-161]. 

The electrical properties of CNT modified polymers depend essentially on the 

configuration of the percolated particle network (i.e., number of electron-conducting 

paths, average number of CNT to CNT electrical contacts within the electron-conducting 

paths, etc.), which in turn depends on the characteristics of the constituent materials (i.e., 

particle aspect ratio and curvature, polymer viscosity, etc.) and material processing (i.e. 

degree of particle deagglomeration, homogeneity of dispersion, etc.). In this regard, type 

and production method of the CNTs are typically less important than the type of the 

polymer and the technique used to produce the nanocomposites [26]. However, even 

though in most of the above-cited work on CNT modified PDMS the same technique was 

used to produce the nanocomposites, the electrical properties vary considerably: reported 

electrical conductivities at a CNT weight fraction of 0.01, for example, vary from less 

than 10-10 S/m [159] to 10-1 S/m [80], and the corresponding minimum particle mass 

fraction needed to form an electron-conducting CNT network throughout the PDMS 

matrix vary between 0.0027 and 0.0175. Consequently, even for a same class of 

nanocomposites, reported data on electrical properties are not generally applicable, and a 

study of electron conduction and network formation in CNT modified polymers, as it is 

the objective of this work, therefore requires an electrical analysis of the system at hand. 
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3.2 Research Objectives 

The aim of this chapter is to measure and analyse electrical properties of CNT 

modified PDMS, and therewith to gain insight into electron conduction in such 

nanocomposites. First, the electrical conductivity of a CNT network without PDMS 

matrix is analysed. Second, the electrical conductivity of CNT modified PDMS is studied 

as a function of CNT mass fraction, and it is evaluated to what extend the result depends 

on the specifics of the measuring technique. Third, electron conduction through the 

percolated particle network is addressed by both alternating current and direct current 

experiments. 

 

3.3 Materials and Methods 

The materials used in this study were MWCNTs and PDMS. The electrical 

conductivity of MWCNT modified PDMS as a function of MWCNT mass fraction was 

evaluated according to a standard testing method using two different electrode systems, 

namely a resistivity test fixture with conductive rubber pad electrodes and an electric 

circuit using conductive silver paint electrodes. In addition, both alternating current (AC) 

and direct current (DC) electrical properties were analyzed and a new measuring 

technique was developed to determine the electrical conductivity of a MWCNT network 

without PDMS. 

 

3.3.1 Materials 

PDMS (Gelest OE41) was purchased from Gelest, Inc. and MWCNTs (Baytubes C 

150 P) were obtained from Bayer MaterialScience LLC. 



McGill University Ph.D. Thesis – Cyrill Cattin (2015) 

 23

Gelest OE41 is an addition cure, filler-free, two-part, pure silicon elastomer, that was 

selected for its low viscosity of the catalyzed mix (1.75 – 2.5 Pa.s), its long pot-life at 

room temperature (18 h at 25 °C) and its moderate cure temperature (e.g., cure at 55 °C 

for 4 h). Because it is an addition cure system, no byproducts are formed, which enables 

fabrication of test samples with good dimensional stability. The base polymer (vinyl-

terminated polydimethylsiloxane and vinyl-modified Q silica resin) and the curing agent 

(methylhydrosiloxane–dimethylsiloxane copolymer) react via platinum catalyzed 

hydrosilylation. Both the reacting groups and the bond forming chemistry are 

schematically illustrated in Figure 3.1. 

 

 

Figure 3.1. Schematic illustrating the reacting groups and the platinum catalyzed 

hydrosilylation of methylhydrosiloxane–dimethylsiloxane copolymer with vinyl-

terminated polydimethylsiloxane. 
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Baytubes are agglomerates of MWCNTs, with a loose agglomerate size in the range 

of 0.1 to 1 mm. As specified by the manufacturer, the CNTs were grown by chemical 

vapour deposition, have a narrow diameter distribution with inner and outer diameters of 

around 4 nm and 13 nm respectively, and an average length of above 1 μm. Due to 

breakup of MWCNTs during material processing, the CNTs dispersed in the PDMS 

matrix were shorter, and varied in length between 200 nm and 1 μm. Transmission 

electron microscope (TEM) images of individual MWCNTs are shown in Figure 3.2. 

Figure 3.3 shows scanning electron microscope (SEM) images of MWCNTs, showing 

both large agglomerates of MWCNTs and individual MWCNTs. The electron-

microscopical study qualitatively confirmed the geometrical information provided by the 

manufacturer, and, more importantly, revealed good quality MWCNT samples with little 

impurities and no free amorphous carbon. 

 

Figure 3.2. TEM images of Baytubes C 150 P, obtained using a Philips CM-200 

microscope operating at 200 kV. The samples were prepared by dropping a MWCNT in 

isopropanol suspension onto 400-mesh carbon-coated copper grids, and evaporating the 

solvent. The images were not enhanced and are shown as recorded (raw data). 

100 nm 20 nm
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Figure 3.3.  SEM images of Baytubes C 150 P, recorded on a Hitachi SU-8000 cold-field 

emission scanning electron microscope, using an accelerating voltage of 1.0 kV and a 

working distance of 7.6 mm. Secondary electrons (SE) were collected with two through-

the-lens detectors and a conventional SE detector located in the specimen chamber. 

Sample preparation involved dropping a MWCNT in isopropanol suspension onto a SEM 

sample holder, and evaporating the solvent. The images were not enhanced and are 

shown as recorded (raw data). 
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3.3.2 Sample preparation 

Toluene, purchased from Sigma-Aldrich Canada Corp., was used as an organic 

solvent to facilitate MWCNT deagglomeration and mixing of the constituent materials. 

For each concentration the desired amount of MWCNTs was first dispersed in toluene for 

90 min, using an ultrasonic bath (Model 2510, Branson Ultrasonics Corp.), and then 

added to the PDMS base polymer and the PDMS curing agent, such that the 

MWCNT/toluene to PDMS weight ratio was 1:3. Subsequently the mixture was shear-

mixed for 5 min, using a disperser (T 10 basic Ultra-Turrax, IKA Works, Inc.) rotating at 

940 rad/s, degassed in low vacuum, and toluene was evaporated in an air-circulating oven 

at 40 °C. Degassing and evaporation times were 30 min each. The variability in MWCNT 

mass fraction was estimated to be < 10 %. Pictures and optical microscopy (OM) images 

of MWCNT in PDMS suspensions are given in Figure 3.4 and Figure 3.5, respectively. 

 

Figure 3.4. Pictures of MWCNT in PDMS suspensions, after degassing and solvent 

evaporation, but prior to thermal curing. (a + b) as prepared, and (c + d) small droplets 

squeezed between two glass slides, with increasing MWCNT mass fraction from top to 

bottom: from 0 to 0.004 in (c), and from 0.005 to 0.01 in (d). 

(a) 

(b) 

(c) (d) 
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Figure 3.5. OM images of MWCNT in PDMS suspensions, after degassing and solvent 

evaporation, but prior to thermal curing. The images were recorded on a Nikon 

Microscope and the labels indicate particle mass fractions. 

 

Dry MWCNTs were handled inside a glove box with attached vacuum chamber for 

material transport and air cleaning. The glove box was part of a working practice to 

minimize/eliminate potential health, safety, and environmental risks associated with the 

handling of dry CNTs in laboratory research. Both the glove box set-up and the working 

practice are presented in Appendix A. 

Thin film samples with concentrations varying from 0 wt.% to 5.0 wt.% were 

manufactured by solution casting onto release film covered glass substrates, followed by 

thermal curing in an air-circulating oven. The samples were 10 cm in diameter and varied 

in thickness from 0.4 to 1 mm. Electron-microscopical images of cured 1 wt.% MWCNT 

– PDMS nanocomposite thin films are shown in Figure 3.6; the SEM and TEM images 
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indicate a percolated CNT network, with interconnected CNTs and or CNT agglomerates. 

Figure 3.7 shows three film samples with MWCNT mass fractions of 0, 0.001, and 0.01. 

 

 

Figure 3.7. SEM (a - d) and TEM (e + f) images of 1 wt.% MWCNT – PDMS 

nanocomposite thin film samples. The SEM image was recorded on a Hitachi SU-8000 

cold-field emission scanning electron microscope, using an accelerating voltage of 0.5 

kV and a working distance of 7.1 mm. The TEM image was obtained using a Philips 

CM-200 microscope operating at 200 kV. Images are shown as recorded (raw data). 
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Figure 3.6. Pictures of thin film samples with varying MWCNT concentration produced 

by solution casting and thermal curing, and used for electrical characterization. The 

labels indicate particle mass fraction. 

 

3.3.3 Electrical characterization 

A picture and a schematic representation of the set-up used to measure the electrical 

conductivity of a dry MWCNT network without PDMS are given in Figure 3.8. Baytubes 

C 150 P were filled into a plastic tube with inner diameter of 4.7 mm, which was closed 

on both sides by movable flat-headed plastic pistons. The network was contacted by 

silver paint electrodes (high purity silver paint, SPI Supplies / Structure Probe, Inc.), 

which were applied onto the pistons and contacted by insulated copper wires. A DC 

power supply (Model ABC 40-0.5, KEPCO Inc.) was used to apply an electric potential 

difference, ΔV, which was gauged by means of a digital multimeter (Model 73 Series II, 

Fluke Corp.) and is indicated in the legend of the Figure 3.10. The electric current, I, was 

measured with the same type of digital multimeter, and the electrical conductivity, σ, was 

calculated according to : 

 , (3.1) 

0 0.001 0.01 
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where ρ is the electrical resistivity of the material, R is the electrical resistance of the 

sample, l is the electrode spacing, and A is the area of the electrodes. All measurements 

were taken at room temperature. 

 

Figure 3.8. Picture (bottom) and schematic representation (top) of set-up used to measure 

the electrical conductivity of a dry MWCNT network. 

 

The DC electrical volume conductivity of MWCNT modified PDMS was obtained 

according to ASTM D257, using a high resistance meter (Model 6517A, Keithley 

Instruments, Inc.) and a resistivity test fixture with conductive rubber pad electrodes 

(Model 8009, Keithley Instruments, Inc.). An electric potential difference of 10 V was 

applied, and the electrical conductivity was calculated from the measured electrical 

resistance using Equation 3.1. The DC electrical volume conductivity was also measured 

by means of an electronic circuit where electrical contact with the sample is made by 

conductive silver paint. Circular silver paint electrodes of uniform size and shape were 

applied on both sides of 4 cm wide disc samples, which were cut from thin films 

produced by solution casting. The electrodes were contacted by Kapton insulated, silver 
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plated copper wires, the resistance was obtained using the high resistance meter with an 

electric potential difference of 10 V, and the electrical conductivity was calculated from 

the electrical resistance using Equation 3.1. A photo of disc samples with contacted silver 

paint electrodes is given in Figure 3.9. 

 

 

Figure 3.9. Picture of samples used to measure the electrical conductivity of MWCNT 

modified PDMS. The disc samples were 4 cm in diameter and the circular electrodes 

were of uniform size and shape. The labels indicate particle mass fraction. 

 

For both DC measuring techniques the test – retest variability on one and the same 

sample was < 18 % at p < pc and < 5 % at p > pc, with p being the particle mass fraction 

and pc being the percolation threshold, i.e. the minimum particle mass fraction needed to 

form an electron-conducting MWCNT network throughout the PDMS matrix (cf. Section 

3.4.3). The test – retest variability on different samples of the same particle mass fraction 

was < 40 %. Given this seemingly large variability it should be noted that, above pc, 
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subsequent σ values (e.g. σ measured at p = 0.01 and σ measured at p = 0.02) differ by a 

factor of 5 in average. It should also be noted that the test – retest variability decreases 

rapidly as the MWCNT mass fraction increases, which is likely related to the number of 

electron-conducting paths within the particle network. The latter increases with 

increasing particle mass fraction; the smaller that number of paths, the bigger the 

influence of small differences between MWCNT networks in different samples, and vice 

versa. Standard deviations in both particle mass fraction and electrical conductivity are 

shown in Figure 3.12. All measurements were taken at room temperature. 

The AC electrical conductivity, σAC, was obtained on disc samples with silver paint 

electrodes (cf. Figure 3.9), using an electrochemical workstation (Model 760C, CH 

Instruments). All measurements were performed at an electric potential difference of 2.4 

V with superimposed AC amplitude of 0.4 V, and the frequency was scanned from 1 Hz 

to 10’000 Hz, with a quiet time of 2 s. Above 100 Hz, both current and electric potential 

were measured in order to calculate the impedance, ZAC, and 12 frequency components 

per decade were measured. Below 100 Hz, only the current was measured and the applied 

electric potential was assumed to have no extra phase shift and to be accurate. σAC was 

obtained by: 

 ,  (3.2) 

where YAC is the admittance, l is the electrode spacing, and A is the area of the electrodes. 

The test – retest variability on different samples of the same particle mass fraction was < 
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60 %, and as for the DC characterization, the test – retest variability decreased rapidly 

with increasing MWCNT mass fraction. Measurements were taken at room temperature 

The current-voltage (IV) behaviour was analyzed using disc samples with silver paint 

electrodes (cf. Figure 3.9) and the high resistance meter, with an electric potential 

difference that varied between 0.5 V and 32 V. Measurements were taken at room 

temperature. 

The temperature dependence of the electrical conductivity was obtained on disc 

samples with silver paint electrodes (cf. Figure 3.9), at an electric potential difference of 

2 V, with the samples being heated in an air-circulating oven and the temperature being 

measured on the samples directly. 

 

3.4 Results and Discussion 

To evaluate the potential of MWCNT addition to PDMS as regards the electrical 

conductivity of such nanocomposites, it is helpful to also analyse the electrical 

conductivity of a dry network of Baytubes C 150 P, the MWCNTs used in this work, 

without PDMS. 

 

3.4.1 Electrical conductivity of MWCNT network without PDMS 

As described in Section 3.3.3 the electrical conductivity of a network of MWCNTs 

without PDMS was measured by filling the particles into a plastic tube, which was closed 

on both sides by movable electrodes. Figure 3.10 shows the evolution of the electrical 

conductivity with electrode spacing. 
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Figure 3.10. Electrical conductivity of a dry network of Baytubes C 150P as a function 

of electrode spacing. The inset shows a schematic of the experimental set-up. The vertical 

error bars at an electrode spacing of 11.5 mm give the standard deviation over 

measurements taken at 0.25 V, 0.5 V, 1 V and 2 V. All other measurements have been 

taken at 2 V. 

 

At an electrode spacing of 29 mm, the CNTs form an electron-conducting network 

connecting the two electrodes, the test volume, however, is not completely filled by the 

loose CNT network. As the electrode spacing is reduced, so is the test volume between 

the electrodes, and the geometry of the CNT network is changed to shorter length and 

larger transverse section. As a consequence, the electron-conducting paths become 

shorter and more electron-conducting paths are formed, which leads to a reduction in 

electrical resistance and thus to an increase in electrical conductivity. It should be noted 

that as long as the volume occupied by the CNT network is smaller than the test volume, 

the electrical conductivity of the CNT network, as calculated by Equation 3.1, is 
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underestimated because the actual electrode area in contact with the CNT network is 

smaller than A, which is the area of the entire electrode. For the case presented in Figure 

3.10, it appears that the ratio of volume occupied by the CNT network to test volume 

becomes unity at an electrode spacing of 14 mm. As the electrode spacing is further 

reduced, the change in electrical conductivity with electrode spacing becomes more 

pronounced. In this region, the CNT network is compressed. First, because CNTs are 

flexible through bending and buckling [29] this likely leads to an increasing number of 

CNT to CNT electrical contacts and therewith to the formation of additional electron-

conducting paths. Second, the intertube electron transfer at CNT to CNT junctions 

increases if compressive pressure is applied to the junction [162]. Both processes lead to 

an increase in σ. 

From the above it follows that the electrical conductivity of a loose network of 

Baytubes C 150P can be estimated to be σ ≈ 2 S/m, which can be considered as the 

maximum electrical conductivity, σmax, that can theoretically be obtained in Baytubes C 

150P modified PDMS nanocomposites produced by the technique described in Section 

3.3.2. The highest values reported in literature for the electrical conductivity of dry 

MWCNT networks are two to three orders of magnitude higher, i.e. 300 to 4’400 S/m 

[163, 164], depending on the degree of porosity, the quantity and quality of metallic 

CNTs within the network, as well as sample geometry and measuring technique. It should 

however be noted that these values are not directly comparable to the value found in this 

work, as they have been obtained on thin films (130 to 200 μm thick) produced by a 

filtration method. Thin MWCNT films typically exhibit a relatively high anisotropy in in 
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plane to perpendicular electrical conductivity due to CNT alignment during filtration 

[164], and are thus not comparable to more isotropic MWCNT networks formed in bulk 

CNT – polymer nanocomposites. In this context it is interesting to note that the majority 

of the maximum electrical conductivity values reported in literature for bulk CNT – 

polymer nanocomposites are σmax ≤ 2 S/m (cf. Figure 6.1). 

In comparison to the electrical conductivity of individual MWCNTs, which can be as 

high as 107 S/m [42, 43], MWCNT networks are orders of magnitude less conductive. 

This difference in electrical conductivity between individual MWCNTs on the one hand, 

and MWCNT networks on the other hand, is due to the fact that electron transport in 

MWCNT networks is limited by the intertube electron transfer at CNT to CNT junctions, 

with junction resistances in the kΩ to MΩ range [44, 165]. 

 

3.4.2 Electrical conductivity of MWCNT modified PDMS 

The evolution of the electrical conductivity of MWCNT – PDMS nanocomposites 

with particle mass fraction is shown in Figure 3.11. Up to a particle mass fraction of 

0.003, the addition of MWCNTs has no effect on σ, which remains at the level of non-

modified PDMS, i.e. at around 3 × 10-13 S/m. As the particle mass fraction is increased 

from 0.003 to 0.004, σ increases by seven orders of magnitude and the material exhibits a 

sudden transition from electrically insulating to conducting with σ > 10-6 S/m. At p > 

0.004, σ further increases with particle mass fraction, reaching σ ≈ 10-2 S/m at p = 0.05; 

the higher p, however, the lower the incremental increase in electrical conductivity with 

particle mass fraction. 
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Sudden transitions from one behaviour to another, e.g. from electrically insulating to 

electrically conducting, are typically described by percolation theory, which is a widely 

studied and ever evolving field that has been covered by several books and book chapters 

[166-168], and has first been applied to CNT modified polymers by Coleman et al. [90]. 

In the next section it is applied to the MWCNT – PDMS system studied here. 

 

 

Figure 3.11. Semilogarithmic plot of change in electrical conductivity with MWCNT 

mass fraction, measured according to ASTM D257 with two different electrode systems 

(cf. Chapter 3.3.3). Standard deviations in both particle mass fraction and electrical 

conductivity are shown in Figure 3.12. The dotted line indicates the insulator to 

semiconductor transition. 

 

3.4.3 Electrical percolation in MWCNT modified PDMS 

For suspensions of electrically conducting particles in an electrically insulating 

matrix, percolation theory defines the minimum particle mass fraction needed to form an 
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electron-conducting network throughout the insulating matrix as the so-called percolation 

threshold and describes the evolution of electrical conductivity with particle mass 

fraction by a power-law behaviour: 

 , (3.3) 

where t is the so-called conductivity exponent. Equation 3.3 applies to particle mass 

fractions above but close to the percolation threshold, i.e. when p > pc and (p - pc) is 

small. Percolation in MWCNT modified PDMS is schematically shown in Figure 3.12. 

At p < pc, the particle mass fraction is too small to have an effect on the electrical 

conductivity of the material, which is schematically shown in Figure 3.12 (a) and 

indicated by the dotted vertical line in Figure 3.12 (d); although the particles added to the 

system do form local networks, no electron-conducting path is formed that spans the 

entire sample. As the particle mass fraction is increased to pc, a first electron-conducting 

path throughout the entire sample is formed and the material is no longer electrically 

insulating, cf. Figure 3.12 (b) and full vertical line in Figure 3.12 (d). At p > pc, the 

number of electron-conducting paths increases with particle mass fraction and so does the 

electrical conductivity of the material, as is schematically shown in Figure 3.12 (c) and 

indicated by the dashed vertical line in Figure 3.12 (d). 

The particle mass fraction at which an electron-conducting network throughout the 

insulating matrix starts being formed can be obtained by fitting Equation 3.3 to 

experimental data. In the inset of Figure 3.12 (d) this is done by means of a logarithmic 

plot of σ vs. (p – pc), where pc was incrementally varied until the best linear fit of 

Equation 3.3 to the experimental data was obtained. 
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Figure 3.12. (a – c) Schematic of electrical percolation in CNT modified polymers, 

showing the formation of a first electron-conducting path at p = pc. (d) Semilogarithmic 

plot of measured (ASTM D257 with resistivity test fixture, empty symbols) and 

calculated (Equation 3.3, solid line) change in electrical conductivity with MWCNT mass 

fraction. Error bars indicate standard deviations in both particle mass fraction and 

electrical conductivity. Inset: logarithmic plot of  vs. (p  pc) showing the best fit of 

Equation 3.3 to the experimental data. 

 

The so obtained electrical percolation parameters pc and t are specified in Table 3.1, 
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(cf. solid line in Figure 3.12). Also given in Table 3.1 is the coefficient of determination, 

R2, for the fitting of Equation 3.3 to the experimental data. For the data shown in Figure 

3.12, R2 = 0.99332, which shows that the evolution of electrical conductivity with 

particle mass fraction in MWCNT modified PDMS is indeed well described by 

percolation theory. 

 
Table 3.1. Electrical percolation parameters pc and t, proportionality constant σx, and 

coefficient of determination, R2, for the fit of Equation 3.3 to the experimental data.  

Electrode system pc t σx [S/m] R2 

Resistivity test fixture 0.00305 2.22 5.66 0.99332 

Silver paint electrodes 0.00313 2.20 14.16 0.97273 

 

As outlined in Section 3.1, reported pc values for MWCNT modified PDMS range 

from 0.0027 [80] to 0.0175 [159]. An exception is the work published by Kwon et al. 

[88], who report a percolation threshold of 0.00045. The MWCNTs used in their work 

are characterized by an extremely high aspect ratio, i.e. 2600 to 7400, which can explain 

the low percolation threshold, as the latter is assumed to be inversely proportional to the 

particle aspect ratio [26, 169]. It should however be noted that the electrical recordings 

were obtained on thin samples with an electrode spacing to CNT length ratio of just about 

5, which is why their result likely do not characterize bulk MWCNT – PDMS 

nanocomposites and therefore can not be compared to the pc values found here nor the 

ones cited. A percolation threshold of around 0.003 (cf. Table 3.1) is at the lower end of 

the range of values reported for MWCNT modified PDMS, and is comparable with the 

majority of results reported for CNT modified polymers in general (cf. Figure 6.1). In 
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their review of electrical percolation in CNT modified polymers, Bauhofer et al. [26] 

found that with optimized dispersion methods a percolation threshold of 0.001 might be 

obtainable for most CNT – polymer nanocomposite. The slightly higher percolation 

threshold found in this work can be explained by the fact that sample manufacturing was 

not optimized in terms of low percolation threshold and high electrical conductivity, but 

rather in terms of repeatability, as this was key for the investigation of both electron 

conduction and network formation. 

Percolation theory predicts the conductivity exponent to be universal, i.e., to not 

dependent upon the nature of the particles and or the configuration of the particle 

network, but to solely dependent on the network dimensionality, such that t = 1.3 for any 

two-dimensional network, and t = 2 for any three-dimensional network [166, 167]. From 

Figure 3.12 (d) and Table 3.1 it appears that the MWCNT – PDMS system studied here is 

characterized by a nonuniversal conductivity exponent. It is interesting to note that this is 

actually true for most CNT modified polymers (cf. Figure 6.2 and [26, 170]). The origin 

of this nonuniversality will be introduced in the next section and the discrepancy between 

theory and experimental data will be discussed in detail in Chapter 6. 

With regard to the value of the proportionality constant (σx = 5.66 S/m, cf. Table 3.1), 

which can be considered as a theoretical estimation of σmax, it is interesting to note that it 

is very close to the electrical conductivity value of a non-compressed MWCNT network 

without PDMS (σ ≈ 2 S/m, cf. Figure 3.10). Such a comparison however has to be made 

with caution, keeping in mind that percolation theory is thought to be applicable when p 

> pc and (p - pc) is small. 
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3.4.4 Quantum mechanical tunnelling  

Percolation theory assumes direct contact between adjacent particles within the 

electron-conducting particle network. Electron-flow between adjacent CNTs, however, 

does not require physical contact between the particles, but, as long as the interparticle 

separation is small enough, is also possible through a quantum mechanical effect called 

tunnelling, as is schematically shown in Figure 3.13.  

 

Figure 3.13. (a) Scanning TEM image of 1 wt.% MWCNT modified PDMS. The full and 

dotted circles highlight CNT to CNT junctions and the dotted line indicates part of an 

electron-conducting path. (b) SEM image of crossing CNTs. (c + d) Pictorial illustration 

of quantum mechanical tunnelling in CNT modified polymers, showing crossing CNTs 

separated by a thin insulating film (c), and the rectangular potential barrier in the 

insulating film between the two similar electrodes when a voltage is applied between 

them. EF is the Fermi level of the electrode and e the elementary charge; the other 

symbols are defined in the text. 
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For two electrodes separated by a thin insulating film the equilibrium conditions require 

the top of the energy gap of the insulator to be positioned above the Fermi level of the 

electrodes [171]. Thereby the insulating film introduces a potential barrier between the 

electrodes. This potential barrier impedes electron flow between the electrodes, the 

impediment, however, is not necessarily infinitely large. The degree to which electron 

flow is impeded depends on the specifics of the junction and is best described by a 

generalized expression for quantum mechanical tunnelling between similar electrodes 

separated by a thin insulating film as developed by Simmons [94]. Assuming that the 

thickness, s, of the insulating film in the contact area is uniform and that the variation of 

barrier height along the thickness can be neglected, the current density, J, penetrating the 

insulating film can then be expressed as: 

 , (3.4) 

with 

 , (3.4.1) 

 , (3.4.2) 

 , (3.4.3) 

and 

 , (3.4.4) 

where J is given in [A/cm2], s is taken in [Å], U is the voltage across the thin insulating 

film in [V],  is the mean barrier height in [V],  is the height of the rectangular barrier 
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in [V], s1 and s2 are the limits of the barrier at the Fermi level in [Å], and εr is the relative 

permittivity of the insulating film material. The more the potential barrier impedes 

electron flow, the smaller J; hence, the higher the junction resistance. 

In literature there is a relatively large body of evidence that indicates that electron 

conduction in CNT modified polymers in general, and in MWCNT modified PDMS in 

particular, is indeed dominated by quantum mechanical tunnelling. Frist, as regards pc 

and σmax, the type of the particles is found to be less important than the type of the 

polymer [26]. If adjacent CNTs within the electron-conducting network would all be in 

direct contact, the opposite would be true, as in this case it should not matter what type of 

polymer holds the CNT network. From Equation 3.4 it can be derived that if electron 

conduction is dominated by tunnelling, the type of polymer does play a role as J depends 

on the relative permittivity of the insulating film material. Second, CNT modified 

polymers typically exhibit a non-linear IV behaviour (cf. Section 3.4.5 and [80, 158, 

172]), which shows that electron transport in CNT modified polymers does not obey 

Ohm’s law. Third, the electrical conductivity of CNT modified polymers typically 

increases with temperature (cf. Section 3.4.5 and [149, 157]) indicating semiconducting 

material characteristics. 

As regards the nonuniversal conductivity exponent found for the MWCNT modified 

PDMS studied here (cf. Table 3.1), Balberg [173] identified quantum mechanical 

tunnelling between adjacent but non-contacting particles within the electron-conducting 

network as the potential origin of this nonuniversality. 
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3.4.5 AC and DC electrical characteristics 

Figure 3.14 shows the frequency dependence of the electrical conductivity of 

MWCNT modified PDMS. At p < pc, the electrical conductivity is frequency dependent 

over the entire range studied and increases with increasing frequency. At p > pc, on the 

other hand, the MWCNT – PDMS nanocomposites exhibit a frequency independent 

electrical conductivity up to a critical frequency, f0, above which the electrical 

conductivity again increases with frequency. f0 increases with p and for p ≥ 0.02 the 

electrical conductivity remains frequency independent over the entire range studied here. 

For the purpose of a qualitative evaluation of these findings, the experimental set-up 

used for AC characterization, i.e. thin films of MWCNT – PDMS nanocomposites 

sandwiched between two silver paint electrodes (cf. Section 3.3.3), can be modeled as a 

resistor and a capacitor in parallel [172]. The admittance of such a system is defined as: 

 ,  (3.5) 

where R and C are the electrical resistance and capacitance of the MWCNT – PDMS 

nanocomposite film, respectively, j is the imaginary unit, and f is the measurement 

frequency. 

At p < pc, MWCNT modified PDMS is electrically insulating (cf. Figure 3.11) and the 

admittance is essentially given by the second term of Equation 3.5 as the first term is 

negligible for large R. The admittance as well as the electrical conductivity (cf. Equation 

3.2) should then be frequency dependent over the entire frequency range, and increase 

with increasing frequency, as is indeed observed in Figure 3.14. As specified in the 
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figure, in this case the σAC vs. f plot exhibit a slope of unity, which is characteristic for 

dielectric materials [174].  

 

 

Figure 3.14. Logarithmic plot of frequency dependence of electrical conductivity as a 

function of particle mass fraction. The vertical lines indicate critical frequencies, and the 

transverse labels give ac-exponent for p = 0.003 and p = 0.004, as obtained by fitting 

Equation 3.6 to the experimental data at f > f0. 

 

At p > pc, on the other hand, MWCNT modified PDMS is electrically conducting (cf. 

Figure 3.11) and the nanocomposite films are characterized by much smaller R values; 

consequently, the first term of Equation 3.5 gains in importance such that the admittance 

is now given by the sum of both terms, i.e. it should be frequency independent at low 
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films decreases with increasing particle mass fraction. The smaller R the larger the range 

1.E-12 

1.E-09 

1.E-06 

1.E-03 

1.E+00 1.E+02 1.E+04 

σ A
C
 [S

/m
] 

f [Hz] 

0 0.003 

0.004 0.01 

0.02 0.05 

r = 0.81 

r = 1.0 



McGill University Ph.D. Thesis – Cyrill Cattin (2015) 

 47

of frequency independent electrical conductivity, and the higher the σAC values at low 

frequencies, as is also observed in Figure 3.14 (cf. plots for p = 0.004 and p = 0.01). 

It should be noted that the capacitance, which is a function of the relative permittivity 

of the material, typically increases with increasing particle mass fraction [84, 175-177]; 

in terms of magnitude, however, this increase is much smaller than the concurrent 

decrease in R. For example, it has been reported that the addition of 6 wt.% of MWCNT 

to PDMS increased the relative permittivity at a frequency of 1 kHz by a factor of 450, 

the electrical resistance, in turn, is decreased by more than six order of magnitudes [175]. 

From Figure 3.14 it appears that the resistive nature of the material becomes more 

predominant as the particle mass fraction is increased. Nevertheless, electron-conducting 

MWCNT – PDMS nanocomposites do not behave as ideal resistors; as will be discussed 

below, first, their electrical conductivity increases with temperature, which is 

characteristic for semiconductors, and the opposite of what would be observed for an 

ideal resistors, and, second, their IV characteristics are inconsistent with Ohm’s law. 

As reported in Table 3.2, the electrical conductivity of MWCNT modified PDMS, 

with particle mass fractions ranging from close to pc to far above pc, increases with 

increasing temperature. This can be understood by looking at a simplified picture of 

electron conduction through ideal conductors, e.g. metal conductors, vs. semiconductors. 

The electrical conductivity of a metal conductor typically decrease with increasing 

temperature, because of the added thermal energy that leads to an increase in atomic 

vibration and therewith to more collisions of electrons with the crystal lattice. In contrast, 

the electrical conductivity of a semiconductor typically increases with temperature 
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because the added thermal energy leads to an increased number of electrons having 

enough energy to surmount the potential barrier and contribute to conduction. 

 

Table 3.2. Electrical conductivity of MWCNT modified PDMS as a function material 

temperature, for three different particle mass fractions, and normalized increase in 

electrical conductivity over a temperature difference of 75 °C. 

p 
σ [S/m] 

  
T = 25 °C T = 50 °C T = 75 °C T = 100 °C 

0.004 4.4×10-6 4.8×10-6 5.0×10-6 1.2×10-5 2.47 

0.01 2.9×10-4 3.0×10-4 3.3×10-4 4.5×10-4 1.52 

0.02 2.1×10-3 2.1×10-3 2.1×10-3 3.0×10-3 1.41 

 

The semiconducting behaviour of MWCNT modified PDMS is confirmed by an 

analysis of the high frequency region in Figure 3.14, where, for f > f0, the frequency 

dependence of the electrical conductivity can be described as a power law [174]: 

,  (3.6) 

r being the ac-exponent. Semiconducting materials typically obey Equation 3.6, with 

most of the reported ac-exponents in the interval 0.7 ≤ r ≤ 1.0, and a majority close to r = 

0.8 [178]. Equation 3.6 was used to fit the experimental data of MWCNT modified 

PDMS at p = 0.004, for which the region of frequency dependant electrical conductivity 

is reasonably large. As proposed by Kilbride et al. [174], f0 was taken as the frequency at 

which σAC reached 110 % of the σAC value obtained at f ≈ 1 Hz. The so obtained ac-

exponent is r = 0.81 (cf. Figure 3.14), which is in line with what is reported for 



McGill University Ph.D. Thesis – Cyrill Cattin (2015) 

 49

semiconducting materials. The coefficient of determination for the fit over the given 

frequency range is R2 = 0.995.  

Figures 3.15 (a) to (c) show current vs. voltage plots for MWCNT modified PDMS 

with particle mass fractions ranging from p = 0.004, i.e. close to the percolation 

threshold, to p = 0.05, i.e. far above the percolation threshold. It appears that MWCNT – 

PDMS nanocomposites exhibit a non-linear IV behaviour, and that the nonlinearity of the 

IV curves is more pronounced at p close to pc and becomes weaker as p increases. In line 

with this, the IV behaviour of a network of Baytubes C 150P without PDMS follows a 

linear trend, as is shown in Figure 3.15 (d); something that has also been reported for 

other CNT networks [179]. 

In the case of the MWCNT network without PDMS, the electron-conducting network 

is made up of many electron-conducting paths, and adjacent CNTs within these paths 

likely form direct contacts. The IV characteristics in this case are dominated by the 

behaviour of the network as a whole, which appears to be of ohmic type, as according to 

Ohm's law, the current passing through a conductor between two points is linearly 

proportional to the potential difference across the two points, and inversely proportional 

to the resistance between them; a current vs. voltage plot of an ohmic material sample 

should therefore follow a straight line. At p close to pc, on the other hand, the electron-

conducting network is made up of just a few electron-conducting paths, in which case the 

IV characteristics are dominated by the behaviour of the individual paths, which appears 

to be of non-ohmic type. A non-linear IV behaviour is characteristic of electron 

conduction via quantum mechanical tunnelling, as can be understood from Equation 3.4 
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where it is explicit that the interdependence between current and voltage is indeed non-

linear. It thus appears that that electron transport through individual paths is limited by 

tunnelling between adjacent but non-contacting CNTs 

 

 

Figure 3.15. Current-voltage (IV) behaviour of MWCNT modified PDMS for particle 

mass fractions of (a) 0.004 and (b) 0.05, and (c) plot of normalized current vs. normalized 

electric potential difference for four particle mass fractions, where I0 is the respective 

current measured at 0.5 V and ΔV0 is the respective maximum voltage applied. (d) IV 

behaviour of a dry network of Baytubes C 150P, without PDMS. The dotted and dashed 

lines are trend lines for visual aid. 
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As shown by Dyre [178], and highlighted by Kilbride et al. [174], an approximate 

power law of the form of Equation 3.6, with 0.8 ≤ r ≤1.0 is characteristic of hopping in a 

disordered material where hopping charge carriers are subject to spatially randomly 

varying energy barriers, and where the transport mechanism is probably quantum 

mechanical tunnelling. Accordingly, the finding that at low p the CNT network is 

characterized by r = 0.81 (cf. Figure 3.14) also indicates quantum mechanical tunnelling 

between adjacent but non-contacting CNTs within the electron-conducting paths. 

From the above it follows that at low p the electrical characteristics of MWCNT 

modified PDMS are controlled by the behaviour of the individual electron-conducting 

paths, in which electron conduction is dominated by quantum mechanical tunnelling 

between adjacent but non-contacting CNTs, and that at high p the electrical 

characteristics of MWCNT modified PDMS are controlled by the behaviour of the 

network as a whole. The finding that the normalized increase in electrical conductivity 

with temperature is most pronounced at p close to pc, and decreases with increasing p, 

affirms this picture (cf. Table 3.2). In this context It should be noted that the 

semiconducting behaviour in MWCNT modified PDMS is not due to the intrinsic 

properties of the constituent materials, but rather due to the fact that electron conduction 

within electron-conducting paths is dominated by the electron transfer mechanism at 

CNT to CNT junctions [157], i.e. quantum mechanical tunnelling, for the PDMS is 

electrically insulating and the electron-conducting network is likely not made up of 

individual MWCNTs, but small aggregates of MWCNT, in which current flow takes 

place predominately through the metallic MWCNTs [165]. 
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The above picture of electron conduction in CNT modified polymers is reviewed in 

Chapter 4, where the electric response to uniaxial compression of MWCNT – PDMS 

nanocomposites is studied as a function of MWCNT mass fraction. Equation 3.4 predicts 

the interdependence between tunnelling probability and tunnelling gap width to be of 

exponential type. If mechanical deformation leads to an alteration of the average 

tunnelling gap width within the electron-conducting network, such an exponential 

relation might also be found between compressive strain and sample resistance, and 

should then become quite clear as p approaches pc from above. 

 

3.4.6 Influence of the electrode system 

The evolution of the electrical conductivity of MWCNT – PDMS nanocomposites 

with MWCNT mass fraction has been measured with two different electrode systems, 

namely with a resistivity test fixture with conductive rubber pad electrodes and with an 

electronic circuit using conductive silver paint electrodes (cf. Section 3.3.3); the results 

are given in Figure 3.11. 

Overall, σ values are higher if the material is contacted by conductive silver paint 

electrodes. At p < pc, the σ values obtained by the two set-ups differ by a factor of about 

20, which is likely due to a difference in the degree to which the results are affected by 

background currents and drifts. High resistance low current measurements are highly 

sensitive to background currents, which can be produced by many different phenomena 

(e.g., piezoelectric effects, temperature induced pole relaxation, discharging of capacitive 

elements, etc.), and which depend on the specifics of the measuring technique. At p > pc, 
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background currents can be neglected. The σ values obtained by the two set-ups are close 

and in average differ by a factor of only 2.5. There are likely two sources for this 

difference. First, due to variations in sample thickness and the rubbery nature of both the 

conductive rubber pad electrodes and the samples being tested, it was nearly impossible 

to get two electrode to sample interfaces free of entrapped air. This can exemplarily been 

seen in Figure 3.6, were the 0.1 wt.% sample appears darker in areas where air is trapped 

between sample and support. Air entrapments in the electrode to sample interface reduce 

the effective electrode area; consequently, A of Equation 3.1 might overestimate the 

effective electrode area; hence σ might be underestimated. In the case of silver paint 

electrodes, on the other hand, air entrapment can effectively be prevented as the 

electrodes are painted onto the sample and form a continuous, pore-free film when dried. 

Second, the resistivity test fixture applies a considerable compressive force on the sample 

being tested, whereas in the case of the electronic circuit using conductive silver paint 

electrodes no compressive force is applied. As will be shown in Chapters 4 and 5, 

uniaxial compression of high aspect ratio particle modified polymers causes an increase 

in sample electrical resistance and, hence, a decrease in σ. 

Despite the difference in σ values obtained by the two experimental set-ups, the 

electrical percolation parameters, which describe the configuration of the percolated 

MWCNT network, are congruent. From Table 3.1 it can be seen that pc and t values vary 

by less than 3 % and 1 %, respectively (the small difference is likely due to the difference 

in compressive force applied during testing, cf. Chapter 5). Consequently, while electrical 
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conductivity values do depend on the specifics of the electrode system (e.g., contact 

resistance between electrodes and sample), the percolation parameters do not. 

 

3.5 Summary and Conclusions 

In the present chapter, electron conduction in MWCNT modified PDMS was studied 

by measuring and analysing electrical properties of MWCNT – PDMS nanocomposites 

as a function of particle mass fraction. 

The electrical conductivity of MWCNT – PDMS nanocomposites increases with 

particle mass fraction, exhibiting a sudden transition from electrically insulating (σ ≤ 10-

12 S/m at p ≤ 0.003) to conducting (σ ≈ 10-2 S/m at p = 0.05), which is well described by 

percolation theory. Percolation threshold and conductivity exponent, obtained on up to 1 

mm thick disc samples produced by solution casting, were pc ≈ 0.0031 and t ≈ 2.2, 

respectively, which is in line with the majority of the data reported in literature on CNT 

modified polymers in general. Both the electrical conductivity and the percolation 

parameters have been analyzed with two different electrode systems, namely a resistivity 

test fixture with conductive rubber pad electrodes and an electric circuit using conductive 

silver paint electrodes. It is shown that while the magnitude of the electrical conductivity 

does depend on the specifics of the electrode system, the percolation parameters do not. 

This is significant as it helps understand to what expend data obtained with different 

measuring set-ups are comparable. 

A simple measuring technique was developed to measure the electrical conductivity 

of a lose MWCNT network without PDMS. The latter gives an estimate of the maximum 
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electrical conductivity that can be achieved by adding MWCNTs to PDMS and, for the 

system studied here, was found to be σ ≈ 2 S/m.  

A study of both the frequency and temperature dependence of the electrical 

conductivity at particle mass fractions above the percolation threshold revealed 

semiconducting material characteristics. The current voltage behaviour was found to be 

of non-ohmic type and the ac-exponent at low particle mass fraction was found to be in 

the range 0.8 ≤ r ≤ 1.0, thus indicating a dominant role of quantum mechanical tunnelling 

between adjacent but non-contacting CNTs within the electron-conducting network. This 

is supported by the fact that the conductivity exponent is nonuniversal, i.e. t ≠ 2. Both the 

frequency and the temperature dependence of the electrical conductivity as well as the 

nonlinearity of the current voltage curves were found to decrease with increasing particle 

mass fraction. It thus follows that at particle mass fractions close to the percolation 

threshold the electrical behaviour of MWCNT modified PDMS is dominated by the 

characteristics of individual electron-conducting paths, in which electron conduction is 

controlled by quantum mechanical tunnelling between adjacent but non-contacting 

CNTs, and that at high particle mass fractions the electrical behaviour of MWCNT 

modified PDMS are dominated by the characteristics of the network as a whole, despite 

quantum mechanical tunnelling events within the individual electron-conducting paths.  
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CHAPTER 4 

 

A Study of the Electric Response to Mechanical Deformation of MWCNT – PDMS 

Nanocomposites 

 

Published in Materials Research Society Symposium Proceedings – 

MRS Proceedings 2012, 1410. DOI: 10.1557/opl.2012.856. 

4.1 Introduction 

The main determinant for the electrical properties of CNT – polymer nanocomposites 

is the configuration of the percolated particle network. Electrical properties of as 

produced CNT – polymer nanocomposites have been measured and analysed in Chapter 

3. A logical next step towards a more complete understanding of electron conduction in 

CNT modified polymers, is to study the electric response to configurational changes 

within the particle network, i.e., the electric response to mechanical deformation of bulk 

CNT – polymer nanocomposites. 

Compared to the body of literature on CNT – polymer nanocomposites in general, 

studies of the electric response to mechanical deformation are quite scarce. The fact that 

more than half of the publications have become available in the course of this dissertation 

research, however, points to the fact the that there is an increasing research interest. In 

the relevant literature the electric response to mechanical deformation is studied in 



McGill University Ph.D. Thesis – Cyrill Cattin (2015) 

 57

uniaxial tension [160, 180-189] and compression [87-89, 159, 185, 190-192] tests, as 

well as in flexural tests [193-197]. 

Uniaxial tension on CNT – polymer nanocomposites generally leads to an increase in 

electrical resistance. As discussed in Chapters 3, electron conduction through the 

percolated CNT network is limited by the contact resistance between neighbouring 

CNTs. This contact resistance is a function of interparticle separation, and is dominated 

by quantum mechanical tunnelling through insulating polymer layers. Accordingly, the 

positive interdependence of electrical resistance and uniaxial tension can be explained 

with a change in mean interparticle separation: as the particle network is stretched, the 

mean interparticle separation increases, and so does the overall electrical resistance. 

The electric response to uniaxial compression, on the other hand, is less clear, as the 

interdependence of electrical resistance and uniaxial compression has been reported to be 

positive [87, 88, 159, 190-192] in some cases, but negative [89, 185] in others. There 

seems to be no evident dependence on the type of constituent materials; for MWCNT 

modified PDMS, for example, the electrical resistance has been measured to both 

increase [87, 88] and decrease [89] with uniaxial compression. Taking up the above 

argument, upon uniaxial compression, i.e., as the volume occupied by the CNT network 

is reduced, it would seem evident that the mean interparticle separation, and hence the 

overall electrical resistance, decrease. The majority of the published work, however, 

measured an increase in electrical resistance with increasing uniaxial compression. 

In flexural test, the electric response to mechanical deformation strongly depends on 

the specifics of the test (e.g., measurement on the side under compression vs. 
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measurement on the side under tension, or freestanding beam vs. surface attached thin 

film), and both positive and negative interdependences of electrical resistance and 

mechanical deformation have been found. 

The common ground in all reports is that the material reacts to changing external 

conditions, i.e., the electrical resistance of CNT modified polymers changes with 

mechanical deformation of the material, which makes CNT – polymer nanocomposites 

interesting with regard to implementation as functional materials in stress/strain sensing 

applications. A targeted use as functional materials requires an understanding of, first, 

electron conduction through the percolated particle network, and, second, the electric 

response to mechanical deformation. However, as outlined above, conclusions drawn 

from relevant work in literature are inconsistent and not generally applicable. 

 

4.2 Research Objective 

The goal of this chapter is to gain further insight into electron conduction in CNT 

modified polymers, and therewith to contribute to an understanding of the electric 

response to mechanical deformation of CNT – polymer nanocomposites. First, the 

electric response to uniaxial compression of MWCNT – PDMS nanocomposites is 

studied as a function of particle mass fraction. Then, the result is compared to data from 

the literature, and the conflicting results in literature are discussed. Finally, the use of 

electroconductive polymer nanocomposites as functional materials in stress/strain sensing 

applications is discussed. 
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4.3 Materials and Methods 

The test method used to study the electric response to mechanical deformation was 

uniaxial compression. This allowed the external stimuli to be uniformly applied in 

parallel with the electrical current, which facilitates a correlation between the applied 

mechanical deformation and the resulting change in CNT network configuration, and 

hence the electric response. Enabling significant elastic deformation of CNT – polymer 

nanocomposite test specimens, required a matrix material with a low Young’s modulus 

(e.g., PDMS). As mentioned in the introduction, the characteristics of the CNTs play a 

minor role, and have no phenomenological influence on the electric response to 

mechanical deformation. 

 

4.3.1 Materials 

PDMS (Gelest OE41) was purchased from Gelest, Inc. and MWCNTs (Baytubes C 

150 P) were obtained from Bayer MaterialScience LLC. Both constituent materials are 

described in detail in Chapter 3.3.1. 

 

4.3.2 Sample preparation 

Preparation of MWCNT in PDMS suspensions with varying MWCNT mass fraction 

is described in detail in Chapter 3.3.2. Cube samples with MWCNT concentrations up to 

2.0 wt.% were manufactured by solution casting of the MWCNT in PDMS suspensions 

into SU-8 coated aluminum moulds, followed by thermal curing in an air-circulating 

oven. The cube edges were 10 mm in length. A picture of both the mould and MWCNT – 
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PDMS nanocomposite cube samples is shown in Figure 4.1. As for the thin film samples, 

an electron-microscopical analysis of the cube samples indicated a percolated CNT 

network, with interconnected CNTs and or agglomerates of CNTs (cf. Figure 3.7). 

 

 

Figure 4.1. Photo showing the SU-8 coated aluminum mould used to manufacture and 

test MWCNT – PDMS nanocomposite cube samples, and two cube samples, with 0 wt.% 

and 2.0 wt.% MWCNT, respectively. 

 

The cube samples were contacted on opposite sides with gold-coated silicon wafer 

electrodes that were contacted by Kapton insulated silver plated copper wires using 

conductive silver paint. The sample – electrode interface is a critical element in analysing 

the electric response to mechanical deformation of a material, as any change to area and 

or quality of the electrical contact, due to mechanical deformation of the material during 

testing, needs to be minimized. Here, the effective contact area was kept constant by 

Lower part of SU-8 coated Al mould used to 
manufacture MWCNT – PDMS 
nanocomposite cube samples 

Upper part of mould used to apply uniaxial 
compressive force onto cube samples 

Example of Au coated Si wafer 
electrode 

Examples of 0 wt.% and 2.0 
wt.% MWCNT – PDMS 

nanocomposite cube samples 
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applying the compressive load and the electrical current in parallel, and the initial contact 

quality was optimized by mounting the electrodes on opposite sides in the mould, such 

that the PDMS cured directly onto the electrodes. 

 

4.3.3 Measuring the electric response to mechanical deformation 

Uniaxial compression was applied using an electromechanical testing system (MTS 

Insight 5, MTS Systems Corp.), and the electrical resistance was obtained simultaneously 

using a high resistance meter (Model 6517A, Keithley Instruments Inc.). To minimize the 

effect of mechanical deformation of the material on the electrical contact between 

material and electrodes, first the applied compressive load and electrical current were in 

parallel, i.e., the load was applied onto the electrodes, such that the effective contact area 

remained constant, and, second, a 0.11 pre-strain was applied to further improve the 

initial contact quality. A picture of the experimental set-up, together with a schematic 

representation, is shown in Figure 4.2. The applied crosshead displacement rate was 0.5 

mm/min, and the DC voltage was 10 V. All measurements were taken at room 

temperature. The resistance was calculated from the applied voltage and the measured 

current, and the compressive strain was obtained by dividing the applied crosshead 

displacement of the electromechanical testing system by the initial edge length of the 

sample. As an example, Figure 4.3 shows the simultaneously recorded absolute crosshead 

displacement, dc, compressive force, Fc, and electrical current, I, and the calculated 

electrical resistance, R. 
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Figure 4.2. Picture and schematic representation of experimental set-up used to study the 

electric response to uniaxial compression of MWCNT – PDMS nanocomposite test 

specimens. The set-up allows for constrained and unconstrained uniaxial compression 

testing. The data reported in this thesis were obtained in the unconstrained mode, for 

which the fixation surrounding the sample (used for sample manufacturing) was 

removed. Upper and lower parts of the mould were mounted onto the electromechanical 

testing system. For electrical insulation, the aluminum mould was SU-8 coated and the 

silver plated copper wires were Kapton insulated. 

 

Fife or more samples per concentration were manufactured. For the applied 

compressive strain range, the test – retest variability on different samples is shown in 

Figure 4.4. The presentation of the results in terms of a normalized electrical resistance, 

R/R0, vs. compressive strain, εc, plot will be discussed in Chapter 4.4. The test – retest 

variability on one and the same sample was better. Interestingly, the test – retest 

variability improves as the CNT mass fraction increases. This is likely related to the 

number of electron-conducting paths within the CNT network, which increases with 

 

 

 

 

Electrometer 
(Model 6517A) 

Upper part 
of mould 

Lower part of mould 

Electrode 

Test specimen 

Uniaxial compressive force applied by electromechanical testing system (MTS Insight 5) 

Electrical wiring 
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increasing CNT content. The smaller that number the paths, the bigger the influences of 

small differences between CNT networks in different samples, and vice versa. The 

reported data in Chapters 4.4 and 5 are average values or ‘best case results’. 

 

 

Figure 4.3. Example of data recording: applied absolute crosshead displacement, dc, 

required compressive force, Fc, measured electrical current, I, and calculated electrical 

resistance, R. The test specimen was a 2.0 wt.% MWCNT – PDMS nanocomposite. 
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Figure 4.4. Test – retest variability on different samples as a function of MWCNT mass 

fraction (indicated on the right). Test – retest variability on one and the same sample was 

better. 

 

4.4 Results and Discussion 

The DC volume conductivity of the MWCNT – PDMS nanocomposite as a function 

of particle content was evaluated in Chapter 3: the electrical conductivity scales 

positively with MWCNT concentration, shows a sudden transition from a non-conducting 

to a conducting regime at a percolation threshold of around 0.003, and increases 

relatively moderately at high particle content. 

 

4.4.1 Electric response to uniaxial compression of MWCNT – PDMS nanocomposites 

The measured electric response to uniaxial compression of MWCNT – PDMS 

nanocomposites is shown in Figure 4.5, where the electrical current is plotted as a 

function of absolute crosshead displacement of the electromechanical testing system, for 
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a CNT mass fraction, p, close to the percolation threshold, i.e., p = 0.004, a high CNT 

mass fraction, i.e., p = 0.02, as well as two CNT mass fractions in between, i.e., p = 0.006 

and p = 0.01. The corresponding calculated variation in normalized electrical resistance, 

R/R0, with compressive strain, εc, is plotted in Figure 4.6. As the material is uniaxially 

compressed, the characteristics of the particle network are altered such that current flow 

is continuously impeded, and the electrical resistance increases with increasing 

mechanical deformation. The positive interdependence of R and εc is particle 

concentration dependent and more pronounced at lower particle mass fraction. In 

addition, this interdependence appears to be exponential in type. 

 

 

Figure 4.5. Semilogarithmic plot of change in electrical current, I, with crosshead 

displacement, dc, measured at 10 V on PDMS – MWCNT cube samples with varying 

MWCNT mass fraction (indicated on the right)). 
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Figure 4.6. Variation in normalized electrical resistance, R/R0, with uniaxial compressive 

strain, εc, of MWCNT – PDMS nanocomposites with varying MWCNT mass fraction 

(indicated on the right), R0 being the resistance obtained at εc = 0.11. 

 

The electrical resistance of a test specimen generally depends on its geometry and on 

the electrical resistivity, ρ, of the material and can be expressed as: 

 , (4.1) 

where l and A are the specimen thickness and cross-sectional area, respectively. In 

metallic foil strain gauges, for example, the resistance change with mechanical 

deformation is mostly due to changes in thickness and cross-sectional area of the metallic 

foil [198, 199]. In semiconductor strain gauges, on the other hand, the resistance change 

is typically dominated by a change in the electrical resistivity of the semiconducting 

strain gauge material, where strain induced changes in inter-atomic spacing affect the 

bandgap structure, and hence the probability for an electron to be raised into the 
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conduction band [200, 201]. During uniaxial compression of a MWCNT – PDMS test 

specimen, A is given by the size of the electrodes (cf. Figures 4.2 and 5.4) and remains 

unchanged, l, on the other hand, is decreased; hence, the geometrical factor in Equation 

4.1 decreases with increasing εc. If ρ remained unchanged, an increase in εc would 

therefore lead to a decrease in R. In Figure 4.6, however, the opposite is observed; hence, 

the electrical resistivity of the material changes with compressive strain. MWCNT – 

PDMS nanocomposites therefore are piezoresistive materials. 

Given the insulating nature of PDMS (σ < 10-12 S/m, cf. Chapter 3.4.2), electron 

conduction is limited to the MWCNT network. The overall resistance change can thus be 

associated with a change in electrical resistance of the CNT network due to CNT 

deformation, on the one hand, and or changes in the CNT network configuration (e.g., 

change in average value and distribution of the interparticle contact resistances, or a 

change in the number of electron-conducting paths within the CNT network), on the 

other hand. In this regard Oliva-Aviles et al. [202] have investigated the contribution of 

CNT deformation to the piezoresistance of a CNT – polymer nanocomposite, and found 

that it is marginal, and that the overall electric response to mechanical deformation is 

dominated by changes in the configuration of the CNT network. The electric response to 

mechanical deformation of MWCNT – PDMS nanocomposites might thus be compared 

to the one in semiconductor strain gauges, in the sense that the resistance change is also 

dominated by a change in the electrical resistivity of the material, where the strain 

induced changes to the particle network affect the inter-particle spacing, and hence the 

probability for an electron to pass from one particle to an adjacent one. 
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In Chapter 3, electron conduction in MWCNT modified PDMS was found to be 

dominated by quantum mechanical tunnelling through insulating polymer layers between 

adjacent but non-contacting CNTs. The exponential relation between R and εc further 

evidences this. As emphasized in Figures 4.7 (a – c), where the electric response to 

uniaxial compression is presented in a R vs. εc plot, for a high MWCNT mass fraction, 

i.e., p = 0.02, a low MWCNT mass fraction, i.e., p = 0.004, and a MWCNT mass fraction 

just above the percolation threshold, the exponential behaviour is universal, but 

increasingly pronounced the closer p to pc. The coefficient of determination, R2, of an 

exponential fit to the data points is R2 ≥ 0.99 for both p = 0.02 and 0.003 < p < 0.004; for 

a linear fit do the data points, however R2 = 0.97 for p = 0.02 but R2 = 0.82 for 0.003 < p 

< 0.004. This might be interpreted as discussed in the following two paragraphs. 

At p just above pc, the number of electron-conducting paths within the CNT network 

is small, and the electric response to mechanical deformation is dominated by the 

resistance change within a path (cf. Figure 4.8 a). The resistance of a path is controlled by 

the contact resistance of non-contact CNT – CNT junctions, where electrons pass from 

one CNT to an adjacent one via quantum mechanical tunnelling. The interdependence 

between tunnelling probability and tunnelling gap width is exponential in type (cf. 

Equation 3.4). Hence, a strain induced alteration of the tunnelling gap width in CNT – 

CNT junctions within an electron-conducting path leads to an exponential change in the 

corresponding contact resistances, thus explaining the overall exponential change of R 

with εc at low p. 
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Figure 4.7. Resistance change with uniaxial compression of MWCNT – PDMS 

nanocomposites, at varying CNT mass fraction: (a) 0.02, (b) 0.004, and (c) just above the 

percolation threshold. (d) Gauge factor of MWCNT – PDMS nanocomposites as a 

function of CNT mass fraction. 
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can be viewed as a resistor network, with electron-conducting paths of resistance Rp 

connected in parallel. The resistance of the network, Rn, can then be expressed as: 

 , (4.2) 

where N is the total number of electron-conducting paths. If Rp is assumed to be the same 

for all paths, Equation 4.2 can be rewritten as: 

 , (4.3) 

where it is made explicit that Rn depends linearly on N. A strain induced alteration of the 

tunnelling gap width in CNT – CNT junctions leads to an exponential change in Rp, on 

the one hand, and to a breakup of electron-conducting paths, or to the creation of new 

ones, on the other hand. As N varies continuously with applied mechanical deformation 

to the CNT network, Rn varies linearly with N, thus explaining the more linear character 

of the electric response to εc at high p. 

Accordingly, with respect to the positive interdependence of R and εc (cf. Figure 4.6), 

uniaxial compression of MWCNT – PDMS nanocomposites leads to an increase in CNT 

– CNT separation such that Rp increases, i.e., the resistance of the electron-conducting 

paths increase with mechanical deformation, and N decreases, i.e., electron-conducting 

paths are continuously broken up. It is worth noting that this is somewhat unobvious. 

Upon uniaxial compression, the volume occupied by the CNT network is reduced and a 

decrease in mean interparticle distance, and hence a decrease in Rp, and an increase in N, 

might seem more intuitive. This will be further discussed in Chapter 5. 
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Figure 4.8. Schematic illustrating a CNT network at (a) p close to pc, and (b) p >> pc. 

Black lines in (a) and blue lines in (b) represent CNTs which are part of the electron-

conducting network, grey lines in (a) and (b) represent CNTs which are not part of the 

electron conducting network. The red circle in (a) highlights the CNT – CNT junction 

with the highest local resistance within the electron-conducting path. 

 

4.4.2 Piezoresistance in polymer nanocomposites with high aspect ratio particles 

The result presented in the previous section is in line with the majority of the data 

from the literature on polymer nanocomposites with CNTs [87, 88, 159, 190-192] and 

high aspect ratio particles (e.g., graphene or high structure carbon black) in general [203-

205]. The exceptions are [185] and [89]. In MWCNT – PDMS and MWCNT – 

polyethylene (PE) nanocomposites, and for particle concentrations varying from 3.0 to 

6.0 wt.%, Rizvi et al. [89] found the resistance to decrease with increasing applied stress, 

i.e., increasing compressive strain. The reported percolation thresholds for the MWCNT 

– PDMS and the MWCNT – PE systems are 0.03 and 0.022, respectively, values that are 

20 to 30 times higher than what is typically observed in CNT – polymer nanocomposites 

[26], and comparable to percolation thresholds typically observed in low aspect ratio 

particle based polymer nanocomposites (e.g., low structure carbon black – polymer 

nanocomposites [206, 207]). These high percolation thresholds indicate extremely poor 
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particle dispersion with relatively large MWCNT agglomerates. In terms of electric 

response to mechanical deformation, the two material systems therefore should be 

regarded as low aspect ratio particle based polymer nanocomposites, for which the 

electrical resistance typically decreases with increasing compressive strain [208-212]. 

Kang et al. [185] characterized SWCNT – polyimide (PI) nanocomposites, and, at a 

SWCNT concentration of 0.05 wt.%, found the interdependence of electrical resistance 

and compressive strain to be negative. Tests were performed on 50 μm thin film samples. 

As reported by some of the co-authors in an earlier paper [213], individual SWCNTs 

were 3 μm long and agglomerated into bundles, which formed micrometer scale 

agglomerates. Given the low ratio of agglomerate size to sample thickness, it is likely 

that reorientation, reshaping, and relative movement of the agglomerates within the 

polymer matrix is restricted. The reported electric response to uniaxial compression 

therefore can not be viewed as that of bulk SWCNT – PI nanocomposites, but rather of a 

designed SWCNT – PI system, namely of a SWCNT – PI nanocomposite thin film with 

oriented agglomerates of SWCNT. Given the relatively small deformation, i.e., up to εc = 

0.0017, and the fact that no pre-strain was applied, it is also possible that the measured 

decrease in electrical resistance is due to a decrease in contact resistance between 

electrodes and samples. 

Based on the results presented in Chapter 4.4.1, and on the above discussion of the 

conflicting results in literature, it can be concluded that high aspect ratio particle based 

bulk polymer nanocomposites are piezoresistive materials, exhibiting a positive 

interdependence between electrical resistance and compressive strain. This is in contrast 
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to low aspect ratio particle based bulk polymer nanocomposites, for which the 

interdependence between electrical resistance and strain is typically positive in tension 

[186, 189, 214], but negative in compression [208-212]. The piezoresistive effect in 

polymer nanocomposites, and in polymer nanocomposites with high aspect ratio particles 

in particular, will be discussed in detail in Chapter 5. 

As outlined in the introduction, the electric response to mechanical deformation has 

also been measured in flexural tests. In contrast to uniaxial tension and compression tests, 

however, flexural mechanical deformation parallel to the electrical current is non-

uniform, and a correlation between mechanical deformation and electric response 

therefore is non-trivial. In a simple 4-point beam-bending test (cf. [197]), for example, 

one side of the beam will be under tension whereas the opposite side will be under 

compression. By measuring the current on the compressive side, it cannot be concluded 

that the measured electric response to mechanical deformation is characteristic to the test-

material under compression, as paths of low resistance to electrical current might pass 

through the sample half under tension. Other work reports on the electric response to 

mechanical deformation of specifically designed high aspect ratio particle based 

architectures in polymer matrices (e.g., CNT film attached to polymer substrate [215], 

CNT films layered with thin films of pure polymer [216], foams [217], or more advanced 

architectures [39, 218]). The measured electric response to mechanical deformation in 

these cases is a function of the specifics of the respective design, and, thus, not 

representative for the corresponding bulk particle – polymer nanocomposite. It should be 
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noted that data reported in [193-197] and [39, 215-218], and related work, has therefore 

not been included in the above considerations. 

 

4.4.3 Application as a piezoresistive sensing material 

The piezoresistive character of MWCNT modified PDMS, and CNT – polymer 

nanocomposites in general, makes them interesting candidates as functional materials in 

stress/strain sensing applications. On the one hand, CNT – polymer nanocomposites can 

be employed in applications where the polymeric characters of the material (e.g., 

transparency and or flexibility) are key requirements, as, for example, in flexible tactile 

sensors [8], or where polymers are generally preferred to metals or ceramics for others 

reasons, such as weight savings, cost savings, ease of fabrication or biocompatibility. On 

the other hand, as will be discussed below, CNT – polymer nanocomposites are 

interesting because of a potentially very high, and, most notably, tunable Gauge factor. 

The piezoresistive strain coefficient of a material, i.e., its Gauge factor, GF, can be 

determined by dividing the fractional change in resistance by the corresponding applied 

compressive strain: 

 , (4.4) 

where R0 is the reference resistance. For the MWCNT – PDMS nanocomposite studied 

here, the variation of the piezoresistive strain coefficient with MWCNT mass fraction is 

shown in Figure 4.7 (d), where R0 is the resistance at εc = 0.11. As can be seen, GF 

decreases by one order of magnitude as the MWCNT mass fraction is increased from p = 
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0.004 to p = 0.02. At high p, and for small Δp, GF can be considered constant. At low p, 

in contrast, GF varies strongly with p and can reach values of 150 and more for p just 

above pc. By comparison, metallic foil strain gauges typically have GFs between 2 to 5 

[198], and silicon based semiconductor strain gauges can have GFs as high as 200 [219], 

but usually have GFs between 50 and 100 [220]. The high piezoresistive strain 

coefficients in MWCNT modified PDMS are due to the piezoresistive character of the 

material, and the exponential interdependence of electrical resistance and compressive 

stain. 

It should be noted that the higher the strain – sensitivity of the material, the more 

demanding the technical requirements to read the electric response to mechanical 

deformation. For the results presented here, at 10 V the ratio of I at εc = 0.22 to I at εc = 

0.11 is 17 at p just above pc, but only 1.7 at p = 0.02. In addition, at p close to pc, I is in 

the nA – range, whereas at p = 0.02 I is 6 orders of magnitude higher. The electronic 

circuit accessing at highly strain – sensitive MWCNT – PDMS nanocomposites with p 

close to pc needs to be able to track currents in the nA range and current variations in the 

10-10 to 10-11 A range, whereas the requirements for the electronic circuit accessing a 

MWCNT – PDMS nanocomposites with high p are less demanding, as it needs to be able 

to track currents in the mA range and current variations in the 10-4 A range only. 

In this context it is interesting to note that at εc = 0.22, the applied pressure, calculated 

by dividing the applied compressive force (cf. Figure 4.3) by the cross-sectional area of 

the test sample, is less than 0.3 MPa for all MWCNT concentrations, which is within the 
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finger-pressure range, cf. [204], and thus makes the studied MWCNT – PDMS 

nanocomposites interesting for tactile sensing applications. 

 

4.5 Summary and Conclusions 

With the goal of gaining further insight into electron conduction in CNT – polymer 

nanocomposites, and to contribute to an understanding of the electric response to 

mechanical deformation in bulk CNT – polymer nanocomposites, the present chapter 

measured and analyzed the electric response to uniaxial compression of MWCNT 

modified PDMS as a function of CNT content. 

The electrical resistance is found to increase with compressive strain. The 

interdependence between the two parameters is exponential in type, and shows a particle 

concentration dependent behaviour, with increasing strain-sensitivity for decreasing 

particle mass fraction. It is shown that bulk MWCNT modified PDMS, and high aspect 

ratio particle based polymer nanocomposites in general, are piezoresistive materials, 

showing positive interdependences between electrical resistance and compressive strain 

as well as between electrical resistance and tensile strain. 

The exponential relation between electrical resistance and compressive strain supports 

the previous finding that electron conduction in bulk CNT modified polymers is 

dominated by quantum mechanical tunnelling through insulating polymer layers between 

adjacent but non-contacting CNTs. It is argued that at low CNT mass fractions, the 

electric response to mechanical deformation is dominated by the resistance change within 

electron-conducting paths, which is caused by strain induced alterations of the tunnelling 



McGill University Ph.D. Thesis – Cyrill Cattin (2015) 

 77

gap widths, and that at high CNT mass fractions, the electric response to mechanical 

deformation is dominated by the resistance change of the CNT network as a whole, 

which is caused by a strain induced alteration of the number of electron-conducting paths 

within the CNT network. 

It is further shown that at CNT mass fractions close to the percolation threshold, 

MWCNT modified PDMS can exhibit piezoresistive strain coefficients as high as 150, 

and that the Gauge factor varies as a function of particle mass fraction, i.e., that it is 

tunable. This makes MWCNT modified PDMS, and CNT – polymer nanocomposites in 

general, interesting candidates as functional materials in stress/strain sensing applications 

where the polymeric characters of the material are key requirements, or where polymers 

are generally preferred to metals or ceramics. 
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CHAPTER 5 

 

Piezoresistance in Polymer Nanocomposites with High Aspect Ratio Particles 

 

Published in ACS Applied Materials & Interfaces – 

ACS Applied Materials & Interfaces 2014, 6 (3). DOI: 10.1021/am404808u. 

5.1 Introduction 

As introduced in Chapter 2 and analyzed in Chapter 3, adding electrically conducting 

nanoparticles to polymers allows for the design of electroconductive polymer 

nanocomposites, where electron flow is enabled through the formation of a particle 

network throughout the polymer matrix. In Chapter 4, the characteristics of the particle 

network (e.g., the mean interparticle separation) and, consequently, the electrical 

conductivity of the material were found to change with mechanical deformation, which 

makes such nanocomposites piezoresistive materials. 

Uniaxial tension on electroconductive polymer nanocomposites generally leads to an 

increase in electrical resistance [160, 180-186, 188, 189, 214], whereas the electric 

response to uniaxial compression seems to depend on particle shape: the electrical 

resistance typically decreases with compressive strain in the case of low aspect ratio 

particles (e.g., low structure carbon black and metal powder) [208-212, 221] but 

increases with compressive strain in the case of high aspect ratio particles (e.g., high 

structure carbon black agglomerates, carbon nanotubes and graphite nanosheets) (cf. 
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Chapter 4 and [87, 159, 190-192, 203-205, 214, 222]). In either case the piezoresistance 

strongly depends on particle concentration and increases with decreasing particle content 

(cf. Chapter 4 and [87, 183, 184, 192, 204, 210, 211]). The determinant for the overall 

electrical resistance in electroconductive polymer nanocomposites is the contact 

resistance between neighbouring particles within the conducting network, which in turn, 

is dominated by quantum mechanical tunnelling through insulating polymer layers (cf. 

Chapters 3), and so is a function of interparticle separation (cf. Equation 3.4). 

Accordingly, the positive interdependence of electrical resistance and uniaxial tension, as 

well as the negative interdependence of electrical resistance and uniaxial compression, 

can be explained with the change in mean interparticle separation: as the particle network 

is stretched, the overall electrical resistance increases because the mean interparticle 

separation is increased, and as the particle network is compressed the overall electrical 

resistance decreases because the mean interparticle separation is decreased. In both cases, 

the experimentally observed piezoresistance is found to be well described by models 

based on quantum mechanical tunnelling or thermal activation over barriers [182, 185, 

186, 208, 210, 211, 214]. Such modeling, however, involves nontrivial parameters, 

namely, the height of the tunnelling potential barrier and the average initial interparticle 

separation, and generally is concentration specific, hence inapplicable to predicting the 

experimentally observed concentration dependence of the piezoresistance. 

In contrast to the above, the positive interdependence of electrical resistance and 

uniaxial compression, as it is found in polymer nanocomposites with high aspect ratio 

particles, is not well understood. An increase in interparticle separation with uniaxial 
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compression of the particle network, i.e., as the occupied volume is reduced, seems 

unobvious. Oliva-Aviles et al. [202] have investigated the contribution of carbon 

nanotube deformation to the piezoresistance of a CNT – polymer nanocomposite and 

found that it is marginal and that the overall electric response to mechanical deformation 

is dominated by changes in the configuration of the CNT network. Accordingly, by 

considering the electrical resistance of the conducting particles as constant, it has been 

proposed that the piezoresistance in polymer nanocomposites with high aspect ratio 

particles can be explained by a combination of two distinct mechanisms, namely, a 

change in interparticle separation, and a change in the number of conducting paths within 

the particle network [192, 204, 208]. Quantum mechanical tunnelling based models, that 

have been extended to account for such changes in the number of conducting paths, were 

found to fit the electric response to uniaxial compression in well-defined systems [192, 

204]; they remain, however, concentration specific and are not generally applicable. 

In electroconductive polymer nanocomposites, the percolation threshold, i.e., the 

minimum particle concentration needed to form an electron-conducting network 

throughout the polymer matrix, is inversely proportional to the aspect ratio of the 

particles [26, 169]. With regard to applications as functional materials where the 

polymeric characteristics of the material, e.g., transparency and or flexibility, are key 

requirements (e.g., flexible tactile sensors [8] ), high aspect ratio particle based polymer 

nanocomposites are therefore of particular interest, as the added properties, i.e., electrical 

conductivity and piezoresistance, can be obtained at much lower particle content. Thence, 

there is a clear need for a better understanding of the piezoresistance in such materials. 
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Moreover, as mentioned before, the piezoresistance of electroconductive polymer 

nanocomposites is tunable because it is concentration dependent. Having the capacity to 

predict this concentration dependence of the piezoresistance would be highly 

instrumental in the selection of functional materials for piezoresistive sensing 

applications. 

 

5.2 Research Objective 

This chapter addresses the problem of positive vs. negative piezoresistance in 

uniaxially strained polymer nanocomposites with high aspect ratio particles, and aims to 

provide new insight into piezoresistance in polymer nanocomposites in general. A 

percolation theory based model relating the variation in electrical resistance to 

compressive strain is developed and applied to the piezoresistance characterization of a 

CNT based polymer nanocomposite, as well as to related data from the literature on 

CNT, graphene, and high structure carbon black based polymer nanocomposites. It is 

then shown why current theories fail to generally describe the experimental findings and 

the electric response to compressive and tensile deformation of both high aspect ratio 

particle and low aspect ratio particle based polymer nanocomposites is discussed. 

 

5.3 Theoretical Basis and Model 

The overall electrical conductance, G, of an electroconductive polymer 

nanocomposite scales positively with the fractional particle content, p, and for p > pc 

typically follows the power-law behaviour: 
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, (5.1) 

where pc is the percolation threshold, i.e., the particle concentration below which G 

vanishes, and t is the so-called conductivity exponent. For the case of direct contact 

between adjacent particles, classical percolation theory predicts the conductivity 

exponent to be universal, i.e., not dependent upon the nature of the particles and the 

configuration of the network, and solely dependent on the network dimensionality (e.g., t 

= 2 for all three-dimensional direct-contact networks) (cf. Chapter 3). By fitting Equation 

5.1 to experimental results, many bulk electroconductive polymer nanocomposites, 

however, are found to be characterized by nonuniversal conductivity exponents (cf. 

Figure 6.2 and [26, 170]). Studying this discrepancy between experimental data and 

available theories, Balberg proposed a tunnelling-percolation model [173], in which 

electron conduction through the percolating network is dominated by tunnelling between 

adjacent but non-contacting particles and identified quantum mechanical tunnelling as the 

potential origin of this nonuniversality. Experimental evidence for a determinant role of 

quantum mechanical tunnelling is found in both polymer nanocomposites with low aspect 

ratio particles [223] and polymer nanocomposites with high aspect ratio particles (cf. 

Chapters 3 and 4, and [146]), and on the basis of Balberg’s work, it is now understood 

that the magnitude of the deviation from the universal value of t is governed by the 

distribution of local conductances [224-227]. 

The tunnelling probability and, so, the local conductance depend exponentially on 

interparticle separation. It therefore seems likely that, due to reorientation, reshaping, and 

relative movement of the particles, uniaxial compression of a polymer nanocomposite 
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with high aspect ratio particles will affect the local conductances, such that part of it 

increases, part of it remains unchanged, and part of it decreases, leading to a net 

broadening of the distribution of local conductances. Recently, Scardaci et al. [14] found 

the conductivity exponent of a high aspect ratio particle based polymer nanocomposite to 

scale linearly with network non-uniformity, suggesting higher t values for broader 

distributions of local conductances. Accordingly, it is assumed that uniaxially 

compressed bulk polymer nanocomposites with high aspect ratio particles are 

characterized by an increased conductivity exponent; hence that t scales positively with 

applied compressive strain, εc. It is therefore propose that t can be replaced by a 

compressive strain dependent conductivity exponent, tc: 

, (5.2) 

where 0 ≤ |εc|≤ 1, t0 is the reference conductivity exponent characterizing the particle 

network at compressive strain ε0 (typically ε0 = 0), and cp is a factor taking into account 

the concentration dependence of the influence of compressive strain on the distribution of 

local conductances. By inverting Equation 5.1 and replacing t by tc given in Equation 5.2, 

one so obtains an expression for the compressive strain dependent overall electrical 

resistance of the material, Rc: 

. (5.3) 

As discussed before, the piezoresistance in polymer nanocomposites is concentration 

dependent and increases with decreasing particle content. It is therefore assumed that the 

influence of εc on the distribution of local conductances decreases as the number of local 
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conductors, i.e., two particles within the electron-conducting network close enough to 

allow for quantum mechanical tunnelling, increases; thence as the particle concentration 

increases it is highest at p close to pc and decreases as (p – pc) increases. A simple 

expression for this is given by: 

. (5.4) 

Thus, by substituting the above expression in Equation 5.3, and normalizing Rc(εc) to the 

reference electrical resistance at ε0, Rc(ε0), the variation in normalized electrical 

resistance with uniaxial compression of a polymer nanocomposite with high aspect ratio 

particles, i.e., its piezoresistance, can conveniently be described as: 

. (5.5) 

Prominent features of this model are that it captures the concentration dependence of 

the piezoresistance and that no assumptions need to be made with respect to the nature of 

the particles and or the configuration of the network, as both of them are described by 

parameters pc and t0, which are experimentally definable. 

 

5.4 Results and Discussion 

First, provided pc and t0 are known, Equation 5.5 enables one to evaluate the 

piezoresistance at any particle concentration of p > pc. Second, given that parameters pc 

and t0 are specific to a particle network, Equation 5.5 should apply to any uniaxially 

compressed polymer nanocomposite with high aspect ratio particles. The underlying 

assumptions are that the particle network at ε0 is indeed well characterized by the 
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parameters pc and t0 and that the evolution of the characteristics of the particle network, 

and, consequently, of the overall electrical resistance of the material, is captured by the 

strain dependence of the conductivity exponent. Next, the first point is studied by 

applying Equation 5.5 to the piezoresistance characterization of a high aspect ratio 

particle based polymer nanocomposite, where parameters pc and t0 are experimentally 

define, and the fit of the model at different particle concentrations is studied. The second 

point is then verified by applying the model to appropriate data from the literature on 

various polymer nanocomposites. 

 

5.4.1 Predicting the concentration dependence of the piezoresistance  

The high aspect ratio particle based electroconductive polymer nanocomposite 

studied herein is a multiwalled carbon nanotube modified polydimethylsiloxane. The 

details regarding constituent materials are given in Chapter 3.3.1. Figure 5.1 shows the 

electrical conductivity, σ, of the MWCNT – PDMS nanocomposite at eight different 

CNT mass fractions (empty symbols). The DC volume conductivity as a function of 

MWCNT content was evaluated on both thin film samples according to ASTM D257 (cf. 

Chapter 3.3.3) and cube samples at ε0 = 0.11, using a high resistance meter with a DC 

voltage of 10 V. Cube sample manufacturing and electrical connection is described in 

Chapter 4.3.1, and the electrical characterization technique is detailed in Chapter 4.3.2. 

The results from the two test methods were in good agreement. As expected, the 

electrical conductivity scales positively with CNT concentration, showing a sudden 

transition from a non-conducting to a conducting regime, with a relatively moderate 
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increase at high CNT content. Parameters pc and t0 of Equation 5.5, characterizing the 

MWCNT network throughout the PDMS matrix at ε0, are obtained by means of a 

logarithmic plot of σ vs. (p – pc) (cf. inset in Figure 5.1) where pc is incrementally varied 

until the best linear fit of Equation 5.1 to the experimental data is obtained. Note that the 

power-law behaviour in Equation 5.1 also applies to the electrical conductivity, and that 

G is replaced by σ (cf. Equation 3.3). 

 

 

Figure 5.1. Semilogarithmic plot of measured (empty symbols) and calculated (solid 

line) change in electrical conductivity with MWCNT mass fraction, p. Reported  

values for p ≤ 0.003 were obtained according to ASTM D257, and  values for p ≥ 

0.004 were obtained on cube samples at the reference point, i.e., at 0 = 0.11, taking into 

account the corresponding sample dimensions. Inset: logarithmic plot of  vs. (p – pc) 

showing the best fit of Equation 5.1 to the experimental data. 
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For the system at hand, the parameters were found to be pc = 0.00325 and t0 = 2.8, 

respectively, with a coefficient of determination of 0.99232. The proportionality constant, 

σx, used to fit Equation 5.1 to the semilogarithmic plot of σ vs. p (solid line), which was 

also obtained through the fitting procedure, was σx ≈ 2.2 × 103 S/m. 

The measured electric response to uniaxial compression of the MWCNT – PDMS 

nanocomposite is shown in Figure 5.2 a (empty symbols), for a CNT mass fraction close 

to the percolation threshold, i.e., p = 0.004, and a high CNT mass fraction, i.e., p = 0.01, 

as well as one in between, i.e., p = 0.006. In line with data reported for other high aspect 

ratio particle based bulk polymer nanocomposites, first, the electrical resistance increases 

with compressive strain and, second, the interdependence of electrical resistance and 

compressive strain is exponential in type and shows a particle concentration dependent 

behaviour, with increasing strain-sensitivity for decreasing particle content. Figure 5.2 a 

also shows the calculated electric response to uniaxial compression as obtained by 

Equation 5.5 for the same CNT mass fractions (solid lines), using the previously 

determined values for parameters pc and t0. It appears that both the piezoresistance of the 

MWCNT – PDMS nanocomposite as well as its concentration dependence are well 

described by the proposed model, indicating that the electric response to uniaxial 

compression is indeed dominated by a net broadening of the distribution of local 

conductances and that the influence of compressive strain on this distribution is inversely 

proportional to particle concentration. Although other expressions for cp cannot be ruled 

out, the goodness of the fit further indicates that this interdependence is well captured by 

the simple expression given in Equation 5.4. 



McGill University Ph.D. Thesis – Cyrill Cattin (2015) 

 88

 

 

Figure 5.2. (a) Semilogarithmic plot of variation in normalized electrical resistance, 

R/R0, with uniaxial compression, εc, of the MWCNT – PDMS nanocomposite at three 

CNT mass fractions (empty symbols), R0 being the resistance measured at ε0 = 0.11, and 

calculated electric response, Rc(εc)/Rc(ε0), to uniaxial compression, as obtained by 

Equation 5.5 for the same CNT mass fractions (solid lines). (b) Logarithmic plot of σ vs. 

(p – pc) showing the linear fits (solid lines) to the experimental data (line symbols) at 

three compressive strains εc. 
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Analyzing the σ vs. (p – pc) trends at different compressive strains (cf. Figure 5.2 b), 

the conductivity exponent (slope of the linear fits to the experimental data) is found to 

increase with increasing compressive strain, which confirms the corresponding 

assumption made leading up to Equation 5.2 (i.e., that t scales positively with εc). 

Given the dependence of tc( c) on pc and t0 (cf. Equation 5.2 and 5.4), it is worth 

noting that both pc and t0 are considered strain independent. Parameters pc and t0 

characterize the particle network at the reference point p0 and, for a given p, tc( c) then 

captures the change in the distribution of local conductances with compressive strain | c| ≥ 

| 0|. Parameters pc and t0 are a function of constituent materials, processing method and 

reference point (e.g., pre-compression); a change of any of those parameters would likely 

lead to different pc and t0 values. 

 

5.4.2 Applying the model to data from the literature 

For the purpose of applying the model to different polymer nanocomposites a number 

of papers that study the electric response to uniaxial compression of bulk polymer 

nanocomposites with high aspect ratio particles have been identified, namely [87, 159, 

190-192, 205, 214]. The extracted data for seven CNT, graphene and high structure 

carbon black based polymer nanocomposites are shown in a R/R0 vs. εc plot in Figure 5.3 

(full and empty symbols). In case the electric response was given as a function of 

pressure, P, or compressive force, Fc, the corresponding compressive strain was derived 

by taking into account the Young’s modulus, Y, of the material: 
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 , (5.6) 

where Ac is the area onto which Fc was applied. The degree to which a polymer 

nanocomposite resists uniaxial compression or tension typically increases with increasing 

deformation; for elastomers and small deformations, however, this effect is small (cf. 

Figure 5 in [204]); the above approximation therefore seems acceptable. Y values are 

specified in Table 5.1 and 5.2. For the same polymer nanocomposites, Figure 5.3 also 

shows the calculated electric response to uniaxial compression as obtained by Equation 

5.5 (solid and dashed lines), using the respective parameters listed in Table 5.1. 

 

 

Figure 5.3. Semilogarithmic plot of variation in normalized electrical resistance, R/R0, 

with uniaxial compression, c, for seven high aspect ratio particle based polymer 

nanocomposites (full and empty symbols), and the corresponding calculated electric 

response, Rc( c)/Rc(/0), to uniaxial compression as obtained by Equation 5.5 (solid and 

dashed lines). Data sources and parameters p, pc, t0 and Y are specified in Table 5.1. For 

improved facility of inspection, c values of data set 5 were multiplied by 10. 
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First of all, in spite of the large range of variations in relative resistance, the 

piezoresistance of all seven polymer nanocomposites is well characterized by the model. 

The model was applied to data from [192], by using the p, pc, and t0 values given in the 

paper and incrementally changing Y until the best fit was obtained. The so found values 

for the Young’s modulus of the material seem reasonable, and higher Y values were 

found for higher CNT concentrations, as is expected for MWCNT – methylvinyl silicone 

rubber (VMQ) nanocomposites. In both systems, i.e., for MWCNT – VMQ 

nanocomposites with CNTs having an average aspect ratio of around 50 (data sets 1 and 

2) as well as for MWCNT – VMQ nanocomposites with CNTs having an average aspect 

ratio of around 500 (data sets 3 and 4), Equation 5.5 also captures well the concentration 

dependence of the piezoresistance. To fit Equation 5.5 to data from [159], values for p 

and pc were taken from the paper; an assumption for Y was made based on data from the 

material supplier, and t0 was the fitting parameter. Again, the so obtained value falls 

within the expected range. 

Given the difference in MWCNT aspect ratio for the polymer nanocomposites 

presented in [192] (e.g., data sets 1 and 3) and the fact that the polymer nanocomposite 

characterized in [159] (data set 5) is composed of modified MWCNTs and a different 

matrix material, it seems self-evident that the corresponding CNT networks at ε0 = 0 

differ from each other. The equally good fits of Equation 5.5 to data sets 1, 3, and 5, for 

different respective sets of pc and t0 values (cf. Table 5.1), therefore strongly support the 

assumptions that the particle network at ε0 is well characterized by the corresponding pc 
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and t0 values and that the variation in electrical resistance with uniaxial compression is 

indeed captured by the strain dependence of the conductivity exponent. 

 

Table 5.1. Parameters p, pc, t0 and Y used to fit Equation 5.5 to data from the literature 

(cf. Figure 5.3). 

a estimated value; b fitting parameter; c high structure nanosized carbon black (HS-NCB). 

 

In [192], a higher percolation threshold was found for the nanocomposite with the 

higher aspect ratio CNTs. This is unusual as, typically, the percolation threshold is 

inversely proportional to the particle aspect ratio [26, 169]. The authors explain this 

discrepancy with the agglomeration of CNTs, which decreases the effective aspect ratio 

and appears to be more pronounced for the higher aspect ratio ones. It is worth noting 

that, despite this discrepancy, Equation 5.5 describes data sets 1 to 4 equally well. The 

reason for this is that the description of the respective CNT networks is based on 

experimentally defined parameters and does not rely on assumptions regarding particle 

geometry and or network configuration, and that Equation 5.5 is equally applicable to 

networks of well-dispersed particles and networks comprising particle agglomerates. 

Label Ref. Material system Comment p pc t0 Y [MPa] 

1 
[192] MWCNT | VMQ CNT aspect ratio: 50 

0.011 
0.0082 3.52 

6.6 b 

2 0.021 7.1 b 

3 
[192] MWCNT | VMQ CNT aspect ratio: 500 

0.013 
0.0102 4.16 

7.2 b 

4 0.025 7.4 b 

5 [159] MWCNT | PDMS Modified CNTs 0.01 0.0075 2.3 b 4 a 

6 [205] Graphene | PDMS - 0.0119 0.0063 2.12 1.4 b 

7 [214] HS-NCB c | PI - 0.1 0.09 a 5.5 b 0.4 a 
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Same as for data sets 1 to 4, Equation 5.5 was applied to the graphene – PDMS 

nanocomposite (data set 6) by using the p, pc, and t0 values given in the corresponding 

paper and incrementally changing Y until the best fit was obtained. For the high structure 

carbon black – polyisoprene (PI) nanocomposite (data set 7), an estimation of pc is given 

by the same authors in [181]; Y was estimated on the basis of data reported in the 

literature [228], and t0 was the fitting parameter. In both cases, the so obtained values lie 

within the expected range, and the piezoresistance is well characterized by the above 

model. This suggests that the notion of a net broadening of the distribution of local 

conductances with compressive strain applies to all polymer nanocomposites with high 

aspect ratio particles, and it is therefore concluded that Equation 5.5 can be applied to 

high aspect ratio particle based bulk polymer nanocomposites in general. It is worth 

noting that the piezoresistance of the polymer nanocomposites studied in [87, 190, 191] 

are equally well described by Equation 5.5. 

 

5.4.3 Understanding piezoresistance in bulk polymer nanocomposites 

To conclude, an attempt is made to demonstrate that the framework of the proposed 

model is not limited to high aspect ratio particle based polymer nanocomposites but that 

it can describe piezoresistance in electroconductive polymer nanocomposites in general. 

To this end, it is assumed that the dispersion of the particles within the polymer matrix is 

such that the local conductances, g, follow some distribution around a mean value. The 

overall electrical conductance, G, of a bulk polymer nanocomposite is then a function of 

both the mean local conductance, μ(g), and the variance of this distribution of local 
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conductances, Var(g). On the one hand, for a given Var(g), G increases with increasing 

μ(g), i.e., decreasing mean interparticle separation, and decreases with decreasing μ(g), 

i.e., increasing mean interparticle separation. On the other hand, for a given μ(g), G 

increases with decreasing Var(g) and decreases with increasing Var(g). The reason for 

this is that the range of g is finite, with a maximum in the case of physical contact 

between particles and a minimum in the case of high interparticle separation, where the 

corresponding particle-particle junction can no longer be considered as a conductor. 

Upon mechanical deformation, μ(g) is increased or decreased, depending on whether 

the particle network is compressed or stretched. Var(g), in contrast, is always increased. 

To illustrate this, a case of uniaxial compression, as is schematically shown in Figure 5.4, 

is discussed. On the one hand, as the bulk polymer nanocomposite is compressed, the 

overall volume occupied by the particle network is reduced and so is the mean 

interparticle separation, with the consequence that μ(g) is increased. On the other hand, 

upon compression, the distance between two adjacent particles either decreases (cf. mode 

1 in Figure 5.4) or increases (cf. mode 2 in Figure 5.4) or remains unchanged (mode 0, 

not shown in Figure 5.4), depending on the details of this individual particle-particle 

junction (e.g., orientation with respect to the direction of the applied compressive load or 

position within the particle network). The probability of occurrence for the three modes is 

typically not equal. However, because the probability of occurrence for the three modes 

is typically independent of the interparticle separation at ε0, the probability for an 

increase in g is therefore equal for all g, as is the probability for a decrease in g or a zero-

change. Consequently, as the number of particle-particle junctions for which g = gi is 
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highest for gi = μ(g) and lower for gi < μ(g) and gi > μ(g), the compression of the particle 

network results in a net broadening of the distribution of local conductances and, hence, 

an increase in Var(g). From this follows that in the case of uniaxial compression of bulk 

polymer nanocomposites, the overall electrical resistance, R = 1/G, can increase or 

decrease, because the increase of μ(g) and the increase of Var(g) have opposites effects 

on R (i.e., because R scales with Var(g) but with the inverse of μ(g)), whereas in the case 

of uniaxial tension, R increases because μ(g) decreases and Var(g) increases. This is in 

good agreement with experimental evidence, as the interdependence of electrical 

resistance and mechanical deformation can be positive or negative in the case of uniaxial 

compression [87, 159, 190-192, 203-205, 208-212, 214, 221, 222], but is generally 

positive in the case of uniaxial tension [160, 180-186, 188, 189, 214]. 

 

 

Figure 5.4. Schematic, two-dimensional representation of interparticle distances (a) prior 

to and (b) after uniaxial compression of an unconstrained bulk polymer nanocomposite. 

The changes are due to, first, relative movement of the particles (modes 1 and 2) and, 

second, reorientation and reshaping of the particles (modes 3 and 4). 
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The fact that the electrical resistance typically decreases with uniaxial compression of 

low aspect ratio particle based polymer nanocomposites [208-212, 221] but increases 

with uniaxial compression of high aspect ratio particle based polymer nanocomposites 

(cf. Chapter 4 and [87, 159, 190-192, 203-205, 214, 222]) suggests that in the first case 

the electric response is dominated by the change in μ(g), Δμ(g), whereas in the second 

case, it is the change in Var(g), ΔVar(g), that dominates the electric response. This can be 

understood by looking at the nanoscale mechanisms that lead to a change in the 

distribution of local conductances. In low aspect ratio particle based polymer 

nanocomposites, the change in the distribution of local conductances due to mechanical 

deformation of the particle network is caused by relative movement of particles (cf. 

modes 1 and 2 in Figure 5.4). In this case, for a given deformation, ΔVar(g) is inversely 

proportional to Δμ(g) (e.g., ΔVar(g) is at a maximum in the case of equal and nonzero 

probabilities for the distances between adjacent particles to increase or decrease, in which 

case Δμ(g) = 0). As Δμ(g) typically is nonzero, ΔVar(g) is reduced accordingly and it 

appears to be likely that the electric response is then dominated by Δμ(g). In high aspect 

ratio particle based polymer nanocomposites, in contrast, the distribution of local 

conductances within the particle network is affected not only through relative movement 

of the particles but also through reorientation and reshaping of the particles (cf. modes 3 

and 4 in Figure 5.4). It seems self-evident that particle reorientation and reshaping is a 

more random process, with closer probabilities for the distances between adjacent 

particles to increase or decrease, which consequently, for the same deformation, leads to 

smaller Δμ(g) and larger ΔVar(g), such that ΔVar(g) dominates the electric response. 
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From the above, it follows that electroconductive polymer nanocomposites are 

piezoresistive materials because the distribution of local conductances within the particle 

network changes with mechanical deformation of the latter, and that this change in 

distribution of local conductances is described by Δμ(g) and ΔVar(g). Models based on 

quantum mechanical tunnelling or thermal activation over barriers have in common that 

the change in R with deformation is given as a function of the change in mean 

interparticle separation. Thence, such modeling considers the influence of Δμ(g) on the 

electric response but ignores the effect of ΔVar(g). In the case of uniaxial tension, 

qualitatively good fits are obtained because the effects of Δμ(g) and ΔVar(g) on R are 

similar in type, and neglecting the effect of ΔVar(g) does not change the general trend. 

Similarly, in the case of uniaxial compression of low aspect ratio particle based polymer 

nanocomposites, qualitatively good fits are obtained because the electric response is 

dominated by Δμ(g). In the case of high aspect ratio particle based polymer 

nanocomposites, however, where the electric response is dominated by ΔVar(g), such 

modeling fails to describe the experimental findings.  

The model presented in this chapter considers the influences of both Δμ(g) and 

ΔVar(g). The influence of ΔVar(g) is accounted for by considering a positive 

interdependence of t and εc, and the influence of Δμ(g) is factored in by considering the 

strain dependence of the conductivity exponent in the first place. Note that Equation 5.5 

can be rewritten as:  

, (5.7) 
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where in the second equality it is made explicit that the interdependence of Rc and εc is 

exponential in type, as it is expected for percolated networks where electron conduction 

is dominated by tunnelling between adjacent but non-contacting particles and where the 

mean interparticle separation and, hence, μ(g), is a function of applied strain. The model 

might therefore be generalized to describe the electric response to mechanical 

deformation of bulk polymer nanocomposite in general. Such a generalized relation 

between the overall electric resistance, R(ε), and the applied strain, ε, might be given by: 

, (5.8) 

where R(ε0) is the reference resistance at strain ε0, α is the de facto aspect ratio of the 

particles or agglomerates, θ(α) = 2 for α ≈ 1 and θ(α) = 0 for α >> 1, and ξ(ε) = 1 for ε < 

0 and ξ(ε) = 0 for ε > 0.  

 

Table 5.2. Parameters θ(α), ξ(ε), p, pc, t0 and Y used to fit Equation 5.8 to data from the 

literature (cf. Figure 5.5). 

Label Ref. Material system θ(α) ξ(ε) p pc t0 Y [MPa] 

1 
[210] NCB c | polyethylene 2 1 

0.25 
0.15 a 3.2 a 

95 b 

2 0.30 105 b 

3 
[186] 

NCB c | epoxy 2 0 0.005 0.0025 a 2.3 b - 

4 MWCNT | epoxy 0 0 0.003 0.002 a 3.2 b - 

5 [210] Sn/Pbd | polyethylene 2 1 0.3 0.25 a 4.4 b 125 a 

6 [221] SnO2: Sbe | f-epoxy f 2 1 0.244 0.21 2.6 b 55 a 

a estimated value; b fitting parameter; c nanosized carbon black (CB); d nanosized tin/lead alloy powder; e 

nanosized antimony-doped tin oxide powder; f flexible epoxy resin. 
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In Figure 5.5, Equation 5.8 is applied to appropriate data from the literature on 

uniaxially compressed bulk polymer nanocomposites with low aspect ratio particles on 

the one hand, and on uniaxially stretched bulk polymer nanocomposites with both low 

and high aspect ratio particles on the other hand. Equation 5.4 was used to calculate cp 

and all other parameters are listed in Table 5.2. 

 

 

Figure 5.5. Semilogarithmic plot of measured variation in normalized electrical 

resistance, R/R0, (full and empty symbols), and corresponding calculation, R( )/R( 0), 

as obtained by Equation 5.8 (dashed and solid lines), for uniaxial compression of four 

low aspect ratio particle based polymer nanocomposites (squares and diamonds) and 

uniaxial tension on both a low aspect ratio particle (triangles) and a high aspect ratio 

particle (circles) based polymer nanocomposite. Data sources and parameters ( ), (

), p, pc, t0 and Y are specified in Table 5.2. For improved facility of inspection,  

values of data sets 3 and 4 were multiplied by 10. 
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It appears that the electric response to mechanical deformation in all six examples is 

well described by Equation 5.8. This illustrates that piezoresistance in polymer 

nanocomposites in general can indeed be understood in terms of a change in the 

distribution of local conductances, which is characterized by Δμ(g) and ΔVar(g), and 

well described by a deformation dependent conductivity exponent, which scales 

positively with applied strain. This applies to different polymer nanocomposites as well 

as to different particle contents for a given material system (cf. fits to data sets 1 and 2). 

 
5.5 Summary and Conclusions 

High aspect ratio particle based polymer nanocomposites are at the center of research 

on flexible piezoresistive materials. The electric response to uniaxial compression of such 

materials is tunable because it is concentration dependent and it can be highly sensitive 

because it is exponential in type. Whereas in low aspect ratio particle based polymer 

nanocomposites the experimentally found decrease in electrical resistance can generally 

be well explained with the corresponding decrease in mean interparticle separation, the 

experimentally observed increase in electrical resistance in high aspect ratio particle 

based polymer nanocomposites was not well understood. 

The present chapter addressed this problem theoretically and experimentally. By 

considering the conductivity exponent to be strain dependent and, therefore, to scale with 

the change in distribution of local conductances, a percolation theory based model is 

developed, which relates the variation in electrical resistance of bulk polymer 

nanocomposites with high aspect ratio particles to compressive strain. The model 

captures the characteristics of the particle network through the experimentally definable 
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percolation threshold, pc, and reference conductivity exponent, t0, and does not rely on 

assumptions regarding the nature of the particles and or the configuration of the network. 

It is shown that the model fits extremely well to experimental data for carbon 

nanotube, graphene and high structure carbon black based polymer nanocomposites and 

it is therefore concluded that it is applicable to high aspect ratio particle based polymer 

nanocomposites in general. Accordingly, it is reasoned that the electric response to 

uniaxial compression of such materials is dominated by a net broadening of the 

distribution of local conductances, which in turn, is caused by reorientation, reshaping, 

and relative movement of the particles. It is further shown that piezoresistance in polymer 

nanocomposites in general can be understood in terms of a change in the distribution of 

local conductances. Both the mean local conductance and the variance of the distribution 

of local conductances are well described by the strain dependent conductivity exponent, 

which scales with the magnitude of applied mechanical deformation.  

By applying the model to the piezoresistance characterization of MWCNT – PDMS 

nanocomposites with varying MWCNT content, it is also shown that the concentration 

dependence of the piezoresistance in such materials is well captured by the proposed 

model. Provided parameters pc and t0 are known, the model therefore allows for 

predicting the piezoresistance at any particle concentration above the percolation 

threshold. With regard to piezoresistive sensing applications with set key requirements 

for the functional material (e.g., flexibility, transparency, dimensions, operating 

voltage/current, applied pressure and or required sensitivity), it is likely that the presented 

model will be instrumental in material selection and performance evaluation.  
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CHAPTER 6 

 

Investigations into Particle Network Formation and Optimized Percolation 

 

Parts published in Nanotechnology and in Materials Research Society Symposium Proceedings – 

Nanotechnology 2012, 23 (28). DOI: 10.1088/0957-4484/23/28/285701, 

MRS Proceedings 2012, 1410. DOI: 10.1557/opl.2012.856. 

6.1 Introduction 

Electron conduction in CNT – polymer nanocomposites is controlled by percolation 

and involves quantum mechanical tunnelling at CNT junctions (cf. Chapters 3 and 4), and 

is primarily dependant on the configuration of the particle network, which can be 

described by two parameters; the percolation threshold, pc, and the conductivity 

exponent, t (cf. Chapters 5). 

For isotropic distributions of particles, continuum representations based on the 

excluded volume concept [229] found that pc decreases with increasing particle aspect 

ratio, α, [169], and that in the limit of large α, pc ≈ α-1 [26, 230]. Accordingly, for typical 

CNT aspect ratios of 100 ≤ α ≤ 1000, a CNT – polymer nanocomposite would be 

characterized by 0.001 ≤ pc ≤ 0.01. Percolation thresholds reported in literature, however, 

span a much larger range and vary from 0.000021 [134] to 0.15 [231], which suggests 

that the assumptions with respect to the nature of the particles (rigid cylindrical rods) and 

or the configuration of the particle network (isotropic distribution of the particles within 
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the matrix), typically made for modelling and theoretical considerations such as the 

above continuum representations, are too stringent. CNTs are not rigid cylindrical rods 

but are flexible through bending and buckling [29] (cf. SEM and TEM images in Chapter 

3), and the configuration of the network not only depends on the aspect ratio of the CNTs 

but also on the quality of the CNT dispersion during nanocomposite processing. The 

inverse proportionality pc ≈ α-1 is indeed found experimentally, cf. [147, 232-234], but 

the opposite, i.e., increasing pc with increasing α, has also been observed, cf. [111, 119, 

192, 234], in part even for a same class of nanocomposites, which affirms that material 

processing is key as regards particle network formation. 

A very high percolation threshold can be attributed to poor CNT dispersion, i.e. an 

electron-conducting network formed by agglomerates of CNTs with comparatively low 

effective aspect ratios. A very low percolation threshold, on the other hand, can be 

attributed to a non-isotropic particle distribution enabling network formation at particle 

mass fractions, p, below the statistical percolation threshold. Hereinafter the latter 

situation is referred to as optimized percolation. For the use of CNT – polymer 

nanocomposites in applications where electrical conductivity and or piezoresistance are 

desired material properties, but where the polymeric characters of the material (e.g., 

transparency and or flexibility) are also key requirements, as, for example, in flexible 

tactile sensors [8], optimized percolation is the tool that allows for maximizing the 

electrical performance at a minimal impairment of the polymeric characters of the 

material. It allows not only for very low percolation thresholds but also for high 

maximum electrical conductivities, σmax, as shown in Figure 6.1, which, based on relevant 
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data from the literature, illustrates that for a given CNT concentration and matrix material 

σmax increases with decreasing pc. 

 

 

Figure 6.1. Logarithmic plot of σmax as a function of pc, for both thermosetting (empty 

symbol and dashed line) and thermoplastic (full symbols and solid lines) polymers. 

Dashed and solid lines indicate the negative interdependence between the two 

parameters. References can be found in Table 1 of [26], from where the data has been 

taken for σmax measured at p ≥ 0.01 and 0.0005 ≤ pc ≤ 0.05. 
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dependent on network dimensionality, such that t = 1.3 for any two-dimensional direct-

contact network, and t = 2 for any three-dimensional direct-contact network [166, 167]. 
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conductivity exponents [26, 170], with values as high as t = 7.6 [235]. As discussed in 

Chapters 3 to 5, this is because electron conduction through the percolated network is 

dominated by quantum mechanical tunnelling between adjacent particles, which does not 

require direct contact between particles, as is assumed by the classical percolation theory. 

As further discussed in Chapter 5, the magnitude of the deviation from the universal 

value of t is governed by the distribution of local conductances within the electron-

conducting network. The more uniform the network, the narrower the distribution of 

local conductances, and the smaller the conductivity exponent. In contrast, the less 

uniform the network, the broader the distribution of local conductances, and the higher 

the conductivity exponent [14]. If electron conduction through the percolated network is 

dominated by quantum mechanical tunnelling, adjacent particles can but do not have to 

be in direct contact, and the local conductance depends exponentially on interparticle 

separation. In this case the distribution of local conductances would naturally be much 

broader than in the case of a direct contact network; thence, conductivity exponents as 

predicted by the classical percolation theory can be considered as lower limits for t. Just 

as pc, t depends on material processing; the distribution of local conductances is naturally 

a function of particle dispersion, which is not determined statistically but rather by the 

rheological properties of the matrix material when it is in a fluid state [236]. 

The formation of an electron-conducting network at p ≤ pc can be induced by 

processing the material under an external field, which can be a stress field produced by 

shear flow [134, 145, 151, 237, 238], an electric field [125, 239-248], or a magnetic field 

[249-251]. In all cases the particle network is restructured through reorientation, 
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reshaping, and relative movement of the particles, and the extent to which network 

restructuring is possible depends on the rheological properties of the fluid matrix. By 

definition, network optimization leads to a decrease in pc, and it typically causes an 

increase in σmax (cf. Figure 6.1), it is however unclear to date if and in what way it affects 

t. From relevant data reported in the literature, there seems to be no obvious 

interdependence between pc and t, as shown in Figure 6.2, where the two parameters are 

plotted for more than 30 different CNT – polymer nanocomposites. 

 

 

Figure 6.2. Semi-logarithmic plot of t vs. pc, for both thermosetting (empty symbol and 

part of x symbols) and thermoplastic (full symbols and part of x symbols) polymers. 

References can be found in Table 1 of [26] from where the data has been taken for σ at p 

≥ 0.01 known and 0.0005 ≤ pc ≤ 0.05. 
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resistance, high-transparency films, such as electrodes in solar cells, where the 

optoelectronic properties of the material are controlled by the network non-uniformity, 

and for which low t values are essential [14]. 

In this regard it is also important to understand what microstructural changes cause 

the increase in electrical conductivity, σ, which is something that with hitherto published 

work remains unclear. Essentially, the increase in electrical conductivity due to network 

optimization can be due to (i) a decrease in the mean interparticle distance, i.e. decrease 

in average contact resistance within electron-conducting paths, and or (ii) the growth of 

the particle network, i.e. formation of additional electron-conducting paths. With respect 

to piezoresistive sensing, for instance, it does make a difference whether network 

optimization is dominated by (i) or (ii), as particle networks with few electron-conducting 

paths would offer high piezoresistive strain coefficients but would also pose high 

demands on the read-out system, whereas particle networks with a larger number of 

electron-conducting paths would be less sensitive, but also less demanding in terms of 

technical requirements (cf. Chapter 4). 

 

6.2 Research Objectives 

This chapter looks at network formation and optimized percolation in MWCNT 

modified PDMS. First, given the strong dependence of both percolation threshold and 

conductivity exponent on material processing, and notably on the viscosity of the matrix 

when it is in a fluid state, the rheological properties of MWCNT modified PDMS prior to 

polymerization are analyzed. Second, network optimization by means of an external field 
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is studied, and it is examined in what way this affects the conductivity exponent and what 

configurational changes form the basis for the increase in electrical conductivity. Third, it 

is also studied how the electrical conductivity of MWCNT modified PDMS evolves 

during polymerization of the elastomeric matrix, and how this depends on particle mass 

fraction. 

 

6.3 Materials and Methods 

The materials used in this study were MWCNTs and two types of PDMS. The 

rheological characteristics of MWCNT modified PDMS prior to polymerization were 

analyzed by rotational and oscillatory parallel plate rheometry, and the parallel plate 

setup was also used for the study of network optimization by means of an electric field as 

well as for monitoring electrical and viscoelastic properties during polymerization. 

 

6.3.1 Materials 

PDMS (Gelest OE41 and Gelest Gel D200) was purchased from Gelest, Inc. and 

MWCNTs (Baytubes C 150 P) were obtained from Bayer MaterialScience LLC. Gelest 

OE41 is an addition cure, filler-free, two-part, pure silicon elastomer, that was selected 

for its higher tensile strength (> 2 MPa), its relatively low viscosity of the catalyzed mix 

(1.75 – 2.5 Pa.s), and its moderate cure temperatures (e.g., cure at 55 °C for 4 h). Its pot-

life at room temperature is 18 h. Baytubes are agglomerates of MWCNTs, with a loose 

agglomerate size in the range of 0.1 to 1 mm. Detailed information about both materials 

can be found in Chapter 3.3.1. Gelest Gel D200 is an addition cure, filler-free, two-part 
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medium penetration gel, that was selected for its typical dimethylsilicone properties, 

namely its ideal-viscous flow behaviour, its low viscosity of the catalyzed mix (1 Pa.s), 

and its moderate cure temperatures (e.g., cure at 115 – 120 °C for 30 – 60 min). Its pot-

life at room temperature is 3 – 4 h. Because it is an addition cure system, no byproducts 

are formed, which allows for a good dimensional stability if the material is polymerized 

during testing. The base polymer (vinyl-terminated polydimethylsiloxane and vinyl-

modified Q silica resin) and the curing agent (methylhydrosiloxane–dimethylsiloxane 

copolymer) react via platinum catalyzed hydrosilylation. Both the reacting groups and the 

bond forming chemistry are schematically illustrated in Figure 3.1, with values for a, b, 

and c being different for Gelest Gel D200 and Gelest OE41, respectively. Gelest OE41 

was used as matrix material for the dispersion analysis (cf. Chapter 6.3.5, Figures 6.13 – 

6.15, and Table 6.4) as well as the study of the evolution of the resistance ratio during 

network restructuring (cf. Figure 6.18). For all other work the matrix material was Gelest 

Gel D200. 

 

6.3.2 Sample preparation 

Toluene, purchased from Sigma-Aldrich Canada Corp., was used as an organic 

solvent to facilitate MWCNT deagglomeration and mixing of the constituent materials to 

produce MWCNT in PDMS suspensions. For each concentration the desired amount of 

MWCNTs was first dispersed in toluene for 90 min, using an ultrasonic bath (Model 

2510, Branson Ultrasonics Corp.), and then added to the PDMS base polymer and the 

PDMS curing agent, such that the MWCNT/toluene to PDMS weight ratio was 1:3. 
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Subsequently the mixture was shear-mixed for 5 min, using a disperser (T 10 basic Ultra-

Turrax, IKA Works, Inc.) rotating at 940 rad/s, degassed in low vacuum, and toluene was 

evaporated in an air-circulating oven at 40 °C. Degassing and evaporation times were 30 

min. The variability in MWCNT mass fraction was estimated at < 10 %. 

 

6.3.3 Rheological characterization 

The rheological characteristics of the material were analyzed with a rotational 

rheometer (AR2000 Rheometer, TA Instruments) with parallel plate geometry, using 

aluminum plates with a diameter of 25 mm. The viscous behaviour of MWCNT modified 

PDMS as a function of particle mass fraction was studied by means of rotational tests at 

room temperature, with a gap, λ, of 1020 ± 40 μm and the shear rate, γ’, varying from 0.1 

to 100 s-1. The viscoelastic behaviour of the material was evaluated by means of 

oscillatory tests at room temperature, with a gap of 980 ± 80 μm and the angular 

frequency, ω, varying from 0.06283 to 628.3 rad/s. Plate and gap size were as 

recommended by The Rheology Handbook [252]. All measurements were taken in the 

linear viscoelastic region in which the storage modulus, G’, and the loss modulus, G’’, 

are independent of the stain amplitude. The limits of the linear viscoelastic regions were 

determined by means of amplitude sweeps with controlled shear strain, at an angular 

frequency of 6.283 rad/s, and the stability of the selected equilibrium strains, γ, at which 

the oscillatory tests were performed, was confirmed by means of oscillatory time sweeps 

for 15 minutes, at the same angular frequency. Equilibrium strains are specified in Table 

6.1. Roughly 0.5 g of MWCNT modified PDMS were needed per test, which were 
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poured onto the bottom aluminum plate by means of a cylindrical glass rod and contacted 

by the top aluminium plate such that the gap was entirely filled with material. 

 

6.3.4 Measuring the electric current during exposure to an electric field 

Network optimization by means of an electric field and simultaneous monitoring of 

the electrical resistance, R, was performed using the parallel plate set-up of the 

rheometer. 40 mm aluminum plates were used as electrodes and were contacted by 

Kapton insulated silver plated copper wires using conductive silver paint. The electrodes 

were electrically insulated from the rheometer head and base. A picture together with a 

schematic diagram of the set-up is given in Figure 6.3. 

 

Figure 6.3. Picture and schematic diagram of the set-up used to monitor the electrical 

resistance during exposure to an electric field, as well as during polymerization of the 

elastomeric matrix. A high-temperature adhesive (LePage Speed Set Epoxy, Henkel 

Canada Corp.) was used to fix the wiring onto the electrodes. Two layers of non-

conducting high-temperature tape (Flashbreaker 2 tape from Airtech International, Inc.) 

per electrode were used for electrical insulation. 

 

 

Electrode 
(40 mm Al plate) 

Adhesive 

Silver paint 

Kapton insulated 
Cu wire  

2 layers of non-
conducting tape 



McGill University Ph.D. Thesis – Cyrill Cattin (2015) 

 112

A high resistance meter (Model 6517A, Keithley Instruments, Inc.) was used to apply a 

potential difference, ΔV. The magnitude of the electric field, E, generated this way can 

be approximated by: 

. (6.1) 

The high resistance meter was also use to monitor the resulting current, I, simultaneously. 

R was calculated from the applied voltage and the measured current, and the electrical 

resistivity, ρ, was obtained according to Equation 4.1, taking into account the electrode 

area and the sample thickness. The potential difference was applied using the alternating 

polarity method with an alternating voltage, VAV, and a non-zero offset voltage, VOV; i.e. 

the applied voltage alternated between a high voltage, Vh = VOV + VAV, and a low voltage 

Vl = VOV - VAV. If not specified otherwise, hold times, τ, were 10 s. VOV and VAV, together 

with λ, are specified in the captions and footnotes of the respective figures and tables. 

Depending on λ, 1.2 to 2.1 g of MWCNT modified PDMS were needed per test, which 

were poured onto the bottom electrode and contacted by the top electrode such that the 

gap was entirely filled with material. 

 

6.3.5 Dispersion analysis 

The dispersion analysis was conducted on thin film samples, which were cured in the 

rheometer. 2 mm thick samples of MWCNT modified PDMS were produced, which 

required roughly 2.5 g of material per sample. For non-optimized networks, the material 

was poured onto the bottom plate, contacted by the top plate such that the gap was 
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entirely filled with material, and cured at 55 °C for 4 h. Optimized networks were 

obtained by pouring the material onto the bottom electrode, contacting it by the top 

electrode such that the gap was entirely filled with material, exposing it to an electric 

field of 25 kVm-1 for 10 min, and curing it at 55 °C for 4 h, while maintaining the electric 

field. Subsequently, the samples were prepared as detailed in Figure 6.4 such that a 

transverse section could be analyzed by SEM.  

 

 

Figure 6.4. Preparation of MWCNT modified PDMS samples for SEM analysis. 

 

SEM images were recorded on a Hitachi SU-8000 cold-field emission scanning electron 

microscope, using an accelerating voltage of 0.5 kV and a working distance as specified 

in the caption of Figure 6.13. Secondary electrons (SE) were collected with two through-

the-lens detectors and a conventional SE detector located in the specimen chamber. The 

main images were not enhanced and are shown as recorded (raw data). 

 

6.3.6 Monitoring the electrical resistance during polymerization 

The set-up used for monitoring the electrical resistance during polymerization is 

shown in Figure 6.3 and described in Chapter 6.3.4. The experimental details are 
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provided in the captions of the respective figures. Although the readings of storage 

modulus and complex viscosity were affected by the wiring mounted onto the rheometer 

plates, the recordings clearly indicate beginning and end of polymerization. Depending 

on λ, 1.2 to 2.4 g of MWCNT modified PDMS were needed per test, which were poured 

onto the bottom electrode by means of a cylindrical glass rod and contacted by the top 

electrode such that the gap was entirely filled with material. 

 

6.4 Results and Discussion 

The effect of particle addition on the rheological properties of the matrix as well as 

the influence of various processing conditions on particle network formation have been 

relatively well studied for both thermoplastic and thermosetting polymers, cf. [83, 84, 86, 

92, 95-98, 102, 108, 111, 112, 114, 115, 118, 120-123, 125-128, 237, 238, 243, 245, 248, 

250, 253-276] and [26, 128, 134, 145, 151-155, 239-242, 246, 249, 277-282], 

respectively. Given that such characterization requires the matrix to be in a fluid state, 

thermoplastic polymers are generally characterized at high temperatures, whereas 

thermosetting polymers are characterized at low temperatures. In comparison, for 

elastomeric polymers, such as the PDMS used in this work, studies looking at the 

influence of particle addition on the rheological properties and or processing dependent 

network formation are quite scarce, cf. [282-287]. Just as for thermosetting polymers, 

PDMS and most other elastomeric polymers form irreversible chemical bonds during 

polymerization and therefore are generally also characterized at low temperatures. In 
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contrast to thermosetting polymers though, elastomeric polymers form wider meshed 

crosslinking and typically have longer polymer chains. 

Polymer chain mobility, which depends on temperature, and polymer chain length 

both have an influence on the interaction between particles and matrix, and therefore also 

on the network formation process and the configuration of the percolated network. This is 

why experimental results from one class of nanocomposites can normally not be 

transferred to another class of nanocomposites, and systems have to be looked at 

individually. A good example for this is rheological percolation, i.e. the transition from a 

liquid-like to a solid-like behaviour of a nanocomposite as the particle mass fraction is 

increased beyond the rheological percolation threshold, pr. Even within the same class of 

nanocomposites, some systems exhibit pr < pc [86, 95, 102, 114, 122, 127, 256, 259], 

whereas other systems are characterized by pr > pc [83, 84, 98, 108, 120, 123, 126, 263]. 

This will be discussed in more detail at the end of Section 6.4.1. 

 

6.4.1 Rheological characterization of MWCNT modified PDMS 

6.4.1.1 Flow behaviour 

As mentioned in Chapter 6.3.1, Gelest Gel D200 is an ideal-viscous (or Newtonian) 

material, i.e. it exhibits a shear rate independent shear viscosity, η. For dispersions of 

MWCNTs in PDMS, shear flow can cause agglomerates to disintegrate and or particles 

to be oriented into flow direction [252]. In this case the viscosity depends on the degree 

of shear load and decreases with increasing shear rate; such materials exhibit shear-

thinning (or pseudoplasic) behaviour. This is what is observed for the MWCNT – PDMS 
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system studied in this work, as is shown in Figure 6.5, where η vs. γ’ is given for pure 

PDMS and MWCNT modified PDMS with three different particle mass fractions. The 

shear-thinning index, ϒ, which has been calculated by: 

ϒ  , (6.2) 

with γ1’ = 1 s-1 and γ2’ = 10 s-1, increases with increasing p and is ϒ = 1 for pure PDMS, 

ϒ = 1.8 at p = 0.004, ϒ = 2 at p = 0.01, and ϒ = 2.5 at p = 0.05. Thus, the higher p, the 

more pronounced the shear-thinning behaviour of MWCNT modified PDMS. It can also 

be seen in Figure 6.5 that MWCNTs addition has a strong influence on the shear 

viscosity of the material: at low shear rates, 5 wt.% of MWCNTs increase the room 

temperature shear viscosity by a factor of 50. 

 

 

Figure 6.5. Logarithmic plot of shear viscosity vs. shear rate for pure PDMS and 

MWCNT modified PDMS, showing ideal-viscous behaviour of pure PDMS and shear-

thinning behaviour of MWCNT modified PDMS. MWCNT mass fractions are specified 

in the legend. 
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The strong influence of MWCNTs on the flow behaviour of PDMS is also apparent in 

Figure 6.6, where the 1st normal stress coefficient, ψ1, is plotted as a function of shear 

rate, for pure PDMS and the same MWCNT in PDMS dispersions. The 1st normal stress 

coefficient gives the difference between the normal stress in the flow direction and the 

normal stress in the gradient direction, divided by the square of the shear rate [252]. The 

raw data measured by the rheometer used to determine this difference in normal stresses 

is the force in the direction perpendicular to the parallel plates. Accordingly, positive 

values of ψ1 indicate that the parallel plates are being pushed apart, whereas negative 

values of ψ1 indicate that the parallel plates are being pulled together [288]. 

 

 

Figure 6.6. Logarithmic plot of 1st normal stress coefficient vs. shear rate for pure PDMS 

and MWCNT modified PDMS for four different MWCNT mass fractions. The latter are 

specified in the legend. 
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Normal stresses are associated with shear-induced anisotropy in the fluid. In the case 

of pure PDMS, the molecules are being forced away from their equilibrium average 

shape, which results in a positive normal stress (29 Pa at γ’ = 1 s-1) pushing the plates 

away from each other, as is expected for entangled polymers [96]. The same normal 

stresses cause a cross-linked rubber rod to get longer when it is twisted. In the case of 

MWCNT modified PDMS, in addition to the above, particle agglomerates can be broken 

up and or particles oriented into flow direction. It appears that in this case the resulting 

normal stresses pull the plates together, as for all MWCNT mass fractions the normal 

stresses are negative. The negative stress increases with increasing particle mass fraction: 

at p = 0.01 its magnitude is comparable to pure PDMS, i.e. - 36 Pa at γ’ = 1 s-1, at p = 

0.05, however, the normal stress is 7 times higher, i.e. -256 Pa at γ’ = 1 s-1. This has 

implications for material processing. Extruded PDMS parts, for example, typically 

display post-extrusion die swelling, which is caused by recoiling of PDMS chains that, 

during extrusion, have been deformed and oriented into shear direction. Such extrudates 

have cross sections larger than the die area and suffer from shape-distortion instability. It 

has been reported that modifying the polymer with CNTs allows for suppressing the die 

swell as well as controlling the dimensional characteristics of the extruded parts [96]. 

 

6.4.1.2 A way to influence processablity of nanocomposites 

Figures 6.5 and 6.6 show that, on the one hand, MWCNT addition to PDMS strongly 

affects polymer chain mobility, rendering an ideal-viscous material viscoelastic, with a 

negative 1st normal stress coefficient, and that, on the other hand, flow during processing 
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affects MWCNT network formation, as particle agglomerates can be disintegrated and or 

particles oriented into flow direction. Both the quality of particle dispersion and the effect 

of particle addition on polymer chain mobility are influenced by the surface chemistry of 

the particles. Surface functionalization can therefore be used to tailor the effects of 

particle addition on the processablity of nanocomposites. This is shown in Figure 6.7 

where η vs. γ’ is given for pure epoxy and SWCNT modified epoxy, for a particle mass 

fraction of 0.005 and four different types and degrees of surface functionalization.  

 

 

Figure 6.7. Logarithmic plot of shear viscosity vs. shear rate for a pure epoxy resin and 

epoxy resin modified with non-functionalized and functionalized SWCNTs. SWCNT 

mass fraction is 0.005. Types of functionalization (F1 – F3) are specified in [63]. 

 

As can be seen, SWCNT modified epoxy exhibits the expected shear-thinning behaviour 

with non-functionalized SWCNTs, but shear rate independent shear viscosity with 

selected degree and type of functionalization. The SWNCT epoxy system is one of the 
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other systems that has been looked at in the course of this dissertation research, it will, 

however, not be discussed in further detail here; for more information the reader is 

referred to [63]. 

 

6.4.1.3 Viscoelastic behaviour 

Given the viscoelastic nature of MWCNT – PDMS nanocomposites, the material has 

also been characterized by means of dynamic mechanical analysis. The viscoelastic 

behaviour of the material consists of a viscous and an elastic portion. In Figure 6.8, the 

complex shear modulus, G*, which characterizes the complete viscoelastic behaviour of 

the material, and which can be imagined as the rigidity of the material, is plotted as a 

function of angular frequency, for pure PDMS and MWCNT modified PDMS with five 

different particle mass fractions. 

For pure PDMS G* increases linearly with ω, as is typical for unlinked polymers. For 

PDMS containing MWCNTs, the G* vs. ω curves indicate a plateau in the low angular 

frequency range, which indicates from-stability at rest. With increasing MWCNT mass 

fraction the rigidity of the material increases and the plateau becomes more pronounced; 

the viscoelastic character of the material thus changes from liquid-like to solid-like. On a 

microstructural level this is due to MWCNTs hindering polymer chain mobility and this 

effect being more pronounced at higher particle mass fractions [95, 127]. 

It should be noted that, although it has been argued that the low angular frequency 

plateau is due the MWCNTs forming an interconnected network [83, 108], this is not the 

case for the MWCNT – PDMS system studied here. A MWCNT – PDMS nanocomposite 
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with an interconnected particle network would naturally be characterized by p > pc and a 

σ value near σmax. In the G* vs. ω plot, a plateau appears already at p = 0.0005, the 

corresponding σ value obtained after polymerization, however, is only σ = 2.5 × 10-12 

S/m, i.e. comparable to σ of pure PDMS, which shows that at p = 0.0005 no 

interconnected MWCNT network is formed. In line with this it is also interesting to note 

that the liquid-like to solid-like transition observed in Figure 6.8 is comparable to the 

insulator to semiconductor transition reported in Chapter 3 (cf. Figure 3.14), with the 

difference that in Figure 3.14 the low frequency plateau appears at much higher p values. 

 

 

Figure 6.8. Logarithmic plot of complex shear modulus vs. angular frequency for pure 

PDMS and MWCNT modified PDMS. MWCNT mass fractions are specified in the 

legend and equilibrium strains at which the test were performed are given in Table 6.1. 
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material. As can be seen in Table 6.1, η* increases with p and, at low angular frequency, 

is around 60 times higher at p = 0.05 compared to pure PDMS. The interaction between 

particles and matrix increases with the quality of particle dispersion [289]. The fact that 

the G* vs. ω behaviour as well as η* at ω = 0.6283 rad/s are different at p = 0.0005, 

compared to pure PDMS, thus indicates good MWCNT dispersion. 

 

Table 6.1. For pure PDMS and MWCNT modified PDMS: equilibrium strains at which 

oscillatory test were performed, as well as complex viscosity, storage modulus, and 

inverse loss tangent measured at ω = 0.6283 rand/s. 

p 0 0.0005 0.002 0.004 0.01 0.05 

γ [%] 50 10 8 10 5 1 

η* [Pa.s] 0.4235 0.642 1.445 2.105 2.381 27.05 

G’ [Pa] 0.01732 0.02981 0.2243 0.7294 0.7105 15.29 

1/tanδ 0.0652 0.0741 0.2548 0.6609 0.5394 2.0567 

 

The ratio of viscous to elastic portion of the viscoelastic behaviour is best represent 

by the loss factor, tanδ, which is calculated as: 

. (6.3) 

G’ is a measure of the deformation energy stored by the sample during the shear process 

and G’’ is a measure of the deformation energy used up by the sample during the shear 

process because the relative motion between molecules and or particles causes frictional 

forces. The smaller tanδ, the firmer the material [96]; as can be seen in Table 6.1, where 

values of the inverse loss tangent are given for pure PDMS and MWCNT modified 
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PDMS with five different particle mass fractions, just as the rigidity of the material, its 

firmness increases with increasing MWCNT mass fraction. 

 

6.4.1.4 Rheological percolation 

Similar to electrical percolation, the dependence of rheological properties on particle 

mass fraction is typically described by percolation where the rheological percolation 

threshold is correlated with the onset of a power-law behaviour [84, 86, 95, 102, 108, 

114, 122, 126, 127, 259]. Various rheological parameters, e.g., G’, G’’, η*, and 1/tanδ, 

have been used in this regard. Kota et al. [108] have studied the informative value of 

these parameters in conjunction with electrical percolation; they found that the elastic 

load transfer was more sensitive to percolation than the dissipation mechanisms that 

affect the viscous response, and concluded that among the directly measured rheological 

properties G’ was the most suitable parameters to study rheological percolation. In line 

with Equation 5.1, rheological percolation can thus be described as: 

,  (6.4) 

where u is the elasticity exponent. Figure 6.9 shows the electrical conductivity (empty 

squares) as well as the storage modulus (empty triangles) of MWCNT modified PDMS as 

a function of MWCNT mass fraction. In line with the above discussion, both parameters 

scale positively with MWCNT concentration, showing a power law behaviour above the 

respective percolation thresholds. Parameters pc and t, characterizing electrical 

percolation, were obtained by means of a logarithmic plot of σ vs. (p – pc) where pc was 

incrementally varied until the best linear fit of Equation 3.3 to the experimental data was 
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obtained. Parameters pr and u, characterizing rheological percolation, were obtained by 

means of a logarithmic plot of G’ vs. (p – pr) where pr was incrementally varied until the 

best linear fit of Equation 6.4 to the experimental data was obtained. All four parameters 

are given in Table 6.2, together with the corresponding proportionality constants σx and 

G’x used to fit Equations 3.3 and 6.4 to the semilogarithmic plots of σ vs. p (dashed line) 

and G’ vs. p (solid line), respectively, as well as the coefficients of determination R2. 

First, the rheological percolation threshold of the MWCNT – PDMS system studied 

here under shear flow is at 0.00015. For p < 0.00015, the addition of MWCNTs to PDMS 

has no signification effect on the rheological characteristics of the material, whereas for p 

≥ 0.00015, polymer chain mobility is reduced such that the elastic portion of the 

viscoelastic behaviour of the material is increased. This increase then depends on 

MWCNT mass fraction and is well described by Equation 6.4. Second, it becomes 

apparent that pr < pc, by a factor of about 10. 

 

Table 6.2. Electrical and rheological percolation parameters pc, t, pr, and u, 

proportionality constants σx and G’x, and coefficients of determination R2, used to fit 

Equations 3.3 and 6.4 to the experimental data in Figure 6.9. 

Percolation pc | pr t | u σx | G’x R2 

Electrical (Equation 3.3) 0.00145 2.07 55.1 1 

Rheological (Equation 6.4) 0.00015 0.98 445.2 0.9806 
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Figure 6.9. (a) Semilogarithmic plot of measured (empty squares) and calculated 

(dashed line) change in conductivity as well as measured (empty triangles) and calculated 

(solid line) change in storage modulus with MWCNT mass fraction. σ was obtained at 

room temperature after polymerization, G’ was taken at ω = 9.958 rad/s, and equilibrium 

strains at which the oscillatory test were performed are specified in Table 6.1. (b) 

Logarithmic plot of σ vs. (p – pc) and G’ vs. (p – pr) showing the best fit of Equations 3.3 

and 6.4 to the experimental data. Parameters pc, t, pr, and u are given in Table 6.2. 
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The finding that pr < pc can be best explained in terms of interparticle separation 

required for rheological and electrical percolation, respectively. On the one hand, 

polymer chain mobility is effectively restrained if the interparticle separation is smaller 

than the size of the polymer chain. The molecular weight of the vinyl-terminated 

polydimethylsiloxane used in this work is 25000 – 30000. By means of neutron scattering 

measurements the average radius of gyration of linear PDMS with a molecular weight of 

20880 has been determined to be 4.94 nm [290], which correlates well with theoretical 

considerations taking 0.163 nm for the Si – O bond length, 145° for the Si – O – Si bond 

angle and 109° for the O – Si – O bond angle. Taking into account the difference in terms 

of molecular weight, the radius of gyration of the vinyl-terminated polydimethylsiloxane 

component of the PDMS can thus be estimated to be around 6 nm and the total length of 

a polymer chain is then roughly 110 nm. The radius of gyration provides an estimate of 

the size of a PDMS chain when it is in its relaxed state forming a random coil; hence it 

gives a lower limit for the size of a PDMS chain. Upon flow the polymer chains are 

deformed and oriented into shear direction and therefore grow in size from this lower 

limit to a maximum size given by the total chain length. On the other hand, for electrical 

percolation, interparticle separation within the electron-conducting network has to be 

small enough to allow for quantum mechanical tunnelling, i.e. a few nanometers only. 

Consequently, the interparticle separation required for electrical percolation is smaller 

than the one required for rheological percolation, and therefore pr < pc. 

In conjunction with the above it should also be considered that the fact that at p ≥ pc 

electron flow is enabled through the formation of a particle network throughout the 
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polymer matrix does not imply that all particles added to the system contribute to the 

electron conduction. In fact, as will be discussed with the help of the visualization given 

in Figure 6.10, the network is formed by only a fraction of these particles.  

 

 

Figure 6.10. (a) Figure obtained with MatLAB visualization script, depicting 1000 CNTs 

with an aspect ratio of 1000 (blue lines) distributed randomly, and with random 

orientation, in an element of polymer matrix (white cube), such that CNT volume fraction 

is 0.0001. Electrical contacts between CNTs are shown as black circles (CNTs in 

physical contact) and red triangles (distance between CNTs ≤ 5 nm). (b) All CNTs from 

(a) that have two contact points (CNT to CNT contact or CNT to side of element 

contact), and can thus potentially contribute to electron conduction. The CNT fraction 

that fulfills this requirement is 0.014. 

 

Figure 6.10 (a) shows the result of a MatLAB visualization script, depicting 1000 

CNTs with an aspect ratio of 1000 (blue lines) distributed randomly and with random 

orientation in an element of polymer matrix (white cube), such that the CNT volume 

fraction is 0.0001. The CNTs are not rigid cylindrical rods but are allowed to bend and 

buckle. Electrical contacts between adjacent CNTs are shown as black circles (CNTs in 

(a) (b) 
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physical contact) and red triangles (distance between CNTs ≤ 5 nm). For the 

nanocomposite to conduct electrons, an electrically interconnected CNT network has to 

span the material. Figure 6.10 (b) shows all CNTs from Figure 6.10 (a) that have at least 

two contact points (CNT to CNT contact or CNT to side of element contact), and can 

thus potentially contribute to electron conduction. As can be seen, the number of CNTs is 

reduced drastically, as only 1.4 % of the CNTs fulfill this requirement. In fact no 

electron-conducting path spans the entire sample and the nanocomposite as shown in 

Figure 6.10 (a) would not conduct electrons, as can actually be expected given the low 

particle volume fraction. For it to become electroconductive, more CNTs would need to 

be added to the element of polymer matrix. 

Now, the particle fraction contributing to electron conduction naturally depends on 

the limit set for interparticle separation; i.e., if in addition to the electrical contacts shown 

in Figure 6.10 (a), adjacent CNTs with an interparticle separation between 5 nm and 15 

nm would also be considered as electrical contacts, the number of CNTs in Figure 6.10 

(b) would be much higher. Correspondingly, at a given particle mass fraction above both 

the rheological and the electrical percolation threshold, the particle fraction contributing 

to rheological percolation is higher than the particle fraction contributing to electrical 

percolation; thence, pr < pc. 

 

6.4.1.5 A first look at network optimization 

As introduced in Chapter 6.1, the application of an external field allows for the 

formation of electron-conducting CNT – polymer nanocomposites at p < pc, where pc is 
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the percolation threshold of the CNT – polymer nanocomposite produced without the 

external field. In Table 6.3, the pc and t values obtained in this Chapter (cf. Table 6.2) are 

compared to the ones reported in Chapters 3 and 5. 

 

Table 6.3. Percolation thresholds and conductivity exponents obtained by fitting 

Equation 3.3 to experimental data obtained on (a) thin films produced by solution casting 

(cf. Chapter 3), (c) thin films produced by solution casting followed by shear flow (this 

chapter), and (b) cube samples produced by solution casting (cf. Chapter 5). 

 Sample type and processing technique pc t 

(a) Thin films (± 1mm thick) produced by solution casting onto flat surface 0.00313 2.2 

(b) Thin films (± 1mm thick) produced by solution casting and shear flow 0.00145 2.07 

(c) Strained 1 cm3 cube samples produced by solution casting into mould 0.00325 2.8 

 

A comparison between (a) and (b) reveals that shear flow during material processing 

leads to lower pc and t values. In parallel, the electrical conductivity of the material is 

increased significantly: at p = 0.01, σ = 2.9×10-4 S/m for (a) whereas σ = 2.8×10-3 S/m for 

(b). It appears that network restructuring during flow (disintegration of agglomerates as 

well as reshaping, reorientation, and relative movement of the particles) leads to an 

optimized MWCNT network, with an increased fraction of MWCNTs contributing to 

electron conduction (decrease in pc and increase in σ) and a more uniform three-

dimensional network, with a narrower distribution in local conductances (convergence of 

t towards t = 2). It should be noted that (a) and (b) differ in the type of PDMS used as 

matrix material (Gelest OE41 and Gelest Gel D200, respectively); it is however unlikely 

that this has an influence on the difference in percolation parameters because both types 
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of PDMS are formed by the same reacting groups and have the same bond forming 

chemistry. The above finding is supported by data reported in Figure 2 of [151], which 

studies the influence of material processing on pc and reports a decrease in both pc and t 

when an external force field is used during material processing. The matrix material in 

[151] was the same for all processing routes. The influence of the use of an external field 

on t was not discussed. 

It can further be seen in Table 6.3 that t depends on sample volume and shape. For (a) 

and (c) matrix material and processing technique were the same, the samples differ in 

shape and volume though. While pc remains more or less unchanged, t increases with 

increasing volume. This is in line with information provided above: first, pc is only 

dependent on network configuration and should not depend on the size of the network, 

and second, it seems plausible that the larger the distance spanned by the electron-

conducting network, the wider the distribution of local conductances, and thus the larger 

t. Studying the effect of network optimization on t therefore requires constant sample 

geometry, which is not the case for the data reported in Figure 6.2. 

  

6.4.2 Network optimization by means of an electric field 

6.4.2.1 Exposure to an electric field 

In the following, the process of network optimization by means of an external field 

will be looked at in more detail. The external field was an electric one. MWCNTs 

dispersed in fluid PDMS react to an electric field by both electrophoresis and 

dielectrophoresis [241, 246]: on the one hand, charged MWCNTs can migrate in the 
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suspension under the effect of the electric field, and, on the other hand, induced dipoles 

react with each other, which results in translational and rotational forces exerted by the 

electric field on the MWCNTs. Figure 6.11 shows the evolution of electrical resistivity, 

ρ, with time of exposure to an electric field, for varying particle mass fractions and 

electric field strengths. 

 

Figure 6.11. Semilogarithmic plot of evolution on electrical resistivity with time of 

exposure to an electric field, for MWCNT modified PDMS with three different MWCNT 

mass fractions, which are specified in the legend. (VOV [V], VAV [V], λ [μm]) were (200, 

50, 1050) at p = 0.0001, (40, 0, 1250) at p = 0.001, and (10, 0, 1650) at p = 0.01. 

 

For all p, ρ decreases with increasing time of exposure to the electric field. The attainable 

decrease in ρ depends on both p and E: after 550 s of exposure, for instance, ρ = 2×105 

Ω.m for both p = 0.0001 and p = 0.001 when exposing MWCNT modified PDMS at p = 

0.0001 to E = 190.4 kV.m-1 and MWCNT modified PDMS at p = 0.001 to E = 32.0 

kV.m-1. It can also be seen that as p increases the MWCNT network reacts faster to the 
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electric field; the slopes at the beginning of the ρ vs. time curves increase with p, despite 

the fact that E was lower for higher p. 

In Figure 6.12 the evolution of electrical resistivity with time of exposure to an 

electric field is given for a constant p but varying electric field strengths. 

 

 

Figure 6.12. Semilogarithmic plot of evolution on electrical resistivity with time of 

exposure to an electric field with varying field strength. Electric field strengths are 

specified in the legend, p = 0.002, λ = 990 μm, and τ = 60 – 300 s. 

 

As can be seen, network optimization allows for a signification increase in electrical 

performance. Without exposure to the electric field, a MWCNT – PDMS nanocomposite 

with 0.2 wt.% MWCNT is electrically insulating, with σ = 2.4×10-12 S/m., whereas after 

exposure to the electric field it is electroconductive, with σ = 4×10-4 S/m, which 

corresponds to a nine order of magnitude increase in electrical conductivity. As will be 

shown in Chapter 6.4.3, σ after exposure but prior to polymerization does not directly 
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translate to σ after polymerization; the increase in electrical conductivity with exposure 

to an electric field is significant all the same. By looking at the last set of data in Figure 

6.12 it can further be seen that the highly reorganized MWCNT network is not in 

equilibrium, a reduction of the electric field strength results in a steady recovery in ρ. 

 

6.4.2.2 Dispersion analysis 

SEM images of 1.0 wt. MWCNT modified PDMS samples produced (a) without and 

(b) with the use of an external field are shown in Figure 6.13. MWCNTs are clearly 

distinguishable as bright spots from the dark grey PDMS matrix. The bright lines are part 

of the cleavage pattern that stems from freeze breaking during sample preparation (cf. 

Chapter 6.3.5).  

 

Figure 6.13. SEM images of (a) non-exposed and (b) exposed MWCNT modified 

PDMS, recorded on a Hitachi SU-8000 cold-field emission scanning electron microscope 

as described in Section 6.3.5. p = 0.01, and working distances were 7.0 mm in (a) and 7.2 

mm in (b). Inset show sharpened images. 

 

As is brought out in the insets of Figure 6.13, qualitatively, image (b) clearly appears to 

be more organized and its network to be more uniform. In order to assess the MWCNT 

500 µm 100 µm 500 µm 100 µm 

(a) (b) 
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dispersion also quantitatively, the images were analysed using an algorithm developed 

for this purpose [291]. Image processing is outlined in Figure 6.14. Different square 

regions (115 × 115 pixels in size) of the SEM images were selected manually to leave the 

cleavage pattern from freeze breaking out from the analysis. The squares were 

transformed to binary images, that were then divided into matrix and particle elements, 

based on which the distance between each matrix element to the nearest particle element 

was calculated. With that, for each image a dispersion index, DI, was defined by 

comparing the mean value of the nearest neighbour distances for the given image with 

that of an ideal uniformly dispersed case; DI = 100% for the case of uniform dispersion 

while it decreases as the non-uniformity of the network increases. More information can 

be found in the reference. Subsets of 3 × 3 pixels were defined as individual MWCNTs 

(cf. Figure 6.15). Results from the quantitative dispersion analysis are given in Table 6.4, 

where the dispersion indices are given together with the corresponding white pixel 

fractions, WPF. 

 

Table 6.4. Result from application of quantitative dispersion analysis [291] to the SEM 

images given in Figure 6.13, giving the dispersion index, DI, as well as the white pixel 

fraction, WPF, for non-optimized (a) and optimized (b) MWCNT in PDMS networks. 

Region 1 2 3 4 5 6 Average 

(a) 
DI [%] 73.12 69.75 69.34 75.20 71.82 72.76 72 

WPF 0.14 0.09 0.14 0.09 0.11 0.11 0.11 

(b) 
DI [%] 87.50 84.99 91.74    88 

WPF 0.05 0.07 0.03    0.05 
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Figure 6.14. Image processing for application of quantitative dispersion analysis [291] to 

SEM images shown in Figure 6.13. Different regions of the SEM images were selected 

manually (top, red and blue squares) to leave the cleavage pattern from freeze breaking 

out from the analysis (middle). Each square was 115 × 115 pixels and has then been 

transformed to a binary image (bottom, black and white images). 
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Figure 6.15. Definition of the size of an individual particle that can be recognized in the 

images as a subset of 3 × 3 pixels. An example is highlighted in the red rectangle. 

 

The DI values show that the MWCNT network in (b) is indeed more uniform. The 

WPF values confirm the visual impression that the number of bright spots is lower in (b) 

compared to (a). The reason for this is that the SEM analysis is restricted to a small area 

of the sample and therefor prone to local variations in particle mass fraction. The overall 

particle mass fraction was the same in (a) and (b) as both samples have been produced 

from the same MWCNT in PDMS suspension. Note that a difference in WPF does not 

affect the result, as the analysis does not depend on p. 

 

6.4.2.3 The influence of optimized percolation on t 

The more uniform the network, the narrower the distribution of local conductances, 

and the smaller the conductivity exponent [14]. Accordingly, if sample volume and shape 

remain unchanged, optimized MWCNT in PDMS networks should exhibit not only lower 

pc values but also lower t values. This has been observed in Chapter 6.4.1.4 and is looked 

100 µm  
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at in Figure 6.16, where the electrical conductivity as a function of MWCNT mass 

fraction is given for MWCNT – PDMS nanocomposites produced with (empty triangles) 

and without (empty squares) the use of an electric field. Parameters pc and t, 

characterizing electrical percolation, were obtained by means of a logarithmic plot of σ 

vs. (p – pc) (cf. Figure 6.16 b) where pc was incrementally varied until the best linear fit 

of Equation 3.3 to the experimental data was obtained; pc and t values are given in Table 

6.5, together with the corresponding proportionality constants σx used to fit Equations 3.3 

to the semilogarithmic plots of σ vs. p (solid and dashed line), as well as the coefficients 

of determination R2. 

Table 6.5. Electrical percolation parameters pc and t, proportionality constant σx, and 

coefficient of determination R2, for fit Equations 3.3 to experimental data in Figure 6.16. 

 pc t σx R2 

Non-optimized 0.00305 2.2 7 0.99527 

Optimized 0.00192 2.05 54 0.99856 

 

Figure 6.16 and Table 6.5 reveal that the use of an electric field during MWCNT – 

PDMS nanocomposite preparation, just as the use of a force field (cf. Chapter 6.4.1.4), 

first, shifts the σ vs. p curve to higher σ and lower pc values and, second, leads to a 

decrease in t. An optimized MWCNT network, with an increased fraction of MWCNTs 

contributing to electron conduction (decrease in pc and increase in σ) and a more uniform 

three-dimensional network, with a narrower distribution in local conductances 

(convergence of t towards t = 2) is formed through network restructuring due to 

electrophoretic and dielectrophoretic effects. 
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Figure 6.16. (a) Semilogarithmic plot of measured (empty squares and triangles) and 

calculated (full and dashed lines) change in electrical conductivity with MWCNT mass 

fraction for both non-optimized and optimized MWCNT in PDMS networks. σ was 

obtained at room temperature, after polymerization. (b) Logarithmic plot of σ vs. (p – pc) 

showing the best fit of Equations 3.3 to the experimental data. Parameters pc and t are 

given in Table 6.5. 
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As outlined in Chapter 6.1 it was originally thought that t was limited to universal 

values depending only on the dimensionality of the particle network. Although it has 

been accepted for some time now that t can have higher values, it should be noted that 

until quite recently, it was believed that no geometrical information about the particle 

network could be obtained from t [26]. Based on Balberg’s theoretical work [224-227], 

and their own experimental findings, Scardaci et al. [14] proposed that the distribution of 

local conductances can vary with network morphology such that non-uniform networks 

would display higher t values. The present study is the first comprehensive experimental 

proof for this view. By studying electrical percolation with and without network 

optimization, in combination with a quantitative dispersion analysis of both optimized 

and non-optimized networks it was possible to correlate the evolutions in network 

morphology and conductivity exponent. 

Scardaci et al. showed that the optoelectronic properties of high aspect ratio particles 

based nanocomposites scale with network non-uniformity, which in turn increases with t; 

low-resistance, high-transparency films therefore require low t values. With the here 

presented results this observation can be explained as follows: as t is decreased, the 

particle fraction contributing to electron conduction is increased; for a given sheet 

resistance, RS, an optimized particle network (characterized by a low t value) will 

therefore exhibit higher optical transparency because fewer particles need to be added to 

the system in order to achieve RS. More generally, for a given electrical performance of a 

bulk CNT – polymer nanocomposite, low t values are essential for a minimal impairment 

of the polymeric characters of the nanocomposite. 
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6.4.2.4 The origins of the increase in electrical conductivity 

It remains however the questions what microstructural changes cause the electrical 

conductivity to increase during network optimization, for a narrower distribution in local 

conductances does not per se imply higher electrical conductivity. An increase in σ can 

be due to (i) a decrease in the mean interparticle distance within the electron-conducting 

network (decrease in average contact resistance within electron-conducting paths) and or 

(ii) a growth of the particle network (formation of additional electron-conducting paths). 

As has been discussed in Chapter 3.4.5, MWCNT – PDMS nanocomposites exhibit non-

linear current voltage characteristics due to the fact that electron conduction is dominated 

by quantum mechanical tunnelling. It can be derived from Equation 3.4 that the current 

density decreases exponentially with increasing distance between adjacent particles. 

Consequently, the non-linearity of the IV characteristics increases as the average 

interparticle distance within electron-conducting paths increases. A measure of this non-

linearity is the resistance ratio, RR: 

 , (6.5) 

where Rl is calculated from an applied voltage Vl and the corresponding measured current 

Il, and Rh is calculated from an applied voltage Vh > Vl and the corresponding measured 

current Ih. A non-linear IV behaviour is characterized by RR > 1, and the higher RR the 

more pronounced the non-linearity. Figures 6.17 and 6.18 give the evolution of RR during 

network optimization in MWCNT modified PDMS for three different MWCNT mass 

fractions, a particle mass fraction below the optimized percolation threshold, pc
optimized, a 
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particle mass fraction between pc
optimized and the non-optimized percolation threshold, pc, 

and a particle mass fraction above pc (cf. Table 6.5). 

 

 

Figure 6.17. Semi-logarithmic plot of evolution of current and resistance ratio with time 

of exposure to an electric field, for a MWCNT modified PDMS with p = 0.0001. VOV = 

200 V, VAV = 50 V, and λ = 1050 μm. 

 

RR was obtained by means of the alternating polarity method (cf. Chapter 6.3.4) and 

the results are plotted together with the measured currents Il and Ih. As expected RR > 1 

for all p. Interestingly, the result at p < pc
optimized differs from the one at p > pc

optimized, but is 

the same for pc
optimized < p < pc and p > pc. At p < pc

optimized RR decreases with increasing 

time of exposure to the electric field, while the electrical currents, and, hence, the 

electrical conductivity of the material, increase. Accordingly, electrophoretic and 

dielectrophoretic effects lead to the formation of electron-conducting paths and to a 

mutual approach between the particles within the electron-conducting paths, which 
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decreases the mean interparticle distance within the electron-conducting paths. In 

contrast, at p > pc
optimized the increase in electrical conductivity is not accompanied by a 

decrease in RR, which remains more or less constant; thus it appears that the increase in 

electrical conductivity is predominantly due to the formation of additional electron-

conducting paths, as the fraction of MWCNTs contributing to electron conduction is 

increased and the percolated network is grown. 

 

 

Figure 6.18. Semi-logarithmic plots of evolution of current and resistance ratio with time 

of exposure to an electric field, for MWCNT modified PDMS with (a) p = 0.002 and (b) 

p = 0.004. VOV = 50 V, VAV = 2 V, and λ = 1950 μm. The legend is given in Figure 6.17. 

The dashed red lines indicate RR = 1. 

 

The following picture emerges: electrophoresis and dielectrophoresis effects lead to 

(1) a mutual approach between particles within electron-conducting paths and (2) the 

formation of the additional electron-conducting paths. At sufficiently low p the electrical 

characteristics are mainly affected by (1), whereas at higher p, changes in the electrical 

behaviour are due to (2). Given that this results seems somewhat intuitive, it should be 

0.50 

0.75 

1.00 

1.25 

1.50 

2.0E-06 

2.6E-06 

3.2E-06 

0 200 400 600 

R
R

 

I [
A

] 

time [s] 

0.50 

0.75 

1.00 

1.25 

1.50 

6.0E-05 

1.0E-04 

1.4E-04 

1.8E-04 

0 200 400 600 

R
R
  

I [
A

] 

time [s] 

(a) (b) 



McGill University Ph.D. Thesis – Cyrill Cattin (2015) 

 143

noted that although it has been clear for some time now that the exposure to an electric 

field leads to an increase in electrical conductivity and that this is due to the particle 

network reacting to the external field, quite different viewpoints have been presented 

with regard to the microstructural changes within the particle network [125, 239-248]. 

This might be explained with the fact that the critical concentration at which the 

dominate microstructural features changes from (1) to (2) is not given by pc, but by 

pc
optimized instead, which naturally depends on the optimization process itself. 

 

6.4.3 Evolution of electrical resistance during polymerization 

As mentioned before, a MWCNT network optimized by means of an electric field is 

not in equilibrium (cf. last set of data in Figure 6.12); if the electric field is reduced or 

removed, the network relaxes and part of the network restructuring is reversed, which is 

likely due to Brownian motion and repulsive coulombic force [292]. Producing a 

MWCNT – PDMS nanocomposite with a fully optimized particle network therefore 

requires the external field to be active during polymerization. For p < pc
optimized, pc

optimized < 

p < pc, and p >> pc (cf. Table 6.5), Figures 6.19 and 6.20 give the evolution of electrical 

resistance during polymerization, which is monitored by recording the viscoelastic 

properties of the material simultaneously. As the temperature is increased, vinyl-

terminated polydimethylsiloxane  and methylhydrosiloxane–dimethylsiloxane copolymer 

react via platinum catalyzed hydrosilylation and form a three-dimensional network. This 

results in a sharp increase in the viscoelastic flow resistance of the material (η*) as well as 

the elastic portion of the viscoelastic behaviour (G’). 
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Figure 6.19. Simultaneous monitoring of rheological and electric properties during 

polymerization of MWCNT modified PDMS; showing (a) T and η* vs. time and (b) G’ 

and R vs. time. p = 0.0001, ω = 6.283 rad/s, γ = 10 %, temperature ramp = 5 °C/min, λ = 

1050 μm, VOV = 4 V, and VAV = 2 V. 
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Figure 6.20. Simultaneous monitoring of rheological and electric properties during 

polymerization of MWCNT modified PDMS, showing (a) T and η* vs. time, and (b) G’ 

and R vs. time. Temperature ramp = 2 °C/min, ω = 6.283 rad/s, γ = 0.1 %, VOV = 35 V, 

and VAV = 0 V. Left: p = 0.002 and λ = 1690 μm. Right: p = 0.01 and λ = 1920 μm. The 

dashed line in (a2) indicates T vs. time according to the selected ramp rate. 
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during network optimization; further CNT rearrangement within the uncured polymer 

solely due to exposure to an external electric field is therefore unlikely. The added 

thermal energy, however, might increase CNT mobility and, hence, enable further CNT 

rearrangement within the uncured polymer. In addition, CNT modified polymers are 

known to show semiconducting behaviour and to exhibit a positive interdependence of 

electrical conductivity and temperature (cf. Chapter 3.4.5). 

At all MWCNT mass fractions polymerization is accompanied by an increase in 

electrical resistance of the material. Given that the electrical resistance of CNT modified 

polymers typically decreases with temperature, the observed changes cannot be caused 

by the rise in temperature. They can, however, be well explained with a change in the 

dielectric constant of the matrix, as the dielectric constant of PDMS increases with the 

degree of polymerization [111]. For a given interparticle separation, the tunnelling 

probability and, so, the local conductance decrease with increasing dielectric constant of 

the insulating material separating the particles. According to the picture presented in 

Chapter 6.4.2.4, at low p, where changes in R are primarily caused by microstructural 

changes within the few electron-conducting paths, this effect should then be more 

pronounced. The larger the percolated network (the higher the electron-conducting 

paths), the smaller the influence of changes within individual electron-conducting paths 

on the overall electrical resistance. 

This is what is observed in Figures 6.19 and 6.20: at p < pc
optimized R increases by a 

factor of 13.4, whereas at p > pc
optimized the increase in R is about 10 times smaller, i.e. R 

increases by a factor of 1.89 at p = 0.002, and by a factor of 1.72 p = 0.01. It should be 
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noted that alterations to the structure of the particle network, e.g. due to chemical 

shrinkage, might also play a role in the observed change in R [293]; given the good 

dimensional stability during polymerization of the MWCNT – PDMS system studied 

here, this effect seems negligible though. Finally it is interesting to find that in contrast to 

Figure 6.19, the temperature profiles in Figure 6.20 are not linear but show an increase in 

heating rate, which correlates with the onset of the increase in R. This is likely due to the 

electroconductive MWCNT network providing additional heat through resistive heating. 

 

6.5 Summary and Conclusions 

As has been elaborated in Chapters 3 to 5, the electrical and multifunctional 

performance of CNT – polymer nanocomposites is controlled by percolation, involves 

quantum mechanical tunnelling at CNT junctions, and is primarily dependant on the 

configuration of the CNT network. As the particle network is formed during processing, 

when the material is in a fluid state of low viscosity, the configuration of the network 

depends on the processing conditions, which in turn can be adapted to optimize the 

structure of a percolated network (e.g., exposure to an external field). Despite a rather 

large body of literature on network formation and optimized percolation in CNT – 

polymer nanocomposites, two fundamental aspects remain unclear to date: first, although 

it is known that network optimization shifts the electrical percolation curve to lower 

percolation threshold and higher electrical conductivity values, it is unclear if and in what 

way it affects the conductivity exponent, and, second, a clear picture of the 

microstructural changes that form the basis of the increase in electrical conductivity is 
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missing. The present chapter addressed both of these aspects via a comprehensive study 

of network formation and optimized percolation in MWCNT modified PDMS. 

It is shown that MWCNT addition to PDMS affects polymer chain mobility, such that 

the ideal-viscous PDMS becomes viscoelastic and exhibits nonlinear flow behaviour, i.e. 

shear thinning and large negative 1st normal stress coefficients. This is accompanied by 

changes in material viscosity, rigidity, and firmness, which all increase with particle mass 

fraction. It is further shown that the rheological characteristics of PDMS are altered at 

particle mass fractions as low as p = 0.0005, which indicates good particle dispersion. In 

line with this, the rheological percolation threshold, which was determined using the 

recordings of the storage modulus, is found to be at pr = 0.00015, whereas the 

corresponding electrical percolation threshold is found at pc = 0.00145. It is shown that 

the fact that pr < pc is related to the difference in interparticle separation required for 

rheological and electrical percolation, respectively, which is smaller for electrical 

percolation. By comparing the percolation parameters of non-optimized MWCNT in 

PDMS networks with a MWCNT in PDMS network optimized by means of a force field, 

it is further shown that t varies with the spread of the network, unlike pc, which does not 

depend on network geometry, and that, for comparable network geometries, both 

percolation parameters decrease with network optimization. 

This is confirmed by combining a study of network optimization by means of an 

electric field with a quantitative dispersion analysis. It is shown that network 

restructuring by means of electrophoretic and dielectrophoretic effects lead to an increase 

in dispersion index and electrical conductivity, but a decrease in both percolation 
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threshold and conductivity exponent. In the optimized MWCNT in PDMS network, the 

fraction of MWCNTs contributing to electron conduction is increased (decrease in pc and 

increase in σ) and the three-dimensional network is more uniform and exhibits a narrower 

distribution in local conductances (increase in DI and decrease in t). Besides, it is also 

demonstrated that optimized percolation enables a nine orders of magnitudes increase in 

electrical conductivity. 

By studying the evolution of the electrical resistance ratio during network 

optimization it is further established that the increase in electrical conductivity is due to a 

combination of (i) a decrease in the mean interparticle distance within the electron-

conducting network (decrease in average contact resistance within electron-conducting 

paths) and (ii) a growth of the particle network (formation of additional electron-

conducting paths), and that at particle mass fractions below a critical one (i) dominates, 

whereas at particle mass fractions above that critical one (ii) dominates. The critical mass 

fraction is given by the optimized percolation threshold, which naturally depends on the 

optimization process itself. A study of the evolution of electrical resistance ratio during 

polymerization of the elastomeric matrix confirmed this picture, as it is shown that the 

increase in electrical resistance during polymerization, which is caused by a change in the 

dielectric constant of PDMS, is about ten times higher at particle mass fraction below the 

optimized percolation threshold, compared to the increase in electrical resistance at 

particle mass fractions above the optimized percolation threshold. 
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CHAPTER 7 

 

Conclusions 

 

 

7.1 Original Contributions 

The thesis in hand has dealt with electron conduction in carbon nanotube modified 

polymers, with a focus on the configurational characteristics of the particle network that 

underlie the electrical behaviour of the material. The contributions of this thesis to the 

state-of-the-art-knowledge can be summarised as follows: 

1. The particle mass fraction dependent electrical and rheological properties of a 

MWCNT – PDMS system were investigated in detail (cf. Chapters 3 and 6). 

 Compared to thermoplastic and thermosetting polymer based electroconductive 

nanocomposites, information on elastomeric polymer based systems such as MWCNT 

modified PDMS is relatively scarce. It was shown that with increasing particle mass 

fraction MWCNT modified PDMS exhibits an insulator to conductor transition, 

which is due to the formation of an electron-conducting MWCNT network throughout 

the electrically non-conducting PDMS matrix. Simultaneously, the ideal-viscous 

PDMS becomes viscoelastic and exhibits nonlinear flow behaviour because the 

MWCNTs affect polymer chain mobility. The evolutions of both the electrical 
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conductivity and the elastic portion of the viscoelastic behaviour with particle mass 

fraction are characteristic of percolation. The electrical percolation threshold was 

found to be one order of magnitude higher than the rheological equivalent, which was 

identified to be a result of the difference in average interparticle separation required 

for electrical and rheological percolation, respectively. 

2. The electrical conductivity of a loose three-dimensional network of Baytubes C 150 P 

without polymer matrix was measured (cf. Chapter 3). 

 A simple technique was developed to measure the electrical conductivity of a loose 

three-dimensional network of CNTs without polymer matrix. For the MWCNTs used 

in the research at hand, i.e. Baytubes C 150 P, the electrical conductivity was found to 

be around 2 S/m. Values reported in literature for the electrical conductivity of dry 

MWCNT networks are typically two to three orders of magnitude higher; however, 

they are not representative of loose three-dimensional networks as they have been 

measured on thin films produced by filtration, which naturally exhibit a relatively 

high anisotropy in in-plane to perpendicular electrical conductivity due to CNT 

alignment during filtration. The electrical conductivity of a loose three-dimensional 

CNT network gives an estimate of the maximum electrical conductivity that can be 

achieved by adding CNTs to a polymer. With Baytubes C 150 P being widely used in 

research on MWCNT modified polymers it was highlighted that the majority of the 

maximum electrical conductivity values reported in literature for bulk CNT – polymer 

nanocomposites are ≤ 2 S/m. 
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3. A clear picture describing electron conduction in carbon nanotube modified polymers 

as well as its dependence on configurational characteristics of the particle network 

was presented (cf. Chapters 3 and 4). 

 The dependence of the electrical conductivity on frequency and temperature, the 

current-voltage characteristics, and the electric response to mechanical deformation 

were analyzed as a function of particle mass fraction. At particle mass fractions above 

but close to the percolation threshold the electrical characteristics of MWCNT 

modified PDMS are dominated by the behaviour of individual electron-conducting 

paths, in which electron conduction is controlled by quantum mechanical tunnelling 

between adjacent but non-contacting CNTs. At higher particle mass fractions, on the 

other hand, despite quantum mechanical tunnelling events within the individual 

electron-conducting paths, the electrical characteristics of MWCNT modified PDMS 

are dominated by the behaviour of the network as a whole, which can be viewed as a 

resistor network. 

4. The problem of positive vs. negative piezoresistance in high aspect ratio particle 

based polymer nanocomposites was addressed both experimentally and theoretically 

and piezoresistance in electroconductive nanocomposites in general was explained 

(cf. Chapters 4 and 5). 

 A percolation theory based model relating the variation in electrical resistance to 

compressive strain was introduced and it was shown that it gives accurate theoretical 

fits to experimental data presented in this thesis, as well as to much of the available 

data in the literature. In contrast to existing theories, the model captures the 
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characteristics of the particle network through experimentally definable parameters 

and does not rely on assumptions regarding the nature of the particles and or the 

configuration of the network. It was explained why current theories fail to generally 

describe the experimental findings and it was demonstrated that the presented 

theoretical framework is not limited to polymer nanocomposites with high aspect 

ratio particles but that it can explain piezoresistance in bulk electroconductive 

nanocomposites in general. It was found that the piezoresistive effect in such 

materials is rooted in a mechanical deformation induced change in the distribution of 

local conductances within the electron-conducting particle network. In addition, it 

was shown that the findings can be applied to the experimentally observed 

concentration dependence of the piezoresistance in electroconductive nanocomposites 

and, thus, to predicting the electric response to mechanical deformation at any particle 

concentration. 

5. It is shown that the conductivity exponent depends on the distribution of local 

conductances within the electron-conducting particle network, and that the latter 

varies with network morphology (cf. Chapters 5 and 6). 

 First, it was found that the conductivity exponent varies with the spread of the 

network, unlike the percolation threshold, which does not depend on network 

geometry. Second, it was confirmed that network optimization by means of an 

external field shifts the electrical percolation curve to lower percolation threshold and 

higher electrical conductivity values, as is reported in literature. In contrast to 

previous work though, it was further shown that the above is accompanied by an 
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increase in network uniformity and a decrease of the conductivity exponent. 

Consequently network optimization leads to an increased fraction of MWCNTs 

contributing to electron conduction through a three-dimensional network that exhibits 

a narrower distribution in local conductances. From this it was concluded that the 

prevalent assumption that percolation theory presupposes direct contact between 

adjacent particles within electron-conducting paths is incorrect, and that, instead, 

percolation theory presupposes a particle network with local conductances that are 

equal throughout the entire network. Moreover, by studying the evolution of the 

resistance ratio during network optimization and polymerization it was found that the 

increase in electrical conductivity is due to a combination of (i) a decrease in the 

mean interparticle distance within the electron-conducting network and (ii) a growth 

of the particle network, and that at particle mass fractions below the optimized 

percolation threshold (i) dominates, whereas at particle mass fractions above the 

optimized percolation threshold (ii) dominates. The optimized percolation threshold, 

in turn, depends on the optimization process itself. 

The experimental and theoretical findings presented in this thesis are expected to be 

instrumental in furthering the applicability of CNT polymers nanocomposites as 

functional materials, in particular with regard to their use as flexible sensors and or 

transparent conductors. The piezoresistive strain coefficient being highest at particle mass 

fractions above but close to the optimized percolation threshold, and the impairment of 

the polymeric characters of the nanocomposite being minimal at a conductivity exponent 
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close to the universal value, particle mass fraction together with processing can be 

adapted to optimize performance. 

 

7.2 Suggestions for Future Work 

The experimental and theoretical findings presented in the thesis at hand open new 

fields for further study; three areas that are deemed important are described in the 

following: 

1. Percolation and system depend proportionality constants. 

 Following Equation 3.3, the evolution of electrical conductivity with particle mass 

fraction can be expressed as 

 , (7.1) 

 which applies to particle mass fractions above but close to the percolation threshold, 

i.e. when p > pc and (p - pc) is small. There is some ambiguity as to the range of 

particle mass fraction in which Equation 7.1 is applicable, which is reflected in the 

fact that although the proportionality constant σx is system-dependant, in remains 

unclear according to current scientific knowledge what, if any, information about the 

system can be obtained from σx. For the MWCNT – PDMS system studied in this 

thesis σx is close to the electrical conductivity of a loose three-dimensional network of 

MWCNTs without PDMS, which indicates that σx might be considered as a 

theoretical estimation of σmax. This, however, remains to be confirmed and further in-

depth research is needed. 



McGill University Ph.D. Thesis – Cyrill Cattin (2015) 

 156

2. Percolation and nonuniversal scaling exponents. 

 As most other CNT – polymer nanocomposites, the MWCNT – PDMS 

nanocomposite studied in this thesis is characterized by a nonuniversal conductivity 

exponent. Nonuniversal scaling exponents are also found in other fields where 

percolation theory is applied, e.g. transport phenomena in porous media. The here 

presented concept of a conductivity exponent that depends on the distribution of local 

conductances within the electron-conducting particle network might be applied to 

such other fields in order to learn more about the system studied (e.g., in composites 

materials produced by infiltration, additional information could be gained about the 

distribution of local pressures, saturation, and void formation). 

3. Piezoresistance and applications in tactile sensing. 

 As noted in Chapter 4, the pressure needed to compress the cube samples by around 

10 % is well within the finger-pressure range. The corresponding normalized change 

in electrical resistance varies between 1.7 at p = 0.02 and 17 at p close to pc. As 

highlighted in Section 7.1, particle mass fraction together with processing can be 

adapted in order to optimize the piezoresistive strain coefficient and minimize the 

impairment of other characters of the nanocomposite, namely mechanical flexibility 

and or optical transparency. The MWCNT – PDMS nanocomposite studied in this 

thesis appears to be an interesting candidate for tactile sensing applications. More 

development in this direction would certainly be worthwhile, all the more, 

considering that PDMS is biocompatible, which enables its use in biomedical and 

wearable sensing devices.   
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APPENDIX A 

 

Workplace Safety in Polymer Nanocomposite Research 

 

Published in Materials Research Society Symposium Proceedings – 

MRS Proceedings 2012, 1413. DOI: 10.1557/opl.2012.197. 

A.1 Introduction 

In recent years research efforts to develop and advance nanoparticles and NP based 

composite materials have increased considerably. Well-known examples of such 

materials are carbon nanotubes and CNT based polymers composites. The production of 

CNT – polymer nanocomposites typically involves handling of dry CNTs; however, 

while occupational and environmental health and safety practices have been defined for 

the handling of most polymers and chemicals involved in such research, this is not the 

case for the handling of dry CNTs. For a long time it was assumed that CNTs are not 

particularly hazardous and little effort was devoted to evaluating the toxicity of these 

NPs. An in-vivo study from 2008, however, demonstrates that CNTs introduced into the 

abdominal cavity of mice show asbestos-like pathogenicity, and, hence, may pose a 

carcinogenic risk [294]. Conclusions from studies exploring the potential adverse effects 

of CNTs on occupational and environmental health vary considerably, review articles on 

CNT toxicity, however, generally conclude that CNTs can present a health hazard [295-
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297]. The review articles further show that adequate knowledge of CNT toxicity does not 

yet exist, and recommend further research into both CNT toxicity and safe handling. 

The risk associated with the handling of NPs is a function of both toxicity and 

exposure: the higher the toxic potential of a material the more exposure to it needs to be 

minimized/eliminated, and, accordingly, the less is known about material toxicity, the 

more should be known about occupational exposure. IRSST [298] and NIOSH [299] 

have published comprehensive reports on occupational exposure to NPs, in which the 

state of the art and the effectiveness of exposure control measures are presented [300, 

301]. Both reports conclude that the current knowledge is insufficient and that additional 

data on the effectiveness of exposure control measures is a main research need. To date, 

few scientific publications report specifically on the effectiveness of exposure control 

measures. Among these, Cena et al. [302] have evaluated the effectiveness of two 

commonly used engineering controls, namely a custom fume hood and a biological safety 

cabinet, for exposure control to particles generated during sanding of CNT epoxy 

nanocomposites. They found that a biological safety cabinet was more effective in 

minimizing exposure to airborne particles than a custom fume hood. Moreover, respirable 

mass concentrations in the worker’s breathing zone were higher when sanding was 

performed inside the fume hood compared to when sanding was performed without an 

engineering control. The authors point out that the poor performance of the fume hood 

used in their study may be explained by its lack of a front sash and rear baffles, as well as 

its low face velocity. With regard to exposure control during manipulation of NPs, Tsai et 

al. [303, 304] have investigated the effectiveness of fume hoods, likely the most popular 
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engineering control in laboratory research, for different fume hood designs and a range of 

operating conditions. Their results show that the release of airborne NPs from within a 

fume hood into the laboratory environment and the researcher’s breathing zone is highly 

dependent on fume hood design and operating conditions. For some designs and 

operating conditions they also measured a significant release of airborne NPs from the 

fume hood. Interruption of the fume hood airflow patterns during the handling tasks and 

the resulting turbulent airflow patterns were identified as the main reason for poor fume 

hood performance. 

The presented work addresses the need for additional data on the effectiveness of 

exposure control measures. A new exposure control measure to minimize/eliminate 

potential health, safety, and environmental risks associated with the handling of dry 

CNTs in laboratory research is presented and its effectiveness is analyzed. 

 

A.2. Research Objectives 

The main goal of this study is to evaluate the effectiveness of a new exposure control 

measure. The corresponding engineering control, namely a glove box with attached 

vacuum chamber for material transport and air cleaning, and working practice are 

described in detail, and an analysis in terms of occupational exposure to airborne NPs is 

presented. In addition it is studied to what extend handling of Baytubes C 150 P, the NPs 

used in this dissertation research, releases airborne MWCNTs and or MWCNT 

agglomerates. 
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A.3 Engineering Control and Working Practice 

Figure A.1 shows a photograph of the glove box with attached vacuum chamber for 

material transport and air cleaning (Precise Controlled Atmosphere Glove Box, Labconco 

Corp., MO, USA). The vacuum chamber is connected to a vacuum pump, which, in turn, 

is connected to the laboratory air exhaust. When evacuated from the vacuum chamber, 

the air is filtered twice prior to entering the vacuum pump, using disposable particulate 

air filters (VACU-GUARD, GE Healthcare Bio-Sciences Corp., NJ, USA). Air is also 

filtered at the vacuum chamber air-inlet. 

 

 

Figure A.1. Photograph and description of engineering control, i.e., glove box with 

attached vacuum chamber for material transport and air cleaning. 

 

Work performed inside the glove box typically involves weighing of bulk CNTs and 

mixing of CNTs with a liquid (e.g. polymer or solvent). The two main roles of the 

engineering control are (i) to place a barrier between the worker and the dry CNTs in 

Vacuum chamber with pressure 

gauge and two manual valves 

for air inlet and air outlet. 

Connection from vacuum pump 

to laboratory air exhaust  

Connection from vacuum 

chamber to vacuum pump, with 

two disposable particle filters. 
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order to minimize/eliminate both pulmonary and dermal exposure to CNTs, and (ii) to 

prevent a release of airborne CNTs into the laboratory environment in order to 

minimize/eliminate contamination of nearby workspace. 

Although the above engineering control is the main exposure control, additional 

exposure control is provided by basic personal protective equipment, i.e., gloves, safety 

glasses, non-woven lab coat and P100 particulate respirator. Elements of the working 

practice that are key to exposure control are outlined in Table A.1. 

 

Table A.1. Elements of the working practice that are key to exposure control, namely 

transfer of material sample out of glove box and air cleaning in vacuum chamber. 

Initial 
situation 

Material sample (e.g. container with CNT in liquid suspension, produced inside glove box) 
ready for transfer out of glove box. Exterior door of vacuum chamber closed; interior door of 
vacuum chamber open. 

Step 1 Wet wipe cleaning of container surfaces. 

Step 2 
Positioning of open material sample (i.e., container with no lid) on vacuum chamber shelf. 
Closing of interior door of vacuum chamber. 

Step 3 Evacuation of air from vacuum chamber for 4 minutes. 

Step 4 Refilling of vacuum chamber with filtered air. 

Step 5 Evacuation of air from vacuum chamber for 2 minutes. Repetition of Step 4. 

Step 6 
Opening of exterior door of vacuum chamber. Removal and closure of material sample. Wet 
wipe cleaning of container surfaces. 

 

A.4. Experimental Details 

Airborne particle number and respirable mass concentrations were measured with two 

direct-read instruments: an ultrafine condensation particle counter (CPC), and an optical 

particle counter (OPC). The CPC (P-TRAK® Ultrafine Particle Counter 8525, TSI Inc., 

MN, USA) was used to provide total particle number concentration (PNC) from 0 to 
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5×105 particles/cm3, for particles that ranged in diameter from 0.02 to 1 μm. The OPC 

(DustTrakTM 8520 Aerosol Particulate Monitor, TSI Inc., MN, USA) was used to 

provide particle mass concentration (PMC) for particles ranging from 0.1 to 10 μm in 

diameter. The effectiveness of the exposure control measure was evaluated by 

transferring the CPC, initially positioned inside the glove box, out of glove box according 

to the working practice outlined in Table A.1, while simultaneously monitoring the PNC. 

For proof of concept, matches and candles were lightened inside the glove box in order to 

increase the concentration of airborne particles to above 5×105 particles/cm3. In addition, 

the proneness of Baytubes C 150 P MWCNT to become airborne during material 

weighing and mixing was studied by measuring the concentration of airborne particles 

with both the CPC and the OPC located inside the glove box. Detailed information about 

the MWCNTs is given in Chapter 3.3.1. 

 

A.5 Results and Discussion 

A.5.1 Effectiveness of proposed exposure control measure 

Figure A.2 shows the variation in particle number concentration during material 

sample transfer as outlined in Table A.1. The particle number concentration in the 

laboratory environment was measured to be around 7.5×103 particles/cm3. Evacuation of 

air from the vacuum chamber leads to a decrease in particle number concentration with 

evacuation time, as can be seen in section (3) of Figure A.2. The constant particulate 

level at the beginning of section (3) indicates that the initial particle number produced by 

lightening matches and candles inside the glove box was well above 5×105 particles/cm3.  
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Figure A.2. Semi-logarithmic plot of variation in particle number concentration inside 

vacuum chamber during material sample transfer out of glove box; the labels indicate the 

step number of the corresponding working practice outlined in Table A.1 

 

Four minutes of air evacuation decrease the particle number concentration inside the 

vacuum chamber to 250 particles/cm3. Refilling the vacuum chamber with air leads to a 

re-increase in particulate level. For the presented analysis, air evacuation was stopped by 

switching off the vacuum pump, and not by closing the air-outlet valve of the vacuum 

chamber. In addition, the air-inlet valve of the vacuum chamber was opened only after air 

evacuation was stopped. It is therefore likely that some back-flow of air, and, hence, 

particles, took place prior to opening the vacuum chamber air-inlet valve, which may 

explain the re-increase in particle number concentration in section (4). Since the air-inlet 

valve is connected to a particulate filter, it is unlikely that the higher particle number 

concentration in the laboratory environment is the source for the observed re-increase in 

particulate level. Also, in the latter case one would expect the particulate level at the 
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beginning of section (5) to be the same as the one in the laboratory, which is not the case. 

Two minutes of additional air evacuation decreases the particle number concentration 

inside the vacuum chamber further, to around 100 particles/cm3, i.e., to a particulate level 

more than three orders of magnitude lower than the initial one. As expected, in section 

(6), after completion of Step 6 outlined in Table A.1, around 7.5×103 particles/cm3 are 

detected. 

Although shown to be effective, the above working practice is meant to be an 

example. Stopping the evacuation processes after a certain time is a compromise between 

optimizing effectiveness on the one hand and a reasonable working time on the other 

hand. Evacuating air for a longer period of time would provide an even more efficient 

exposure control. Instead of applying a series of two low to medium vacuums, air 

cleaning could also be achieved by flushing the vacuum chamber environment by 

evacuating air while keeping the vacuum chamber air-inlet valve open. It should be noted 

though that preliminary experiments have shown that the latter approach is not more 

effective. The above working practice is not yet optimized and a higher effectiveness 

over working time ratio can be achieved. Also, the effectiveness analysis should be 

complement by morphological characterization of the airborne particles remaining in the 

vacuum chamber after air cleaning. 

In view of practicality, an engineering control is likely to be used to 

minimize/eliminate exposure to different types of NPs; cross-contamination of material 

samples is therefore a major concern. Figure A.3 provides evidence that the proposed 

engineering control can be cleaned relatively easily. The variation in particle number 
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concentration with time of glove box air cleaning is plotted for a period of 25 minutes. 

Glove box air cleaning was achieved by evacuating air from the vacuum chamber while 

keeping the vacuum chamber interior door and the glove box air-inlet valve open. Within 

the given period of time the particle number concentration decreases from initially 

2.5×105 particles/cm3 to below the particulate level of the laboratory environment, i.e., 

below 7.5×103 particles/cm3. Cross-contamination can be further minimized by wet wipe 

cleaning of the engineering control interior surfaces, and by running multiple air cleaning 

cycles. 

 

Figure A.3. Particle number concentration inside glove box and attached vacuum 

chamber as a function of time of air cleaning. 

 

A.5.2 Concentration of airborne MWCNTs during material weighing 

As can be seen in Figure A.4, the proneness for the MWCNTs to form airborne 

particles is rather low, even when the material is agitated. No airborne particles smaller 
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than 1 μm in diameter and only very few particles with diameters between 1 and 10 μm 

were detected. This is in line with both the fact that the MWCNTs were provided in 

powder form, with an average loose agglomerate size in the micrometer range, and 

results reported by Cena et al. [302], who, for a similar NP sample, found that weighing 

contributes little to the measured airborne particle number and particle mass 

concentrations. 

 

 

Figure A.4. Plot of airborne particle number concentration (dotted line) and particle mass 

concentration (full line) during weighing of dry Baytubes C 150 P MWCNTs inside 

glove box. 

 

It is likely that the proneness for the MWCNTs to form airborne particles depends on 

the working environment; the particular environment inside the glove box, i.e., no or little 

air circulation over extend period of time, might be part of the reason for the low 

concentration of airborne particles. The average particle number concentration inside the 
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glove box was measured to be around 20 particles/cm3, i.e., more than two orders of 

magnitude smaller than the average particle number concentration in the laboratory 

environment. No or little air circulation over an extended time period may lead to particle 

settling, particle agglomeration and settling, chemical reactions, and chemical reaction 

and settling. In view of cleanness of the work environment and cross-contamination this 

is certainly a advantageous. 

 

A.6 Summary and Conclusions 

This study addressed the need for additional data and information on the effectiveness 

of exposure control measures with respect to occupational exposure to potentially 

hazardous NPs. A new exposure control measure is proposed and its effectiveness is 

analyzed. Both the engineering control, i.e., glove box with attached vacuum chamber for 

material transport and air cleaning, and the corresponding working practice are described 

in detail. The engineering control was found to be highly effective in minimize potential 

health, safety, and environmental risks associated with pulmonary and dermal exposure 

to dry NPs. The working practice can be further optimized to obtain a higher ratio of 

effectiveness to working time, and the analysis might be complement by morphological 

characterization of airborne particles that remain in the vacuum chamber after air 

cleaning. 

This study also analyzed to what extend handling of Baytubes C 150 P, the NPs used 

in this dissertation research, releases airborne MWCNTs and or MWCNT agglomerates, 

and found the proneness for Baytubes C 150 P MWCNTs to form airborne particles to be 
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very low when manipulating dry CNTs inside the glove box. However, due to the 

particular environment inside the glove box, i.e., no or little air circulation over extend 

period of time, this result does not allow for direct conclusions as regards the potential 

exposure to airborne CNTs when manipulating Baytubes C 150 P MWCNTs using 

another or no engineering control. All MWCNT in PDMS suspension produced during 

this dissertation research were obtained using the exposure control measure presented in 

this chapter. 

Overall, the results provide new information that are believed to be helpful for both 

the selection and the use of an appropriate engineering control to minimize/eliminate 

exposure to airborne CNTs, and NPs in general. 
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APPENDIX B 

 

Nomenclature 

 

 

B.1 List of Symbols 

α   Aspect ratio 

γ [s-1]  Equilibrium shear strain 

γ’ [s-1]  Shear rate 

ε   Strain 

ε0   Reference compressive strain 

εc   Compressive strain 

εr   Relative permittivity 

η [Pa.s]  Shear viscosity 

η* [Pa.s]  Complex viscosity 

θ(α)   Scale factor depending on α 

λ [μm]  Gap between parallel plates 

μ(g) [S]  Mean value of the distribution of local conductances 

ξ(ε)   Scale factor depending on ε 

ρ [Ω.m]  Electrical resistivity 

σ [S.m-1]  Electrical conductivity 

σAC [S]  AC electrical conductivity 

σmax [S]  Maximum electrical conductivity 
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σx [S.m-1]  Electrical percolation proportionality constant 

τ [s]  Hold time 

φ [V]  Mean potential barrier height 

φ0 [V]  Height of rectangular potential barrier 

ψ1 [Pa.s2]  1st normal stress coefficient 

ω [rad.s-1]  Angular frequency 

ϒ   Shear-thinning index 

ΔV [V]  Electric potential difference 

ΔV0 [V]  Reference electric potential difference 

cp   Scale factor depending on p and pc 

dc [mm]  Crosshead displacement 

e [C]  Elementary charge 

f [Hz]  AC frequency 

f0 [Hz]  Critical AC frequency 

g [S]  Local conductance 

gi [S]  Local conductance of specific value 

j   Imaginary unit 

l [μm]  Electrode spacing / Sample thickness 

p   Particle mass fraction 

pc   Electrical percolation threshold 

pc
optimized   Optimized electrical percolation threshold 

pr   Rheological percolation threshold 

pv   Particle volume fraction 

r   AC-exponent 

s [Å]  Thickness of insulating thin film 

s1, s2 [Å]  Limits of potential barrier at the Fermi level 
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t   Conductivity exponent 

t0   Reference conductivity exponent 

tc   Compressive strain dependent conductivity exponent 

tanδ   Loss factor 

u   Elasticity exponent 

A [m2]  Electrode area 

Ac [m2]  Area onto which compressive force is applied 

C [F]  Capacitance 

DI [%]  Dispersion index 

E [V.m-1]  Electric field 

EF [eV]  Fermi level 

Fc [N]  Compressive force 

G [S]  Electrical conductance 

G’ [Pa]  Storage modulus 

G’’ [Pa]  Loss modulus 

G* [Pa]  Complex shear modulus 

G’x [Pa]  Rheological percolation proportionality constant 

GF   Piezoresistive strain coefficient 

I [A]  Electric current 

I0 [A]  Reference electric current 

J [A/cm2]  Current density penetrating insulating thin film 

N   Number of electron-conducting paths 

P [MPa]  Pressure 

R [Ω]  Electrical resistance 

R0 [Ω]  Reference electrical resistance 

Rc [Ω]  Compressive strain dependent electrical resistance 
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Rh [Ω]  Electrical resistance at high voltage 

Rl [Ω]  Electrical resistance at low voltage 

Rn [Ω]  Electrical resistance of electron-conducting network 

Rp [Ω]  Electrical resistance of electron-conducting path 

RR   Resistance ratio 

R2   Coefficient of determination 

T [°C]  Temperature 

U [V]  Voltage across the insulating thin film 

Vh [V]  High voltage 

Vl [V]  Low voltage 

VAV [V]  Alternating voltage 

VOV [V]  Offset voltage 

Var(g) [S2]  Variance of the distribution of local conductances 

WPF   White pixel fraction 

Y [MPa]  Young’s modulus 

YAC [S]  Admittance 

ZAC [Ω]  Impedance 

 

B.2 List of Acronyms 

AC Alternating current 

CNT Carbon nanotube 

DC Direct current 

IV Current-voltage 

MWCNT Multi-walled carbon nanotube 

NP Nanoparticle  

NC Nanocomposite 
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OM Optical microscopy 

PDMS Polydimethylsiloxane 

SWCNT Single-walled carbon nanotube 

SEM Scanning electron microscopy 

TEM Transmission electron microscopy 
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