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Abstract 

Carbonaceous materials (e.g. graphene nanoplatelets (GNP), multi-walled carbon nanotube 

(MWCNT), carbon black (CB) and graphite (GRP)) have been used in many applications 

such as flexible electronics, energy storage devices, thermal interface devices and so on due 

to their excellent electrical, mechanical and thermal properties. Among them, flexible strain 

sensing application has been widely progressed in the recent decade. To achieve a simple 

and scalable fabrication process of flexible strain sensors, developing a novel, reliable 

patterning process of the material is demanding. In this study, flexible strain sensors were 

fabricated by printing and solution casting processes. Specific properties, such as the 

piezoresistivity, mechanical properties, durability, electrical conductivity and thermal 

conductivity (TC) of various carbon fillers mixed with an elastomer, silicone rubber (SR), 

were explored to investigate their practical applications in strain sensing and thermal 

interface devices. While many strain sensors have limited stretchability, this study introduces 

highly stretchable and super flexible strain sensors, which have shown to be applicable as 

wearable strain sensors for human motion detection. They have demonstrated compatibility 

with the human body, responsive to various body movements. This research also examines 

different combinations of fillers and their synergistic effect on thermal, electrical, and 

piezoresistive properties. The electromechanical performance of each strain sensor shows 

that the filler morphology plays an integral role in their behaviour. It was observed that 

MWCNT/SR, CB/SR and polypyrrole (PPy)/SR strain sensors displayed negative 

temperature coefficients of resistance while GNP/SR and GRP/SR strain sensors exhibited 

positive temperature coefficients of resistance. The low-temperature coefficients of 

resistance of the GNP-CB-SR strain sensors make them a suitable candidate for high-

temperature applications. Among the various composites studied, MWCNT/SR printed 

strain sensor, GNP-CB-SR film strain sensor and PPy/SR film strain sensor show excellent 

sensor characteristics (i.e. durability, flexibility, stretchability), required for wearable strain 

sensors. The GNP/SR and GRP/SR composites exhibit a TC of 1.27 W m-1 K-1 and 1.07 W 

m-1 K-1, respectively. The stretchable, flexible, as well as soft GNP/SR and GRP/SR 

composite films, can transfer heat in a superior manner without affecting the mechanics of 

the host device, suggesting their potential application in the real world. 
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Introduction 

Carbon-based composites attained tremendous attention due to their unique properties which 

enable them to be used for many applications such as sensors, actuators, energy storage 

devices and many more. Sensors transform signals such as mechanical, thermal and chemical 

signals to electrical signals. Strain sensors have been fabricated for several years, and it is 

now extensively used to capture the deformations of various structures. The immense 

technological development attained in the world today demands a greater need for developing 

new sensing materials and technologies. Therefore, extensive research has been done on 

materials to develop strain sensors with good sensing performance. Among the various 

sensors studied, piezoresistive sensors manifested excellent sensor characteristics. They have 

been used in diverse fields such as engineering, aerospace, manufacturing and many more. 

Among the several strain sensor applications, there is an ever-increasing demand of 

stretchable and flexible sensors for their potential applications in wearable electronics, soft 

robotics, smart textiles and structural health monitoring as it is considered to be the fastest 

and easiest way to measure strain. Materials like multiwalled nanotubes (MWCNT), graphene 

nanoplatelets (GNP), carbon black (CB), graphite (GRP) and Polypyrrole (PPy) are 

considered as ideal candidates to accomplish low cost, lightweight and small sized sensors. 

This research focuses on the manufacturing of stretchable carbon composite materials which 

can be used as strain sensors and thermal interface devices. 

 

The objectives of this research are  

 to develop flexible, highly stretchable, soft and wearable piezoresistive sensors using 

various types of smart materials by printing and solution casting, and to study their 

sensor characteristics. 
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 to develop wearable sensors which are light-weight, unaffected by environmental 

conditions, and can be used as multifunctional devices. 

 

 to study the effect of particle morphology on the sensor performances using fillers 

with varying morphology such as CB and PPy (zero dimensional), MWCNT (one 

dimensional), GNP (two dimensional) and GRP (three dimensional), and using  

combinations of these fillers. 

 

 to fabricate flexible and deformable thermal interface devices using GNP and GRP 

with SR, and to study their composite properties using mechanical, electrical, thermal 

and optical characterisation techniques. 

 

Chapter 1 introduces the aim of this research, the motivation, and the thesis design. 

Chapter 2 gives a description of the existing strain sensors and the background of this 

research. It reviews and analyses the methods and the potential applications of strain sensors, 

and a detailed literature review was done on them. It also gives a brief introduction to the 

materials used in this research. 

Chapter 3 describes the fabrication and characterisation of flexible and stretchable sensors 

by printing. Mainly printing is done using three materials MWCNT, GNP and CB with the 

elastomer, SR. Different combinations of the fillers were experimented to understand their 

synergistic effect on piezoresistance. A suitable printing pattern is developed and the 

piezoresistive properties of the composites were examined. The effect of temperature on the 

conductivity of the composites, was also studied. The possibility of double layer printing was 

also done. The advantages of printing process were also described. 

Chapter 4 explains the method of development of flexible sensors by solution casting. 

Various fillers, namely GNP, CB, PPy and GRP were used as the conducting particles with 

the elastomer, SR. Piezoresistive thin-film sensors were fabricated and a study on the sensing 

performance of the strain sensors based on filler morphology, was done. It includes a 

comparison between the performances of strain sensors fabricated by printing and film 
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casting. The thermal effect on resistance was also evaluated. Large strain sensors with GNP-

CB-SR and PPy/SR were fabricated to detect physiological movements. 

Chapter 5 discusses the fabrication and applications of hybrid composites. The effect of 

reinforcement of the fillers GNP and CB, GRP and CB, in the elastomer SR, were 

investigated. Various thermal and mechanical characterisations were carried out. 

Chapter 6 summarises the key accomplishments of this study. Conclusions of each portion 

of the work is discussed. The scope of future work is presented after the conclusion. The 

complete research plan is given in Figure 1-1. 
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Literature Review 

In this section, current technologies that are used in the fabrication of strain sensors are 

reviewed. An overview of the fabrication process and the characteristics of different types of 

strain sensors developed, is presented. Finally, the disadvantages are discussed. 

 

Mainly three types of strain sensor technologies are discussed here. 

 Electrostatic strain sensors 

Capacitors are at the centre of electrostatic sensors [1]. Most often they are designed with two 

parallel plates with a dielectric between them, and they can measure changes in capacitance 

caused by the changes in the position of the parallel plates, Figure 2-1 [2]. An electronic 

circuitry receives data and translates the variations in capacitance into electrical information, 

which can be used to detect the strain. They are usually small and easy to mount. Though they 

are simple and sensitive, they are not suitable for large strain monitoring.  

 

Figure 2-1 Schematic representation of piezocapacitive sensor 

 Piezoelectric sensors 

The piezoelectric effect is the ability of certain materials such as Quartz and Topaz to generate 

an electric charge or voltage when mechanical stress is applied. Piezoelectricity is generated 
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mainly due to its microcrystalline structure of the material. They contain crystalline domains 

which are polarised in different directions and because of that, they don’t exhibit any resultant 

polarisation under normal condition. When stress is applied to such a material, a resultant 

polarisation is obtained, Figure 2-2. However, they are not suitable for high-temperature 

applications because depolarisation of domains occurs at higher temperatures. Piezoelectric 

ceramics and single crystal materials are mainly used for the fabrication of piezoelectric 

sensors [1, 3]. 

 

Figure 2-2 Schematic representation of piezoelectric sensor 

 Piezoresistive sensors 

Piezoresistive materials are materials whose electrical resistance varies with internal strain. 

The phenomenon of change in resistance with strain or deformation is called piezoresistance, 

and it provides an easy and quick approach to translate the mechanical signals to electrical 

signals. Gauge factor (GF) is an important parameter of a sensor. The higher the GF, the more 

sensitive the sensor will be. Following are some of the main categories of piezoresistive 

sensors developed so far.  

 Metal Strain Gauges 

Metal strain gauges [4, 5] are available in various shapes and sizes. Usually, they contain a 

resistive foil on a support material. A serpentine-shaped conductive path is generally used to 

obtain a sufficient resistance value under a given area, Figure 2-3. When the conducting trace 

in the metal strain gauge is stretched, its dimensions changed, and so its resistance also 

changed. The variations in resistance are normally measured by a Wheatstone’s bridge. 

Although they can operate even at high temperatures, their limited stretchability make them 

unsuitable for large strain applications. Copper, Nickel and alloys like constantan are 

generally used to fabricate them. 
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Figure 2-3 Schematic representation of metal strain gauge 

 Semiconductor Strain gauges 

Semiconductor strain gauges [6, 7] are used in applications where a high GF is required. 

Doped Germanium and Silicon are used as resistive materials for this type of gauges. When 

mechanical stress is applied, bandgap changes, causing a change in resistivity. GF for a silicon 

gauge is approximately 130. Semiconductor strain gauges can be made to have either positive 

piezoresistance or negative piezoresistance when strained. They can be constructed in small 

sizes, while still maintaining high sensitivity, Figure 2-4. They are used in highly sensitive 

applications, where a large change in resistance is required for a small strain. The effect of 

piezoresistance in a semiconductor strain gauge is similar to that of a metal strain gauge but 

with some differences: 

 geometric changes cause a change in resistance in metal strain gauges while resistivity 

changes cause piezoresistance in semiconductor strain gauges. 

 the effect of piezoresistance in semiconductor gauges are two orders greater than metal 

strain gauges. 

 

Figure 2-4 Schematic representation of semiconductor strain gauge 
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 Conducting filler/polymer sensors 

Various conducting fillers are used to construct strain sensors. However, polymer composite 

strain sensors fabricated with carbonaceous fillers are discussed here. 

 Carbon-based film sensors 

Carbon-based materials such as carbon nanotubes (CNT) [8-10], GNP [11-13], CB [14-16] 

and GRP [17-19] were shown to be promising building blocks for innovative piezoresistive 

strain sensors with exceptional performances. Among them, CNT and GNP are the most 

investigated ones due to their high aspect ratio, good mechanical and piezoresistive 

properties. Carbon nanomaterials undergo a change in electronic properties when subjected 

to strains [20-22] which can be used for strain sensing. Conductive films or conductive traces 

are fabricated with these materials whose resistance changes with strain. CNT film sensors 

form a network of CNT with a thickness of generally less than 50 µm. Owing to the Van der 

Waals force attraction among the tubes and the high aspect ratio of the CNT, they tend to 

form bundles [23]. So in most cases, the CNT are dispersed in a solvent [24, 25] like 

dimethylformamide (DMF) [26] using ultrasonic techniques, vacuum filtered and dried to 

obtain films of spatially connected CNT that can be used as strain sensors in various 

configurations. Since CNT is hydrophobic [27], they can’t be dispersed in aqueous solutions. 

Schematic representation of a carbon-based film sensor is given in Figure 2-5. 

Dharap et al. [28] studied the effectiveness of SWCNT films to measure strain and reported 

that the film resistance increased linearly with applied strain. But it is observed that the 

influence of chirality often restricted reproducibility of SWCNT films. Besides, SWCNT film 

sensors are generally fragile and have low strain transfer between the nanotubes, reducing the 

sensor sensitivity. Li et al. [29] developed an MWCNT film by solution/filtration method 

which can be used for structural health monitoring and vibration control applications, and 

they found that MWCNT resistance is independent of temperature over a range from  

273 K-363 K. Vemuru et al. [30] reported strain sensing using MWCNT film. They 

experimented by connecting it to a brass specimen by vacuum bonding and observed that 

resistance changed linearly with strain. They also studied the effects of temperature on 

resistance by heating it and noticed a decrease in resistance. The MWCNT film exhibited a 

small hysteresis and durability on stretching and relaxation but with a low GF of 0.35. CNT 

bucky papers were reported which have a breaking strain of 2.5% [31]. Multifunctional 

MWCNT yarns [32] were fabricated which had a limited stretchability of 13%. 
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Strain sensors based on single-layer graphene sheet are reported [33, 34], and the effect of 

strain on fundamental frequencies of zigzag and armchair model was studied. The influence 

of aspect ratio on the sensitivity is reported. Earlier studies reported that grain size, grain 

boundary and defect density affect the resistivity of graphene [35, 36]. Huang et al. [37] 

recorded a GF of 1.9 for a strain of 3%. Li et al. [38] fabricated graphene films with thickness 

2.5-5.0 nm having high sensitivity with a GF of 1037 for a strain of 2%. Hempel et al. 

discussed a strain gauge based on solution-processed graphene flakes with high sensitivity 

and GF around 150, suitable for deformation sensing [39]. Rinaldi et al. [40] developed a 

multilayer graphene film strain sensor for structural health monitoring by spray coating and 

drop-casting with a GF in the range 20-50 with very low strain of 0.2%.  

 

Figure 2-5 Schematic representation of carbon-based film sensor 

 Polymer/carbon particle composite film sensors 

Nanocomposites with carbon nanomaterials and polymers have been progressively being 

reviewed as a potential substitute to conventional smart materials due to their applications in 

flexible and deformable strain sensors. The remarkable properties of carbon nanoparticles and 

the versatility of polymers render multifunctional properties to them with both sensing 

[41, 42] and actuating capabilities [43, 44]. CNT and GNP-based composite strain sensors 

have been reported with GF more than that of metallic foil strain gauges [42, 45]. Addition of 

a polymer improves the interfacial adhesion between the phases, which minimises the slip 

between them, and also enhances the strain transfer and the strength of the material, Figure 

2-6. Such electrically conductive polymer composites (CPC) undergo a change in electrical 

resistance when subjected to a tensile or compressive strain. A range of composite strain 

sensors has been developed and investigated.  

Stretchable MWCNT/polyurethane (PU) [46] composites were prepared for strain sensing 

applications which were stretchable up to 100% and showed repeatability for 100 cycles but 

with a low GF. MWCNT/styrene-butadiene-styrene composites [47] showed a GF of 5 for a 

strain of 5%. Kang et al. [48] used SWCNT and polymethyl methacrylate (PMMA) to form 

bucky papers. GF between 1- 6 were obtained for the sensors with filler weight percentage 

varied between 1- 10. Composite with less SWCNT content showed a high GF. Kenneth et 
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al. [49] manufactured SWCNT/polyelectrolyte (PE) composites by using a layer-by-layer 

assembly process (LBL) with a GF of 4.52 with a stretchability of 7.3%.  

Polymer nanocomposite sensors made with MWCNT integrated to various polymers such as 

polycarbonate [50], poly (L-lactide) (PLLA) [51], polysulfone (PSF) [52], polyisoprene [53], 

PMMA [54] and PU [55] exhibited good stretchability. Xiaoxiang et al. [56] reported on a 

conductive MWCNT nanocomposite using radiation-induced graft polymerisation with 

enhanced piezoresistance and good repeatability. Zha et al. [8] investigated the effect of the 

second filler on the piezoresistance behaviour of CNT/SR composites when subjected to 

pressure by adding CB and Silica (SiO2). They observed that the effect of CB and SiO2 were 

entirely different. The role of SiO2 broke the conductive networks while CB helped to reform 

the broken conductive networks. Cyrill et al. [57] studied positive piezoresistance [58] and 

introduced a percolation theory model. By taking the conductivity exponent to be strain-

dependent, they developed a percolation theory-based model, which fitted well with the 

experimental data of CNT, graphene and CB. Oliva-Aviles et al. [59] studied on the effect of 

CNT deformation on the piezoresistance and observed that it has negligible effect on the 

piezoresistance whereas the changes in the conductive network have a significant role in the 

piezoresistance of the composites. Alignment of CNT in CNT/polymer composites increases 

the sensing ability of the sensor. Oliva-Avile et al. [60] reported on an electric field aligned 

MWCNT/polymer composite film which had an electrical conductivity much higher than that 

of randomly oriented composites. Moreover, alignment of MWCNT inside the matrix 

enhanced piezoresistance, which in turn improved the sensing capability. It was perceived 

that although the alignment of isolated CNT had been quite successful, the efforts to align 

them within a polymer was a difficult task [61, 62]. Li et al. [63] studied the effects of matrix 

content, film thickness, CNT alignment and purification on the piezoresistive sensitivity of 

CNT/Epoxy composite film. The sensor has a GF between 11.3 and 15.7 for a strain of 1.6% 

and is suitable for structural health monitoring.  

Graphene flakes were often blended in a polymer or elastomer, such as epoxy [64-67], rubber 

[68], polyvinylidene fluoride [69], polyimide (PI) [70], poly(vinyl alcohol) [71], and, 

amorphous polyethylene terephthalate (PET) copolymer [72] to develop flexible and 

stretchable sensors. Zha et al. [73] reported on a GNP/epoxy nanocomposite with a GF of 45 

by solvent casting suitable for structure monitoring in aerospace. The sensor showed a limited 

stretchability of 3mm, with a non-linear electromechanical response and a drift in resistance. 

Wang et al. [74] fabricated GNP/polydimethyl siloxane (PDMS) composite strain sensor with 
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8.33 volume percentage of GNP having a GF of 233 for a strain range of 2% and they found 

that GF decreases with increasing concentrations of the graphene flakes in the matrix. A study 

on super elastic GNP/CNT-aerogel was done, and the authors claimed that sensitivity can be 

tuned by controlling the aerogel density [75]. 

 

Figure 2-6 Schematic representation of polymer/carbon particle film sensor 

 Polymer/carbon particle hybrid film sensors 

This sensor consists of a film of carbon nanoparticles or mixed with polymer supported by a 

layer of polymer, Figure 2-7. For the accomplishment of super stretchable and flexible 

sensors, the substrate material itself must be stretchable and flexible. Two substrate materials 

often opted for fabricating such sensors are PDMS [14, 76-80] and SR [81-87]. This type of 

sensors can be often tuned to varying sensitivity by changing the thickness of the sensing film. 

Generally, carbon nanoparticle-based polymer hybrid film sensors have shown excellent 

durability, stability, low creep, fast response and high selectivity to different types of 

deformation. 

Fu et al. [88] fabricated the strain sensor devices using chemical vapour deposition  

(CVD)-grown monolayer GNP with a GF around 151 for a strain of 4% which showed a linear 

relationship between resistance and strain up to 3% and afterwards it showed an exponential 

behaviour. Zhao et al. [36] reported nanographene strain sensors with GF around 300 and 

they suggested a tunnelling model explain the conductive mechanism of the film. Hempel et 

al. [39] used spray coating to develop thin films of overlapping graphene flakes which has a 

tunable gauge factor between 1 and 1.6 for a strain of 2%. Awasit et al. [89] presented a CVD 

grown graphene film transferred to SiO2/Silicone (Si), quartz, PET, plastics and PDMS for 

developing flexible devices. Solution-processed stretchable CNT and GNP nanocomposite 

electrodes on rubber substrates were reported [90] which showed a resistance change of 120 

for a strain of 20%. Gamil et al. [91] synthesised GNP film using laser treatment on a PET 
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substrate. The sensor exhibited a GF of 151 for a strain of 5%. Hwang et al. [92] presented 

self-powered, tunable sensors with high sensitivity, and which can be used in a variety of 

applications like soft robotics, personal health monitoring, artificial skins and human-friendly 

interfaces. Hu et al. [93] studied on the piezoresistance MWCNT/PDMS composites and 

proposed a deformation-induced transition mechanism of the CNT to explain the behaviour 

of the composites. MWCNT/PDMS composites with lower filler content showed higher strain 

sensitivity and the strain transferred from polymer matrix to CNT produced bending and 

elongation of the CNT. Hu et al. [94] studied the mechanism of piezoresistance 

MWCNT/polymer-based on 3D statistical resistor network model and fibre reorientation 

model, and noticed a linear piezoresistance at higher filler loadings, and a non-linear 

piezoresistivity at lower filler loadings. Shin et al. [26] developed elastomeric conductive 

composites based on aligned MWCNT forests (vertically aligned CNT arrays) in PU matrix 

which exhibited a good stretchability of 300% as well as high electrical conductivity and it 

showed a sensitivity of 0.34-1.07. Pyo et al. [95] developed a flexible three-axis tactile sensor 

with screen-printed CNT/PDMS composites with four sensing cells and a bump structure. 

The CNT/PDMS nanocomposite was prepared by a solvent evaporation method using toluene 

as the solvent to get the CNT well-dispersed in the polymer matrix and was directly patterned 

into a flexible PI film. The sensor exhibited good piezoresistive character and high flexibility. 

Park et al. [96] used MWCNT/polyethylene oxide (PEO) to develop films which showed a 

linear increase of resistance up to 0.04% strain and an exponential increase of resistance from 

0.04 to 0.07% strain. Stretch Sensors based on ribbons on prestrained elastomeric substrates 

[97, 98] often exhibit limited stretchability and are unsuitable for the large-scale 

manufacturing process. Wang et al. [99] reported on a buckling approach for GNP ribbons on 

a pre-strained PDMS substrate to create buckled layouts. The GNP ripples could afford a 

strain of 20% with GF 2. High-quality GNP films were developed on metal/SiO2/Si wafer 

films, which then transferred to PET substrate after patterning, showed a GF of 6 for a strain 

of 1% [100]. Sensors were fabricated by the inkjet printer with silver ink on a kapton substrate 

for the application of smart prosthesis applications using silver ink, which has a GF of 0.35 

for a strain of 3% [101]. MWCNT based flexible sensors on PDMS by spray coating were 

reported, which has a GF around 1200. But they exhibited large hysteresis and non-linear 

resistance-strain relationship. Moreover, on relaxation, sensor traversed a different path and 

couldn’t reach the original point at zero strain. Bae et al. [35] fabricated transparent GNP 

rosette sensor to monitor body motions, which showed both linear and non-linear region of 
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resistance variations up to a strain 7.1%. The resistance-strain curve is linear up to 1.8% with 

a GF of 2.4. 

Composite film sensors were developed for structure monitoring with graphene by spray 

coating solution-processed GNP flakes [102] which have a GF between 6-35 for a strain of 

25%. The GNP film is sandwiched between a polymer layer and a rubber substrate. 

Transparent single-layer GNP wearable sensors in a serpentine shape were prepared by 

thermal CVD, which is embedded in PDMS substrates [103] showed a GF of 42.2 for a strain 

of 20%. Mattmann et al. [104] fabricated sensor with 50 wt.% of a thermoplastic elastomer 

and 50 wt.% of CB on a silicone film for measuring strain in textile which has a GF of 20 for 

a strain of 80% that has a linear relationship with strain and negligible hysteresis. However, 

it displayed considerable recovery time and creep. 

 

Figure 2-7 Schematic representation of polymer/carbon particle hybrid film sensor 

 Embedded sensors 

A highly stretchable and sensitive strain sensor fabricated by pyrolysing conductive carbon 

patterns on the surface of a PI film using a CO2 laser [105], and was transferred to a PDMS 

substrate, showed a GF up to 20,000 for a strain of 100%. Chang et al. [106] fabricated 3x3 

flexible strain sensors arrays using conductive polymer solutions with CNT and carbon 

nanofiber fillers on PU flexible substrate. The measured GF was 0.34 to7.98 for a strain 

between 3-7% and the sensor could be bent up to 150%. Liu et al. [107] reported on 

MWCNT/PDMS composite embedded in PDMS substrates through micro contact printing. 

The sensor showed linear electromechanical characteristics when subjected to strain. Several 

studies have done on piezoresistive sensors with elastomeric tubes filled conductive liquid-

like eutectic gallium-indium [108, 109] or carbon grease [110]. However, it has been revealed 

that filling such highly viscous liquids in micro channels creates some practical difficulties. 

In addition to that, there are high chances of leakage of liquid upon the strain. Muth et al. 
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[110] developed 3D printed embedded strain sensor by extruding a viscoelastic ink into an 

elastomeric matrix through a needle which becomes a solid part after curing while the ink 

remains as the fluid. The GF obtained was around 3 for 100% strain with considerable 

hysteresis at higher speeds of stretching and relaxation. Lee et al. [80] constructed high strain 

GNP and MWCNT strain sensors by screen printing and embedded in PDMS substrates which 

had a GF >100 for a strain of 40% but with large hysteresis. Kirigami -inspired strain sensor 

based on graphene wearable technology [111] were reported which are stretchable up to 240% 

and mixed strain states including stretching, shearing and twisting, showed a GF of 0.026 for 

a strain of 60%, suitable for health monitoring applications. 

 

The sandwich-type sensors [112-114] generally have three layers including two layers of 

substrates and one layer of conductive layer, Figure 2-8. But delamination between individual 

layers affects their mechanical reliability. Amjadi et al. [115] fabricated a stretchable, skin 

mountable and soft strain sensor with CNT/Ecoflex nanocomposite. The films exhibited high 

robustness and good resistance-strain dependency for around 1380% mechanical strain which 

can be used as an epidermal electronic system. Yamada et al. [116] developed aligned 

SWCNT thin films embedded in PDMS substrate for wearable applications. The sensor has a 

stretchability of 280%, durability of 10,000 cycles, fast response of 14 ms, but with large 

hysteresis. Sreenivasalu et al. [117] reported two strain sensors fabricated by sandwiching 

MWCNT and GRP flakes between natural rubber layers. They manifested a stretchability of 

620% for MWCNT sensor and 246% for GRP sensor with high sensitivities of 5-43 and 12-

346, respectively. Though it has high sensitivity and good durability, the substrate natural 

rubber is not suitable in all environments which limits its application. PDMS/CNT/PDMS 

strain sensors were fabricated with GF between 0.4 to 50, and the theoretical analysis was 

carried out. The CNT network film was synthesised by CVD method and the transparent 

sensor is stretchable up to 100% [118]. PDMS/graphene/PDMS flexible and stretchable 

sensors were fabricated by spray coating, stretchable up to 290% with a GF 1.55 for a strain 

of 50%, suitable for human motion detection [119]. Yang et al. [120] fabricated highly 

sensitive PDMS/graphene/PDMS strain sensors suitable for human motion detection with a 

GF of 1054. The dynamic electromechanical characteristics showed linearity up to 24%. The 

durability test showed resistance drift. Sun et al. [121] reported a highly sensitive, waterproof 

three-dimensional graphene/CB/Nickel strain sensor with a GF > 100 under a strain of 4-16%, 

suitable for human motion detection. 
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Figure 2-8 Schematic representation of embedded film sensor 

 

Capacitive strain sensors have good sensitivity and can operate on a wide range of 

temperatures. However, they often show non-linear hysteresis pattern and can produce stray 

capacitance. They also require two conducting layers and complex external circuitry whereas 

piezoresistive sensors can be fabricated with a single conducting layer. Piezoelectric sensors 

use piezoelectric materials which are naturally obtaining such as quartz and tourmaline. They 

show fast response and is used in explosions. The disadvantage of piezoelectric sensors is that 

they have operating limits such as temperature, voltage and stress, specific to the material, 

and beyond which they cannot function. Metallic strain gauges can be manufactured in any 

shape and can be used in high temperatures. Nevertheless, they have low sensitivity and are 

not suitable for measuring large strain and are difficult to embed on structures. Semiconductor 

strain gauges can be manufactured into very small sizes and are suitable for measuring small 

strain. Yet, they exhibit high sensitivity to environmental conditions such as temperature and 

humidity and are also not suitable for measuring large strain. Stretch sensors made with films 

are with nano/micro materials are easy to make. However, they show low sensitivities and 

high hysteresis due to the rigid and stable structure of the nanoparticles and non-efficient 

strain transfer is reported with many film sensors. Existing large strain sensors fabricated with 

polymer nanocomposite film reveal that high concentration of nanoparticles is necessary for 

a good conducting composite film, which affects their flexibility. Since there is a significant 

difference between Young’s modulus of carbon-based nanoparticles and polymer, high 
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amounts of nanomaterials increase stiffness which affects the stretchability of the sensor. 

Moreover, sensors that can detect large strains normally demonstrate lower sensitivity and 

highly sensitive sensors have limited stretchability. Also, a mild touch can damage the film 

and so it is unsuitable for long term use. Moreover, stretching and relaxation produces cracks 

in the film, which in turn increases non-linearity and high hysteresis. Stretch Sensors with 

sensing element in the form of ribbons on pre-strained elastomeric substrates often exhibit 

limited stretchability and are unsuitable for a large-scale manufacturing process. Although 

sensors with sensing element sandwiched between flexible substrate layers indicate good 

stretchability, delamination between individual layers adversely affects their mechanical 

reliability. Performance results of stretchable sensors are outlined in Table 2-1. 

This study reports on the fabrication and characterisation of carbonaceous composites which 

are stretchable and flexible. The composites can be used as wearable strain sensors. The 

sensors are fully enclosed in a non-toxic, environmentally stable elastomer, which maintains 

connectivity through a significant strain. Sensors are fabricated by printing and solution 

casting. They can also be used as thermal interface devices. 
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Table 2-1 Summary of performance results of stretchable strain sensors 

 

Materials 

 

Method 

Sensor characteristics  

Reference 
Strain  GF Electromechanical 

characteristics 

Repeatability 

AgNWs-ecoflex Screen printing 50% 0.7 Limited stretchability  [122] 

AgNWs-Poly ethylene 

dioxy thiophene-poly 

styrene sulphate/PU  

Solution processing 100% 1.07-12.4 Non-linear resistance-

strain  

10,000 [123] 

Aminofunctionalised 

GNP/epoxy 

Solvent casting 2% 45 Non-linear drift after 2% 

strain 

 [73] 

AuNWs-ecoflex Draw on by Chinese 

pen brush 

149.6% 

 

20.4-61.4   [124] 

AuNWs-latex rubber Drop casting 350% 6.9-9.9 Considerable hysteresis >5,000 [125] 

CB/MWCNT/PDMS Spraying 130% 61.82 Linear up to 40%, 

exponential between 40% 

-130% 

100 [126] 

CB/natural rubber LBL 0.1% 39  10,000 [127] 
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CB/thermoplastic 

elastomer/Silicone 

film 

Melt mixing 80% 20 Long recovery time and 

creep  

 [104] 

CB/TPU Coaxial wet-spun 

approach 

204% 28,084 Linear, response time 

200 milli second (ms) 

11,000 [128] 

CB-PDMS 

 

Contact transfer 

printing 

10% 1.8-5.5 Two linear regions, large 

hysteresis 

30 [14] 

CB-PDMS Photo-resist 

patterning, 

squeezing 

30% 29.1 Limited stretchability  [129] 

CNT Brushing and drying 70% 6.6 Limited stretchability >1000 [130] 

CNT/CB LBL 150% 45.4 Linear between 15-150% 1300 [131] 

CNT/Epoxy CVD 1.5% 11.3 to 15.7 Linear 100 [63] 

CNT/natural rubber Spray coating 356% 1.75 Large hysteresis 2000 [132] 

CNT/Silver nano 

particle/TPU 

3D printing 250% 43260 Linear 1000 [133] 

CNT/silver 

nanoparticles 

Colloid preparation 

and fumigation 

95.6% 2.1 39.8 Considerable hysteresis  [134] 
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CNT-ecoflex Vacuum filtration, 

Hydrophobic 

patterning 

100% 0.99   [135] 

CNT-ecoflex Contact transfer 

micro patterning 

150% 1 Large hysteresis  [136] 

CNT-PEDOT-PSS/PU Spin-coating 100% 8.7-62.3 Non-linear  [137] 

Conductive carbon  

Grease/ecoflex 

3D printing 100% 300 Large hysteresis  [110] 

Ecoflex-carbon grease 

 

3D printing 450% 3.8 High hysteresis, non-

linear 

 [113] 

Ecoflex-CNT Air spray coating 500% 1-2.5 Low hysteresis 

linear 

2000 [138] 

Ecoflex-ionic liquid Solution casting, 

Injection 

300% 1.75-3.75 Low hysteresis, linear 3000 [139] 

GNP Spray coating 1.7% Around 25 Limited stretchability 4000  [140] 

GNP Solution casting 25% 301.61-

29631 

Limited stretchability >1000 [141] 

GNP LBL  150% 1.4 Linear between 50-150  [142] 
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GNP Reactive ion itching 7.1% 6.2 Non-linear, mechanical 

failure after 7.1% strain 

 [35] 

GNP Sputtering 3% 1.9 Limited stretchability  [37] 

GNP CVD 2% 1037 Limited stretchability  [38] 

GNP Contact transfer 

printing 

1% 6 Limited stretchability 100  [100] 

GNP CVD 20% 42.5 Limited stretchability  [103] 

GNP and CNT Laser carbonisation 100% 20,000  1000 [105] 

GNP and 

MWCNT/PDMS 

Screen printing 40% 100 Large hysteresis 5  [80] 

GNP/epoxy Solution casting ~ 14% ~ 105 Linear, durability test 

show resistance drift 

2000 [143] 

GNP/MWCNT LBL 100% 2675.5 Linear up to 80% 2000 [144] 

GNP/PMMA Buckling of ripples 20% 2 Limited stretchability  [99] 
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GNP/rubber Dip coating 800% 35 Linear for small strain 

region, drift 

1000 [68] 

GNP/rubber Spray coating 25% 6-35 Linear in a short range  [102] 

Graphene foam-PDMS CVD, drop casting 70% 15-29   [145] 

Graphene on PI fabric Ultraviolet laser 

direct writing  

4% 27 Linear  1000 [146] 

Graphene Oxide Reduction, pyrolysis 60% 3667 Linear up to 40% >1000 [147] 

Graphene woven 

fabric 

CVD 12% 105 Irreversible  [148] 

Graphene/CB/Nickel Drop coating 16% >100 Linear 1200 [121] 

Graphite/Natural 

rubber 

Rubbing powder on 

substrate 

246% 346.6 Non-linear 400 [149] 

MWCNT/PDMS Spray coating 60% 1200 Non-linear, hysteresis  [150] 

MWCNT/Polyacrylam

ide hydrogel 

Solution casting 250-700% 3.39 Linear, response time 

300 ms 

> 300 [151] 
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MWCNT/PU Spray deposition 

modelling 

80% 0.61- 6.42 Medium hysteresis 30 [152] 

MWCNT/PU forest 

 

CVD 4% 300 Limited stretchability 100  [26] 

MWCNT/styrene-

butadiene-

styrene/thermoplastic 

Solution casting 20% 18 Large hysteresis 10  [47] 

PDMS/CNT/PDMS CVD 100% 0.4 – 50 Nonlinear 1000 [118] 

PDMS/CNT/PDMS Spray coating 130% ~16 Showed hysteresis, linear 1000 [153] 

PDMS/Graphene/PD

MS 

Spray coating 290% 1.55 Exponential 2500 [119] 

PDMS/Graphene/PD

MS 

Spray coating 26% 1054 Linear up to 24%, 

resistance drift in 

durability test 

500 [120] 

PDMS-carbonised PI Laser carbonisation 100% 20,000 Non-linear 1000 [154] 

Platinum(Pt)-PDMS Drop casting, 

sputtering 

2000% 2 Non-linear  [155] 

Polyamide (PI)/ 

GNP/PI  

Laser cutting 240% 0.026 Strain in sensitive  [111] 
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PPy/PU Polymerisation 420% 116 Linear, small resistance 

drift 

 [156] 

Silver ink Ink jet printing 3% .35 Showed drift 5 [101] 

Silver nanowire-

PDMS 

Solution casting 70% 2-14 Linear up to 40% 

Large hysteresis 

 [157] 

SWCNT Water assisted CVD 280% 0.82 Considerable hysteresis 10,000  [116] 

 

ZnO-PDMS Electrospinning 50% 114 Limited stretchability  [158] 
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Numerous materials having piezoelectric, piezoresistive or other sensing properties, can be 

used to develop a stretch sensor. However, these materials are associated with some limitations 

such as high excitation voltages, brittleness of material or high cost which limit their 

applications. Carbon materials like CNT, GNP, CB and GRP have been considered as ideal 

materials due to their exceptional electrical, mechanical and piezoresistive properties. 

 CNT properties 

CNT, a member of the fullerene family, have gained enormous scientific and technological 

interest since their identification in 1991 [159]. Their unique mechanical, electrical and thermal 

properties make them a supreme candidate for a wide spectrum of applications. There are two 

main types of CNT available today, SWCNT [160] and MWCNT. SWCNT consists of a single 

sheet of graphene rolled seamlessly with a diameter of the order of 1nm and length of up to a 

few micrometres, as in Figure 2-9 [161]. MWCNT consists of an array of such cylinders formed 

concentrically and are separated by 0.35 nm. MWCNT can have diameters of tens of microns. 

Also, the room temperature thermal conductivities (TC) of SWCNT have been measured as 

high as 3500 W m-1 K-1 and 3000 W m-1 K-1 for MWCNT [162]. Moreover, metallic SWCNT 

and MWCNT exhibit electrical conductivities on the order of 105 -106 S cm-1 [163]. Tensile 

strengths of individual MWCNT were measured with a nano-stressing stage located within a 

scanning electron microscope, and it was reported that the tensile strength of the outer most 

layer ranged from 11 to 63 GPa [164] while Young’s modulus varied from 270 to 950 GPa.  
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Figure 2-9 a) Graphene b) SWCNT and c) MWCNT structures reproduced from [161] 

MWCNT consists of multiple rolled-up graphene sheets, as shown in Figure 2-10 and can occur 

in two different structures called Russian doll model [112] and scroll parchment model. In the 

former, graphene sheets are rolled up into concentric cylinders, and in the latter, the graphene 

sheets are rolled up sheets like a scroll of parchment [112]. 

 

Figure 2-10 Two models of MWCNT (a) Russian Doll MWCNT and (b) Scroll MWCNT 

reproduced from [112] 
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 Graphene 

Graphene is a two-dimensional (2D) and structurally hexagonal honeycomb [44] material. It is 

a semiconductor with a zero bandgap, and can sustain up to 25% in-plane tensile elastic strain 

[165]. It is the strongest material ever tested with an intrinsic tensile strength of 130 GPa and 

Young’s modulus of 1TPa [166]. Its stability is due to its tightly packed carbon atoms and an 

sp2
 orbital hybridisation. It has attracted significant interest with excellent characteristics such 

as its unique electrical properties [167] and strong mechanical strength [166, 168]. Among the 

various carbon materials graphene has gained significant attention due to its unique properties 

including mechanical flexibility, optical transparency, high conductivity/carrier mobility and 

thermal responsiveness.  

 

Figure 2-11 Graphene lattice structure reproduced from [44] 

Under tensile load, the structure of the hexagonal honeycomb would partially be destructed 

near the edge of the film [169]. It would result in an alteration of the electronic band structure 

and conductance characteristics, subsequently, causing a significant change of the resistance 

of the graphene. The unique monocrystalline planar structure with covalent carbon/carbon 

bonds [44], as in Figure 2-11 is responsible for fast electron mobility, ultra-high-modulus of 

elasticity and negligible internal mechanical hysteresis [170]. With remarkable properties of 

conductivity, transparency, and flexibility, piezoresistance, graphene has been proved to be an 

attractive material for potential applications in optoelectronics, energy, sensors, and electronics 

[171-174]. 

The conduction band and valence band of graphene touch each other at the Dirac points as in 

Figure 2-12 [175], making graphene a zero bandgap material. Nevertheless, it remains a 
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semiconductor as these bands do not overlap each other. Electrons in graphene behave as 

massless Dirac fermions [176], as confirmed by their peculiar Quantum Hall effect. 

 

Figure 2-12 Graphene electronic band structure reproduced from [175] 

 Carbon black 

CB is mainly derived from the incomplete combustion of petroleum products. It consists of a 

mix of sp2 and sp3 hybridised carbon atoms [177]. CB is considered as an essential reinforcing 

material due to good electrical conductivity, low cost, lightweight and ease of handling. It 

consists of nearly spherical particles with a low aspect ratio and can be considered as zero-

dimensional material. It has comparatively low cost when compared to other carbonaceous 

fillers like GNP and CNT. Due to its spherical geometry, and zero dimensionality, it is easy to 

move around the polymer chains than CNT and GNP in polymer composites. It is a 

hydrophobic material. 

 Graphite 

GRP is a naturally occurring form of carbon. It is a good conductor of heat and electricity due 

to the electron delocalisation of pi electrons and resistant to high temperature and many 

chemicals. In Graphite, carbon atoms are sp2 hybridised. The TC of GRP is around  

2000 W m-1 K-1. The structure of graphite [178] consists of hexagonal rings forming graphene, 

as in Figure 2-13. The three valence electrons of the carbon atoms are covalently bonded with 

other three carbon atoms. The fourth electron is free and can be displaced by an electrified, 

which causes electrical conductivity in graphite. 
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Among the various fillers, graphite possesses some peculiar characteristics such as good 

thermal and electrical conductivity, low coefficient of thermal expansion, and good stiffness 

[179]. 

 

Figure 2-13 Structure of Graphite reproduced from [178] 

 Polypyrrole (PPy) 

PPy is a conducting polymer. Among other conducting polymers PPy is the most commonly 

used material due to its mechanical stability, good electrical conductivity, thermal, 

environmental stability and ease of production. They have alternating single and double bonds 

between carbon atoms on their polymer backbone. PPy is a conducting polymer with 

conjugated double bonds formed by the polymerisation of pyrrole. PPy is used in the 

fabrication of electronic devices, chemical sensors and artificial muscles. Conductivity varies 

from 2-100 S cm-1. The structure of PPy is shown in Figure 2-14 [180]. 
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Figure 2-14 Structure of PPy reproduced from [180] 

 

In 1856, Lord Kelvin discovered that in metal when a mechanical load is applied, a change in 

resistance is observed. When a mechanical load is applied to metals and semiconductors, 

changes occur in the inner atomic space and as a result, their bandgap width changes making 

the electrons in the valence band easier or more difficult to reach the conduction band. As a 

result of the resistivity of the material changes which is called piezoresistance. 

In metals, the mechanical load changes the geometry of the metal, as in Figure 2-15, and so the 

resistivity can be calculated using the formula 

𝐑 =
𝛒𝐋

𝐀
                                                                                                                     (Equation 1) 

where, R is the electrical resistance measured in ohm, 𝛒 is the intrinsic electrical resistivity of 

a conductive material measured in ohm-metre, L is the length measured in metre and A is the 

area of cross-section measured in square metre [113]. 

When a solid is stretched, there will be changes in dimensions in all the three axes. 
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Figure 2-15 Deformation of a solid body due to the Poisson effect 

Differentiating equation I [181], 

ΔR

R
=

ΔL

L
+

Δρ

ρ
−

ΔA

A
                                                                                 (Equation 2) 

where, the first term represents the ratio of the increase in length to the original length, the 

second term represents the ratio of the change in resistivity to the original resistivity, and the 

third term represents the decrease in area to the original area 

The second term is negligible for metals.  

Due to the Poisson’s effect, 
ΔA

A
= −2𝜈

ΔL

L
                                                    (Equation 3) 

Substituting this value in Equation 3 in Equation 2, 

ΔR

R
= (1 + 2ν)

ΔL

L
+

Δρ

ρ
                                                                                        (Equation 4) 

The GF, λ =
ΔR

R⁄

ΔL
L⁄

= 1 + 2ν +
Δρ

ρ⁄

ΔL
𝐿⁄
                                                                      (Equation 5) 
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The first term on the right-hand side is due to the change of length, the second term is the 

resistance change due to the change in area, and the third term is due to the effect of 

piezoresistive effect. 

 

Polymers are generally reinforced with conducting fillers to get considerable improvements in 

their strength and stiffness. The refinement of properties relies on several parameters of filler 

particles including their size, aspect ratio, the degree of dispersion, the orientation in the matrix 

and the degree of adhesion with the polymeric molecules. The filler dispersion and interfacial 

interactions are found to have a crucial role in the mechanical properties. Polymer composites 

with carbon materials integrated with various polymeric matrices have attracted great attention 

for the fabrication of stretchable, flexible and lightweight sensors [119, 182, 183] .  

As CNT and GNP have a higher aspect ratio, an effective conductive network can be formed 

very easily. Hence nanocomposites of CNT and graphene with various polymers reach the 

percolation threshold at a lower weight-percentage than other commonly used nanofillers such 

as metal particles/flakes and CB [184, 185]. This reduces the amount of the conductive phase 

in the sensing element, which improves the mechanical properties of the composite, and the 

cost of fabrication. Different mechanisms such as geometrical effect [129, 140], the 

disconnection between adjacent elements [157, 186], tunnelling effect [187, 188], and crack 

generation in thin films [189, 190] have been pursued to change the resistance of strain sensors 

by the external strain. Polymer nanocomposite strain sensors have several attributes over metal-

based strain sensors like low cost, low density, mechanical flexibility, chemical and 

environmental stability, and corrosion resistance [157, 191]. These virtues, along with the ease 

of developing, make them suitable for the fabrication of strain sensors. 
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Design and Fabrication of Flexible 

Large Strain Sensors by Printing 

 

 

 Materials and Methods 

Ecoflex 00-30 [192, 193], the SR used in this experiment as a flexible substrate has superior 

properties over other flexible substrates such as excellent electrical insulation, low modulus, 

and high elasticity, and is best suited for highly deformable piezoresistive sensors. It has 

Young’s modulus of 125 kPa, nearly equal to that of the human skin and PDMS [18, 194, 195] 

also often used in stretch sensors, has much higher Young’s modulus (0.3-3.5 MPa) and is less 

compatible with the skin. Besides, the stretch sensors made of carbon nanocomposites/SR 

possess high-performance characteristics due to the strong interfacial bonding between them. 

Moreover, SR is suitable for long term sensing applications as it is environmentally stable due 

to its water resistivity [138, 196, 197] . For real flexibility, the conducting material itself must 

be designed to function under stress. Addition of polymers like SR to the conductive filler, 

allows conductive elements to gain some flexibility from the matrix without breaking the 

connection. Furthermore, SR could be easily utilised in skin mountable devices due to its 

antitoxicity.  

MWCNT dry powder with 7-17 nm outer diameter and length 5-15 µm, was taken in a petri 

dish. Ecoflex 00-30, the elastomer used, has two parts, a polymer phase (A) and a platinum 

catalysed curing agent (B). They were added in equal amounts and mixed well. MWCNT 

powder was added to it and a homogeneous paste is made using Vibracell Ultrasonic 

homogeniser VCX 130 with frequency 20 kHz for 5 minutes. It was then loaded in a 5ml 
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syringe attached to the printer. Equal amounts (6ml) of part A and part B of Ecoflex were taken 

in a petri dish, stirred slowly to ensure there were no trapped air bubbles. The paste was then 

extruded through a 20 gauge deposition nozzle directly onto the uncured SR substrate (15-20 

minutes after mixing the two parts of Ecoflex) with the help of printer, as shown in Figure 

3-1(b) whose movement can be controlled by a G-code program. If the printing is done before 

15 minutes, the conductive trace will be deformed, as in Figure A-6-1 (b).  

  

(a) (b) 

  

(c) (d) 

Figure 3-1 (a) SEM image of MWCNT particles (b) printing conducting paste in the SR 

substrate, (c) printed pattern of the polymer nanocomposite, and (d) The SEM image of 

the embedded trace within the elastomer 

As the nozzle moves through the substrate with a rate of 1 mm s-1, the MWCNT/SR paste is 

deposited onto the SR substrate with an extrusion speed of around 0.60 mm s-1. When the 

substrate is allowed to cure, the encapsulated sensing element made from MWCNT, transforms 

into a solid, highly extensible, conformal MWCNT/SR polymer matrix. The experiment was 

done with 7.60 wt.%, 6.25 wt.%, 5.55 wt.% and 4.76 wt.% of MWCNT. The 5.26 wt.% and 

4.76 wt.% composite pastes seemed to be non-conductive while the 7.60 wt.% composite paste 

was found to be unsuitable for printing as the printed pattern breaks due to insufficient SR to 
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hold the fillers together, Figure A-6-1(a). Therefore, printed sensors with MWCNT loading 

6.25 wt.% and 5.55 wt.% were selected for further characterisations, Table 3-1. 

This method enables free-form fabrication of sensor with different patterns and geometries. As 

the SR substrate cures, the nanocomposite trace remains stable over time without any chances 

for diffusion or dissociation. Figure 3-1(a) shows the SEM image of the MWCNT particles 

used and Figure 3-1(c) and 3-1(d) show the printed serpentine-shaped conductive pattern, and 

the conductive trace embedded within the elastomer, respectively. The conductive paste is 

shown in Figure A-6-1(d). 

Table 3-1 MWCNT/SR composite properties 

7.60 wt.% Cannot be printed 

6.25 wt.% Conductive 

5.55 wt.% Conductive 

5.26 wt.% Nonconductive 

4.76 wt.% Nonconductive 

 

 Characterisation of MWCNT/SR stretch sensors 

Static resistance was measured with a four-probe conductivity meter (Keithley 2612). The 

composite resistance remains constant after being annealing to 80 °C for 1 hour and then  

100 °C for 2 hours. The resistance of 1 cm length of the trace was found to be 3 k, and  

3.1 k after annealing. The slight difference in resistance could be due to the crosslinking of 

the elastomer chains during complete curing. To characterise the device as a stretch sensor, 

variations in resistance were measured while the sensor was subjected to a uniaxial tensile 

stress parallel to its length. In the experimental set up for stretch testing, the printed sensor 

within SR substrate was firmly fastened by two acrylic grips, as in Figure A-6-1(c). One end 

of it was fixed to a static position and the other end to an automated motion stage whose motion 

was controlled by a computer so that displacement and strain are known at any given time. For 

measuring the resistance, a 4-probe conductivity meter (Keithley 2612) was utilised, which 

imposes a constant continuous current and the output voltage was measured. A linearly 

increasing tensile strain was applied to the sample and simultaneously resistance was recorded. 

Since cycling stability is very important for practical applications, it is essential to assess the 
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reproducibility of the mechanical and electrical performance under repetitive strain. For further 

characterisation of the strain-dependent resistance of the nanocomposite, multiple cycles of 

extension and relaxation were carried out with the automated motion with a constant strain rate 

of 1 mm/s.  

 Piezoresistance in MWCNT/SR composites 

CNT being a one-dimensional (1D) nanostructure, CNT/SR nanocomposite is considered as  

1-3 structure. The inclusion of CNT into the elastomer SR, significantly enhances the 

conductivity of the CNT/SR nanocomposite. Generally, the electrical conductivity of polymer 

composites above the percolation threshold can be described by scaling law [198, 199], 

𝛔 = 𝛔𝟎(𝛉 − 𝛉𝐜)𝐭                                                                                                     (Equation 6) 

where, θ is weight fraction of the conducting filler, θc the percolation threshold, and t refers to 

a critical exponent and σ0 is a constant. According to the percolation theory, the critical 

exponent depends only on the dimensionality of the system, i.e., t = 1.6 for two and t = 2 for 

three dimensions [200]. 

Two types of resistances determine the resistance of the nanocomposite. The first type is the 

intrinsic resistance Rtube of the CNT itself. The second type is the intertube resistance Rjunction. 

Then the total resistance of the CNT film can be calculated as 

𝐑 = 𝐑𝐭𝐮𝐛𝐞 + 𝐑𝐣𝐮𝐧𝐜𝐭𝐢𝐨𝐧                                                                                                                                              (Equation 7) 

The Rjunction is the sum of the contact resistance RC for CNT in physical contact, and tunnelling 

resistance RT for CNT separated by a small gap. The tunnelling resistance RT can be estimated 

by [201] 

𝐑𝐓 =
𝐡𝟐𝐝

𝐀𝐞𝟐√(𝟐𝐦𝛌)
 𝐞

𝟒𝛑𝐥√(𝟐𝐦𝛌)

𝐡                                                                                             (Equation 8) 

where, d is the distance between individual CNT, e is the quantum of electricity, h is the 

Planck’s constant, m is the electron mass, λ is the barrier height of energy, and A is the cross-

sectional area of the tunnel. Mainly three theories have been postulated to explain 

piezoresistance in CNT/polymer nanocomposites. They are a) theory based on the changes in 

of conductive CNT networks affecting RC b) theory based on the distance change between 

neighbouring CNT, promoting RT and c) theory based on the deformation of CNT varying 

Rtube. However, Rtube is small due to poor stress transfer between the polymer and the fillers 
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[202]. GF is a measure of the sensitivity of the sensor, and is equal to the normalised change 

in resistance divided by the strain of the sensor [80]. 

𝐆𝐅 =
𝚫𝐑

𝐑⁄

𝚫𝐋
𝐋⁄
                                                                                                                 (Equation 9) 

where, ΔR is the change in resistance, R is the original resistance value at zero strain, L is the 

original length and ΔL is the change in length. 

 Dynamic electromechanical results 

In MWCNT/SR composite, fillers are entangled in a complex manner. When a strain is applied, 

the detangling of the intertwined CNT is likely to happen than stretching in the strain direction. 

MWCNT/SR composite endures considerable large strain without causing electrical failure. 

The good connection between CNT and SR could be due to the very low viscosity of the liquid 

SR [203], and due to the Van der Waals and electrostatic forces [204, 205].  
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(d) 

Figure 3-2 Relative resistance-strain curves MWCNT in SR with a speed of 0.1 mm/s (a) 

MWCNT with 6.25 wt.% up to 100% strain (b) hysteresis curve for four cycles, inset 

magnified hysteresis loops (c) MWCNT with 5.56 wt.% up to 100% strain, and (d) 

hysteresis loop for four cycles, inset magnified hysteresis loops  

The hysteresis curve of MWCNT/SR sensor in Figure 3-2(a) can be divided into two regions. 

Region I covers strain up to 40% and region II covers strain up to 100%. In Region I, the 

resistance increases slowly, which can be attributed to the well-connected CNT network in the 

nanocomposite. Due to the Van der Walls forces, the CNT forms bundles and detangling of 

bundles takes place up to 40% strain. The initial non-directionally oriented MWCNT as in 

Figure 3-4(a), becomes straight and aligned with the direction of stretching, as in Figure 3-4(b). 

Identical properties were shown by MWCNT/PEO nanocomposite [96]. Similar hysteresis 

patterns were displayed with various CNT concentrations, regardless of the strain range. In 

Region II, the change in resistance is more likely to occur due to the disconnection between 

the individual MWCNT. It is evident from Figure 3-2(a) and Figure 3-2(c) that resistance 

changes in the relaxation were not the same as the changes the stretching phase. The slight 

increase in resistance on relaxation could be attributed to the reorientation of the CNT in the 

polymer matrix which is slightly different from the original orientation. A similar type of 

hysteresis loop is observed with MWCNT/PDMS polymer nanocomposite [107, 206] and 

MWCNT/Ecoflex [115].  
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The strain-dependent electrical conductivity of MWCNT/SR nanocomposite is repeatable for 

various loadings of MWCNT. Studies were done on MWCNT/SR 6.25 wt.% and 5.55 wt.% 

composites which revealed that the electrical resistance variations versus strain for each 

specimen of MWCNT, exhibits linearity. The repeatable electromechanical characteristics of 

these composites permit them to be used as stretch sensors. MWCNT/SR 6.25 wt.% composite 

exhibited a small drift, as in Figure 3-2(b) which is more for MWCNT/SR 5.55 wt.%, as in 

Figure 3-2(d). The electromechanical characteristics of both composites displayed good 

linearity and negligible hysteresis, as in Figure 3-2(a) and (c). The maximum hysteresis 

percentage (MHP) of MWCNT/SR sensor with 6.25 wt.% is found to be between 4 and 6. The 

SEM images of the MWCNT/SR sensor at zero strain and under strain are shown in Figure 

3-4(a) and (b). During stretching, the SR polymer chains are stretched without causing strain 

in the MWCNT, and the alignment of MWCNT in the direction of strain takes place due to the 

difference in Young’s modulus of the SR and MWCNT [203, 207]. The white arrow marks 

show the stretching direction. The performance of MWCNT/SR strain sensors has much better 

performance regarding linearity, hysteresis, and stretchability than previously reported strain 

sensors made of carbon-based nanomaterials/polymer composites with non-linear response and 

hysteresis [78, 110, 208-211]. 

 Temperature-dependent resistance characteristics 

To understand the conductive mechanism of the MWCNT/SR composites, and to understand 

the possibility of the composites to be used in high-temperature applications, the variations of 

the resistance with temperature was studied. Mainly two types of conductive mechanism are 

generally proposed in CPCs. 

A variable range hopping mechanism [212-214] which is represented by  

σ = σo exp(-B/T1/4)                                                                                               (Equation 10(a)) 

 and a tunnelling conduction mechanism [94, 215] represented by 

σ = σo exp(-A/T1/2)                                                                                               (Equation 10(b)) 

where, σ is the electrical conductivity is the σo, A and B are constants and T is the absolute 

temperature. 

MWCNT exhibit metallic [216] or semiconductor characteristics [217, 218]. Figure 3-3(a) 

shows the temperature dependence of resistance of the composite between 290 K and 415 K. 
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Here, the resistance of MWCNT/SR composite decreases with increasing temperature showing 

a semiconductor [46, 219-221] behaviour. This is likely because MWCNT in SR have fewer 

end connections and have a greater contact area between adjacent nanotubes due to their high 

aspect ratio and the alignment of MWCNT in the SR matrix. Figure 3-3(a) shows that the 

resistance decreases with temperature with a drop of 5.58 kΩ, a reduction of 35% of the initial 

resistance. Resistance-Temperature (R-T) plots were drawn with the natural logarithm (LN) of 

the resistance along the Y-axis and 1/T1/2 along the X-axis, as in Figure 3-3(b), and (1/T1/4) 

along the X-axis, as in Figure 3-3(c). It is evident from the linearity of plots in Figure 3-3(b) 

and 3-3(c) that the data can be fitted well with a tunnelling conductive mechanism. 
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(c) 

Figure 3-3 (a) Resistance-temperature graph of MWCNT/SR 6.25 wt.% of MWCNT (b) 

fitted using 3D VRH model, and (c) fitted using tunnelling conducting mechanism 

 

  

(a) (b) 

Figure 3-4 SEM images (a) unstretched MWCNT/SR sensor, and (b) stretched 

MWCNT/SR sensor 

 GNP/SR stretch sensor 

 Preparation of GNP/SR composite sensor 

GNP/SR composites were prepared in various proportions of GNP such as 20 wt.%, 16.67 

wt.%, 14.29 wt.%, 12.5 wt.% and 11.11 wt.%, and printed it on an uncured SR substrate in a 

similar way described in section 3.1.1.1. Out of the various samples developed, only 20 wt.%, 

16.67wt.% and 14.29 wt.% were conductive and selected for further characterisations as 12.50 

wt.% becomes non-conductive on stretching, Table 3-2. 
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Table 3-2 GNP/SR composite properties 

25.00 wt.% Cannot be printed 

20.00 wt.% Conductive 

16.67 wt.% Conductive 

14.29 wt.% Conductive 

12.50 wt.% Conductive 

11.11 wt.% Nonconductive 

 

 The electrical conductivity of GNP/SR sensor 

For an arbitrary arrangement of the conductive fillers, a conductive network forms at a specific 

filler loading, known as the percolation threshold [222-226] represented by θc in equation 6. 

When the filler loading reaches θc, the conductivity of the composite increases quickly. In 

GNP/SR composites θc is 12.50 wt.% and the composite is nonconductive at 11.11 wt.%, Table 

3-2. In the case of MWCN/SR composites the percolation threshold is 5.26 wt.% where a 

transition from insulator to conductor takes place, Table 3-1. However, the θc of GNP/SR 

composites is nearly double that of MWCNT/SR composites which could be due to the high 

aspect ratio of MWCNT that can form a conductive network at lower loading than GNP as 

demonstrated in Figure 3-5(a),(b) and (c). Above θc, multiple electron paths formed, and the 

resistance of GNP/SR sensor decreases sharply as in Figure 3-5(d).  

  

(a) (b) 

  

(c) (d) 

Figure 3-5 Schematic representation of the conductive networks in MWCNT/SR 

composites (a) below θc and (b) above θc , and GNP/SR composites (c) below θc and (d) 

above θc 

To characterise the device as a stretch sensor, static resistance variations were measured with 

a four-probe conductivity meter (Keithley 2612) which imposes a constant continuous current, 



Chapter 3 

43 

 

and the output voltage was measured, as in Figure 3-11(a). The resistance of various lengths 

was measured, and the results are shown in Figure 3-6. The resistance of 1 cm of GNP/SR  

sensor with GNP 20 wt.% is around 2.6 kΩ. The resistance seemed to increase by about 2.5 kΩ 

with an increase of 1 cm due to the increased scattering of electrons. The resistance value is 

more for GNP/SR 16.67 wt.% and still more for GNP/SR 14.29 wt.% due to the increase in 

polymer content. GNP/SR 12.50 wt.% showed a very high resistance, Figure 3-6.  

 

Figure 3-6 Variations in resistance with different proportions of GNP and various lengths 

of conducting trace 

 Piezoresistance GNP/SR composites 

GNP has a 2D structure; the GNP/SR composites can be considered as a 2-3 structure. 

Therefore, the mechanism which causes piezoresistance in GNP/SR composites is different 

from that of MWCNT/SR composites. GNP and MWCNT have similar sp2 chemical structure 

[227], but they show dramatically different dispersion behaviour in SR, as the morphology of 

the two particles is quite different. Hu et al. [85] reported that when GNP is mixed with SR, 

the flat surface of GNP modifies into a wrinkled morphology which facilitates the dispersion 

of GNP in SR [228]. The role of the polymer SR in the system is considered as the tunnelling 

barrier. The piezoresistance of the GNP/SR network originates from three factors; the 

conductive paths formed by GNP, tunnelling between neighbouring GNP and GNP 

piezoresistance. The first two factors were found to play a significant role in the piezoresistance 

of the GNP/SR network. Strain disturbs the spatial arrangement of the GNP in the composites 

and destructs the conductive paths rather than forming new ones. There exist two kinds of 

changes in the conductive networks during the stretching. The first kind of change is the 
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movement of GNP as a whole unit in the matrix. The second kind is the interfacial debonding, 

breakage of conductive networks or change in the curvature of the GNP themselves. Based on 

the tunnelling theory, electrons can tunnel through a thin insulating film between the two 

conductive fillers [96]. Since the resistivity of GNP is much lower than that of SR, when the 

gaps between the two GNP are small enough, the tunnelling effect happens. Moreover, the 

effects such as destruction and formation of conductive paths which take place, when a strain 

is applied, were also considered. 

 Dynamic electromechanical characteristics  

The dynamic electromechanical behaviour of GNP/SR is shown in Figure 3-7. The resistance 

of GNP/SR increases linearly with strain, and the composites showed a change in resistance 

which is more than that displayed by the MWCNT/SR composites. On relaxation, the resistance 

dropped suddenly to nearly (10-15)%, and then again decreased in a linear manner traversing 

a different route, still reached the original point at zero strain. GNP/SR composites with GNP 

wt.% 16.67 showed a GF of around 15 for a strain of 50%, and around 100 for a strain of 100%, 

as in Figure 3-7(a) and (b). All the composites experimented exhibited a high hysteresis, as in 

Figure 3-7(a), (b) and (c). However, for a strain of 200%, it is observed that the resistance 

increases exponentially and showed a GF of 1300, as in Figure 3-7(c). The high GF compared 

to MWCNT is due to 2D geometry, increased surface area of GNP, and formation of cracks. 

The GNP within SR tends to form agglomerations, and on stretching, cracks occur, as in Figure 

3-11(e) and (f). The formation of cracks increases the resistance. Also, unlike MWCNT, the 

resistance decreases for each loop without any cross over points. On relaxation, stacking of 

GNP occurs due to the 2D nature, one atom layer thickness and the high surface area of the 

GNP, which causes the GNP arranged in a more crowded manner causing a decrease in the 

resistance. So, for each cycle, the resistance decreases. The linearity seems to fall with 

increasing strain. However, the lowering of GF with consecutive cycles seems to decrease with 

increased speed, as in Figure 3-7(d). 
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(c) 

 

(d) 

Figure 3-7 Relative resistance-strain curves GNP/SR with 16.67 wt.% of GNP (a) up to 

50% strain (b) up to 100% (c) up to 200%, and (d) up to 100% at 1mm s-1 

The dynamic mechanical characteristics of GNP/SR composites with 20 wt.%, 16.67 wt.% and 

14.29 wt.% of GNP were studied, Table 3-3. All the composites examined, showed similar 

electromechanical characteristics with unpredictable higher hysteresis. Figure 3-11(c) shows 

the SEM image of the GNP used. Figure 3-11(d) shows the SEM image of the composite 

structure, and Figure 3-11(h) shows the GNP conductive networks in the composite. Figure 

3-11(e) shows the crack formation at a smaller strain in the composite and Figure 3-11(f) shows 

the larger cracks formed upon higher strain, and 3-11(g) shows the crowded GNP networks on 

relaxation. 
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Table 3-3 GNP/SR sensor results 

GNP/SR 

proportion 

Mean GF 

50% 100% 200% 

20 wt.% 8.1 21.3 189.4 

16.67 wt.% 17.9 99.2 1012.2 

14.29 wt.% 21.3 148.5 2994.9 

 

 Temperature-dependent resistance characteristics 

Interfacial bonding between graphene and the polymer determines the final properties of the 

graphene reinforced SR composites. An electrical connection between two GNP arises from 

two different mechanisms [229], (a) mechanical contact between graphene platelets or (b) 

electron tunnelling effects. It is assumed that a conductive fillers dispersed in a polymer is 

electrically connected by the quantum mechanical tunnelling theory [230]. It was shown in 

different studies that tunnelling conductivity plays a dominant role in the conductivity of 

graphene/polymers composites [229, 231]. Figure 3-8 shows the temperature-dependence of 

resistance of the GNP/SR composites between 295 K and 420 K. Most of the samples 

experimented, showed a decreasing resistance with increasing temperature, showing a 

semiconductor [232-235] behaviour. GNP/SR composites showed inconsistent resistance 

variations with temperature. An increasing, as well as a decreasing tendency of resistance, was 

displayed. This is due to the fact that it is impossible to have a homogeneous dispersion of GNP 

in SR without a solvent, so the polymer layer between the GNP in GNP/SR composites is not 

uniform. This polymer layer expands on heating which causes the resistance to increase, and 

when the polymer layer is thin enough for the electrons to cross the polymer barrier, quantum 

mechanical tunnelling of electrons occur which causes a decrease in the resistance. So, 

GNP/SR composites manifested unpredictable R-T characteristics. 
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Figure 3-8 R-T characteristics of GNP/SR composites 

Figure 3-9 shows the variations in resistance with time at a constant temperature of 55oC, under 

100% stretching. It is clear from the graph that the resistance is not much fluctuated with time 

at a constant temperature. Experiments were conducted with crushed GNP of smaller size, and 

GNP homogenised with Vibracell Ultrasonic homogeniser VCX 130. Since the GNP/SR 16.67 

wt.% of crushed composites were non-conducting, GNP/SR 20 wt.% composites were 

fabricated, and the dynamic resistance characteristics were studied. 

 

Figure 3-9 R-T graph of GNP /SR composite at 100% stretching 
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(c) 

 

Figure 3-10 Hysteresis curves of GNP/SR 20 wt.% (a) homogenised (b) crushed, and (c) 

crushed and homogenised 

It is evident from Figure 3-10(a) that the homogenisation significantly reduced the GF of the 

sensor. However, there is not much reduction in the hysteresis. The lowering of the GF could 

be due to the improved dispersion of the GNP in the SR. Figure 3-10(b) shows that using 

crushed GNP affected the results adversely by reducing the GF and increasing the hysteresis. 

Crushing might have destroyed the planar surface of the GNP, made them of unequal size or 

the edges could have been wrinkled. Sensors were fabricated by both crushed and homogenised 

composites also showed a low GF, as shown in Figure 3-10(c). The possibilities of multilayer 

printing are shown in Figure 3-11(b) shows which could be used to create complicated 

electronic circuits that would not be attainable with single layer printing. 
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(c) (d) 

  

(e) (f) 

  

(g) (h) 

Figure 3-11 (a) Resistance measurement using four-wire measurement (b) double-layer 

printing, SEM images of (c) GNP (d) unstretched GNP/SR composite (e) GNP/SR 

composite at small strain (f) stretched GNP/SR composite at large strain (g) crowded 

GNP networks and (h) GNP conductive networks at higher magnification 
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 CB/SR stretch sensor 

 Fabrication &Electromechanical characteristics 

CB/SR composites with 16.67 wt.% were prepared, and they were printed with the same 

method described in section 3.1.1.1. The dynamical electromechanical properties of the CB/SR 

composites are shown in Figure 3-12(a). Like MWCNT, the hysteresis curve shows cross over 

points and the composites showed an MHP between 11 and 16. The repeatability of the sensors 

was tested by cyclic testing of stretching and relaxation, Figure 3-12(b). When CB/SR sensor 

is stretched, the spherical CB align themselves along with the tensile stress and the resistance 

increases slowly, which when relaxed, arranges in a different way and so the resistance 

traverses a different path. However, the initial resistance is achieved at zero strain. Unlike 

MWCNT/SR and GNP/SR composites, a slight increase in resistance is observed for each 

cycle, especially after 50% strain, as in Figure 3-12(b). The SEM images of the sensor without 

stretching and under tension are shown in Figure 3-13(a) and (b), respectively. The spherical 

geometry of the CB makes the movement of the particles among the polymer chains easily 

during stretching and relaxation, preventing destruction of the conductive networks. Therefore, 

cracks are not formed during stretching, similar to MWCNT/SR sensors. The sensing 

mechanism in CB/SR composites is based on the reorientation of CB particles.  
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(b) 

Figure 3-12 CB/SR sensor with 16.67 wt.% of CB (a) hysteresis curve, and (b) dynamic 

electromechanical properties for four cycles 

 

  

(a) (b) 

Figure 3-13 SEM images of CB wt.% 16.67 (a) unstretched CB/SR composite, and (b) 

stretched CB/SR composite 

 Temperature-dependent resistance characteristics 

Temperature-dependent resistance characteristics were studied, and CB/SR composites with a 

length of 3 cm with initial resistance of 15 kΩ were heated form 273 K to 349 K. The resistance 

decreased with increasing temperature showing increased conduction on heating. A plot LN(R) 

with T-1/2 gave a straight line, as in Figure 3-14, from which it can be concluded that the 

conduction mechanism within the composite is quantum mechanical tunnelling [15, 236]. 
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Figure 3-14 R-T graph of CB /SR composites 

 Hybrid printed sensors 

Various types of smart materials have been developed and investigated for a wide range of 

sensing applications. One way to accomplish this is by using hybrid composites. But 

developing useful hybrid composites is challenging, as the combined effect should produce 

superior properties than the individual components. Studies have been done by combining two 

or more carbon fillers [237-239]. Each filler has its own specific characteristics. The 

percolation thresholds of MWCNT composites are comparatively lower than CB and GNP 

composites due to their high aspect ratio [240]. Using a combination of different fillers is 

considered as an effective way to get refined characteristics. It is concluded that distinct types 

of carbon fillers such as MWCNT, CB and GNP can form co-supporting conductive networks. 

The development of hybrid structure between various particles with different geometry results 

in synergistic effects [75, 90]. The combined effect of three carbon fillers GNP, CB and 

MWCNT, with varying morphology is investigated, i.e. a sphere, disk and a spherocylinder. 
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(a) 

 

(b) 

Figure 3-15 Resistance of a length of 2 cm of different carbonaceous compounds in SR (a) 

CB/SR, and (b) GNP/SR 

The resistance of 2 cm of the composites MWCNT/SR, GNP/SR and CB/SR were measured, 

and the effect of hybrid fillers on the resistance, was studied. It is clear from Figure 3-15(a) 

that the resistance of CB/SR 16.67 wt.% conductive trace, is about 12 kΩ. By replacing 10% 

of the CB particles with MWCNT, the resistance has dropped by 26.33%, and the resistance 

dropped by 48.55% when 20% of the CB was replaced by MWCNT. It can be seen from Figure 

3-16(f) that MWCNT formed conducting channels between CB, thus reducing the gap between 

the CB particles to facilitate electrical transport. However, replacing 10% of GNP with 

MWCNT in GNP/SR 16.67 wt.% composite, increases the resistance, Error! Reference s

ource not found.(b). This is because the concentration of GNP is reduced by 10% and the 

wrinkled [228] GNP in the composite wraps the MWCNT inside, as in Figure 3-16(g), thus 

making their presence in the composite ineffective. 
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(a) (b) (c) (d) 

   

(e) (f) (g) 

Figure 3-16 Scheme of piezoresistive mechanism in MWCNT, GNP and CB printed 

composites (a) MWCNT/SR 6.25 wt.% without strain (b) MWCNT/SR 6.25 wt.% with 

the strain (c) GNP/SR 16.67 wt.% without strain (d) GNP/SR with strain (e) CB/SR, and 

(f) CB-MWCNT-SR, and (g) GNP--MWCNT-SR composites - inset MWCNT wrapped 

by GNP 

Figure 3-16(a), (c) and (e) show the scheme of the conductive networks of MWCNT/SR, 

GNP/SR and CB/SR without strain, and Figure 3-16(b), (d) and (f) show the scheme of the 

conductive networks of MWCNT/SR, GNP/SR and CB/SR under strain. 
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(d) 

Figure 3-17 Electromechanical properties of hybrid composites (a) GNP-MWCNT-SR (b) 

CB-MWCNT-SR with 15 wt.% of CB (c) CB-MWCNT-SR with 11.43 wt.% of CB, and 

(d) GNP-CB-SR 

As schematised in Figure 3-16(a) and Figure 3-1(a), significantly higher packed density of 

MWCNT, yields increased number of contact points than for GNP at zero strain, which 

explains their higher conductivity. Figure 3-17(a) shows the dynamic resistance-strain 

relationship of GNP-MWCNT-SR sensor. It can be seen that the hysteresis has decreased 

considerably due to the bridging of MWCNT between the GNP, and the GNP-MWCNT-SR 

sensor is less sensitive to strain that GNP/SR sensor. It is evident from Figure 3-17(b) and (c) 

that the piezoresistive sensitivity of CB-MWCNT/SR hybrid polymer sensor is more than 

CB/SR sensor which can be mainly attributed to the modified conductive networks formed by 

the combination of morphologically different conductive fillers. Figure 3-17(d) shows the 

resistance response of GNP-CB-SR sensor. 

 Advantages of the fabrication process  

Printing allows distinct sensor shapes and characteristics to be individually adjusted by 

controlling the printing conditions. It is a simple and cost-effective process as it does not need 

any mould. Different patterns can be printed easily by changing the program. Printing creates 

less waste as it can be done in the required area. Compared with the metallic and the 

semiconductor strain sensors, SR is adaptable, non-toxic. When compared with other polymers, 

SR can be stretched above 500% without mechanical failure. Also, it is a biocompatible 

material, extensively used in microfluidics and biomedical areas. Since the sensing element is 
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fully embedded within the SR substrate, it will not get damaged by touching and can be suitable 

for long term use. 

 

Free-form fabrication of sensor with various designs were done by printing. The piezoresistive 

response of elastomeric composites with three conductive fillers MWCNT, GNP and CB, were 

investigated. Though the composites were developed by a simple mixing method, all the 

composites exhibited a linear increase of resistance with strain. All the composites traversed a 

different path on relaxation. MWCNT/SR and CB/SR showed both an increasing and 

decreasing resistance path with cross over points, while GNP/SR always traversed a low 

resistance path which is nearly 10-15% less than the original resistance. However, all the 

composites returned to their original resistance value at zero strain. For the continuous cycles, 

both MWCNT/SR and GNP/SR moved through a low resistance path while CB/SR followed a 

higher resistance path. MWCNT/SR showed an MHP between 4 and 6 while CB/SR showed 

an MHP between 11 and 16, and GNP/SR showed a value between 25 and 36, for a strain of 

100%. The temperature-dependent resistance characteristics were carried out to study the 

conductive mechanism in the composites. MWCNT/SR and CB/SR showed quantum 

mechanical tunnelling while GNP/SR composites showed an inconsistent behaviour which 

could probably due to the thermal expansion of the polymer between the GNP layers. The GFs 

of MWCNT/SR 6.25 wt.% sensors are between 1 and 2, GNP/SR 16.67 wt.% sensors are 

between 70-100 while CB/SR sensors are between 1 and 2, for a 100% strain. To achieve a 

conducting composite suitable for printing, GNP/SR and CB/SR composites require more filler 

loading whereas to get a conducting MWCNT/SR composite, less mass of MWCNT is needed 

which could be due to 1D structure and high aspect ratio of MWCNT. Strain sensors based on 

MWCNT/SR and CB/SR have a linear dependence of strain with less hysteresis. Linear 

behaviour is also shown by GNP/SR composites but with greater hysteresis. The piezoresistive 

behaviour of the composites depend on factors such as the structure of conducting networks, 

the number of contact points and the particle orientation, which result from the different particle 

geometries. 2D particles induce more strain sensitivity than 1D particles which can be 

attributed to the larger contact area between the GNP, which upon strain changes significantly 

than 1D particles.
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Design and Fabrication of Flexible 

Large Strain Sensors by Film Casting 

Recent research has given extensive attention to film-based sensors due to their cost 

effectiveness, diversity in material choice and the ease of manufacturing. Film-based strain 

sensors which can perceive large strains have immense potential in real-time applications, such 

as health monitoring [241, 242], sports performance monitoring [243, 244], robotics [135, 191] 

human entertainment technology [124, 125] and many more. Various conductive materials 

have been investigated to study their feasibility for the fabrication of flexible strain sensors. A 

simple and low-cost strategy to materialise this is by casting films with conductive filler and a 

suitable polymer. In this work, four conductive fillers, GNP, CB, PPy and GRP are used with 

the elastomer, Ecoflex®00-30, to construct stretchable and flexible films. 

 

Graphene has been considered as a suitable material for the fabrication of piezoresistive film 

due to its high conductivity and high aspect ratio. Moreover, it is strong and thin. So, it can 

strengthen the film as well as making them light. 

 Fabrication of composites 

 Materials 

GNP with length of 2-5 µm and thickness 5 nm were purchased from EMFUTUR, Spain. CB 

with an average diameter of 30 nm was supplied by Orion Engineered Carbons GmbH, Hanau. 

Toluene was supplied by EPL, New Zealand and Ecoflex®00-30, platinum catalysed silicones 

was supplied by Fibreglass, New Zealand. 
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 Fabrication process 

Fabrication of composites involves 3 steps subsequent steps, as outlined below: 

Step 1: Fabrication of the SR substrate 

Ecoflex®00-30 is supplied as two solutions, a silicone base polymer, Part A and a curing agent, 

Part B. The two solutions (1 ml of each) were mixed in an equal volume ratio of 1: 1, stirred 

slowly, poured into an acrylic mould with dimensions of 20 mm x 90 mm, kept for 4 hours at 

room temperature to cure and a substrate with thickness around 1 mm was made. 

Step 2: Preparation of GNP, CB and GNP-CB solution 

Toluene was added to the GNP, CB and GNP-CB (1:1) particles, stirred well and sonicated 

(Elmasonic S30H, 37 kHz) for 4 hours followed by magnetically stirring (VELP 

SCIENTIFICA, 1300 rpm) for 30 minutes to form a stable and uniform suspension. Part A of 

SR was added to it and magnetically stirred for fifteen minutes, and then part B of SR was 

added and stirred well. GNP/SR solutions with GNP wt.% between 3.10 and 4.65, CB/SR 

solutions with CB wt.% between 2.44 and 2.78 and GNP-CB-SR solutions with GNP wt.% 

between 1.06 and 2.08 were prepared. Lesser filler loadings make the film non-conductive 

while higher filler loadings make cracks in the film. 

Step 3: The GNP, CB or GNP-CB solution was poured into the SR substrate and allowed to 

dry, and then, it was kept in an oven at 100°C for 1 hour. Another layer of SR solution was 

poured onto it, and it was kept in an oven at 80°C for 2 hours and then 1 hour at 100°C. The 

cured composite within the SR substrates was detached from the mould. 

Figure 4-1(a) shows the schematics of the method of preparation of the film. Figure 4-1(b) 

shows the sensor fabricated, while Figure 4-1(c) and Figure 4-1(d) reveal the sensor’s 

stretchability up to 300% and flexibility, respectively. Figure 4-1(f) shows the dimensions of 

the sensor made. As the solvent toluene evaporates, the volume occupied by the solvent shrinks 

which draws the filler particles closer together due to the capillary force of the toluene, which 

is proportional to its surface tension. As the surface tension of toluene is comparatively small 

(28.52 N m-1 at 20°C), it leaves some space between the filler particles, where SR forms a layer. 
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(a) 

  

(b) (c) 

  

(d) (e) 

 

(f) 

Figure 4-1 (a) Schematics of the method of preparation of the film (b) As prepared sample 

(c) 300% stretching (d) Twisting (e) Sample prepared for wearable applications, and (f) 

Dimensions of the sensor [245] 
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 Characterisation 

The DC Current-Voltage (I-V) characteristics were measured by Keithley 2100 digital 

multimeter. Dynamic stretch characteristics were done with Keithley 2612, Keithley 

Instruments. Temperature-dependent resistance characteristics were studied with Keithley 

2100 digital multimeter. Morphological studies were carried out with microscope Leica DFC 

290 and Hitachi SU-70 scanning electron microscope with accelerating voltages of 2 kV and 5 

kV. To understand the electromechanical response of the composites, the structural changes 

appearing at different levels of extension and relaxation were observed. The composite film 

encapsulated within SR substrates was inflexibly fixed by two acrylic grips. With an automated 

motion control stage and a 4- point conductivity meter (Keithley 2612), the output voltage drop 

across a specified length during extension and relaxation were measured. Multiples cycles of 

stretching and relaxation were conducted to study the performance of the composite as a stretch 

sensor. Mechanical tests of the composites were done by ASTM D-412 and ten samples were 

prepared in dog bone shape. A video extensometer was used, and the crosshead speed of the 

machine was 5mm/minute. 

 Results 

 Electrical conductivity of GNP/SR composites 

Figure 4-2(a) exhibits the electrical conductivities of the GNP/SR composites, which shows an 

increase in the conductivity with increasing GNP concentration. Owing to the 2D structure, 

GNP creates better interfacial contact area with the SR polymer chains. With 3.13 wt.% of 

GNP, the conductivity is 0.0071 S cm-1 which increases to 6.08 S cm-1 with the GNP wt.% of 

4.34. Due to an increase in loading content of GNP and well-dispersed state, it created more 

conductive networks, and as a result, the conductivity increased exponentially. Similarly, the 

conductivity of the GNP-CB-SR composites appears to be 0.28 S cm-1 with 2.08 wt.% of GNP 

whereas with 1.39 wt.% of GNP it is only 0.051 S cm-1. As the conductivity of GNP/SR 

composite with 3.13 wt.% of GNP is only 0.0071 S cm-1, the higher conductivity of GNP-CB-

SR composites with 2.08 wt.% of GNP could be due to the bridging of the gaps between the 

GNP by the CB particles, and thereby increasing the number of effective conductive networks. 

Figure 4-2(b) and Figure 4-2(c) show the Current-Voltage (I-V) characteristics of the GNP/SR 

sensor and GNP-CB-SR sensor with different GNP wt.%. The linear relationship indicates a 

notable ohmic contact between the conductive fillers. It is observed from Figure 4-2(c) that the 

incorporation of GNP has favoured the conductivity of the GNP-CB-SR composites. 
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(c) 

Figure 4-2 (a) Conductivity of GNP/SR composites with different GNP wt.%, I-V 

characteristics of (b) GNP/SR and (c) GNP-CB-SR composites with different GNP wt.% 

[245]  

 Electromechanical properties of the composites 

 Piezoresistance of GNP/SR composites 

 

  

(a) (b) 

0

0.002

0.004

0.006

0.008

0.01

0.012

0 1 2 3 4 5

C
u

rr
re

n
t 

(A
)

Voltage(V)

CB/SR

GNP-CB-SR 1.39 wt. %

GNP-CB-SR 2.08 wt. %

GNP-CB-SR 1.09 wt. %



Chapter 4 

66 

 

  

(c) (d) 

  

(e) (f) 

  

(g) (h) 

Figure 4-3 (a) Cross section of the GNP film embedded within SR substrates, change in 

morphology of the GNP/SR film under different strain levels (b) No strain (c) 50% 

extension (d) 100% extension (e) 50% relaxation (f) SEM image of the GNP/SR crowded 

networks (g) SEM image of the GNP-CB-SR film, and (h) GNP-CB-SR sensor after 

multiple stretching and relaxing [245] 

It is endorsed that the electrical conductivity and the electromechanical behaviour of the CPC 

strongly depend on the filler geometry, filler dimensions and the evolution of conductive 

networks against the external force. Former studies revealed that due to the poor stress transfer 
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of the polymer [202] to the GNP and the rigid crystal form of GNP, the intrinsic piezoresistivity 

of GNP did not contribute much to the overall piezoresistivity [35, 191, 246] of the composite. 

Hence, it is concluded that the reorientation of the conductive networks and the tunnelling 

between the neighbouring conductive particles are the principal factors of the piezoresistivity 

of the GNP/SR composites. When the GNP/SR composite is stretched, resistance is increased 

due to the reorientation of GNP within the SR matrix and the breaking up of some of the 

conductive networks. GNP/SR composites show a positive piezoresistance effect (PPRE). The 

strong binding between the GNP and SR is attributed to the mechanical interlinking of the GNP 

and the SR polymer chains due to the low viscosity of SR. Due to the dissimilarity in Young’s 

modulus of the SR and GNP, the SR polymer chains are stretched, enabling the GNP to slide 

over another, creating a change in their contact surface area. Consequently, increasing the filler 

contact resistance induces an increase in resistance of the composites, as shown in Figure 4-4. 

In polymer composites based on CNT, resistance increases during relaxation whereas here, the 

resistance decreases considerably, as in Figure 4-4. This can be attributed to the 2D structure 

of GNP, one atom layer thickness, high surface area and stress relaxation of the polymer, which 

allow restacking of the GNP in a more crowded way compared to that in stretching, which in 

turn, increases the number of conductive networks and decreases the resistance. For multiple 

cycles, a slight drop of resistance is observed as in the case of printed GNP/SR sensors. Figure 

4-3(f) shows the crowded GNP networks on relaxation. 

 

 

 

Figure 4-4 Hysteresis loop of GNP/SR sensor [245] 
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Figure 4-3(a) represents a cross-section of the GNP/SR film embedded between the SR 

substrates, and Figure 4-3(b) and Figure 4-3(c) show the GNP/SR at zero strain and the changes 

in surface morphology when the film is stretched to 50%, respectively. It is evident that the 

surface is not planar but uneven with crests and troughs of non-uniform widths, as in Figure 

4-3(c). On a stretching of 100%, there is a change in the width of the crests and troughs, as in 

Figure 4-3(d) which do not regain their previous positions when relaxed to 50%, Figure 4-3(e). 

It is clear that the width of the crests and the troughs are different from that of Figure 4-3(c) 

showing a modification of arrangement with GNP reorientation and displacement within the 

SR matrix bringing forth a more crowded GNP/SR networks that lower the resistance markedly 

with a large hysteresis [80, 247, 248]. Figure 4-4 represents the relative resistance-strain plot 

of the GNP/SR composites, showing large hysteresis of 25.54% owing to the rearrangement of 

the GNP on relaxation. The R2 value is 0.80 indicating a non-linear behaviour, as in Figure 4-4. 

When GNP/SR film is stretched, the SR responds to nearly the same strain applied, while the 

GNP bonded with the SR makes a rigid motion due to its high Young's modulus of around 

2 TPa [249] while that of SR is only 125 KPa [115]. If N be the number of graphene flakes 

within the unit length and unit width, ε be the strain and bo, b1, bi, be the original overlap of two 

GNP, Figure 4-5(a), then upon stretching, the new overlap width is  

𝒃𝒏 = 𝒃𝒊 −
𝜺

(𝑵−𝟏)
                                                                                                 (Equation 11)                                                                                                            

There will be a reduction in contact area on other sides too which causes PPRE in GNP/SR 

composites. 

 

  

(a) (b) 

Figure 4-5 Schematics of the piezoresistive networks (a) GNP/SR composites (b) GNP-

CB-SR composites [245] 
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 Piezoresistance of CB/SR and GNP-CB-SR composites 

Electromechanical characteristics of CB/SR composites revealed a linear behaviour with an 

MHP of 10.26%, as in Figure 4-6(a). The spherical morphology of the CB aids its movement 

through the SR, and reorientation of them within the SR matrix lowers resistance. CB/SR 

composites exhibited good conductivity due to the good conductive networks among the CB. 

It is observed from Figure 4-6(a) that the resistance nearly doubles when it is stretched to 100% 

and for multiple cycles, a resistance drift is observed as in the case of printed CB/SR sensors. 

 

 

(a) 

 

(b) 

Figure 4-6 Normalised resistance- strain curve of (a) CB/SR sensor (b) GNP-CB-SR 

sensor [245] 
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When CB is introduced into the GNP, CB particles deposit on the edge planes of GNP, as 

illustrated in Figure 4-5(b) preventing them from agglomeration and stacking. Here, the 

interactions between the SR and the carbonaceous filler surface are beneficial for the enhanced 

dispersion of the fillers in the polymer. The CB particles restrain the stacking of GNP, and 

broaden the space between GNP and SR resulting in a porous and loose architecture, which 

greatly favours the diffusion of the SR polymer chains into the composite with an improved 

electromechanical performance. Unlike GNP/SR composites, where the principal mechanism 

inducing piezoresistance is the shrinkage of the contact surface on the extension, quantum 

mechanical tunnelling plays a vital role in GNP-CB-SR composites. Due to the spherical shape 

of the CB, stretching causes rolling and reorientation of them rather than breaking up of 

networks within the SR matrix. An increase in GF was observed with an increase in SR content 

as the addition of SR created more tunnel junctions. Figure 4-3(g) shows the surface 

morphology of the prepared GNP-CB-SR film and Figure 4-3(h) shows the film morphology 

after multiple stretching and relaxation. The electromechanical results of GNP-CB-SR 

composites reveal that the inclusion of CB gave a better performance than when individual 

components were used and had a steady and foreseeable resistance response with strain. Up to 

stretching of 300%, relative resistance-strain graph is linear and shows an MHP of 1.50, as in 

Figure 4-6(b). The highest mean GF obtained is 1.94 for GNP-CB-SR composites with GNP 

wt.% 1.06. Higher GF is a requirement of small strain, highly sensitive sensors, whereas GF of 

1.94 is quite suitable for large strain sensors. Hence the GNP-CB-SR composites may be a 

promising material for the fabrication of large strain sensors owing to its commercial 

availability, low cost and attractive piezoresistive properties. 

To make it a wearable sensor, the conducting film was sandwiched between two SR substrates. 

A sensor, as shown in Figure 4-1(e), was fabricated by pasting adhesive tapes on SR substrates 

so that a narrow film of size 70 mm x 6 mm was constructed which could prevent not only 

from the necking effect of the film when it was stretched but also from the delamination of the 

film. The second layer of SR cured and produced a seamless and robust bond with the cured 

SR substrate layer, thereby embedding the conductive trace completely. Ecoflex®00-30 [115, 

250], the SR used in this study has a tensile strength of 1.4 MPa, 900% elongation at break (per 

ASTM D-412) [251] and its nontoxicity enables it to be used as a skin-mountable sensor. 

Further tests were performed to assess the durability of the strain sensor. GNP-CB-SR strain 

sensor was subjected to 500 cycles of repeated stretching and relaxation from a strain 0% to 

100% with a strain rate of 1 mm s-1. Figure 4-7(a) shows the stable and durable performance 
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of the strain sensor and Figure 4-7(b) reveals the normalised resistance with time of the sensor 

showing great repeatability. The response time of GNP-CB-SR sensor was calculated, and the 

average response time of the sensor was found to be 169 ms. Figure 4-7(c) shows the fast 

response showed by the sensor which is higher than the other Ecoflex-based sensors [138, 252] 

reported. 
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(c) 

Figure 4-7 Additional electromechanical characterisation of the GNP-CB-SR composite 

sensor (a) long-term stability of a strain sensor for 500 cycles (b) normalised Resistance- 

Time plot of GNP-CB-SR composite sensor with 1.19 wt.%, and (c) Response time of the 

GNP-CB-SR sensor [245] 

 Temperature-dependent resistance of the composites 

Considering the high conductivity of GNP, it can be said that the voltage drop across the GNP 

is insignificant when compared to that across the tunnel junctions. When heated, CPC generally 

exhibit enhanced electrical resistance, known as positive temperature coefficients (PTC) [253-

256] of resistance which may originate from the change in thermal expansion of the 

components. It also depends on other factors like size, the dispersion rate of the filler particles 

and the type of the polymer. When GNP/SR composite is heated, the SR layer between the 

GNP gets enlarged [17], which decreases the contact area between the GNP. Besides, when the 

distance between the two adjacent GNP increases more than 1 nm [257], the tunnel effect 

becomes weaker, which increases the resistance, as in Figure 4-8(a). Formation of ripples [258] 

on the graphene surface on heating was reported earlier, which reduces the contact area 

between the adjacent GNP and thereby increasing the resistance. The increase of resistance on 

heating is reported in GNP/polymer composites [255, 257, 259] already. The variations in 

resistance of composites from 293 K to 393 K were studied. GNP/SR composites with a lesser 

GNP content shows a higher increase in resistance, as in Figure 4-8(b) due to the lesser number 

of GNP-SR contacts and the more significant amount of the SR. Unlike GNP/SR composites, 

CB/SR composites exhibited negative temperature coefficients of resistance (NTC), as in 

Figure 4-8(a). Due to the morphological difference, there is a difference in the conductive 
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networks in the GNP/SR and CB/SR composites. When CB/SR composites are heated, the 

electrons get more energy to cross the tunnel junctions and hence the resistance decreases. In 

GNP-CB-SR composites, a synergy of GNP and CB causes a balanced effect in which in 

temperature remain almost unaffected, as in Figure 4-8(b). Hence, GNP-CB-SR composite 

sensors need no compensation for resistance drift over temperature in real-life applications. 

Figure 4-8(c) represents the R-T plot of GNP-CB-SR composites with different GNP and CB 

wt.%. The composites with 0.69 wt.% of GNP and 2.08 wt.% of CB manifests an NTC of 

resistance because they contain more CB, which helps in the quantum mechanical tunnelling 

of electrons whereas the composites with 2.08 wt.% of GNP and 0.69 wt.% of CB shows a 

slight PTC of resistance. The composites with 1.39 wt.% of both GNP and CB indicates slight 

variations in resistance only. 
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(b) 

 

(c) 

Figure 4-8 R -T plot of composites (a) GNP/SR with higher GNP content, CB/SR (b) 

GNP/SR with low GNP content, GNP-CB-SR, and (c) temperature dependent resistance 

of GNP-CB-SR composites with different GNP and CB content [245] 

 Mechanical properties of the sensors 

The mechanical properties of the composites were examined, and among the various 

composites examined, GNP/SR sensor manifests higher tensile strength while GNP-CB-SR 

sensor displays more elongation at break. The reinforcement of GNP in SR increases the tensile 

strength, as shown in Figure 4-9. The incorporation of CB particles increases the tensile 

strength of SR, marginally. However, an enhancement of elongation at break is observed, when 
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50% of GNP is replaced by CB which could be due to the spherical morphology of CB, which 

helps the polymer chains to move around them more freely than GNP. 

 

Figure 4-9 Mechanical properties of the embedded sensors [260] 

 Temperature coefficient of resistance of the composites 

One of the challenges in the electronics industry is the heat dissipation due to electronic 

devices. Self-heating of the electronic devices hampers the performance of the electronic 

devices. For many electronic device applications, composites with low temperature coefficients 

of resistance (TCR) are particularly desirable because composites with NTC can produce heat 

in the circuit. To address this issue, materials have been developed with low TCR, which are 

promising candidates in the manufacturing of highly accurate electronic integrated circuits and 

sensor applications for efficient functioning. The resistance of an ideal strain sensor changes 

only with strain. However, in standard cases, the resistance of the sensing element changes 

with temperature. This can cause an error in strain measurements. So usually a temperature 

compensating circuit is required to obtain accurate strain measurement. GNP-CB-SR 

composite sensor displays fine stability against time and temperature. Figure 4-10 shows the 

TCR of the composites. 

Temperature coefficent of resistance can be calculated using the formula  

𝐑 = 𝐑𝐫𝐞𝐟[𝟏 +  𝛂(𝐓 − 𝐓𝐫𝐞𝐟)]                                                                                                                      (Equation 12) 

where R is the resistance at temperature T, Rref is the resistance at temperature Tref (normally 

20oC), α is the temperature coeffiecient of resistance.  
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Figure 4-10 TCR of GNP-CB-SR composites with varying CB wt.% 

Table 4-1 TCR of the composites 

Sample composition Mean (α/oC) Standard deviation 

GNP 4.17 wt.% 
1.34 x10

-2

 
7x10-3 

GNP 3.85 wt.% 
2.12 x10

-2

 
1.3x10-3 

GNP 3.57 wt.%  
5.38 x10

-2

 
4.3x10-3 

GNP 2.08 wt.% & CB 0.69 wt.% 
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-3
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-5.3 x10
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various composites examined is shown in Table 4-1. It is observed that GNP/SR composites 

with 4.17 wt.% of GNP exhibits PTC with a mean TCR of 1.34 x10-2/oC. The composites 

showed an increasing tendency with increasing polymer content. This could be due to the fact 

that with more polymer content, the polymer layer between the fillers becomes thicker, which 

inhibits the possibilities of electrons to tunnel between the conductive particles. However, the 

inclusion of CB particles has a significant influence on the TCR. With the addition of the CB, 

the TCR starts decreasing, as in Table 4-1. The GNP-CB-SR composites with 0.69 wt.% of 
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TCR and with 2.08 wt.%, PTC changes to NTC attaining a value of -5.3x10-3/oC. But composite 

with equal wt.% of 1.39 of GNP and CB, demonstrates a low TCR with a value reaching 

5.39x10-4/oC. 

 

Conductive polymers (CP) have become an important class of materials for a wide range of 

applications such as sensors [261], rechargeable batteries [262], and photovoltaics [263]. 

Among the CPs, PPy has attained much attraction due to its high conductivity, excellent 

environmental stability and non-toxicity, and are considered as an ideal candidate for various 

applications [264, 265]. Recently, stretchable conductive materials having outstanding 

flexibility and conductivity to cover arbitrary surfaces have been the focus of academic and 

industrial research [266, 267]. PPy is a biocompatible CP [268, 269] used in various biomedical 

applications. But much research has not been conducted on the piezoresistance of the PPy-

based composites. This study focuses on exploring the possibility of combinations of various 

conductive fillers to accomplish large strain sensors with excellent sensor characteristics, 

namely GF, stretchability, flexibility, durability and small hysteresis. The simple, scalable 

fabrication method along with the low price of the commercially available raw materials, mass 

production ability, make the PPy/SR strain sensors suitable for wearable applications.  

 Fabrication of composites 

 Materials 

GNP with a length of 2-5 μm and thickness 5 nm were purchased from EMFUTUR, Spain. 

Carbon Black (CB) with an average diameter 30 nm was supplied by Orion Engineered 

Carbons GmbH, Hanau. PPy with size 2-3 μm were purchased from Sigma-Aldrich, Australia. 

Toluene was supplied by EPL, New Zealand and Ecoflex®00-30, platinum catalysed silicones 

was supplied by Fibreglass, New Zealand. 

 Fabrication of composites 

Preparation of PPy, PPy-GNP, and PPy-CB solution: The method of preparation is 

described in section 4.1.1.2. PPy-CB-SR solutions in toluene were prepared with 2.08 wt.%, 

1.38 wt.% and 0.69 % wt.% of PPy. PPy-GNP-SR solutions in toluene were prepared with 2.08 

wt.% 1.38 wt.% and 0.69 wt.% of PPy. PPy-SR solution with 2.78 wt.% of PPy and PPy-GNP-

CB-SR solutions with 0.69 wt.% of PPy were prepared. 
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 Characterisation 

Dynamic stretch characteristics were carried out using a Keithley 2612 apparatus. 

Temperature-dependent resistance characteristics were studied with Keithley 2100 digital 

multimeter. Morphological studies were done with microscope Leica DFC 290 and Hitachi 

SU-70 Scanning Electron Microscope with accelerating voltages 5 kV and 10 kV. Dynamic 

characteristics of the sensor were studied using an automated motion control stage and a 4- 

point conductivity meter (Keithley 2612), and the output voltage drop across a specified length 

during extension and relaxation were measured. 

 Results 

 Piezoresistance of PPy/SR composites 

The dynamic electromechanical characteristics of the PPy/SR sensor are shown in Figure 4-11. 

A linearly increasing tensile stress, parallel to its length axis was applied on the sample, and 

simultaneously the variations in resistance were recorded. Upon stretching, re-orientation, 

rearrangement and destruction of conductive networks occur within the matrix. PPy particles 

are separated apart within the elastomeric matrix, which subsequently increases the electrical 

resistance. On relaxation, repositioning of the conductive fillers takes place which enables to 

obtain the original resistance value at zero strain. The resistance of the sensor linearly increased 

for a strain of 100% with a GF of 1.38 and the resistance of the sensor decreased on relaxation, 

traversing a different path, but with less hysteresis and reached the original position at zero 

strain. The spherical geometry of the PPy particles help to regain their initial position on 

relaxation with negligible hysteresis. The hysteresis curve shows excellent linearity with R2 = 

0.9939 due to the sound adhesion between the PPy and the SR. 
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Figure 4-11 Electromechanical characteristics of PPy-SR sensor [260] 

  Piezoresistance of hybrid filler composites 

To study the combined effect of the fillers on the piezoresistive characteristics, GNP and CB 

were added to PPy, and the experiments were conducted. 

 PPy-GNP-SR composites 

Electromechanical experiments were carried out with the sensor prepared by replacing 75% of 

PPy with GNP, and it is observed that the substitution of the PPy with GNP in PPy/SR sensor 

adversely affected the piezoresistive characteristics significantly. The presence of GNP 

increases the hysteresis of the sensor without any appreciable increase in the GF, as 

demonstrated in Figure 4-12(a). It also reduces the linearity of the curve. A drop in resistance 

is observed on relaxation, which could probably due to the restacking [245] tendency of the 

GNP owing to its flat sheet-like geometry. However, the decrease in resistance is not entirely 

uniform, and it is followed by a significant increase in resistance. The experiments were 

conducted by replacing 50% of PPy with GNP, and it is perceived that increasing the 

percentage of PPy to 50% and reducing the GNP loading, considerably improved the hysteresis 

curve. The linearity of the curve also noticeably increases with R² = 0.9877 and with a GF of 

1.34, as in Figure 4-12(b). Composites with 75% PPy and 25% of GNP exhibit good linearity 

and less hysteresis, as in Figure 4-12(c). 
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(c) 

Figure 4-12 Electromechanical characteristics of PPy-GNP-SR sensors (a) PPy wt.% 0.69 

(b) PPy wt.% 1.38, and (c) PPy wt.% 2.08 [260] 
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(b) 

 

Figure 4-13 Electromechanical characteristics of PPy-GNP-CB-SR sensors (a) PPy wt.% 

0.42, and (b) PPy wt.% 0.69 [260] 

The composites were prepared with three fillers, PPy, GNP and CB and their effects on 

electromechanical studies were studied. The composites with 1.94 wt.% of GNP and 0.42 wt.% 

of both CB and PPy show high hysteresis, as in Figure 4-13(a). When the loading content of 

PPy and CB is increased to 0.69 wt.% and the loading content of GNP is lowered to 1.38 wt.%, 

the hysteresis displays a drop, as in Figure 4-13(b).  
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(a) 

 

 

(b) 

 

(c) 

Figure 4-14 Electromechanical characteristics of PPy-CB-SR sensors (a) PPy wt.% 2.08 

wt.%, and (b) PPy wt.% 1.38, and (c) PPy wt.% 0.69 [260] 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4-15 SEM images of particles (a) CB, (b) PPy, (c) GNP and (d) optical microscope 

image of the cross-section of the PPy sensor sandwiched between the SR substrates [260] 

Substitution of the PPy with CB in PPy/SR composites did not make significant changes in the 

electromechanical properties of the sensor. Experiments were conducted by 75%, 50% and 

25% of PPy with 25%, 50% and 75% of CB respectively. The GF, hysteresis and the linearity 

of the strain-resistance curve almost remain similar to that of PPy/SR composites with R2 value 

0.9947, 0.9925 and 0.9942, respectively, as in Figure 4-14(a), (b) and (c). This could be due to 
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the fact that PPy and CB have almost similar morphology, as revealed in Figure 4-15(a) and 

(b). Altogether, an insignificant hysteresis in the response of the strain sensors was found for 

100% of the strain. Figure 4-15(a), (b), (c) show the SEM images of the fillers PPy, CB and 

GNP and Figure 4-15(d) shows the microscopic image of the cross-section of the sensor. The 

samples prepared, its stretchability and flexibility are shown in Figure 4-16(a), (b) and (c). 

 

 
 

(a) (b) (c) 

Figure 4-16 (a) prepared sample (b) stretching (c) folding [260] 
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(f) 

 

(g) 

Figure 4-17 Electromechanical response of the sensors (a) PPy-GNP-CB-SR (b) PPy-

GNP-SR, and (c) PPy-SR composites (d) PPy wt.% 2.08, (e) PPy wt.% 1.38, and (f) PPy 

wt.% 0.69, and (g) Performance of PPy/SR sensor under a strain of 100% for 100 cycles 

showing its stability and durability [260] 

The composites were laminated with SR layers, as in Figure 4-15(d). The sandwiched 

architecture of the sensor protects the sensing element from damage, strengthens the sensing 

film, prevents the sensing film from wrinkling, and makes it suitable for long term use. 

Multiple cycles of electromechanical tests were carried out, and Figure 4-17(a) shows the 

resistance variations of the PPy-GNP-CB-SR sensor with time during multiple cycles. It is 

observed that the GF decreases with successive cycles which could be attributed to the presence 

of GNP in the composites. Restacking and crowding tendency of GNP on relaxation was 

reported already [245]. Figure 4-17(b) represents the changes in resistance of PPy-GNP-SR 

sensor with time. Like PPy-GNP-CB-SR sensor, a decreasing tendency of GF is observed, 
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which could also be due to the presence of GNP. Figure 4-17(c), (d), (e) and (f) show the plots 

of the PPy-SR, PPy-CB-SR sensors, which shows stability in GF for 10 consecutive cycles. 

Multiple cycles dynamic electromechanical testing were carried out, and Figure 4-17(g) shows 

the durability and stability of the PPy/SR sensor. 

Among the various composites considered, PPy/SR sensors and PPy-CB-SR sensors showed 

good electromechanical characteristics and so they are suitable to be used as wearable large 

strains sensors. To demonstrate the real-life applications of the strain sensors as wearable 

sensors, the PPy-SR sensor was mounted on the knee, foot and fingers, as demonstrated in 

Figure 4-18. Sensors with a narrow conducting film of size 70 mmx7 mm were prepared to 

embed the sensing element completely within the elastomeric substrate. A double-slide tape 

was fixed on the finger to avoid sliding during finger movements. The resistance response of 

the sensor while bending and relaxing was noted. Using a digital multimeter, the resistance 

data points were recorded in every 25 ms. similarly, the movements of the knee and the foot 

were captured. The responses of the body motions (finger, and foot and knee motions) are 

depicted in Figure 4-18(a), (b) and (c), respectively. It observed from Figure 4-18 that the 

PPy/SR sensor could satisfactorily sense the large-strain physiological movements. 

  

(a) (b) 
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(c) (d) 

  

(d) (e) 

Figure 4-18 Detection of physiological movements (a) finger movement, (b) foot 

movement, and (c) knee movement [260] 

The response time of the PPy/SR sensor was calculated, and the average response time of the 

sensor was found to be 153 ms. Figure 4-19 shows the fast response showed by the sensor, 

which is higher than the reported Ecoflex-based sensors [138, 252]. 
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Figure 4-19 Response time of the PPy/SR sensor [260]  

 R-T characteristics of PPy/SR composites 

The temperature-dependent resistance characteristics of the fabricated sensor help us to 

understand the conductive mechanism of the composites and to find a model for temperature 

compensation of the resistance to be used in real-time applications. The resistance decreases 

with increase in temperature, showing an NTC. This proposes that the PPy particles are in 

either in physical contact or could be separated by a thin polymer layer. Upon heating, electrons 

get sufficient energy to hop through the barrier, and hence the resistance decreases. Figure 4-20 

shows the variations in resistance with a temperature between 294 K and 360 K. A plot of NL 

of (Resistance) versus T-1/4 is a straight line with excellent linearity fitting well with the 3D 

variable range hopping (VRH) model proposes by Mott [270]. 
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Figure 4-20 Resistance- Temperature characteristics [260] 

 

GRP is being used in combinations with a variety of materials for numerous applications due 

to their high thermal conductivity, corrosion resistance, good electrical conductivity and low 

percolation threshold owing to their high aspect ratio [271]. So GRP has been used in 

applications such as electrochemical sensors [272, 273], flexible force sensors [273, 274], 

temperature sensors [275], flexible piezoresistive sensors [276], piezoelectric sensors [277] and 

thermoresistive sensors [278]. 

 Fabrication of composites 

 Materials 

GRP flakes with a size of 50-800 µm and thickness of 1-150 µm were purchased from Sigma 

Aldrich, Australia. Carbon Black (CB) with an average diameter 30 nm was supplied by Orion 

Engineered Carbons GmbH, Hana, Toluene was supplied by EPL, New Zealand and 

Ecoflex®00-30, platinum catalysed silicones was supplied by Fibreglass, New Zealand. 

 Fabrication process 

Preparation of GRP/SR and GRP-CB-SR solution: The method of preparation is described 

in section 4.1.1.2. GRP/SR solutions in toluene were prepared with 10.25 wt.% of GRP. GRP-

CB-SR solutions were prepared with 0.64 wt.%, 1.27 wt.% 1.87 wt.% of CB.  
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 Characterisation 

Various characterisation method used are described in section 4.2.1.3. 

 Results 

 Electromechanical characteristics of the GRP/SR composites 

When GRP/SR composite sensor is stretched, the resistance is increased due to the 

modification of the conductive networks within the SR matrix. Figure 4-21(a) and (b) show the 

schematics of the filler arrangement within the SR matrix before and after relaxation. Unlike 

GNP/SR film, the surface of the as prepared film is not uniform, as in Figure 4-24(c) and Figure 

4-25(a), which could probably due to the large size of the GRP flakes. Like GNP/SR, CB/SR 

and PPy/SR, GRP/SR composite sensor also showed a PPRE. The low viscosity of the SR 

facilitates good connection between the flakes. When the GRP/SR film is stretched, owing to 

the difference in Young’s modulus of the SR and the GRP, the SR polymer chains are stretched, 

enabling the GRP flakes to slide over another, creating a change in their contact surface area. 

But unlike GNP, due to the surface roughness, the GRP flakes cannot slide like that of GNP. 

Consequently, the resistance does not change as in the case of GNP [245]. On relaxation, unlike 

GNP, the resistance drops marginally because the surface roughness of the GRP flakes which 

prevent the restacking of the GRP flakes. Figure 4-23(a) displays the variations in resistance 

of the GRP/SR sensor with strain. The piezoresistive characteristics show good linearity with 

less hysteresis. Unlike MWCNT/SR, PPy/SR and CB/SR, GRP/SR always traversed a low 

resistance path during relaxation. GNP/SR composites also showed a similar trend but with 

large hysteresis. 

 

Figure 4-21 Schematic of the conductive networks in GRP/SR composites (a) at zero 

strain (b) when stretched, GRP-CB-SR composites (c) at zero strain, and (d) stretched 

As in Figure 4-21(a) dispersing GRP in a solvent and casting film helps the GRP flakes to 

overlay on each other. But due to the rough surface of the GRPs, there is little contact between 

the surfaces. But the spherical morphology of the CB particles, bridge the gaps between the 
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GRP sheets and favours electron movement, and hence increases the conductivity. The 

introduction of CB particles has a noteworthy effect on the electromechanical characteristics 

of the GRP/SR sensor. Figure 4-21(c) and (d) show the schematics of the GRP-CB-SR 

composites. CB particles deposit on the edge planes of the GRP flakes, and bridge the gap 

between the GRP, thereby increasing the conductive networks in the matrix. When stretched, 

CB particles act like a ball bearing, facilitating to move the GRP flakes more effortlessly than 

in the absence of CB. CB particles, which rolls along with the polymer chains, allowing GRP 

to move apart more distance than in the absence of CB, as in Figure 4-23(b). During relaxation 

also, CB particles roll back generating more conductive networks which causes a resistance 

drop. However, when CB loading is increased, the hysteresis and non-linearity of the curves 

increases, as in Figure 4-23(c) and (d). Hence it can be concluded that higher CB loading 

obstructs the filler movement on stretching and relaxation. Figure 4-22 shows the change in 

resistance with CB wt.% which clearly shows an increase in conductivity with increasing CB 

loading.  

 

Figure 4-22 Resistance of GRP-CB-SR composites with various CB loading 
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(c) 

 

(d) 

Figure 4-23 Electromechanical characteristics (a) GRP/SR composite sensor, and GRP-

CB-SR composite sensor with varying wt.% of CB (b) 0.64 wt.%,(c) 1.27 wt.%, and (d) 

1.89 wt.% 

Figure 4-24(a) shows the SEM images of GRP flakes and Figure 4-24(b) shows the SEM image 

of a single GRP flake showing the surface roughness of GRP. This uneven surface has a major 

effect on the piezoresistive properties of GRP/SR composites. It was observed in our previous 

work [245] that the inclusion od CB has favoured the electromechanial characteristics and 

mechanical properties of the GNP-CB-SR sensors. CB particles prevented the GNP restacking 

and reduced the hysteresis. Here, due to the rough surface of the GRP flakes, the restacking of 

the GRP during the relaxation is obstructed. Figure 4-25 shows the optical images of the 

changes in the surface of the film during stretching and releasing. Figure 4-25(a) shows the the 
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sensor under no strain and Figure 4-25(b) shows the sensor under 50% strain. It is apparent that 

the surface of the film becomes more even as the GRPs align themselves along the strain 

direction. Figure 4-25(c) shows the film under 100% strain, where more alignment of GRP 

flakes was observed. Figure 4-25(d) reperesents the film under 50% relaxation and Figure 

4-25(e) shows the film back to its zero strain. Unlike GNP/SR composites no crests and troughs 

were observed. 

  

(a) (b) 

  

(c) (d) 

Figure 4-24 SEM images (a) GRP flakes, (b) a single GRP flake at higher magnification, 

(c) as prepared GRP/SR sensor, and (d) GRP/SR sensor under stretching 
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(a) (b) 

  

(c) (d) 

 

(e) 

Figure 4-25 Optical Images GRP/SR sensor (a) at zero strain (b) at 50% strain (c) at 

100% strain (d) at 50% relaxation (e) at zero strain (relaxation) 

1 mm 1 mm 

1 mm 1 mm 

1 mm 
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 R-T characteristics of GRP/SR composites 

The study of the temperature-dependent resistance characteristics of the fabricated sensor help 

us to understand the conductive mechanism of the composites and to find a model for the 

temperature compensation of resistance to be used in real-time applications. Like GNP/SR 

sensors, the resistance shows an increasing tendency with an increase in temperature, 

displaying a PTC [279]. Figure 4-26 represents the variations in resistance of GRP/SR 

composites with GRP wt.% 9.76. GRP/SR sensor with 10.26 wt.% of GRP shows less change 

in resistance while GRP/SR sensor with 9.09 wt.% of GRP shows more change in resistance 

and becomes nonconductive (above 100 MΩ) around 323 K. This proposes that the resistance 

change with temperature depends on the expansion of the polymer layer between the flakes 

[17] which hinders the motion of the electrons between GRP flakes. The polymer expansion 

reduces the number of conductive networks, and hence the resistance increases. This distinctive 

behaviour makes them to be used as flexible protective circuits which responds when a fault 

condition happens by increasing the resistance. The rate of increase of resistance is more than 

that of GNP/SR composites owing to the larger size of the GRP flakes and the thickness of the 

layer of polymer between the individual flakes.  

 

 

Figure 4-26 R-T Characteristics of GRP/SR sensor with 9.76 wt.% of GRP 

 Advantages of the fabrication process 
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it practicable for large area and mass production. Excellent process control is possible in film 

casting in addition to their good reproducibility. Flexible thin films have beneficial features 

including ultra-lightweightedness, handiness and are suitable to be integrated with other 

devices. Flexible thin-film strain sensors are reported with low-modulus, stretchability, soft 

and skin-like membrane that can be laminated on to the skin for sensing physiological signals 

without giving discomfort. Diversity in material choice and ease of manufacturing are their 

added benefits.

 

Table 4-2 Summary of the sensor characteristics 

Sample name linearity hystersis Temperature-

dependent reistance 

GNP/SR less linear large PTC 

CB/SR linear small NTC 

GNP-CB-SR linear small Low TCR 

PPy/SR linear small NTC 

PPy-CB-SR linear small NTC 

GRP/SR linear small PTC 

GRP-CB-SR less linear large PTC 

 

Piezoresistive mechanism of Graphene based sensors were studied. GNP/SR sensors showed 

high hysteresis and nonlinearity. CB/SR and GNP-CB-SR sensors showed less hysteresis with 

good linearity. GNP/SR sensors exhibited a PTC, CB/SR sensors exhibited an NTC while 

GNP-CB-SR composites with 1.39 wt.% of both GNP and CB showed less fluctuation in 

resistance with temperature. PPy-based sensors were fabricated and their electromechanical 

properties were studied. PPy/SR showed good GF, excellent linearity and less hysteresis. 

Conductive fillers like CB and GNP were added to PPy and their combined effect on sensor 

performances were studied. It is observed that the incorporation of CB couldn’t make 

noticeable changes while sensors with GNP showed inferior sensor characteristics. Variations 
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in resistance with temperature were studied and PPy/SR sensor indicated an NTC with good 

agreement with Mott’s variable range hopping model. GRP/SR composites were fabricated and 

their sensor characteristics were studied.The normalised resistance-strain curve showed good 

lineaity with less hysteresis. The insertion of CB into GRP/SR influenced the sensor 

characteristics adversely. GRP/SR composites showed a PTC of resistance. Dispersing the 

fillers in toluene helped to make a homogeneous distribution of the fillers which enabled to 

fabricate sensors with good sensor characteristics. A summary of the sensor performances is 

given in Table 4-2.The SR based elastomeric composites studied, demonstrated an impact of 

the particle morphology on the sensor performances.The flexibility, stretchability and robust 

strain sensitivity of GNP-CB-SR, PPy/SR, PPy-CB-SR sensors suggest great potential in strain 

sensor applications. 
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Hybrid Composites 

 

Development of advanced multifunctional polymer composites with tunable physical and 

chemical functionalities have attained considerable attention due to their various potential 

applications [280, 281]. Conductive polymer composites (CPC) have been the subject of 

extensive research in recent years due to their suitability in a wide range of applications, 

including wearable electronics, robotics, sensors, actuators and solar cells [193, 241, 282, 283]. 

Among the numerous conductive fillers, CNT [220, 241], GNP [36, 245], CB [16, 284], GRP 

[285, 286] and carbon fibres [287, 288], have obtained tremendous attraction owing to their 

superior electrical, mechanical and thermal characteristics. In recent years, extensive research 

has been undertaken on composites containing two or more fillers, which have proved that 

better performance could be acquired by the combined effects of the fillers [289]. The 

introduction of a second filler with a different geometrical shape benefits the performance of 

the CPC in many ways as it can create better interfacial interactions between the fillers, a denser 

arrangement of fillers and good conductive paths among them. Hybrid filler reinforcement in 

polymer improves their final properties and performances. In this study, CB is opted as a 

second filler with GNP and GRP due to the good electrical conductivity, low price and easy 

availability [290, 291]. 

 

In this study, the effect of CB on the mechanical and thermal properties of GNP/SR composites 

have been investigated. Two carbon fillers with different morphology and dimensionality, 

namely CB with spherical shape whereas GNP with disk-like geometry have been 

experimented. The challenging goal of this research was to evolve synergistic effects between 

the fillers to bring about a considerable refinement of the material properties. The simple 

method, described in this study, succeeds to accomplish composites with multi-functional 
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characteristics, suitable for diverse applications which require soft, flexible and stretchable 

devices. 

 Materials 

GNP with the length of 2-5 μm and thickness 5 nm were purchased from EMFUTUR, Spain. 

CB with an average diameter of 30 nm was supplied by Orion Engineered Carbons GmbH, 

Hanau. Toluene was supplied by EPL, New Zealand, and ecoflex®00-30 with platinum 

catalysed silicones was supplied by Fibreglass, New Zealand. 

 Fabrication of composites 

Ecoflex®00-30 was supplied as two solutions: a silicone-based polymer (Part A) and a curing agent 

Part (B). The two parts were mixed in an equal volume ratio of 1:1 and stirred well. CB was added 

to the SR and mixed well using magnetic stirrer. GNP was added to the mixture, and the air bubbles 

were removed using a vacuum chamber. It was gently poured into an acrylic mould with dimensions 

specified in section 4.1.1.1 and left for 4 hours at the room temperature. It was kept in an oven at 

80°C for 2 hours and then at 100°C for 1hr for the complete curing and the cured composite was 

detached from the mould. 

Samples for TC were prepared with dispersing the GNP in the solvent toluene by magnetic 

stirring for three hours. Part A of Ecoflex was added and magnetically stirred for 15 minutes. 

Part B was added and magnetically stirred for 15 minutes, and the solution was degassed. It 

was then poured into an ecoflex substrate in an acrylic mould.  

 Characterisation 

The microstructure of the developed composite and the morphology of the fillers were studied 

with Hitachi SU-70 scanning electron microscope. The Nicolet iS50 FTIR spectrometer was 

used with a diamond attenuated total reflectance (ATR) element to record vibrational spectra. 

The spectra were obtained in the range of 4000- 400 cm-1 and averaged over 32 scans. Omnic® 

ESP, version 7.1 was used for data acquisition and analysis. Samples for the mechanical test 

were prepared in a dog bone shape and tests were conducted using Instron 5567, ASTM D-412 

universal testing machine. The crystallisation and melting characteristics of the composites 

were studied by differential scanning calorimetry (DSC) using a DSC Q1000 analyser in 

nitrogen atmosphere with a flow rate of 50 mL/min. Dynamic mechanical thermal analysis 
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(DMTA) was done on a TA instrument Q5000 series in nitrogen atmosphere. The thermal 

stability of the composites was examined using Q-800 series. Approximately 10 mg of the 

specimen was heated from 30oC to 700oC in nitrogen atmosphere with a heating rate of 

10oC/min, and the sample weight was monitored with the increase in temperature. The TC was 

measured with TC-30, Mathis, TC instrument. Raman analysis was carried out using Renishaw 

RM 1000 Raman Microprobe with an air-cooled argon-ion 488nm excitation laser. The nano-

mechanical studies were conducted by Environmental Atomic Force Microscope cypher ES 

(Asylum Research, Oxford Instruments. 

 Results  

 Thermal Conductivity (TC) 

The net TC of a polymer composite depends on the individual TC of the fillers, TC of the 

polymer, the filler morphology and the filler loading concentration [292]. The interaction 

between the fillers and the polymer matrix also plays a pivotal role in determining the TC of 

the composite materials. Poor interfacial interaction between them can produce interfacial 

resistance called Kapitza resistance [293, 294], caused by the disparity in electronic and 

vibrational characteristics of the materials which thereby decreases the TC of the composite. 

Formation of a continuous filler network is a critical challenge in obtaining thermally 

conductive polymer composites which require higher filler loading levels which can deteriorate 

mechanical properties as well as increase the fabrication cost. 

Phonons and electrons are responsible for the TC of the GNP due to its semi-metallic character 

[295]. GNP, a 2D material [170] with high specific surface area, requires a suitable polymer 

with low viscosity to wet the GNP. The low viscosity of the SR [203] helps in good adhesion 

between individual fillers and helps in good dispersion. When GNP is added to the SR at a low 

concentration of graphene, a large number of GNP-polymer interfaces are created, resulting in 

high interfacial resistance. These interfaces scatter phonons and thereby preventing the heat 

transfer through them. GNP/SR composites with 4.76 wt.% of GNP shows a TC of  

0.7164 W m-1 K-1. However, with the increase in graphene concentration, the TC is increased 

owing to the large surface area of GNP, which enables to make physical contact between them. 

GNP/SR composites with 5.41 wt.% of GNP shows a mean TC of 1.27 W m-1 K-1. The carbon 

atoms in graphene are connected by covalent bonds, and so on heating, the vibrations of the 

atoms due to the heat are quickly passed on to the neighbouring atoms. In GNP, both electrons 
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and phonons are the thermal carriers while phonons play the pivotal role in SR due to the 

absence of free electrons.  

 

Figure 5-1 TC of the composites with varying CB wt.% 

Pure SR has a low TC of 0.1579 W m-1 K-1 due to the disordered vibrations and rotations of the 

atoms of the polymer molecular chain and due to the absence of periodicity in the amorphous 

phase [296]. After examining the TC of the single filler system, the TC of the multi-filler 

system was studied to understand the effects of interaction and synergism between the fillers. 

The TC shows a considerable drop with the inclusion of 0.47 wt.% of CB, Figure 5-1, which 

may be attributed to the phonon scattering occurred due to the disparity in the lattice vibrations 

of the fillers [297]. However, with a further increase in CB content, TC increases marginally 

till 1.41 wt.% of CB, possibly due to the improved mechanical contact between the fillers. On 

a further increase of the CB, a decrease in TC can be observed, which is likely due to the 

agglomerations occurring at higher loadings. However, GNP and CB in an equal wt.% of 2.38 

show a positive combined effect, and the TC is increased by nearly 50% compared to 

composites with CB wt.% at 2.33. The TCs of all the filled composites get nearly doubled on 

stretching to 100%, which can be due to the increase in the number of effective conductive 

networks, the Poisson effect and a better orientation of the polymer chains upon stretching. The 

good TC, excellent stretchability as well as the flexibility of GNP/SR composites, make them 
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appropriate as good thermal interface devices in many applications without affecting the 

mechanics of the host devices. 

Table 5-1 TC of the GNP/SR composites 

GNP wt.% TC (W m-1 K-1) Standard deviation 

4.76 0.25 0.045 

9.09 0.40 0.061 

10 0.41 0.055 

11.74 0.42 0.072 

16.67 0.61 0.059 

The TCs of the GNP/SR composites fabricated by solvent-assisted dispersion, drop by a 

substantial amount even with higher wt.% of GNP. Table 5-1 shows the TC values of the 

GNP/SR composites fabricated by dispersing GNP in a solvent. Figure 5-2(a) and (b) show the 

SEM images of the composites prepared without and with a solvent, respectively. Dispersing 

GNP with the solvent toluene, make a homogenous film while direct mixing of the filler creates 

a less homogeneous film with agglomerations which is beneficial for enhancing the TC. When 

SR is added to the GNP-toluene solution, the viscosity of SR reduces, and it fills the gaps 

between the GNP, thereby creating more GNP-SR junctions, where the scattering of phonons 

occurs. Table 5-1 shows the TC values of the GNP composites prepared. Alterations in the 

intensity of the Raman bands are shown in Figure 5-9(e) where, A is the spectrum of the SR 

and B is the spectrum of GNP/SR composites without dispersing GNP in the solvent and C is 

the spectrum of the GNP/SR composites made by dispersing GNP in the solvent. It is evident 

that the intensity of the bands at 2904 cm-1 and 2967 cm-1 are less in C, which suggests that the 

addition of toluene has affected mainly the CH3 peaks of the SR. Figure 5-2(c) is the SEM 

image of the GNP-CB-SR composite. 
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(a) (b) 

 

(c) 

Figure 5-2 SEM images of (a) GNP/SR composites fabricated without dispersing 

insolvent, and (b) GNP/SR composites prepared using solvent and, (c) GNP-CB-SR 

composite 

 Thermogravimetric Analysis (TGA) 

The thermograms of the composites in Figure 5-3(a) display the weight loss vs temperature 

profile of neat SR and its composites. Figure 5-3(b) shows the derivative thermogravimetry 

(DTG) curves of the composites. It is observed that prominent weight loss takes place above 

around 300oC. So, it is clear that the developed composites can be used up to 300oC, which is 

the decomposition temperature of SR. The results reveal that weight loss mainly occurs in the 

range 300-600 oC with the negligible change above 600oC. The composites exhibit a total 

weight loss of 71%, 76%, and between 76 and 82%, respectively for SR, GNP and GNP-CB. 

The onset of degradation of GNP/SR composites is at 384oC. The addition of CB between 0.94 

wt.% and 1.40 wt.% has improved thermal stability. However, the inclusion of CB above 1.40 

wt.% decreases thermal stability. The highest onset temperature of 410oC is shown by GNP-
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CB-SR composites with 1.40 wt.% of CB. Though the inclusion of CB improves the thermal 

stability even with small loadings, higher CB loadings seem to worsen the thermal stability, 

Figure 5-3. This could probably due to the agglomeration occurring at higher CB loading, 

which disfavours heat dissipation through the composite. Based on the results, it can be 

concluded that the thermal stability and decomposition temperature of the GNP/SR composites 

have improved by the presence of CB between wt.0.94 wt.% and 1.40 wt.%. Figure 5-3(b) 

shows the derivative thermogravimetry (DTG) curves of the composites. 
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Figure 5-3 (a) TGA and (b) DTG of the composites 

 

 Differential Scanning Colorimetry (DSC)  

Table 5-2 shows the values of melting temperature (Tm), crystallisation temperature (Tc), 

enthalpy of melting (Em) and enthalpy of crystallisation (Ec) of the composites studied. The 

difference in the Tm and the Tc of the pristine SR and the filled SR proves that there is an 

interaction between the SR and the fillers. Ecoflex [242, 266], the SR used here is a semi-

crystalline elastomer which melts at -43.02oC and crystallises at -63.33oC. It is observed that 

the addition of CB lowers the Tm and the Tc [298] while GNP increases both Tm and Tc [299]. 

This suggests that a different crystallisation mechanism occurs when both fillers are added. 

When composites are heated, the atoms gain energy, which enables them to overcome the force 

of attraction that holds them together, and when surface energy is large enough, there comes 

the point where intermolecular interactions become even less pronounced, and the bonds are 

broken. In GNP/SR composites, GNP act as nucleating promoters stimulating heterogeneous 

nucleation, causing the Tm to increase [300]. 
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The addition of CB inhibits the crystalline formation during the cooling process, and the CB 

act as plasticisers [298] which depart the SR chain from each other, increasing the mobility of 

the chain and thereby lowering the Tm and the Tc. The lowering of Tm and the enthalpy of 

fusion (Em) with the addition of the CB suggests that there is an interaction between CB and 

SR which can change the configuration of SR around the interfacial area of CB. Hence less 

heat is required for the SR polymer chains to crystallise and melt. However, an increase in Tc 

is observed in GNP/SR composites which suggests that GNP acts as nucleating cites. The high 

surface area and sharp edges of GNP has a favourable effect on nucleation whereas CB with a 

spherical morphology and smooth surface creates an adverse effect on crystallisation [301, 

302]. Higher loadings of CB generate agglomerations which lowers Tm and Tc. It is also noticed 

that the melting and crystallisation peaks of the filled SR composites are broader than the pure 

SR peak, Figure 5-4(a) and (b). This could be due to the modification caused by the fillers 

especially the change in the number of nuclei and the variations in the crystallising aggregates 

in the case of crystallisation and the different interactions of the fillers with the amorphous 

phase of the SR in the case of melting. 
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Figure 5-4 DSC curves of SR and filled SR composites (a) crystallisation, and (b) 

melting  

Table 5-2 DSC parameters of the composites 

Sample Name Tm(oC) Em(J/g) Tc(oC) Ec(J/g) 

SR -43.02 31.99 -63.33 28.50 

CB wt.% 0 -41.57 25.28 -61.77 22.10 

CB wt.% 0.94 -42.50 29.68 -62.28 22.25 

CB wt.% 2.33 -42.63 25 -62.08 18.76 

CB wt.% 2.38 -43.48 21.20 -63.53 27.84 

 Dynamical Mechanical Thermal Analysis (DMTA) 

The storage modulus of GNP-CB-SR composites has been assessed as a function of the 

concentration of CB. DMTA plots reflect the reinforcing effects of the fillers GNP and CB. 

The lowest value of the storage modulus is showed by the pristine SR polymer, Figure 5-5(a). 

Incorporation of fillers normally increases the storage modulus [303, 304] of the composites 

with the highest storage modulus is exhibited by GNP/SR composites. Pure SR exhibits a Tg 

at -110.2oC, Figure 5-5(b). GNP/SR composites exhibited a Tg around -108.72oC while a 
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decrease in Tg is observed in the case of GNP-CB-SR composites. The increase in Tg of the 

GNP/SR composites could be attributed to the restriction caused by the GNP in the movability 

of the SR chain. The inclusion of GNP decreases the free volume, which results in the 

confinement of the SR polymer chain mobility. The GNP-CB-SR composites show a Tg at a 

lower temperature because the synergistic effect of the fillers causes a plasticising effect [305] 

so that the fillers remain between the polymer chains, keeping them away from each other, 

developing free volume. Therefore, they can slide past each other more freely at lower 

temperatures in the presence of a plasticiser. The storage modulus of all the samples tested drop 

off with the increase in temperature with a marked drop between -125°C and -80°C due to the 

increase of the SR polymer chain mobility.  
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Figure 5-5 (a) Storage moduli and (b) Tan delta curves of the composites 

 Mechanical Properties 

 Tensile Strength 

Figure 5-6 shows the results of the mechanical tests performed, presenting the effects of 

incorporating the fillers in SR. It displays that the addition of the fillers improves the tensile 

strength. Among the composites tested, the GNP/SR composites exhibit the highest tensile 

strength. The addition of CB of 0.94 wt.% has improved the tensile strength but has decreased 

the elongation at break. Further addition of the CB improves the elongation at break but at the 

expense of tensile strength. However, GNP-CB-SR composites with 2.38 wt.% of each filler 

show the maximum elongation at break. The CB prevents the stacking of the GNP [9], and the 

spherical shape of the CB allows easy slippage of the polymer chains over the GNP, as the 

rolling friction is less than the sliding friction. In the case of GNP, the 2D structure hampers 

the SR polymer chain movement, causing a reduction in the elongation at break. The better 
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interaction between the SR and the fillers has increased the tensile strength and the elongation 

at break of the composites. 

 

Figure 5-6 Tensile strengths of the composites 

 Stress Relaxation 

Stress relaxation is very important when the service performance of the articles are considered. 

Therefore, it is important to study the stress relaxation of the composites with time to 

understand their feasibility for practical applications. The stress relaxation behaviour of the SR, 

GNP/SR and GNP-CB-SR composites under 25% strain was studied. It can be deducted from 

Figure 5-7 shows that the stress relaxation is drastic at the beginning, but slows down gradually 

and reaches the equilibrium state within 600 seconds. The curves show the different degrees of 

stress relaxation, demonstrating the effect of the filler-filler and filler-polymer interactions on 

the stress relaxation process. It is clear from Figure 5-7 that the amount of relaxation is more 

for the filled composites than the pristine SR, and it increases with filler loading. It is observed 

that the initial stress values of GNP-CB-SR composites decrease with the increase in CB 

loading. This supports the role of CB as a plasticiser in GNP/SR composites, increasing the 

free volume between polymer chains by allowing the polymer chains to move and rotate more 

freely. 
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Figure 5-7 Stress relaxation curves 

All the composites examined, exhibited a strain amplification mechanism [306]. Due to the 

poor stress transfer between the SR and the fillers and significant disparity in the moduli [307], 

the strain in the polymer phase of a filled polymer is more than the net strain. Earlier studies 

reported on the higher stress relaxation of the polymer composites due to the desorption of the 

polymer chains from the filler surface, and weak polymer-filler networks [308-311]. At higher 

filler loadings, the amount of relaxation is found to increase due to the increased number of 

interactions between the fillers, giving rise to higher entropy [312]. Moreover, the initial and 

final stress values are also higher for filled composites which could be due to the variations in 

stiffness caused by the presence of the filler. Pristine SR shows the lowest relaxation modulus. 

Incorporation of fillers increases the relaxation modulus. However, GNP-CB-SR composites 

with 2.38 wt.% of each filler exhibit smaller relaxation modulus values. 
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 FTIR Analyses  

 

Figure 5-8 FTIR spectrum of (a) SR, (b) GNP/SR (c) CB/SR, and (d) GNP-CB-SR 

composites 

FTIR analyses was carried out to obtain the structural information and the bond interactions 

within the SR and the fillers. Figure 5-8 shows the FTIR spectra of composites studied here. 

The unfilled SR spectrum shows the typical bands displaying the backbone structure of the 

network Si (CH3)2O. Intense absorption bands appearing at 1089 cm-1 and 1020 cm-1 are 
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characteristic of the of siloxane (Si-O-Si) [267] stretching vibration. A peak corresponding to 

silanol groups (Si-OH) stretching is observed at 869 cm-1 and a sharp peak at 799 cm-1 is caused 

by the presence of Si-O bending vibrations [267]. The peak at 1412 cm-1 corresponds to the 

vibrations of the C-O group, and the peak at 1260 cm-1 shows stretching of the methyl group 

[313] whereas the peak at 2963 cm-1 represents C-H stretching. The addition of graphene and 

CB modifies the intensity and wavelength, as shown in Figure 5-8(b), (c) and (d), especially 

the Si-O-Si stretching and Si-O bending vibrations. The prominent difference between the 

FTIR spectra of pristine SR and filled SR is the reduction in intensity peaks, which is mainly 

due to the reduction of SR in the filled composites. In addition to that, the relative change in 

the intensity of the spectral peaks and changes in their shapes are also observed in the filled 

composites, which suggests that the fillers add spectral features or modifies the SR.  

 Raman Spectra of the composites 

Raman analysis was carried out to evaluate the structural information and the bond interactions 

of the fillers within the SR matrix. Figure 5-9(a) shows the characteristic Raman vibrational 

mode of the GNP used. The peak at 1367 cm-1 displays D band, arises from the disorder in the 

hexagonal carbon lattice and due to the edge defects, whose intensity is very less in GNP [314, 

315]. The peak at 1578 cm-1 is a sharp band which shows the G band due to C=C in-plane 

stretching, which indicates GNP crystallinity [316, 317]. The ratio of the relative intensity of 

the D band to G band gives information about the level of disorder in the carbon material. The 

peak at 2732 cm-1 represents 2D (G*) originate from second-order Raman scattering [318, 319]. 

The shapes and positions of the peaks indicate that the graphene used is multilayer with fewer 

impurities 

Figure 5-9 (b) shows the typical Raman bands displaying the backbone structure of the network 

Si (CH3)2O. Intense stretching vibrations of the CH3 group are the most prominent peaks 

detected, symmetric stretching at 2094 cm-1 and asymmetric stretching at 2965 cm-1 [320]. Si-

O-Si symmetric stretching appears at 490 cm-1, Si-C symmetric stretching is observed at 705 

cm-1, CH3 symmetric bending appears at 1259 cm-1, CH3 asymmetric bending is noticed at 1410 

cm-1 [253, 321]. 

Figure 5-9(c) displays the characteristic Raman bands of the CB with peaks at 801 cm-1, 1358 

cm-1, 1606 cm-1. The peak 1358 cm-1 is the D band due to the disorder level in the C-C lattice 

of CB. The band at 1606 cm-1 is the G band associated with the sp2 hybridised graphitised 

carbon structure, which is very weak in this case, showing the impurities of the CB used. Also, 
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in the case of crystalline graphite, the G mode gives a band at 1589 cm-1 [322, 323]. Here the 

G band is shifted to higher wavelength region indicating defects in the structure.  

Figure 5-9(d), and (f) show the modification brought about in the intensity and wavelength of 

the Si-O-Si stretching, the Si-C bending and the CH3 stretching vibrations by the incorporation 

of GNP and CB. The noticeable change observed in pristine SR and the filled SR composites 

is the reduction in the intensity of the peaks, which is mainly due to the reduction of SR in the 

filled samples and the shift of the peaks to the higher wavelength side. Addition of GNP 

modifies the spectrum with an additional peak at 1583.04 cm-1 which is the G band of GNP 

whereas the introduction of CB adds a peak at wavelength 1600 cm-1, which is the D band of 

CB. Figure 5-9(f) shows that, while the intensity of the peaks corresponding to Si-O-Si 

stretching and Si-C bending increases, there is a reduction in the intensity of CH3 symmetric 

and asymmetric stretching till CB wt.% is 1.87. In addition to the relative change in the 

intensity of the spectral peaks, a change in their shapes is also observed in filled composites, 

suggesting modification of the spectral features of the SR. All the peaks are redshifted due to 

the interaction between the SR and the filler. It is also observed that the reduction in intensity 

is more in the case of GNP. However, more experimentation is required to explain this 

phenomenon. 

 

(a) 
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(f) 

Figure 5-9 Raman spectra of (a) GNP, (b) CB, (c) SR, and (d) SR and SR with filler GNP 

and CB, (e) SR and GNP/SR composites with and without solvent, and (f) GNP-CB-SR 

composites with varying CB wt.% 

Figure 5-10 shows the AFM images of the composites prepared. Figure 5-10(a) is the pristine 

SR film. The images display that the SR film has a smooth surface while the filled films have 

rough surfaces. Figure 5-10(b) and (c) reveals the different morphology of the GNP/SR films 

prepared with solvent and without solvent. It is evident that film prepared using solvent has a 

more even surface. It is also obvious from Figure 5-10(d) and (e) that CB/SR has a bumpy 

surface while GNP-CB-SR has a more uniform surface.  
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(e) 

Figure 5-10 AFM images of the composites (a) SR (b) GNP/SR (c) GNP/SR with GNP 

dispersed in solvent toluene (d) CB/SR, and (e) GNP-CB-SR 

Table 5-3 shows surface roughness (Ra) of the films. It is observed that pristine SR has the 

lowest Ra value while CB/SR film has the highest Ra value. It is also evident from the Ra 

values that GNP/SR film, which is prepared by dispersing GNP in solvent, has comparatively 

smoother surface than that prepared without solvent. 

Table 5-3 Surface roughness (Ra) of the composites 

Sample Name Surface Roughness (Ra) in nm Standard 

deviation in nm 

SR 4.84 3.97 

GNP/SR (solvent 

assisted dispersion) 

58.59 33.33 

GNP/SR (without 

solvent) 

65.04 51.34 

CB/SR 391.08 251.85 

GNP-CB-SR 163.51 99.2 
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 Materials 

GNP with the length of 2-5 μm and thickness 5 nm was purchased from EMFUTUR, Spain. 

CB with an average diameter of 30 nm was supplied by Orion Engineered Carbons GmbH, 

Hanau. Toluene was supplied by EPL, New Zealand, and ecoflex®00-30 with platinum 

catalysed silicones was supplied by Fibreglass, New Zealand. 

 Fabrication 

Method of fabrication is described in section 5.1.2. 

 Characterisation 

Various characterisation techniques used are described in section 5.1.3. 

 Results 

 Thermal conductivity 

The TC of the GRP/SR composites measured is shown Table 5-4. The highest TC of 

1.08 W m-1 K-1 is shown by GRP/SR of 1.17 wt.%. The TC decreases with decrease in GRP 

loading.  

Table 5-4 TC of GRP/SR composites 

GRP wt.% TC (W m-1 K-1) Standard Deviation 

24.53 1.08 0.041 

23.08 1.02 0.049 

21.57 1.00 0.054 

20.00 0.99 0.051 

18.38 0.93 0.042 

16.67 0.82 0.043 

14.89 0.71 0.031 

 

Table 5-5 shows the TC of the hybrid filler system. The TC of 13.04 wt.% of GRP/SR 

composite is 0.66 (W m-1 K-1), while the inclusion of 0.54wt.% of CB increases the TC 

marginally, Table 5-5. TC increases further with a higher CB loading of 1.08 wt.%. However, 
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with added CB loading, TC decreases, which could probably be due to the agglomerations 

causing obstruction to the phonon transmission through the composite. The good TC and the 

stretchability, as well as the flexibility of GRP/SR composites, make them appropriate as good 

thermal interface devices in many advanced applications.  

Table 5-5 TC of hybrid composites 

GRP wt.% CB wt.% TC (W m-1 K-1) Standard Deviation 

13.04 0 0.66 0.033 

12.97 0.54 0.69 0.076 

12.90 1.08 0.77 0.049 

12.83 1.60 0.66 0.051 

12.77 2.13 0.58 0.055 

 DSC analysis of the composites 

The DSC melting curves of pristine SR and SR filled with GRP and CB are shown in Figure 

5-11. When GRP is added to SR, Tm is shifted to lower temperature side, B in Figure 5-11(a). 

The GRP acts here as a physical object hindering the melting. However, it is observed that 

addition of CB has favoured melting slightly and the Tm is increased [324, 325]. Increase of Tm 

implies that the higher energy is required to disrupt the crystal lattice. However, it is perceived 

that though a small amount of CB promotes nucleation, higher loading has lowered the Tm 

[300]. Figure 5-11(b) shows that the Tc of the filled SR composites has shifted to the lower 

temperature side. Figure 5-11(b) shows the DSC crystallisation curves of the composites. Tc of 

filled composites is moved to the lower temperature side showing that the fillers do not favour 

crystallisation. 
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(a) 

 

(b) 

Figure 5-11 DSC curves of SR and filled SR composites (a) melting (b) crystallisation 
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 Thermogravimetric Analysis (TGA) 

Many applications require CPC with good thermal stability. So thermal stability of the GRP/SR 

composites was analysed using TGA. The degradation profile of GRP/SR composites is similar 

to that of GNP/SR. Figure 5-12(a) presents the weight vs temperature profile of neat SR and 

its composites and Figure 5-12(b) DTG curves of the composites. It is observed that prominent 

weight loss takes place above around 300oC, which is the decomposition temperature of SR. 

The results reveal that weight loss mainly occurs in the range 300-600 oC with the negligible 

change above 600oC. An introduction of GRP into the SR decreases the thermal stability. The 

addition of CB between 0.54 wt.% and 1.08 wt.% has improved the thermal stability. However, 

the inclusion of the CB above 1.08 wt.% decreases thermal stability slightly. Though the 

inclusion of CB improves the thermal stability with small CB loadings, which may be due to 

the agglomerations happening at higher CB loading. Based on these results it can be concluded 

that the thermal stability and decomposition temperature of the GNP/SR composites have 

improved with the presence of CB between wt.0.54 wt.% and 1.08 wt.%.  
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Figure 5-12 a) TGA and b) DTG of the composites 

 Raman spectra 

The interaction between GRP and SR was studied using Raman spectroscopy. Figure 5-13(a) 

shows the characteristics Raman bands of GRP ; D at 1356 cm-1, G at 1587 cm-1 and 2D at 2738 

cm-1 [326, 327]. The narrow peak and position of G peak confirm that the GRP used has high 

purity. Figure 5-13(b) shows the Raman bands of GRP/SR composites at two SR 

concentrations. Both curves show the presence of GRP at wavelength 1587 cm-1. Figure 5-13(c) 

shows the Raman bangs of GRP-CB-SR composites at two different loading levels of CB wt.%. 

Figure 5-13(b) and (c) reveals that unlike GNP-CB-SR composites, it is apparent that GRP and 

CB do not make any changes in the peak positions, which suggests that the fillers cannot make 

chemical modifications in the composites. Figure 5-14 shows the SEM images of the GRP/SR 

and GRP-CB-SR composites. Figure 5-13(b) shows the Raman bands of GRP/SR composites 

fabricated at different SR loading levels. 
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(c) 

Figure 5-13 Raman spectrum of GRP/SR composites (a) GRP flakes, (b) GRP-CB-SR 

composites, and (c) GRP/SR composites 

  

(a) (b) 

Figure 5-14 SEM images of (a) GRP/SR composites with GRP wt.% 13.04 and (b) GRP-

CB-SR composites with CB wt.% 1.08 
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 Mechanical Properties 

Figure 5-15 shows the results of the mechanical tests performed, demonstrating the effects of 

incorporating the GRP in SR. It shows that the incorporation of GNP improves the tensile 

strength. However, the inclusion of a small amount CB into the GRP/SR composites, decreases 

the tensile strength. Among the different composites tested, the GRP/SR composites with 0.54 

wt.% of CB displays the highest elongation at break. Further addition of the CB, improves the 

tensile strength but at the expense of maximum elongation, as presented in Figure 5-15. The 

curves of GRP/SR, and GRP-CB-SR with 1.60 wt.% of CB and 2.13 wt.% of CB are not 

smooth. It reveals that when the GRP/SR film is stretched, the rough surface of GRP prevents 

the free movement of GRP within the elastomeric matrix, as schematised in Figure 4-21. 

However, the addition of small amount of CB favours the movement of GRP in the polymer 

matrix while the inclusion of more CB hampers the filler movement. In the case of GNP/SR 

composites, inclusion of CB favours GNP movement. 

 

Figure 5-15 Mechanical properties of the composites 

 

 FTIR Analyses 

Detailed description of various bonds shown by FTIR spectrum of SR is given in section 

5.1.4.6. It is obvious from Figure 5-16 that the inclusion GRP flakes has not created any new 

bonds or any change in peak positions. It can be concluded that GRP could not chemically 

modify the composites. 
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Figure 5-16 FTIR spectra of (a) SR (b) GRP/SR composites with GRP wt.% 13.04 (c) 

GRP-CB-SR composites with GRP wt.% 12.97 CB wt.% 0.54 (d) GRP-CB-SR composites 

with GRP wt.% 12.83 CB wt.% 1.60 

 

Preparation of GNP/SR and GRP/SR has been accomplished by a simple low-cost method. The 

influence of the second filler, CB on the mechanical and thermal properties has been 

investigated, and it is concluded that it is possible to alter the thermal and mechanical properties 

of GNP/SR and GRP/SR composites. The good TC of soft, flexible and stretchable GNP/SR 

and GRP/SR composites make them suitable for various applications. 

The incorporation of CB  

 shows a detrimental effect on the TC of the GNP/SR composites. 

 displays improved thermal stability of the GNP/SR composites. 
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 presents a positive effect on the mechanical properties of the composites. The 

elongation at break has improved significantly by the addition of CB into the GNP/SR 

composites. Meanwhile, it reduced the tensile strength of the GNP/SR composites 

 demonstrates modified rheological characteristics. It alters the glass transition 

temperature, melting and crystallisation kinetics. 

The inclusion of CB 

 shows a mixed effect on the TC of the GRP/SR composites. 

 displays improved thermal stability for specific wt.% of CB. 

 acts as a physical object without making much chemical modifcations. 
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Conclusions and Recommendations 

 

The piezoresistive responses of the printed strain sensors composed of three conductive fillers 

mutiwalled carbon nanotube (MWCNT), graphene nanoplatelets (GNP) and carbon black (CB) 

in an elastomeric matrix, silicone rubber (SR), were investigated. The composites were 

fabricated by a simple mixing method, and the serpentine shaped sensors were constructed by 

printing. All the composites exhibited a linear increase of resistance with strain and traversed 

distinct paths of resistance during stretching and relaxation. MWCNT/SR and CB/SR sensors 

followed an increased resistance path initially and then decreased resistance path, with cross 

over points while GNP/SR sensor always travelled a low resistance path with a large hysteresis 

was nearly 10-15% less than the initial resistance. However, all the composites returned to their 

original positions at zero strain. For continuous cycles, CB/SR sensors displayed a higher 

resistance path while MWCNT/SR and GNP/SR sensors moved through a low resistance path, 

suggesting dissimilar reorientation of the fillers during stretching and relaxation. Among the 

three fillers, MWCNT/SR sensor exhibited the lowest hysteresis for a strain of 100%. The 

MWCNT/SR sensor and CB/SR sensor displayed GFs between 1 and 2, whereas GNP/SR 

sensor with 16.67 wt.% of GNP presented a GF between 70 and 100 for a strain of 100%. The 

temperature-dependent resistance characteristics were studied to understand the conductive 

mechanism in the composites. The resistance values of MWCNT/SR and CB/SR sensors 

decreased with an increase in temperature, suggesting quantum mechanical tunnelling while 

GNP/SR sensors showed unpredictable R-T characteristics. Out of the three sensors fabricated 

MWCNT/SR and CB/SR can be used as wearable large strain sensors, corrected by 

compensating programmes for stress relaxation.  

GNP-CB-SR film sensor exhibited stable and reversible performance with the mean GF 

varying between 0.51 and 1.94, and a small hysteresis for a strain of 300%. A study of 

hysteresis based on the particle morphology was also conducted. GNP/SR sensors exhibited 
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large hysteresis due to the formation of crests and troughs on the film surface and displayed a 

non-uniform behaviour during extension and relaxation. The high surface area, 2D structure, 

one atom layer thickness of GNP, created a stacking tendency on relaxation. The inclusion of 

CB particles inhibited the stacking of the GNP by broadening the space between them, which 

enabled better diffusion of the SR polymer chains resulting in improved sensor characteristics. 

Synergistic effect of GNP and CB could bring about improved functionalities that individual 

filler could not, due to the formation of correlated networks between them. GNP/SR sensors 

showed a positive temperature coefficents of resistance while CB/SR sensors showed a 

negative temperature coefficients (NTC) of resistance. The GNP-CB-SR sensors showed good 

thermal stability, which could make them appropriate for even high-temperature applications. 

The positive temperature coefficients (PTC) of resistance results revealed that the GNP/SR 

composites could be used as flexible temperature sensors. 

Morphological effects on strain sensor characteristics were carried out using three fillers with 

differing morphology, namely PPy, CB and GNP, with the elastomer, SR. Composites that 

contained zero-dimensional filler particles, CB and PPy, exhibited better sensor performances 

than those of 2D graphene-based composites. Sensors that contained GNP displayed large 

hysteresis and resistance drift. Spherical geometry of the fillers enabled free movement 

between the polymer chains during stretching and regained their original position on relaxation. 

Temperature-dependent resistance characteristics revealed that the PPy/SR composites showed 

an NTC of resistance. Among the various sensors studied, PPy/SR and PPy-CB-SR composites 

were best suitable for large strain sensing applications due to their small hysteresis, linearity 

and durability. Moreover, the biocompatibility, softness and flexibility, facilitated them to twist 

or stretch to adapt the body motions, which made them suitable for wearable sensing. 

Sensor characteristics of graphite (GRP)/SR film sensors were studied. CB particles were 

added to the GRP, and the effect of CB on the sensor characteristics was studied. It was 

observed that while the inclusion of CB favoured GNP-CB-SR sensor characteristics, it 

adversely affected the dynamic resistance-strain characteristics of GRP-CB-SR sensors. 

GRP/SR composites exhibited a PTC with a large change in resistance with temperature. 

GRP/SR sensor with 9.09 wt.% of GRP became non-conductive (resistance > 100 MΩ) around 

50oC. Hence, they could be used as flexible protective circuit-breakers. 

Various mechanisms, such as thermal conductivity (TC), mechanical properties, melting and 

crystallisation kinetics of GNP/SR and GRP/SR composite films were investigated. GNP/SR 
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composites with 5.47 wt.% of GNP, showed a TC of 1.27 W m-1 K-1. Inclusion of CB in the 

GNP/SR composite adversely affected the TC of the composites. GRP/SR composites of  

12.34 wt.% of GRP concentration presented a TC of 1.07 W m-1 K-1. Experiments revealed that 

the introduction of CB favoured the TC slightly. The melting and crystallisation mechanism of 

the GNP/SR and GRP/SR composites were studied and it was observed that the addition of CB 

did modifications in the Tm and Tc of the composites.  

The carbon-based polymeric composites demonstrate an impact of the particle morphology on 

the sensor performances. The hysteresis curves of the sensors followed the same pattern 

irrespective of the manufacturing process. Solution casting enabled to achieve a homogeneous 

dispersion of the fillers which improved the sensor performances. The softness, flexibility, 

stretchability, robustness and strain sensitivity of GNP-CB-SR, PPy/SR and PPy-CB-SR 

composites suggest their great potential in wearable applications. The flexibility and 

stretchability, along with the good TC, make GNP/SR and GRP/SR composites suitable as 

thermal interface devices. 

 

This research has successfully presented some applications of stretchable composites. 

Although a substantial amount of work has been fulfilled, some limitations of these works were 

revealed, and there are rooms for further improvements. 

 Much of the work in this thesis has been focussed on improving the performance 

characteristics of a wearable sensor. Further study is required to integrate these 

sensors on to clothes for wearable applications and design sensing electronics to 

make the whole system conformal. 

 The capacitive strain sensing capability of the composites may be investigated as a 

continuation of this research. 

 Other applications, such actuators, supercapacitors may be investigated. 

 Another area to be explored is multidirectional sensing and fabrication of 

electronic skin for robots and prosthetics. 

 Chemical functionalisation of GNP could improve the bonding between the fillers 

and the polymer and thereby enhance the TC of the GNP/SR composites. 
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 Incorporation of a suitable second filler could enhance the sensitivity of the 

composites so that it can be used as small strain sensor in highly sensitive 

applications. 

 Using Atomic Force Microscopy characterisation technique to identify the 

interfacial bonding of the various composites and studying the mechanical and 

electrical properties. 

 Using Transmission Electron Microscope technique to study the microstructure of 

the composites.  
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Appendix 

  

(a) (b) 

  

(c) (d) 

Figure A-6-1 Optimum conditions for printing (a) MWCNT/SR 9.09 wt.% (b) printed 

pattern deformed when printed in the SR ten minutes after the preparation of SR, and 

(c) dynamical resistance measurement with four point probe, and (d) the conductive paste 

for printing 
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(d) 

 

(e) 

Figure A-6-2 Electromechanical characteristics of GNP/SR composites at different 

strains (a) GNP/SR 20 wt.% up to 50% strain (b) GNP/SR 20 wt.% up to 100% strain (c) 

GNP/SR 12.5 wt.% up to 50% strain (d) GNP/SR 12.5 wt.% up to 100% strain, and (e) 

GNP/SR 12.5 wt.% up to 200% strain 
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