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Abstract 

With the advancement of the living standard worldwide, an increasing number of people 

pay more attention to their health. Consequently, the industry of wearable devices for 

health monitoring has been experiencing rapid development. Stretchable sensors are the 

core components for wearable devices. However, further research is still needed to 

improve performance and reduce cost.  In addition, stretchable sensors are currently 

always employed in other emerging industries, such as robotics, smart textiles, electronic 

skins and so forth. These fields not only require the sensors to possess excellent sensing 

performance but also need multi-functionality for practical applications. 

In this study, two types of stretchable sensors based on MWCNTs/PDMS composite were 

fabricated and characterized. At first, the mechanism of the conductivity of the CNTs-

based composite was theoretically investigated through numerical simulation. The shape 

of CNTs has a significant influence on the percolation threshold for conductivity, but the 

electrical conductivity of CNTs merely influences the electrical conductivity of the 

composite. With regards to the piezoresistivity of the composite, not only does the 

property of CNTs play an essential role, but also the Poisson’s ratio of the polymer matrix. 

This work gives some suggestion to select elastic polymer and CNTs. The suitable 

polymer needs to have lower Poisson’s ratio and CNT should have large aspect ratio. In 

addition, the volume fraction of CNTs embedded in the polymer is suggested to be 

slightly more than the percolation threshold. Following these, the composite sensor can 

acquire better performance.  

Then, the core material for the stretchable sensor, the MWCNTs/PDMS composite, was 

made. The common issue in the fabrication process is the agglomeration of MWCNTs in 
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the matrix. This was resolved by using pentane as a solvent. It is attributed to the low 

boiling point of the pentane, which significantly shortens the evaporation period in the 

fabrication process.  

Thirdly, the sandwich-like sensor based on MWCNTs/PDMS composite was fabricated. 

Due to the encapsulation of PDMS, the stretchable sensor can be biocompatible and 

mechanically compliant with human bodies. Although the stretchable sensor performed 

not very well in the aspect of hysteresis, they exhibited excellent sensitivity, response 

time and durability. Moreover, the stretchable sensor successfully detects simple human 

motions, like wrist and finger bending. 

Finally, a stretchable strain sensor based on MWCNTs/PDMS composite with serpentine 

shape was devised and fabricated. Not only can this sensor distinguish tension strain from 

transverse and longitudinal direction, but also exhibit good linearity of response to tensile 

strain. In terms of sensitivity, hysteresis and response time, the stretchable strain sensor 

showed good performance.  

Even though this research successfully fabricated the MWCNTs/PDMS composite and 

corresponding stretchable sensors with good performance, the excellent multifunction of 

sensors still need to be developed in future work. 
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Chapter 1 Introduction 

1.1 Background 

In recent years, wearable sensors have drawn a great deal of attention due to the increasing 

focus on human health and the advancement of biomedical devices. Wearable sensors are 

mainly employed to detect human motions and health conditions, providing accurate and 

reliable information1-5. For instance, some wearable sensors are designed to continuously 

monitor people’s pulse and heartbeat so that people can have an overview of their human 

health conditions at any time without hospitalization6-8. Also, when people are engaged 

in sports activities, wearable sensors are possible for the improvement of their sports 

techniques by recording their motions precisely9-11.  

In particular, wearable sensors based on nanocomposite are most popular owing to their 

many peculiar advantages comparing with traditional sensors based on metals or 

semiconductors, including high stretchability of elastomer (stretchability means the 

elongation of the polymer without plastic deformation), ease of fabrication, light-weight 

and vice versa12-14. Nanocomposites sensors are utilised to monitor large strain variation, 

mainly through the change of percolation network in the polymer/conductive fillers 

composite. There are a variety of conductive fillers that are compatible with polymers 

producing a synergistic effect, including carbon nanotubes (CNTs)15-18, graphene19-21, 

silver nanowires22 and so forth9, 23, 24. Among them, it is proved by many studies that 

CNTs can endow polymer composite with excellent electrical properties, due to their 

rather high aspect ratio coupling with their exceptional electrical conductivity25-27. The 

percolating network structure built by CNTs will have a distinct transformation when the 

polymer nanocomposite filled with CNTs is subjected to the applied strain variation, 
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exhibiting more outstanding piezoresistivity compared with other fillers, due to their 

curvilinear shapes28, 29. Also, when combining with a highly elastic polymer, CNTs can 

allow the polymer matrix to maintain their excellent stretchability as much as possible 

due to the entanglement of CNTs30. However, CNTs are inclined to form agglomeration 

because of the presence of the high van der Waals force between adjacent CNTs31. 

Therefore, the preliminary task for preparation of desirable CNTs polymer 

nanocomposite is to make CNTs homogenously dispersed in the polymer matrix. 

With regards to the polymer matrix, Polydimethylsiloxane (PDMS) is viewed as the ideal 

candidate. This elastomer has a couple of distinctive characters, such as biocompatibility 

and mechanical stretchability, chemical stability and so on, making it suitable in the field 

of wearable device32, 33. Furthermore, the cast moulding technique that is employed to 

fabricate nanocomposite with PDMS resin is simple and inexpensive34. In this context, 

PDMS is the suitable choice to be used as the matrix of the nanocomposite filled with 

CNTs. 

To date, many studies not only focus on the enhancement of nanocomposite electrical and 

mechanical properties for wearable sensors but also embark on designing unique and 

productive structures of sensors to allow them to possess many functions. Amjadi et al. 

reported the stretchable sensor based on the composite of silver nanowires (AgNW) and 

PDMS showed strong piezoresistivity with gauge factor between 2 and 14, and high 

stretchability up to 70%22. Nevertheless, the sensor had poor response time and exhibited 

non-linearity. Additionally, Zhu and his co-worker developed highly stretchable 

multifunctional sensors consisting of two electrodes made of silver nanowires and a 

dielectric layer of Ecoflex, through the capacitive sensing mechanism35. It not only could 

differentiate the tension and pressure but also exhibited fantastic properties that can detect 
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strain (up to 50%), pressure (up to ~1.2 MPa), fast response time (~40 ms) and good 

pressure mapping function. Nevertheless, the gauge factor which is a critical sensing 

index was just around 0.7. In addition, to overcome the limitation of the conventional 

single axis-strain sensor, many studies have been conducted to develop multi-dimensional 

strain sensors. Kim et al. reported a multi-dimensional strain sensor consisting of two 

layers of the prestrained AgNW network with decoupled and polarised electrical response 

in axial and longitude directional strain36. Moreover, it could successfully withstand up 

to 35% maximum strain with a large gauge factor (>20). It is worth mentioning that this 

stretchable sensor was unable to withstand a repeated cycle of tension for a long time as 

a result of the intrinsic prestrained silver NW network. To this end, despite the significant 

development of various stretchable sensors at present, there are still some considerable 

drawbacks. 

1.2 Research Motivation and Objectives 

According to the current development of stretchable sensor, this research aims to develop 

a kind of multifunctional sensor that is capable of detecting tension from two directions 

(longitudinal and transverse directions). There are three purposes for completing this 

research.  

First of all, as mentioned earlier, manufacture of CNTs/PDMS nanocomposite with good 

quality is the primary issue at present. According to the previous studies in the literature, 

there are two approaches to improve it. On the one hand, the purpose is to get a thorough 

understanding of what material parameters would produce a significant effect on the 

electrical properties of nanocomposite embedded with CNTs. In this regard, the three-

dimensional (3D) resistor network model based on composite filled with CNTs should be 

built and investigated computationally in depths. If the principle of the piezoresistivity of 
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the nanocomposite as well as the relevant influencing factors are understood, it will be 

helpful to the fabrication of high-class CNTs/PDMS nanocomposite. On the other hand, 

considering the intractable issue that it is difficult to disperse CNTs uniformly and break 

up the CNTs clusters, how to make CNTs evenly disperse in the PDMS matrix, with little 

deterioration to their mechanical and electrical properties is the preliminary task. 

Second, after preparation of nanocomposite based on CNTs/PDMS, the sensor based on 

this nanocomposite should be developed. With the aim of the application on human 

bodies, the nanocomposite was sandwiched by two PDMS layers to form a biocompatible 

sensor. Following this, the integrated sensor was characterised to investigate the 

piezoresistive performance, including response time, sensitivity, stretchability, durability, 

and hysteresis. If the sandwiched-like sensor was capable of monitoring the strain 

variation excellently, it would provide evidence that the nanocomposite of CNTs/PDMS 

could be eligible to be a candidate of sensing material for further development.  

Finally, the stretchable sensor that can monitor strain in longitudinal and transverse 

direction was designed and manufactured.  Based on the as-prepared nanocomposite of 

CNTs/PDMS, the serpentine shape was introduced to distinguish tension in longitudinal 

and transverse direction. After that, the multifunction sensor should be characterised to 

verify whether it is qualified to monitor the strain change and tension direction. In parallel, 

it will be verified whether the serpentine shape will bring a positive effect on the sensing 

performance compared with other conventional sandwich-like sensors. 

To conclude, the objectives of this research can be listed as follows 

• To develop a dynamic model of a 3D resistor network to evaluate the parameters

which will affect the electrical conductivity and piezoresistivity of the
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nanocomposite. These parameters include the electrical conductivity of CNTs, the 

alignment of CNTs, the Poisson Ratio of the polymer matrix, the concentration of 

CNTs. This model not only can provide the theoretical support for the practical 

experiment, but also is helpful to have a better understanding of the conductivity 

and piezoresistivity of composites. 

• An improved fabrication method of the CNTs/PDMS composite should be 

proposed, which can ensure that the CNTs are homogeneously dispersed in the 

PDMS resin.  

• To fabricate the stretchable sensor composed of rectangular CNTs/PDMS 

nanocomposite, achieving excellent piezoresistivity, in the aspect of sensitivity, 

response speed, hysteresis, durability and so forth. 

• On the basis of the stretchable sensor made of rectangular CNTs/PDMS 

composite, a novel stretchable sensor with serpentine CNTs/PDMS composite 

will be designed and made. Compared to the sensor made of rectangular 

composite, not only the sensing performance can be improved, but also some 

specific functions would be imparted to the new sensor, like the capability of 

detection the tension from both transverse and longitudinal directions. 

1.3 Thesis Overview 

We have introduced the background of this research and explained the motivations and 

objectives in this chapter. The remaining chapters are organised in the following orders: 

Chapter 2 is devoted to a literature review. It concentrates on the fundamental principle 

of the electrical properties of nanocomposite filled with particles and fabrication 

approaches of nanocomposite embedded with CNTs. In addition, a variety of stretchable 

sensors referred from previous studies are described in the categories of mechanism, 
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performance, and applications. In chapter 3, a model of 3D resistor network based on 

nanocomposite filled with CNTs is proposed. The factors influencing electrical properties 

of nanocomposite are discussed through computational simulations. Chapter 4 illustrates 

the experimental procedure of preparing CNTs/PDMS composite and proposes a useful 

method to improve the dispersion state of CNTs in the PDMS matrix. Chapter 5 describes 

the fabrication approach of the rectangular stretchable sensor comprised of PDMS and 

the CNTs/PDMS nanocomposite. Besides, its piezoresistivity performance is 

characterized. In Chapter 6, a stretchable sensor with serpentine CNTs/PDMS composite 

are made. This sensor not only possesses better sensing performance compared to the 

sensor with rectangular composite, but also has the potential to distinguish tension in 

transverse and longitudinal direction. Finally, Chapter 7 summarizes the outcomes of this 

research and outlines the future work. 
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Chapter 2 Literature Review 

2.1 Introduction 

As mentioned in Chapter 1, a great deal of attention has been paid to the wearable 

electronic devices for human activity and real-time health monitoring due to the 

increasing emphasis on human health. At present, wearable sensors are usually put into 

the applications of health-monitoring, soft robotics, and human detection. As the 

traditional strain sensors (metal and semiconductor strain gauges) regularly exhibit low 

stretchability, they are mainly used in engineering fields for damage detection and 

characterisation. Hence, researching and developing skin-mountable and wearable 

sensors, which can be mounted on the skin or embedded in clothes with little discomfort, 

has become a more popular trend, compared to the traditional sensors. The requirements 

for the stretchable sensors inclued high stretchability, durability, low power consumption, 

portability and so forth37-40. Elastic polymer composites based on conductive 

nanoparticles were proposed as the sensing element material for the wearable sensors22, 

41. This is because some elastic polymers can be adopted as the support matrix owing to 

the high stretchability and biocompatibility. In parallel, nanoparticles can construct the 

electrically conductive network inside the polymers, thanks to their outstanding 

mechanical and electrical properties as well as compatibility with polymers. As 

mentioned earlier, Carbon nanotubes (CNTs) is one of the ideal candidates for 

nanocomposite fillers due to its well-known excellent mechanical and electrical 

properties11, 42-46. 

Therefore, this chapter firstly makes a review of CNTs in terms of its structures and 

properties. Then, the electrical conductivity and piezoresistivity of the nanocomposite 
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embedded with CNTs are described, while its principle of conductivity and corresponding 

theory investigation are also explained and reviewed. Finally, the current studies 

concerning highly stretchable sensors made of nanoparticle-embedded composites are 

presented in detail. They will be described in the aspects of the fabrication method, the 

sensing mechanism, the practical performance in characterisation and so forth. A 

comprehensive literature review will give us useful information in designing the 

following studies.  

2.2 Carbon Nanotubes 

2.2.1 Structure of Carbon nanotubes 

 

Figure 2-1 Schematic diagram showing a CNT is rolled up from a graphene sheet. 

Carbon nanotube (CNT) has a unique structure, which results in superior properties, such 

as mechanical property, electrical property and thermal conductivity. The CNT has a large 

aspect ratio owing to its one-dimensional (1D) size and curvilinear shape. A CNT can be 

viewed as a seamless cylinder which is seemingly generated by rolling graphene layers 

along a defined angle as depicted in Figure 2-1. The cylindrical nanotube generally has 

at least one end capped with a hemisphere of fullerene structure. 

In light of different rolling angles of the graphene layers, there are three kinds of 

chiralities: armchair, zigzag and chiral as depicted in Figure 2-2. The chirality can be 
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described by a chiral vector 𝐶 = 𝑛𝑎1 +𝑚𝑎2. 𝑛 and 𝑚 denote the chiral indices, while 𝑎1 

and 𝑎2 are the graphene lattice vectors47, 48. When 𝑛 is equal to 𝑚, CNT is defined as 

armchair. If 𝑚 is zero, CNT is called zigzag. Elsewise, they are named as chiral. 

 

Figure 2-2 Schematic diagram showing how a hexagonal sheet of graphene is rolled to 

form a CNT with different chiralities. 

 

Figure 2-3 TEM images of different CNTs (A: SWCNTs; B: MWCNTs with different 

layers of 5, 2 and 7)49. 

According to the number of the rolled graphene layer, there are two types of CNTs, single-

walled carbon nanotubes (SWCNTs) which are composed of a single rolled graphene 

sheet, and multi-walled carbon nanotubes (MWCNTs) which are formed by rolling up 

two or more graphene sheets as depicted in Figure 2-3. The diameter of SWCNTs 

typically ranges from 0.8 to 2 nm, while MWCNTs varies from 5 to 180 nm.  CNT lengths 
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vary from less than 100 nm to several centimetres, thereby bridging molecular and 

macroscopic scales25. Notably, with regards to the MWCNTs, the rolled graphene sheets 

are coaxially arranged around a central hollow core by van der Waals force between 

neighbouring layers. In addition, owing to the presence of the van der Waals force 

between the consecutive cylinders, the interlayer spacing of MWCNTs is approximately 

0.34 nm, which is slightly bigger than graphite (0.335nm)50. 

2.2.2 Properties of Carbon nanotubes 

CNTs have attracted much attention since their first discovery by Iijima in 1991 due to 

their extraordinary mechanical and electrical properties51.  

Mechanical Properties. It is well-known that CNTs has excellent mechanical properties. 

This is ascribed to the σ bonds and the tubular structure of CNTs. Based on a couple of 

analytical calculations, Young’s modulus of SWCNTs is estimated to be least 1 TPa52. 

Demczyk et al. measured the mechanical parameters for MWCNTs, achieving a mean 

value of 0.9 TPa for Young’s Modulus and a tensile strength of 1.5TP53. This can be 

explained by the fact that extra energy absorption is required for the hollow structures of 

CNTs in contrast to other materials.  

Owing to these superior mechanical properties, CNTs becomes one of the most suitable 

options as reinforcing fillers materials for composites synthesis54. For instance, Jyoti et 

al. embedded MWCNTs into acrylonitrile butadiene styrene (ABS) using a micro twin 

screw extruder with backflow channel. The mechanical property of the pure ABS was 

remarkably improved. Compared to the tensile strength of pure ABS, when ABS 

composite incorporated 3 wt. % MWCNTs, a significant enhancement (up to 69.4 MPa) 

was produced, which was equivalent to 29% increase over pure ABS55.  
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Electrical Properties. With the help of their conjugated and highly anisotropic 1D 

structures, CNT is the fascinating type of electronic material from both theoretical and 

practical standpoints56, 57. The electrical conductivity has been measured to be high as 106 

S/m for SWCNTs and 3×105 S/m for MWCNTs, respectively, suggesting that CNTs 

perhaps may be a more suitable choice as a conductor instead of metals58, 59. However, in 

most cases, the conductivities of CNTs are not able to reach the ideal values because of 

the unavoidable defects or impurities formed in the course of CNTs production60. 

The electrical conductivity of CNT in part depends on its chirality. If the chirality of CNT 

is armchair, that is n = m with no band gap as illustrated in section 2.2.1; the CNT is 

metallic. When n is not equal to m with some band gap, CNT exhibits semi-conductivity. 

Worth of mentioning is that when the n−m = 3q where q is an integer, a small band gap 

will be induced by the curvature of the graphene sheet. In this case, CNT is called 

semimetallic, quasi-metallic, or small-gap semiconducting. The band gaps of both 

semiconducting and small-gap semi-conducting SWCNTs decrease by 1 𝑟𝑡⁄  and 1 𝑟𝑡
2⁄ , 

respectively. The small-gap semiconducting CNT, which is formed by means of curvature 

effects, is often viewed as metallic at room temperature for experimental condition47, 56. 

The outstanding electrical properties of carbon nanotubes make them useful in electronic 

devices and sensor applications. CNTs are usually employed to make composites by 

combining with polymers. Based on the different contents of CNTs, the composite will 

exhibit different electrical conductivities. This will be elaborately reviewed in section 

2.3.2. 
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2.3 Composite based on Carbon Nanotubes 

2.3.1 Dispersion of CNTs 

A load of studies have been devoted to fabricating excellent CNTs/polymer composites 

for functional applications. Although a great stride has been made after a decade of 

research, the maximum potential of adopting CNTs as reinforcements in composites still 

cannot be fully realised due to the difficult problem of many CNTs agglomerations and 

weak interfacial interaction between polymer matrix and CNTs. It is more difficult to 

disperse CNTs compared with other conventional fillers, such as carbon black and 

graphene. This is attributed to the particular shape of CNTs, which possesses small 

diameter in nanometer scale coupling with large length, thus producing high aspect ratio 

and enormous surface energy. Tremendous van der Waals force, which plays a significant 

role in the formation of MWCNTs, exists between adjacent CNTs. In addition to the 

inherent defects of CNTs, the as-produced CNTs purchased in the market are usually in 

the form of severely entangled bundles, which leads to the difficulty in preparing good 

composites.  

Also, the presence of agglomeration and bundles in CNTs are detrimental to the 

mechanical and electrical properties of composites in contrast to the theoretical 

enhancement of composite embedded with CNTs homogenously dispersed. With the aim 

of fabrication of CNTs/polymer composite with improved performance, the challenge is 

how to evenly incorporate CNTs into a polymer matrix or avoid forming CNTs clusters. 

There are a couple of traditional methods to separate individual CNTs from CNTs cluster 

and bundles as well as maintain the dispersion state of CNTs in the polymer matrix to 

avoid re-agglomeration. They will be introduced in the following sections.  
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2.3.1.1 Ultrasonication Method 

As for the solution incorporating nanoparticles, ultrasonication is the most frequently 

employed route to disperse nanoparticles in the laboratory. There are two types: ultrasonic 

bath and ultrasonic probe horn also called a probe sonicator. The principle of these two 

ultrasonication techniques are same, which is that ultrasound shock waves propagate in 

the solution and agitate the nanoparticles clusters, resulting in a separation of 

individualised nanoparticle from clusters and promoting nanoparticles to be dispersed 

evenly61, 62. Besides, due to the presence of the powerful van der Waals force between 

neighbouring CNTs, the sonicator, which can produce more ultrasound energy compared 

to the sonicate bath, has a distinct advantage. 

It is worth noting that ultrasonicator is usually utilised for solution or mixture with a low 

viscosity. Hence, as to the majority of polymers which are either viscous liquids or solids, 

they are required to be dissolved or diluted in a suitable solvent to mitigate the viscosity 

for better utilisation of ultrasonication49. Also, with regards to the sonicator, it generates 

considerable heat rapidly in the course of sonication around the probe. As a consequence, 

if the CNTs are dispersed in volatile solvents, such as Pentane and isopropanol alcohol 

(IPA), the mixture solution is required to keep cold to avoid quick evaporation. Moreover, 

the sonication pulse interval should be short to avoid a quick rise of temperature. 

Once the CNTs suspension is dispersion by sonication for a long time or with a strong 

power, their structures would be readily and severely damaged, especially when a probe 

sonicator is used. If the sonication power is not very strong, some defects would still be 

generated on the surface of CNTs. In the extreme case, the graphene shells of CNTs would 

be completely destroyed and the whole CNTs are thus converted into amorphous carbon. 
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As a result, both the electrical and mechanical properties of CNTs/polymer composites 

deteriorate due to the damage of the CNTs. 

2.3.1.2 Calendaring 

 

Figure 2-4 Schematic diagram showing the general configuration of a three-roll 

mill63 

The calendar, which is also named as three-roll mills, is a facility that is employed to mix 

and homogenise viscous materials via large shear force generated by its rollers. The 

typical configuration of one calendaring machine composed of three adjacent cylindrical 

rollers each of which rotates at a different rate63, 64. As depicted in Figure 2-4, the first 

and third rollers are called the feeding and apron rollers respectively. They rotate in the 

same direction whereas the centre roller does on the contrary direction to them. A hopper 

is placed between the feeding and centre rollers, which is used for the addition of material. 

Notably, the narrow gaps between the rollers, associated with the mismatch in the angular 

velocity of the adjacent rollers, lead to locally high shear forces within short residence 

time. 

Generally, calendaring is widely used to mix ceramic, printing inks, carbon and so forth. 

Although some researchers have employed this technique for dispersion of nanomaterial 

like CNTs and predicted it as a relatively promising method in future, there are still 

several concerns for CNTs dispersion that needs to be addressed. On the one hand, the 

minimum gap between the rollers is around 1-5μm. In spite of the approximate length of 
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individual CNT to the gap, its diameter is much smaller than the width of the gap. 

Furthermore, the shape of CNT is not a straight tube but curvilinear, indicating that the 

actual length of CNT is less than the intrinsic length. Due to the dimensional disparities 

between the rollers gap and the CNT dimension, the rollers are only capable of separating 

the big CNTs clusters into small clusters at sub-micron level but has little impact on the 

relatively small entangled CNTs clusters. Hence, MWCNTs with relatively large size 

may be evenly dispersed using this machine. On the other hand, the feeding materials are 

required to be viscous so that they can be put into the machine together with CNTs. Thus, 

this machine is perhaps not suitable for the liquid polymer. 

2.3.1.3 Ball Milling 

Ball milling is always employed to grind materials into fine powders like paints, 

pyrotechnics and ceramics.  This tool consists of a cylindrical container and rigid balls in 

the container. During the rotation of the mill, high pressure is produced by the collision 

between the tiny and rigid balls. Then the feeding material would be squeezed and fined 

by this pressure. Finally, after a couple of time, the material is converted into fine 

powders49.  

It was found that if the high energy ball-milling of CNTs were utilised in an inorganic 

material, CNTs would be more efficiently disentangled and more uniformly dispersed65, 

66. Liu et al. employed CNTs reinforced pure aluminum using a ball milling method. The 

yield strength of the composite was increased by 42.3% compared with the pure 

aluminum matrix67. It is noteworthy that this process would be detrimental to the 

morphology and structure of CNTs due to the high pressure generated by balls68. 
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2.3.1.4 Melt Stirring and Extrusion 

Melting stirring and extrusion is a common technique to disperse particles in the solid 

material which is melt. This method has been widely used due to its simple procedures.  

Some studies have prepared the CNTs/polymer with excellent performance using this 

method69. Firstly, CNTs mixed with polymer pellets are fed into the extruder hopper. 

Then the mixture is heated until the polymer converts into melting state. At the same time, 

the mixture is being stirred by the twin screws at a high rate that produces a high shear 

flow, resulting in uniform mixture and dispersion of CNTs in the melt polymer. Worthy 

of mention is that this technique is particularly helpful in preparing CNTs composite with 

a high content70. 

Bilotti and his group fabricated a thermoplastic polyurethane (TPU) incorporating 

MWCNTs via an extrusion method71. It is demonstrated CNTs were homogenous in the 

TPU and exhibited excellent electrical conductivity. Also, Esawi successfully embedded 

the CNTs into an aluminum matrix using the hot extrusion. Although the bonds between 

CNTs and the aluminum matrix were not superior enough, the enhancement of tensile 

strength was apparent (21% increase compared to pure aluminum)72. 

In the end, the various dispersion techniques for CNTs are summarised in Table 2-1, 

which is helpful to select an appropriate dispersion technique to prepare CNTs/PDMS 

nanocomposites. When choosing a proper method for CNTs dispersion, several factors 

are needed to be taken into consideration, including types of the polymers matrice, the 

content of CNTs to be added and fabrication process. It is worth noting that the 

approaches to disperse CNTs in the polymer matrix are certainly not limited to those 

described above. Furthermore, a couple of recent studies managed to acquire better CNTs 
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dispersion state through combining these approaches above, like a hybrid of 

ultrasonication and ball milling73, a combination of ultrasonication and extrusion74.  

Table 2-1 Comparison of different dispersion approaches for CNTs in polymer 

composites 

Technique 

Factors 

Damage to 

CNTs 

Suitable 

polymer matrix 

Governing 

factors 
Availability 

Ultrasonication 

Yes, up to the 

time and 

amplification 

Soluble 

polymer, low 

viscous 

polymer 

Power and 

time of 

sonication 

Commonly 

employed in 

lab, easy 

operation 

Calendaring No 
Viscous 

polymer 

Rotation 

speed, the 

distance 

between 

neighbouring 

rolls 

Complicated 

operation, 

hard to clean 

after use 

Ball Milling Yes 

Powder 

(polymer or 

monomer) 

Rotation 

speed, balls 

size, milling 

time 

Easy 

operation 

Melting 

Extrusion 
no Thermoplastics 

Temperature, 

configuration 

and rotation 

speed of the 

screw 

Large-scale 

production, 

hard to clean 

after use 

2.3.2 The Interaction between CNTs and Polymers  

As illustrated in section 2.3.1, the dispersion state of CNTs is mainly related to the 

interaction between different CNTs. Besides, the interaction between CNTs and polymer 

matrix also plays a critical role in the overall performance of the composite75. In retrospect, 

a large number of CNTs composites fabricated could not achieve the expected 

properties76-78. The root reason for these unexpected performances may be ascribed to the 

poor interaction behaviour of the nanocomposite constituents75, 79. Furthermore, due to 

the curvilinear shape of CNTs, there is a fundamental difference between the interaction 
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characteristics in conventional composites and nanocomposites based on CNTs. 

Therefore, in this section, the interaction improvement techniques are reviewed, including 

the non-covalent and covalent approaches, and corresponding improvements in 

nanocomposites properties are covered. Notably, the interaction improvement techniques 

not only enhance the interface bondings between CNTs and polymer matrix but also help 

CNTs to evenly disperse in the matrix. 

2.3.2.1 Covalent Interaction 

When polymer chains are chemically bonded to the CNTs for interfacial reinforcements, 

the linkage is called covalent interaction in CNTs/polymer nanocomposites. There are 

two typical methods to achieve covalent interaction, sidewall functionalization and defect 

functionalization. Also, the majority of functionalization techniques require CNTs to be 

pre-modified by the introduction of functional groups to their surfaces. Moreover, these 

functional groups should be compatible with polymer matrice80, 81. Direct covalent 

sidewall functionalization is concerned with a change of hybridisation from sp2 to sp3 and 

a simultaneous loss of π-conjugation system on graphene layer. This process can be 

accomplished by reaction with some molecules of a high chemical reactivity49. In recent 

years, many methods have been developed for sidewall functionalization, such as 

cycloaddition82, chlorination83, fluorination84 and so forth85. 

Compared with sidewall functionalization of CNTs, defect functionalization takes 

advantage of chemical transformation of defect positions on CNTs. Defect positions can 

be the open ends and holes in the sidewalls, pentagon or heptagon irregularities in the 

hexagon graphene framework. Defects can be created on the sidewalls as well as at the 

open ends of CNTs by an oxidative process with strong acids such as HNO3, H2SO4 or a 

mixture of them86, or with strong oxidants such as KMnO4
87, ozone88, reactive plasma89. 
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The defects on CNTs created by oxidants are stabilised by bonding with carboxylic acid 

(–COOH) or hydroxyl (–OH) groups. The chemically functionalized CNTs can produce 

strong interfacial bonds with many polymers, allowing CNT based nanocomposites to 

possess high mechanical and functional properties49. 

Although covalent functionalization of CNTs is conducive to interaction between CNTs 

and polymer matrix as well as among adjacent CNTs, some drawbacks along with the 

covalent functionalization are indispensable. On the one hand, with the aim of placing 

function groups on the CNTs, a large number of defects are inevitably generated on the 

CNTs sidewalls during the functionalization process. This resulted damage is not only 

detrimental to the mechanical properties of CNTs but also disrupted π electron system in 

CNTs.  The disruption of π electron degrades transport properties of CNTs, which will 

lead to deterioration of the electrical and thermal conductivity of CNTs. On the other hand, 

in light of the employment of concentrated acid or strong oxidants, covalent 

functionalization is unfriendly to the environment. 

 

2.3.2.2 Non-covalent Interaction 

In contrast to covalent interaction, non-covalent functionalization has a remarkable 

advantage that it can reserve the conjugated system of the CNTs sidewalls so that the 

structural properties of CNTs are not degraded. The non-covalent functionalization is an 

alternative method for tuning the interfacial properties of nanotubes90. The CNTs are 

functionalized non-covalently by aromatic compounds, surfactants, and polymers for the 

most part. No matter what these approaches are, the root principle is to remarkably 

improve the solubility of CNTs in the polymer matrix. There are several common routes, 

including polymer wrapping91, surfactants absorption92 and endohedral method93. 
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Polymer wrapping is not only a feasible way to produce favorable interaction between 

CNTs and polymers but also helps to improve the dispersion of CNTs. This type of non-

covalent functionalization of CNTs is achieved through van der Waals interactions and 

π-π stacking between the polymer chains containing aromatic rings and the surfaces of 

CNTs as shown in Figure 2-594. The reinforcement effect depends on the structure of the 

polymer, chemical composition of the polymer molecules and geometric parameters of 

the constituents in the nanocomposite95. 

 

Figure 2-5 Functionalization possibilities for SWNTs: A) covalent sidewall 

functionalization, B) defect-group functionalization, C) noncovalent functionalization 

with polymers wrapping, D) noncovalent functionalization with surfactants, and, E) 

endohedral functionalization with guest atoms or molecules96. 

In addition, surfactant absorption is also employed to functionalize CNTs. The physical 

adsorption of surfactant on the CNTs surface lowers the surface tension of CNTs, which 

effectively prevents the aggregation of CNTs, as displayed in Figure 2-5D. Furthermore, 
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the surfactant treated CNTs overcame the van der Waals attraction by electrostatic/steric 

repulsive forces. The efficiency of this method strongly depends on the properties of 

surfactants, medium chemistry and polymer matrix90. Generally, the surfactant can be 

categorised into three types: non-ionic surfactants, like Triton X-10097; anionic 

surfactants, such as sodium dodecyl sulfate (SDS)98; cationic surfactants, such as 

dodecyltri-methylammonium bromide (DTAB)99. Based on previous studies, cationic 

surfactants have some advantages for water-soluble polymers, whereas CNTs dispersion 

was improved by a non-ionic surfactant in water-insoluble polymers100. Unfortunately, 

although surfactants may be efficient in the solubilisation of CNTs, they are toxic for 

biological applications. Therefore, the use of surfactant-stabilised CNTs complexes is 

potentially limited to biomedical applications101. 

The endohedral method is also commonly adopted for non-covalent CNTs 

functionalization. In this method, guest atoms or molecules are stored in the inner cavity 

of CNTs through the capillary effect. The insertion often takes place at defect sites 

localised at the ends or on the sidewalls. The inclusion of inorganic nanoparticles into the 

tubes, such as C60, Au, Ag and Pt, is a typical example of endohedral functionalization102. 

The combination of these CNTs and guest molecules is particularly beneficial to integrate 

the properties of the two components in hybrid materials for applications in catalysis, 

energy storage, nanotechnology and molecular scale devices49. 

To summaries, the fundamental principle of covalent and noncovalent interaction 

techniques associated with corresponding strengths and shortcomings are listed in Table 

2-2. Notably, despite visible improvement in the dispersion of CNTs brought from 

covalent interaction, the severe damage to CNTs structures is inevitable, perhaps leading 

to degradation of electrical conductivity103, 104. With regards to noncovalent interaction, 
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thanks to the protection on the structure of CNTs, its intrinsic electrical property still 

maintains excellent after non-covalent functionalization. However, the functionalization 

groups attached to the sidewall of CNTs increase the contact resistance between CNTs. 

Thus, although the dispersion of CNTs is improved, whether the electrical conductivity 

of the composite is reinforced or not, depends on the experimental procedure and 

materials105, 106. 

Table 2-2 Advantages and disadvantages of interaction techniques with covalent and 

noncovalent 

Techniques Routes Principle 

Possible 

damage to 

CNTs 

Interaction 

with polymer 

matrix 

Covalent 

interaction 

Sidewalls 

functionalization 

Hybridization of 

C atoms from sp2 

to sp3 

Yes Strong 

Defect 

functionalization 

Defect 

transformation 
Yes Strong 

Noncovalent 

interaction 

Polymer 

wrapping 

van der Waals 

force, π-π stacking 
No Variable 

Surfactant 

absorption 

Physical 

absorption 
No Weak 

Endohedral 

method 
Capillary effect No Weak 

2.3.3 Fabrication of CNTs/polymer composite 

2.3.3.1 Solution Mixing 

Solution mixing is the most common method for the fabrication of CNTs/polymer 

nanocomposites because it is amenable to small sample sizes107. Typically, solution 

blending involves several major steps: dispersion of CNTs in a suitable solvent by 

mechanical mixing, magnetic agitation or ultrasonication. Notably, as mentioned in 

section 2.3.1, ultrasonication is the best choice, because only ultrasonication is capable 

of breaking the CNTs cluster.  Simultaneously, the solvent can also dissolve polymer 
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resins. Subsequently, the dispersed CNTs suspension is mixed with polymer matrix at 

room or elevated temperatures. The nanocomposite is finally acquired by precipitating or 

casting the mixture. 108. This method is usually adopted to prepare composite films. One 

should note that if evaporating the solvent at high temperature for a long while, the CNTs 

tend to re-agglomerate. Therefore, the experimental consideration is not limited to the 

compatibility of the solvent with CNTs, but also the boiling point is also vital to avoid re-

agglomeration. 

2.3.3.2 Melt Blending 

Another common approach to fabricate CNTs/polymer composite is melt blending. This 

method is mainly appropriate for thermoplastic polymers, such as polypropylene109 and 

polystyrene110. One of the main advantages of this method is that no solvent is needed to 

disperse CNTs. In other words, no step is required to evaporate solvent111. Accordingly, 

it diminishes the chance for CNTs to agglomerate again. Specialized equipment is 

required like extrude, which is introduced in section 2.3.1.4, to generate a high shear force 

to disperse CNTs at a high temperature. Melt blending is frequently used to produce 

CNTs/polymer composite on a large scale. However, this technique is generally 

considered less effective to disperse CNTs in polymers112. 

2.3.3.3 In Situ Polymerisation 

In situ polymerisation is always employed to fabricate CNTs composite with a 

thermosetting polymer as a matrix. It is efficient to realise uniform dispersion of CNTs 

in the polymer. This method is similar to the solution mixing113. In this method, CNTs 

are mixed with monomers, either in the presence or absence of a solvent. In addition, 

these monomers are polymerised via addition or condensation reactions with a hardener 
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or curing agent. One of the major advantages of this method is that covalent bonding can 

be formed between the CNTs and polymer matrix, resulting in much improved 

mechanical properties of composites through strong interfacial bonds114. PDMS-based 

nanocomposite fabricated with in situ polymerisation methods is popular in recent studies 

with applications in stretchable electronics115, 116. 

2.3.3.4 Other Methods 

Besides these common techniques to fabricate CNTs/polymer nanocomposite, there are 

some new methods developed in recent years, including latex technology117, spinning of 

coagulant109, layer-by-layer deposition17 and pulverization118. It is worth noting that as 

nanocomposite materials are an emerging field, many studies are being conducted to 

devise new processing methods that can produce nanocomposites with unique structures 

and properties for specialty end applications49. 

2.3.4 Electrical Properties of Carbon Nanotubes-based Composite 

As is well-known, owing to the superior electrical property of CNTs, polymer/CNTs 

composites have great potential for electronic applications, like wearable devices, 

photovoltaic cells, electronic skins, etc15, 119, 120. In this section, the electrical property of 

CNTs/polymer composite are reviewed, including its principle of electrical conductivity 

as well as the influence factors. 

Generally, when filling some conductivity particles into insulting polymers, the 

percolation network in the polymer matrix will be established by fillers so that the 

insulating polymer is converted to electrically conductive polymer composite. Thanks to 

the curvilinear shape of CNTs, it helps CNTs to readily build a percolating network in the 

polymer matrix. In this context, along with the content of CNTs increasing, the variation 
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of the electrical conductivity of the composite can be divided into three stages121. As 

displayed in Figure 2-6a, initially, when the content of CNTs is very little, there is few 

contacting CNTs in the polymer. Obviously, it is impossible for CNTs to build a whole 

conductive path so that the electrical conductivity remains close to that of the neat 

polymer. Adding more CNTs, a couple of complete conductive paths may appear in the 

polymer matrix, leading to the remarkable improvement of the electrical conductivity as 

shown in Figure 2-6b. In this second stage, the electrical conductivity rises following a 

percolation power law so that the content of CNTs in this stage is called percolation 

threshold122, 123. Subsequently, more CNTs added to produce more complete conductive 

paths in the polymer as shown in Figure 2-6c. At this stage, the electrical conductivity 

will go up gradually with the addition of CNTs. It should be noted that due to the presence 

of van der Waals force between adjacent CNTs, CNTs tend to entangle with each other, 

forming agglomeration, as shown in Figure 2-6d. 

Furthermore, the electrical conductivity of the CNTs/polymer composite is determined 

by three factors: the network structure of CNTs, the intrinsic electrical conductivity of 

CNTs and the contact resistance of CNTs. The one factor influencing the network 

structure of CNTs is the distribution and dispersion state of CNTs in the polymer matrix. 

Generally speaking, the composite with uniform dispersion of CNTs possesses more 

excellent electrical conductivity than that with ordinary or poor dispersion state of CNTs. 

In parallel, uniform dispersion of CNTs helps the composite with a low concentration of 

CNTs to exhibit better electrical conductivity. On the other hand, the shape of CNTs also 

has an impact on network structure, like the diameter of CNTs, length, collinearity and 

so forth.  

Besides, the electrical conductivity of the CNTs-based composites also partially relies on the intrinsic electrical 

conductivity of CNTs. As described in the section 2.2.1, the chirality of CNTs determines whether the CNTs is 

conductor or semiconductor48. Also, it is common that defects of CNTs will be generated during the period of 
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dispersing CNTs in the polymer. Additionally, as introduced in section 2.3.2, functionalization of CNTs causes an 

apparent decrease in their electrical conductivity due to the damage on the structure of CNTs or the barrier 

established by surfactants between CNTs. 

 

Figure 2-6 The formation process of percolation paths in conductive composites based 

on CNTs/polymer 

The contact resistance of CNTs is another factor influencing the overall electrical 

conductivity of the CNTs/polymer composite. The contacting CNTs do not have authentic 

touch with each other. Due to the van der Waals force, once the adjacent CNTs mutually 

approach too tightly, the van der Waals attraction force will convert into repellent force, 

making the CNTs separated with the so-called van der Waals distance. It is further found 

that CNTs sidewalls would be deformed due to the function of van der Waals force as 

shown in Figure 2-7124, 125. Also, the bonding between the fillers and polymer matrix is 

not ideally perfect. The weak interface can also diminish the contact resistance126. Despite 
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the degradation of electrical conductivity by interfacial effect, electron hopping from one 

CNT to another contributes to the improvement of the electron conductivity. This 

phenomenon that electrons can directly pass through insulating polymer from one CNT 

to an adjacent one, is called with the quantum mechanical electron tunneling effect127.  

 

Figure 2-7 Schematic of deformable CNT model with mild deformation and severe deformation128. 

2.4 Stretchable Strain Sensor 

2.4.1 Transduction Mechanism for Sensing 

The principle of strain sensor is to convert external mechanical stimuli into electrical 

signals. The accuracy of monitoring thus depends on the efficiency and precision of 

transduction mechanism. In general, the stretchable sensor could be categorised to 

piezoresistive-type, capacitive-type and piezoelectric-type. Despite the existence of other 

types of sensors, including Raman shift, triboelectricity and Fiber Bragg Grating, there 

are limited studies on these, due to the demand for sophisticated measurement equipment 

and high investment. To the contrary, the primary three types of sensors need relatively 

simple read-out equipment and are promising to produce on a large scale. Thus, this 

review will focus on the introduction of the three primary types of sensors. 
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2.4.1.1 Piezoresistive-Type 

Piezoresistive sensors usually transduce the strain into a variation of resistance so that 

they can be monitored by an electrical read-out system. There are two approaches to 

detect the resistance variation according to the strain variation. On the one hand, the 

resistance variation can be recorded based on the reconstruction of the conductive paths 

in the conductive composite. Typically, this type of piezoresistive sensors is made of high 

elastic polymer embedded with conductive fillers. There are common conductive fillers, 

like carbon nanotubes (CNTs)129, carbon fibres117, graphene10, silver nanowire130 and so 

on23, 131. Among them, CNTs are extensively embedded into various polymers due to their 

superior mechanical and electrical properties77, 116. 

On the other hand, changes in the contacting resistance between conductive materials 

could be an indicator for the strain variation. Amjadi et al. fabricated a highly stretchable 

and sensitive sensor based on the AgNW network elastomer composite. Also, they made 

its gauge factor tunable ranging from 2 to 14, and kept stretchability up to 70%, both of 

which are considerably better than those of conventional sensors. Moreover, it was 

demonstrated that the gloves with strain sensors they made could be utilised to detect the 

fingers motion22. Later, Amjadi et al. presented a super-stretchable sensor based on 

CNTs/Ecoflex composite. Noticeably, it is found that the sensor could incredibly sustain 

a strain as large as 500%. Naturally, it can be mounted on any parts of the human body to 

monitor the human motion compliantly37. Recently, Li and his co-workers, developed a 

strain sensor with high stretchability (up to 30%) and sensitivity (gauge factor beyond 47) 

using graphene foam and PDMS composite. Furthermore, it can be implemented to 

monitor the human motions with long-term stability132. In addition, Park et al. wrapped 

wool yarns with graphene and PDMS layer by layer. This sensor not only exhibited high 
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stretchability (up to 150%) and sensitivity but also could be woven in the clothes and 

gloves to detect various human motions compliantly, including finger or elbow bending, 

swallowing and breathing10. Yao et al. developed a pressure sensor based on the 

graphene-polyurethane sponge with fractured microstructure design. This structure 

endows high sensitivity of monitoring pressure to the device. Meanwhile, it was 

demonstrated it could still export repeatable and reproducible signals after a large number 

of cycles6. 

Besides, some studies preferred to coat a conductive diaphragm on the stretchable 

polymer substrate133. Wang et al. adhered a layer of graphene woven fabrics on the PDMS 

to form a stretchable sensor. The sensors possessed outstanding features, ultra-light, 

excellent sensitivity, superior physical robustness, facile fabrication method and 

compliance with human skin deformation134. Yan fabricated graphene-nanocellulose 

nanopaper and attached it on the PDMS substrate. It improved the low stretchability (6% 

for nanopapers only) owing to the PDMS, and possessed a higher sensitivity compared 

with CNTs or AgNW film. 

Different to the common type of sensors which is based on the variation of contacting 

resistance, Pang developed a flexible sensor which can detect different types of pressure, 

including shear, torsion and normal pressure. This device is composed of two interlocked 

arrays of Pt-coated polymeric nanofibers which are adhesive to the thin PDMS layer. 

When different mechanical stimuli were applied, the electrical resistance would be 

different due to the different contacting area of nanofibers4. Park and his co-workers also 

proposed a tactile-direction-sensitive sensor based on interlocked microstructures. The 

unique geometry of interlocked microdome enables the differentiation of various 

mechanical stimuli because the structure exhibited different levels of deformation 
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depending on the direction of applied forces135.  Hence, it also can be employed to detect 

the resistance induced by a lateral stretch, besides various types of pressuring detection.  

2.4.1.2 Capacitive-Type 

The capacitive-type sensor is composed of a pair of stretchable electrodes and a high 

elastic dielectric layer in the middle. Once external mechanical stimuli changes the 

distance between two electrodes, the capacitance would vary accordingly136. The 

capacitance can be illustrated as follows: C = εA/d, where ε is the dielectric constant, 

and A and d are the area and distance between the two electrodes, respectively. These 

sensors possess higher stability and precision for detecting applied force, compared with 

piezoresistive-type sensors137. Cohen et al. invented a capacitive strain sensor with a 

simple sandwich structure for detection of tensile deformation138. A pair of electrodes 

were made of the SWCNTs-based composite, while PDMS was selected as the dielectric 

layer, due to the high Poisson’s Ratio. Although this sensor could guarantee stability, 

linear response after thousands of stretches, the gauge factor was not optimal (0.99) 

compared with others. Cheng et al.  developed a sensor with floating electrodes for tactile 

detecting. Once it was compressed, one electrode made of the gold layer coated on the 

PDMS would move closer to the permanent electrode, resulting in the rise of the 

capacitance7.  

2.4.1.3 Piezoelectric-Type 

Piezoelectricity means the generation of electrical charges in some materials with a non-

centrally symmetric crystal structure under mechanical force. Thus the polarisation 

charges would be created, called dipole moments139, 140. This phenomenon is widely used 

to transduce mechanical stresses into electrical signals via piezoelectric materials. In 
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parallel, to exploit the flexibility of the piezoelectric pressure sensors, some research 

groups have attempted several routes, including the construction of thin films of 

piezoelectric inorganics on flexible substrates141, and the use of piezoelectric polymers or 

inorganics/polymer composites142. 

Wang et al. presented a pressure sensor array with oriented ZnO nanowires as the active 

component, which was highly sensitive to map the pressure distribution in the high spatial 

resolution143. This is because when the ZnO nanowires are compressed, the strain inside 

the nanowire is much larger than that in the GaN film because of the low coverage of 

nanowires on the substrate surface, so a piezopotential is created in the nanowire. Besides, 

piezoelectricity materials are also employed in MOSFETs as the dielectric of the 

capacitor. Rogers et al., as one example, used lead zirconate titanate as the dielectric144. 

When the transistor is pressed, the potential of the capacitance between electrodes 

subsequently increased, resulting in a growth of the current IDS. Thereby, these devices 

have potential in accurate measurements of subtle effects of motion on the surface of the 

skin, ranging from blood pressure pulse waves in near-surface arteries to vibrations on 

the throat associated with speech. 

2.4.2 Performance of Stretchable Strain Sensor 

The feasibility of the commercial employment of sensors depends on its various 

performance, including the stretchability, sensitivity which is represented by gauge factor, 

linearity, hysteresis, durability, recovery time and so on. The following section will 

compare the performances of stretchable strain sensors in the literature.  
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2.4.2.1 Stretchability 

Stretchability is an essential factor for wearable sensors. It does not mean the stretchable 

length to break, but the range where other performances still can maintain excellent 

actually. That is to say, in this stretchable range, the sensitivity can be guaranteed 

favourable and response to strain keeps linear. Meanwhile, it has acceptable durability, 

short recovery time and low hysteresis. The maximum stretchability of sensors to break 

is 1500%, which is reported by Fan145. However, the effective stretchability falls to 400%, 

which can exhibit substantial repeatability and stability for monitoring strains yet. In 

parallel, Cai et al. presented a capacitive-type sensor based on CNTs/PDMS, which also 

possessed high stretchability (300%). It can maintain excellent linearity to strain, superior 

stability as well as durability, due to the capacitive principle. However, the sensitivity is 

relatively low (GF=0.97) compared with the piezoresistive-type sensors. Noticeably, no 

matter what type of the sensor is, the composite composed of an elastomer and 1D 

nanomaterial could exhibit higher stretchability. The sensors reported by Li et al. which 

was made of graphene foam and PDMS had a high sensitivity up to 98.66, though the 

stretchability was merely 30%, just meeting the requirement of wearable device132. 

Naturally, the 3D structure of graphene foam deteriorates the stretchability, while the 

sensitivity and linearity were improved. Compared to the 3D or two-dimensional 

nanomaterial, 1D nanomaterials have higher aspect ratios. Thus they are prone to form 

networks in the polymer so that their composites can sustain fairly strong mechanical 

deformation theoretically. 

2.4.2.2 Sensitivity 

Sensitivity is always represented by the slope of the relative variation of the electrical 

signals, like resistance and capacitance, against the applied strain. Gauge Factor (GF) is 
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employed to express the sensitivity, described byGF =
∆R

R0
/𝜀, for piezoresistive-type, or 

GF =
∆C

C0
/𝜀 for capacitive-type. Generally, the conventional sensors based on metal-foil 

have sensitivity in the range of 2-5, whereas the sensors composed of semiconductor have 

GFs of 100 or more21. As to the stretchable sensors based on polymer composite, the 

value of GF depends on the nanostructure of the composite, sensing mechanism as well 

as nanomaterial. Generally, piezoresisitive-type sensors tend to possess higher sensitivity 

compared with capacitive-type ones. The piezoresisitive-type sensors composed of 

AgNW/PDMS made by Amjadi et al. could have the value of GF up to 14, guaranteeing 

the enough stretchability (70%), whereas the capacitive sensor fabricated by Yao et al, 

which was made of two layers of AgNW/PDMS as electrodes and Ecoflex as the 

dielectric layer, had the lower value of GF (0.7). Notably, the linearity to strain for 

capacitive-type was better than piezoresisitive-type.  

As for the piezoresistive-type sensors, GFs usually depends on the structure of percolation 

network constructed by conductive fillers existing in the polymer. It can be explained by 

the fact that once it was deformed, the junctions between fillers would disconnect, causing 

the resistance to quickly rise and exhibiting higher GFs. The structure of the network is 

influenced by the fillers, including dispersion state, concentration and shapes. Generally, 

fillers with high aspect are preferred to be employed, due to the convenience of 

constructing the network. Li et al. adopted graphene foam which has 3D figures as fillers 

to construct network. Thus the sensors were endowed with rather excellent sensitivity in 

the range of (47.71-98.66)132. In contrast, the sensitivities for one-dimensional fillers, like 

AgNW, CNTs, are usually around 20. Nevertheless, graphene foam deteriorates the 

stretchability of the composite. Except the simple sensor solely made of the polymer 

composite, the strategy of optimizing structure of the sensor is adopted by researchers 
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widely. To enhance the linearity of the sensor, Roh and his co-workers sandwiched the 

SWCNTs layer with two conductive layers composed of PU-PEDOT:PSS, resulting in an 

improvement of conductivity and the stability119. Although the GF was reduced from 

around 80 for the sensor made of SWCNT layer to 10 approximately, it was enough to 

monitor some apparent motions. Moreover, the linearity to strain was considerably 

improved in practical applications.  

For the capacitive-type sensor, even though they can perform with excellent stability and 

response speed, the sensitivity (GF<1, seeing the Table 2-3) is relatively low due to 

theoretical limitations. For instance, AgNW network based stretchable strain sensors with 

Ecoflex dielectric layers showed GFs of 0.735. 

2.4.2.3 Durability 

Table 2-3 Summary of performance results of stretchable strain sensors reported in 

recent literature 

Referen

ce 

Type of 

Sensor 
Material 

Gauge 

Factor 

Stretchabil

ity 
Linearity 

37 
Piezoresisit

ive 
CNTs-Ecoflex 1.75 300% linear 

11 Capacitive CNTs-PDMS 0.97 300% linear 

132 
Piezoresisit

ive 
GF-PDMS 

47.71-

98.66 
30% linear 

138 Capacitive SWCNT-PDMS 0.99 100% linear 

119 
Piezoresisit

ive 

SWCNT-PU-

PEDOT:PSS 
8.7-62.3 100% nonlinear 

145 
Piezoresisit

ive 
CNTs-TPU 1-5 400% nonlinear 

146 
Piezoresisti

ve 
CNS-Ecoflex 4.3-18.4 45% 

three 

linear 

regions 

16 
Piezoresisit

ive 
CNTs/ETC-PTHF 10-76 50% nonlinear 
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Durability means whether stretchable sensors can still perform well after long-term and 

repeated stretching/releasing cycles. Durability is rather vital if stretchable sensors are 

commercialized. At present, the performance of stretchable composite-based sensors 

always shows degradation after long-term use. This is because not only would network 

structure of conductive fillers inevitably deform, but also the polymer or fillers could not 

sustain a large amount of deformation in the long term. Therefore, studies concentrate on 

the enhancement of interfacial bonding between fillers and matrix and dispersion of fillers 

to avoid fracture under an intensive stretch. In parallel, the intrinsic properties of polymer 

matrix and fillers are important as well31, 148. 

2.4.2.4 Hysteresis  

Hysteresis is a critical exponent for stretchable strain sensors, which means the deviation 

between the electrical signal during the period of strain increasing and  releasing. Large 

hysteresis behavior results in inaccurate sensing performance upon dynamic loading121, 

149. Generally, resistive-type sensors exhibit worse hysteresis performance compared with 

other types of sensors due to their sensing mechanism. There are two factors causing the 

hysteresis phenomenon: the viscoelastic nature of polymers and the interaction between 

nanomaterial fillers and polymers145, 150. In retrospect, severe hysteresis would be 

observed when the polymer composite was being subjected to a fairly large strain. For 

instance, the AgNWs-PDMS nanocomposite sensors fabricated by Amjadi et al. exhibit 

negligible hysteresis until strains up to 40%.22 In addition, the interaction between 

nanomaterial fillers and polymers is another cause. If the interfacial binding between 

22 
Piezoresisit

ive 
AgNW-PDMS 2-14 70% linear 

35 Capacitive AgNW-Ecoflex 0.7 50% linear 

147 
Piezoresisit

ive 

Aligned-Graphene-

CNTs/PDMS 
2-20000 100% nonlinear 
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fillers and polymer matrix were strong, the composite would exhibit excellent mechanical 

property, thus with favorable sensing performance151, 152. On the contrary, weak 

interfacial adhesion between fillers and polymers tends to result in sliding of fillers inside 

the polymer matrix upon high stretching while fillers cannot quickly go back to their 

original positions after the release of strain, leading to high hysteresis behaviour131. 

However, if the interfacial binding was too strong, it would also induce buckling and 

fracture of the nanomaterial at the releasing cycle.  

2.4.2.5 Response time 

Response time means how quickly the strain sensor responds to the strain variation. 

Response delay inevitably exists in all strain sensors based on polymers because of the 

viscoelastic nature of polymer153. Therefore, the resistive-type sensor generally shows 

larger response time than other types of sensor. For instance, the stretchable resistive-type 

strain sensor based on CNTs/Ecoflex exhibited a response time of 332 ms due to the ultra-

softness of the Ecoflex elastomer, providing lower force for the rapid reconstruction of 

the CNT percolating network37. However, Zhu et al. invented a capacitive-type strain 

sensor based on AgNWs and CNTs which possessed response time of only 100ms35. 

2.4.3 Applications 

There are a variety of potential applications for stretchable sensors based on 

CNTs/polymer nanocomposite. On the one hand, highly stretchable sensors can be 

utilised to detect and monitor human behaviors, like body motions, heartbeat, respiration 

and so forth41, 154. They can be implanted into warble devices and clothing, or directly 

laminated on the human skin. On the other hand, stretchable sensors are an indispensable 

part in the manufacture of soft-bodied robots and beneficial to the development of 
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electronic skin. In spite of the fact that simple stretchable sensors merely based on 

CNTs/polymer nanocomposites usually can exhibit excellent performance, the 

improvement of the structure of the sensor can endow them not only excellent 

performance but also various functions3, 155. Here, some outstanding designs of 

stretchable sensors are reviewed, which will help to develop novels sensors in our 

research. 

Roh et al. described a novel sandwich-like stacked piezoresistive nanohybrid film of 

SWCNTs and a conductive elastomeric composite of polyurethane (PU)-poly(3,4-

ethylene dioxythiophene) polystyrene sulfonate (PEDOT:PSS)119. It is noticeable that the 

resistance change is caused mainly by the detachment between SWCNTs and 

PEDOT:PSS, not usually the separation of CNTs, increasing strain responsivity. Also, 

due to this sandwich-like structure as shown in Figure 2-8, the sensor not only possessed 

high stability, with little change of intrinsic properties after experiencing 1000 cyclic 

stretching tests under strains of 20% to 30% but also provided high sensitivity under little 

strain, thus capable of detecting facial expressions.  

 

Figure 2-8 (a) Schematic illustration of stretchable transparent ultrasensitive strain 

sensors attached to face to sense skin strains induced by muscle movements during 

expression of emotions and daily activities. (b) Schematic illustration of the cross-
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section of the strain sensor consisting of the three-layer stacked nanohybrid structure of 

PU-PEDOT:PSS/SWCNT/PU-PEDOT:PSS on a PDMS substrate119. 

To implant the stretchable sensors into the wearable devices or clothing, Robert and his 

co-workers directly sprayed CNTs/polymer composite onto a PET woven textile layer by 

layer. Furthermore, to improve the CNTs dispersion state and composite adhesion on the 

PET woven textile, polymers were selected after calculation of their χ Flory−Huggins 

parameters to evaluate their interactions with the PET and CNTs17. Although it 

successfully combined CNTs/polymer composites with woven textile, the stretchability 

(break length 27%)  is not comparable with other stretchable sensors. However, this 

method provided a practical approach to integrate CNTs/polymer composites with woven 

textile, making great strides on smart clothing equipment.  

 

Figure 2-9 Schematic showing the working principle of the electronic skin. The external 

pressure concentrates stress at the contact spots, deforming the microdomes, which in 

turn causes an increase in the contact area and the tunneling currents156. 

Park et al. designed a flexible sensor based on the CNTs/PDMS composite with 

interlocked microdome arrays as shown in Figure 2-9. The pressure could be detected by 

the contact resistance between the microdomes which was dominated by giant tunneling 

piezoresistance. Thanks to the structure design, it endowed the sensor with high 

sensitivity and rapid response time, with minimal dependence on temperature variation. 

Besides, it was demonstrated that the sensor could be utilised to sensitively monitor minor 

human motions, like breathing flows and voice vibrations, showing their great potential 
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implementation in wearable human-health monitoring systems156. Furthermore, A multi-

functional sensor with rosette shape was devised by Kong et al., which can detect the 

direction of the principal strains157. The sensor was composed of PDMS and carbon black. 

Although the sensitivity of this composite is not as superior as that made of CNTs or 

graphene, some of its advantages are still appreciated, like experimental stability, and 

response linearity. Also, the practical rosette structure gives it multifunction to have a 

great potential in diverse practical fields. 

2.4 Summary 

In this chapter, the CNT is introduced in terms of its structure and property, which is 

useful for us to choose the suitable type of CNT to synthesis the CNTs/polymer composite. 

In light of the price and electrical conductivity, MWCNTs with armchair structure is the 

ideal candidate. Then, the details regarding the fabrication of CNTs/polymer composite 

are described. In the manufacturing process, dispersion of CNTs in the polymer matrix is 

primary issue for CNTs application in the various fields due to the intrinsic nano-structure 

of CNTs. Some common dispersion methods are introduced and compared, finding that 

the ultrasonication route is suitable considering the current experimental facility, 

experimental convenience and the dispersion consequence. Also, the interaction between 

CNTs and polymer matrix is also of importance to the mechanical and electrical 

properties. There are two kinds of functionalization method (covalent and noncovalent). 

After comparing these approaches, despite the enhancement on the interaction between 

phases in the composite, the deterioration on the properties of the CNTs/polymer seems 

to be hardly avoided. Meanwhile, the diverse fabrication methods of CNTs/polymer are 

illustrated. Considering the fact that ultrasonication method is selected and PDMS is 

selected as the polymer matrix, the in situ polymerisation method is the most appropriate. 
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Due to the importance of electrical conductivity of the composite to the stretchable sensor, 

the principle of the electrical conductivity is reviewed. There are three factors affecting 

the electrical performance of the composite: the network structure of CNTs in the polymer 

matrix, the intrinsic electrical resistance of CNTs and the interfacial resistance between 

CNTs and polymer matrix. The previous theory of electrical conductivity paved the way 

for the subsequent simulation study on piezoresistivity of CNTs/polymer composite. 

After that, three types of transduction mechanisms for strain sensors are described in 

detail. In light of the advantages of resistive-type strain sensors, like high stretchability 

and high sensitivity, it is considerably appropriate for the wearable devices employed to 

detect human motions. There are several fundamental evaluation indices for examining 

the performance of stretchable sensors. They include stretchability, sensitivity and 

durability, hysteresis and response time. Also, the various designs of stretchable strain 

sensors based on CNTs/polymer composites are described. They have improved the 

performance of the sensor or endowed multi-functions to the sensors through devising 

effective structures for the sensors. After a series of relevant review, it lays a solid 

foundation on the further investigation on stretchable sensors, in terms of the sensor 

design, composites fabrication, the principle of electrical conductivity, and the sensor 

performance characterisation. 
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Chapter 3 Computational Analysis of Electrical Properties 

3.1 Introduction 

As described above, the stretchable sensor is planned to be primarily made of 

CNTs/PDMS composite. Although the curvilinear shape of CNTs is helpful to build a 

three-dimensional (3D) network in the polymer, it inevitably raises the uncertainty of 

quality of the CNTs network. Also, due to the diversity of CNTs, CNTs/polymer 

composites would present a variety of piezoresistivity characteristics. Based on the 

previous literature, the Gauge Factor (GF) ranges from 0.74 to 50 with different types of 

CNTs121. Hence, before fabricating CNTs/PDMS composite, to find the factors that 

influence the piezoresistivity of these composite is essential.  Simulation and modeling is 

a crucial and practical approach to deal with this issue. Even though recently many 

numerical and theoretical studies aimed at understanding the principle of electrical 

characteristics, there are few studies comprehensively investigating the piezoresistivity 

and threshold of conductivity through a realistic composite model158, 159. Furthermore, to 

determine the percolation threshold, the empirical percolation method and power law are 

currently the typical ways to analyze the electrical conductivity and piezoresistivity160, 161. 

To some extent, it is not sufficient to exhibit a clear view of the electrical conductivity 

variation along with the increasing of the conductive filler concentration. In particular, 

the critical percolation threshold is not a definite value, but a range of values. Furthermore, 

in the range of values, the electrical conductivity varies quite significantly. This problem 

was neglected by pioneering work. Hence, the range of percolation threshold should be 

further investigated.  
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Amini et al. merely proposed the concentration close to the percolation threshold that 

would give the composite a higher sensitivity but did not specify whether the value should 

be more than the percolation threshold or not162. Hu et al. have developed a 3D 

CNTs/polymer model to analyze their electrical behavior, while they did not further 

investigate piezoresistivity163. They only pointed out the sensitivity which primarily 

depends on the tunneling resistance and the ratio of the tunneling resistance to total 

resistance164, 165. For the highly stretchable polymer, the properties of the polymer play 

an essential role in deciding on the piezoresistivity166-168. Wang and Ye defined a value 

called the average junction gap variation to describe the piezoresistivity and obtained an 

optimizing principle for CNTs/polymer composites166. Nevertheless, the principle still 

needs to be verified, because they obtained it through a static model, not a dynamic model. 

Therefore, a comprehensive theoretical study through a dynamic model to systemically 

find the key parameters influencing piezoresistivity is necessary. 

In light of the demand of the following experiment and insufficiency of previous studies, 

this chapter makes an elaborate study on the mechanism and principle of CNTs/polymer 

composites through building a randomly dynamic 3D model. At first, after calculation of 

a set of numerical simulations, the critical percolation threshold range for piezoresistivity 

behavior is found and defined. Subsequently, parameters influencing the piezoresistivity 

were considered, for example, aspect ratio (AR), the electrical conductivity of CNTs and 

concentration, alignment of CNTs and Poisson’s Ratio (PR) of the polymer. 
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3.2 Modelling and Simulation 

3.2.1 Building the Model 

To investigate the electrical properties of CNTs/Polymer composite theoretically, a 3D 

composite model incorporating CNTs is required to be randomly generated and basic 

assumptions are defined as follows: 

Due to the insulation of polymers, the composite can be regarded as an equivalent 

conductive resistor network connected by CNTs.  

In the model, a single CNT is treated as a soft-core cylinder and can be penetrated or 

overlapped by other CNTs.  

It is assumed that the CNT is straight for accelerating computation and also its AR not 

very large (from 50 to 200). Despite the curvilinearity of CNTs, the factors influencing 

the electrical properties would not be changed. 

The CNT is defined by the length L, diameter D and electrical conductivity of CNTs σ𝐶𝑁𝑇, 

with the AR being AR=L/D, as shown in Figure 3-1a. The length and diameter can be 

randomly generated subject to Gaussian Distribution. As the model has a limited 

boundary, some CNTs penetrating through boundary surface should be cut down. 

Noticeably, the AR is an approximate value, but it has little influence on precision of 

simulation. 



44 

 

 

Figure 3-1 (a) Parameters of a 3D CNT, (b) Definition of location and orientation of a 

CNT and (c) the schematic of an electrical conductive CNTs network and tunneling 

effect in the resistor network. 

To randomly generate CNTs, the position of a CNT is created by generating a midpoint 

P(x, y, z), while the orientation of a CNT can be defined using azimuthal angle φ and 

polar angle 𝜃, as depicted in Figure 3-1b. These parameters of CNTs could be calculated 

using166 

𝑥 = 𝑙𝑥 ∗ 𝑟𝑎𝑛𝑑 3-1 

𝑦 = 𝑙𝑦 ∗ 𝑟𝑎𝑛𝑑 3-2 

 𝑧 = 𝑙𝑧 ∗ 𝑟𝑎𝑛𝑑 3-3 

𝜃 = 𝜋 ∗
(1−2∗𝑟𝑎𝑛𝑑)

2∗𝑜𝑟𝑖
 3-4 

𝜑 = 2𝜋 ∗ 𝑟𝑎𝑛𝑑 3-5 

where lx, ly, lz, are the side lengths of the unit cell, and rand is a randomly generated value 

ranging from 0 to 1. In fact, the unit cell is set as a cube so that lx, ly, lz are equal to each 

other. With the aim to reduce the occasion of the simulation, a dimension coefficient 

associated with the unit cell is created to describe the relationship between the length of 
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side and the average value of CNT length L. 𝑙𝑚 = 𝐶𝑣 ∗ 𝑙0, whereas the lm is the side length 

of the cube model so lx=ly=lz=lm. Cv is the dimension coefficient and l0 is the mean of the 

CNT. Notably, l0 is set as 1. We managed to set the coefficient ranging from 2 to 5. When 

the coefficient is 2, the results may be generated with considerable discrepancy. As for 

the coefficient of 5 or larger, the following calculation like electrical conductivity 

evaluation and piezoresistivity, would spend more time. Hence, we set the coefficient as 

the 3 or 4. ori is the coefficient for the maximum polar angle of a CNT. Here the default 

setting of ori is 1. Subsequently, the coordinates of two endpoints can be expressed as 

follows: 

𝑥𝑒 = 𝑥 ±
𝑙

2
∗ 𝑠𝑖𝑛𝜃 ∗ 𝑐𝑜𝑠𝜑 3-6 

 𝑦𝑒 = 𝑦 ±
𝑙

2
∗ 𝑠𝑖𝑛𝜃 ∗ 𝑠𝑖𝑛𝜑 3-7 

𝑧𝑒 = 𝑧 ±
𝑙

2
∗ 𝑐𝑜𝑠𝜃 3-8 

where xe, ye, ze are the coordinates of two endpoints, l is the length of the CNT. According 

to this, thousands of CNTs can be generated randomly in the unit cell. All the simulations 

are carried on by MATLAB and the MATLAB codes are shown in Appendix 8. 

3.2.2 Resistance Calculation 

To obtain the total resistance of the unit cell model, different types of resistance should 

be sorted out and calculated. There are two kinds of resistance, the contact resistance 

between CNTs and the inherent CNTs resistance, as depicted in Figure 3-1c. Actually, 

CNTs hardly touch each other in practice due to the existence of van der Waals force, 

instead, contacting CNTs would happen to be deformed128, 169. Imperfect interface 

condition between adjacent CNTs and polymer matrix leads to increasing electrical 

resistance168. Also, the interface conductivity can be enhanced by electrical tunneling 
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effect so that the interfacial resistance should be evaluated theoretically through 

combining contact resistance with tunneling resistance168, 170. As shown in Figure 3-1c, 

Rt represents the tunneling resistance and the contact resistance is denoted by Rc. 

However, Alborz et al162 and Hu et al163 insisted on assuming that the CNTs could be 

assumed to penetrate with each other with perfect interface. Hence, the interfacial 

resistance was only considered as the tunneling resistance without consideration of 

contacting resistance in their simulations.  In light of the computational cost, this work 

assumes that CNTs could perfectly penetrate with each other without contact resistance. 

Therefore, in the unit cell, if the distance d, between the centerlines of CNTs, is smaller 

than the diameter of CNT, the contact resistance can be neglected, whereas the contact 

resistance is regarded as tunneling resistance, when d is larger than D and shorter than the 

critical tunneling distance. The tunneling resistance Rt as the primary contact resistance 

is calculated by171: 

𝑅𝑇 =
𝑉

𝐴𝐽
=

𝑃2ℎ

𝐴𝑒2√2𝑚𝜆
𝑒𝑥𝑝 (

4𝜋ℎ

ℎ
√2𝑚𝜆) 3-9 

where J is the tunneling current density and V is the electrical potential difference with A 

being the cross-sectional area of the tunnel. P is Planck’s constant, e and m is the charge 

quantum and mass of an electron, respectively. h is the minimal distance between the 

surfaces of two adjacent CNTs. It can be obtained by d-D. It needs to be noted that the 

cut-off distance for tunneling effect is set to be 1.8 nm according to previous work127. 𝜆 

is the barrier height of the polymer matrix (around 0.5-2.5 eV) and 1.5 eV was selected 

here165. 

The different network structures of CNTs induce different inherent resistance. As shown 

in Figure 3-1c, the active conductive segments are merely the connected paths, which also 

connect the end electrodes of the unit cell. Besides, the conductive section of a CNT Lij 
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is the length between contacting junctions i and j as depicted in Figure 3-1c. Therefore, 

the resistance and the electrical conductivity of the active conductive segment of a CNT 

can be calculated by: 

𝑅𝑖𝑗 =
4𝐿𝑖𝑗

𝜎𝐶𝑁𝑇𝜋𝐷2
, 𝐶𝑖𝑗 =

1

𝑅𝑖𝑗
 3-10 

where Lij is the distance between two contacting points i and j. Rij, Cij are the resistance 

and conductivity of the effective conductive segment of a CNT, respectively.  

 

Figure 3-2 A 3D representative cube model with conductive paths depicted using blue 

color and bold line. 

The next step is to find the active conductive network in the unit cell along the voltage 

direction. In this work, all the contacting junctions are firstly marked, then clusters which 

do not connect to the end surfaces applied on voltages should be deleted. Notably, to 

accelerate the computation, the unit cell is divided into small regions so that only CNTs 

in the same region need to verify whether it is contacted. After that, some redundant paths 

of CNTs should be removed162. As indicated in Figure 3-2, the bolded and blue lines are 

percolating CNTs, thin and red lines are CNTs without electrical current. Based on the 
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concise resistor network under an applied voltage and Kirchhoff’s Current Law, the total 

electrical current at every node can be written out as follows: 

𝐼𝑖 = ∑ 𝐶𝑖𝑗(𝑉𝑖 − 𝑉𝑗)
𝑁𝑖
𝑗  3-11 

Here Ni is the total number of nodes near the node i, and Vi and Vj are the electrical 

potentials of points i and j. The potential of nodes situated on the positive and negative 

electrodes are assumed to be 200 and 0, respectively. Hence the linear sparse matrix is 

listed and estimated using the Biconjugate gradients (BICG) method172. After the total 

electrical current I is acquired, the macroscopic electrical resistance of the model 𝑅𝑚 can 

be estimated by Ohm’s law. Then its electrical conductivity can be calculated based on 

the formula 𝐶𝑚 =
1

𝑅𝑚∗𝑙𝑚
, where 𝐶𝑚 is the electrical conductivity of the model.  

3.2.3 Piezoresistivity Simulation 

As for the piezoresistivity, it is assumed that the polymer is highly stretchable, so the 

positions and orientations of CNTs would have an apparent change. Here, the widely 

accepted re-orientation model simulation is adopted to study the response of CNTs under 

applied strain162, 166, 173, 174. This model simplifies the strain variation without 

consideration of the local strain around CNTs. That is to say, the movement of CNTs 

would not be influenced by polymer matrix. This is because the Young’s Modulus of the 

CNT is far bigger than the polymer matrix so that the polymer’s body is considered to 

absorb all of the applied stress and strain in nanotubes is neglected162. Even though there 

are other complicated models built to simulate the strain variation regarding the 

CNTs/polymer composite, they mainly concentrated on the mechanical properties instead 

of electrical properties175-177. For instance, Shokrieh et al.26 used Newton-Raphson 

iterative method to analysis the non-linear behavior of the van der Waals force in order 
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to simulate the CNTs movement when the model was stretched. Mohammadpour et al.28 

also built a nonlinear representative volume element of composite to predict its 

mechanical behavior. In this model CNTs are thought as a non-deformable and their 

deformation is neglected, since the Young’s Modulus of the polymer (i.e. PDMS is only 

1MPa at most) is much smaller than that of CNTs (around 1GPa). After stretched in a 

uniaxial direction of X-axis seen in Figure 3-2, the new position and orientation of a CNT 

can be expressed as166 

{
𝑥′

𝑦′

𝑧′

} = [
1 − 𝜐 ∗ 𝜀 0 0

0 1 − 𝜐 ∗ 𝜀 0
0 0 1 + 𝜀

] {
𝑥
𝑦
𝑧
} 3-12 

𝜃′ = 𝑡𝑎𝑛−1 (
1−𝜀∗𝜐

1+𝜀
∗ 𝑡𝑎𝑛𝜃) 3-13 

𝜑′ =

{
 
 

 
 𝑡𝑎𝑛

−1 (
1−𝜀∗𝜐

1+𝜀
𝑡𝑎𝑛𝜑) ,                   0 < 𝜑 <

𝜋

2

𝑡𝑎𝑛−1 (
1−𝜀∗𝜐

1+𝜀
𝑡𝑎𝑛𝜑) + 𝜋,          

𝜋

2
< 𝜑 <

3𝜋

2
 

𝑡𝑎𝑛−1 (
1−𝜀∗𝜐

1+𝜀
𝑡𝑎𝑛𝜑) +

3𝜋

3
,      

3𝜋

2
< 𝜑 < 2𝜋

 3-14 

where x’, y’, z’ are the new coordinates of the midpoint of a CNT after a strain 𝜀 is applied, 

while 𝜃′ and 𝜑′  are the updated angle. 𝜐  stands for the PR of the composite. The 

coordinates of two end points can be calculated based on from Eq. 3-6 to Eq. 3-8.  

The stretched unit cell model of the composite is then updated, so the new network of the 

resistor is formed as well. Repeating the above-mentioned procedure, the electrical 

resistance and conductivity will be re-evaluated. For better observing the piezoresistivity, 

the GF is introduced which is defined as follows: 

𝐺𝐹 =
𝛥𝑅/𝑅0

𝜀
 3-15 
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Here, 𝑅0 is the initial resistance and 𝛥𝑅 is the difference between the value of resistance 

after being stretched and the initial value. All the computation is implemented by the 

MATLAB and the code is listed in the Appendix 8. 

3.3 Static Electrical Behavior Analysis 

To better determine the dominant factors that influence the static electrical properties and 

piezoresistivity of composite, it is assumed that CNTs dispersed evenly in the polymer 

without agglomeration. Several common factors are taken into consideration here, 

including CNTs concentration, AR of CNTs, the electrical conductivity of CNTs, PR of 

the composite as well as the direction of CNTs.  

Previously researchers regarded the percolation threshold as the best concentration to 

make sensors considering that sensors were only capable of experiencing small strain178. 

However, this is not suitable for the current highly stretchable sensor. This is attributed 

to the fact that it has no conductivity after drastically stretching due to damage to the 

CNTs’ network.  

 

Figure 3-3 The relationship between CNT Volume Fraction and electrical conductivity 

of the composite with different aspect ratios using linear scale (a) and logarithmic scale 

(b). 
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3.3.1 Influence of CNT Volume Fraction 

After 100 simulations, the maximum likelihood estimator (MLE) of the electrical 

conductivity was obtained through Poisson distribution, and the correlation between MLE 

of electrical conductivity and CNT volume fraction (CVF) was plotted. As shown in 

Figure 3-3a, the electrical conductivity experiences an exponential rise before the CVF 

of 1.8%. If the AR of CNTs becomes larger, the slope of the curve of conductivity against 

CVF will be enlarged. Meanwhile, the starting percolation threshold would be rather 

different. Along with AR decreasing, the larger CVF is needed to construct the conductive 

network in the unit cell. It can be clearly seen in the Figure 3-3b that the starting 

percolation threshold for AR 200 is just around 0.2% of CVF, whereas it is required to be 

0.4% and 0.7% for AR 100 and 50, respectively, assuming that 10-7 S/m is the threshold 

value to be conductive. After threshold, the conductivity should vary following the power 

law 

𝜎 = 𝜎𝐶𝑁𝑇(𝑓 − 𝑓𝑐)
𝑡 3-16 

where 𝜎 ,  𝜎𝐶𝑁𝑇  and f  are the electrical conductivity of composite, the intrinsic 

conductivity of CNTs and the CNT volume fraction, respectively. fc is the percolation 

threshold, and t is the critical exponent. The variation process of electrical conductivity 

in Figure 3-3b exhibits agreement with this formula.  

To further validate the model, the Bruggeman effective medium theory for electrical 

conductivity of the electronic composite is employed for contrast179-181. Based on this 

theory, an equation is given as follows:  

9(1 − 𝑓)
𝐾𝑚−𝐾

2𝐾𝑚+𝐾
+ 𝑓 [

𝐾𝑐−𝐾

𝐾+𝐿𝑥(𝐾𝑐−𝐾)
] = 0 3-17 
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Where f denotes the CVF while K is the electrical conductivity of the composite. 𝐾𝑐 and 

𝐾𝑚 are the electrical conductivities of the CNTs and the polymer matrix respectively. 

Here 𝐾𝑐 is set as 105 S/m and 𝐾𝑚 is assigned with 10-13 S/m. Lx is the depolarization factor 

depending on the AR of CNTs which can be expressed as  

𝐿𝑥 =
1

2(𝐴𝑅2−1)3 2⁄
[𝐴𝑅𝑙𝑛

𝐴𝑅+√𝐴𝑅2−1

𝐴𝑅−√𝐴𝑅2−1
− 2√𝐴𝑅2 − 1] 3-18 

Lx is equal to 0.0004299 and 0.0001248 for AR 100 and 200 respectively. The projection 

generated by our model is then compared with the Bruggeman theoretical estimation from 

Eq. 3-17 as depicted in Figure 3-4a. With regards to both CNTs with AR 100 and 200, 

the projection produced by this paper shows a moderate agreement with the Bruggeman 

theoretical estimation. 

 

Figure 3-4 (a) The comparison between the Bruggeman theoretical estimation30-32 and 

the evaluation of electrical conductivity of the composite in this paper and (b) The 

relationship between the probability of conduction and the CNT Volume Fraction for 

composites models with different aspect ratios. 

In the 100 simulations, some results show no electrical conductivity around percolation 

threshold. Notably, the criterion to judge whether the composite model is electrically 

conductive or not is set as the electrical conductivity of 10-6 S/m. As is well-known, the 

electrical conductivity of 10-8 S/m is the threshold for material transition from insulator 

to semiconductor. Therefore, we amplified two magnitudes of this value to guarantee that 
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these results can be definitely envisioned as semiconductor or conductor. On one hand, 

this is attributed to the fact that the model is not large enough. On the other hand, due to 

the network is randomly formed, it cannot be guaranteed that the conductive paths appear 

every time. Hence the probability of conductivity was taken into account along with the 

variation of CVF. The likelihood of conductivity means that the probability to produce 

the conductive paths of CNTs in the composite model. As depicted in Figure 3-4b, it can 

be seen that when the CVF for AR 200 reaches around 0.3%, the probability of conduction 

is 100%, whereas the CVF for AR 100 and 50 are 0.6% and 1.2%, respectively. It means 

that the composite model must be conductive after this value, provided that CNTs are 

dispersed evenly and randomly. Thus it can be called the ending percolation. The CVF 

between these two values is defined as percolation threshold range (PTR) in this work. 

Notably, the PTR is wider for AR 50 than the other two. It can be explained that CNTs 

are difficult to touch with other CNTs at the same CVF when the AR is lower. Thus, even 

if CVF was considerably large, the model still probably shows no conductive. As a result, 

if the AR of CNTs is larger, lower CVF is needed and the probability of conductivity is 

improved. However, it is much more difficult to disperse CNTs without agglomeration 

using CNTs with large AR, due to the effect of van der Waals force. 

Except for the CVF, the intrinsic electrical conductivity of CNTs and the orientation of 

CNTs would influence the electrical conductivity of composite as well. It can be seen in 

Figure 3-5a that the electrical conductivity of composite can be enhanced as the electrical 

conductivity of CNTs grows. However, the variation process does not change because the 

connected paths have no change in the model. As to the orientation of CNTs, only the 

polar angle was taken into consideration, which is controlled by the parameter Ori 

mentioned above. The azimuthal angle has little effect on the electrical conductivity along 

the z-axis direction so that it is generated ranging from 0 to 2π.  
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3.3.2 Influence of CNTs Polar Angles 

To investigate the relationship between the polar angle and electrical conductivity, the 

maximum polar angle is introduced. Along with the growth of maximum polar angle, the 

electrical conductivity turns better, as indicated in Figure 3-5b. When the maximum angle 

is 15°, that is to say, CNTs are nearly parallel with each other, it is difficult to have 

junctions so that connected paths would hardly be formed. The number of conductive 

CNTs will also increase as the maximum polar angle become larger (red dash line in 

Figure 3-5b). It means that the electrical conductivity would be improved if the extent of 

alignment of CNTs is worse, which would give more chances to CNTs contacting with 

each other. It also can explain why the resistance of stretchable composites would go up 

after stretching to some extent, due to the orientation of CNTs turning consistent. 

 

Figure 3-5 Influence of the electrical conductivity of CNTs on the electrical 

conductivity of composites and (b) the relationships between the maximum polar angle 

and the electrical conductivity of the composite as well as the percentage of connected 

CNTs. 

3.4 Piezoresistivity Analysis 

Piezoresistivity is more complicated to analyze, compared with the static electrical 

behavior. It does not only relate to the properties of CNTs but also involves mechanical 

properties of the polymer matrix. 
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3.4.1 Effect of CVF on Piezoresistivity 

As is well-known, CVF plays an important role in influencing the piezoresistivity. Hence, 

the CVF is firstly studied through simulation. Assuming that PR of the composite is 0.25, 

and the AR of CNTs is 100, the relationship between tensile strain and resistance change 

(the difference between initial resistance and current to initial resistance) can be described 

as shown in Figure 3-6a. Three different CVFs (i.e., 0.6%, 0.7%, and 0.8%) are selected 

for comparison, which are slightly bigger than ending percolation threshold. Worthy of 

mentioning is that in spite of the influence of CVF on PR, the PR for the models with 

different CVFs are similar182. The resistance of the composite increases while the model 

is being continuously stretched. It is observed that the GF of the model with CVF 0.6% 

is the largest among them (the slope of the function between stain and resistance change 

depicted in Figure 3-6a) while that of CVF 0.8% is the least. This is because it has a high 

probability for CNTs to contact with each other with larger CVF. This means that when 

the material was stretched, more junctions and conductive paths are left behind. In 

addition, once the unit model is uniformly stretched, due to the influence of the composite 

PR, the CVF will change. Therefore, when the tension strain is applied, not only the 

resistance change will occur but also the CVF will vary as well. The CVF variation under 

applied tension strain is depicted in Figure 3-6b. It can be clearly seen that all of models 

with different CVFs exhibit the downward trend, which indirectly reflects the decreasing 

probability of mutual contacting of CNTs. 
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Figure 3-6 The relationship between strain and resistance change for composites models 

(a) with different CNT Volume Fractions and (c) with different aspect ratios as well as 

CNT Volume Fractions. The correlation between CNT Volume Fraction variation and 

strain for composites models (b) with different CNT Volume Fractions and (d) with 

different aspect ratios as well as CNT Volume Fractions. 

3.4.2 Effect of AR on Piezoresistivity 

As for the AR of CNTs, it shows little significance to compare the piezoresistivity for 

models with similar CVFs and different ARs. Hence, the models whose CVFs are slightly 

larger than ending percolation threshold are more suitable to be selected for comparison 

(0.4% for AR 200, 0.6% for AR 100, 1.4% for AR 50). Notably, if the CVF is selected in 

the PTR, the electrical conductivity would become zero within small strain due to the lack 

of sufficient conductive paths in the model. Meanwhile, the electrical conductivity is 

similar for AR 100 and AR 200, whereas the model of AR 50 has 27.74673 S/m. As 

shown in Figure 3-6c which described the relative change in resistance as a function of 

strain variation, it can be seen that the GF for AR 200 is the largest before the strain is 

0.4. After strain goes over 0.4, the GF for AR 100 suddenly increases, overpassing that 

of AR 200, while the GF for AR 50 also surges after strain 0.5. This can be explained by 
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the fact that the conductive paths have a significant decline in the model at that time, 

resulting in a considerable rise of the resistance. In parallel, with the rise of strain, the 

CVF also experiences decline as displayed in Figure 3-6d. Interestingly, the downward 

trend is slower for the model composed of CNTs with smaller AR. For the highly 

stretchable sensor, stretchability and stability are as essential as sensitivity. Obviously, 

CNTs with large AR are the better choice to be candidates material for the stretchable 

sensor. Although intrinsic electrical conductivity of CNTs influences the electrical 

conductivity of composite, the conductive paths in the composite have no relationship 

with it. Naturally, the inherent electrical conductivity of CNTs has little influence on the 

piezoresistivity. 

The reason why the electrical conductivity of composite decreases when it is stretched is 

attributed to the CNTs aligning gradually during the stretching process. As depicted in 

Figure 3-7, at the initial phase, CNTs have different polar angles distributing evenly from 

0° to 90°. However, when it is stretched continuously, the number of CNTs with small 

polar angles increases gradually, on the contrary, the quantity of CNTs with large polar 

angles has an apparent decline. It means that the orientation of CNTs becomes parallel to 

the stretching direction.  As mentioned in section 3.1, if the extent of alignment of CNTs 

along the stretching direction is higher, the electrical conductivity will go down. This is 

why the resistivity of the composite will grow when it suffers intense stretch. 
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Figure 3-7 The variation of the distribution state of polar angles of CNTs along with 

strain increasing. 

3.4.3 Effect of PR of Matrix on Piezoresistivity 

The property of CNTs plays a vital role in determining the piezoresistivity, though the 

mechanical properties of the polymer matrix also have a significant influence on it. CNTs 

have a bigger Young’s Modulus than that of high stretchable polymers (like PDMS), so 

the Young’s Modulus of polymers plays a negligible part in the piezoresistivity of 

composite. Nevertheless, with regard to PR, the different deformation on the transverse 

surface under axial stretching would result in different resistance variation. Here, we 

compared CNTs with different PRs (0.25, 0.3 and 0.35) and the same CVF. The CVF 

variation and the resistance change were plotted along with the increase of tensile strain. 

It can be found that in Figure 3-8 that the resistance of CNTs with PR 0.25 keeps going 

up, while the other two happen to fluctuate after 50% strain. It can be explained that their 

CVFs do not go down but rise after 50%, so it gives more opportunities for CNTs to 

contact each other. On the contrary, CVF for PR 0.25 maintains going down until there 
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are no conductive paths found. Notably, the resistance for PR 0.3 and 0.35 grow again. 

This is attributed to the alignment of CNTs in spite of the increase of CVF. Besides, the 

GF will rise when the PR is smaller. Consequently, if the PR is lower, the piezoresistivity 

will be enhanced. For better understanding, We have added the contact CNTs percentage 

variation to describe it. As shown in the Figure 8.1 in Appendix, when the aspect ration 

of CNTs is 100 and the CVF is 0.7%, it can be clearly found that once the model is 

stretched, the contact CNTs percentage diminishes. Also, with the increase of Poisson’s 

ratio, the drop rate of the contact CNTs percentage becomes slow. 

  

Figure 3-8 The resistance changes and the CNT Volume Fraction variation along with 

strain growing for composites models with different Poisson’s Ratios. 

3.5 Conclusion 

The mechanism of the electrical behavior of highly stretchable CNTs/polymer composite 

was analyzed through this dynamic 3D model. It is shown that the electrical conductivity 

of the composite is dependent on the structure of CNTs network in the polymer. 

Meanwhile, the concept of percolation threshold range (PTR) is proposed, instead of the 
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fixed value of percolation threshold in previous literature. The PTR is determined by the 

AR of CNTs and orientation of CNTs primarily provided that CNTs dispersed evenly 

without agglomeration. The electrical conductivity of CNTs cannot affect PTR but 

determine the electrical conductivity of the composite. For the stretchable sensors, the 

CVF which is slightly bigger than the ending percolation threshold is a better option for 

fabricating piezoresistive sensors. As for the piezoresistivity, once the CVF is beyond 

PTR, the GF will reduce as the CVF increase. Also, higher AR of CNTs will not only 

make GF better but also will be favorable to keep GF stable. PR of composite plays an 

important part in influencing piezoresistivity. With lower PR, GF will be better. 

Furthermore, if PR is large, the GF will fluctuate once the strain is large. To conclude, 

CNTs with larger AR, CVF slightly higher than PTR and lower PR of the composite are 

positive to improve the piezoresistivity and stability of the highly stretchable sensor. Thus, 

in the following experimental section, we will fabricate the stretchable sensor based on 

CNTs/PDMS composite following this optimizing principle. 
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Chapter 4 Preparation of the MWCNTs/PDMS Composite  

4.1 Introduction 

As reported in previous literature, polymer nanocomposites embedded with carbon 

nanotubes (CNTs) exhibits superior piezoresistivity and good stretchability so as to have 

the potential to be the core material of the stretchable sensor30, 183. At first, the type of the 

CNTs should be determined. There are two types of CNTs: single-wall carbon nanotubes 

(SWCNTs) and multi-wall carbon nanotubes (MWCNTs). While the SWCNTs possess 

more outstanding electrical properties in comparison with MWCNTs, the high price and 

more difficulty to deal with the issue of agglomeration makes them not as economic as 

MWCNTs. Therefore, the MWCNTs are employed for this work. 

In terms of the fabrication of the CNTs/polymer composite, the primary and common 

issue is how to make CNTs homogeneously dispersing in polymer matrix. The good 

dispersion of CNTs in the polymer matrix not only can help to construct uniform network 

structure, but also strengthen the interface bonding between CNTs and polymer matrix. 

For instance, the stretchable sensor that Wang et al. proposed based on CNTs/elastomeric 

triisocyanate-cross-linked polytetrahydrofuran composite, possessed a higher gauge 

factor (up to 90)16. However, due to the agglomeration and mediocre dispersion of CNTs 

leads to deterioration of the stretchability and electrical conductivity184. The reason why 

CNTs are apt to form clusters lies in the strong van der Waals force existing among 

adjacent CNTs. The big van der Waals force is related to the high aspect ratio of CNTs. 

Therefore, dispersing CNTs homogenously and reducing entanglement of CNTs in 

solvents or polymers matrices is fairly difficult compared with other ordinary fillers at 

present128, 185.  
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There are typical CNTs dispersion methods developed in previous studies, such as 

ultrasonication, ball milling, stir and extrusion, functionalization of CNTs and so on186-

188. As introduced in section 2.3.1, ultrasonication seems to be the most effective and 

convenient method in the laboratory, in spite of the fact that ultrasonication for a long 

time would induce the generation of the defects on CNTs surface61, 189. Traditionally, the 

ultrasonication method always disperses CNTs in polymer matrix with the assistance of 

solvents. Consequently, after ultrasonication the remaining solvent has to be evaporated. 

It is this evaporating stage that may lead to the phenomenon that adjacent CNTs aggregate 

again in the polymer matrix. It can be attributed to the fact that the molecular motions are 

strengthened by high temperature. Also, due to the shape of CNTs, once CNTs entangle 

with each other, it is hard to detach them because of the van del Waals force29, 31, 190.  

In this context, the solvent is the crucial part so that it should be cautiously selected. This 

is not only because the solvent influences the dispersion state of CNTs in the suspension, 

but also would be left behind in the CNTs/polymer mixture after ultrasonication. 

Therefore, if the solvent has a low boing point and good compatibility with the CNTs, 

perhaps it is helpful to shorten the evaporation period and lower the evaporation 

temperature, thus enabling CNTs dispersing in the polymer matrix homogenously. 

This chapter focuses on how to disperse MWCNTs uniformly in the PDMS matrix. Three 

solvents with different boil points are employed to fabricate the MWCNTs/PDMS 

composite. The influence of boiling point of the solvent on dispersion state of MWCNTs 

will be investigated. Three types of solvents are pentane, isopropanol alcohol (IPA) and 

toluene, all of which can make MWCNTs disperse well in them for a long term. The 

MWCNTs/ polydimethylsiloxane (PDMS) nanocomposites films are fabricated using 

different solvents149, 157, 191, 192. Then mechanical and electrical characteristics of the 
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nanocomposites are measured and studied. The dispersion and distribution state of 

MWCNTs in PDMS matrix are morphologically observed by the field emission scanning 

electronic microscope (FESEM).  

4.2 Experimental Investigation 

4.2.1 Materials 

In order to investigate the influence of the solvent on the mechanical and electrical 

performance of the nanocomposite, the highly stretchable polymer (PDMS) is employed. 

The matrix PDMS was supplied by the Dow Corning Company (Auckland, New Zealand). 

MWCNTs were purchased from the Graphene Supermarket. According to the supplier’s 

specification, the length of MWCNTs ranges from 10 to 15 µm, while the average 

diameter is around 60 nm and the purity of MWCNTs is greater than 94%. Toluene, 

pentane, IPA are all bought from Sigma Aldrich. Pentane has the 35 ºC of boiling point, 

while the boiling points of IPA and toluene are 75 ºC and 120 ºC respectively. 

4.2.2 Selection of CNTs Concentration 

To begin, the CNTs concentration needs to be determined for better observation of the 

influence brought by the solvent. As is all known, it is difficult to disperse MWCNTs if 

the MWCNTs concentration is relatively high. After all, the low boiling point of the 

solvent just saves the evaporation time and reduces the evaporation temperature to retard 

the re-agglomeration. It is unable to fundamentally overcome the intrinsic defect of 

MWCNTs. With the aim of observing the influence of the boiling point of the solvent, 

the MWCNTS concentration should not be rather high. In addition, according to the 

previous literature, when the MWCNTs concentration lies in the percolation threshold, 

range the electrical conductivity of the MWCNTs composite will be significantly 
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influenced by the MWCNTs network structure, compared with those with higher 

MWCNTs concentration163. It can be explained by the fact that higher MWCNTs 

concentration than percolation threshold would undoubtedly enhance the probability of 

forming a continuous MWCNTs conductive network in the matrix. In this context, the 

influence of MWCNTs dispersion state on the electrical conductivity would diminish159. 

In parallel, if the concentration is lower than the percolation threshold, electrical 

conductivity could not be measured. Hence, for purpose of investigation on the effect of 

solvent on the properties of the composites, percolation threshold would bring the most 

distinctive comparison results. We fabricated three kinds of MWCNTs/PDMS composite 

with MWCNTs mass fraction of 3%, 5% and 7% using pentane as a solvent. It was found 

that the electrical resistance of the composite with 3% MWCNTs cannot be detected by 

a multimeter, and the electrical resistance of the composites with MWCNTs of 5% and 

7% were measured and achieved as shown in Table 4-1. There are three sets of electrical 

resistance data for MWCNTs/PDMS composites with 5% and 7% MWCNTs respectively. 

It is clearly seen that the mean value of the resistance for the 5% MWCNTs composite is 

572.39 kΩ, bigger than that of the composite with 7% MWCNTs (14.43 kΩ). According 

to the early interpretation, 5% concentration of MWCNTs is fairly close to the percolation 

threshold range. Therefore, the composite filled with 5% MWCNTs is suitable to be 

adopted for investigation of the influence of the solvent. 

Table 4-1 The resistance of four samples in each type of MWCNTs/PDMS composite 

with different mass fraction of MWCNTs (5% and 7%) as well as the average value of 

every four samples.  

MWCNTs 

Concentration 

Resistance  

Group A 

Resistance 

Group B 

Resistance 

Group C 

Resistance 

Group D 

Average 

Value 

5% 472.53 kΩ 263.18 kΩ 
1028.64 

kΩ 
525.19 kΩ 572.39 kΩ 

7% 12.06 kΩ 18.75 kΩ 20.36 kΩ 6.54 kΩ 14.43 kΩ 
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Figure 4-1 The horn ultrasonication device. 

4.2.3 Preparation of CNTs/PDMS Nanocomposites 

At first, MWCNTs were added into the three different solvents (pentane, IPA, and toluene) 

respectively and then dispersed by horn ultrasonication for 30 minutes. The horn 

ultrasonication device is shown in Figure 4-1. The amplitude of the ultrasonication is set 

as 30%. Due to the large heat quantity, the mixture solution should be put into the cold 

water to retard the evaporation of the solvents. At the same time, PDMS prepolymer was 

dissolved in corresponding solvents under magnetic stirring for 30 minutes. Next, 

MWCNTs suspensions were blended with respective PDMS solutions and the obtained 

mixtures were continued to be ultrasonicated for another 1 hour. After adding curing 

agents, the suspensions were heated at a proper temperature to evaporate solvents.  

Afterward, the remaining mixture was uniformly coated onto a glass plate using a blade 

and then put into the vacuum oven to degas. This step should be carried out repeatedly 

until there is almost no bubble on the surface of the mixture membrane as a result of the 
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high viscosity of the mixture which is induced by the intensive network of MWCNTs in 

the PDMS matrix. It is helpful to make CNTs have better connection mutually. The 

membrane was sequentially heated at 80 °𝐶 for 2 hours. Finally, the glass plate with the 

embrane was taken out from the oven and the final membrane was peeled off from the 

glass plate. The schematic fabrication procedure is depicted in Figure 4-2. Notably, the 

composite film is rectangular and its dimension is 60 ×10 ×0.8 mm. 

 

Figure 4-2 The schematic of the MWCNTs/PDMS nanocomposite film fabrication. 

4.2.4 Characterization of the Nanocomposites 

The as-prepared CNTs/PDMS composite film was cut from the top surface to the bottom 

surface. Next, the cross-sectional microstructure of CNTs/PDMS composite film was 

taken for observation by the field emission scanning electron microscope (FESEM, 

Hitachi SU-70 as shown in Figure 4-3) operating at 5 kV. Notably, the samples of 

nanocomposite films were coated with Pt prior to FESEM measurement. The mechanical 

properties of the nanocomposite were studied by the tensile test using the Hounsfield 

machine. The electrical conductivity of the nanocomposite film was measured by the 

multimeter called UNI-T UT803. The copper wires are attached on two ends of the sample 

by silver paste. 
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Figure 4-3 The field emission scanning electron microscope (Hitachi SU-70) 

4.3 Characterization Results 

4.3.1 Morphology 

First of all, the microstructure of the cross-section of CNTs/PDMS nanocomposites were 

observed through FESEM. There are three FESEM images of microstructures of 

nanocomposites which are prepared using different solvents respectively. It can be found 

that CNTs are dispersed homogeneously in the matrix with little agglomeration (the white 

lines and dots depicted in Figure 4-4a) when MWCNTs/PDMS mixture is ultrasonicated 

using pentane as a solvent. In contrast, there are several obvious MWCNTs small clusters 

appearing in the PDMS matrix, which are circled by red line as shown in Figure 4-4b, 

when IPA was used as the solvent, whereas there is a bigger cluster which can be found 

in the microstructure of the nanocomposite handled by solvent toluene as marked in the 

Figure 4-4c. This reveals that the fabrication method that adopts the solvent with a low 
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boiling point can promote MWCNTs maintaining the uniform dispersion state in the 

matrix after ultrasonication, thus achieving the nanocomposite film with good dispersion 

of MWCNTs. This can be attributed to the fact that the remained solvent can evaporate 

quickly at a lower temperature when the solvent with a lower boiling point is employed. 

Hence, it is possible to avoid re-agglomeration of MWCNTs during the evaporation 

period due to the mitigation of the molecular motion49, 79. 

 

Figure 4-4 FESEM images of CNTs/PDMS nanocomposites prepared using different 

solvents: (a) pentane (b) IPA (c) toluene. 

4.3.2 Mechanical Properties 

Tensile tests were implemented on all the nanocomposite films which were prepared 

using different solvents. There are 4 samples for each composite group. It can be seen 

clearly that the tensile modulus of all the nanocomposites are enhanced compared with 

neat PDMS film (seeing Figure 4-5a). Besides, the nanocomposite film which is 

fabricated using pentane as the solvent gives the boost of the tensile modulus (around 

1.4Mpa). The nanocomposite fabricated using Toluene has the highest Tensile Modulus 

(up to 2.1Mpa), while that fabricated using IPA shows roughly 2Mpa. This can be 

explained by the fact that the agglomeration of MWCNTs which can be viewed as large 

fillers would hinder PDMS matrix molecular chain sliding and traps PDMS in the void 

of the clusters of MWCNTs as well77, 92. From this result, the as-prepared 
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MWCNTs/PDMS composite film handled by the solvent with lower boing point exhibits 

lower Tensile Modulus, close to that of the neat PDMS. 

 

Figure 4-5 The average mechanical properties of the 5% CNTs/PDMS nanocomposite 

films prepared with different solvents and the neat PDMS film ( (a) The tensile 

modulus, (b) elongations at break and (c) tensile strengths), and (d) The electrical 

conductivity of the CNTs/PDMS nanocomposite films incorporating 5% CNTs handled 

by different solvents. 

However, the elongations at break for the composites films show the opposite 

phenomenon as depicted in Figure 4-5b. It is obvious that the nanocomposite film which 

is prepared using pentane as solvent exhibits the highest stretchability (≈140%), whereas 

that handled by toluene can be stretched at the lowest elongation (≈120%). Notably, The 

neat PDMS films could be stretched up to 200%, which is fairly larger than those of the 

nanocomposites films. This can be attributed to the fact that the interfacial bonding 

between MWCNTs clusters and their surrounding PDMS matrix are too weak to 

withstand the tensile loading, thus leading to their breakage55. That is to say, the 
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agglomerates of MWCNTs facilitate generation and propagation of cracks in the PDMS 

matrix when it is pulled up drastically78, 189. Also, for MWCNTs, the outer shells of the 

MWCNTs would slip because of the weak van der Waals force existing between 

individual graphene shells of the MWCNTs, when the nanocomposite is stretched193. The 

solvent with lower boiling point improves stretchability of the nanocomposite film, 

maintaining the inherent high stretchability of the PDMS resin. 

Furthermore, the tensile strengths of nanocomposite films are improved as well when the 

dispersion state of MWCNTs in the PDMS matrix is improved. As shown in Figure 4-5c, 

the tensile strength of neat PDMS film is less than other three nanocomposites based on 

5% MWCNTs, which can be rationalized by the same reason as the result of tensile 

modulus. Nevertheless, the nanocomposite film handled by pentane exhibits the highest 

tensile strength (5MPa), whereas those prepared using solvent IPA and toluene shows the 

tensile strength of 4.4MPa and 4.1MPa respectively. It can also be ascribed to the fact 

that poor dispersion state tends to generate and propagate cracks easily so that the 

nanocomposite with the bad dispersion state of MWCNTs cannot sustain applied loading 

remarkably194. Therefore, when the nanocomposite film is prepared using the solvent with 

a low boiling point, its tensile strength will be improved. 

4.3.3 Electrical Properties 

The electrical conductivities of all the nanocomposites that are prepared with different 

solvents are measured as shown in Figure 4-5d. It can be found that the composite film 

prepared with pentane predictably possess the best electrical conductivity (≈0.0055 S/m). 

In contrast, the nanocomposite film handled by IPA has an electrical conductivity of 0.001 

S/m approximately, while the electrical conductivity of that fabricated using toluene as 

the solvent is around 0.0008 S/m. The electrical conductivity of the nanocomposite based 
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on MWCNTs/PDMS does not completely depend on the dispersion state of MWCNTs in 

the matrix but is related to the conductive network of MWCNTs and tunneling resistance 

among MWCNTs28, 165. However, the homogenous dispersion state of MWCNTs is 

helpful to construct the conductive network in the matrix with more percolation paths195. 

Hence, the nanocomposite film handled by solvent with low boiling can make the film 

more conductive electrically.  

4.4 Conclusion 

This chapter investigates how the boiling points of solvents influence the mechanical and 

electrical properties of MWCNTs/PDMS nanocomposite when the ultrasonication is 

employed as the dispersion approach. It is found that MWCNTs are dispersed 

homogeneously in the PDMS matrix when the solvent has a low boing point due to the 

low temperature to evaporate. Besides, the nanocomposite film handled by the solvent 

with a low boiling point possesses more excellent stretchability than those handled by the 

solvent with a higher boiling point. In addition, with the improvement of dispersion state 

of MWCNTs in the matrix, the electrical conductivity of the MWCNTs/PDMS 

nanocomposite can be enhanced. To conclude, the stretchability and electrical 

performance of MWCNTs/PDMS nanocomposite are improved remarkably when a 

solvent with a low boiling point is utilized to fabricate the nanocomposite by the 

ultrasonication dispersion approach. It is beneficial for the following fabrication of the 

stretchable sensor based on the MWCNTs/PDMS composites. 
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Chapter 5  Fabrication and Characterization of the 

Stretchable Sensor based on the MWCNTs/CNTs 

Composite 

5.1 Introduction 

As reviewed in chapter 2, stretchable sensors based on electrically conductive polymer 

composites have attracted a great deal of attention due to their excellent compliance for 

human motion and sensitivity, compared to conventional sensors based on metal foils or 

semiconductors19, 38, 196. Obviously, conventional sensors cannot undergo larger strain 

(>>5%) and present a bad mechanical compliance with human motions. Thus stretchable 

polymer composites exhibit enormous potential to be employed for making electronic 

skin197-199, human motion detectors35, 200, soft robotics43, 201, smart textiles10, 202 and so 

forth203-205. 

As described in chapter 4, the MWCNTs/PDMS composite film has been fabricated and 

the dispersion state of CNTs has been guaranteed to be homogenous as much as possible. 

After that, the stretchable sensor based on the MWCNTs/PDMS composite should be 

devised for the practical application. In terms of the stretchable sensors, the design is 

required to not only have excellent mechanical compliance to the human motions, but 

also maintain or improve the performance of the pure MWCNTs/PDMS composite, 

including high stretchability, good sensitivity, hysteresis and so forth37, 145, 206. In other 

words, stretchable sensor should be ensured to be remarkable in all aspects of the sensing 

properties. However, at present a large number of invented stretchable sensors cannot 

exhibit excellent overall performance. For instance, Robert et al. invented the sensor made 
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of the PC-CNT nanocomposite17. Though it exhibited good sensitivity (GF up to 100), 

the hysteresis and stretchability are relatively poor.  

In this study, based on the as-fabricated MWCNTs/PDMS composite as described in 

chapter 4, a stretchable sensor with sandwich-like structure is devised (MWCNTs/PDMS 

nanocomposite which is wrapped in the two PDMS layers). The as-prepared strain sensor 

not only provides adequate stretchability and great sensitivity but also possesses very fast 

response time, good durability and low hysteresis. Furthermore, the sensor is managed to 

be employed to detect human motion. When they are mounted on the wrist or finger, they 

can monitor the motions promptly and accurately. With remarkable overall properties, 

the stretchable sensor based on the MWCNTs/PDMS composite will have a considerable 

potential to in field of wearable electronics device in future.  

Table 5-1 The amounts of MWCNTs, liquid PDMS, curing agent and solvent PDMS 

used in the experiment. 

Weight 

Ratio of 

MWCNTs 

Weight of 

MWCNTS 

Pentane for 

solving 

MWCNTs 

Pentane for 

solving 

PDMS 

Liquid 

PDMS 

Curing 

Agent 

5% 0.25 g 50 ml 40 ml 4.20 g 0.45 g 

7% 0.35 g 70 ml 40 ml 4.10 g 0.45 g 

9% 0.45 g 90 ml 40 ml 4.00 g 0.45 g 

5.2 Experimental Investigation 

5.2.1 Materials 

Multi-walled Carbon nanotubes (MWCNTs) were purchased from Graphene 

Supermarket. The diameter of MWCNTs ranges from 50-85 nm, and their lengths lie in 

the range from 10 to 15 μm. The pentane was supplied by Sigma Aldrich, while the 

PDMS and its curing agent were bought from Dow Corning Company (Sylgard 184). 

Noticeably, the experimental specific data are listed in Table 5-1. Considering the loss of 

MWCNTs which are probably adhesive to the beaker, the actual added liquid PDMS is 
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less than the theoretical amount. In addition, the ratio of liquid PDMS and curing agent 

is 10:1 theoretically, but for better curing of the mixture, slightly more curing agent is 

added. 

5.2.2 Selection of the Concentration of MWCNTs 

The fabrication method has been illustrated in section 4.2, so here just the choice of 

MWCNTs mass fraction will be described in order to find out the most suitable 

concentration of MWCNTs for stretchable sensors. In this work, we prepared 5%, 7%, 

and 9% MWCNTs/PDMS mixture suspensions respectively.  

Table 5-2 The electrical resistance of four samples in each type of MWCNTs/PDMS 

membranes with different concentrations of MWCNTs (5%, 7%, and 9%) as well as the 

average values and standard deviation of every four samples. 

MWCNTs 

Concentratio

n 

Resistanc

e  Group 

A 

Resistanc

e Group 

B 

Resistanc

e Group 

C 

Resistanc

e Group 

D 

Averag

e Value 

Standar

d 

Deviatio

n 

5% 
472.53 

kΩ 

263.18 

kΩ 

1028.64 

kΩ 

525.19 

kΩ 

572.39 

kΩ 
324.54 

7% 12.06 kΩ 18.75 kΩ 6.54 kΩ 20.36 kΩ 
14.43 

kΩ 
6.37 

9% 0.341 kΩ 0. 209 kΩ 0. 175 kΩ 0.264 kΩ 
0.247 

kΩ 
0.0725 

According to the contrast of sensing performance, the composite with 7% of MWCNTs 

is most suitable. At first, their electrical conductivities expressed by the electrical 

resistance were compared as shown in Table 5-2. 5% MWCNTs composite membrane 

exhibits poor and unstable electrical conductivity, electrical resistance ranging from 

263.18 to 1028.64 kΩ, whereas the resistance of 7% fluctuates from 6.54 to 20.36 kΩ. 9% 

of MWCNTs nanocomposite has the most stable and excellent electrical resistance (0.175 

to 0.341 kΩ). It can also be seen clearly that the standard deviations of electrical resistance 
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for composites with different MWCNTs concentrations produce a reduction along with 

the increase of the MWCNTs concentration, revealing the unstable resistance of the 

composites with low MWCNT concentration. The reason why the composite with lower 

concentration of MWCNTs exhibits unstable and poor electrical conductivity is related 

to the fact that it has less probability to construct conductive network158, 166. In the context, 

without an adequate quantity of CNTs to construct conductive paths, it is mainly 

dependent on the network structure. Conversely, once there is a sufficient quantity of 

CNTs, the network structure will not play an important role. Furthermore, with more 

additions of CNTs, the electrical conductivity of the composite will not increase as 

quickly as it did initially.   

 

Figure 5-1 The average resistance variation of MWCNTs composite with different 

concentration of MWCNTs upon stretching 

The sensitivity of the composites with different MWCNTS concentrations are 

investigated as depicted in Figure 5-1. It shows that the relative change in resistance of 

all the composites with different MWCNTs concentrations experiences rising when 

subjected to stretching, which can be ascribed to the reconstruction of the percolation 
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network. In fact, both the formation and separation can act at the same time over the 

course of stretching, which might be the reason why the relative change in resistance 

would increase in an oscillating pattern207. Additionally, when adjacent CNTs begin to 

separate, the tunneling resistance between them will increase, consequently resulting in 

raising the total resistance178, 208. Among the three composites, the one containing 5% 

MWCNTs has the best gauge factor (GF), approximately equal to 15. However, the 

relationship of relative change in resistance versus strain is not close to linearity and 

experienced drastic wavelike rise after strain 25%. This is because a large number of the 

connected paths of CNTs start to break. Although a few of them recombine 

simultaneously, the effect of breaking is more significant.  The composite with 7% 

MWCNTs has an approximately linear curve of the relative change in resistance against 

the applied strain (GF ranging from 5 to 9), while the GF of 9% MWCNTs is relatively 

small (GF≈1). The denser network constructed by MWCNTs leads to generating more 

conductive paths, avoiding drastic increases of resistance under stretching. While 

stretched, the electrical conductivity will not significantly decrease as long as the effective 

conductive paths are maintained by sufficient quantity of MWCNTs209. Although the 

sensitivity turns relatively mediocre, the sensor responds to the strain variation with 

outstanding linearity for the whole process (from 0% to 40%). From above, it can be 

found that the sensitivity of 9% MWCNTs composite sensor is not as high, and the curve 

of relative change in resistance versus the applied strain for 5% of MWCNTs is not linear 

enough. Hence, the composite incorporating 7% MWCNTs is the most suitable, which 

relatively has the most stable electrical conductivity, favorable sensitivity, excellent 

linearity and good stretchability. In addition, the microstructure of the MWCNTs/PDMS 

with 7% MWCNTs is observed by the SEM image to examine the dispersion state of 
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MWCNTs as shown in Figure 5-2c. It indicates that MWCNTs are dispersed evenly with 

little agglomeration so that the existence of conductive network is verified. 

 

Figure 5-2 (a) Fabrication procedure of the strain sensor based on MWCNTs/PDMS 

composite with sandwich-like structure. (b) Photographs of the as-prepared sandwich-

like strain sensor connected with copper wires. (c) The SEM image of the cross-section 

of the MWCNTs/PDMS composite. 

5.2.3 Sensor Fabrication 

Figure 5-2a depicts the procedure of making the stretchable sensor at length. The 

MWCNTs/PDMS membrane was cut into some sections with rectangle shapes. After 

placing them into the alumina mold, the mixture of PDMS prepolymer and curing agent 

were cast into the mold and covered the membrane. This was followed by curing at 80 °𝐶 

for 2 hours. After that, the PDMS layer adhesive with the MWCNTs/PDMS layer was 
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peeled off from the mold due to the penetration of the liquid PDMS into the composite. 

Then, two copper wires were attached onto the two ends of the MWCNTs/PDMS 

membrane by silver paste. At last, another layer of liquid PDMS was cured on the top of 

the MWCNTs/PDMS layer to form a sandwich-like structure as displayed in Figure 5-2b. 

Thus, there are three layers in total. Top and bottom lay×ers are PDMS whose thickness 

is 1mm, while the middle layer is the MWCNTs/PDMS composite layer whose thickness 

is 0.8 mm. Notably, due to the penetration of liquid PDMS, the top layer of PDMS can 

firmly combine with the other two layers. Moreover, the adhesive force between these 

layers induced by the penetration of PDMS is big enough to guarantee these layers can 

be stretched together with a large strain210. Based on the tension test (Figure 4-5a), the 

Young’s modulus of the MWCNTs/PDMS composite is bigger than that of the pure 

PDMS. Thus, the adhesive force between these layers will give a shear force to the 

MWCNTs/PDMS layer in order to make it stretched as long as the outer PDMS layer. 

Once the strain gets beyond a certain value, the adhesive force cannot sustain sufficient 

shear force to make the composite layer stretched and the composite layer will detach 

from the outer PDMS layer166, 210. Due to the encapsulation of PDMS, the sensor can be 

directly mounted on the skins without wrinkling and plastic deformation to the middle 

nanocomposite membrane. The length of the conductive section of the sensor (the section 

between two silver pastes) is around 35mm. The stretched length and original length are 

measured as illustrated in Figure 5-3. 

5.2.4 Sensors Characterization  

The microstructure of MWCNTs/PDMS composite was observed using Scanning 

Electron Microscope (SEM, Hitachi SU-70). The electrical conductivity and 

piezoresistivity of sensors were measured using a UNI-T UT803 multimeter by a standard 
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two-probe method. The tension test was conducted using TA.XT plus microforce 

analyzer to study the hysteresis, durability, sensitivity and so on. It is worth noting that 

the clamps of the analyzer should clamp the two ends of the sample and cover the silver 

paste section to avoid the tension of silver paste as shown Figure 5-3.  

 

Figure 5-3 The sample are measured under the initial state (a) and stretched state (b) in 

the tensile test 

5.3 Sensitivity and Hysteresis 

As section 5.2.2 explained, the sensor with 7% MWCNTs exhibited high sensitivity with 

GF ranging from 5 to 9. Next, the 7% MWCNTs sensor undergoes stretching/relaxing 

cycle to observe the hysteresis performance. Different strains are applied (10%, 20%, and 

40%) and the tension speed is set as 0.5mm/sec. The dependence of relative change in 

resistance and strain history is displayed in Figure 5-4a. No matter what the applied strain 

is, the slope of the curve of relative change in resistance against the applied strain is 

almost equal, which indicates that the sensor has excellent stability and linear response to 
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the mechanical stimuli. That is to say, the gauge factor of the sensor ranges from 5 to 9 

upon stretching within strain 40%. The CNTs-based sensor made by Wang et al. 

possessed unstable gauge factor, which varied from 10 to 50 under strain 40%16. Besides, 

the graphene-based strain sensor fabricated by Park et al. only exhibited a gauge factor of 

around 1. Hence, this sensor has excellent sensitivity10. Furthermore, the relative change 

in resistance diminishes promptly and timely when the sensor starts to be released. While 

the sensor is being released, the trace of relative resistance variation is close and similar 

to that under stretching. In other words, there exists little hysteresis in this process. Here, 

to better know the hysteresis performance, it is quantified by a formula Eq. 5-1: 

𝛾𝐻 =
∆𝐻𝑚𝑎𝑥

𝑌
× 100% 5-1 

Where the  𝛾𝐻  is the hysteresis error index, while ∆𝐻𝑚𝑎𝑥  is the maximum difference 

between the ΔR/R0 in the stretching and releasing cycle and Y denote the maximum full 

scale ΔR/R0, respectively. The hysteresis error index for 20% strain is 30.4%, whereas 

that for 10% strain is 16.8% and for 40% strain is 9.3%. Although the hysteresis for 20% 

strain is larger than the other two, the error still can be tolerable. For example, the carbon 

black/PDMS composite sensor fabricated by Kong et al. exhibited hysteresis error around 

25% upon stretching of 10% strain157. Amjadi et al. made a stretchable sensor composed 

of silver nanowire-elastomer nanocomposite which presented hysteresis error 30% 

roughly subjected to 10% strain stretching22. It is perhaps attributed to the fact that the 

network of CNTs would reconfigure differently in each stretching. Therefore, the 

hysteresis error only can be guaranteed to be under an accepted limit. 



81 

 

 

Figure 5-4 (a) the curve of relative change in resistance against the applied strain upon 

stretching in different strain for the sandwich-like sensor. (b) the correlation between 

the relative variation in resistance versus time subjected stretching of 10% strain at 

different tension speed. 

In addition, considering that the tension speed is one of the main influential parameters 

on the piezoresistivity performance, herein the piezoresistive behavior of the sensor is 

studied at different tension speeds. The sensor is stretched up to 10% strain at different 

tensile speeds as illustrated in Figure 5-4b. It can be seen that not only the sensitivity 

remains stable, but also the curve of relative resistance change versus time maintains its 

linearity. In other words, the strain gauge exhibits a strain-rate independent piezoresistive 

response in terms of sensitivity and linearity. However, the response time is different 

when subject to stretching/releasing with different tensile speeds.  

As shown in Figure 5-5, when the tension speed is 0.5mm/sec and 1mm/sec, the electrical 

resistance response will produce a slight delay, which could be observed through 

comparing the peaks of ΔR/R0-Time curve and Strain-Time curve. Nevertheless, when the 

sample was stretched at a rate of 0.1mm/sec or 0.2mm/sec, the delay can be neglected. It 

might be attributed to the error caused by the resolution limit of the multimeter, or it is 

probably induced by the hysteresis of the PDMS 211, 212. Furthermore, quicker tensile 

speed would lead to a bigger difference between initial and ending resistance, which can 

be explained by the fact that the CNTs cannot go back to the balanced state promptly in 
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the PDMS matrix due to the presence of friction between the CNTs and PDMS213, 214. 

That is to say, quick tensile speed does not offer sufficient time to make internal structure 

reaching balanced and stable status. To be specific, as the sensor is stretched the 

MWCNTs network structure reshapes at the same time, so the neighboring MWCNTs 

need time to reach the equilibrium state mutually again through the van der Waals 

interactions between them and the interactions between CNTs and PDMS31, 116, 146. 

 

Figure 5-5 the relative change in resistance and the applied strain as a function of time 

at different tension rates 0.1mm/sec (A), 0.2mm/sec (B), 0.5mm/sec (C), 1mm/sec (D). 

5.4 Response Time 

Figure 5-6a exhibits the dynamic relative resistance change response of the sensor 

incorporating 7% MWCNTs to the strain variation (0-10%) under stretching/relaxing 

cycles at a tension rate of 1mm/sec. As indicated in the figure, the profile of the change 

in resistance has greatly overlapped the strain profile, manifesting that the sensor has 
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prompt response speed. Although the resistance after the cycle of stretching/releasing 

cannot go back to the initial value at once, the difference is tiny enough to neglect. In 

addition, the GF still reaches around 2. In contrast, the sensor is also applied on stretching 

and releasing with 0-20% strain at the same tension speed as illustrated in Figure 5-6b. 

As expected, the profile of the relative change in resistance almost precisely followed the 

strain variation, in spite of one remarkable phenomenon that the resistance after the first 

cycle of stretching/releasing cannot go back to the initial value. However, in the following 

cycles, not only the value of the relative change in resistance in each valley varies 

marginally less than 1%, but also its curve against time shows stable wave variation. This 

phenomenon is mainly caused by the frictions between the CNTs and PDMS213. Due to 

the high tension strain and CNTs slippage, CNTs percolation network in the PDMS 

matrix upon releasing is unable to recover to the stable and balanced structure fully and 

promptly. Hence after the first cycle, the values of relative change in resistance in the 

valleys are bigger than the initial value and then stay similar. Besides, in the 10% strain 

stretching/releasing cycle, the resistance after every cycle can recover to the initial value 

approximately because the relatively small strain does not lead to the delay time of 

recovery. In any case, when the sensor is subjected to sequential stretching/relaxing 

cycles with 10% or 20% strain, it still shows a desirable consistency between resistance 

change and strain variation. 
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Figure 5-6 Resistance Response of the strain sensor to the cycle of stretching/releasing 

with 0%-10% strain variation (a) and 0-20% strain variation (b). 

 

5.5 Durability 

The durability which is an important indicator for the strain sensor represents the 

endurance to the long-term stretching/releasing cycles with excellent mechanical and 

electrical performance simultaneously. As depicted in Figure 5-7a, the strain sensor was 

stretched and relaxed circularly 1000 times with 10% strain at the tension speed of 

1mm/sec. The bulk electrical resistance of the sensor experiences a quick drop at the 

initial phase, then it slightly diminishes. To the best of our knowledge, two competitive 

processes that are destruction and formation of conductive paths works during the 

stretching of composites116. In the region where CNTs are dispersed evenly, the 

conductive paths would be destroyed remarkably under stretching process. As to the 

region of CNTs clusters, due to the sufficient aggregation of MWCNTs, conductive 

channels of CNTs would not be destructed. Instead, the clusters of MWCNTs may be 

separated apart gradually when the sensor is repeatedly stretched and released, resulting 

in the formation of more conductive paths in the MWCNTS agglomeration regions119, 149. 

This demonstrates that the initial resistance after each cycle decreases. Moreover, with 

the progressive separation of CNTs agglomeration, the downtrend of resistance slows 

down and the resistance will approach one stable value. Besides, the CNTs would become 
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aligned in stretching direction after a series of stretching/releasing215. As a consequence, 

this may help to improve the electrical conductivity along the stretching direction, but the 

sensitivity may be deteriorated164, 216. Furthermore, after a large number of 

stretching/releasing, the sensor still exhibits the stable sensitivity and quick response time 

when subjected to strain variation, which can be seen in the detailed view of the red circle 

part (Figure 5-7b). 

 

Figure 5-7 (a) the long-term relative variation in resistance of the strain sensor when 

subjected to the 1000 cycles of stretching/releasing (from 0% to 10% strain). (b) the 

relative change in resistance of the strain sensor magnified from the red circle part in 

(a). 

After a series of characterization, the sensor proves that it has a desirable overall 

performance. It not only exhibits favorable sensitivity, low hysteresis, and quick response 

but also can adapt to different tension speeds and guarantee sufficient longevity. Lastly, 

the as-prepared strain sensor was employment for detecting the human motions to observe 

whether it can be eligible for these tasks or not. 

5.6 Human Motions Detection 

The as-fabricated sensors are also put into practical use in IBTec, Auckland, New Zealand. 

The deformation of the majority of human motions, such as wrist and finger bending, 

typically would not give rise to strain exceeding 40%13. Figure 5-8 shows the relative 

change in resistance when subjected to wrist bending.  
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Figure 5-8. (a) to (j) the curves of relative change in resistance versus time for the strain 

sensor when subjected to wrist bending from ten volunteers. 

As shown in Figure 5-8a, the sensor is mounted on the wrist skin with insulating tape. 

There are ten volunteers who participated in this human motions test. It can be found from 

Figure 5-8a to 5-8j that the maximum values of relative variation in resistance lie in the 

range from 0.7 to 3. The participants were asked to hold the wrist bending for seconds. It 

can be clearly seen in Figure 5-8 that the relative variation in resistance remained a high 

stable value for a while when participants kept wrist bending state. This phenomenon 

provided evidence that the sensor possesses high sensitivity and prompt response speed.  

Besides, the finger bending was detected by two different motions, bending/relaxing with 

an angle around 45 degrees and bending/relaxing with a 90-degree angle. The sensor was 

attached on the finger with insulting tape as displayed in Figure 5-9a. Similarly, ten 
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volunteers participated in this test of bending finger. The data of resistance change 

following fingers bending were recorded and exhibited in Figure 5-9a to 5-9j. It can be 

found that the relative change in resistance fluctuated in the range from 0.4 to 0.7 when 

finger bending angles were around 45 degrees. In contrast, when fingers bending with an 

angle of 90 degrees, it shows a higher value of the relative change in resistance, twice or 

more than that of bending fingers with 45 degrees. This demonstrates that this sensor can 

be applied to monitor human motions with different deformation extent. Also, according 

to the results of the practical test, it provides evidence that the sensor possesses high 

sensitivity and prompt response speed. 
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Figure 5-9 (a) to (j) the curves of relative change in resistance versus time for the strain 

sensor when subjected to finger bending from ten volunteers.  

5.7 Conclusion 

In this chapter, it is described that the stretchable MWCNTs/PDMS composite was 

manufactured through a facile and effective approach and then encapsulated by PDMS 

with sandwich-like structure. After comparison and analysis, the composite containing 7% 

MWCNTs is the most suitable for making the stretchable sensor. Also, it can be seen that 
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MWCNTs is dispersed fairly uniformly in the PDMS matrix by observing SEM images. 

The as-prepared strain sensor not only exhibits high stretchability which was able to be 

stretched as high as 40% of its original length, but also it shows high sensitivity (GF 

ranging from 5-9). In addition, the sensor can respond immediately and precisely when 

subjected to a succession of stretching/releasing cycles with low hysteresis. Furthermore, 

the strain sensor still performs well after 1000 stretching/releasing cycles, demonstrating 

favorable durability. In the end, the practical employment of the strain is verified by the 

fact that the sensors can detect wrist bending precisely and promptly as well as the 

distinguishing between two finger bending motions. Considering these advantages of the 

strain sensor, it is trustworthy that both the sensor and the composite have potentials to 

be utilized in various fields, including wearable devices, biomedical detectors and so forth. 
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Chapter 6 Fabrication and Characterization of the Serpentine 

Sensor 

6.1 Introduction 

Although the stretchable sandwich-like sensor based on rectangular MWCNTs/PDMS 

composite has exhibited favorable performance, there is still much room for promotion 

in terms of the linearity of response to strain and hysteresis performance.  In addition, it 

is common that conventional sensors merely based on the conductive polymer composite 

suffer from some drawbacks. That is, it is hard for these sensors to do well in all aspects 

of sensing performance. For instance, Tadakaluru et al. fabricated a stretchable strain 

sensor based on multi-wall CNTs (MWCNTs) and rubber. Although it showed high 

sensitivity and stretchability, the nonlinear response to strain was still a negative point19, 

217.  

Besides, for the advanced application, like electronic skin, soft robot and smart textile, 

the multifunction of stretchable sensors nearly has been the basic requirement. 

Consequently, the demand for multifunctional sensors increased146, 218. Rahimi developed 

a stretchable sensor that could differentiate between the longitudinal and transverse 

strains. The conductive carbon nanomaterials were created and patterned by direct laser-

pyrolization of a polyimide tape, resulting in highly porous carbon line traces 

simultaneously147. Then the patterned carbon nanomaterial was encapsulated in the 

polydimethylsiloxane (PDMS). Due to the shape of the carbon nanomaterial structure, 

the sensors would respond with different resistance variations when subjected to 

longitudinal and transverse strains. Accordingly, here the serpentine sensor is devised and 

fabricated, managing to resolve and improve these bottlenecks. 
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In this chapter, the serpentine sensor was fabricated via a facile molding technique similar 

to the method described in chapter 5. The stretchable sensor is made of MWCNTs/PDMS 

nanocomposite with a serpentine shape which is encapsulated in the insulating PDMS 

matrix. The sensor was characterized to observe sensing performance, like hysteresis, 

sensitivity, response time and linearity. Also, it is found that the sensors can differentiate 

the strains in longitudinal and transverse directions. Meanwhile, finite element models 

(FEM) are built to investigate the strain and stress variation of the MWCNTs/PDMS 

composite with serpentine shapes when subjected to stretching. The as-fabricated sensor 

here shows great potential for future applications in the field of electronic skins. 

 

Figure 6-1 (a) Stretchable Sensor with serpentine MWCNTs/PDMS composite 

encapsulated by PDMS. (b) Schematic illustration of the structure of the stretchable 

sensor. 

6.2 Experimental Investigation 

6.2.1 Design of the Sensor 

 The stretchable serpentine sensor is comprised of three parts. The MWCNTs/PDMS 

composite with serpentine shape is encapsulated in the PDMS matrix as shown in Figure 

6-1. Notably, the serpentine MWCNTs/PDMS composite is manufactured via a molding 

technique. The dimension data of serpentine shape is described in Figure 6-2. dl is the 

length of the linear part designed to be 10 mm and r is the radius of the semi-circle (3 
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mm), while w is the width of the MWCNTs/PDMS composite, equal to 1 mm. To attach 

the copper wire onto the serpentine composite using silver paste, the area of two ends of 

the serpentine composite are enlarged and designed with circular shapes. The thickness 

of the serpentine shape is 0.8 mm. 

 

Figure 6-2 The schematic of the serpentine shape design 

6.2.2 Materials  

MWCNTs were provided by Graphene Supermarket Company. The diameters of 

MWCNTs range from 50-85 nm and their lengths lie in the scope from 10 to 15 µm. The 

pentane used as a solvent was supplied by Sigma Aldrich, while the PDMS and its curing 

agent were purchased from Dow Corning Company (Sylgard 184). 

6.2.3 Sensor Fabrication and Characterization 

The fabrication procedure of MWCNTs/PDMS suspension has been described in section 

4.2. Here the whole process of the serpentine sensor is illustrated. Its procedure schematic 

is illustrated in Figure 6-3a. Having MWCNTs/PDMS mixture suspension prepared, the 

mixture was cast into the aluminum mold with serpentine shapes. Next, the bubbles in the 

mixture should be removed in the vacuum state. After that, the mixture can be cured at 

80 °C for 2 hours in a vacuum oven. After curing, the PDMS pre-polymer was poured on 
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the serpentine composite to form a PDMS layer. After two hours for curing, the PDMS 

layer adhered to the serpentine MWCNTs/PDMS composite and could be peeled off 

together from the mold. This is ascribed to the penetration of the liquid PDMS into the 

composite as shown in Figure 6-3c. The thickness of the PDMS layer is 0.8 mm. Two 

copper wires were then attached to the two circular ends of the serpentine 

MWCNTs/PDMS composite by silver paste. Finally, another thin layer of liquid PDMS 

was cured to encapsulate the MWCNTs/PDMS composite, forming a sandwich-like 

structure.  

 

Figure 6-3 (a) Fabrication procedure of the stretchable strain sensor based on serpentine 

MWCNTs/PDMS composite via molding technique. (b) The SEM image of the cross-

section of the serpentine MWCNTs/PDMS composite. (c)The Cross-sectional SEM 

image of the stretchable sensor in the interaction zone between MWCNTs/PDMS 

composite layer and the PDMS layer. 
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Firstly, the microstructure of the serpentine sensor was observed using Scanning Electron 

Microscope (SEM, Hitachi SU-70). Both the fraction surface of the MWCNTs/PDMS 

composite and the interface between the MWCNTs/PDMS composite layer and PDMS 

layer were captured to be analyzed as shown in Figures 6-3b and 6-3c. The electrical 

conductivity and piezoresistivity of the sensor were measured using a UNI-T UT803 

multimeter by a standard two-probe method. The repetitive tension tests were carried out 

using TA.XT plus microforce analyzer to investigate the performance of sensitivity, 

response time, hysteresis and so forth. 

6.3 Characterization Results 

It can be clearly seen in Figure 6-3b that the MWCNTs are homogeneously dispersed in 

the PDMS matrix without voids. The excellent dispersion state of MWCNTs reflects that 

the electrically conductive network is well created so that the electrical and mechanical 

properties of the composite would be strengthened as much as possible. The electrical 

resistance data for all the serpentine MWCNTs/PDMS composites samples are listed in 

Table 6-1. Their average value of resistance is 607.3KΩ. 

Table 6-1 The initial measured resistance of three serpentine sensors based on the 

MWCNTs/PDMS composite with 7% MWCNTs as well as the average value of the 

three sensors. 

MWCNTs 

Concentration 

Resistance 

Group A 

Resistance 

Group B 

Resistance 

Group C 

Average 

Value 

7% 615 kΩ 595 kΩ 612 kΩ 607.3 kΩ 

In addition, Figure 6-3c exhibits the interface between the PDMS layer and the 

MWCNTs/PDMS composite layer. The interface is fairly smooth without any obvious 

detachment. This is ascribed to the penetration of liquid PDMS into the cured 
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MWCNTs/PDMS composite layer in the manufacturing process. Thus, there is a strong 

binding between these two layers. 

6.3.1 Sensitivity 

When the sample is undergoing tensile force in the transverse or longitudinal direction as 

displayed in Figure 6-4a, due to the special serpentine shape, the resistance variation 

subject to these two different strains theoretically would be different. As a result, the 

sensitivities of the stretchable sensor for tension in a different direction would also have 

a big difference. The sensitivity can be expressed by Gauge Factor (GF) as described in 

Eq. 3-15. It can be seen in Figure 6-4b that the relative change in resistance against 

transverse strain responds linearly, while the relative change in resistance subjected to 

longitudinal stretching exhibits a wavelike rise. Meanwhile, the GF under longitudinal 

stretching is better than that subjected to transverse tension. In addition, the rectangular 

CNTs/PDMS composite sample was implemented with a tensile test in chapter 5 (blue 

dash line in Figure 6-4b). It can be clearly seen that the blue curve of average relative 

resistance change against strain is nonlinear and the GF (around 5.5 to 6) is fairly larger 

than those of the serpentine samples subjected to both transverse (red dot line) and 

longitudinal stretching (black cube line). It can be explained by the fact that the serpentine 

shape of the sample somewhat alleviates the CNTs/PDMS composite deformation 

regardless of the stretching direction so that the conductive network of CNTs in the 

PDMS matrix will be slightly destroyed, resulting in mild resistance increase. Notably, 

linearity is an important parameter for a stretchable sensor. Nonlinearity of sensors makes 

the calibration process complex and difficult 219, 220. Resistive-type sensors usually exhibit 

bad linearity, which is viewed as the common drawback221. This serpentine sensor 

overcomes this drawback to some extent.  
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Table 6-2 The experimental data of the MWCNTs/PDMS composite and PDMS for the 

FEM simulation 

Material Young’s 

Modulus 

Poisson’s 

Ratio 

Density 

MWCNTs/PDMS composite 5MPa 0.4 1.1338 g/cm3 

PDMS 2MPa 0.45 0.97 g/cm3 

 

 

Figure 6-4 (a) The schematic of the stretchable sensor applied with tensile strain along 

the transverse direction or the longitudinal direction. (b) The curve of average relative 

change in resistance against the applied tensile strain in transverse and longitudinal 

direction for the serpentine stretchable sensor as well as the curve for the rectangular 

stretchable sensor. 

Furthermore, the finite element model (FEM) of the serpentine CNTs/PDMS composite 

was built in order to reveal the underlying physics of deformation. According to the 

mechanical parameter of materials from our previous studies or other literature (refer to 

Table 6-2), the FEM was built and the interaction between these two material surfaces 

was set with tie constraint to ensure that there was no relative motion between them222, 

223. In fact, if the sample suffered from severe tension deformation (strain up to 50%), 

these two surfaces would inevitably experience a slight slide36. However, the FEM here 

was supposed to be subjected to only 20% strain because the silver paste would start to 

detach from the CNTs/PDMS composite in an actual tension test. One side of the FEM is 

fixed and the other side was exposed to tensile force as shown in Figure 6-5a. Thus, the 
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FEM applied transverse and longitudinal uniform strain of 20% (εx and εy) respectively. 

The results displayed in Figures 6-5c and 6-5d reveal that while the whole model suffered 

from 20% transverse strain, the serpentine composite does not yield so much strain. As 

shown in the contour plot (Figure 6-5c), the maximum strain in the arc parts is only up to 

8.6%, while the linear parts accommodate approximately 5.7% strain. For the model 

exposed to 20% longitudinal strain, linear parts yield 10% strain, which is still smaller 

than the whole strain 20% of the model as shown in Figure 6-5b. The strain variation of 

the serpentine composite indirectly reflects why the GF of the MWCNTs/CNTs 

composite with serpentine shape experiences a significant drop compared to that of the 

rectangular composite. 

 

Figure 6-5 (a) The schematic of the FEM model applied with transverse or longitudinal 

strain. (b) Illustration of the part of serpentine shapes stretched along the transverse 

direction for analytical calculation. (c) Contour plot of the transverse strain in the 

MWCNTs/PDMS composite. (d) Contour plot of the longitudinal strain in the 

MWCNTs/PDMS composite. 
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To better understand it, a simple analytical model is created to capture this physics as 

shown in Figure 6-5b. The deformation of the serpentine sensor under transverse 

stretching consists of structural change and the deformation of the CNTs/PDMS 

composite. It is firstly assumed that the arc parts were stretched along the transverse 

direction without rotation due to the actual tension strain not being large (20%). The linear 

parts would thus be in fact slightly stretched in length assuming that the rotation of the 

arc parts did not happen. However, thanks to the deformation of arc parts and tiny tension 

strain applied to the model, the length of the linear part can be viewed as the original 

length. In addition, based on the FEM in Figure 6-5c, the linear parts yet yield 

deformation (the average strain is around 5.756%). This deformation can be attributed to 

the tension in width. Therefore, the deformation of the serpentine structure can be divided 

into two parts: stretching of the arc length of the arc parts and the tension of the width of 

the linear parts. Hence, based on the designed serpentine structure, the equation can be 

written out as Eq. 6-. sw denotes the width strain (5.756%) and w is the width of the linear 

parts (1 mm, see Figure 6-2). Also, ∆L1 and ∆L2 are the stretched lengths induced by the 

serpentine structure, while ∆L is the difference between the initial length of the serpentine 

structure and the stretched length, which is equal to the product of the 20% strain and the 

initial length of the serpentine structure (17 mm). 

∆𝐿 = 4 ∗ (∆𝐿1 + ∆𝐿2) + 5 ∗ 𝑤 ∗ 𝑠𝑤 6-1 

According to geometrical information in the schematic, some equations can be listed to 

acquire the deformed geometrical parameters as follows: 

∆𝐿2 − ∆𝐿1 = 𝑑𝑙 ∗ 𝑠𝑖𝑛𝜃𝑎  6-2 

𝑟′ ∗ 𝑐𝑜𝑠𝜃𝑎 = 𝑟 + ∆𝐿1 6-3 

𝑟′ ∗ 𝑠𝑖𝑛𝜃𝑎 = 𝑟 − ∆𝐿1 6-4 
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Where 𝑑𝑙 is the length of the linear parts and 𝜃𝑎 is the angle of the stretched arc part. r 

and r' are the radius of the initial arc part and the stretched arc part, respectively. Notably, 

r and 𝑑𝑙 are known based on the dimensional schematic of the serpentine structure (see 

Figure 6-2). Accordingly, r' can be figured out, approximately equal to 1.595, while θ 

approaches 3.41˚. 

𝑙𝑎 = 𝜋 ∗ 𝑟 6-5 

𝑙𝑎
′ = 𝑟′ ∗ (𝜋 − 2 ∗ 𝜃𝑎) 6-6 

∆𝑙𝑎 = 𝑙𝑎
′ − 𝑙𝑎 6-7 

Then the difference between the initial arc length of the arc part 𝑙𝑎 and the stretched one 

𝑙𝑎
′  can be acquired by Eq. 6-5, Eq. 6-6, and Eq. 6-7. The resistance of the serpentine 

structure can be envisioned as the series resistance composed of arc parts and linear parts. 

Based on our previous studies, the curve of relative change in resistance versus strain for 

the rectangular MWCNTs/PDMS composite was fitted with the polynomial equation (Eq. 

6-10) as shown in Figure 6-6a. Here, this fitted equation is employed to evaluate the 

relative change in resistance of the serpentine structure through obtained strains using the 

following equations. 

𝐿𝑤 = 4 ∗ (𝑑𝑙 + 𝑙𝑎) 6-8 

𝑓𝑙 =
4∗𝑑

𝐿𝑤
, 𝑓𝑎 =

4∗𝑙𝑎

𝐿𝑤
 6-9 

                         ∆𝑅𝑟 = 𝑓𝑙 ∗ (𝑎1 ∗ 𝑠𝑤 + 𝑎2 ∗ 𝑠𝑤
2 + 𝑎3 ∗ 𝑠𝑤

3 + 𝑎4 ∗ 𝑠𝑤
4 ) + 

  𝑓𝑎 ∗ (𝑎1 ∗
∆𝑙𝑎

𝑙𝑎
+ 𝑎2 ∗ (

∆𝑙𝑎

𝑙𝑎
)2 + 𝑎3 ∗ (

∆𝑙𝑎

𝑙𝑎
)3 + 𝑎4 ∗ (

∆𝑙𝑎

𝑙𝑎
)4) 6-10 

Where Lw is the total actual length of the serpentine structure, while fl and fa are the 

proportion of the linear parts and arc parts to the total actual length, respectively. 

𝑎1, 𝑎2, 𝑎3 and 𝑎4 are the coefficients of the polynomial equation, which are worked out 

by the fitting process, and ∆𝑅𝑟 is the relative change in resistance of the serpentine 

structure. As a result, the relative variation in resistance for the whole serpentine structure 

has been estimated. 
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GF=∆𝑅𝑟/𝑠 6-11 

At last, the GF can be calculated analytically by the Eq. 6-11, where s denotes the total 

strain of the serpentine structure (20%). After calculation, GF is approximately equal to 

1.51, in excellent consistency with the measured value of 1.53 as displayed in Figure 6-

6b. It should be noticed that the gauge factor (slope of the curve) before strain 3% is 

obviously less than that after strain 3%. This is mainly because the serpentine structure 

of the sensor bears the majority of deformation instead of the CNTs/PDMS composites. 

 

Figure 6-6 (a) The average relative variation in resistance for the sensor based on 

rectangular MWCNTs/PDMS composite applied with tension deformation as well as its 

polynomial fitted curve. (b) The average relative variation in resistance for the sensor 

based on serpentine MWCNTs/PDMS composite applied with transverse tension 

deformation as well as its linear fitted curve 

6.3.2 Response time 

Although the resistance responses to the transverse and longitudinal strain are different, 

the difference may not be obvious to guarantee that it is capable of differentiating any 

tension strain from a different direction in practical application. Thus, at present, the 

sensor is mainly viewed as the uniaxial strain sensor. However, the serpentine structure 

really helps to improve the linearity of the resistance response to tensile strain. Besides 

the sensing linearity, the response time performance of the sensor subjected to the strain 

is also taken into consideration. 
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To investigate the response speed performance of the serpentine sensor, it was repeatedly 

stretched up to 10% and 20% strain at a tension rate of 0.2 mm/sec, respectively. Figures 

6-7a and 6-7b record both relative variation in resistance (ΔR/R0) and the strain variation 

of the serpentine sensor when subjected to the tensile strain of 10% and 20%, respectively. 

It can be found that the profile of the relative variation in resistance has an outstanding 

synchronization with that of the strain, revealing that the serpentine sensor possesses 

prompt response speed subjected to strain variation. Compared to the sensor based on 

rectangular MWCNTs/PDMS composite shown in Figure 5-6, the synchronization of 

relative change in resistance with the strain for the serpentine sensor is slightly better 

which can be observed in the synchronization of the valleys between the two curves of 

resistance change and strain (Figure 6-7). It can be explained by the fact that the 

MWCNTs/PDMS composite is only exposed to a relatively smaller tension strain due to 

the serpentine shape. Hence, the influence of the intrinsic hysteresis of the PDMS could 

be diminished213, 214. With regards to the 20% strain stretching/releasing cycles, the 

profile of the relative change in resistance still keeps excellent synchronization with the 

strain variation. Therefore, when the serpentine sensors are subjected to repetitive 

stretching/releasing cycles with strain up to 20%, it performed better in terms of response 

speed to the strain variation than the conventional rectangular one. 
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Figure 6-7 The relative change in Resistance of the serpentine sensor subjected to the 

cycle of stretching/releasing with 0%-10% strain variation (a) and 0%-20% strain 

variation (b). 

6.3.3 Hysteresis 

Figure 6-8a presents the hysteresis performance of the serpentine sensor under different 

applied transverse strains respectively (10% and 20%) with a tension rate of 0.2 mm/sec. 

As the figure illustrates, the electrical resistance of the serpentine sensor could not fully 

recover after complete releasing but the gap between the initial and final resistance is not 

fairly large. To better compare the hysteresis performance, the hysteresis index was 

worked out by a formula Eq. 5-1 in section 5.3.1. Therefore, when the sensor undergoes 

20% and 10% strain respectively, both of hysteresis performances are similar. In general, 

when subjected to large tension strain, MWCNTs in the PDMS matrix will seriously slide 

so that more time is needed for the MWCNTs to recover to the initial positions. This is 

mainly attributed to the friction force between the MWCNTs and PDMS matrix224. 

Ideally, without consideration of the friction force, the MWCNTs would slide back to the 

initial positions smoothly and immediately. However, if the friction force existed, 

MWCNTs had to spend time overcoming this force, leading to the resistance hysteresis. 

In addition, fracture and buckling of MWCNTs would be emerged along with the 

stretching, which is another factor to the resistance hysteresis22, 225. In this result that the 

hysteresis performances of the sensor subjected to different strains are close, it manifests 



104 

 

that when this sensor subjected to the strain under 20%, fracture extent and slide distance 

of MWCNTs in the polymer matrix are at the same level of magnitude. 

 

Figure 6-8 (a) The relationships between relative change in resistance and the applied 

strain when serpentine sensor experiences transverse stretching and releasing with 10% 

and 20% strain respectively and (b) the dependences between relative variation in 

resistance and the applied strain when the rectangular one undergoes transverse 

stretching/releasing cycle with 10% and 20% strain respectively 

In contrast to the hysteresis performance of rectangular MWCNTs/PDMS sensor shown 

in Figure 6-8b, as to the relative change in resistance with strain 10%, the hysteresis index 

for rectangular one is around 23.3%, worse than the serpentine one (16.8%). In addition, 

with regards to the strain 20%, the hysteresis index for rectangular one reaches 30.4%, 

while that for serpentine one is approximately 15.2%. As a result, it can be clearly seen 

that the hysteresis performance of the serpentine sensor is improved compared to the 

conventional rectangular one. It can be attributed to the function of the serpentine 

structure. Despite 20% strain applied on the serpentine sensor, the MWCNTs/PDMS 

composite actually only yield maximal 8% strain as described in the simulation. Hence, 

based on the explanations above, when the composite undergoes smaller strain, the 

friction force between MWCNTs and PDMS matrix will not be large and the phenomenon 

of MWCNTs fracture will be mitigated.  
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6.4 Conclusion 

In this chapter, a stretchable sensor based on serpentine MWCNTs/PDMS composite 

encapsulated with PDMS was fabricated using a facile molding technique. It was 

demonstrated that the serpentine sensor could exhibit more excellent response linearity to 

the tension strain than the conventional rectangular MWCNTs/PDMS composite sensor. 

Furthermore, the serpentine sensor responded differently in resistance change when 

subjected to tensile strain in transverse or longitudinal direction. Even though the 

difference is not large enough, it gives inspiration to the further investigation. Also, based 

on the strain simulation of the FEM, the GF was theoretically estimated which was in 

good agreement with the experimentally measured GF. In addition, both the hysteresis 

and response time performances of the serpentine sensor were both improved compared 

to the conventional rectangular sensor. This stretchable sensor not only exhibits a great 

potential to develop a multifunctional sensor but also improves the overall performance 

of the conventional stretchable sensor based on polymer composites. 
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Chapter 7 Summary and Future Work  

7.1 Research Summary 

This chapter summarizes all the findings of this research, in spite of relevant descriptions 

in previous chapters. In this research, three parts are studied, including simulation of 

piezoresistive property of CNTs-based conductive polymers composites, preparation of 

MWCNTs/PDMS composite with excellent performance and the fabrication of 

stretchable sensors based on MWCNTs/PDMS composite. 

In chapter 3, a model embedded with straight CNTs was randomly generated in order to 

seek the influencing factors on the electrical properties of the CNTs-based composites, 

which is helpful to the following experiments. Not only were the electrical resistance of 

the model acquired, but also influencing factors were listed and analyzed. Furthermore, 

the electrical conducive behavior caused by tensile strain was simulated to gain a 

fundamental understanding of the piezoresistivity of the CNTs-based composite.  

The fabrication method of the MWCNTs/PDMS composite was illustrated in the chapter 

4. As is well known, the key problem to prepare MWCNTs/PDMS composite is to 

uniformly disperse MWCNTs in the PDMS matrix. After a string of trial experiments, 

the conventional fabrication method of MWCNTs/PDMS composite was improved in this 

work. There are two issues regarding fabrication methods of MWCNTs/PDMS 

composites. One is the strong viscosity of the MWCNTs/PDMS composites which makes 

it difficult to coat the mixture on the mold without bubbles, and another is the re-

agglomeration phenomenon of MWCNTs after ultrasonication. The mixture was coated 

onto the mold using a blade and then the bubbles were forced out in the vacuum state. 

Through repeating this step, the flat surface of the mixture could be formed without 
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bubbles. In addition, the pentane, which has a low boing point, was adopted to diminish 

the evaporating time, thus resulting in the mitigation of the re-agglomeration of 

MWCNTs. 

In chapter 5, a stretchable sensor based on MWCNTs/PDMS composite was devised and 

fabricated. In order to maintain the stretchability of the composite and prevent the 

conductive composite from contacting human skins, the sandwich-like structure was 

designed (MWCNTs/PDMS composite was in the middle layer and PDMS were made as 

the top and bottom layers). In addition, the sandwich-like sensor were characterized in 

terms of the sensing performances, including sensitivity, hysteresis, durability, and 

response time. Lastly, the sensor was successfully employed to detect the human motions, 

wrist and finger bending. 

In chapter 6, the MWCNTs-based serpentine sensor capable of distinguishing tension in 

different directions is designed and made. Even though the difference of resistance 

response subjected to longitude and transverse tensile strain is not very big, the response 

linearity and hysteresis were enhanced.  

7.2 Summary of Contributions 

The works here have yielded a load of contributions to the body of research involving 

CNTs-based nanocomposites. 

At first, the mechanism of electrical property of CNTs-based composites are investigated 

in detail through a 3D model simulation. The electrical conductivity of CNTs-based 

composites is associated with the CNTs network constructed in the polymer matrix. The 

property of CNTs plays an important role in influencing the electrical conductivity of the 

composites. If the CNT has a large aspect ratio, the CNT volume fraction for percolation 
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threshold will reduce. If the electrical conductivity of the CNT is high, its composite will 

also have better electrical conductivity, but with no influence on percolation threshold. 

As to the piezoresistivity, the Poisson’s ratio of the stretchable polymer matrix produce a 

profound effect. The low Poisson’s ratio of the polymer may give an excellent sensitivity 

to the CNTs-based composites. In addition, if the CNT volume fraction is slightly higher 

than the percolation threshold range, the sensitivity of the composite will be strengthened. 

Secondly, conventional fabrication approach of CNTs-based polymer composites was 

modified and improved. With regards to the ultrasonication method, using the solvent 

with a low boiling point prevents CNTs from re-agglomeration during the period of the 

evaporation of solvent. Among solvents which are compatible with CNTs, pentane is the 

best choice due to its low boing point. The MWCNTs/PDMS composite film with good 

mechanical and electrical properties are successfully made. 

Thirdly, the sandwich-like stretchable sensor based on the rectangular MWCNTs/PDMS 

composite was designed and fabricated. It not only exhibited high sensitivity (Gauge 

factor up to 9), but also performed well in hysteresis. In addition, it had a good 

performance in term of the durability of stretching and response speed to applied tension 

strain. Furthermore, it was demonstrated that this stretchable sensor could be employed 

to detect human motions with high accuracy. 

Finally, the serpentine stretchable sensor based on MWCNTs/PDMS composite was 

made, which could differentiate the stretching direction. Even though it might not be at 

once used in practical application due to the low accuracy, it still improved the response 

linearity to tensile strain and hysteresis compared to the sandwich-like sensor. 
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7.3 Recommendations of Future Work 

More fruitful results may be acquired by continuing to do on this research. First, with 

regards to the simulation of CNTs-based composite model, the investigation of CNTs’ 

waviness can effectively enhance the accuracy of the electrical conductivity estimation. 

In addition, the agglomerations of CNTs are common in the polymer matrix. If the 

simulation can take it into account, the model may be more realistic. Furthermore, in this 

research, the stretching simulation merely assumed that the composite cube model would 

be elastically deformed and the complication strain variations around CNTs were 

supposed to be uniform. Thus, the future research should lay emphasis on the mechanical 

deformation simulation, whereas current concentration lies in the CNTs network 

reconfiguration.  

In addition, extension should be to devise the stretchable sensor which can possess several 

functions, such as simultaneous pressure and tension strain detection and even 

temperature sensing. At present, the conventional sandwich-like sensor can be utilized to 

detect simple human motions with high accuracy, like finger and wrist bending. As for 

the serpentine sensor, even though it can differentiate the tension strain in longitude and 

transverse direction, it still has far to go. In future, these simple and fundamental sensors 

can be developed to complicated sensors, like electronic skins, smart textile and so forth. 

Besides, the stretchable sensor should have some characters, like light weight, portability, 

self-power et al., so that can be widely employed in the wearable devices. 
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Chapter 8 Appendix: List of MATLAB Programs 

The MATLAB programs used for the numerical simulation of the CNTs composite model 

are listed as follows with a brief description. 

1. CNT_Model: this is the main script. It includes these outputs: a) CNTs percolation 

paths are found. b) the electrical conductivity of the model are calculated. 

2. CNT_Generation: this function randomly generates the sticks of CNTs. 

3. Dist_Point: this function calculates the distance between the two ending point of the 

CNT. 

4. DistBetween2Segment: this function calculates the minimum distance between the 

two adjacent CNTs and records the corresponding coordinates of the points on two 

CNTs. 

5. Intersection_Boundary: this functions determines whether a stick of CNT intersect 

a plane of the model and returns the coordinates of the intersecting point. 

6. AngleDiff: this function supplies incremental changes in sticks of CNTs orientation 

angles due to applied strain. 

7. VolFraction: this function computes the volume fraction of CNTs in the cube model. 

8. Net_Resistance: this function calculates the whole resistance and electrical 

conductivity of the cube model. 

9. Stretched_Model: this is script to generate the stretched model based on initial 

model with a fixed strain and updates the resistance and electrical conductivity of the 

whole. 

10. Stretch: this function is used to update the coordinates of CNTs after stretching. 
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[CNT_Model]: 

Clear; clc; 

% the outputs includes: 

% 1) CNTs randomly generated 

% 2) find out all the effective conductive CNTs 

% 3) calculate the electrical conductivity of the whole model. 

 

% Xiang Fu 

% Auckland University of Technology 

% August 2016 

 

time=100;  % the cycle number 

vf_group=zeros(100,1); 

cond_n_group=zeros(100,1); 

cond_range_group=zeros(100,2); 

cnt_cell_group=zeros(100,time); 

effective_percent_group=zeros(100,1); 

time_N=1; 

number_CNT=5000; % the number of CNTs 

cnt_direction=zeros(number_CNT,1); 

direction_serial=zeros(9,1); 

for N=number_CNT 

time_i=1; 

cnt_num=zeros(time,1); 

cnt_cell=zeros(time,10000); 

cond_cell=zeros(1,time); 

cond_percolation=zeros(1,time); 

time_percolation=0; 

while time_i<=time                                      

Nt=N;                                    

lMu=0.95; lSig=0.02*lMu;                  % unit is 1000 nm && mean length and stdev of 

CNTs 

rMu=0.0023; rSig=0.02*rMu;            % mean radius and stdev of CNTs 
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Vn=3;                                  % scaling factor 

V=[0 2;0 2;0 2]*Vn*ceil(lMu)/2;                % model size 

Cnt=struct('P_c',zeros(1,3),'P_s',zeros(1,3),'P_e',zeros(1,3),'theta',zeros(1,1),'phi',z

eros(1,1),'L',zeros(1,1),'D',zeros(1,1),'cube',zeros(1,Vn^3));          % created CNTs 

top_intersection_infors=zeros(2000,4);       

it=1; 

bottom_intersection_infors=zeros(2000,4);    

ib=1; 

cube=zeros(Vn^3,5000); 

for i=1:N 

    L=normrnd(lMu,lSig);                                 % length of CNT 

    D=2*normrnd(rMu, rSig);                              % diameter of CNT 

    [P_c,P_s,P_e,theta,phi]=cnt_generate(V,L);           % single CNT generated 

[P_s,P_e,S]=intersection_boundary(P_s,P_e,V);         % CNTs connected to boundary 

 

    % recording all the intersections of CNTs with top and bottom plane 

    c=sum(S); 

    if c>=1 

        P_c=(P_s+P_e)/2; 

        L=dist_points(P_s,P_e);             % update length of CNTs     

        if P_s(3)==V(3,2) 

            top_intersection=[i,P_s]; 

            top_intersection_infors(it,:)=top_intersection; 

            it=it+1; 

            clear top_intersection 

        elseif P_s(3)==V(3,1) 

            bottom_intersection=[i,P_s]; 

            bottom_intersection_infors(ib,:)=bottom_intersection; 

            ib=ib+1; 

            clear bottom_intersection 

        end 

        if P_e(3)==V(3,2) 

            top_intersection=[i,P_e]; 

            top_intersection_infors(it,:)=top_intersection; 
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            it=it+1; 

            clear top_intersection 

        elseif P_e(3)==V(3,1) 

            bottom_intersection=[i,P_e]; 

            bottom_intersection_infors(it,:)=bottom_intersection; 

            it=it+1; 

            clear bottom_intersection 

        end 

    end 

    % divide the model to small regions for quick search of intersected CNTs 

    serial_cube=zeros(1,Vn^3); 

    if P_s(1)==0 

    serial_cube1=ceil(P_s(1)+0.0000001)+Vn*floor(P_s(2))+Vn^2*floor(P_s(3)); 

    elseif P_s(2)==Vn||P_s(3)==Vn 

    serial_cube1=ceil(P_s(1))+Vn*floor(P_s(2)-0.0000001)+Vn^2*floor(P_s(3)-0.0000001); 

    else 

    serial_cube1=ceil(P_s(1))+Vn*floor(P_s(2))+Vn^2*floor(P_s(3));   

    end 

    if P_e(1)==0 

    serial_cube2=ceil(P_e(1)+0.0000001)+Vn*floor(P_e(2))+Vn^2*floor(P_e(3)); 

    elseif P_e(2)==Vn||P_e(3)==Vn 

    serial_cube2=ceil(P_e(1))+Vn*floor(P_e(2)-0.0000001)+Vn^2*floor(P_e(3)-0.0000001); 

    else 

    serial_cube2=ceil(P_e(1))+Vn*floor(P_e(2))+Vn^2*floor(P_e(3));   

    end 

    Diff=serial_cube1-serial_cube2; 

    if abs(Diff)==Vn||abs(Diff)==Vn^2||abs(Diff)==1 

        serial_cube(1:2)=[serial_cube1,serial_cube2]; 

    elseif abs(Diff)==Vn+1||abs(Diff)==Vn-1 

        max=max(serial_cube1,serial_cube2); 

        min=min(serial_cube1,serial_cube2); 

        serial_cube3=max-Vn; 

        serial_cube4=min+Vn; 
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        serial_cube(1:4)=[serial_cube1,serial_cube2,serial_cube3,serial_cube4]; 

    elseif abs(Diff)==(Vn-

1)*Vn||abs(Diff)==Vn*(Vn+1)||abs(Diff)==Vn^2+1||abs(Diff)==Vn^2-1 

        max=max(serial_cube1,serial_cube2); 

        min=min(serial_cube1,serial_cube2); 

        serial_cube3=max-Vn^2; 

        serial_cube4=min+Vn^2; 

        serial_cube(1:4)=[serial_cube1,serial_cube2,serial_cube3,serial_cube4]; 

    elseif abs(Diff)==0 

        serial_cube(1)=serial_cube1; 

    else 

        max1=max(serial_cube1,serial_cube2); 

        min1=min(serial_cube1,serial_cube2); 

        serial_cube3=max1-Vn^2; 

        serial_cube4=min1+Vn^2; 

        max2=max(serial_cube3,min1); 

        min2=min(serial_cube3,min1); 

        serial_cube5=max2-Vn; 

        serial_cube6=min2+Vn; 

        max3=max(serial_cube4,max1); 

        min3=min(serial_cube4,max1); 

        serial_cube7=max3-Vn; 

        serial_cube8=min3+Vn; 

        

serial_cube=[serial_cube1,serial_cube2,serial_cube3,serial_cube4,serial_cube5,serial_cub

e6,serial_cube7,serial_cube8]; 

end 

% storing the updated CNTs into CNTs strut group 

        Cnt(i).P_c=P_c; 

        Cnt(i).P_s=P_s; 

        Cnt(i).P_e=P_e; 

        Cnt(i).theta=theta; 

        Cnt(i).phi=phi; 

        Cnt(i).L=L; 

        Cnt(i).D=D; 
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        Cnt(i).cube=serial_cube; 

        serial_cube(serial_cube==0)=[]; 

    for ms=1:length(serial_cube) 

        zerotemp=find(cube(serial_cube(ms),:)==0); 

        cube(serial_cube(ms),zerotemp(1))=i; 

    end 

    clear serial_cube1 serial_cube2 serial_cube3 serial_cube4 serial_cube5 serial_cube6 

serial_cube7 serial_cube8 max min max1 min1 max2 min2 max3 min3 i  

end   

  

% find out the effective conductive CNTs 

 

%%  

h=0.0018;                                 % cut-off distance of tunneling distance     

intersection_infors=zeros(5000,9);           

ii=0; 

intersection_infors_with_tunnel=zeros(5000,10);  

iit=0; 

cluster=zeros(10000,10000);                    

row_cluster=0; 

effective_cluster_serial=zeros(5000,2000);   

iec=0; 

icc=1; 

clusternum1=zeros(5000,1); 

row_cn=0; 

intersection_num=zeros(5000,1); 

row_in=0; 

effective_cnt_serial=[];                              

for i=2:N     

    tempserical_cube=Cnt(i).cube; 

    tempserical_cube(tempserical_cube==0)=[]; 

    tempcube=cube(tempserical_cube,:); 

    tempcube(tempcube==0)=[]; 

    tempcube=unique(tempcube); 
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    tempcube(tempcube==i)=[]; 

    unique_tempcube=tempcube(tempcube<i); 

    for j=unique_tempcube 

        [dmin,q,Pi_ints,Pj_ints] = 

DistBetween2Segment(Cnt(i).P_s,Cnt(i).P_e,Cnt(j).P_s,Cnt(j).P_e); % minimum distance 

between CNTs 

        if dmin<=(Cnt(i).D+Cnt(j).D)/2+h           % judge whether CNTs are conducive  

            intersection_numi=i; 

            intersection_numi_point=Pi_ints; 

            intersection_numj=j; 

            intersection_numj_point=Pj_ints;       

intersection_infor=[intersection_numi,intersection_numi_point,intersection_numj,intersec

tion_numj_point,dmin]; 

            ii=ii+1; 

            iit=iit+1; 

            intersection_infors(ii,:)=intersection_infor;          

intersection_infors_with_tunnel(iit,:)=[intersection_infor(1:4),0,intersection_infor(5:8

),0]; 

            if dmin>(Cnt(i).D+Cnt(j).D)/2 

                Nt=Nt+1; 

                intersection_infors_with_tunnel(iit,6)=Nt; 

                intersection_infors_with_tunnel(iit,7:9)=intersection_infor(2:4); 

                intersection_infors_with_tunnel(iit,10)=1; 

                iit=iit+1; 

                intersection_infors_with_tunnel(iit,1:4)=intersection_infor(5:8); 

                intersection_infors_with_tunnel(iit,5)=0; 

                intersection_infors_with_tunnel(iit,6)=Nt; 

                intersection_infors_with_tunnel(iit,7:9)=intersection_infor(6:8); 

                intersection_infors_with_tunnel(iit,10)=1; 

            end 

            clear intersection_numi intersection_numi_point intersection_numj 

intersection_numj_point intersection_infor 

            clear dmin q Pi_ints Pj_ints 

            [row1,~]=find(cluster==i); 

            [row2,~]=find(cluster==j); 

            D1=isempty(row1); 

            D2=isempty(row2); 
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            if D1==1&&D2==1                          

                row_cluster=row_cluster+1; 

                cluster(row_cluster,1:2)=[j,i];      

            elseif D1==1&&D2==0                          

                zero_index1=find(cluster(row2,:)==0); 

                cluster(row2,zero_index1(1))=i; 

            elseif D1==0&&D2==1                           

                zero_index2=find(cluster(row1,:)==0); 

                cluster(row1,zero_index2(1))=j; 

            elseif D1==0&&D2==0 

                if row1~=row2                                               

                    tempcluster=union(cluster(row1,:),cluster(row2,:)); 

                    cluster(row1,1:length(tempcluster))=tempcluster;       

                    cluster(row1,:)=sort(cluster(row1(1),:),'descend'); 

                    cluster(row2,:)=[]; 

                    row_cluster=row_cluster-1; 

                    clear tempcluster 

                end 

            end 

             

        end 

    end 

    clear row1 row2 D1 D2 

end 

  

%% 

[vf,as]=volFraction(Vn,lMu,Cnt,N);                % volume fraction of CNTs  

%% 

 

% deleting CNTs cluster that do not connect to other groups as well as both top and 

bottom plane 

top_intersection_infors(all(top_intersection_infors==0,2),:)=[]; 

bottom_intersection_infors(all(bottom_intersection_infors==0,2),:)=[]; 

cluster(all(cluster==0,2),:)=[]; 
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cluster_record=cluster; 

intersect_A=[]; 

for i1=1:row_cluster 

    AX=intersect(cluster(i1,:),top_intersection_infors(:,1)'); 

    BX=intersect(cluster(i1,:),bottom_intersection_infors(:,1)'); 

    if isempty(AX)||isempty(BX) 

        row_cn=row_cn+1; 

        clusternum1(row_cn,1)=i1; 

    end 

end 

clear   i1 i2 

if sum(abs(clusternum1(:)))~=0 

    clusternum1_delete=clusternum1; 

    clusternum1_delete(clusternum1_delete==0)=[]; 

    cluster(clusternum1_delete,:)=[]; 

end 

clear clusternum1_delete 

  

% transfer storing matrix to storing vector 

if sum(abs(cluster(:)))~=0 

    effective_cnt_serial=cluster; 

    effective_cnt_serial(effective_cnt_serial==0)=[]; 

end 

%% 

  

% find out effective CNT intersection points 

if ~isempty(effective_cnt_serial) 

    if h~=0 

        intersection_infors_with_tunnel(all(intersection_infors_with_tunnel==0,2),:)=[]; 

        [m2,n2]=size(intersection_infors_with_tunnel); 

        record_tunnel=intersection_infors_with_tunnel; 

        for ix=1:m2 

            if intersection_infors_with_tunnel(ix,10)==1 
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                E=ismember(intersection_infors_with_tunnel(ix,1),effective_cnt_serial); 

                F=ismember(intersection_infors_with_tunnel(ix,6),effective_cnt_serial); 

                if E==0&&F==0 

                    row_in=row_in+1; 

                    intersection_num(row_in,1)=ix; 

                end 

            elseif intersection_infors_with_tunnel(ix,10)==0 

                E=ismember(intersection_infors_with_tunnel(ix,1),effective_cnt_serial); 

                F=ismember(intersection_infors_with_tunnel(ix,6),effective_cnt_serial); 

                if E==0||F==0 

                    row_in=row_in+1; 

                    intersection_num(row_in,1)=ix; 

                end 

            end 

        end 

        intersection_num(intersection_num==0)=[]; 

        intersection_infors_with_tunnel(intersection_num,:)=[]; 

        intersections=intersection_infors_with_tunnel; 

    else 

        intersection_infors(all(intersection_infors==0,2),:)=[]; 

        [m3,n3]=size(intersection_infors); 

        record_no_tunnel=intersection_infors; 

        for ix=1:m3 

            E=ismember(intersection_infors(ix,1),effective_cnt_serial); 

            F=ismember(intersection_infors(ix,5),effective_cnt_serial); 

            if E==0||F==0 

                row_in=row_in+1; 

                intersection_num(row_in,1)=ix; 

            end 

        end 

        intersection_num(intersection_num==0)=[]; 

        intersection_infors(intersection_num,:)=[]; 

        intersections=intersection_infors; 
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    end 

    if h==0 

        colx=5; 

    else 

        colx=6; 

    end 

    intersection_union=[intersections(:,1);intersections(:,colx)]; 

    temp_cnt=tabulate(intersection_union); 

    [row_temp,col_temp]=find(temp_cnt(:,2)==1); 

effective_boundary=[bottom_intersection_infors(:,1);top_intersection_infors(:,1)]; 

 

    % deleting needless CNTs 

    while ~isempty(row_temp) 

        cntdelete=temp_cnt(row_temp,1);% cnt_serial appear once 

        G=setdiff(cntdelete,effective_boundary); 

        numd1=[]; 

        numd2=[]; 

        for i9=1:length(G) 

            [rowdelete1,coldelete1]=find(intersections(:,1)==G(i9)); 

            [rowdelete2,coldelete2]=find(intersections(:,colx)==G(i9)); 

            if ~isempty(rowdelete1) 

                numd1=[numd1;rowdelete1]; 

            elseif ~isempty(rowdelete2) 

                numd2=[numd2;rowdelete2]; 

            end 

        end 

        numd=union(numd1,numd2); 

        if isempty(numd) 

            break 

        end 

        intersections(numd',:)=[]; 

        intersection_union=[intersections(:,1);intersections(:,colx)]; 

        temp_cnt=tabulate(intersection_union); 
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        [row_temp,col_temp]=find(temp_cnt(:,2)==1); 

    end 

    temp_cnt2=tabulate(intersection_union); 

    effective_cnt_serial=unique(intersection_union); 

    effective_cnt_serial(effective_cnt_serial==0)=[]; 

    effective_cnt_serial(effective_cnt_serial>N)=[]; 

end 

%% 

% calculating the resistance 

delta_CNT=0.1;             % 1000S/nm 

if ~isempty(effective_cnt_serial) 

    if h~=0 

        

[cond,re]=net_resistance_tunnel(delta_CNT,top_intersection_infors,bottom_intersection_in

fors,intersections,rMu,lMu,Vn,N); 

    else 

        

[cond,re]=net_resistance(delta_CNT,top_intersection_infors,bottom_intersection_infors,in

tersections,rMu,lMu,Vn); 

    end 

    if isnan(cond) 

        continue 

    end 

else 

    cond=0; 

end 

cond_cell(time_i)=cond; 

if cond_cell(time_i)>1e-8  

    cond_percolation(time_i)=1; 

    time_percolation=time_percolation+1; 

end 

if ~isempty(effective_cnt_serial) 

    cnt_cell(time_i,1:length(effective_cnt_serial))=effective_cnt_serial; 

    cnt_num(time_i,1)=length(effective_cnt_serial); 

end  
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%%  

  

 time_i=time_i+1 

end 

cond_range=[min(cond_cell),max(cond_cell)]; 

cond_n=poissfit(cond_cell);    

cnt_num_n=poissfit(cnt_num); 

effective_percent=cnt_num_n/N; 

  

cond_n_group(time_N,1)=cond_n; 

effective_percent_group(time_N,1)=effective_percent; 

cnt_cell_group(time_N,:)=cond_cell; 

cond_range_group(time_N,1:2)=cond_range; 

vf_group(time_N,1)=vf; 

time_N=time_N+1; 

  

if length(N)~=1 

clearvars -except time_N cond_n_group effective_percent_group cnt_cell_group 

cond_range_group vf_group N time cnt_cell Cnt V cube top_intersection_infors 

bottom_intersection_infors Vn rMu lMu 

end 

end 

%%  

  

% plot the CNT model, blue lines represent for connected path of CNTs 

if time==1 

if ~isempty(cnt_cell) 

    effective_cnts=cnt_cell(1,:); 

    effective_cnts(effective_cnts==0)=[]; 

else effective_cnts=[]; 

end 

for i8=1:N 

    tf=ismember(i8,cnt_cell(1,:)); 
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    if tf==1 

        

plot3([Cnt(i8).P_s(1),Cnt(i8).P_e(1)],[Cnt(i8).P_s(2),Cnt(i8).P_e(2)],[Cnt(i8).P_s(3),Cn

t(i8).P_e(3)],'b','LineWidth',1.2) 

        hold on 

    elseif tf==0 

        

plot3([Cnt(i8).P_s(1),Cnt(i8).P_e(1)],[Cnt(i8).P_s(2),Cnt(i8).P_e(2)],[Cnt(i8).P_s(3),Cn

t(i8).P_e(3)],'r','LineWidth',0.6); 

        hold on 

    end 

    xlim(V(1,:)) 

    ylim(V(2,:)) 

    zlim(V(3,:)) 

     

end 

box on 

  

axis equal 

ax=gca; 

ax.BoxStyle='full'; 

set(gca,'linewidth',1.5) 

set(gca,'xtick',[],'ytick',[],'ztick',[]) 

title('CNTS STRETCHING MODEL'); 

x1=xlabel('X AXIS'); 

x2=ylabel('Y AXIS'); 

x3=zlabel('Z AXIS STRETCHING' ); 

set(gca,'YGrid','on') 

end 

 

%% count the number of CNTs with fixed orientation 

% cnt_direction=Cnt.theta; 

% for i_direction=1:number_CNT 

%     cnt_direction(i)=abs(cnt_direction(i))*90/pi; 

%     if cnt_direction(i)<=10 
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%         direction_serial(1)=direction_serial(1)+1; 

%     elseif 10<cnt_direction(i)<=20 

%         direction_serial(2)=direction_serial(2)+1;  

%             elseif 10<cnt_direction(i)<=20 

%         direction_serial(2)=direction_serial(2)+1;  

%             elseif 10<cnt_direction(i)<=20 

%         direction_serial(2)=direction_serial(2)+1;  

%             elseif 10<cnt_direction(i)<=20 

%         direction_serial(2)=direction_serial(2)+1;  

%             elseif 10<cnt_direction(i)<=20 

%         direction_serial(2)=direction_serial(2)+1;  

%             elseif 10<cnt_direction(i)<=20 

%         direction_serial(2)=direction_serial(2)+1;  

%             elseif 10<cnt_direction(i)<=20 

%         direction_serial(2)=direction_serial(2)+1;  

%             elseif 10<cnt_direction(i)<=20 

%         direction_serial(2)=direction_serial(2)+1;  

%     end 

% end 

% if time==1&&length(N)==1 

% save('C:\Users\xfu\Desktop\matlab stretching cnt\mat\Cnt.mat','Cnt'); 

% save('C:\Users\xfu\Desktop\matlab stretching 

cnt\mat\effective_cnt_serial.mat','effective_cnt_serial'); 

% save('C:\Users\xfu\Desktop\matlab stretching cnt\mat\re.mat','re'); 

% end  

 

========================================================================================

===== 

 

 

[CNT_Generation] 

% this function randomly generates the coordinates (P_c, P_s, P_e) and the orientation 

(theta, phi) of CNTs 
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function [P_c,P_s,P_e,theta,phi]=cnt_generate(V,L) 

d=V(:,2)-V(:,1); 

Lx=d(1); 

Ly=d(2); 

Lz=d(3); 

x =Lx*rand; 

y =Ly*rand; 

z =Lz*rand; 

theta=pi*(1-2*rand)/2; 

phi=2*pi*rand; 

P_c=[x,y,z]; 

  

x1=x+(L/2)*sin(theta)*cos(phi); 

y1=y-(L/2)*sin(theta)*sin(phi); 

z1=z-(L/2)*cos(theta); 

P_s=[x1,y1,z1]; 

  

x2=x-(L/2)*sin(theta)*cos(phi); 

y2=y+(L/2)*sin(theta)*sin(phi); 

z2=z+(L/2)*cos(theta); 

P_e=[x2,y2,z2]; 

 

========================================================================================

====== 

 

 

[Dist_Point] 

% this function is used to calculate the distance between two points 

 

function d=dist_points(Pi,Pj) 

d=sqrt(sum((Pi-Pj).^2)); 

end 
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========================================================================================

====== 

 

[DistBetween2Segment] 

% this function is to calculate the minimum distance between CNTs  

 

function [distance, varargout] = DistBetween2Segment(p1, p2, p3, p4) 

  

    u = p1 - p2; 

    v = p3 - p4; 

    w = p2 - p4; 

     

    a = dot(u,u); 

    b = dot(u,v); 

    c = dot(v,v); 

    d = dot(u,w); 

    e = dot(v,w); 

    D = a*c - b*b; 

    sD = D; 

    tD = D; 

     

    SMALL_NUM = 0.00000001; 

     

    % compute the line parameters of the two closest points 

    if (D < SMALL_NUM)  % the lines are almost parallel 

        sN = 0.0;       % force using point P0 on segment S1 

        sD = 1.0;       % to prevent possible division by 0.0 later 

        tN = e; 

        tD = c; 

    else                % get the closest points on the infinite lines 

        sN = (b*e - c*d); 

        tN = (a*e - b*d); 
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        if (sN < 0.0)   % sc < 0 => the s=0 edge is visible        

            sN = 0.0; 

            tN = e; 

            tD = c; 

        elseif (sN > sD)% sc > 1 => the s=1 edge is visible 

            sN = sD; 

            tN = e + b; 

            tD = c; 

        end 

    end 

     

    if (tN < 0.0)            % tc < 0 => the t=0 edge is visible 

        tN = 0.0; 

        % recompute sc for this edge 

        if (-d < 0.0) 

            sN = 0.0; 

        elseif (-d > a) 

            sN = sD; 

        else 

            sN = -d; 

            sD = a; 

        end 

    elseif (tN > tD)       % tc > 1 => the t=1 edge is visible 

        tN = tD; 

        % recompute sc for this edge 

        if ((-d + b) < 0.0) 

            sN = 0; 

        elseif ((-d + b) > a) 

            sN = sD; 

        else  

            sN = (-d + b); 

            sD = a; 

        end 
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    end 

     

    % finally do the division to get sc and tc 

    if(abs(sN) < SMALL_NUM) 

        sc = 0.0; 

    else 

        sc = sN / sD; 

    end 

     

    if(abs(tN) < SMALL_NUM) 

        tc = 0.0; 

    else 

        tc = tN / tD; 

    end 

     

    % get the difference of the two closest points 

    dP = w + (sc * u) - (tc * v);  % = S1(sc) - S2(tc) 

  

    distance = norm(dP); 

    outV = dP; 

     

    varargout(1) = {outV};      % vector connecting the closest points 

    varargout(2) = {p2+sc*u};   % Closest point on object 1  

    varargout(3) = {p4+tc*v};   % Closest point on object 2 

     

end 

 

========================================================================================

====== 

 

[Intersection_Boundary] 
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% this function is to check the contact of CNTs with model boundary and to update the 

coordinate of CNTs. 

 

function [P_s,P_e,S]=intersection_boundary(Ptemp_s,Ptemp_e,V) 

S=zeros(1,6);%top,bottom,right,left,front,back 

  

P_s=Ptemp_s; 

P_e=Ptemp_e; 

  

x1=Ptemp_s(1); 

y1=Ptemp_s(2); 

z1=Ptemp_s(3); 

x2=Ptemp_e(1); 

y2=Ptemp_e(2); 

z2=Ptemp_e(3); 

  

  

  

if z1>=V(3,2)% start point outside top 

    S(1)=1; 

    z=V(3,2); 

    x=(z-z1)*(x1-x2)/(z1-z2)+x1;%update x 

    y=(z-z1)*(y1-y2)/(z1-z2)+y1;%update y 

    P_s=[x,y,z];%update P_s point 

    x1=x; 

    y1=y; 

    z1=z; 

elseif z1<=V(3,1)% start point outside bottom 

    S(2)=1; 

    z=V(3,1); 

    x=(z-z1)*(x1-x2)/(z1-z2)+x1;%update x 

    y=(z-z1)*(y1-y2)/(z1-z2)+y1;%update y 

    P_s=[x,y,z];%update P_s point 

    x1=x; 
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    y1=y; 

    z1=z; 

end 

  

if z2>=V(3,2)% end point outside top 

    S(1)=1; 

    z=V(3,2); 

    x=(z-z1)*(x1-x2)/(z1-z2)+x1;%update x 

    y=(z-z1)*(y1-y2)/(z1-z2)+y1;%update y 

    P_e=[x,y,z];%update P_e point 

    x2=x; 

    y2=y; 

    z2=z; 

elseif z2<=V(3,1)% end point outside bottom 

    S(2)=1; 

    z=V(3,1); 

    x=(z-z1)*(x1-x2)/(z1-z2)+x1;%update x 

    y=(z-z1)*(y1-y2)/(z1-z2)+y1;%update y 

    P_e=[x,y,z];%update P_e point 

    x2=x; 

    y2=y; 

    z2=z; 

end 

  

if y1>=V(2,2)% start point outside right 

    S(3)=1; 

    y=V(2,2); 

    x=(y-y1)*(x1-x2)/(y1-y2)+x1;%update x 

    z=(y-y1)*(z1-z2)/(y1-y2)+z1;%update z 

    P_s=[x,y,z];%update P_s point 

    x1=x; 

    y1=y; 

    z1=z; 
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elseif y1<=V(2,1)% start point outside left 

    S(4)=1; 

    y=V(2,1); 

    x=(y-y1)*(x1-x2)/(y1-y2)+x1;%update x 

    z=(y-y1)*(z1-z2)/(y1-y2)+z1;%update z 

    P_s=[x,y,z];%update P_s point 

    x1=x; 

    y1=y; 

    z1=z; 

end 

if y2>=V(2,2)% end point outside right 

    S(3)=1; 

    y=V(2,2); 

    x=(y-y1)*(x1-x2)/(y1-y2)+x1;%update x 

    z=(y-y1)*(z1-z2)/(y1-y2)+z1;%update z 

    P_e=[x,y,z];%update P_e point 

    x2=x; 

    y2=y; 

    z2=z; 

elseif y2<=V(2,1)% end point outside left 

    S(4)=1; 

    y=V(2,1); 

    x=(y-y1)*(x1-x2)/(y1-y2)+x1;%update x 

    z=(y-y1)*(z1-z2)/(y1-y2)+z1;%update z 

    P_e=[x,y,z];%update P_e point 

    x2=x; 

    y2=y; 

    z2=z; 

end 

  

  

if x1>=V(1,2)% start point outside front 

    S(5)=1; 
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    x=V(1,2); 

    y=(x-x1)*(y1-y2)/(x1-x2)+y1;%update y 

    z=(x-x1)*(z1-z2)/(x1-x2)+z1;%update z 

    P_s=[x,y,z];%update P_s point 

    x1=x; 

    y1=y; 

    z1=z; 

elseif x1<=V(1,1)% start point outside back 

    S(6)=1; 

    x=V(1,1); 

    y=(x-x1)*(y1-y2)/(x1-x2)+y1;%update y 

    z=(x-x1)*(z1-z2)/(x1-x2)+z1;%update z 

    P_s=[x,y,z];%update P_s point 

    x1=x; 

    y1=y; 

    z1=z; 

end 

if x2>=V(1,2)% end point outside front 

    S(5)=1; 

    x=V(1,2); 

    y=(x-x1)*(y1-y2)/(x1-x2)+y1;%update y 

    z=(x-x1)*(z1-z2)/(x1-x2)+z1;%update z 

    P_e=[x,y,z];%update P_e point 

    x2=x; 

    y2=y; 

    z2=z; 

elseif x2<=V(1,1)% end point outside back 

    S(6)=1; 

    x=V(1,1); 

    y=(x-x1)*(y1-y2)/(x1-x2)+y1;%update y 

    z=(x-x1)*(z1-z2)/(x1-x2)+z1;%update z 

    P_e=[x,y,z];%update P_e point 

    x2=x; 
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    y2=y; 

    z2=z; 

end 

 

========================================================================================

====== 

 

[AngleDiff] 

% this function yields the orientation variation of CNTs after stretched 

% 

% This was written by: Giang Pham 

 

function[T,P]=angleDiff(t,p) 

  

T=zeros(6,length(t)); 

P=T; 

  

T(1,:)=sin(2*t).*cos(p).^2/2; 

T(2,:)=sin(2*t).*sin(p).^2/2; 

T(3,:)=-sin(2*t)/2; 

T(4,:)=sin(2*t).*sin(2*p)/2; 

T(5,:)=sin(p).*cos(2*t); 

 

========================================================================================

====== 

 

 

[VolFraction] 

% this function is to calculate the CNT volume fraction. 

 

function [f,as1]=volFraction(Vn,lMu,g,N) 
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volR=0; 

volV=(ceil(lMu)*Vn)^3;             % the model volume 

sum=0; 

for i=1:N 

tempD=g(i).D; 

tempL=g(i).L; 

volcnt=pi*tempL*tempD^2/4;          % the CNT volume 

volR=volR+volcnt; 

as=tempL/tempD; 

sum=sum+as; 

clear tempD tempL; 

end 

f=volR/volV; 

as1=sum/N;                         % the aspect ratio of CNTs in the model 

 

========================================================================================

====== 

 

[Net_Resistance] 

% this function calculates the resistance and electrical conductivity of the model 

function 

[cond,RRR]=net_resistance_tunnel(delta_CNT,top_intersection_infors,bottom_intersection_i

nfors,intersection_infors_with_tunnel,rMu,lMu,Vn,N) 

  

D=2*rMu; 

VOLT=200; 

node_top_L=length(top_intersection_infors); 

node_bottom_L=length(bottom_intersection_infors); 

[node_intersection_L,~]=size(intersection_infors_with_tunnel); 

  

network_resistors=zeros(node_intersection_L,node_intersection_L); 
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num_vec=[intersection_infors_with_tunnel(:,1),intersection_infors_with_tunnel(:,6)]; 

for j=1:node_intersection_L 

    nums=intersection_infors_with_tunnel(j,1); 

    nume=intersection_infors_with_tunnel(j,6); 

    ps=intersection_infors_with_tunnel(j,2:4); 

    pe=intersection_infors_with_tunnel(j,7:9); 

    [r,c,~]= find(num_vec==nums); 

    if ~isempty(r) 

        p=[]; 

        node=[]; 

        for kk=1:length(r) 

            if r(kk)~=j 

                node=[node;r(kk)]; 

                if c(kk)==1 

                    p=[p;intersection_infors_with_tunnel(r(kk),2:4)]; 

                elseif c(kk)==2 

                    p=[p;intersection_infors_with_tunnel(r(kk),7:9)]; 

                end 

            end 

        end 

        [m,~]=size(p); 

        if m==1 

            LC=dist_points(ps,p); 

            RN=CNT_resistance(LC,delta_CNT,D); 

            network_resistors(j,node)=1/RN; 

        elseif m==2 

            LC1=dist_points(ps,p(1,:)); 

            LC2=dist_points(ps,p(2,:)); 

            if sign(p(1,:)-ps)==sign(p(2,:)-ps) 

                if LC1<LC2 

                    RN=CNT_resistance(LC1,delta_CNT,D); 

                    network_resistors(j,node(1))=1/RN; 

                else 
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                    RN=CNT_resistance(LC2,delta_CNT,D); 

                    network_resistors(j,node(2))=1/RN; 

                end 

            else 

                RN=CNT_resistance(LC1,delta_CNT,D); 

                network_resistors(j,node(1))=1/RN; 

                RN=CNT_resistance(LC2,delta_CNT,D); 

                network_resistors(j,node(2))=1/RN; 

            end 

        elseif m>=3 

            pl=p(1,:); 

            pr=[]; 

            nodel=node(1); 

            noder=[]; 

            for mk=2:m 

                if sign(pl-ps)==sign(p(mk,:)-ps) 

                    LC1=dist_points(ps,pl); 

                    LC2=dist_points(ps,p(mk,:)); 

                    if LC2<LC1 

                        pl=p(mk,:); 

                        nodel=node(mk); 

                    end 

                else 

                    if isempty(pr) 

                        pr=p(mk,:); 

                        noder=node(mk); 

                    else 

                        LC1=dist_points(ps,pr); 

                        LC2=dist_points(ps,p(mk,:)); 

                        if LC2<LC1 

                            pr=p(mk,:); 

                            noder=node(mk); 

                        end 
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                    end 

                end 

            end 

            if ~isempty(pl) 

                LC=dist_points(ps,pl); 

                RN=CNT_resistance(LC,delta_CNT,D); 

                network_resistors(j,nodel)=1/RN; 

            end 

            if ~isempty(pr) 

                LC=dist_points(ps,pr); 

                RN=CNT_resistance(LC,delta_CNT,D); 

                network_resistors(j,noder)=1/RN; 

            end 

        end 

    end 

    clear r c v 

    [r,c,~]= find(num_vec==nume); 

    if ~isempty(r) 

        p=[]; 

        node=[]; 

        for mm=1:length(r) 

            if r(mm)~=j 

                node=[node;r(mm)]; 

                if c(mm)==1 

                    p=[p;intersection_infors_with_tunnel(r(mm),2:4)]; 

                elseif c(mm)==2 

                    p=[p;intersection_infors_with_tunnel(r(mm),7:9)]; 

                end 

            end 

        end 

        [m,~]=size(p); 

        if m==1 

            LC=dist_points(pe,p); 
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            if intersection_infors_with_tunnel(j,10)==0 

                RN=CNT_resistance(LC,delta_CNT,D); 

            elseif intersection_infors_with_tunnel(j,6)>N 

                RN=tunnelling_resistance(LC-0.9*D,D); 

            end 

            network_resistors(j,node)=1/RN; 

        elseif m==2 

            LC1=dist_points(pe,p(1,:)); 

            LC2=dist_points(pe,p(2,:)); 

            if sign(p(1,:)-pe)==sign(p(2,:)-pe) 

                if LC1<LC2 

                    if intersection_infors_with_tunnel(j,10)==0 

                        RN=CNT_resistance(LC1,delta_CNT,D); 

                    elseif intersection_infors_with_tunnel(j,6)>N 

                        RN=tunnelling_resistance(LC1-0.9*D,D); 

                    end 

                    network_resistors(j,node(1))=1/RN; 

                else 

                    if intersection_infors_with_tunnel(j,10)==0 

                        RN=CNT_resistance(LC2,delta_CNT,D); 

                    elseif intersection_infors_with_tunnel(j,6)>N 

                        RN=tunnelling_resistance(LC2-0.9*D,D); 

                    end 

                    network_resistors(j,node(2))=1/RN; 

                end 

            else 

                if intersection_infors_with_tunnel(j,10)==0 

                    RN=CNT_resistance(LC1,delta_CNT,D); 

                else 

                    RN=tunnelling_resistance(LC1-0.9*D,D); 

                end 

                network_resistors(j,node(1))=1/RN; 

                if intersection_infors_with_tunnel(j,10)==0 



139 

 

                    RN=CNT_resistance(LC2,delta_CNT,D); 

                else 

                    RN=tunnelling_resistance(LC2-0.9*D,D); 

                end 

                network_resistors(j,node(2))=1/RN; 

            end 

        elseif m>=3 

            pl=p(1,:); 

            pr=[]; 

            nodel=node(1); 

            noder=[]; 

            for mk=2:m 

                if sign(pl-pe)==sign(p(mk,:)-pe) 

                    LC1=dist_points(pe,pl); 

                    LC2=dist_points(pe,p(mk,:)); 

                    if LC2<LC1 

                        pl=p(mk,:); 

                        nodel=node(mk); 

                    end 

                else 

                    if isempty(pr) 

                        pr=p(mk,:); 

                        noder=node(mk); 

                    else 

                        LC1=dist_points(pe,pr); 

                        LC2=dist_points(pe,p(mk,:)); 

                        if LC2<LC1 

                            pr=p(mk,:); 

                            noder=node(mk); 

                        end 

                    end 

                end 

            end 
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            if ~isempty(pl) 

                LC=dist_points(pe,pl); 

                if intersection_infors_with_tunnel(j,10)==0 

                    RN=CNT_resistance(LC,delta_CNT,D); 

                else 

                    RN=tunnelling_resistance(LC-0.9*D,D); 

                end 

                network_resistors(j,nodel)=1/RN; 

            end 

            if ~isempty(pr) 

                LC=dist_points(pe,pr); 

                if intersection_infors_with_tunnel(j,10)==0 

                    RN=CNT_resistance(LC,delta_CNT,D); 

                else 

                    RN=tunnelling_resistance(LC-0.9*D,D); 

                end 

                network_resistors(j,noder)=1/RN; 

            end 

        end 

    end 

end 

clearvars -except network_resistors top_intersection_infors 

intersection_infors_with_tunnel Vn bottom_intersection_infors node_intersection_L 

node_top_L node_bottom_L delta_CNT D VOLT rMu lMu 

  

network_resistors=-network_resistors; 

for iii=1:node_intersection_L 

    network_resistors(iii,iii)=-sum(network_resistors(iii,:)); 

end 

clear iii 

I=zeros(node_intersection_L,1); 

R_Ins_T=[]; 

num_vec=[intersection_infors_with_tunnel(:,1),intersection_infors_with_tunnel(:,6)]; 
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for iii=1:node_top_L 

    num=top_intersection_infors(iii,1); 

    p_top=top_intersection_infors(iii,2:4); 

    [r,c,~]= find(num_vec==num); 

    if ~isempty(r) 

        p=[]; 

        node=[]; 

        for nn=1:length(r) 

            node=[node;r(nn)]; 

            if c(nn)==1 

                p=[p;intersection_infors_with_tunnel(r(nn),2:4)]; 

            elseif c(nn)==2 

                p=[p;intersection_infors_with_tunnel(r(nn),7:9)]; 

            end 

        end 

        [m,~]=size(p); 

        if m==1 

            LC=dist_points(p_top,p); 

            RN=CNT_resistance(LC,delta_CNT,D); 

            network_resistors(node,node)=network_resistors(node,node)+(1/RN); 

            I(node)=I(node)+VOLT/RN; 

            R_Ins_T=[R_Ins_T;[node,RN]]; 

        elseif m==2 

            LC1=dist_points(p_top,p(1,:)); 

            LC2=dist_points(p_top,p(2,:)); 

             

            if LC1<LC2 

                RN=CNT_resistance(LC1,delta_CNT,D); 

                I(node(1))=I(node(1))+VOLT/RN; 

                

network_resistors(node(1),node(1))=network_resistors(node(1),node(1))+1/RN; 

                R_Ins_T=[R_Ins_T;[node(1),RN]]; 

            else 

                RN=CNT_resistance(LC2,delta_CNT,D); 
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                I(node(2))=I(node(2))+VOLT/RN 

                

network_resistors(node(2),node(2))=network_resistors(node(2),node(2))+(1/RN); 

                R_Ins_T=[R_Ins_T;[node(2),RN]]; 

            end 

        elseif m>=3 

            pl=p(1,:); 

            nodel=node(1); 

            for mk=2:m 

                LC1=dist_points(p_top,pl); 

                LC2=dist_points(p_top,p(mk,:)); 

                if LC2<LC1 

                    pl=p(mk,:); 

                    nodel=node(mk); 

                end 

            end 

            LC=dist_points(p_top,pl); 

            RN=CNT_resistance(LC,delta_CNT,D); 

            I(nodel)=I(nodel)+VOLT/RN; 

            network_resistors(nodel,nodel)=network_resistors(nodel,nodel)+(1/RN); 

            R_Ins_T=[R_Ins_T;[nodel,RN]]; 

        end 

    end 

end 

clear iii 

for iii=1:node_bottom_L 

    num=bottom_intersection_infors(iii,1); 

    p_bottom=bottom_intersection_infors(iii,2:4); 

    [r,c,~]= find(num_vec==num); 

    if ~isempty(r) 

        p=[]; 

        node=[]; 

        for nn=1:length(r) 

            node=[node;r(nn)]; 
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            if c(nn)==1 

                p=[p;intersection_infors_with_tunnel(r(nn),2:4)]; 

            elseif c(nn)==2 

                p=[p;intersection_infors_with_tunnel(r(nn),7:9)]; 

            end 

        end 

        [m,~]=size(p); 

        if m==1 

            LC=dist_points(p_bottom,p); 

            RN=CNT_resistance(LC,delta_CNT,D); 

            network_resistors(node,node)=network_resistors(node,node)+(1/RN); 

        elseif m==2 

            LC1=dist_points(p_bottom,p(1,:)); 

            LC2=dist_points(p_bottom,p(2,:)); 

             

            if LC1<LC2 

                RN=CNT_resistance(LC1,delta_CNT,D); 

                

network_resistors(node(1),node(1))=network_resistors(node(1),node(1))+1/RN; 

            else 

                RN=CNT_resistance(LC2,delta_CNT,D); 

                

network_resistors(node(2),node(2))=network_resistors(node(2),node(2))+(1/RN); 

            end 

        elseif m>=3 

            pl=p(1,:); 

            nodel=node(1); 

            for mk=2:m 

                LC1=dist_points(p_bottom,pl); 

                LC2=dist_points(p_bottom,p(mk,:)); 

                if LC2<LC1 

                    pl=p(mk,:); 

                    nodel=node(mk); 

                end 
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            end 

            LC=dist_points(p_bottom,pl); 

            RN=CNT_resistance(LC,delta_CNT,D); 

            network_resistors(nodel,nodel)=network_resistors(nodel,nodel)+(1/RN); 

        end 

    end 

end 

clearvars -except network_resistors top_intersection_infors 

intersection_infors_with_tunnel bottom_intersection_infors I Vn R_Ins_T rMu lMu  

 %x= gaussj(network_resistors,I); 

  

x = pcg(network_resistors,I,1e-6,10000); 

  

C=0; 

[mm,~]=size(R_Ins_T); 

for inum=1:length(I) 

    if(I(inum)>0) 

        for rnum=1:mm 

            if R_Ins_T(rnum,1)==inum 

                C=C+(200-abs(x(inum)))/R_Ins_T(rnum,2); 

            end 

        end 

    end 

end 

RRR=200/C; 

RRR=abs(RRR); 

cond=1/(RRR*Vn*lMu*1e-6);            % electrical conductivity 

 

========================================================================================

====== 

[Stretched_Model] 

% This script is used to generate the stretched model and updated the coordinates of 

CNTs.  

% The output includes: 
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% 1) the new effective conductive CNTs are found out 

% 2) the resistance and the electrical conductivity of the stretched model are obtained. 

clear 

clc 

% load the origin model 

load('C:\Users\xfu\Desktop\matlab stretching cnt\mat\Cnt.mat','Cnt'); 

load('C:\Users\xfu\Desktop\matlab stretching 

cnt\mat\effective_cnt_serial.mat','effective_cnt_serial');load('C:\Users\xfu\Desktop\mat

lab stretching cnt\mat\re.mat','re'); 

Stretched_Cnt=struct('P_c',zeros(1,3),'P_s',zeros(1,3),'P_e',zeros(1,3),'theta',zeros(1,

1),'phi',zeros(1,1),'L',zeros(1,1),'D',zeros(1,1)); 

s=0:0.05:0.1;                               % strain range from 0 to 1 and along the z-

axis 0:0.05:1 

v=0.2;                                      % Poisson’s ratio 

Vn=2; 

V=[-1 1;-1 1;-1 1]*Vn/2;                                     

delta_CNT=1;                                % unit is S/1000nm 

delta_re=zeros(1,3); 

ire=1; 

N=length(Cnt); 

vf=zeros(l,1); 

  

for is=1:length(s) 

    top_intersection_infors=zeros(2000,4); 

    it=1; 

    bottom_intersection_infors=zeros(2000,4); 

    ib=1; 

    intersection_infors=zeros(3000,9); 

    ii=1; 

    cluster=zeros(5000,2000);                  % storing the cnt cluster sorted 

    row_cluster=0; 

    effective_cluster_serial=zeros(5000,2000); 

    iec=0; 

    tempcnt=zeros(2000,2); 

    itc=1; 



146 

 

    count_cluster=zeros(2000,2); 

    icc=1; 

    clusternum1=zeros(1000,1); 

    row_cn=0; 

    clusternum2=zeros(1000,1); 

    row_cn2=0; 

    clusternum3=[]; 

    intersection_num=zeros(1000,1); 

    row_in=0; 

    cluster_top=zeros(1000,2000); 

    cluster_top_serial=zeros(1000,1); 

    row_top=0; 

    cluster_bottom=zeros(1000,2000); 

    cluster_bottom_serial=zeros(1000,1); 

    row_bottom=0; 

    cluster_middle=zeros(1000,2000); 

    cluster_middle_serial=zeros(1000,1); 

    row_middle=0; 

    effective_cnt_serial=[]; 

    temp_remain_serial=[]; 

     

    if s(is)==0 

        re_initial=re; 

        delta_re(1)=(re-re_initial)/re_initial; 

        figure(is) 

        subplot(1,2,1) 

        plot(s(is),delta_re(1),'b*'); 

        for i8=1:N 

            tf=ismember(i8,effective_cnt_serial); 

            if tf==0 

                figure(is) 

                subplot(1,2,2) 
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plot3([Cnt(i8).P_s(1),Cnt(i8).P_e(1)],[Cnt(i8).P_s(2),Cnt(i8).P_e(2)],[Cnt(i8).P_s(3),Cn

t(i8).P_e(3)],'r','LineWidth',0.5); 

                hold on 

            elseif tf==1 

                figure(is) 

                subplot(1,2,2) 

                

plot3([Cnt(i8).P_s(1),Cnt(i8).P_e(1)],[Cnt(i8).P_s(2),Cnt(i8).P_e(2)],[Cnt(i8).P_s(3),Cn

t(i8).P_e(3)],'b','LineWidth',0.8) 

                hold on 

            end 

        end 

        xlim(V(1,:)) 

        ylim(V(2,:)) 

        zlim(V(3,:)) 

        box on 

        ax=gca; 

        ax.BoxStyle='full'; 

        set(gca,'linewidth',1.5) 

        set(gca,'xtick',[],'ytick',[],'ztick',[]) 

        title('CNTS STRETCHING MODEL'); 

        x1=xlabel('X AXIS'); 

        x2=ylabel('Y AXIS'); 

        x3=zlabel('Z AXIS STRETCHING' ); 

        set(gca,'YGrid','on') 

        clear i8 

    elseif s(is)>0 

        VS=V.*[1,1-v*s(is);1,1-v*s(is);1,1+s(is)];           % stretched smaple unit 

volume 

        for i=1:N 

            Stretched_Cnt(i)=stretch(Cnt(i),s(is),v); 

            if  Stretched_Cnt(i).P_s(3)==VS(3,2) 

                top_intersection=[i,Stretched_Cnt(i).P_s]; 

                top_intersection_infors(it,:)=top_intersection; 

                it=it+1; 
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                clear top_intersection 

            elseif Stretched_Cnt(i).P_s(3)==VS(3,1) 

                bottom_intersection=[i,Stretched_Cnt(i).P_s]; 

                bottom_intersection_infors(ib,:)=bottom_intersection; 

                ib=ib+1; 

                clear bottom_intersection 

            end 

            if Stretched_Cnt(i).P_e(3)==VS(3,2) 

                top_intersection=[i,Stretched_Cnt(i).P_e]; 

                top_intersection_infors(it,:)=top_intersection; 

                it=it+1; 

                clear top_intersection 

            elseif Stretched_Cnt(i).P_e(3)==VS(3,1) 

                bottom_intersection=[i,Stretched_Cnt(i).P_e]; 

                bottom_intersection_infors(it,:)=bottom_intersection; 

                it=it+1; 

                clear bottom_intersection 

            end 

            top_intersection_infors(all(top_intersection_infors==0,2),:)=[]; 

            bottom_intersection_infors(all(bottom_intersection_infors==0,2),:)=[]; 

             

========================================================================================

===== 

This section is similar to the CNT_Model.m so it is left out here. 

========================================================================================

===== 

         

        %% 

        % calculating the resistance 

        if ~isempty(effective_cnt_serial) 

            

cond_temp=net_resistance(delta_CNT,top_intersection_infors,bottom_intersection_infors,in

tersection_infors,rMu,lMu,Vn); 

            cond=cond_temp/(1-s(is)*v)^2; 

            re=1/cond; 
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            delta_re=(re-re_initial)/re_initial; 

            ire=ire+1; 

            delta_re(1,ire)=delta_re; 

            temp_s=s(1:is); 

            figure(is) 

            subplot(1,2,1) 

            plot(temp_s,delta_re,'b*') 

            hold on 

            plot(temp_s,delta_re,'k-'); 

        else 

            cond=0; 

            re=1000000; 

        end 

         

        for i9=1:N 

            tf=ismember(i9,effective_cnt_serial); 

            if tf==0 

                figure(is) 

                subplot(1,2,2) 

                

plot3([Stretched_Cnt(i9).P_s(1),Stretched_Cnt(i9).P_e(1)],[Stretched_Cnt(i9).P_s(2),Stre

tched_Cnt(i9).P_e(2)],[Stretched_Cnt(i9).P_s(3),Stretched_Cnt(i9).P_e(3)],'r','LineWidth

',0.5); 

                hold on 

            elseif tf==1 

                figure(is) 

                subplot(1,2,2) 

                

plot3([Stretched_Cnt(i9).P_s(1),Stretched_Cnt(i9).P_e(1)],[Stretched_Cnt(i9).P_s(2),Stre

tched_Cnt(i9).P_e(2)],[Stretched_Cnt(i9).P_s(3),Stretched_Cnt(i9).P_e(3)],'b','LineWidth

',0.8) 

                hold on 

            end 

        end 

        xlim(VS(1,:)) 

        ylim(VS(2,:)) 
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        zlim(VS(3,:)) 

        box on 

        ax=gca; 

        ax.BoxStyle='full'; 

        set(gca,'linewidth',1.5) 

        set(gca,'xtick',[],'ytick',[],'ztick',[]) 

        title('CNTS STRETCHING MODEL'); 

        x1=xlabel('X AXIS'); 

        x2=ylabel('Y AXIS'); 

        x3=zlabel('Z AXIS STRETCHING' ); 

        set(gca,'YGrid','on') 

    end 

    clearvars -except Cnt s v is VS V N Vn delta_CNT ire delta_re re_initial 

end 

  

========================================================================================

====== 

 

[Stretch] 

% this function is used to generate the model that is stretched. 

 

function Stretched_Cnt=stretch(Cnt,e,p) 

   

P_c=Cnt.P_c; 

L=Cnt.L; 

theta=Cnt.theta; 

phi=Cnt.phi;  

  

x=P_c(:,1); 

y=P_c(:,2); 

z=P_c(:,3); 

  

x=x*(1-e*p); 
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y=y*(1-e*p); 

z=z*(1+e);                % change in location of CNTs due to strain e 

  

tensor=[-e*p;-e*p;e;0;0;0]; 

maxStr=max(abs(tensor)); 

N1=round(maxStr/0.005); 

incrE=tensor/N1; 

     

    for j=1:N1 

        [dt,dp]=angleDiff(theta,phi); 

        theta=theta+sum(dt.*incrE); 

        phi=phi+sum(dp.*incrE); 

    end 

        

x1=x+(L/2)*sin(theta)*cos(phi); 

y1=y-(L/2)*sin(theta)*sin(phi); 

z1=z-(L/2)*cos(theta); 

P_s=[x1,y1,z1]; 

  

x2=x-(L/2)*sin(theta)*cos(phi); 

y2=y+(L/2)*sin(theta)*sin(phi); 

z2=z+(L/2)*cos(theta); 

P_e=[x2,y2,z2]; 

  

Stretched_Cnt.P_c=[x,y,z]; 

Stretched_Cnt.P_s=P_s; 

Stretched_Cnt.P_e=P_e; 

Stretched_Cnt.theta=theta; 

Stretched_Cnt.phi=phi; 

Stretched_Cnt.L=L; 

Stretched_Cnt.D=Cnt.D; 
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Figure 8-1 The resistance change of the CNTs composite model and the variation of the 

contacted CNTs percentage when the model is stretched with different polymer matrix 

Poisson’s Ratio (a) 0.25, (b) 0.3 and (c) 0.35. 
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