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Abstract 
 
The demand for stretchable and flexible multifunctional electronic devices, based on 

conductive nanomaterials, is rapidly increasing due to their interesting applications as 

human body movement detection, robotics, human-machine interface, and heaters. There 

still exists a great challenge to manufacture these devices through a scalable, cost-

effective and environmentally friendly fabrication methods and materials.  

In this Ph.D. research, the development of multifunctional electronic devices based on 

biodegradable natural materials and carbon particles (graphene nanoplatelets (GNPs) and 

carbon black (CB)) through simple and mass-producible methods of coating is presented. 

In particular, the coating technique to reach highly conductive yarns or fabrics is one of 

the main goals. For this purpose, various coating techniques, including electrophoretic 

deposition (EPD), a new coating technique based on ultrasonication, spray coating, and 

stirring technique were utilised to obtain highly conductive natural materials. A 

systematic study on the enhancement of electrical conductivity of natural fibre 

yarns/fabrics was conducted with consideration of the most effective parameters in each 

coating technique. Various chemical characterisations and morphology study were also 

used to support the obtained results. 

Conductive natural materials in the form of yarns or fabrics were then incorporated into 

a highly stretchable elastomer (Ecoflex) to be utilised as strain sensors and heating 

devices. The electromechanical characterisations for the developed devices showed their 

outstanding sensing performance with high stretchability and high sensitivity (gauge 

factors up to about 102,000) for monitoring various human body movements, sound 

signal recognition, and sensitive pressure sensors with high durability and fast response 

time. Furthermore, the electrothermal characteristics of the developed devices exhibited 

their excellent performance, working at high temperatures (approximately 240 °C) with 

low input power.  

Considering the advantages including simple fabrication processes, cost-effectiveness 

and environmental friendliness for the developed lightweight multifunctional devices, it 

can be said that they can have potential applications in green electronic devices, 

healthcare, and human-machine interaction platforms (e.g. gaming). 
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Chapter 1. Introduction 
 

Natural fibres (NFs) have several advantages as reinforcing and substrate materials; they 

are lightweight, cost-effective, environmentally friendly and sustainable. NFs based 

composites have been vastly utilised in recent decades. They have effectively shown a 

positive impact on environmental and cost factors. In addition, they possess interesting 

properties, such as good thermal and mechanical properties, high fracture toughness, 

flame retardancy and acoustic insulating properties. For these reasons, they have been 

mainly applied in buildings and structural applications, sports goods and automotive 

parts.  

One of the main drawbacks for the raw NFs is that they cannot be employed for the 

applications where high electrical conductivity is desirable due to their insulating nature. 

For instance, electronic devices, such as strain sensors, supercapacitors, batteries, heaters 

and composites with electromagnetic shielding properties are some of the applications 

where NFs can potentially be used if they possess a high level of electrical conductivity. 

Consequently, finding suitable processes to make conductive NFs would further expand 

their applications.  

With the recent advancement of materials science, micro/nanosized particles with 

outstanding properties including electrical, mechanical and thermal have been developed. 

Many of these materials are based on carbon atoms, such as graphite, carbon nanotubes 

(CNTs), graphene and its derivatives and carbon black (CB). Among these, graphene has 

attracted the most attention due to its excellent electrical properties and being safer 

regarding health and safety aspects compared to some other carbon allotrope like CNTs. 

Graphene consists of a thin layer of carbon atoms that has a high aspect ratio, flexibility, 

high Young’s modulus and extremely high electrical conductivity. Recently, their price 

has decreased because of the development of their fabrication processes in large 

quantities. Considering the mentioned factors above, carbon-based micro/nanosized 

particles, especially graphene, are suitable and most interesting candidates for fabrication 

of electrically conductive NFs. The conductive natural materials can be then employed 

in various electronic related applications with interesting properties, such as 

biodegradability, lightweight, low cost and being environmentally friendly.  
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1.1. Research objectives 
Despite the previous attempts of researchers to fabricate conductive NFs, a simple, 

efficient, cost-effective and environmentally friendly fabrication process remains 

challenging. As discussed in the previous section, graphene with high conductivity and 

high electron mobility is suitable for fabrication of highly conductive NFs. Therefore, the 

overarching aim of this research was to develop fabrication processes for conductive 

natural materials in the form of yarns or fabrics using carbon particles. The application 

of the conductive natural fibre yarns/fabrics (NFY/Fs) in various electronic-based 

devices, such as stretchable and wearable strain sensors, pressure sensors and heaters 

were the main interests of this research. Following describe the procedures used in this 

research:  

 Firstly, graphene nanoplatelets (GNPs), which consists of a few layer of graphene 

possessing properties similar to graphene, was dispersed in deionised (DI) water using a 

surfactant with various weight percentages. They were coated on the surface of flax yarns 

through electrophoretic deposition (EPD) by studying the various effective parameters 

on the electrical conductivity of the yarns. 

 Secondly, a novel solution-based coating technique using an ultrasonication was 

introduced to fabricate conductive yarns and fabrics for multifunctional flexible and 

stretchable devices. Flax yarns, cotton and wool fabrics were coated by different 

dispersions containing GNPs, CB and the hybrid of GNPs and CB particles. The 

multifunctional devices were fabricated in accordance to the level of electrical 

conductivity of the coated NFY/Fs. The electrical conductivity, surface morphology, 

chemical characterisations, electromechanical and electrothermal characterisations were 

carried out for these devices. To demonstrate their applications as wearable devices, they 

were attached to various parts of a volunteer’s body to show their functionalities in 

detection of various movements and generation of heat with low input power.  

 Thirdly, another coating technique using a magnetic stirrer was examined to prepare 

conductive yarns and fabrics. Wool yarns and cotton fabrics were coated by GNPs and 

CB particles and their geometrical effect and effect of intentional cracks on the 

performance of the fabricated stretchable strain sensors based on conductive wool yarns 

(CWYs) and conductive cotton fabrics (CCFs) were investigated, respectively. A wide 

range of electromehcanical characterisations, electrical properties, chemical 
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characterisations and surface morphology study was conducted. Their applications as 

highly sensitive wearable strain sensors and pressure sensors were demonstrated. 

 Finally, a modified stirring coating process was employed to fabricate conductive wool 

fabrics (CWFs) for developing a large and flexible dual-function device based on arrays 

of conductive fabrics that can locally detect pressure and generate heat. Electrical 

conductivity measurements, surface morphology study, chemical characterisations, 

electrothermal and electromechanical characterisations were carried out on the CWFs. 

The device based on the CWFs was demonstrated and characterised. The complete 

research plan and the characterisation methods are given in Figure 1-1. 

 

1.2. A brief overview of the thesis 
 

Chapter 1 discusses the research aims, motivations and plans. The subsequent chapters 

are organised in the following manner.  

 

Chapter 2 presents the literature review, backgrounds related to this research and 

research gaps. It thoroughly covers the demand for using natural material, their 

conventional applications as composites, introducing various processes and coating 

techniques, a variety of conductive materials and introducing various new applications 

for natural materials.  

 

Chapter 3 includes information related to the experimental details and research 

methodology. It provides explanations for various tests and different characterisation 

techniques conducted in this research to evaluate the properties of the materials and 

performance of the devices. 

 

Chapter 4 contains the outcome of the study on enhancement of electrical conductivity 

of natural fibre yarns (flax yarns) by simple EPD technique, using GNPs based 

dispersions in DI water. This technique deals with a number of parameters that can 

change the level of electrical conductivity, such as gap distance, applied voltage, the 

concentration of the surfactant, type of electrodes and yarns and deposition time. L18 

Taguchi table was implemented to reduce the number of experiments and find the most 

effective parameter to enhance the electrical conductivity with the assistance of Pareto 
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ANOVA tool. The highest conductive yarn was then tested for the application of heating 

wire. Electrical conductivity measurements, surface morphology study, thermal and 

chemical characterisations and electrothermal characterisation were conducted for the 

conductive flax yarns.  

 

Chapter 5 introduces a novel coating technique based on ultrasonication technique that 

could greatly increase the level of electrical conductivity of the flax yarns. Different 

dispersions based on CB, GNPs and the hybrid of GNPs/CB particles with various 

concentration of surfactant were prepared and numerous sets of conductive flax yarns 

were prepared to compare the electrical conductivity values. Afterward, flexible wearable 

strain sensors for detecting various human body movements and a nodal pressure sensor 

to locally detect external pressure were fabricated based on the highly conductive flax 

yarns. 

 

Chapter 6 includes the fabrication of conductive natural fabrics, such as wool and cotton, 

as flexible, stretchable and soft natural materials, using ultrasonication coating technique 

based on hybrid of GNPs and CB particles. They were sandwiched within layers of highly 

stretchable substrates to develop multifunctional wearable devices to detect various 

human body movements, external pressure and generate heat. Electromechanical and 

electrothermal characterisations, surface morphology study, thermal properties and 

chemical characterisations were performed for the CWF, CCF and the devices. It was 

shown that ultrasonication technique is suitable for large-scale production of conductive 

natural materials.  

 

Chapter 7 introduced another coating technique based on a simple magnetic stirring 

using a highly conductive ink of hybrid of GNPs and CB particles. Flexible and highly 

stretchable strain sensors were fabricated based on the CWYs. The effect of geometrical 

shapes of the CWYs within the two layers of a highly elastic substrate on the performance 

of the strain sensors was investigated by evaluating their sensitivity. Electromechanical 

characterisations, surface morphology study and chemical characterisations were 

conducted for the CWYs and the strain sensors. Different human body movements were 

also monitored with the aid of these strain sensors. 
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Chapter 8 explains the possibility of scaling up for stirring coating technique from yarn 

to fabric. Cotton fabrics, featured with notches at the middle, were decorated by a GNPs 

and CB particles in a highly conductive ink. Highly stretchable and wearable strain 

sensors were manufactured using the CCFs and the effect of the intentional fractured 

fibres and cracks created at the section of the notches after rupture training was 

investigated. Electromechanical characterisations, electrical characterisations, surface 

morphology and chemical characterisations were conducted for CCFs and the strain 

sensors. These strain sensors detected a wide range of human body movements with high 

sensitivity and they could detect even low external pressure. 

 

Chapter 9 describes an improved process based on the combined stirring and dip coating 

techniques using a highly conductive ink based on GNPs and CB to prepare CWFs. These 

conductive fabrics were utilised as active materials for a large-size and flexible dual-

function device for generating heat and locally detect pressure. Cold pressing was utilised 

to enhance the quality of the coating and compact the particles such that the crack density 

greatly decreased. This led to having highly conductive active materials that are suitable 

for heating applications working at low input power. Electrical characterisations, 

chemical characterisations, surface morphology study and electrothermal and 

electromechanical tests were carried out for CWFs and the device. To demonstrate the 

functionality of the CWFs as heaters and sensors, they were tested in an array-based 

flexible device.  

 

Chapter 10 summarises the overall results obtained in the research and delivers the 

accomplishments of the project. At the end, recommendations for potential future 

research on the development of multifunctional composites based on conductive natural 

materials are presented. 
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Figure 1-1 The complete research plan and direction 
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Chapter 2. Literature Review and Background 
2.1. Introduction 
The growth in population, advancement in technology and commercialisation are integral 

aspects of the usage of fossil fuels in different sectors, such as transportation, food 

production, various industries, etc. The use of fossil fuels causes environmental pollution 

and the formation of greenhouse gases [1]. The continued use of fossil fuels as non-

renewable resources reduces their availability as it takes millions of year for their 

formation [1]. Recently, the over-consumption of these sources resulted in a great climb 

in the price for fossil fuels derivatives. The extra consumption of fossil fuel also caused 

some environmental impact in the form of petroleum-based by-products and synthetic 

products in various industries [2]. One of the major types of synthetic materials is the 

polymers that are employed in various industries for fabrication of composites. The 

environmental issues for their production, applications and disposal result in pollution by 

adding non-bio-degradable materials and toxic gases to the environment [2]. Considering 

the aforementioned issues, the policy decision-makers and government officials have 

emphasised on resolving the issues around disposing of these materials by lowering their 

production and replacement by biodegradable and green materials.  

Natural fibres (NFs) are renewable and biodegradable materials that can be extracted 

from nature and utilised in different forms such as yarns and fabrics [3]. NFs can be 

exploited as reinforcing materials for composites owing to their lightweight, low cost and 

good mechanical properties [3]. The use of NFs in composites to increase their 

mechanical properties have widened their applications in a sustainable way and reduced 

synthetic materials wastes.  However, a lesser effort has been put to discover the use of 

natural materials in green electronic devices to expand their applications in new fields. 

2.1.1. The role of natural materials in sustainability 

Many countries are aware of the benefits of renewable and sustainable manufacturing 

methods and materials. Many new regulations have been enacted to protect the 

environment for the next generations. These have encouraged industries to pay more 

attention to the use of biomass and natural materials to sustain the environment while 

achieving acceptable properties in various composite parts.  
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It is clear that sustainable manufacturing and materials should be seriously considered as 

the replacement for conventional techniques to make environment habitable for the next 

generations. It is vital to develop ideas in the direction of reducing the fossil fuels 

consumption, use of recycled wastes and incorporation of natural and sustainable 

materials [4].  

The basic requirement to develop such ideas is to take maximum advantage of renewable 

resources and biomass. The biomass-based polymers such as Poly (Lactic Acid) (PLA) 

that are biodegradable have potential to replace synthetic plastics, leading to 

environmental protection while being used in industries [2]. The major problem for 

biomass-based polymers is their poor mechanical properties [5]. However, many other 

biodegradable materials, such as plant-based natural fibres have good mechanical 

properties compared to their density [5]. Thus, these safe and naturally abundant 

reinforcing materials can be used to enhance the properties of composites.  

2.2. Natural fibres and their structure 
Overall, fibres can be categorised into natural and synthetic fibres, as demonstrated in 

Figure 2-1. Here, an introduction is given for NFs. The existence of a variety of NFs has 

evolved their applications in many industries where they have been replaced for synthetic 

based fibres. They take advantage of some interesting properties, such as low cost, 

lightweight and sustainability [5,7]. NFs can be divided into three subclasses based on 

their resource including plant, animal and mineral [6]. The first two groups have the 

majority of the production and thus, their detailed introduction will be covered in the later 

parts (Sections 2.2.12.2.2). 
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Figure 2-1 Schematic representation of fibre classification (Reproduced from [6] with 
modifications). 

 

2.2.1. Plant fibres 

The plant fibres are categorised into primary and secondary fibres with regard to their 

utility [5,8]. The primary plants are grown for their fibre yield contents; on the other hand, 

the secondary plants are referred to those where fibres are the by-products from initial 

utilisation. Kenaf, jute and cotton are some of the primary plants while cereal, pineapple, 

oil palm and coir are within secondary plants [5,8]. Figure 2-1 schemes that plant fibres 

can fall into different groups, such as bast fibres (e.g. flax), leaf fibres (e.g. sisal), straw 

fibres (e.g. corn), seed fibres (e.g. cotton) and wood fibres. Table 2-1 indicates the 

production rates for main suppliers in the world for some of the most commonly used 

plant fibres.  
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Table 2-1 Some plant fibre production and their main producers in the world [2,9] 

 

Fibre type 
Total production 

(103 ton) 
Main Producers 

Bast 

Flax 

Hemp 

Jute 

Kenaf 

Ramie 

 

830 

214 

2300 

970 

100 

 

 

Canada, France, Belgium 

China, France, Philippines 

India, China, Bangladesh 

India, Bangladesh, USA 

China, Brazil, Philippines, India 

 

Leaf 

Abaca 

Curaua 

Pineapple 

Sisal 

 

 

70 

>1 

74 

378 

 

 

 

Philippines, Ecuador, Costa Rica 

Brazil, Venezuela 

Philippines, Thailand, Indonesia 

Tanzania, Brazil 

 

Seed 

Coir 

Cotton 

Oil Palm 

 

 

100 

25000 

40 

 

 

 

India, Sri Lanka 

China, India, USA 

Malaysia, Indonesia 

 

Grass 

Bagasse 

 

75000 

 

 

India, Brazil, China 
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2.2.1.1. Structures and chemical composition 

As shown in Figure 2-2, The NFs mainly consist polymers including cellulose 

((C6H10O5)n), hemicellulose ((C5H8O4)n) and lignin ((C9H10O2)) in which the percentage 

of each constituent could vary from plant to plant [5,10].  

 

Figure 2-2 Structure of a plant fibre (Reproduced from [11] with modification) 

The other minor constituents are extractives that include but not limited to phenolic 

compounds, resin acids, steryl esters, sterol and waxes, inorganic ash, etc. [5,10]. Table 

2-2 shows the chemical composition for some of the main NFs. As can be seen, the major 

part of most of the plant fibres is made of Cellulose.  

Cellulose has a crystalline (80% of crystalline region) structure. Cellulose is a 

polysaccharide that contains several hundreds to over ten thousand β (1→4) linked D–

glucose units in a linear chain (Figure 2-3) [11]. The abundance of OH groups in 

cellulose form inter- and intra-molecular hydrogen bonding, leading to their hydrophilic 

nature [11]. Although the chemical structure of cellulose for all the NFs remains similar, 

the degree of polymerisation varies, which influences the mechanical properties of the 

NFs [11]. 

 
Figure 2-3 Chemical structure of cellulose (Reproduced from [11] with minor 
modification) 
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Table 2-2 Chemical composition for some of the commonly used natural plan fibres [10] 

 

Hemicellulose is formed by a group of polysaccharides adhered to the cellulose after the 

removal of pectin [12]. This group consists of 20% of the most plants [12]. In contrast to 

cellulose, a number of sugars such as xylose, galactose and mannose form the 

hemicellulose with an amorphous structure [12]. The amorphous nature of hemicellulose 

is due to the form of molecules in a non-linear manner and their extension into secondary 

branches [12]. 

Lignin has also an amorphous structure and stiffens the cell walls. It protects cellulose 

and supports the structure of the plant due to its resistance to microbial degradation [13]. 

Lignin has a complex structure through most of its functional groups and units [13].  

In general, the properties of NFs vary with regards to several factors, such as the location 

of the plant, size, maturity, extracted part of the plant for fibre production, chemical 

Fibre type Cellulose 
(wt.%) 

Hemicellulose 
(wt.%) 

Lignin 
(wt.%) 

Waxes 
(wt.%) 

Bagasse 55.2 16.8 25.3 - 

Bamboo 26-43 30 21-31 - 

Flax 71 18.6-20.6 2.2 1.5 

Kenaf 72 20.3 9 - 

Jute 61-71 14-20 12-13 0.5 

Hemp 68 15 10 0.8 

Ramie 68.6-76.2 13-16 0.6-0.7 0.3 

Abaca 56-63 20-25 7-9 3 

Sisal 65 12 9.9 2 

Coir 32-43 0.15-0.25 40-45 - 

Oil palm 65 - 29 - 

Pineapple 81 - 12.7 - 

Curaua 73.6 9.9 7.5 - 

Wheat 
straw 38-45 15-31 12-20 - 

Rice husk 35-45 19-25 20 14-17 

Rice straw 41-57 33 8-19 8-28 
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composition, etc. [5,11]. The strength of the fibres is affected by fibrillary angle and 

physical properties of the fibres. Their low density and relatively good strength and 

modulus make NFs as popular reinforcing materials in many applications [14]. Moreover, 

the lower cost of NFs compared to synthetic fibres, such as carbon and glass, is another 

advantage of using these reinforcements [14]. In fact, performance to price ratio in terms 

of mechanical properties (modulus/cost) of NFs is several times higher than those of 

synthetic fibres [14]. 

2.2.1.2. Plant fibre types 

Flax is a plant-based bast fibre and has been one of the major utilised materials because 

of its high mechanical and thermal resistance properties [5]. Flax is majorly produced in 

Canada, France and Belgium. It is considered as the oldest fibre crop in the world. Flax 

fibres are utilised to manufacture yarns for textiles and reinforce the polymeric 

composites. High degree of crystallinity and high cellulose content of flax make it a high 

strength reinforcing material [5].  The tensile strength of the flax fibres ranges between 

345 to 1100 MPa while their modulus is about 27.6 GPa [15,16]. Their percentage of 

elongation has been reported to be in the range of 2.7-3.2% [16]. Recently, flax has been 

widely used as a reinforcing material in thermoplastic composites in interior parts of cars 

including car door panels, roof and parcel shelves [17].  

Jute is one of the most important NFs, which is the cheapest bast fibre at the largest 

production level in countries including Bangladesh, India and China [5]. The cellulose 

content of jute is ranged between 61-71.5% in accordance with the data in Table 2-2. The 

tensile strength of the jute fibres has been reported to be within 393 to 773 MPa in various 

studies [5,16]. In addition, the modulus and percentage of elongation of jute fibres are 

ranged between 13-26.5 MPa and 1.2-1.5%, respectively [5,16]. Due to these properties, 

jute fibres are used for reinforcing polymers including epoxy, PLA and polyester to 

produce composite panels for automotive parts [17]. 

Kenaf is produced in tropical regions, mainly in India,Bangladesh and USA [11]. It is a 

new crop in North America as kenaf fibres have shown high potential as reinforcing 

materials for bio-composites. Kenaf fibres possess similar properties to that of jute fibres 

and their structure is similar to other NFs. The chemical composition of kenaf fibres 

shows the lowest level of cellulose content (31–39%) and the highest percentage for 
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lignin (15-19%) among different NFs [11]. Kenaf fibres have been mainly utilised for 

reinforcing composites where high toughness was required [11].  

Hemp fibres are also bast fibres that are mainly found in China, France. Nowadays, hemp 

is also grown in Chile, India, Japan and some European countries [5]. Hemp is currently 

subjected to the European Union subsidy for non-food agriculture and thus, a significant 

effort has been put for further development of hemp-based products in Europe [17]. 

Cellulose is the major part of the chemical composition in hemp (70.2-74.4%). The 

tensile strength of the hemp fibre is approximately 690 MPa and the modulus is ranged 

between 30-60 GPa [16]. In addition, its percentage of elongation is about 1.6%. Hemp 

fibres have been employed in various applications such composite parts automotive 

industries [17]. 

Coir is obtained from coconut husk and is abundantly available in India and Sri Lanka. It 

is an inexpensive material, which is available in local markets.  The fibrous layer of 

coconut is detached through a process called de-husking or crushing using a machine [5]; 

these fibres are made of 36-43% of cellulose, 0.15-0.25% of hemicellulose and 41-45% 

of lignin, as presented in Table 2-2. Coir fibres show low tensile strength and modulus 

and high stretchability in the range of 131–175 MPa and 4–6 GPa and 15-40%, 

respectively [16].  

Cotton is one of the most produced NFs, mainly in China, India and the USA, as presented 

in Table 2-1. Cotton is grown in the cotton Boll in the plant and can be extracted upon 

maturity. Its main usage is in the textile industries [17]. As can be seen in Table 2-2, 

Cellulose with 82.7% has the major section of the structure in cotton while hemicellulose 

has only 5.7% of the structure. A large amount of cellulose with OH group makes cotton 

a highly hydrophilic material, which poorly interacts with most of the polymers as a 

reinforcement material [5]. Cotton has tensile strength and modulus in the range of 287-

800 MPa and 5.5-12.6 GPa, respectively [5,7,16]. Its elongation lies between 7-8% 

[5,7,16]. It has been utilised in green and wearable electronic devices due to their softness 

and stretchability in recent years [18]. 

Bamboo is a perennial plant that can usually be found in India, China and Indonesia 

according to Table 2-1. Bamboo fibres are categorised in two groups: 1) natural original 

bamboo fibres and 2) bamboo pulp fibres [5,7]. As stated in Table 2-2, bamboo fibre 

consists of 26-43% of cellulose, 30% of hemicellulose and 21-31% of lignin. The tensile 
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strength and modulus of bamboo fibres have been reported to be in the range of 140-230 

MPa and 11-17 GPa, respectively [5,16]. 

Sisal is a crop-based fibre, vastly produced in Tanzania and Brazil (Table 2-1). The plant 

lifetime is approximately 7-10 years. The fibres can be taken out from leaves and each 

leaf approximately has 1000 fibre bundles [5]. The main applications for sisal have been 

in manufacturing ropes, textiles and reinforcing materials for composites. Sisal is made 

of cellulose (67-78%), hemicellulose (10–14%) and lignin (8–11%) as presented in Table 

2-2. The tensile strength, modulus and elongation of the sisal fibres are ranged within 

468-640 MPa, 9.4-22GPa and 3-7%, respectively [5,7,16]. 

2.2.2. Animal fibres 

2.2.2.1. Structure and chemical composition 

Animal-based fibres, such as silk, wool, hair and feathers are the second most important 

NFs in terms of importance and availability as reinforcing materials in composites [19]. 

In addition, variety of sources are available for animal-based fibres. For instance, wool 

can be obtained mainly from sheep and alpaca. Silk and hair can be similarly acquired 

from various sources [19]. Similar to the plant fibres, there exist some variations in the 

chemical composition of animal-based fibres.  

Keratins as heterogeneous proteins are present in animal fibres that are structurally strong 

with high stability and low solubility [20]. α-helix and β-sheet are the two major 

arrangements that polypeptide chains exist in keratins [20]. Overall, hard keratin exists 

in hair, feathers and nails where α-keratin with high cysteine content presents. On the 

other hand, β-keratin presents in bird scales, claws, feathers and cuticle hair where 

cysteine has minor content [20]. In terms of their structure, α-keratin is not stretched 

while the β-keratin has a stretched form. The level of cysteine determines the difference 

between keratins from other proteins like elastin. The animal-based fibres include carbon, 

oxygen, hydrogen, nitrogen and sulfur [20,21]. For instance, human hair is made of 

carbon (50 wt.%), hydrogen (7 wt.%), nitrogen (16 wt.%), oxygen (22 wt.%), sulphur 

(5wt.%) and a little ash content (0.3-1 wt.%) [20–22]. It is important to note that the 

cysteine and sulfur contents change in different parts of animal-based fibres, resulting in 

hard or soft segments [22].  

In general, the animal-based fibres are more expensive and less available compared to 

plant fibres [19]. It has been many years that silk and wool have been utilised in textile 
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industries. The composites based on these fibres are found in biomedical applications and 

are expensive compared to plant fibres reinforced composites [19]. 

2.2.2.2. Animal fibre types 

Wool fibre is acquired mostly from sheep, goat and camel. Sheep wool is more used in 

various industries, mainly in the textile industry after cleaning to remove “wool grease” 

and its annual production is nearly 1.2 million metric tons [23]. The major countries 

producing sheep wool are Australia, New Zealand and China [23]. Wool is a multi-

component fibre made of approximately 170 different protein molecules where keratin is 

the main component [20]. Keratin is more vulnerable to harsh chemicals compared to 

plant fibres that mainly consist of cellulose [23]. Wool fabrics are used for insulation 

purposes where they trap the air and keep the heat [24]. They are coarser than cotton and 

silk and their thermal properties (the rate of flame, the rate of heat release and heat of 

combustion) are low [21]. Wool industries deal with a large scale of waste that could be 

used as reinforcement in composites [24].  

Silk fibres are made of highly structured proteins and they offer high tensile strength, 

high elongation and resistance to chemicals [25]. Their properties could vary based on 

the silk fibres sources. A number of insects and butterfly species can produce silk in the 

period of metamorphosis. It can also be produced by spiders in different spin shapes and 

properties. Mulberry silk from silkworm and dragline silk from spiders are the most 

commonly used types of silk fibres [25,26]. Mulberry silk has two main components 

including fibroin (fibre) and sericin (gum). Mulberry silk fibre has a semi-crystalline 

structure with the degree of crystallinity of 38-66%. The tensile strength of mulberry silk 

is about 0.6 GPa, which is greater than that of most plant fibres [25,26]. The second most 

commonly used silk source is dragline silk, which is created by a spider in its lifespan. 

These fibres are thermally stable up to 150 ºC, which is lower temperature compared to 

the Mulberry silk fibres. Dragline silk fibres are stronger than polyimide fibres and have 

comparable strength to different synthetic fibres with the tensile strength of 1.1 GPa 

[25,27]. The elongation is up to 30% at break. Their excellent mechanical properties 

combined with extremely low density have attracted researchers’ attention to use them in 

various applications subjected to their large-scale production [26].  

Chicken feather is another animal-based reinforcing material. It is a waste material from 

poultry industry [28]. Chicken feathers possess low density, good thermal properties and 
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acoustic insulation properties, which make them suitable for composite industries 

[26,28]. The chicken feathers consist of keratin (91%), water (8%) and lipids (1%) [28].  

The range of fibre diameters has been found to be 5–50 μm [28]. 

2.3. Natural fibres based composites 
NFs based composites have been utilised as alternatives to synthetic based fibres 

reinforced composites in lightweight applications [29,30]. NFs based composites warrant 

environmental, social and economic advantages; therefore, many researchers and 

engineers have processed NF based composites in applications where high electrical 

resistance, good mechanical properties, high resistance to fracture, good thermal 

properties, flammability and acoustic insulating properties are desired [31–33]. The 

application of NF based composites in the past was mainly in building and structural 

components, such as gardening items, packaging, shelves, furniture, sports goods, 

windows and door frames, where moderate mechanical properties for the parts were 

satisfactory[34,35].  

The new applications for the recently developed NF based composites are in structural 

parts, automotive parts and aerospace [36–38]. Several manufacturing techniques have 

been introduced for these composites including but not limited to film stacking, vacuum 

infusion, hand lay-up, compression moulding, filament winding, manual winding, resin 

transfer moulding, injection moulding and pultrusion [38]. Several factors have been 

studied to observe their effect on the properties of composites, such as manufacturing 

method, raw materials properties, fibre treatment, size and shape factors and cost [38,39].  

Several studies reported the improvement of tensile properties of NF based composites 

[17,40]. It has been found that the strength and modulus of flax, hemp, jute and sisal 

fibres based composites are comparable to that of glass fibre (GF) [16,17]. For instance, 

an experimental study was conducted to determine the ultimate tensile strength of 

banana/flax and GF reinforced polymer (GFRP) composites [41]. The flax/banana-GFRP 

hybrid composites showed greater ultimate tensile strength compared to that of flax-

GFRP composites and the banana-GFRP composites in accordance with the results [41]. 

Kenaf and jute (10-70%) reinforced polypropylene (PP) composites were prepared 

through carding and hot pressing manufacturing methods and their tensile strength and 

modulus increased with the growth of fibre loading [42]. In another study, the tensile 
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modulus and the ultimate tensile stress of kenaf reinforced PP composites showed an 

increasing trend by increasing the fibre loading [43]. 

Flexural properties of NFs based composites are other major parameters to assess their 

performance under bending loads in structures. For instance, biodegradable kenaf/PLA 

composites were fabricated and their tensile strength, flexural strength and elastic moduli 

of the composites enhanced by further addition of fibres up to 50 vol.% in a linear manner 

[44]. Polyester was reinforced by Banana/E-glass fabrics to improve the mechanical 

properties [44]. It was shown that the hybrid laminate could reach 193.75 MPa of flexural 

strength [44]. In another research, the effect of hybridisation of E-glass fabric with jute 

fabric in epoxy composites was investigated [45]. It was found that incorporation of E-

glass fabric in the outer layers increased the tensile, impact and flexural properties 

compared to those of jute/epoxy composites [45]. 

The impact properties of the NF based composites have also been investigated [17]. For 

example, banana/kenaf polyester hybrid composites were manufactured and it was found 

that sodium lauryl sulfate (SLS) treatment of these fibres could significantly enhance the 

impact properties of the hybrid composites [46]. In another study, impact properties of 

banana/E-glass fabrics reinforced polyester composites were characterised with regard to 

variations in different composition. The results showed a peak impact strength of 6 J [47]. 

The impact resistance of sisal fibres mixed with silica hybrid composites was assessed. 

It was revealed that the composites with unidirectional neat fibres combined with 2 wt.% 

of silica nano-powders could enhance the impact resistance [48]. 

Various researchers have evaluated the inter-laminar and hardness properties of the NF 

based composites [5,17]. It was found out that addition of fibres improved the notch 

toughness of the long aligned piassava reinforced epoxy composites [49]. The interfacial 

properties of unidirectional flax/GF reinforced hybrid composites were assessed and an 

improvement was made in the inter-laminar shear strength and fracture toughness 

compared to those of GF reinforced composites [50]. Another study on the energy 

absorption capability of the flax/epoxy composite tube showed a major dependency on 

tube geometry [51]. In addition, hardness and elastic modulus of cellulose fibres within 

PP composites were characterised via nano-indentation technique [51].  

Other NF based composite properties such as water absorption and thermal properties 

have been researched in the past decades. The alkali treated kenaf fibre composites 
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presented less moisture absorption compared to the untreated kenaf fibre composites [52]. 

In another experimental study, the hybridisation of jute/kenaf with E-glass could 

considerably decrease the water absorption [47]. The results of a study conducted by 

Jumaidin et al. (2016) showed that addition of agar to sugar palm starch enhanced the 

thermal properties of sugar palm starch composites with regard to the glass transition 

temperature and melting temperature [53]. Moreover, the use of maleated PP in kenaf-

fibre/PP composites altered the melting points of these blends [54]. Other properties of 

composites such as tribological properties including friction and wear during relative 

motion of solid surfaces have also been studied [55,56]. 

The promising properties of NFs reinforced composites, especially their mechanical 

properties, resulted in a large growth of their production in early 2000. The NFs based 

composites market has almost increased by 100% between 2005 and 2010 and continued 

growing to the year 2016, as portrayed in Figure 2-4, mainly due to environmental 

factors. This could effectively increase the demand for NFs based composites in the 

market and made manufacturers and industries to replace parts with these biodegradable 

and sustainable composites. As schematically shown in Figure 2-5, the main 

consumption of NFs based composites is in building products [57,58]. It is followed by 

the automotive sector where these composites are applied in interior trims for doors and 

dashboards [57,58]. In particular, the recent progress was related to fabrication of the 

parts with injection moulding of PP with kenaf fibres by Ford Company and kenaf/hemp 

hybrid composites used by Chrysler [57]. Another big industry is aerospace where these 

composites are  not allowed to be incorporated in interior parts of aircraft mainly due to 

their failure under fire conditions [58].  

 

Figure 2-4 NF based composite market trend (Reproduced from [59] with modification) 
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Wide ranges of properties and applications have been explored for NFs based on the 

above review. As mentioned earlier, NFs possess electrical insulating nature that limits 

their incorporation in electronic devices and applications, such as strain sensors, 

supercapacitors, heating elements, electromagnetic shielding, batteries, etc.. In the later 

parts of this chapter (Sections 2.4 and 2.5), the recent advances in the area of electronic 

devices based on conductive NFs will be discussed. 

 

Figure 2-5 Global applications of NFs composites (Reproduced from [57,58] with 
modification) 

2.4. Recent development on NFs based multifunctional materials for 

novel applications 
Recent developments in electrically conductive nanomaterials have allowed researchers 

to fabricate new smart materials based on soft, flexible and stretchable NF yarns/fabrics 

(NFY/Fs)  that can be exploited in many interesting applications [60]. These 

functionalised fabrics can be referred to as “smart fabrics” where one can use them as 

clothes, furnishings, home appliances and electronic devices. The main industries 

involved in smart fabrics are healthcare and medicine, entertainment, sports, 

transportation, architecture and electronics [60,61]. One of the main goals towards nature 

based smart fabrics is to maintain their look while functionality is added. This is where 

nanomaterials play a key role in producing smart fabrics for which the market has greatly 

increased since 2007 from $13.6 billion to $115 billion in 2012 and has been increasing 

since then [62]. In general, NFY/Fs are ideal substrates for multifunctional materials [63]. 

Smart fabrics made of electrically conductive natural materials provide a large number 

of applications, such as sensors (strain, pressure, temperature, pH, chemical, gas, etc.), 
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actuators, electromagnetic shielding, energy storage and batteries, heating elements, 

energy converters and so forth. Much work in the field of smart fibres/fabrics has been 

conducted in any of the aforementioned applications to replace the conventional devices 

with lightweight, cost-effective, environmentally friendly and sustainable processes and 

materials [63]. In this part of the thesis, an overview of various ways for producing 

conductive NFY/Fs and their use in different applications will be provided. 

2.4.1. Techniques to fabricate electrically conductive natural fibre yarns/fabrics 

In general, there are two ways to make electrically conductive NFY/Fs. One is through 

coating conductive particles or polymers and second is the carbonization process or 

pyrolysis. In this section, detailed concepts of various coating techniques and the 

carbonization process are explained. 

2.4.1.1. Dip coating 

This coating technique is probably the easiest way to fabricate conductive NFY/Fs. In 

this method, a solution containing conductive particles is prepared and the coating 

process is carried out by simply submerging the substrate into the solution. This process 

can be done once or multiple times to reach higher electrical conductivity values. It is a 

facile process when dealing with high liquid-absorbent fabrics like cotton [64].  

2.4.1.2. Spray coating 

This process is also considered as a simple coating technique. As shown in Figure 2-6, a 

well-suspended dispersion of conductive particles from the humidifier is sprayed onto 

NFY/Fs. The controlling parameters are the concentration of dispersion, nozzle pressure 

and distance between the nozzle head and substrate [65,66]. One can use this process for 

multiple time to ensure a uniform distribution of particles on a substrate [66]. 

 

Figure 2-6 Spray coating process ([66]) 
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2.4.1.3. Spin coating 

This coating technique has been primarily utilised in microelectronic industry to fabricate 

polymeric photoresists to silicon wafers [67]. It typically involves applying liquid 

dispersion onto a substrate adhered to a substrate holder that can be rotated by setting the 

angular velocity and time, as demonstrated in Figure 2-7. As a result, only a thin layer 

of the solution will be retained where the thickness can be controlled by parameters, such 

as rotational speed, time and viscosity of the dispersion [67]. Due to the unique setup and 

operation of a spin coater, it is not a suitable method for the production of conductive 

NFY/Fs.  

 

Figure 2-7 Spin coating process (Reproduced from [68] with modification) 

2.4.1.4. Membrane filtration 

Figure 2-8 shows the setup for membrane filtration technique where a piece of fabric can 

act as a filter to absorb the conductive particles going through a vacuum filtration setup. 

The residual dispersion can be collected at the end of the filtration process. This technique 

provides a homogenous coating with a relatively simple setup that can be scaled-up for 

fabrication of large-scale multifunctional devices [69].  

 
Figure 2-8 Vacuum infiltration process for coating ([69]) 
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2.4.1.5. Electrophoretic deposition (EPD) 

EPD technique is a process where a pair of electrodes (anode and cathode) connected to 

a power supply are submerged into a dispersion containing conductive particles [70]. By 

applying an electric field, the charged particles in the dispersion (either positive or 

negative) move towards either cathode or anode and will be deposited [70]. As a result, 

yarns or a piece of fabric can be coated by simply adhering them to the collecting 

electrode, as exhibited in Figure 2-9. The EPD technique offers several advantages 

including cost-effectiveness, simplicity of the setup, scalability of the size, controllable 

deposition rate and thickness of deposits, and the possibility of using carbon-based 

dispersions; nevertheless, the need for electrically conductive electrodes and the 

possibility of the creation of side electrochemical reactions are considered as its 

limitations [71]. A number of parameters including pH of dispersion, the gap distance 

between the electrodes, materials of electrodes, applied voltage and time of deposition 

can effectively alter the electrical properties of the coated yarns/fabrics [70,72]. 

 

Figure 2-9 Schematic illustration of EPD process (Reproduced from [72] with 
modification) 

2.4.1.6. Bar coating  

This simple coating technique takes advantage of a cylindrical shape bar that can push 

the dropped solution on one end of a fabric towards the other end, Figure 2-10. In 

principle, the operation is done by holding hands on each side of the bar and then, pushing 

the solution to the other side of the sample [73]. This method is very simple; however, 

controlling the speed and thickness is challenging due to human error. 

 

Figure 2-10 Schematic illustration of bar coating process (Reproduced from [73] with 
modification) 
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2.4.1.7. Slot die coating  

This technique is based on an automatic coating machine. This machine is able to provide 

homogenous films/coatings on surfaces by controlling the horizontal velocity and height 

of the blade. A piece of fabric can be placed on a glass substrate and the blade height can 

be fixed at a specific height from the upper surface of the fabric, Figure 2-11. The blade 

can pour the conductive ink from one side of the fabric to the other side under a controlled 

velocity and rate. The dried coating thickness is in relation to the gap distance between 

the blade and surface of the fabric and concentration of the ink. Although it provides the 

aforementioned advantages, it takes a number of trials to find the appropriate settings for 

the desired coating. In addition, it is a slower process compared to the other techniques.  

 

Figure 2-11 Schematic illustration of slot die process (Reproduced from [74] with 
modification) 

 

2.4.1.8. Other coating techniques 

Other common coating techniques are roll-to-roll, printing and ink jet printing. These 

methods are usually employed in some specific applications, such as flexible and large-

scale solar cells. 

2.4.1.9. Carbonization method 

Carbonization or pyrolysis is a process that uses the breakage of organic substances into 

carbon occurs by heating in the absence of oxygen [75]. In other words, carbonization 

term is exploited when materials, such as wood, other NFs and polymers, are converted 

to carbon-structured materials by a controlled heating process [75]. In particular, natural 

materials are heated up in a vacuum oven in the presence of an inert gas without any 

oxygen from the air during the carbonization process. The reason is that the presence of 

oxygen ignites the natural materials at a high temperature and the resultant product will 

be ashes. Under this controlled process, the resultant product contains mainly carbon 

atoms and a minor percentage of ashes.  This technique has recently been utilised for 
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turning NFY/Fs into freestanding electrically conductive substrates for fabrication of 

wearable electronic devices [76]. However, the high cost of the instrument (vacuum 

furnaces), high energy consumption, limitations for large-scale productions and its 

lengthiness are the disadvantages of this method that need to be addressed [75]. 

 

2.4.2. Electrically conductive materials 

Electrical conductivity (σ) is a fundamental property of a material that shows how well it 

can flow the electric current.  By definition, electrical conductivity is inversely 

proportional to the resistivity (ρ), therefore:  

𝜎𝜎 =
1
ρ

                                                                   (2.1) 

in which ρ is in Ω⋅m, thus, σ is usually in the unit of S.m-1 [77]. Materials can be 

categorised into three groups based on their intrinsic level of electrical conductivity. 

These three groups are conductors, semiconductors and insulators [78]. Conductors, such 

as silver, copper and aluminium have a high level of electrical conductivity between 103-

108 S.cm-1 [78]. In contrast to conductors, an insulator including natural materials, glass, 

most the polymers, rubber and quartz possess lack of electrical conductivity (10-18-10-8 

S.cm-1) [78]. The other group of materials, such as carbon and silicon is called 

semiconductors, which show greater electrical conductivity than insulators but lower than 

conductors (10-8-103 S.cm-1) [78].  

A necessary consideration for fabrication of conductive NFY/Fs is the proper selection 

of conductive materials that have high carrier mobility and electrical conductivity. Good 

mechanical properties along with safety and environmental compatibility are also 

desirable. Considering the flexibility and softness of NFY/Fs, the development of flexible 

and soft conductive and semi-conductive multifunctional materials for many interesting 

electronic applications are demanding. Conductive materials, such as conductive 

polymers, metals and their nanoparticles/nanowires and carbon-based 

micro/nanomaterials have been widely utilised for coating purposes of natural materials. 

Addition of these conducting materials to NFY/Fs will improve their electronic 

performance in terms of field effect, mobility, operating voltages or required input power. 

The proceeding sections will cover some of the main existing conducting materials and 

their properties. 
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2.4.2.1. Conducting polymers 

The Nobel Prize in the year 2000 was for the discovery of π-conjugated Polyacetylene 

that was able made electrically conductive by doping [79]. Since then, a major research 

progress has been achieved such that other conducting polymers like Polypyrrole (PPy) 

and Polyaniline (PANI) have already received great attention. In particular, a solution 

based Poly(3,4-ethylenedioxythiophene) (PEDOT) is the most commonly used 

conducting polymer due to its high conductivity. PANI as another conducting polymer 

has a volume conductivity of up to 3400 S.cm-1 in acidic solutions while its conductivity 

in dried film is up to 200 S.cm-1 [80]. These organic conducting polymers have flexibility 

and consist of small molecules. Their structure can be modified to reach specific 

chemical, physical and electrical properties as they are synthesised from basic building 

blocks [81]. Considering the aforementioned features, they are one of the suitable 

candidates for fabrication of conductive NFY/Fs. However, challenges still exist 

regarding environmental instability issues in which ongoing research path is towards the 

fabrication of more stable semiconductors and conductors, which will be discussed in 

Section 2.4.2.4. 

2.4.2.2. Metallic nanoparticles/nanowires 

Nanostructured and thin metals in the forms of nanoparticles and nanowires are good 

candidates to be combined with NFY/Fs due to their high and stable conductivity values 

(up to ≈105 S.cm − 1). In general, silver has the highest electrical conductivity among all 

metal elements. The surface roughness, haze, high cost and difficulties in processing for 

metal particles are some of their drawbacks, hindering their applications in flexible 

electronic industries [82]. Ongoing projects have shown that the ink-based metal 

nanoparticles/wires can reduce the price [83]. At the same time, the electrical 

conductivity is reasonably high after drying process at room temperature. Depending on 

the factors, such as conductivity, oxidation stability, cost and fabrication process, metal 

nanoparticles/wires can be coated on the surface of NFY/Fs. Some of the major 

drawbacks with the metal-based nanoparticles/wires are their penetration into the natural 

substrates (e.g. pores in papers and other NFY/Fs), leading to damage and failure in some 

repeated bending or stretching-releasing loads [84]. This deteriorates the performance of 

the electronic devices in the long-term [84]. 
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2.4.2.3. MXenes 

Another set of interesting conducting materials are MXenes, a class of 2-D inorganic 

compounds that were first introduced in 2011 at Drexel University in the USA [85]. 

MXenes are normally 1 nm thick and several nanometers long [85]. They are obtained 

from a parent phase called MAX where M can be “Ti” element, A is an etchable element 

like “Al” and X can be “C” [85–87]. After etching process of MAX, the combination of 

MX phases is called MXenes where they possess high electrical conductivity (up to 4000 

S.cm-1), flexibility, lightweight, high hydrophilicity and resistance to oxidation in 

solutions [85–87]. MXenes can hold various ions and molecules within their layers by 

intercalation. Although more than 20 types of MXenes have already been exploited in 

energy storage devices (e.g. Li-ion batteries, electrochemical capacitors and hydrogen 

storage), more devices based on MXenese are yet to be fabricated [85–87]. The 

multifunctional devices based on MXenes are still in the beginning and more 

development is demanded. 

2.4.2.4. Carbon-based materials 

Carbon has various allotropes, however, mineral graphite is the most abundant form of 

carbon in nature. Diamond is an allotrope of carbon where carbon with sp3 hybridisation 

builds up a tetrahedral lattice to form the diamond [88]. Graphene is an atomically thin 

2-D sheet of sp2 carbon atoms that are positioned in hexagonal or honeycomb structure 

[88]. Graphene is the building block for other graphitic carbon allotropes in different 

shapes or dimensionality [88]. For instance, 3-D graphite carbon allotrope is formed by 

compacted stacks of graphene sheets with a gap of 0.335 nm. Graphene sheets are piled 

up in …ABABAB… format to build graphite, as shown in Figure 2-12 [88]. The 

disordered graphitic structure, such as coals, cokes and CB also exist [88]. Another 

carbon structure, fullerene, in spherical shape made of 60 carbon atoms was discovered 

in 1985 [88]. This 0-D carbon allotrope can be made by wrapping a section of a graphene 

sheet. In addition, 1-D tubular carbon allotrope (CNTs) can be formed by rolled graphene 

sheets [89].  Figure 2-12 demonstrates an illustration of different carbon allotropes. 

Interesting properties for carbon allotropes including high intrinsic carrier mobility (106 

cm2.V−1.S−1), electrical conductivities (up to 104 S.cm-1), superior mechanical properties 

(elastic modulus in the order of 1 TPa), environmental stability and the potential for 

production at low cost motivated researchers to use them in various engineering 

applications [88,89].  
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Figure 2-12 Schematic illustration for different carbon allotropes (From [90] with 
modification). 

2.4.2.4.1. Graphite 

Graphite is a crystalline form of carbon in ordered layers in which every carbon atom is 

trigonally hybridised, resulting in three σ and one π bonds [88,89]. The hybridised orbitals 

of the sp2 results in σ bonds with a distance of 0.142 nm with an angle of 120° with regard 

to each other in a hexagonal shape in sheets [88,89,91]. In this system, the fourth electron 

of each carbon atom forms π bonds with all adjacent carbon atoms. Graphite has a 

hexagonal rings structure in which each carbon atom is neighboured with three other 

carbon atoms at the apices of an equilateral triangle [88,89]. The layers in the crystal are 

adhered to each other by van der Waals bonding forces. The structural model schemed in 

Figure 2-12 was proposed by Hull in 1917 and later discussed by Bernal in 1924; 

hexagonal graphite composed of sheets compacted in the direction of the crystallographic 

axis with regular …ABABAB… sequence and lattice distance (A to A layer) constant of 

0.67 nm [88,89]. The distance between A and B sheets is called Bragg’s distance, which 

is 0.335 nm [88,89,91]. The hexagonal graphite reflections can fall into three different 

groups: 00ℓ, hk0 and hkℓ indices. 00ℓ reflections are related to the diffraction from basal 

planes along the direction of crystallographic axis for patterned …ABABAB… sheets; 

hk0 reflections show the diffraction from crystal planes perpendicular to the basal planes 
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and hkℓ reflections are related to the diffraction from the planes having inclined angles 

with respect to basal planes [88,89,91]. 

2.4.2.4.2. Turbostratic graphite 

The aforementioned hexagonal structured model of graphite is related to the crystalline 

form. However, graphite is found in a variety of disordered structure types in nature. One 

of these types is called turbostratic graphite that has lack of …ABABAB… graphene 

sheets in contrast to ideal graphite model (Figure 2-12). Instead, the graphene sheets are 

either randomly shifted to each other or rotated with respect to the normal axis of other 

planes (Figure 2-12). The structure of turbostratic graphite can be distinguished through 

X-ray diffraction (XRD) analysis where it shows a decrease in intensity or disappearance 

of hkℓ reflections [88,89,91].  

2.4.2.4.3. Amorphous carbons 

A group of carbon materials has amorphous structures, which do not have a long-range 

of crystalline order. Materials like coals, cokes and CB are among this group. However, 

a short-range of crystalline order still exist, which results in intermediate structures 

between hexagonal crystalline graphite and highly amorphous carbon. Amorphous 

carbons with short-range graphite-like order are divided into carbon crystallites and 

highly amorphous carbon in accordance with the Franklin’s model introduced in 1950 

(Figure 2-13) [92]. The structure units of non-graphitizing carbons are randomly 

distributed with strong cross-links, keeping layers in solid and random positions. Small 

graphite crystallites in the form of few layers are connected together by cross-links 

through aliphatic chains at the edge of each graphitised domain. These structural units 

are parallel to each other; the links between neighbouring units are weak  [92]. 

 

 
Figure 2-13 Schematic illustration for Franklin’s structural model for a) non-graphitizing 
and b) graphitizing carbons (From [92] with modification) 
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2.4.2.4.4. Carbon black (CB) 

CB is produced from sources with high molecular weight hydrocarbons (e.g. petroleum 

crude oils, coal tar, ethylene cracking tar and vegetable oil) after an incomplete 

combustion. CB particles can be found within aggregates in spherical shapes with the 

size of 20-100 nm [93]. They have units of graphite-like in their internal structure that is 

composed of randomly oriented graphitic layers (Figure 2-12). CB particles have a high 

surface area and are suitable as reinforcing filler for polymeric matrices. CB particles 

have surface functionality that is important for interaction with polymers or natural 

materials [93]. This is due to their high-energy graphitic edges where oxygen groups (e.g. 

carbonyl, carboxylic) can be attached [93]. 

2.4.2.4.5. Carbon nanotubes (CNTs) 

CNTs, which were discovered in 1991 by Iijima, opened up a new era in material science 

and related fields [94]. CNTs are composed of carbon atoms linked in hexagonal shapes 

via covalent sp2 carbon–carbon bonds. In contrast to other carbon allotropes, such as 

graphite, diamond and fullerene, CNTs are 1-D carbon-based materials, having a high 

aspect ratio (greater than 1000) [95]. They can be structured as cylinders of rolled-up 

graphene sheet(s) with various diameters (up to few nanometers) and lengths (up to 

centimetres) [95].  CNTs are primarily synthesised through arc-discharge, laser ablation 

and chemical vapour deposition (CVD) methods. CVD process showed a grand potential 

in a large level of production [95].  

CNTs have three different chiralities including an armchair, zigzag and chiral based on 

the rolling angle of graphene sheets [96]. Chirality of a nanotube, which is an important 

factor in nanotubes transport properties, is defined by the chiral vector (Ch = na1 + ma2) 

where n and m are the numbers of steps in the direction of unit vectors a1 and a2 of the 

hexagonal rings. As schematically shown in Figure 2-14, the nanotubes are called 

“armchair” if n=m; they are “zigzag” in the case of m=0; in other cases, they are called 

“chiral” [95,96].  
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Figure 2-14 Schematic view of graphene, which is rolled to form a CNT with different 
chiralities (From [97] with modification) 

 

There are two types of CNTs: single-walled carbon nanotubes (SWCNTs) and multi-

walled carbon nanotubes (MWCNTs) (Figure 2-12). MWCNTs consist of multilayers of 

graphene sheets that are rolled up into a coaxial cylinder, held by van der Waals forces 

within neighbouring layers while SWCNTs are made by rolling up a single graphene 

sheet. It is worthy to mention that MWCNTs can have various chiralities that make it 

harder to predict their properties [95,96].  

The bonding between carbon atoms in nanotubes is even stronger than sp3 bonds in 

diamond, making them a strong material with Young’s modulus up to 1.2 TPa and tensile 

strength of 50–200 GPa [95,96]. They possess outstanding electrical (greater than 

copper), thermal and magnetic properties. These excellent properties make CNTs as one 

of the replacing materials for conventional metals, such as copper and steel, subjected to 

finding a facile and mass-scale production [95,98]. They have already been utilised as 

fillers for polymeric and metal matrices in many research works, such as thermally and 

electrically conductive composites, energy storage, etc. However, serious health and 

safety issues have limited their real-world applications.  
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2.4.2.4.6. Graphene 

Graphite is a source material for providing graphene derivatives through a top-down 

process (Figure 2-12). The first type of graphene derivatives was synthesised by B. C. 

Brodie in 1859 [99,100]. He produced graphene oxide (GO) from graphite flakes through 

oxidation [99,100]. In this process, the mixture of graphite flakes in potassium chlorate 

was added to nitric acid at different stages to obtain graphene oxide [99,100]. This process 

was modified to a one step process by Staudenmaier in 1898 using the combination of 

nitric acid and sulphuric acid [99,101]. A newer process, known as “Hummers” method, 

was introduced in the late 60s and has been exploited by many researchers until today 

[102]. This process deals with heavy oxidisation of graphite flakes to produce stable GO 

dispersions [102].  

GO has many functional groups after the oxidation process, make them superior to be 

incorporated as a filler for polymers or be mixed with other fillers, especially when 

mechanical properties are important. However, the electron mobility is disrupted by those 

attached functional groups on the surface of GO [101,103]. To reach thin sheets of 

graphene, reducing GO was introduced after the year 2000 to achieve a product known 

as “Reduced GO (rGO)”[104]. rGO has similar electrical and thermal properties to that 

of graphene [104]. As the degree of reduction is higher, the higher conductive rGO is 

achieved. However, a harsh reduction process might cause damages to the structure of 

graphene at the side edges where the functional groups are removed [105].  

In 2004, Geim et al. at the University of Manchester discovered the first isolated single 

layer of carbon atoms (known as graphene). Mechanical exfoliation from 3-D graphite 

flakes was used as the method of obtaining graphene [106]. In this process, layers of 

graphite flakes attached to a substrate were reduced by peeling with a piece of cellophane 

tape. By repeating this process, a planar monolayer of sp2 bonded carbon atoms in a 2-D 

hexagonal lattice (graphene) was obtained [106]. Previously, it was thought that the 2-D 

crystals were thermodynamically unstable at finite temperatures and this discovery 

opened up a new gate to scientists to explore more about graphene [106]. Their hexagonal 

monolayer structure provides high electrical and thermal conductivity together with high 

strength, making it an excellent and highly interesting reinforcing material for composites 

[107]. Efforts have been put to produce graphene through a more scalable method since 

the “peeling” method requires a great deal of patience and is limited in quantity [107].  

Industrial applications for graphene derivatives are possible if large-scale, cost-effective 

production methods and high final quality are available [99]. For this reason and due to 
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their promising properties, a large amount of research funds has been specified towards 

understanding the properties, fabrications, processing and applications of these materials; 

this fact has been reflected in the number of publications regarding graphene research, 

which has highly increased since 2007 [107]. 

Graphene can be produced in large-scale using bottom-up (atom layer by atom layer 

growth) or top-down (exfoliation from bulk to a single layer) cost-effective techniques 

[99,101,107]. Various synthesising methods have been introduced so far in the laboratory 

scale; some of the main routes are explained in the following section. 

2.4.2.4.6.1. Fabrication processes of graphene 

2.4.2.4.6.1.1. Dry exfoliation 

In general, dry exfoliation refers to the process of separating a layered material into 

atomically thin sheets under a specific condition (e.g. in the air, vacuum or inert 

environments). This process can be categorised into mechanical exfoliation, anodic 

bonding, or laser ablation depending on the source of force [99]. 

Mechanical exfoliation or micromechanical cleavage (also known as micromechanical 

exfoliation) refers to the process of cleaving graphite flakes to yield thin carbon films 

made of layers of graphene [108]. It has also been suggested that this can be done through 

friction between graphite surfaces with other flat surfaces to reach multilayers of 

graphene [108]. Using micromechanical exfoliation by scotch tape, single layer graphene 

was demonstrated for the first time in 2004 at the University of Manchester [106]. As 

discussed previously, this method is time consuming and seems to be impractical for 

large-scale production; however, it can be exploited for fundamental studies and research 

in the graphene area.  

Anodic bonding is related to the use of high voltage (0.5–2 kV) between the bottom 

electrode underneath of a glass substrate where graphite flakes attached on it and a metal 

electrode on top of the graphite flakes [109,110]. Because of this electric field, 

decomposition of Na2O impurities in the glass into Na+ and O2− ions occurs, making a 

high electric field at the glass-graphite interface [109,110]. By this process, a few layers 

of graphite will adhere onto glass by electrostatic forces, which can be separated and 

collected [109,110].   

Another source of force to exfoliate graphite is the electromagnetic force in which a laser 

beam to eliminate a material (e.g. through evaporation) is utilised [111]. In the case of 

graphite, a laser beam can detach whole or part of a layer in a process so-called 
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photoexfoliation, which is ideal to be under vacuum conditions in the presence of an inert 

gas to prevent oxidisation [112,113]. This process still demands further development and 

could be used as a complementary technique together with other exfoliation technique 

like liquid phase exfoliation [112,113]. 

2.4.2.4.6.1.2. Liquid phase exfoliation 

Graphene and its derivatives have been numerously produced through liquid phase 

exfoliation [114–116]. Liquid phase exfoliation can be separated into three stages 

including dispersion in a solvent, exfoliation and purification. Exfoliation is usually 

conducted by chemical dispersion of graphite in a solvent followed by ultrasonication; 

afterward, purification is done by centrifugation to collect the already exfoliated graphite 

particles [114–116]. Ideal solvents have minimum interfacial tension with the graphitic 

particles [117,118]. In particular, solvents with the surface tension of about 40 mN.m−1 

(e.g. N-Methyl-2-pyrrolidone (NMP), Dimethylformamide (DMF)) are the most suitable 

ones for dispersion of graphitic materials [117,118]. However, these solvents (e.g. NMP) 

are toxic and can damage various human organs [119]. Therefore, as an alternative, water 

with the surface tension of about 72 mN.m−1 can be exploited as a natural and 

environmental-friendly solvent for dispersion of graphitic materials [120].  However, 

direct dispersion of graphitic materials in water is impractical due to the hydrophobicity 

of graphitic materials [121]. Linear chain-structured surfactants, such as sodium dodecyl 

benzene sulfonate (SDBS), sodium dodecyl sulfonate (SDS) and sodium deoxycholate 

(SDC) can disperse graphitic materials in water  [121]. These additional materials 

attached to the surface of graphene or graphite could be undesirable for electrical 

properties and their amount should be optimised to reach a high level of conductivity 

[121]. Liquid phase exfoliation technique is cost-effective and can be easily scaled up. 

Preparation of conductive inks based on the dispersion of graphitic materials has been 

proposed to fabricate thin films and coatings on various substrates [117].  

Liquid phase exfoliation can also be utilised for exfoliation of oxidised graphite and 

graphite intercalated compounds (GICs). As mentioned before, oxidation of graphite 

flakes was firstly carried out using potassium chlorate and nitric acid in 1859 [99,100]. 

This process was modified for a few times until 1958 when Hummers introduced a safer 

oxidation process free of using KClO3 and by mixing of sulphuric acid, sodium nitrate 

and potassium permanganate that is used even these days [102]. After these processes, 

several functional groups including hydroxyl or epoxide groups in the basal plane and 
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carbonyl and carboxylic groups at the edges will exist, that will make GO hydrophilic 

[99,100,122]. GO particle can easily be dispersed in a wide range of solvents. The 

electrical conductivity of GO particles is quite low (sheet resistance of 1012 Ω/sq) due to 

the presence of the aforementioned functional groups on their surface [123]. In order to 

obtain highly conductive graphene, GO has to be reduced [123]. Reduction of GO 

particles removes the oxygen-containing groups in GO, leading to a structure similar to 

pure graphene. Reduction processes can be conducted by adding various chemicals, such 

as alkaline, hydrazine, hydrides and hydroquinone [103,105]. Other processes like 

thermal reduction and UV-assisted photocatalyst reduction of GO have also been 

proposed [124,125]. The resultant rGO particles can be mixed with polymers or other 

solvents for fabrication of composites and thin films with high electrical and thermal 

conductivity. Thermally rGO has good quality graphene structure in large quantity [125]. 

GICs are made by inserting atoms with graphene layers [126]. They were first recorded 

by Schafhaeutl in 1840 [126]. This process could manipulate the intrinsic properties of 

graphitic materials. They can potentially possess high electrical conductivity [127]. For 

instance, Arsenic pentafluoride-GICs showed slightly greater conductivity than copper, 

which was mainly due to the injection of a carrier from the intercalate layer to the 

graphitic layer [128]. The interlayer spacing between the graphite layers increased after 

the intercalation process that could be up to 0.53–0.59 nm in some cases [129]. These 

spacing values are almost twice of original graphite spacing. 

2.4.2.4.6.1.3. Chemical vapour deposition 

Chemical vapour deposition (CVD) is probably one of the most popular ways to produce 

graphene in large quantity [130]. This method takes advantage of a solid, liquid, or 

gaseous precursors of various materials. The type of precursor determines the yield 

percentage of the film and cost of the final product for a particular application. Various 

CVD processes include thermal, plasma enhanced CVD (PECVD), cold wall, hot wall 

and so forth [130,131]. One of the most common and cost-effective CVD processes is 

PECVD. Graphene can be synthesised through PECVD method at lower working 

temperature (e.g. 500 ºC) than conventional CVD process [131]. Using PECVD, one can 

directly grow graphene even on plastic substrates [131]. In contrast to the thermal CVD 

process, graphene can be produced in the absence of a metal catalyst [130,132].  

Nevertheless, the quality of the resultant graphene could be affected by the created 

damages during the growth of graphitic materials. 
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2.4.2.4.6.1.4. Growth on SiC 

Another fabrication method of graphene is through thermal decomposition of SiC at high 

temperatures (greater than 1000 ºC) [133]. Acheson was firstly introduced this method in 

1896 [134]. In general, there are two growth processes: homo- and hetero-epitaxy. 

Homoepitaxy occurs when a substrate has a similar composition to the growing film. 

Heteroepitaxy refers to the case that the substrate has a different composition compared 

to the growing film, resulting in lattice mismatched [118]. Of course, it is desirable to 

grow graphene on a lattice matching substrate to reduce defects while growth occurs. SiC 

substrates have a lattice mismatch of almost 25% with graphene but still can be exploited 

for the production of graphene [135]. In this process, carbon atoms rearrange themselves 

in a hexagonal structure upon evaporation of Si from SiC substrate instead of being 

deposited on the surface of the substrate [118]. There are a few substrates (Co and h-BN) 

that have a minimum mismatch between them and graphene [118]; these are the most 

suitable substrates for growth of graphene. The main disadvantage for this method for 

large-scale production is the cost and size of substrates [136]. For instance, SiC wafers 

are costly and are available for less than 4′′ in diameter [136]. 

2.4.2.4.6.1.5. Chemical synthesis 

Chemically synthesised graphene can be obtained through the collection of benzene 

building blocks in the structure of precursors [137]. In this process, tiny organic 

molecules are connected at below 200 °C. Graphene can be obtained through the 

polymerisation process of the precursors in the form of repeated Polyphenylenes units 

[137]. Different precursors are used to obtaining graphene-like materials, such as 

graphene islands, nano-ribbons and nano-graphene(s) at the end of the procedure [138]. 

The properties of the graphene as a result of chemical synthesis procedure can vary by 

adjusting the molecular size and shape of the precursor [139].  

There exist other processes to synthesise graphene-like materials by atomic layer epitaxy, 

growth on metals by precipitation, conversion of amorphous carbon using heat, etc. 

However, they are not considered as the main techniques and further details can be found 

in [89,101]. 

2.4.2.4.6.2. Some important properties of graphene and its derivatives 

Graphene and its derivatives can be utilised as a nano/micro additive to enhance the properties 

of composites. The electrical and mechanical properties of graphene are superior to other 

carbon allotropes like CNTs, as compared in Table 2-3. 
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In particular, the electrical properties of graphene and its derivatives have been investigated in 

numerous studies to better understand the electrical conductivity mechanisms and how it can 

be quantified. Some of the interesting parameters in the structure of graphene help to reach 

very high values of electrical conductivity. These factors related to ideal graphene structures 

are [140]: 

• The distance between adjacent carbon atoms in the graphene structure is only about 

0.14nm. 

• The π bonds are delocalised between carbon atoms, resulting in a higher electrical 

conductivity for graphene and its derivatives. 

• The graphene derivatives with lower level of defects, including missing carbon atoms 

and attached functional groups containing oxygen and hydrogen, possess higher level 

of electrical conductivity. The presence of defects in the structure of graphene 

derivations after functionalisation block the charge transport.  

 

Table 2-3 Comparison of theoretical properties of graphene with CNT ([141,142]) 

 

2.4.2.4.6.3. Electrical conductivity mechanisms 

The main electrical conductivity mechanisms are electron hopping and tunnelling [143,144]. 

In the classical picture, a particle has to have enough potential energy to pass a barrier. The 

hopping mechanism refers to this state that a particle has enough energy to surpass potential 

barrier. In fact, the two adjacent atomic orbitals should have intersections for an electron to 

hop from one atomic orbital to another. This phenomenon is feasible to occur even at room 

temperature [143,145].  

Properties CNTs Graphene 

Carrier mobility at room 
temperature 

100000 cm2.V-1.s-1 200,000  cm2.V-1.s-1 

Theoretical specific surface area 450-550 m2.g-1 2630  m2.g-1 

Optical transparency 95.5 % 97.7 % 

Thermal conductivity 3000 W.m-1.K-1 3000-5000  W.m-1.K-1 

Electrical conductivity 106 S.cm-1 Up to 1000  S.cm-1 

Young’s modulus 270-950 GPa 1 TPa 

Ultimate strength 10-60 GPa 130 GPa 
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On the contrary, the transmission of a particle through a potential barrier higher than its kinetic 

energy is known as tunnelling [145,146]. This a quantum effect that contradicts the principles 

of classical mechanics. The transmission through such a potential barrier results is reduced 

exponentially with the width and height of the barrier. In the quantum scale, electrons show 

wavy behaviour in which the movement of quanta against a potential hill can be defined by 

their wave function [145,146]. Consequently, this wave function determines the location of 

each electron by representing the probability amplitude. An electron can tunnel from the 

conduction into the valence band (hole), which is known as Klein tunnelling [145,146]. In 

particular, the massless carriers in graphene structure have different characteristics compared 

to ordinary massive carriers when an electric field is applied. In graphene, the electrons avoid 

backscattering due to the independency of carrier velocity to the energy. The absence of 

backscattering is the main factor for the high electrical conductivity [145,146]. 

 

2.5. Applications for conductive natural fibre yarns/fabrics  
In the previous sections, the conductive materials and some of the fabrication techniques 

to achieve conductive NFY/Fs were thoroughly explained. NFY/Fs are lightweight, cost-

effective, abundant in nature, soft, flexible, sustainable and biodegradable. Highly 

conductive NFY/Fs are suitable candidates for flexible electronic devices that have 

recently attracted researchers’ attention. Here, an overview of the development for some 

of the devices/applications and the current status of the research in this area are discussed. 

2.5.1. Supercapacitors 

Supercapacitors form one of the most interesting energy storage devices as they can store 

much higher energy than conventional capacitors and transfer it at a much higher rate 

than other energy storage devices like batteries [147,148]. Their sizes in 2-D or 1-D 

shapes can be quite smaller and lighter than conventional capacitors, leading to their 

potential applications in portable or wearable power stations [147,148]. Supercapacitors 

can be divided into three groups with regard to the mechanism of charge-storage: 

pseudocapacitors, electrochemical double layer supercapacitors (ECDLSCs) and hybrid 

capacitors. ECDLSCs are cost-effective and the most favourite type to manufacture 

[147,148]. Their mechanism deals with electrostatically collecting negative and positive 

charges at the surface of electrodes. During the charging process, an applied voltage will 

create an electric field. Thus, the charged ions within electrolyte move to the direction of 

opposite polarity electrode, creating two separate charged layers [147,148]. These 
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supercapacitors have shown promising energy efficiency (85% up to 98%), high 

capacitance (5000 F) with high energy densities 5 Wh/kg, extremely high power density 

compared to batteries and high charge-discharge life cycle [147,148].  

Another type of supercapacitors is pseudocapacitors [147,148]. They store 

electrochemical energy via redox reactions at the interface of an electrode and electrolyte, 

providing potentials for achieving high power density values and energy than ECDLSCs. 

The high-performance pseudocapacitors take advantage of metal oxides or conducting 

polymers as electrode materials. However, using metal-oxide as an electrode is costly and 

brings some side issues including low efficiencies and need for aqueous electrolytes, 

which lowers voltage [147,148]. 

A hybrid capacitor uses an electrostatic and electrochemical electrodes in the same cell 

through a combination of either a pseudocapacitive electrode with a capacitive carbon 

electrode or a capacitive electrode with a lithium insertion electrode. These 

supercapacitors have recently been introduced and more research is demanding for their 

development [147,148]. Overall, ECDLSCs possess high power density, durability and 

reasonable cost while pseudocapacitors show high energy density values. Hybrid 

capacitors have the advantage of both high power and energy densities [147,148]. 

Materials for electrodes, their lattice structure and geometry have an impact on the 

performance of supercapacitors. In general, a variety of carbon derivatives (CNTs, 

Graphene, etc.) has been exploited for electrodes in ECDLSCs [147–149]. 

Pseudocapacitors electrode materials have mostly been a metal oxide/hydroxide/nitrides 

(e.g. MnO2) and conductive polymers, such as PANI, PPy and PEDOT [147–149]. 

Recently, more research towards conductive natural materials in the form of yarns and 

fabric as electrodes for supercapacitors has been performed. Cellulosic materials, such as 

cotton and paper, have been more popular for this purpose. They have interesting features 

including flexibility, stretchability, high water or other polar solvents absorption and 

porosity [150]. For instance, cotton yarns were dip coated by CNTs to produce flexible 

supercapacitors with MnO2/PPy active layers [151]; the resultant device exhibited a 

specific capacitance of 1490 mF/cm2 and a capacitance retention of 87% after 2000 cycles 

[151]. In another study, cotton yarns were coated with Ni and then, a coating layer of 

rGO through electrophoretic deposition [152]. A Poly(vinyl alcohol) (PVA)/LiCl gel 

electrolyte combined with a pair of the conductive yarns as electrodes had the maximum 

values of 6.1 mWh/cm3 and 1400 mW/cm3 for specific energy density and specific power 

density, respectively [152]. Gold particles coated silk and cotton yarns were re-coated by 
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PEDOT and twisted to form a supercapacitor in the presence of gel electrolyte between 

the electrodes [153]. The maximum specific capacitance of 51 mF/cm2 was observed 

[153]. Carbonized hemp yarns were prepared as electrodes for supercapacitors  [154]. 

The device showed an ultrahigh specific capacitance of 2055 F.g−1 [154]. A pair of 

electrodes of cotton yarns were coated with GO and reduced by heat. Then, MnO2 

particles were electrophoretically deposited on the cotton yarns to fabricate a 

supercapacitor [155]. The device exhibited specific capacitances as high as 36.6 mF.cm-

1 and 486 mF.cm-2 in aqueous electrolytes. The device was also scaled up (15 cm × 10 

cm) to fabricate an energy storage textile [155]. In a more recent work, Wang et al. 

developed a supercapacitor possessing a high specific capacitance of 1323 F.g-1 by  the 

electroless coating of gold particles on a pair of cotton yarns together with an 

electrochemical co-deposition of Ni-Co-S particles in PVA/KOH gel electrolyte [156].  

Papers are also made of cellulose fibres and have flexibility. They are lightweight, highly 

porous and abundant [157]. High porosity is an advantage for electrochemical deposition 

or other coating methods of conducting materials that lead to a faster rate of movement 

for ions in supercapacitors [157]. Several studies have evaluated the performance of 

supercapacitors based on conductive paper electrodes. For instance, GO was coated onto 

a paper substrate by dip coating technique and then reduced to rGO papers [158]. 

Furthermore, another coating layer (PANI) was added to form paper/rGO/PANI 

electrodes. The calculated specific capacitance of the device was 464 F.g−1 [158]. In 

another paper, researchers showed the performance of a supercapacitor consists of MnO2-

Ni-paper electrodes [159]. Their results indicated a high stability of capacitance even 

after 1000 cycles [159]. Yuan et al. coated a paper by PPy polymer for fabrication of a 

pseudocapacitor [160]. The resultant supercapacitor showed high stability in long-term 

charging/discharging cycles with maximum energy and power density of 1.0 mW.h.cm−3 

and 0.46 W.cm−3, respectively [160]. In another study, a pencil was used to make a thin 

layer of graphite on an acid treated A-4 paper [161]. PANI was also coated through 

electrophoretic deposition on top of graphite coating. The electrochemical 

characterisation of the device showed the areal capacitance of 355.6 mF.cm−2 with the 

maximum specific capacitance of 77.8 mF.cm−2 [161].  

Textiles, as highly porous and 3-D structures, have also been utilised for substrate 

materials of electrodes. Cotton has been one of the most popular fabrics as they are the 

most commonly used material for clothing. For instance, stretchable textile electrodes for 

supercapacitors were fabricated by coating cotton fabric with SWCNTs, which resulted 
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in a high conductive textile [162]. The device showed a large areal capacitance of 0.48 

F.cm−2 and a consistent performance was observed even after stretching [162]. Many 

other research works have reported the potentials for conductive natural based electrodes 

in supercapacitors, which can be found in some of the recent review papers in the 

literature [157]. 

2.5.2. Batteries 

Batteries are other types of electrochemical devices for storage of energy. They transfer 

the energy in the form of the chemical energy released by the electrochemical reactions 

between the two electrodes distanced by an electrolyte [163–166]. Due to this reaction, 

electrons will move from one electrode to another, creating an electric circuit that can be 

utilised for energy consumption. Each battery cell includes an anode (negatively charged) 

electrode that releases electrons to the load, a cathode (positively charged) electrode that 

receives the electrons, an electrolyte, which delivers the electrons from anode to cathode 

and a separator to make a wall between anode and cathode [163–166]. The main three 

types of batteries are lead-acid batteries, the nickel-based batteries and the lithium-based 

batteries. However, the most commonly used one is lithium-ion batteries (LIBs) [163–

166]. Metal oxide with a layered structure like lithium cobalt oxide (LiCoO2) is usually 

employed for the cathode while the anode is usually based on graphitic materials [163–

166]. An electrolyte is usually based on Li salt dissolved into an organic solvent [163–

166]. A separator like microporous polyethylene or a paper is utilised to soak the liquid 

electrolyte between the cathode and anode [163–166].  

The charging/discharging mechanisms in LIBs can be explained as follows: Lithium ions 

are detached from the cathode and intercalated into the anode. During charging process, 

the released electrons from cathode will move towards anode to balance the reaction 

through an external circuit [163–166]. Discharging is in the opposite of charging process 

where electrons travel towards cathode from anode while powering external systems 

connected to the battery [163–166]. LIBs are safer and more durable compared to the 

other types of batteries; thus, they have been intensively researched for flexible batteries 

using conductive natural materials as electrodes [163–166].  

Similar to supercapacitors, cotton yarns/fabrics have been a popular substrate for flexible 

batteries. For instance, carbonized cotton decorated by graphene/SnO2 was used as a free-

standing and a binder-free anode electrode. The electrochemical properties of the LIBs 

showed a total electrode capacity of 406 mAh.g− 1 (1.70 mAh.cm− 2) after 80 cycles [167]. 
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In another study, Zhang et al. cotton was coated with graphene/MoO2, providing an 

efficient hybrid structure for electrochemical performances as LIBs anode [168]. In 

another research, carbonized cotton fabrics were coated by rGO/SnO2/Amorphous carbon 

composites to form an anode electrode. The electrochemical characterisation of the 

battery demonstrated a capacity of 496.3 mAh.g-1 (1.72 mAh.cm-2) after 200 cycles at the 

current density of 100 mAg-1 [169]. A flexible carbonized cotton fabric was covered by 

graphene/Co-doped SnO2 (CGN/SnO2-Co) composite to be used as a free-standing and 

binder-free anode for LIBs [170]. The results showed a discharge of 549.6 mAh.g-1 (1996 

mA.cm-2) after 100 cycles at current density of 100 mA.g-1 for the fabricated LIB [170]. 

Lin et al. developed weavable metal/cotton yarn air electrodes for flexible wire shaped 

Li-O2 batteries [171]. The obtained Li–O2 flexible battery exhibited a high discharge 

capacity of 1981 mA.h.gcarbon-1 at a current density of 320 mA.gcarbon-1 with a stable 

performance even under bending loads for about 100 cycles [171]. Results of research 

related to flexible batteries have been promising. Research is actively moving forward 

for the development of new flexible and wearable batteries for wearable technologies 

[172]. 

2.5.3. Electromagnetic interference shielding  

Another application for conductive NFY/Ys is electromagnetic shielding interference 

(EMI) [173]. Electromagnetic radiation is exposed to the human body on daily basis, 

which damages the human cells. This can result in malfunctioned organs and cancers 

[173]. The EMI shielding mechanisms include reflection, multiple, reflection, absorption 

and transmission [173]. Reflection of EM waves occurs when a highly conductive 

material can return a major portion of the waves. Multiple reflections refer to the 

shielding material structure (e.g. foamed composites) with different internal surfaces or 

pores [173]. Absorption of EM waves occurs when the shielding materials owning either 

high dielectric constant (e.g. BaTiO3) or high magnetic permeability (e.g. Fe3O4) can 

interact with EM field through electric and/or magnetic dipoles [173]. The transmission 

mechanism is related to the penetration of EM waves through non-conductive shielding 

materials (e.g. glass and PP) without any attenuation [173]. The EMI shielding properties 

of a material can be defined through the incident power, which is [173]: 

𝑃𝑃𝑖𝑖𝑖𝑖 = 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 +  𝑃𝑃𝑡𝑡𝑟𝑟𝑡𝑡𝑖𝑖𝑡𝑡 + 𝑃𝑃𝑡𝑡𝑎𝑎𝑡𝑡                                            (2.2) 

and electromagnetic shielding effectiveness (EMSE) of the material [173]: 

𝑆𝑆𝑆𝑆(𝑑𝑑𝑑𝑑) = 10𝑙𝑙𝑙𝑙𝑙𝑙
𝑃𝑃𝑡𝑡𝑟𝑟𝑡𝑡𝑖𝑖𝑡𝑡
𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖

                                                 (2.3) 
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New research trend in the field of flexible and lightweight EMI shielding structures has 

been undertaken by using natural fabrics. Incorporation of flexible and highly conductive 

carbon-based nano/micro particles has been popular as EMI shielding materials to be 

coated onto natural fabrics. For instance, a blend of blend of natural rubber latex, PVA 

and CB was coated on cotton fabric via “knife-over-roll” process [174]. The conductivity 

of the coated cotton fabric was found to be 75 S.m-1 and the flexible composites showed 

a maximum EMI effectiveness of 19.89 dB [174]. In another study by Ghosh et al., a CB 

based blend was applied onto cotton fabric and durability tests were conducted [175]. 

The EMI performance was found to be 37.7 dB for the lowest thickness of the blend on 

cotton [175]. These studies have recently been conducted and there are still more research 

gaps in this area to develop flexible EMI shielding materials based on NFY/Fs. 

Especially, developing a wearable suit made of conductive natural fabrics for EMI 

shielding exist is demanding. 

2.5.4. Shape memory composites and actuators 

Shape memory effect is the ability of some specific materials that can be fixed in a shape 

and return to their initial shape under the effect of external stimuli, such as heat, light, 

humidity, electric field, magnetic energy, pH, etc. [176,177]. These materials can fall into 

three branches including shape–memory alloys (SMAs), shape–memory ceramics and 

shape–memory polymers (SMPs) [176,177]. SMPs have attracted research interests as 

functional textiles, aircraft parts, biomedical devices and electronic apparatuses 

[176,177]. In particular, they have been integrated onto fabrics to develop smart textiles. 

Electrothermally activated SMPs by conductive particles can change their shape and 

undergo bending when electricity is applied [176,177]. This effect is functional for 

actuating purposes where Joule heated shape memory polymers can bend the fabrics 

above their switching temperature [176,177]. This is usually achieved by the addition of 

conductive nanoparticles such as carbon-based nano-particles to the polymer [176,177]. 

Addition of these particles enhances not only the electrical conductivity of the SMPs but 

also their mechanical properties [176,177].  

Cellulose-based actuators were developed by applying conductive ink (AgNWs/PEDOT: 

PSS/Ethylene glycol) on a piece of an A-4 paper while PP film was attached underneath 

of the paper [178]. The Joule heating driven bending actuators were able to function at 

low voltages (≤ 8 V) and low input electric power per area (P ≤ 0.14 W.cm−2 ) with 

reversible shape-changing behaviour up to bending angle of 360º [178]. In another study, 



 

44 
 

the performance of electroactive paper actuators with the variation of thickness (20, 30, 

and 40 μm) using gold electrodes was tested by means of tip displacement, blocked force, 

electrical power consumption and the efficiency [179]. A maximum mechanical power 

output of 0.58 mW was obtained for the 30 μm case [179]. Hamedi et al. developed 

electrothermal paper actuator that could be folded by Joule heating through an applied 

input power (up to 0.28 W/cm2) on the PEDOT: PSS coated on the papers [180]. A proof 

of concept of an application as a paper optical shutter with quick response time was also 

shown [180]. Paper-based electroactive actuators have indicated promising and 

interesting features such as, low input power, lightweight and cost-effectiveness that 

make them suitable candidates for soft robotics applications [178,180]. 

2.5.5. Heaters 

Heating textiles under controlled temperature form one of the major outcomes for new-

fashioned smart clothes and flexible green electronics [181–183]. Clothes have been 

traditionally trapping the generated heat from the human body using the insulating 

materials and layers of fabrics [181–183].  The new concept of heating devices 

incorporated in cloths, seats, etc. deals with generating heat under a controlled 

temperature programme [181–183]. These heating devices are applicable to sports, 

medicine, aircraft and automotive industries, heating surfaces of buildings and smart suits 

[181–183]. The mechanism of the heating devices is based on Joule heating principle. 

The Joule heating effect is the resultant heat when electric current passes through a 

conductive material [181–183]. Early heating devices in fabrics like electric blankets 

included materials, such as metallic heating elements, heated water and conductive 

rubbers [181–183]. The main drawback of the mentioned systems is their limitation in 

large-scale flexible products mainly due to their cost, weight, rigidity and high input 

power. Recent advancements in conducting nanomaterials have enabled researchers to 

develop lightweight, cost-effective, flexible and stretchable that work with low input 

power [181–183]. These conductive nanoparticles or polymers can be coated on the 

surface of various NFY/Fs through various coating techniques to reach high surface 

temperature in the absence of undesirable hot spots. For instance, CC yarns (10.44 S.cm-

1) stirred in doped PPy/CNT dispersions and were used for heating smart gloves after 

drying [184]. They could reach a surface temperature of 70 ºC by applying an input field 

of 5 V.cm-1 [184]. Conductive fabrics were developed with improved electrical 

conductivity by stirring in PPy-Oleic Acid solution [185]. The surface temperature of the 
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coated fabric reached about 37 ºC when 3W of input power was applied in warp direction 

[185]. A piece of cotton fabric was immersed in an aqueous dispersion with pyrrole 

monomer and dopant for in-situ polymerisation [186]. The CCF with a very low sheet 

resistance (32 ± 7 Ω.sq-1) reached 48 ºC when powered with 9V [186]. Ilanchezhiyan et 

al. developed the CNTs functionalised cotton fabrics for heating applications, with a 

minimum sheet resistance of 5 kΩ after 10 times of dip coating [64]. The coated cotton 

fabrics exhibited maximum temperatures of 95 ºC and 50 ºC for a 1×2 cm2 and 2×4 cm2, 

respectively, when powered with 40V [64]. In another research, a heating textile made of 

cotton was fabricated by dip coating in MWCNTs dispersion [187]. The minimum level 

of sheet resistance was about 10 kΩ. The Joule heated surface of the CCF (5×5 cm2) 

showed 80 ºC after stabilisation in 5 min by a constant input power of 0.1W.cm-2 [187]. 

Tian et al. conducted research on the fabrication of GO and MnO2 nanoparticles 

decorated on a carbonized cotton fabric through dip coating [188]. The electrothermal 

behaviour of the fabric by applying 15 V indicated that a surface temperature of 36 ºC 

[188]. Heaters based on CCF using blending and dipping methods in PEDOT: PSS was 

suggested by Yeon et al. [189] The heaters had the maximum temperature of about 100 

ºC by applying 12 V [189]. They reported a drop of surface temperature in reaction to the 

applied tensile strain (up to 80%) [189]. AgNWs were dip coated on the surface of a piece 

of cotton and exhibited a surface temperature of 150 ºC under a constant input power 

density of 0.35W.cm−2 [190]. 

Carbonized fabrics have also been exploited for flexible heating devices. For instance, 

Zhang et al. fabricated a low-voltage and stretchable wearable heater by carbonized weft-

knitted cotton fabric [191]. The heater exhibited a very low sheet resistance (1.89 Ω.sq-

1) and reached the maximum surface temperature of 150 ºC by only 3.5 V within the area 

of 2.6 × 1.2 cm2 [191]. This study also investigated the effect of applied tensile strain (up 

to 70%) on the temperature profile of the heater [191]. In another study, Wang et al. 

prepared a stretchable and CCF for wearable electronics through the carbonization 

process [192]. The results show that a high surface temperature (about 150 ºC) was 

achieved by applying the only 3.5V after about 30 s [192]. In addition, the electro-

thermal-mechanical behaviour of the conductive fabric was studied by applying a 

constant DC voltage of 4V up to 70% of tensile strain [192].  

In medicine related applications, controlled drug delivery textiles as smart bandages have 

recently been developed for the treatment of chronic wounds that demand long and 

controlled treatment process. For instance, a CC thread (diameter of 1.2 mm) using 
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carbon ink was prepared with a resistivity of 5 Ω.cm−1 [193]. This thread was utilised as 

a heater core (substrate) for coating a hydrogel containing thermoresponsive drug carrier 

[193]. Release of drugs could be performed by controlling the surface temperature of the 

thread by tuning the input power [193].  

The advancement of nanomaterials and novel ideas for processing have expanded the 

applications in flexible, lightweight and cost-effective heaters based on NFY/Fs. The 

research in this sector is still growing towards the development of flexible and stretchable 

wearable heating devices. 

2.5.6. Sensors 

Important devices within flexible electronics are sensors that can detect pressure and 

deformations, various movements (e.g. human body movements), temperature, pH and 

gas [60,194]. The collected data can then be transmitted to a computer/smartphone for 

post-processing. For instance, for a smart garment, a series of these wearable sensors are 

needed to detect various parameters [60,194]. Conventional sensors are mostly based on 

metal materials. These sensors have drawbacks including rigidity, weight, inelasticity and 

low sensitivity [60,194]. The current research trends are related to the development of 

various sensors based on the criteria of wearables including lightweight, high sensitivity, 

cost-effectiveness, flexibility and stretchability. New types of sensors by the combination 

of NFY/Fs and conducting polymers/nanoparticles such as carbon-based particles 

with/without elastomers are easier to be incorporated in smart clothing or textiles. In this 

section, major advancements in different sensors based on NFY/Fs are discussed.  

2.5.6.1. Gas and pH sensors 

Gas sensors are able to detect a particular type of gas molecules and evaluate their 

concertation in the surrounding environment [195]. The main purpose of employing gas 

sensors are for health, medical diagnostics and environmental monitoring [195]. A 

conventional type of gas sensor is based on metal-oxide that have been widely utilised in 

the past due to their low cost and relatively high sensitivity. Nevertheless, their working 

temperature is above 200 ºC, limiting their applications as wearables [196]. Therefore, 

functionalised NFY/Fs have recently been researched for developing wearable gas 

sensors with flexibility and lightweight. For instance, a gas sensor based on graphene dip 

coated on a Bovine Serum Albumin (BSA) functionalised cotton yarns was developed 

[197]. The sensor showed chemical resistance to various washing detergent and high 

mechanical bending durability (up to 1 mm of bending radius for 1000 times) [197]. They 
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exhibited high resistance changes upon detection of NO2 gas while other gases like CO2 

induced relatively small resistance changes [197]. In another study, a highly sensitive and 

wearable gas sensor was developed by assembling functionalised GO on cotton yarns via 

simple dip coating [198]. The sensitivity of the sensors was 70% and 65% when they 

were exposed to NH3 gas at 8ppm and 3ppm, respectively [198]. In addition, the sensors 

were found to have high chemical (10 times washed with DI water) and mechanical 

durability (bending for 104 cycles) [198].  

Finding the pH level by wearable sensors can be applicable in monitoring the status of 

deep wounds on the surface of the skin during healing [193]. This motivated researchers 

to develop a potentiometric sensor for detection of pH made of CNTs coated cotton yarns 

by simple dip coating [199]. They were partially coated by a polymeric membrane to 

create ion-selective electrodes. The results of this study indicated that the yarns could 

effectively detect the pH level [199].  

2.5.6.2. Humidity sensors 

Sensors for humidity detection have been extensively applied in industrial environments. 

With the recent advancement in smart textiles, the humidity sensors integrated on clothes 

have been developed. For instance, a blend of MWCNTs and PVA was applied on cotton 

fabric by the knife-over-roll technique for humidity level detection [200]. The humidity 

changes were detected by the variation in the resistance of the coated fabrics [200]. In 

another research, a novel flexible and stretchable humidity sensor was fabricated by spray 

coating a copolymer of Methyl Methacrylate (MMA) and [3-(methacrylamino)propyl] 

trimethyl ammonium chloride (MAPTAC) (poly-MMA/MAPTAC) between two CC 

yarns electrodes within the cotton fabric [201]. The resultant sensor showed a good 

response time (35 s) and high stability (62 days) [201]. Trovato et al. also used MWCNTs 

based paste to apply on a piece of cotton fabric using a knife-over-roll technique for 

fabrication of  a humidity sensor [202]. However, the repeated humidity tests for 4 times 

indicated a decrease of sensitivity by 50% [202]. 

2.5.6.3. Flexible strain and pressure sensors 

Flexible strain and pressure sensors are able to respond to mechanical deformations in 

the form of change in their electrical signals [196,203–208]. They can be divided into 

two general types based on their sensing mechanism: 1) resistive type and 2) capacitive 

type [196,203–208]. There exist other types of strain sensors, such as piezoelectric and 

triboelectric; nonetheless, their flexibility and stretchability are limited [196,203–208].   
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The resistive strain sensors were firstly developed in the early 1940s, mainly fabricated 

by metal foils [196,203–208]. These strain sensors have been exploited for the detection 

of limited strains such as small deformations in composites, rigid bodies and scales for 

weighing. The demand for stretchable and flexible electronics in wearables has changed 

the structure of these strain sensors [196,203–208].  

The recent structures for the resistive type of strain sensors are composed of conductive 

active materials combined with a flexible and stretchable substrate [196,203–208]. The 

active materials can be in the form of conducting particles/polymers, thin films, or 

conductive yarns/fabrics. The resistance of active materials can change under external 

deformation due to their microstructural changes when combined with stretchable 

substrates [196,203–208]. This provides changes in electrical resistance of the strain 

sensors in response to the applied strains. The initial resistance of the strain sensors is 

recovered after releasing them from tensile/compressive strains to their original state 

[196,203–208]. 

On the other hand, flexible capacitive strain sensors deal with the combination of a layer 

of dielectric elastomer sandwiched between a pair of flexible conductive electrodes 

[196,203–208]. Capacitive sensors linearly respond to the external strains. The main 

application for capacitive strain sensors is pressure sensing, such as touch screens 

[196,203–208].  

In both cases, the selection of active and substrate materials is an integral part of the 

flexible and stretchable strain sensors design. Materials selection should be with 

consideration of parameters, such as low‐cost, scalable and lightweight [196,203–208]. 

To date, flexible and stretchable strain sensors have been functional by incorporation of 

carbon-based low dimensional materials (e.g. CB, CNTs, and graphene derivatives), 

metal nanoparticles or nanowires, conducting polymers and hybrid systems of conductive 

materials. Flexible and stretchable substrates, such as silicon-based elastomers 

(polydimethylsiloxane (PDMS) and Ecoflex) or rubbers ((e.g. natural rubber and 

thermoplastic elastomers (TPEs)) have been extensively utilised [196,203–208].  The 

changes in the active materials and substrates have a direct effect on the sensing 

performance of strain sensors.  

Different techniques for the fabrication of flexible and stretchable strain sensors have 

been proposed including encapsulation of active materials or thin films within layers of 

stretchable substrates (sandwich-structured), coating a thin layer of active material on top 
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of the substrate using various coating techniques, transferring process, printing 

technology and solution mixing for fabrication of composites sensors [196,203–208].   

Strain sensors can detect applied external strains (either compressive or tensile) based on 

various sensing mechanisms, depending on the type of materials, fabrication process and 

micro/nanostructure and interfacial interactions between the active and substrate 

materials [196,203–208].  

In addition to the piezoresistive and piezocapacitance mechanisms, mechanisms for 

sensing, such as geometrical effects, formation of intentional cracks within active 

materials, tunnelling effect and disconnection mechanism based on percolation theory 

have been suggested in the modern flexible and stretchable sensors, which are explained 

in the later sections [196,203–208].   

2.5.6.3.1. Sensing mechanisms 

2.5.6.3.1.1. The geometrical mechanism in piezoresistive and piazocapacitance 

sensors 

The change in resistance/capacitance of a sensor due to any external deformations is 

correlated to piezoresistive/piezocapacince sensors [196,203–208]. The change in 

relative resistance of a restive strain sensor can be written as:  
𝛥𝛥𝛥𝛥
𝛥𝛥0

= (1 + 2𝜐𝜐)𝜀𝜀 +  
𝛥𝛥𝛥𝛥
𝛥𝛥

                                                          (2.4) 

where it includes the effect of geometrical changes as well as piezoresistivity of the active 

materials in the strain sensors. For instance, when a sensor is stretched, they tend to shrink 

in the lateral direction in accordance with the concept of Poisson’s ratio. Thus, the overall 

resistance of a resistive strain sensor will increase by an increase in its length and 

shrinkage in the cross-sectional area [196,203–208].  

Various materials, such as metals, metal alloys, silicon, carbon-based nanoscale materials 

(e.g. CNTs) and Zinc oxide nanomaterials (ZnONWs) possess piezoresistive behaviour 

[196,203–208]. In particular, CNTs show ultrahigh piezoresistivity due to their chirality 

[196,203–208]. In the case of piezocapacitance sensors, their change of capacitive area 

will be sustained after stretching; however, their thickness in the dielectric layer will 

decrease, leading to an increase in the capacitance of the sensors [196,203–208]. In other 

words, the two conductive electrodes on both sides of the dielectric layer will be closer 

to each other under an extension, leading to an increase in capacitance. A pizocapacitance 

sensor can be considered as a capacitor with parallel electrodes with a width of W0, length 

of l0 and dielectric thickness of d0. Then C0= ε0εr (l0W0/d0) is the initial capacitance of 
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the sensor. ε0 and εr are dielectric constant for vacuum and relative permittivity of the 

dielectric material, respectively [196,203–208]. If the Poisson’s ratios are assumed to be 

similar for electrodes and the dielectric layer, one can calculate the capacitance C after 

stretching: C = (1+ ε)C0. This clearly demonstrates the increase of capacitance when a 

sensor is stretched [196,203–208].  

2.5.6.3.1.2. Crack propagation 

Cracks tend to initiate and propagate in brittle coatings/thin films on a substrate such as 

fabrics and soft polymers under tensile strains or bending loads [196,203–208]. Cracks 

are formed at high stress concentrated areas to release the accommodated stress. Various 

flexible and stretchable strain sensors based on CNTs, graphene derivatives and metal 

particles have shown the generation of microcracks after stretching [196,203–208].  In 

fact, applying tensile strain results in opening and growth of microcracks within 

coatings/thin films; this significantly hinders the electrical conduction between the 

adjacent conductive particles that are separated from each other; in other words, the 

electrical resistance of the coatings/thin films significantly increases in response to the 

applied tensile strain. Consequently, this mechanism can be utilised to achieve highly 

sensitive strain sensors even at low tensile strains.  Upon release of the applied strain, the 

conducting path among the coatings/thin films particles would be re-established by 

reconnection of the microcracks at the edges, resulting in the recovery of the initial 

electrical resistance [196,203–208]. 

2.5.6.3.1.3. Tunnelling effect 

Tunnelling effect occurs when electrons pass an electrically insulating barrier between 

two closely adjacent conductive particles [196,203–208].  In other words, neighbouring 

conducting particles within a specified cut-off distance can flow electrons through a thin 

layer of nonconductive material and form quantum-tunnelling junctions. This will result 

in the formation of conducting paths for the conductive particles within nonconductive 

materials [196,203–208]. Simmons’s theory for tunnelling resistance between two 

adjacent conductive particles has been employed to numerically predict the electrical 

behaviour of the nanocomposites, as shown below [196,203–208]: 

𝛥𝛥𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑟𝑟𝑡𝑡 =
𝑉𝑉
𝐴𝐴𝐴𝐴

=  
ℎ2𝑑𝑑

𝐴𝐴𝑒𝑒2√2𝑚𝑚𝑚𝑚
exp �

4𝜋𝜋𝑑𝑑
ℎ

√2𝑚𝑚𝑚𝑚�                                     (2.5) 

where A denotes the cross-sectional area of the tunnelling junction, J is the tunnelling 

current density, V is the electrical potential difference, h is the Plank’s constant, d is the 
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distance between neighbouring conductive particles, e is the single electron charge, λ 

represents the height of the energy barrier for the insulating material and m is the mass of 

the electron [196,203–208]. One of the most important parameters is the cut-off 

tunnelling distance that depends on a number of factors such as processing parameters, 

type of insulating material and type of conductive particle [196,203–208]. This distance 

is usually in the order of 0.5 to 3 nm for various systems [196,203–208]. This mechanism 

has been found the most dominant strain-responsive mechanism for CNT or graphene-

based strain sensors. One should note that this mechanism is different from the 

disconnection mechanism, which is explained in the following section.  

2.5.6.3.1.4. Disconnection mechanism 

Generally, the electrons can flow through the overlapped conductive particles in a 

percolated network within coatings/thin films [196,203–208]. These particles can be 

disconnected and lose their overlapped surface and connection upon applied tensile 

strain, resulting in an increase in the electrical resistance of the system [196,203–208]. 

Since there is a weak interfacial binding and considerable difference between the stiffness 

of substrate and conducting particles, the overlapped rigid particles slip under applied 

strain and disconnection occurs [196,203–208]. This method is different from the 

tunnelling effect, which only the flow of electrons between the adjacent conductive 

particles within a thin insulating layer is focused [196,203–208]. Some of the stretchable 

strain sensors were fabricated by incorporation of thin films of metal or graphene flakes 

particles based on the disconnection mechanism [196,203–208]. 

 

2.5.6.3.2. Characteristics and performance of stretchable strain sensors 

Stretchable strain sensors are required to be characterised to check their performance and 

evaluate their potential applications. Some of the main parameters are stretchability, 

sensitivity, hysteresis, durability, drift, response time, overshoot behaviour, noise and 

linearity [196,203–208]. In this section, the definition of each aforementioned terms is 

provided in detail.  

2.5.6.3.2.1. Stretchability 

The ability of a strain sensor to stretch under external tensile strain without 

mechanical/sensing failure is referred to as its stretchability [196,203–208]. The 

stretchability of a strain sensor depends on various factors such as the architecture of a 

strain sensor, substrate materials and active materials. Highly stretchable strain sensors 
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(even up to ε ≈ 1000%) has been reported so far [209]. In contrast to graphene and CBs, 

1-D conductive particles have a high aspect ratio and are able to create an effective 

percolation path even at high strains within a thin film [196,203–208].  

In the case of natural-based active materials, efforts have been put to increase the 

stretchability of strain sensors by applying highly stretchable NFY/Fs, such as cotton, 

wool and silk.  The summary of the performance of strain sensors based on natural 

materials can be found in Table 2-4.  

2.5.6.3.2.2. Sensitivity 

The sensitivity of a strain sensor is found through the calculation of the slope of the 

relative change of output signal (resistance or capacitance) versus the applied strain 

[196,203–208]. This value is known as the gauge factor (GF) of strain sensors. GFs are 

in the form of following for either resistive or capacitive strain sensors [196,203–208]: 

𝐺𝐺𝐺𝐺 =
𝛥𝛥𝛥𝛥
𝛥𝛥0
𝜀𝜀

   or   𝐺𝐺𝐺𝐺 =
𝛥𝛥𝛥𝛥
𝛥𝛥0
𝜀𝜀

                                                              (2.6) 

Most of capacitive strain sensors with high stretchability possess very low sensitivity (GF 

≤ 1) [196,203–208]. However, a recent study showed a capacitive strain sensor with GFs 

up to 3 [210]. Traditional metal based resistive strain sensors have a low level of GFs in 

the range of 2-5 while the recent stretchable strain sensors show even ultra-high 

sensitivity (even greater than 100,000) [211]. In the case of resistive-based stretchable 

strain sensors, the GF values depend on the strain sensing mechanisms, type of active 

materials and interaction of substrate and active materials [196,203–208]. The conductive 

NFY/Fs based strain sensors have shown promising sensitivity values using different 

strain responsive mechanisms compared to the other types of stretchable strain sensors. 

Error! Reference source not found. presents the performance of the reported strain sensors 

based on natural materials in terms of sensitivity. 

2.5.6.3.2.3. Hysteresis  

Hysteresis is a parameter to quantify the error in the output of a strain sensor when they 

undergo stretching-releasing cycles [196,203–208]. This parameter is very important 

when strain sensors are subjected to long-term dynamic loads (e.g. stretching-releasing) 

in various applications such as human body movement detection [196,203–208]. Increase 

in the hysteresis error will deteriorate the performance and reversibility of the strain 

sensors in long-term [196,203–208]. Capacitive strain sensors exhibit low hysteresis 

errors and therefore, are more desirable for long-term applications under dynamic loads 
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compared to the resistive strain sensors [196,203–208]. This is due to the dependency of 

a capacitive strain sensor performance to the overlapped area between the electrodes 

rather than the electrodes themselves [196,203–208].  In contrast, the resistive strain 

sensors show high dependency to the conductance of electrodes, which can cause higher 

hysteresis error [196,203–208].  

The hysteresis can also be originated from the viscoelastic behaviour of the substrates in 

highly elastic strain sensors, especially at high strain values [196,203–208]. Another 

source of hysteresis is the weak interaction of the conductive particles distributed in a 

highly elastic matrix [196,203–208]. This could be improved by strengthening the 

interfacial bonds between the conductive particles and the elastic matrix [196,203–208]. 

Functionalisation of the conductive particles, especially nano/micro-sized carbon 

particles prevent slippage of the particles inside the matrices and thus, they can quickly 

reposition to their original location by sticking to the matrix after releasing [196,203–

208]. The conductive natural fabrics have shown low hysteresis error at low strain values; 

however, it is increased at larger strain values (above 100%) [76,212].  

2.5.6.3.2.4. Durability and drift 

The endurance or lifetime of the strain sensors is determined under long-term dynamic 

loading such as stretching-releasing cycles [196,203–208]. If a strain sensor shows a 

stable electrical output with mechanical integrity, it can be said that the strain sensor is 

durable. This parameter is crucial for applications dealing with a high number of dynamic 

loads such as wearable strain sensors. The failure of the strain sensors under long-term 

dynamic loads has also been reported, which can be due to fatigue and plastic deformation 

of the matrix/substrate at high strain values and buckling of active materials (e.g. metallic 

nanoparticles) [196,203–208]. The recent strain sensors showed a stable performance 

even at high strain (350%) for a very high number of cycles (≈ 10,000) [213].  

Drift in the strain sensors is associated with the change in the pattern of their electrical 

output. It can be upward or downward in terms of the electrical signal output (resistance 

or capacitance) in long-term dynamic load [196,203–208]. An example of a drifted 

resistive strain sensor is shown in Figure 2-15 [214]. A strain sensor has high stability if 

its output signal has low hysteresis, low drift and noise-free throughout the durability test. 
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Figure 2-15 Illustration for drift behaviour of a strain sensor (From [214] with minor 
changes). 

In the case of NFY/Fs based strain sensors, most of the recent strain sensors possessed 

long-term durability for at least 1,000 cycles at high strain values. A summary for strain 

sensors based on NFY/Fs is provided in Table 2-4. As can be seen, most of these strain 

sensors had high durability at high strain values, making them suitable for real-world 

applications. 

2.5.6.3.2.5. Response time 

An important factor for an ideal stretchable sensor is to quickly respond to the external 

deformations [196,203–208]. This is determined by calculation of the response time of 

the strain sensor. In other words, response time indicates how rapidly a strain sensor can 

reach the steady-state stage [196,203–208]. Certainly, the stretchable strain sensors deal 

with delays in their response due to the presence of highly elastic substrates/matrices and 

their viscoelastic behaviour [196,203–208]. One way of calculating the response time of 

strain sensors with linear behaviour is by applying a ramp input (strain) to the system 

(strain sensors) [215]. Considering the stretchable strain sensors as first-order dynamic 

systems would lead to the calculation of the time constant using Laplace functions for 

input and output of the system. The 90% of a time constant (𝜏𝜏90%) is then calculated as 

the standard response time for the stretchable sensors [215]. This parameter is mainly 

dependent on the softness of the substrate/matrices. The response time for some of the 

recently reported resistive strain sensors is as low as 14 ms [196,203–208]. The capacitive 

strain sensors also showed fast response time (as low as 50 ms) [196,203–208]. The 

response time of the strain sensors based on conductive NFY/Fs is found in Table 2-4. 

2.5.6.3.2.6. Linearity 

The linearity of strain sensors is considered as one of the crucial factors in assessing their 

performance [196,203–208]. Some of the strain sensors show linear behaviour in various 
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ranges of strains. Nonlinear behaviour of strain sensors is considered as a significant 

drawback as the calibration process would be arduous [196,203–208]. Nonlinearity in the 

response of strain sensors upon stretching is mainly due to the changes in the 

microstructure of active materials from homogenous to inhomogeneous distribution 

[196,203–208]. It has been shown that a hybrid system of conductive particles could 

improve the linearity of the resistive strain sensors [196,203–208]. Capacitive strain 

sensors possess superb linearity [196,203–208]. There exists a relationship between 

linearity, sensitivity and stretchability of strain sensors [196,203–208]. Generally, high 

GFs at low stretchability with high nonlinearity have been reported for strain sensors, 

thus, a grand challenge exists to introduce a strain sensor with high sensitivity (GF ≥ 50), 

linear behaviour and high stretchability (ε ≥ 100%). Recently developed strain sensors 

based on conductive NFY/Fs have shown high sensitivity, high stretchability and linear 

behaviour at different levels of applied strain. Table 2-4 indicates the performance of 

these strain sensors in terms of linearity or non-linearity.  

2.5.6.3.2.7. Overshoot behaviour and noisy input 

Overshooting refers to the formation of small peaks in the response of strain sensors to a 

linear or ramp input (strain) before stabilisation, as demonstrated in Figure 2-16 

[196,203–208]. This behaviour has been observed in both resistive and capacitive strain 

sensors and mainly caused by the relation of the elastic substrate/matrix [196,203–208]. 

However, resistive strain sensors typically have a more pronounced overshooting 

behaviour than capacitive ones [196,203–208]. An elastic substrate/matrix tends to 

release the accommodated stress when a resistive strain sensor reaches to the end of a 

stretching cycle [196,203–208]. This results in some molecular movements due to the 

mechanical stress, changing the position of a number of conductive particles interacting 

with the substrate/matrix. Consequently, the resistance of the strain sensor has a sudden 

increase before stabilisation. The severity of overshooting is related to the viscoelastic 

behaviour of the elastomer, strain rate and sensitivity of the strain sensors [196,203–208]. 

Noise might appear in the electrical output for some of the strain sensors that could be 

due to the disruption of percolated networks of particles [196,203–208]. This behaviour 

is undesirable for strain sensors as complexity is added to the system.  

One can notice the high linearity, stretchability and low hysteresis, for capacitive sensors 

as their main advantages; however, they have very low sensitivity and unpredictable 

responses in some cases due to the unstable overlaps between capacitive areas and 
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capacitive interaction with the human body in real-world applications. Resistive strain 

sensors might potentially exhibit non-linearity and high hysteresis behaviour. Their main 

advantage over capacitive strain sensors is that the can reach ultrahigh sensitivity that can 

be useful for the detection of extremely small movements or pressure [196,203–208].  

 
Figure 2-16 Illustration of overshooting in response of a strain sensor (from [66] with 
minor changes) 

The conductive NFY/Fs have become popular among researchers for the development of 

the new generation of stretchable resistive strain and pressure sensors mainly due to their 

lightweight, natural abundance, low cost, softness and flexibility. The performances of 

the reported strain sensors based on NFY/Fs in the literature is compared in Table 2-4. 

However, the design and fabrication of capacitive strain sensors based on conductive 

NFY/Fs remain challenging, as their structure and sensing mechanism are not fully 

compatible with NFY/Fs, though some of the recent published papers reported the use of 

these materials as electrodes for capacitive strain and pressure sensors.
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Table 2-4 An overview of the performance of the reported stretchable strain sensors and flexible pressure sensors based on natural materials 

Materials 
Type 

of 
sensor 

Fabrication/ 
coating 
method 

Maximum 
reported 

stretchability/ 
bending 

Linearity GFs Durability Response 
time 

Maximum 
conductivity  
or minimum 
resistance/ 
resistivity 

Application(s) Ref. 

CNT-Cotton Fabric R Dip coating Up to 100% Non-
linear 

5.78 (0% to 
10%) 
1.82 

(40~100%) 

100 stretching-
releasing at 5% 

at the rate of  
1 cm/min 

Not reported 
439 Ω.sq-1 after 

four dip-dry 
cycles 

Strain sensor [216] 

PANI or PPy-Cotton 
fabric R in situ coating Not reported Not 

reported Not reported Not reported Not reported 1700 Ω.sq-1 Pressure sensor [217] 

Weft knitted cotton/ 
short stainless 

steel (SS) yarns 
R Mixing and 

spinning Up to 40% 

Two 
linear 

regions 
(0-10% 

and  
10-40%) 

 
3.7 course-

wise, 
20 wale-

wise) 
 
 

Not reported Not reported Not reported 

Wearable strain 
sensor  for 

human motion 
detection 

[218] 

Nickel-Cotton fabrics R Electroless 
deposition Up to 6% Linear 18  

(0%–10%) 

Long-term 
cyclic at tensile 

strain of 6% 
Not reported 21.82 S.cm-1 

Wearable strain 
Sensor  for 

human motion 
detection 

[219] 

rGO/MnO2 - 
Cotton fabric R 

Dip coating 
GO, followed 

by in situ 
MnO2 

solution 
deposition and 

reduction 
process 

Bending strain 
at the curvature 

of 0.6 cm-1 
Linear Not reported 15 bending 

cycles Not reported 90 S.m-1 Not shown [188] 
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Materials 
Type 

of 
sensor 

Fabrication/ 
coating 
method 

Maximum 
reported 

stretchability/ 
bending 

Linearity GFs Durability Response 
time 

Maximum 
conductivity  
or minimum 
resistance/ 
resistivity 

Application(s) Ref. 

PEDOT:PSS/GNPs -  
Cotton fabrics R Spray coating Up to 10% Not 

reported 

4.45 and 
4.80 for 5% 
and 10% of  

strains 

100 cycles at 
10% strain Not reported 24 Ω.sq-1 Folding and 

pressure sensing [220] 

rGO-Cotton R 

Vacuum 
filtration 
method 

followed by 
hot pressing 

reduction 
process 

Bending strain 
under different 
bending radii 
(from 5 cm to 

2.5 cm) 

Not 
reported Not reported 400 bending 

cycles Not reported 0.9 kΩ.sq-1 

Wearable strain 
Sensor for 

human motion 
detection 

[69] 

Graphene 
nanoribbon-Cotton R Dip coating Up to 60% Non-

linear Not reported 

20 cycles at 
20% strain, 

200 cycles of 
bending at 90º 

and 180º 

Not reported Not reported Strain sensor [221] 

GNPs/PVA/Wool 
yarn-PDMS R 

Layer-by-
layer (LbL) 
dip coating 

Up to 50% Linear 0.1 Not reported Not reported Not reported 

Wearable strain 
Sensor  for 

human motion 
detection 

[222] 

Graphite thin film-
Ecoflex R Bar coating Up to 150% 

Linear and 
non-linear 
behaviour 

for 
various 
samples 

522.6 -
11344  for 
different 

microcrack 
size 

 

100 cycles from 
0-25% strain 

Low 
hysteresis 350 ± 250 kΩ 

Wearable strain 
Sensor   for 

human motion 
detection 

[223] 
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Materials 
Type 

of 
sensor 

Fabrication/ 
coating 
method 

Maximum 
reported 

stretchability/ 
bending 

Linearity GFs Durability Response 
time 

Maximum 
conductivity  
or minimum 
resistance/ 
resistivity 

Application(s) Ref. 

rGO functionalised 
ramie fibre R 

Dip coating 
followed by 

thermal 
reduction 

Based on 
applied pressure 

of 
553 MPa 

Not 
reported Not reported Not reported Not reported 83.2 S.cm-1 Strain sensor [224] 

rGO/SWCNTs-Cotton 
fabric R 

Dip coating 
followed by 

thermal 
reduction + 

dip coating in 
SWCNTs 
dispersion 

Bending up to 
11.6% 

Two 
linear 

regions 

2.5 and 1 in 
the bending 
strain range 

of 5.5 to 
9.3% and 

9.3 to 
11.6%, 

respectively 
+ 0.724 
MPa-1 as 
pressure 

between 55 
to 250 kPa 
of pressure 

100,000 
bending  at the 
extremely small 
bending radius 

of 
3.5 mm (11.6% 
bending strain) 

+ 
loading− 

unloading of 
pressure in 
the range of 
0−105 cycles 

under 254 kPa 

Not reported Not reported 

Wearable strain 
Sensor  for 

human motion 
detection + 

pressure sensor 

[225] 

Tissue paper-PDMS R 
Carbonization 
of tissue paper 
up to 800 ºC 

Up to 20% 
Two 
linear 

regions 

25.3 and 
4.73 for  

0-3% and  
3-20% of  

strains 

1,000 cycles at 
3% strain at  

1 Hz 
Not reported 12.4 S.m-1 

Soft robotics  
+ 

  Wearable 
strain 

Sensor  human 
motion 

detection 

[226] 

CB-Paper R Dip coating Up to 0.6% Linear 4.3 
1,000 cycles of 

tension-
compression 

Not reported 
176 Ω  after 

coating 7 times of 
dip coating 

Wearable strain 
Sensor  for 

human motion 
detection 

[227] 
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Materials 
Type 

of 
sensor 

Fabrication/ 
coating 
method 

Maximum 
reported 

stretchability/ 
bending 

Linearity GFs Durability Response 
time 

Maximum 
conductivity  
or minimum 
resistance/ 
resistivity 

Application(s) Ref. 

Graphene/Cotton 
fabric-Thermoplastic 

polyurethane 
R 

Spray coating 
followed by 
hot pressing 

Up to 20% Linear 11 Not reported Not reported ∼10 Ω.sq-1 

Wearable strain 
Sensor  for 

human motion 
detection 

[228] 

Cotton-Ecoflex R 
Carbonization 
process up to 

900 ºC 
Up to 140% 

Two 
linear 

regions 

0%–80% 
and 

80%–140%, 
with a GF of 
25 and 64, 

respectively 

1,000 cycles 
from 0-50% 

strain at 0.2 Hz 

Low 
hysteresis 

Sheet resistance 
of 80 Ω.sq−1 

Wearable strain 
Sensor  for 

human motion 
detection + 

pressure sensor 

[212] 

Silk-Ecoflex R 
Carbonization 
process up to 

950 ºC 
Up to 500% 

Two 
linear 

regions 

0%–250% 
and 

250%-
500%, with 
a GF of 9.6 
and 37.5, 

respectively 

6,000 cycles 
from 0-100% 

strain 
+ 

10,000 cycles 
from 0 - 300% 

Low 
hysteresis 140 Ω.sq−1 

Wearable strain 
Sensor  for 

human detection 
[229] 

Silk georgette-PDMS R 
Carbonization 
process up to 

950 ºC 
Up to 500% 

Two 
linear 

regions 

Average 
GF of 29.7 
within 40% 
strain and of 
173.0 for a 

strain of 
60–100% 

10,000 
stretching cycles 
at 100% strain 

Low 
hysteresis 7.9  Ω.sq−1 

Wearable strain 
Sensor  for 

human detection 
[76] 
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Materials 
Type 

of 
sensor 

Fabrication/ 
coating 
method 

Maximum 
reported 

stretchability/ 
bending 

Linearity GFs Durability Response 
time 

Maximum 
conductivity  
or minimum 
resistance/ 
resistivity 

Application(s) Ref. 

Sheath−Core 
Graphite/Silk fibre-

Ecoflex 
 And  

Human hair/ 
Graphite-Ecoflex 

 

R Dry-Meyer-
Rod-Coating Up to 15% Linear 

4.5 within 
0-15% 

 

3,000  stretching  
cycles from  

0-10% 

Low 
hysteresis Not reported 

Wearable strain 
Sensor  for 

human detection 
[230] 

rGO-AgNW/Cotton 
fabric R Self-assembly 

and reduction Up to 2 kPa Linear 4.23 kPa−1 Not reported Not reported Not reported 

Pressure sensor 
+ 

Wearable strain 
Sensor  for 

human detection 

[231] 

Weft knitted cotton-
Ecoflex R 

Carbonization 
process up to  

1050  ºC 
Up to 125% Non-

linear Not reported 
3000  stretching  

cycles from  
0-10% 

Not reported 15.1 S.cm-1 Strain senor [192] 

PU/Cotton/CNTs 
Core-Spun Yarn R Dip coating Up to 300% 

Two 
linear 

regions 

0.82 (under 
0−40% 

strain) and 
0.06 (under 
60−200% 

strain) 

300,000 cycles 
from 0-40% 

High 
hysteresis 

20 kΩ  after 8 
times of dip 

coating 

Wearable strain 
Sensor  for 

human detection 
[232] 

rGO-paper R Printing on  
A-4 paper 

Bending up to 
40° 

Non-
linear 66.6 ± 5 

700 bending-
folding cycles  

test 
under ±70° 

Not reported Not reported 
Wearable strain 

Sensor  for 
human detection 

[233] 

rGO/Cotton fabric-
Natural 

rubber latex 
R 

Dip coating 
and ethanol 

flame 
treatment 

Up to 57% 
Two 
linear 

regions 

416 (under 
0−40% 
strain) 

 and 3667 
(under 

48−57% 
strain) 

1,000 
stretching-

releasing cycles 
from 0-40% 

Low 
hysteresis 

0.1 MΩ  after 4 
times of dip 
coating and 

ethanol flame 
treatment 

Wearable strain 
Sensor  for 

human detection 
[234] 
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R: resistive, C: capacitive, PDMS: Polydimethylsiloxane, PVA: Poly(vinyl alcohol),  PEDOT:PSS :  poly(3,4-ethylenedioxythiophene): 
polystyrene sulfonate, PU: Polyurethane 

 

Materials 
Type 

of 
sensor 

Fabrication/ 
coating 
method 

Maximum 
reported 

stretchability/ 
bending 

Linearity GFs Durability Response 
time 

Maximum 
conductivity  
or minimum 
resistance/ 
resistivity 

Application(s) Ref. 

Graphene or 
MWCNTs/Cotton 

fabric 
R Dip coating 

loading/unloadi
ng cycles up to 

500 g load 
Linear Not reported 

20  loading/ 
unloading 

cycles up to  
500 g load 

High 
hysteresis 

29.8 and 33.2  
Ω.sq-1 after thirty 
coating cycles for 

Graphene and 
MWCNTs coated 

fabric 
 

Not reported [214] 

CC electrode/silicone C 

Attaching 
conductive 

fabric 
electrodes by 

elastomer 
adhesive to 
dielectric 

Up to 150% Linear 1.23 1,000 cycles 
from 0-100% 

Low 
hysteresis Not reported 

Wearable strain 
Sensor  for 

human detection 
[235] 

CC electrode/Ecoflex C 

Attaching 
conductive 

fabric 
electrodes by 

elastomer 
adhesive to 
dielectric 

Up to 50% Linear 0.83 500 cycles from 
0-50% 

Low 
hysteresis 

30 Ω for the 
conductive fabric 

electrode 

Wearable strain 
Sensor  for 

human detection 
[236] 

CC electrode/Porous 
Ecoflex C 

Attaching 
conductive 

fabric 
electrodes by 

silicon to 
Ecoflex 

Up to 100 kPa Non-
linear 

121 × 10−4 
kPa−1 

500 cycles 
under 100 kPa 

Low 
hysteresis Not reported Wearable 

pressure sensor [237] 
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2.6. Research gaps 
From this literature review, the following research gaps related to the fabrication of 

conductive NFY/Fs and their applications in various electronic devices were found. This 

provided a number of opportunities to conduct this research. The gaps are: 

1) According to the conducted research in the past, several studies reported the 

fabrication of electrically conductive natural materials through various coating 

techniques. However, a systematic study on the enhancement of electrical 

conductivity of NFY/Fs and synthetic ones with consideration of various effective 

parameters in a coating technique (e.g. EPD) is missing.  

2) Most of these studies reported the preparation of conductive inks based on single 

conductive materials. However, the effect of hybridisation of two different 

conductive materials on the electrical conductivity of the NFY/Fs has been rarely 

discussed in the literature.  

3) Fabrication of conductive NFY/Fs has been mainly reported through simple dip- 

coating technique. Although this technique is simple, there is a lack of control 

during the coating process and a low level of conductivity has been achieved in 

most of the cases. This could affect the performance of the devices made by the 

conductive NFY/Fs. Therefore, demand exists for the development of a new, 

simple and large-scale coating technique to reach highly conductive NFY/Fs. 

4) Although a number of electronic devices, especially energy storage devices, have 

been manufactured based on conductive NFY/Fs, there still exist grand 

opportunities to produce multifunctional devices for sensing and heating 

applications that are suitable for wearable technologies. 

5) The use of CC has been more favourably for the researchers to fabricate green 

electronic devices; however, wool and flax, as other abundant natural materials, 

have rarely been used. This also opens more windows for developing new 

electronic devices based on these NFY/Fs.  

6) In particular, a simple method for fabrication of highly stretchable and wearable 

strain sensors with high sensitivity is still challenging. This also leads to design 

and fabricate new stretchable strain sensors with a focus on the effective 

parameters (e.g. sensing mechanisms) of the enhancement of the sensitivity of the 

strain sensors.  
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7) No research has been conducted on a large-scale and flexible electronic device 

(e.g. heaters) based on conductive natural fabrics. This will open more windows 

to mass production as well as more doors to new industries (e.g. automotive 

industries). 

In accordance with the aforementioned research gaps, the current research attempted to 

address the following aspects:  

1) Improving the process for the fabrication of conductive NFY/Fs by developing 

coating techniques with simplicity, low cost and the ability for mass-production 

2) Fabrication of multifunctional electronic devices, such as stretchable strain 

sensors, pressure sensors and heaters through a  simple, cost-effective, 

environmentally friendly and mass-producible procedure 

3) Enhancement of the performance of the fabricated devices based on the 

conductive NFY/Fs. In particular, improvement of stretchability and sensitivity 

of the strain and pressure sensors by studying the effects of various sensing 

mechanisms on their performance. 

4) Investigation of the performance of the sensors in real-world applications (e.g. 

human body movement detection, detection of touch or subtle external 

deformation, etc.) 

5) Development of wearable heating devices and large-scale flexible heaters based 

on conductive natural fabrics.   
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Chapter 3. Research Methodology 
 

3.1. Materials 
The details for the materials, fabrication processes and characterisation methods are 

explained in this chapter. In addition, each subsequent chapter will include a brief 

“materials and methods” section. The first part of this chapter includes the materials used 

in this research. Afterwards, the processing techniques for obtaining electrically 

conductive NFY/Fs and multifunctional electronic devices are described. Later, the 

equipment for characterisation of the materials and devices in terms of electrical, thermal, 

chemical, electromechanical, electrothermal, microscopic properties are introduced. The 

procedure for each of the characterisation techniques and information about the 

instruments are also provided. 

3.1.1. Materials 

3.1.1.1. Natural materials 

In this research, different natural materials in the form of yarns and fabric were employed 

to fabricate electrically conductive yarns and fabrics for flexible and stretchable 

electronic devices.  

Table 3-1 NFY/Fs and synthetic braid used in this research and their supplier 

 

In the beginning of this research, flax yarns (raw and after bleaching process, Figures 

3-1a,b) were utilised as they are flexible, cost-effective, lightweight, soft, mechanically 

durable and relatively strong. These features are suitable for the flexible electronic 

Material Type Supplier 

Flax Yarn Jayashree Textiles, India 
 

Flax bleached Yarn Jayashree Textiles, India 

Wool Yarn and Plain 
Weave Fabric Inter-weave Ltd. NZ 

Cotton Plain Weave  
Fabric ALSCO, NZ 

UHMWPE Braids Spectra, Japan 
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devices; however, their stretchability is not high. Therefore, other NFY/Fs with higher 

stretchability, such as wool and cotton, Figures 3-1c,d, plain weave wool and cotton 

fabrics, were selected in the next stage of this research to develop highly stretchable 

electronic devices due to their softness, flexibility, stretchability and resulting sensing 

performances for plain weave based substrates such as linearity, sensitivity and hysteresis 

based on the previously reported strain sensors [192, 212]. Information about these 

materials can be found in Table 3-1. The materials listed in Table 3-1 were used as 

received without any further purification. 

 

Figure 3-1 Photo of the yarns/fabrics used in this research: a) raw flax yarn, b) flax 
bleached yarns, c) wool yarns and a piece of wool fabric, d) a piece of cotton fabric, e) 
UHMWPE braids 

3.1.1.2. Conductive materials 

The selection of conductive materials for producing conductive NFY/Fs was based on 

some considerations including cost, simple processing, the potentials for mass 

production, high electrical conductivity, mechanically and chemically robustness, 

flexibility, health and safety issues compared to other carbon particles like CNTs and 

suitable for applications in flexible electronics. Considering these parameters, GNPs, 

which consists of a few layers of graphene and CB particles were chosen (Figure 3-2).   

 

Figure 3-2 View of conductive particles: a) GNPs, and b) CB. 
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In addition, silver paste and copper tapes were used for electrodes of the devices. The 

information related to these materials are given in Table 3-2. 

Table 3-2 Conductive materials used in this research and their suppliers 

 

3.1.1.3. Other materials 

As discussed in Section 2.4.2.4.6.1.2, in order to disperse the graphitic particles in de-

ionised (DI) water, as an environmentally friendly solvent, an anionic surfactant (SDBS) 

was purchased from Sigma-Aldrich, Germany. The use of SDBS, SDS and 4-(1,1,3,3-

tetramethylbutyl) phenyl-polyethylene glycol (Triton X-100) has been found to be the 

most effective surfactants for dispersing graphitic particles in water and less deteriorative 

in terms of their electrical conductivity [121,238]. Dispersion of graphene derivatives 

with SDBS in water resulted in a higher electrical conductivity compared to the other 

surfactants [121,238,239]. In addition, the benzene ring along this surfactant was 

proposed to be one of the main reasons for high dispersive efficiency SDBS [239]. π-

stacking interactions of the benzene rings onto the graphene derivatives surface are 

effective in increment of adsorption ratio of surfactants [239]. The structure of SDBS is 

schematically shown in Figure 3-3. 

 

Figure 3-3 Chemical structure of SDBS (From [240] with minor modification) 

Material Particle size/grade Supplier 

GNPs 
5 nm in thickness  

5 μm in width Emfutur, Spain 
 

CB Average 30 nm Degussa, Germany 

Conductive copper tape HB720A Hi-bond tapes ltd., (supplied 
by RS components NZ) 

Silver conductive grease CW 7100 Circuit Works, (supplied by 
RS components NZ) 
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Glass fibres (GFs), the product of Interglas, Germany and ultra-high molecular weight 

Polyethylene (UHMWPE) braids, Figure 3-1g, from spectra extreme braids, Japan, were 

chosen to fabricate conductive synthetic fibres/yarns to compare their electrical 

properties with conductive NFYs. The two components of Ecofelx (0030) were 

purchased from Fiberglass shop, New Zealand as products of Smooth-on Inc., USA. 

Ecoflex (0030) was chosen as a skin safe, super soft, highly stretchable (εbreak = 900%) 

and very strong (tensile strength ~1.38 MPa) elastomer with a specific gravity of 1.07 

g/cc [66]. Considering these properties, Ecoflex (0030) is a suitable material for 

fabrication of multifunctional wearable devices. 

3.2. Experimental details  

3.2.1. Fabrication of conductive natural fibre yarns/fabrics 

Overall, the GNPs, CB and a hybrid of GNPs and CB (1:1 by weight) based dispersions 

in DI water were prepared with different mixing ratios, in which the details are provided 

in each subsequent chapters. The dispersions were prepared as follows: first, the desired 

amount of carbon nanomaterials was bath sonicated for 30 min in DI water. SDBS was 

then added to the dispersion and it was stirred for 4 h at 60 ºC. In the case of low 

concentrated dispersions, they were subjected to an additional 2 h of bath sonication to 

obtain more homogeneous dispersions of SDBS functionalised graphitic particles, as 

illustrated in Figure 3-4. The attachment of SDBS to the surface of graphitic materials 

can be in the form of spherical micelles adsorption, hemimicellar adsorption, or 

structureless random adsorption with no preferential arrangement [239]. 

 

Figure 3-4 Schematic illustration of SDBS functionalised GNPs particles (From [241] 
with minor modification) 
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In this research, three main coating techniques including EPD, a novel coating technique 

based on ultrasonication and stirring techniques were utilised using the prepared 

dispersions. At the early stage of this research project, EPD technique was chosen to 

fabricate electrically conductive flax (raw and bleached) and UHMWPE braids. An 

illustration of the setup is indicated in Figure 3-5. 

 

Figure 3-5 A schematic view of EPD process used in this research (the thickness, height, 
and width of the electrodes were 1 mm, 50 mm, and 100 mm, respectively.) 

 

As explained in Section 2.4.1.5, EPD deals with a number of effective parameters that 

can change the level of electrical properties of the yarns. These parameters include but 

not limited to the type of yarn, type of electrode, the distance between the electrodes, 

applied voltage, amount of surfactant in the dispersion (changing the pH level) and 

deposition time. As the number of the effective parameters are large, Taguchi design of 

experiment was applied to find the most important factor on the enhancement of the 

electrical conductivity of the yarns via EPD process. The detailed information of the 

Taguchi analysis is provided in Section 4.2.2.  

Despite of several advantages for EPD technique, such as cost-effectiveness, simplicity 

of the setup, scalability of the size, controllable deposition rate and thickness of deposits 

and possibility of using graphene-based dispersions, limitations including the 

requirement for electrically conductive electrodes (e.g. copper, gold and carbon paper) 

and possibility of side electrochemical reactions exist in this process. Therefore, a new 

coating technique was introduced that was based on simply placing a piece of NFY/Fs in 

an ultrasonication bath equipment (DIGITECH, 100 W, 60 Hz) filled with conductive 
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dispersions. Ultrasonication provides continuous homogenous dispersions with high 

energy for chemical and mechanical bonds between SDBS-functionalised carbon 

particles and the surfaces of the yarns. A parametric study on the enhancement of 

electrical conductivity of flax (raw and bleached) yarns carried out. Parameters such as 

the concentration of the graphitic particles, the concentration of SDBS, deposition time 

and effect of hybridisation of the conductive particles were considered. This method can 

be scaled-up to reach highly conductive NFY/Fs in the presence of relatively low 

concentrated dispersions within 20 min of deposition.  

Coating techniques mentioned above were mainly utilised for lower concentrated 

dispersions. A simple magnetic stirring equipment was also employed for achieving 

highly conductive NFY/Fs using highly concentrated dispersions at a short amount of 

time. It is worthy to note that the spray coating technique was also exploited for a 

comparison study. A modified stirring coating was also utilised to fabricate conductive 

fabrics, which is explained in detailed in Chapter 9. 

3.2.2. Fabrication of multifunctional electronic devices 

The environmental factors, such as humidity, temperature and physical damage can affect 

the characteristics of the coated NFY/Fs [242]. In this study, the developed devices, such 

as flexible and stretchable strain sensors and heaters, nodal pressure sensors and large-

scale heaters based on arrays of conductive fabrics were fabricated by encapsulation of 

the active materials (conductive NFY/Fs) within two layers of highly elastic substrates 

(Ecoflex 0030) to prevent the influence of environmental factors. Different moulds for 

various devices with different dimensions were designed and fabricated based on 

Poly(methyl methacrylate) (Acrylic) by a CNC machine, as shown in Figure 3-6. 

Another mould was also used for fabrication of large-size dual-function devices, Figure 

9-2. The two components of Ecoflex were firstly mixed (1:1 by volume) and poured into 

the mould up to half of the final thickness of the device. The Ecoflex substrate was then 

cured in the mould in an oven at temperatures of 80 or 90 ºC for 45 or 30 min, 

respectively. Next, conductive NFY/Fs, as an active material, was placed on the top 

surface of the Ecoflex substrate. The mould was then filled with a fresh Ecoflex mixture 

to reach the final thickness of the devices. The newly added Ecoflex mixture was then 

cured under the similar condition mentioned earlier for curing the substrate. This process 

was applied for fabrication of sandwich-structured electronic devices, which will be 

discussed in the later part of this thesis.  
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Figure 3-6 The mould used for fabrication of multifunctional wearable devices 

3.3. Material characteristics 

3.3.1. Electrical characteristics 

3.3.1.1. Two-point probe method 

This method is a simple way to measure the resistance of samples, especially when they 

have a uniform cross-section. The resistance of the samples can be directly reported by a 

multimeter (stationary or portable) when the electrodes are in a proper contact with the 

samples. This value is reported by measuring the voltage drop through the sample inside 

the circuits of the multimeter when a constant current is applied through the sample by 

the probes of the multimeter. The voltage between the probes (V), the current applied 

between the probes on the sample (I), results in the calculation of resistance (R) in the 

unit of Ω in accordance with Ohm’s law.  

𝑉𝑉 = 𝛥𝛥. 𝐼𝐼                                                               (3.1) 

From Eq 3.1, one can report the value of the initial resistance of a flexible strain sensor 

or heater between their electrodes. In this study, at least five measurements for each 

sample was conducted to report the average resistance.  

3.3.1.2. Four point probe method 

Increasing the contact points will increase the accuracy of the measurement for the 

resistance of the samples like conductive yarns. Four-point probe set up (available at 

CACM, The University of Auckland) consists of four gold plated electrodes that are 

equally distanced (18 mm from the edges) based on the ASTM-D4496 standard. The 

electrodes contact the surface of the samples by weight of the setup assembly, as shown 

in Figure 3-7.  
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Figure 3-7 Four-point probe setup for electrical resistance measurements 
In this method, a high impedance current source supplies the current through the outer 

probes while the voltage between the inner probes is measured by a multimeter. 

Therefore, the resistance of the sample can be directly calculated through Ohm’s law. 

The electrical conductivity of the coated yarns can be obtained through the following Eq. 

3.2, as suggested by [243]: 

𝜎𝜎 =
4𝐿𝐿
𝜋𝜋𝑑𝑑2𝛥𝛥

                                                              (3.2) 

In this equation, σ denotes the electrical conductivity, L is the distance between the 

electrodes, R represents the resistance of the samples and D is the average diameter of 

the yarns. At least five measurements for each sample was carried out to report the 

electrical conductivity values. All measurements were taken in a controlled room (22°C 

-24°C, 60-75% of Relative Humidity). 

3.3.2. Chemical characterisations 

3.3.2.1. Fourier transform infrared spectroscopy (FT-IR) 

Fourier transform infrared spectroscopy (FT-IR) is an analytical technique that clarifies 

the absorption and transmission of infrared lights for various materials. In this method, 

samples in the form of solid and liquid can be examined to generate a spectrum that 

identifies the existing molecules. The generated spectrum provides information regarding 

the chemical structure of the tested material. The infrared spectra of the samples were 

collected by Nicolet FTIR iS 50 instrument in attenuated total reflectance (ATR) mode. 

This equipment is available at the Polymer Chemistry lab, School of Chemical Science, 

The University of Auckland. The number of scans for each sample was set to 64 from 

600 and 3800 cm−1 wavenumber. The collected raw spectra were then corrected for zero 

baselines and the peaks were identified. 
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3.3.2.2. Raman spectroscopy 

Raman spectroscopy is another analytical tool that provides a diverse set of information 

on both organic and inorganic substances within a gas, liquid and solid-state sample. The 

Raman spectra of compounds act like fingerprints to identify the constituents. The main 

advantage of this method is that it requires a brief or no sample preparation. In addition, 

it is a non-destructive method so that materials can be analysed in situ. In this study, the 

Raman spectroscopy was conducted by using a Renishaw RM1000 Raman microprobe, 

which is available at the School of Chemical Science, The University of Auckland. The 

samples were analysed in backscattered mode on the stage of a Leica microscope The 

Raman excitation radiation was detected using 488 nm line of an air-cooled Argon ion 

laser operating at 30 mW. The dominant peaks were then identified to identify the 

constituents within the samples. 

3.3.2.3. X-ray diffraction (XRD) 

XRD is a straightforward analytical technique that provides information regarding the 

crystal structure of a material within a sample in addition to its phase identification and 

structural dimensions. A typical XRD is composed of an X-ray tube, sample holder and 

X-ray detector. The X-rays are directed onto the sample and the reflected X-rays are then 

detected, which include information about the constituents of materials within the sample. 

In this study, XRD for the samples was conducted on a Rigaku Ultima IV instrument 

with scattering angle, 2θ, scanned from 20º to 80º. 

3.3.2.4. Energy dispersive X-ray spectroscopy (EDS) 

Energy dispersive X-ray spectroscopy (EDS or EDX) is an analytical technique for 

elemental analysis of a sample. As a type of spectroscopy, it deals with the interactions 

between the electromagnetic radiation and matter and analysing X-rays emitted by the 

matter when reflected from the surface of the particles within the sample. The method 

provides elemental information within a sample based on the fundamental principle that 

each element has a unique atomic structure. In this study, SEM images from the particles 

mounted on a sample holder were taken at 20 kV with different magnifications on a 

HITACHI SU-70 for EDS analysis. This equipment is available at School of Engineering, 

Auckland University of Technology. Redundant elements were eliminated during the 

process. The samples were in the form of powder so that they could easily stick to the 

sample holder.  
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3.3.3. Thermal analysis  

3.3.3.1. Thermogravimetric analysis 

Thermogravimetric analysis (TGA) determines the weight loss of materials as a function 

of temperature and time. TGA instrument is utilised to conduct this analysis regarding 

the thermal behaviour of a material in several aspects including thermal decomposition, 

decomposition maxima, weight loss and the amount of residual. TGA curves usually 

show the sample weight versus the applied temperature inside the TGA heating chamber. 

The weight of a sample gradually decreases by increasing the temperature, levelling off 

at the residual weight percentage after the experiment. TGA curves also show some other 

information, such as activation energies, thermal decomposition temperature, pre-

exponential factors, etc. In this study, a  TA instrument (Q5000, TA instrument, USA), 

available at CACM, The University of Auckland was employed, which has several 

components, such as heating chamber, temperature controller, a concise balance and gas 

feed system. The experiments were conducted in a nitrogen atmosphere with a 

temperature increase rate of 10°C.min−1 up to 800 °C.   

3.3.4. Microscopic analysis 

Micro/nanostructural changes caused by external deformations (e.g. after stretching a 

strain sensor) or morphological changes after the coating process are not fully visible and 

need to be amplified for better comprehension. Therefore, microscopy assist researchers 

to get more insights into the microstructures of the materials. In this research, different 

microscopic techniques via optical microscopy, Scanning electron microscopy (SEM) 

and Transmission electron microscopy (TEM) were utilised, details of which are 

explained in the following sections.  

3.3.4.1. Optical microscopy 

A high-resolution microscope (Leica DFC290), available at CACM, The University of 

Auckland, was employed to measure the diameter of the yarns before and after coating. 

The diameter of at least six different locations on each yarn was measured and the average 

value was used as the representative diameter of each yarn. The surface morphology of 

some of the conductive yarns (flax based yarns) after EPD process was also studied with 

the same equipment.  
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3.3.4.2. Scanning electron microscopy (SEM) 

SEM can provide images of samples with a focused high-energy electron beam, leading 

to information regarding topography, surface morphology, orientation and chemical 

composition in some cases. Various locations on a sample can be analysed by SEM to 

collect information about the surface morphology and elemental analysis through EDX. 

In this study, two SEM equipment (FEI (Philips) XL30 S-FEG, The Netherlands and 

Hitachi SU-70, Japan) were employed to study the surface morphology of various 

samples. Prior to SEM observations, a small portion of each sample was mounted on an 

SEM sample holder and platinum sputtered.  

3.3.4.3. Transmission electron microscopy (TEM) 

TEM is another useful tool to understand the structure of materials. TEM is based on 

transmitted electrons that gives more information on the internal composition of a sample 

(e.g. morphology at extra high magnification) and crystallisation. The TEM samples were 

cut into very thin slices that could be a challenging process compared to sample 

preparation for SEM. TEM images are in 2D in contrast to 3D images from SEM. In this 

study, TEM was performed using a FEI TEcnai F20 instrument, at 200KV. For sample 

preparation, a small piece was cut from each sample and embedded in mould with epoxy. 

The curing process was done in 48 h. Ultra-microtome was done at room temperature on 

the epoxy moulded sample to produce nano-thin slices using a diamond knife. Finally, 

these epoxy-embedded thin films floating in purified water were attached onto carbon-

coated TEM grids and dried in the air before imaging on TEM. 

3.3.5. Electromechanical analysis 

Electromechanical properties are related to the changes in the electrical behaviour of the 

stretchable devices when they undergo external strains. The electromechanical 

performance of the fabricated devices was evaluated by gripping the samples on a 

motorised moving stage, Figure 3-8, to understand their electromechanical behaviour in 

stretching-releasing cycles. This setup is available at the Microfabrication Lab, The 

University of Auckland. The setup allows firm gripping the samples from their both ends 

using rectangular pieces of Polycarbonate and sets of screws and hex nuts. The 

displacement rates and the applied strain profiles were controllable while the resistance 

data was stored using a DMM (Keithley 7510). The durability tests on the devices were 

carried out for more than 1,000 stretching-releasing cycles under various applied tensile 

strain on the same motorised moving stage. The current-voltage (I-V) characteristics of 
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the developed devices (e.g. strain sensors) were evaluated by connecting them to the 

wires of a power supply (KEYSIGHT TECH. E3647A) while they were fixed and 

stretched up to various strain values on the motorised moving stage. The wires connected 

to electrodes of strain sensors were fixed to the setup using large pieces of tape (white 

tape in Figure 3-8). All experiments were performed in a controlled room (22°C -24°C, 

60-75% of Relative Humidity). 

 
Figure 3-8 Photograph of a fabric based strain sensor mounted on the motorized moving 
stage a) before and b) while stretching. 

3.3.6. Electrothermal analysis 

Electrothermal properties are related to the combined effect of electrical and thermal 

properties. In other words, a material with a certain resistance generates heat when 

electrical current flows through it. This effect, known as Joule heating effect, has been 

widely used for generating heat for heating elements, actuators, etc. In this study, the 

electrothermal behaviour of the developed devices was characterised by applying various 

input voltages using a power supply (Agilent E3649A) and simultaneous monitoring of 

the resultant Joule heated temperature on the surface of the devices using a thermometer 

(CENTER 309 data logger thermometer). An infrared camera (FLUKE Ti20) was used 

to observe the temperature over the surface of the devices. The stored data were then used 

for post-processing to analyse the electrothermal characteristics of the devices. The 

electrothermal characterisation was conducted in a slightly different way at the latest part 

of this research, which will be explained in Section 9.2.4. All experiments were 

performed in a controlled room (22°C -24°C, 60-75% of Relative Humidity).
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Chapter 4. Electrically Conductive Natural and 
Synthetic Yarns through EPD Technique 
 

The published paper below is the outcome of the research described in this chapter: 

• H. Souri, D. Bhattacharyya, Electrical conductivity of the graphene nanoplatelets 
coated natural and synthetic fibres using electrophoretic deposition technique, 
Int. J. Smart Nano Mater. 9 (2018) 167–183.  

 

4.1. Introduction 
Considering the fact that the disposal and recycling process of synthetic fibres, such as 

GF and carbon fibre (CF) reinforced polymer composites could result in environmental 

concerns, NFs could offer solutions for these issues due to their recyclability, 

biodegradability and renewability [3,15,244–247]. In addition, they are abundant and 

cost-effective reinforcing materials with attractive properties, such as low density, high 

specific strength to stiffness ratio, high toughness, low energy utilisation during the 

fabrication process, low abrasiveness and neutrality to CO2 [3,15,244–247]. 

Consequently, researchers have stepped forward to manufacturing eco-friendly NFs 

based composites in diverse applications, such as packaging, furniture, automotive 

industries, disposable accessories, building, insulation materials and fire retardant 

materials [3,15,244–247]. However, their electrical insulating nature limits their 

applications in energy storage materials, batteries, sensors, heating elements, EMI 

shielding materials and actuators, where high electrical conductivity is necessary.  

With recent advances in nanomaterials, many researchers have investigated the 

possibility of using conductive micro/nanomaterials or polymer coatings on NFs to make 

them electrically conductive. For instance, flax fibres spray coated with CNTs reinforced 

epoxy composites were utilised as resistive sensors for structural health monitoring 

applications [248]. In another study, novel and cost-effective CC/CB composites were 

fabricated utilising the knife-over-roll technique to apply structured CB. The lowest 

resistivity of the composites was reported to be 60 ± 5.4 Ohm/cm2 and their EMI 

shielding properties were characterised [249]. Dwivedi et al. fabricated CNT dip coated 

sisal fibres within epoxy composites and investigated their AC electrical conductivity 
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with regard to the length of composites and dielectric constant [250]. Qi et al. developed 

composite fibres composed of CNT and cellulose with volume resistivity in the range of 

230 to 1 Ohm.cm for 2 to 8 wt.% of CNT loading and then evaluated their humidity and 

temperature sensing ability [251].  

Most of these multifunctional yarns or fabrics were mainly fabricated by dip coating of 

CNT as a highly conductive nano-material. There exists a lack of studies related to the 

use of graphene derivatives as the promising electrically conductive nanomaterials (with 

the electrical conductivity of up to 6000 S/cm) to coat on NFs for the fabrication of 

multifunctional materials [252]. As mentioned in Sections 2.4.2.4.6.1.2, 3.1.1.2 and 

3.1.1.3, various graphene derivatives such as GO, GNPs and rGO have been widely 

utilised to be dispersed in various solvents, such as water, NMP, DMF and other solvents 

through chemical modifications or by additives [71]. The use of SDBS, SDS, Triton X-

100 were found to be the most effective surfactants for dispersing graphene particles in 

water, as an environmentally friendly solvent [121,144]. In addition, dispersion of 

graphene derivatives with SDBS in water resulted in a higher electrical conductivity of 

dispersion relative to the other two surfactants [121].  

In the other hand, one could clearly notice the research gap on a parametric study on the 

enhancement of electrical conductivity of the natural and synthetic yarns by EPD coating 

technique in the literature. This technique offers several advantages and deals with 

parameters to control the electrical conductivity, as explained in Section 2.4.1.5. 

Understanding the effects of all the parameters on the electrical conductivity of the coated 

yarns would be arduous and demand a great number of experiments. Design-of-

Experiment (DoE) is a statistical method that allows researchers to evaluate the individual 

and interactive effects of manufacturing factors on the performance of the processes or 

products [253]. The Taguchi method as an effective and powerful DoE has been widely 

exploited to assist experimentalists in optimising the number of experiments and decrease 

the time and cost [253].  

In this chapter, the fabrication of conductive natural and synthetic yarns by SDBS 

functionalised-GNPs (f-GNPs) dispersed in DI water through the simple, rapid, 

environment-friendly and cost-effective EPD coating technique is reported. Flax and 

UHMWPE as natural and synthetic yarns were chosen, as these materials possess low 

density, biocompatibility, flexibility and adequate mechanical properties [15,245,254]. 

This selection also provided the opportunity to compare the synthetic and natural yarns 

after coating. The important parameters in the EPD process, such as the type of yarn, type 
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of electrode, distance between electrodes, applied voltage, amount of surfactant in the 

dispersion and deposition time were considered for variation. The experimental setup and 

materials were changed by following the Taguchi L18 table. The electrical characteristics 

of the coated yarns were then studied. The electrothermal behaviour of a flexible 

conductive flax yarn was evaluated for possibility of using as heating wire.  

4.2. Materials and methods 

4.2.1. Materials and sample preparation 

In this part of this Ph.D. research, flax yarns in the forms of raw and bleached were with 

the approximate average diameter of 400 𝜇𝜇m were used. As a comparison, UHMWPE 

braids with the approximate average diameter of 450 µm were utilised. GNPs were 

dispersed in DI water following the process described in Section 3.2.1. In brief, 3 g of 

GNPs was mixed in DI water (1000 ml) under bath sonication (60 Hz) for 30 min. Next, 

a specified amount of SDBS (1, 1.5, and 2 g) was added to the dispersions and they were 

stirred for 4 h at 60 ºC. Finally, they were again bath sonicated for 2 h to obtain more 

homogenous dispersions (Figure 4-1). The pH of the dispersions before the EPD process 

was measured to be in the range of 11.2 to 11.8. The additional information related to the 

raw materials can be found in Section 3.1.   

 
Figure 4-1 The dispersion process of GNPs in DI water using SDBS 

The goal is to deposit the f-GNPs on the surface of the natural and synthetic yarns. The 

magnitude of applied voltage, the distance between electrodes, time of deposition, 

amount of SDBS, the type of electrode and the type of yarns were altered to fabricate 

conductive yarns for each set in accordance with the Taguchi L18 table. The details of 

Taguchi analysis can be found in Section 4.2.2. Two different pairs of electrodes made 

of either carbon sheets or stainless steel were employed during the EPD process. The 

thickness, height and width of the electrodes were 1, 50, and 100 mm, respectively. 
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Considering the anionic nature of SDBS in DI water, the yarns were attached to one side 

of the anode (positively charged), as shown in Figure 3-5 [71,121]. By generating an 

electric field between the two electrodes, it was observed that the negatively charged 

well-suspended f-GNPs particles in DI water migrated towards the anode. Hence, the 

nanoparticles were deposited on the surface of the yarns attached to the anode. The yarns 

were reversed after passing half of the total deposition time to achieve a uniform coating 

on the surface of the yarns [70,71]. The second half of the coating process was conducted 

under similar conditions. Finally, the samples were dried in an oven at 60 ºC for 12 h.   

4.2.2. Taguchi design of experiment method 

DoE is a statistical method that allows researchers to understand individual and 

interactive effects of manufacturing factors on the performance of the processes or 

products [253]. A typical DoE (e.g. a full factorial method) can assess all effective 

parameters on the output (e.g. electrical conductivity); however, it demands a great 

number of experimental trials and high cost and time. The Taguchi method as a highly 

effective and powerful DoE technique has been widely used to optimise the number of 

experiments and lower the cost and time using the specifically designed orthogonal arrays  

[253]. Here, the Taguchi analysis was utilised to systematically assess the effect of each 

parameter in the experimental procedure, identify the most significant ones and obtain 

the highest electrical conductivity for yarns/braids. The desirable manufacturing 

conditions to achieve the highest electrical conductivity were then explored [255].  

In the Taguchi analysis, one of the major steps is choosing suitable manufacturing 

parameters and their sub-levels [253]. Parameters including the amount of SDBS, the 

magnitude of applied voltage, the distance between electrodes, type of electrode, type of 

yarn and the deposition time were chosen among possible parameters to be studied in 

accordance with our preliminary experiments and the previous studies [71].   

This design was compatible with the L18 Taguchi DoE layout with five factors with three 

levels and one factor with two levels (Table 4-1). From Table 4-1, the two types of 

electrodes were carbon sheets and stainless steel; and the three types of yarns were raw 

flax, bleached-flax and UHMWPE. The three deposition times were 2, 6, and 10 min 

while the three gap sizes of 10, 15, and 20 mm were selected. The three values for applied 

voltage were set to be 7.5, 15, and 20 V whereas the three ratios of SDBS/GNPs were 

1:3, 1:2, and 2:3. The concentration of GNPs in DI water was kept constant (3 g/l). 
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Table 4-1 Experimental parameters and their levels 

 

It is noteworthy that it was not possible to select more ratios of SDBS/GNPs in 

accordance with the layout of the L18 table, as rendered in Figure 4-2. The interaction 

effects of the parameters were not taken into account in this study since the focus on the 

effects of the major parameters on electrical conductivity and having a simpler analysis 

were the primary concerns.  

Five samples for each experimental setup in the L18 table were prepared and the average 

of the measured electrical conductivity of the samples was used for calculation of signal-

to-noise ratio (𝑆𝑆
𝑁𝑁

).  Table 4-2 presents the value of each parameter for each experimental 

setup in accordance with the L18 Taguchi DoE layout.  

 

 
Figure 4-2 Schematic view of Taguchi L18 table 

Type of 
electrode Yarn type SDBS/GNPs 

ratio 
Gap size 

(mm) Voltage (V) Deposition 
time (min) 

Carbon 
& 

Stainless 
steel 

Flax non-
bleached 1:3 10 7.5 2 

Flax 
bleached 1:2 15 15 6 

UHMWPE 2:3 20 20 10 
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Table 4-2 Values of each parameter set in each experiment 

 

4.2.3. Signal to noise ratio (S/N) and Pareto ANOVA 

In the Taguchi analysis, 
𝑆𝑆
𝑁𝑁

  ratio was selected instead of using the mean values of the 

electrical properties. The 
𝑆𝑆
𝑁𝑁

 ratio considers both the variation and average of experimental 

results. The desirable responses were set to maximise the electrical conductivity of the 

yarns coated with f-GNPs. Therefore, the “larger-the-better” characteristics (Eq. 4.1) was 

used to determine the combination of the factors to achieve the highest output as 

suggested in [255,256]: 

                                                 
𝑆𝑆
𝑁𝑁

= −10 log�
1
𝑛𝑛
�

1
𝑦𝑦𝑖𝑖2

𝑖𝑖

𝑖𝑖=1

�                                                                   (4.1) 

Set Deposition 
time (min) 

Voltage 
(V) 

Gap size 
(mm) 

SDBS 
(g) Base material Type of 

electrode 

1 2 7.5 10 1 Raw Flax Stainless Steel 

2 6 15 15 1.5 Raw Flax Stainless Steel 

3 10 20 20 2 Raw Flax Stainless Steel 

4 6 15 10 1 Flax Bleached Stainless Steel 

5 10 20 15 1.5 Flax Bleached Stainless Steel 

6 2 7.5 20 2 Flax Bleached Stainless Steel 

7 10 7.5 15 1 UHMWPE Stainless Steel 

8 2 15 20 1.5 UHMWPE Stainless Steel 

9 6 20 10 2 UHMWPE Stainless Steel 

10 6 20 20 1 Raw Flax Carbon plate 

11 10 7.5 10 1.5 Raw Flax Carbon plate 

12 2 15 15 2 Raw Flax Carbon plate 

13 2 20 15 1 Flax Bleached Carbon plate 

14 6 7.5 20 1.5 Flax Bleached Carbon plate 

15 10 15 10 2 Flax Bleached Carbon plate 

16 10 15 20 1 UHMWPE Carbon plate 

17 2 20 10 1.5 UHMWPE Carbon plate 

18 6 7.5 15 2 UHMWPE Carbon plate 
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where 
𝑆𝑆
𝑁𝑁

 denotes the signal-to-noise ratio based on the improved output (electrical 

conductivity), n is the number of samples for each experimental trial and y is the output 

(electrical conductivity) value  [255,256].   
A Pareto analysis of variance as the simplified version of ANOVA using the Pareto 

principle was conducted, as it can effectively analyse the results of parameter design 

[255,256]. More importantly, this tool can determine the significant factors and the 

optimum factor levels. The percentage of contribution of each factor to understand the 

most significant factors was evaluated by this tool [255,256]. Thus, the non-significant 

factors can ultimately be recognised. This tool can assist to optimise the experimental 

plans to enhance the electrical conductivity of the f-GNP coated yarns.  

4.3. Results and discussion  

4.3.1. FT-IR 

The ATR-FTIR spectra of the GNPs, SDBS and the f-GNPs with SDBS are illustrated in 

Figure 4-3. The presence of O-H stretching at about 3400 cm-1 is clear on the three 

spectra. The peaks at 2854, 2926 and 2957 cm-1 are induced by the C-H stretching in 

SDBS. In addition, the presence of peaks for the spectra of f-GNPs and SDBS at 1030 

and 1200 cm-1 are related to the symmetric and asymmetric stretching vibrations of the –

SO3− groups. Moreover, the peaks appearing at 1601 and 1409 cm-1 are due to the 

vibration of the phenyl groups of SDBS [238,257–259]. The results of ATR-FTIR clearly 

confirm the interaction of SDBS and surface of GNPs and agree well with the results of 

previous studies [238,257–259].   

 
Figure 4-3 ATR-FTIR results of GNPs, SDBS and SDBS f-GNPs 
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Furthermore, the ATR-FTIR spectra of flax and coated flax yarns, Figure 4-4a, indicate 

the peaks at 3346 cm-1 related to O-H groups. The peaks at 2915, 1734, 1429, 1370 cm-1 

are assigned to the C-H vibration, C=O stretching, –CH3 asymmetric and C-H symmetric 

deformation of lignin, respectively.  In addition, a peak corresponding to COO 

asymmetric stretching is observed at about 1620 cm-1. The broad peak at 1058 cm-1 is 

related to the C-O stretching [260,261]. Figure 4-4b exhibits the spectra related to 

UHMWPE and the f-GNP coated UHMWPE. The obvious peaks can be explained as 

follows: the peaks at 2915, 2847, 1471 and 716 cm-1 correspond to the asymmetric 

stretching vibration of C-H, the symmetric stretching vibration of C-H,  the in-plane 

bending vibration of C-H and the rocking vibration, respectively [262]. The spectra 

related to the f-GNP coated flax and UHMWPE with the highest electrical conductivity 

showed similar peaks to those of neat flax and UHMWPE, respectively. 

 

 
Figure 4-4 ATR-FTIR results for (a) flax and coated flax and (b) UHMWPE and coated 
UHMWPE  
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4.3.2. TGA 

The thermal properties of the conductive flax and UHMWPE yarns were investigated in 

order to understand their behaviour at higher temperatures to check their application as 

heating elements. Therefore, TGA was conducted to evaluate the thermal stability of the 

yarns before and after coating. The thermal stability of the yarns decreased with the 

presence of f-GNPs coating due to the presence of functional groups on the surface of f-

GNPs, as presented in Figure 4-5 [263]. In addition, the weight loss of samples at the 

beginning of the test was due to the evaporation of water remaining in samples. A great 

weight loss occurred for the flax based sample from Set 4 before silver coating at about 

270 ºC, whereas the neat flax sample started degrading at about 320 ºC. This behaviour 

could be attributed to the pyrolysis of the functional groups on the surface of f-GNPs 

[263].  

 
Figure 4-5 TGA results for (a) flax based and (b) UHMWPE based samples 
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After coating silver particles, the sample started degrading at a similar temperature to the 

neat sample. After a temporary stabilisation, it started degrading again at about 450 ºC. 

On the other hand, the UHMWPE sample showed a similar behaviour to that made of 

flax. Figure 4-5 shows that the neat UHMWPE yarn begins degrading at about 500 ºC 

while the f-GNP coated UHMWPE yarn degrade at approximately 300 ºC. Moreover, the 

decomposition temperature of the silver-coated sample of UHMWPE was found to be 

approximately 400 ºC. All samples exhibited excellent thermal stability at high 

temperatures (above 500 ºC). The results of TGA demonstrate the feasibility of 

fabricating heating wires, based on flax and UHMWPE.  

 

4.3.3. Electrical conductivities of various yarns 

Figure 4-7 indicates the average values of electrical conductivity for various conductive 

yarns prepared in accordance with Table 4-2. A four-point probe method was utilised to 

measure the resistance of five samples for each experimental setup, as explained in 

Section 3.3.1.2. The average electrical conductivity values of the neat flax and 

UHMWPE yarns were found to be 10-8 and 2×10-17 S.m-1, respectively. The values of the 

electrical conductivity of the conductive yarns ranged from 0.02 to 0.56 S.m-1. The 

highest average value of the electrical conductivity was obtained for Set 4 samples while 

the lowest average value of electrical conductivity was found for Set 8 samples. In the 

case of using UHMWPE, the samples of Set 16 showed the highest average value of 

electrical conductivity to be about 0.41 S.m-1. In addition, the lowest average value for 

the same of conductive flax yarns was found to be 0.03 S.m-1 (Set 15). The changes in 

the experimental setup for each set caused noticeable changes in the electrical properties 

of the yarns. The average values of electrical conductivity, Figure 4-7, were utilised as 

input data for Taguchi analysis to find the most influencing factors for reaching the 

highest electrical conductivity of the yarns coated by the EPD technique. Optical 

microscopic (Leica MZ16, Germany) images were taken to study the surface morphology 

of the samples. Overall, the particles on the surface of the yarns showed separation in 

bulk, as portrayed in Figure 4-6. 



 

87 
 

 
Figure 4-6 Optical microscopy images from the surface of yarns before and after coating 
related to a,d) Set 10, b,e) Set 4, and c,f) Set 8.  

 

SEM images were taken by an FEI (Philips) XL30 S-FEG to study the surface 

morphology in detail. Figure 4-8 exhibits the SEM image of the yarns coated with f-

GNPs using the EPD technique and their images prior to the coating process. The surface 

of the neat bleached flax and UHMWPE yarns can also be seen in Figures 4-8a,b,c. 

 

 
Figure 4-7 Average values for electrical conductivity of the yarns with regard to each 
experimental setup  
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The conductive yarns of Set 4 represent relatively homogeneous distribution f-GNPs on 

the surface of the flax yarns leading to a higher value of electrical conductivity, Figure 

4-8d. On the other hand, after the EPD process, the conductive yarns of Set 16 shows the 

lack of interconnected conductive particles on the surface of UHMWPE yarns, resulting 

in a lower value of electrical conductivity compared to those of Set 4, Figure 4-8e 

[74,77,264]. To understand the mechanism of coating, cross-sectional SEM images were 

taken after the samples were fractured in liquid nitrogen. Figure 4-8f exhibits the 

distribution of f-GNPs on the surface of a NFY. The f-GNPs mostly covered the outer 

parts of the yarn while a lower number of particles penetrated through the fibres. This 

shows that f-GNPs form more percolated networks on the outer surfaces of the fibres. 

 
Figure 4-8 SEM image of (a, b) bleached flax, (c) UHMWPE, (d) f-GNP coated flax 
from Set four, and (e) UHMWPE coated with f-GNPs from group 16, and (f) distribution 
of f-GNPs on the surfaces of a yarn. 
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4.3.4. Evaluation of significant factors 

In the Taguchi method, the analysis of the 
𝑆𝑆
𝑁𝑁

 ratios with the conceptual approach would 

lead to the identification of the significant factors. Furthermore, the Pareto ANOVA tool 

can effectively determine the preferred combination of factors in which the highest 

electrical conductivity is achieved. In other words, the effect of noise factors on the 

performance considering the variation in response data and the deviation of average to 

the target values are measured by 
𝑆𝑆
𝑁𝑁

  ratios. Here, the 
𝑆𝑆
𝑁𝑁

  ratio equation based on the 

“larger-the-better” characteristics was chosen to maximise the output values of electrical 

conductivity (Eq. 4.1). The average value of electrical conductivity for each set of 

samples was derived and used for calculation of 
𝑆𝑆
𝑁𝑁

  ratios using the L18 table. The 

summation of  
𝑆𝑆
𝑁𝑁

  ratios for each parameter at each sub-level was used to find the 

preferred combination of factors, which will be explained in Section 4.3.5.  

The Pareto ANOVA tool identified the contribution of each parameter including the 

amount of SDBS to GNPs ratio, the magnitude of applied voltage, yarn type, the 

deposition time, the gap size between the electrodes and the type of electrode on the 

electrical properties of the yarns. The results of this analysis are shown in Figure 4-9. 

The calculated values related to this analysis can be found in Figure A-1 (Appendices). 

 
Figure 4-9 Pareto ANOVA analysis for understanding the most contributed factors to 
enhance the electrical conductivity of the yarns by EPD technique. 
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The ratio of the SDBS to GNPs has the most significant effect on the enhancement of 

electrical conductivity with a contribution percentage of more than 55%. This factor is 

the most critical one due to the presence of anionic charges on the surface of the f-GNPs, 

resulting in their migration towards the location of the yarns (anode) during deposition. 

Moreover, the magnitude of applied voltage and the type of yarns played important roles 

in improving the electrical properties of the coated yarns.  

4.3.5. Determination of preferred combinations of factors 

The “higher-the-better” characteristic in the Taguchi method expresses that a higher 

summation of 
𝑆𝑆
𝑁𝑁

 ratio results in a better response of factorial effects. This analysis would 

identify the best level for each factor based on the summation of 
𝑆𝑆
𝑁𝑁

 ratios such that the 

combination of these levels would be selected as the preferred combination of factors in 

accordance with the Taguchi method. Figure 4-10 shows the L18 table that is filled with 

the average value of the electrical conductivity of five yarns for each experimental setup.  

 

 
Figure 4-10 L18 table filled with the average electrical conductivity value of each 

experiment  
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Figure 4-11 Sum of S/N ratio at different factorial level for enhancing the electrical 
conductivity of the f-GNP coated yarns 

The summation of 
𝑆𝑆
𝑁𝑁

 ratios to enhance the electrical conductivity of the conductive yarns 

are also calculated. The outcome of this analysis has been summarised in Figure 4-11. 

The plot explains that in the case of the type of electrode, the higher summation of 
𝑆𝑆
𝑁𝑁

 

ratio corresponded to the carbon sheet electrode. In addition, UHMWPE showed the 

highest summation of 
𝑆𝑆
𝑁𝑁

 among all types of yarns. Between the two types of flax yarns, 

the bleached flax showed results that are more promising. This could be due to a relatively 

smoother surface to accommodate higher quality coating. The optimum amount of SDBS 

to GNPs was found to be 1:3 using EPD coating process due to the highest value of 
𝑆𝑆
𝑁𝑁

 

ratio for this level. The results determined that the gap size of 10 mm, magnitude of the 

applied voltage of 7.5 V and the deposition time of 6 min possess the highest value of 

summation of 
𝑆𝑆
𝑁𝑁

 for each of the factors. Thus, the combination of these levels could 

produce the preferred combination of the factors in which the highest electrical 

conductivity based the conditions of the experiment would be obtained. Therefore, the 

preferred combination of the factors is using a ratio of 1:3 for SDBS to GNP, an applied 

voltage of 7.5 V, the gap distance of 10 mm, 6 min of deposition time, UHMWPE as the 
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yarn material and carbon sheet electrodes. The samples fabricated following this setting 

had an average value of electrical conductivity of 0.64 S.m-1.  

 

4.3.6. Electrothermal behaviour of the conductive NFYs for heating applications 

Joule heating effect is defined as the heat dissipated as the input electric power applied 

on an electrically conductive material [265]. In this part, a conductive flax yarn from Set 

4 was selected to investigate the electrothermal behaviour. Considering the level of 

electrical conductivity of the samples, the level of electrical conductivity was enhanced 

by a simple dip coating of an f-GNP coated flax yarn in a silver paste; hence, its resistance 

greatly decreased. The measured resistance between the two ends of wires with a gap of 

15 mm was found to be ~ 20 Ω. At this stage, the electrothermal behaviour of the 

conductive yarn with regard to different voltages (1, 2 and 3 V) was assessed by 

monitoring the output surface temperature at the middle of the sample by a thermometer.  

 
Figure 4-12 Time-dependent temperature changes of the conductive flax sample at 
different applied voltages from 1 to 3 V. 

Figure 4-12 shows a typical time-dependent temperature change on the surface of the 

sample at different applied voltages. The surface temperature of the sample increased as 

the voltage increased and reached the steady-state stage with the maximum temperature 

of 102 ºC within 36 s for the case of applying 3 V and decreased to the ambient 

temperature after voltage cut off in about 42 s. This behaviour was identical to the other 

applied voltages, as demonstrated in Figure 4-12. The electrothermal performance of the 

conductive flax yarns outperformed some of the recently reported heaters, as compared 

in Table 4-3.  
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Table 4-3 Comparison of the performance of our heating elements with the recently 
reported ones 

 

The temperature responsiveness and energy efficiency parameters for various applied 

voltages were assessed with the aid of the experimental time-dependent temperature 

curves, Figure 4-12. This plot can be divided into three different stages including 

elevating temperature (heating process), steady-state temperature (equilibrium) and 

lowering temperature to the ambient temperature (cooling process).  The first stage of the 

temperature time-dependent profiles can be expressed in the following Eq. 4.2 in 

accordance with the previous studies [265,267,268]: 

𝑇𝑇𝑡𝑡 − 𝑇𝑇𝑖𝑖
𝑇𝑇𝑚𝑚𝑡𝑡𝑚𝑚 − 𝑇𝑇𝑖𝑖

= 1 − exp�−
𝑡𝑡
𝜏𝜏𝑔𝑔
�                                               (4.2) 

where Ti, Tmax and Tt denote the initial ambient temperature, the steady-state maximum 

temperature and an arbitrary temperature at time τg, respectively. This parameter was 

calculated by fitting curves on the experimentally obtained results and found to be 

6.55±2.75 s.  Subsequently, the maximum temperature at any applied voltage occurred at 

the steady-state stage. The heat generated by the input electric power equals the heat loss 

through radiation and convection in accordance with the conservation law of energy. 

Therefore, the heat loss can be evaluated by Eq. 4.3 found in the previous studies 

[265,267,268]: 

 ℎ𝑟𝑟+𝑖𝑖 =
𝑃𝑃𝑖𝑖𝑖𝑖

𝑇𝑇𝑚𝑚𝑡𝑡𝑚𝑚 − 𝑇𝑇𝑖𝑖
=

𝑉𝑉2
𝛥𝛥

𝑇𝑇𝑚𝑚𝑡𝑡𝑚𝑚 − 𝑇𝑇𝑖𝑖
                                          (4.3) 

System Reported Applied voltage (V) Heating performance (°C) 

This work  

(Conductive flax by GNPs 
and silver paste) 

3 ~102 

CNT/Cotton [191] 40 50 

Graphene-AuCl3 [266] 12 100 

Carbon nanosheets [267] 100  333  
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where R is the resistance of the flax yarn and V is the applied voltage. Accordingly, the 

hr+c value was calculated to be 3.93±1.51 mW°C−1. The third stage of the temperature 

time-dependent profile can be fitted by the following formula given in Eq. 4.4, as 

suggested in the previous studies [265,267,268]: 

 
𝑇𝑇𝑡𝑡 − 𝑇𝑇𝑟𝑟
𝑇𝑇𝑚𝑚𝑡𝑡𝑚𝑚 − 𝑇𝑇𝑟𝑟

= exp �−
𝑡𝑡
𝜏𝜏𝑑𝑑
�                                                (4.4) 

where Tf represents the final ambient temperature and τd a time constant. The value of 

τd was found to be 34.98 ± 10.67 s through fitting experimental time-dependent 

temperature decay data. As can be inferred from these data, the relatively low value of τg 

demonstrates the relatively higher thermal and electrical conductivity of the sample 

compared to the one reported in the literature, which results in a rapid temperature 

response of the sample to the applied voltage [267]. In addition, a lower value of hr+c 

indicates a relatively high electrical conductivity with higher electric energy efficiency 

due to the lower level of electrical energy to obtain the maximum temperature at a given 

voltage.  

 
Figure 4-13 Steady-state maximum temperatures (Tmax) of conductive flax sample as a 
function of the input electric power (Pin) 

 

Figure 4-13 exhibits the increment in Tmax with regard to the applied voltage that is in-

line with the change of input electric power with applied voltage, which can be expressed 

as Pin  = V2/R. Here, Pin is the input electric power, V is the applied voltage and R 
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represents the electrical resistance. Consequently, the Tmax for various cases increased in 

a linear manner as the Pin increased. By fitting a tread-line on the plot, Tmax can be well-

defined with regard to the Pin using Eq. 4.5: 

𝑇𝑇𝑚𝑚𝑡𝑡𝑚𝑚 = 129.96𝑃𝑃𝑖𝑖𝑖𝑖 + 45.44                                               (4.5) 

4.4. Summary 

In the study of this chapter, electrically conductive yarns (flax and UHMWPE) were 

developed using dispersions containing SDBS functionalised GNPs in DI water. The 

EPD technique was employed to coat the conductive micro/nanoparticles on the surface 

of the yarns. Since a number of parameters affect the electrical conductivity of yarns 

during the EPD process, a parametric study on the enhancement of electrical conductivity 

of the yarns was conducted via the Taguchi method. Later, the most contributed factors 

were identified by Pareto ANOVA analysis and it was found that the amount of SDBS 

could play a key role in enhancing the electrical conductivity of the yarns. The preferred 

combination of factors through Taguchi method was found to be using a ratio of 1:3 for 

SDBS to GNP, an applied voltage of 7.5 V, the gap distance of 10 mm, 6 minutes of 

deposition time, UHMWPE as the substrate material and carbon sheet as electrodes. A 

flexible heating wire based on a conductive flax yarn dip coated in silver paste was 

characterised and the maximum surface temperature of the wire was found to be 102 ºC 

with the input power of 0.45 W (or applied voltage of 3 V) between the electrodes 

distance of 15 mm.  

Overall, the GNP coated yarns by EPD technique showed low level of conductivity 

values compared to the previous studies. Although the performance of the conductive 

wire was promising in terms of the surface temperature with low input power, the addition 

of silver particles to enhance the conductivity and the small size of the heaters are 

considered as drawbacks. This led this research towards the fabrication of wearable 

heating devices using a more effective procedure that will be discussed in Chapter 5. 
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Chapter 5. Fabrication of Highly Conductive 
Natural Fibre Yarns by a Novel Coating 
Technique and Their Applications 
 

The published paper below is the outcome of the research described in this chapter: 

• H. Souri, D. Bhattacharyya, Wearable strain sensors based on electrically 
conductive natural fiber yarns, Mater. Des. 154 (2018) 217–227. 

 

5.1. Introduction 
In the previous chapter, a systematic study on enhancement of electrical conductivity of 

natural and synthetic yarns was explained and electrothermal behaviour of a conductive 

flax yarn was assessed. However, the level of electrical conductivity of the yarns after 

EPD coating was low.  In order to address this issue and increase the electrical 

conductivity of the NFYs, a new method of coating for the fabrication of conductive 

NFYs is proposed in this chapter. The proposed solution-based coating technique deals 

with a simple piece of labratory equipment (ultrasonication bath) and can be scaled-up 

for large production. In this chapter, a systematic study on the electrical conductivity of 

NFYs (raw flax and flax bleached) with respect to the variation of effective parameters 

involve in the new coating technique, such as the type of conductive particle, the 

concentration of conductive particles, hybridisation of conductive particles, the ratio of 

conductive particles to surfactant and deposition time. The resultant highly conductive 

NFYs have interesting features such as flexibility, lightweight, mass-producible and low 

cost. Therefore, they are suitable for some new and interesting electronic applications.  

Flexible strain sensors that convert mechanical deformation into electrical signals are 

being actively pursued in a large number of applications, such as soft robotics [269], 

human body movement detection [270] and human-machine interface [271]. In particular, 

wearable strain sensors have been increasingly researched in the past few years for human 

body movement detection [76,212,226,272]. In order to detect and monitor a range of 

movements, these sensors need to be flexible, stretchable and sensitive [269].  Unlike 

conventional strain sensors, recent stretchable and flexible sensors are able to monitor 

large bending movement of body joints (e.g., finger, wrist, elbow and knee joints), while 

their high sensitivity is a crucial factor for the detection of small muscle movements, such 
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as respiration, phonation and even blood flow pulse [222,242,273,274]. Although many 

of the reported sensors in the literature showed either high sensitivity or high 

stretchability [74,77,280–284,215,232,242,275–279], the materials, such as CNTs and 

metal particles (e.g. AgNWs or Au) as active materials for strain sensors are not easy to 

synthesise, cost-effective and environmentally friendly, limiting their applications as 

wearable strain sensors.  

In this chapter, a simple, environment friendly, cost-effective and efficient route is 

described to fabricate new flexible, stretchable and wearable strain and pressure sensors 

using the prepared highly conductive yarns. Later, the applications for the strain sensors 

in the detection of a full range of human body movements, such as a finger, wrist and 

knee joint movements, phonation, breathing and swallowing are presented. In addition, a 

flexible pressure sensor based on grid structured conductive yarns is introduced as a 

flexible touch panels.  

5.2. Materials and methods 

5.2.1. Preparation of materials 

Similar to the previous chapter, yarns made of NFs including raw flax (F) and flax-

bleached (FB) with the approximate average diameter of 400 µm were utilised. GFs (27.5 

µm in diameter) were used for comparison study. BSA and (3-Aminopropyl) 

triethoxysilane (APTES) were also employed to study the effect of surface treatment on 

the electrical conductivity of the yarns. GNPs with an average width and thickness of 5 

µm and 5 nm, respectively and CB particles with the average particle size of 30 nm were 

used to prepare GNPs, CB and hybrid based dispersions in DI water with the addition of 

the different amount of SDBS. The two components of Ecoflex (0030) were selected to 

fabricate the flexible and stretchable strain sensors. More details related to these materials 

can be found in Section 3.1.1. 

5.2.2. Fabrication of conductive NFYs using ultrasonication 

For this part of the research, various dispersions were prepared for coating using an 

ultrasonication bath equipment. The preparation of the dispersion was similar to that of 

explained in Section 3.2.1. In brief, the GNPs, CB and a hybrid of GNPs and CB (1:1 by 

weight) based dispersions in DI water were prepared with different mixing ratios as 

presented in Table 5-1. First, the desired amount of carbon nanomaterials was bath 

sonicated for 30 min in DI water. Next, SDBS was added to the dispersion and stirred for 
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4 h at 60 ºC. Finally, the dispersions were subjected to 2 h of bath sonication to obtain 

homogenous dispersions, Figure 5-1. Here, EDS was performed for the hybrid of carbon 

particles to show their elemental composition after the dispersion process at different 

locations, Figure A-2. The element composition of the powder was 94.81 ± 0.38, 2.13 ± 

0.56, 1.88 ± 0.21 and 1.15 ± 0.25 atomic % of C, O, Na and S, respectively. The presence 

of elements “S” and “Na” with relatively strong peaks can be clearly seen, which verifies 

the successful functionalisation of hybrid of GNPs and CB particles with SDBS. 

 

 
Figure 5-1 Schematic view for preparation of dispersions 

 

In order to coat the NFYs, they were trimmed into smaller lengths (about 70-80 mm) to 

measure their resistance after the coating process with the four-point probe method. A 

novel coating technique using an ultrasonication bath equipment (DIGITECH, 100 W, 

60 Hz) was employed for the coating process. It is worthy to mention that use of an 

ultrasonication bath equipment has not been reported in the literature for coating natural 

materials. This novel technique provides continuous homogenous dispersions with high 

energy for chemical and mechanical bonds between SDBS-functionalised carbon 

particles and the surfaces of the yarns. The yarns were placed into the ultrasonication bath 

equipment while the bath was loaded with the pre-homogenised dispersions. 

Subsequently, the coating process was conducted by setting various deposition times on 

the equipment. Finally, the coated yarns were extracted from the bath and placed on a 

piece of tissue to remove the residual water. After fully drying the samples (110 °C for 1 

h), their electrical resistance was measured. Figure 5-2 shows an FB yarn before and 

after the coating process.   
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Table 5-1 A list of abbreviations for various samples 

Yarn type SDBS:GNPs ratio 
Graphitic 
particles 
(wt.%) 

Sample group name 

Flax-Bleached 2:3 0.3 FB-SDBS/GNPs (2/3) 
Flax- Bleached 1:2 0.3 FB-SDBS/GNPs (1/2) 
Flax- Bleached 1:3 0.3 FB-SDBS/GNPs (1/3) 

Flax 2:3 0.3 F-SDBS/GNPs (2/3) 
Flax 1:2 0.3 F-SDBS/GNPs (1/2) 
Flax 1:3 0.3 F-SDBS/GNPs (1/3) 

Yarn type SDBS/CBs ratio 
Graphitic 
particles 
(wt.%) 

Sample group name 

Flax-Bleached 2:3 0.3 FB-SDBS/CB (2/3) 
Flax- Bleached 1:2 0.3 FB-SDBS/CB (1/2) 
Flax- Bleached 1:3 0.3 FB-SDBS/CB (1/3) 

Flax 2:3 0.3 F-SDBS/CB (2/3) 
Flax 1:2 0.3 F-SDBS/CB (1/2) 
Flax 1:3 0.3 F-SDBS/CB (1/3) 

Yarn type SDBS/(GNPs and 
CBs) ratio 

Graphitic 
particles (1:1 

by weight) 
(wt.%) 

Sample group name 

Flax-Bleached 2:3 0.3 FB-SDBS/GNPs/CB 
(2/3) 

Flax 2:3 0.3 F-SDBS/GNPs/CB 
(2/3) 

Yarn type SDBS/(GNPs and 
CBs) ratio 

Graphitic 
particles (1:1 

by weight) 
(wt.%) 

Sample group name 

Flax-Bleached 2:3 1 FB-SDBS/GNPs/CB 
(2/3) – 1wt.% 

 

 
Figure 5-2 A FB yarn before and after ultrasonication coating process 
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5.2.3. Fabrication of flexible and stretchable strain sensors and grid-structured 

pressure sensors 

Figure 5-3 schematically presents the fabrication process of the strain sensors proposed 

to be used as wearable sensors, as described in Section 3.2.2. In brief, two components 

of Ecoflex were mixed (1:1 by volume). The mixture was then poured up to half of the 

final thickness of the strain sensors. The Ecoflex was then cured in a mould in an oven at 

90 ºC for 45 min. It will be shown in the later part of this thesis, Chapter 7, that the strain 

sensors based on straight conductive yarns will have a higher sensitivity compared to the 

ones with curved shapes. Therefore, a conductive yarn was placed on top of the cured 

substrate (Ecoflex) in a straight line and the mould was filled with a fresh mixture of 

Ecoflex to reach the final thickness of the strain sensors. Final curing of the device was 

carried out at 90 ºC for 45 min. The total thickness of the strain sensors were 

approximately 2 mm and 4 mm. The length and width for both cases were 60 mm and 10 

mm, respectively.  

 

Figure 5-3 Fabrication process of flexible strain sensors 

 

Figures 5-4a-d demonstrate the view of the strain sensors. A flexible nodal pressure 

sensor was also developed following these steps: first, the highly conductive yarns (FB-

SDBS/GNPs/CB (2/3)-1wt.%) were entangled at the junctions to be tightly in touch with 

each other, with a planar area of 40 mm×40 mm. Next, a fresh mixture of Ecoflex was 

poured on the grid and cured. A schematic illustration and a view of a touch panel based 

on the fabricated nodal pressure sensor is illustrated in Figures 5-4e-f. 
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Figure 5-4 View of different flexible sensors: (a-d) the fabricated flexible strain sensor, 
and (e-f) the flexible nodal pressure sensor 

5.2.4. Characterisations 

The surface morphology of the yarns was investigated through SEM (FEI (Philips) XL30 

S-FEG) images. The electrical resistance of the samples after drying was measured 

following the procedure explained in Sections 4.3.3 and 3.3.1.2. In brief, a four-point 

probe setup in accordance with the ASTM-D4496 standard with the aid of a DMM 

(Keithley 2100) and a current source (Keithley 220) was utilised and the electrical 

conductivity values were calculated by Eq. 3.2. A high-resolution microscope (Leica 
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DFC290) was exploited to measure the diameter of the yarns. The average of five 

different diameters at different locations of the yarns was considered as the representative 

diameter for calculations. The electrical conductivity of each sample was measured five 

times and five samples were used for the measurements in each set. Therefore, the 

average value of these 25 measurements was reported for each set as the electrical 

conductivity.  

In order to apply stretching-releasing cycles on the sensors, they were gripped on a 

motorised moving stage in which the displacement rate and the strain profile were 

controllable (Figure 3-8). The resistance data were recorded by a DMM (Keithley 7510). 

The applied tensile strain ranged from 4% to 60%. In particular, the 4% and 6% of strain 

values were selected for short cyclic test based on the initial test results on the strain 

sensors. Moreover, the displacement rates were within the range of 0.1-3.5 mm.s-1 in 

various tests. The current-voltage (I-V) characteristics of the sensors were evaluated by 

connecting the strain sensors to the wires of a power supply (KEYSIGHT TECH. 

E3647A) while they were fixed on the motorised moving stage. The mechanical 

durability test was carried out for more than 1,000 stretching-releasing cycles under low 

(4%) and higher (8%) strains on the same motorised moving stage. All of the 

measurements were at the room temperature. 

5.3. Results and discussion 

5.3.1. Electrical conductivity and surface morphology of the conductive flax yarns 

A set of effective parameters, such as type of yarns (raw Flax (F) and Flax Bleached 

(FB)), type of carbon nanomaterials (GNPs, CB and their hybrid), the mass ratio of 

nanomaterials and SDBS (1:3, 1:2 and 2:3) and deposition time (3, 5, 10, 15 and 20 min) 

varied to characterise the electrical conductivity of the NFYs. A list of abbreviations for 

various samples is included in Table 5-1 to be used throughout this chapter. For instance, 

FB-SDBS/GNPs (2/3) represents a set of samples, which FB yarns coated by a dispersion 

of GNPs in DI water (0.3 wt.%) with the SDBS to GNPs mass ratio of 2/3. 
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Figure 5-5 Average values of electrical conductivity for various conductive yarns coated 
with GNPs a) FB based samples, c) raw flax based samples and b & d) their CV, 
respectively. 

Figure 5-5 illustrates the average electrical conductivity for the FB-SDBS/GNPs (2/3) 

samples where the peak value of 296 ± 63 S.m-1 after 20 min of deposition was obtained. 

In addition, the lowest value was attributed to the ones coated for only 3 min is 17.5 ± 

3.1 S.m-1. On the other hand, the F-SDBS/GNPs (2/3) samples exhibited the peak value 

of 147 ± 15 S.m-1 after 20 min of deposition, Figure 5-5c. Similarly, the lowest value was 

found for the samples coated for 3 min was found to be 15 ± 3 S.m-1. The samples of both 

groups showed the same trend in terms of electrical conductivity and coefficient of 

variation (CV) values. CV is defined as the ratio of the standard deviation to the average. 

It can be seen that the electrical conductivity values increased by an increase in the 

deposition time while CV values tend to increase by a decrease in the deposition time; 

thus, lower quality of the coating on the surfaces of the yarns is obtained.  This may be 

due to the formation of more chemical and mechanical bonds between the surfaces of the 

yarns and SDBS functionalised carbon nanomaterials. Additionally, the particles were 

more homogeneously dispersed by ultrasonication during the coating process. 
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The results for the other sets of samples including FB-SDBS/GNPs (1/2), F-SDBS/GNPs 

(1/2), FB-SDBS/GNPs (1/3) and F-SDBS/GNPs (1/3) indicated similar behaviour to 

those of coated with FB-SDBS/GNPs (2/3) and F-SDBS/GNPs (2/3), Figure 5-5. 

However, the peak values for the electrical conductivity of the coated yarns decreased as 

the amount of SDBS decreased. For instance, the maximum electrical conductivity of the 

FB-SDBS/GNPs (1/2) and F-SDBS/GNPs (1/2) samples were 186 ± 20 S.m-1 and 130 ± 

19 S.m-1, respectively. 

 

Figure 5-6 Electrical conductivity of each conductive yarns coated with GNPs after five 
times measurements a) FB-SDBS/GNPs (2/3), c) FB-SDBS/ GNPs (1/2), d) FB-SDBS/ 
GNPs (1/3), and b & d & f) their CV, respectively. 
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Moreover, the peak values for the FB-SDBS/GNPs (1/3) and F-SDBS/GNPs (1/3) 

samples were found to be 177 ± 14 S.m-1 and 128 ± 11 S.m-1, accordingly. The optimal 

ratio of SDBS/carbon nanomaterials was found to be 2:3. The excess amount of SDBS 

(ratios more than 1) could decrease the electrical conductivity of carbon nanomaterials 

[121]. Figure 5-6 and Figure 5-7 show the average values of electrical conductivity of 

each sample and related CVs after five measurements for various experimental 

conditions. 

 

 

Figure 5-7 Electrical conductivity of each conductive yarns coated with GNPs after five 
times measurements a) F-SDBS/GNPs (2/3), c) F-SDBS/ GNPs (1/2), d) F-SDBS/ GNPs 
(1/3), and b & d & f) their CV, respectively. 
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As a comparison, NFYs (F and FB yarns) were coated with CB by varying the mass ratio 

of SDBS to CB. Figure 5-8 shows a similar trend for electrical conductivity and CV, 

Figure 5-9 and Figure 5-10, to those observed for GNPs based samples. Nevertheless, 

the peak value of electrical conductivity reduced due to the usage of CB particles, which 

have lower intrinsic conductivity. For instance, the average values of the electrical 

conductivity FB-SDBS/CB (2/3), FB-SDBS/CB (1/2) and FB-SDBS/CB (1/3) samples 

were found to be 54 ± 11, 21.6 ± 2.3 and 7.8 ± 1.2 S.m-1, respectively. It can be said that 

the amount of SDBS, deposition time and the types of yarns are crucial parameters for 

the enhancement of electrical conductivity of flax based yarns coated by ultrasonication 

technique. 

 

 

Figure 5-8 Average values of electrical conductivity of various conductive yarns coated 
with CB a) FB based samples, c) raw flax based samples and b & d) their CV, 
respectively. 
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Figure 5-9 Electrical conductivity of each conductive yarns coated with CB after five 
times measurements a) FB-SDBS/CB (2/3), c) FB-SDBS/ CB (1/2), d) FB-SDBS/ CB 
(1/3) and b & d & f) their CV, respectively. 
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Figure 5-10 Electrical conductivity of each conductive yarns coated with CB after five 
times measurements a) F-SDBS/CB (2/3), c) F-SDBS/ CB (1/2), d) F-SDBS/ CB (1/3), 
and b & d & f) their CV, respectively. 

 

Hybridised dispersions containing GNPs and CB were also utilised to fabricate 

conductive raw flax and FB yarns (Table 5-1). Figure 5-11a indicates the averaged 

electrical conductivity for FB-SDBS/GNPs/CB(2/3) and F-SDBS/GNPs/CB(2/3) 

samples with their peak conductivity values being 440 ± 20 and 238 ± 24 S.m-1, 

respectively. The CV values decreased as the deposition time increased, as portrayed in 

Figure 5-11b. Hybridisation greatly enhanced the electrical conductivity of the yarns. 

This could be attributed to the formation of robust percolated networks of GNPs and CB 

particles. In other words, CB particles with large particle size (30 nm) bridged the GNPs 

particles on the surface of the yarns, Figure 5-12. The results of electrical conductivity 
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for individual yarn of FB-SDBS/GNPs/CB(2/3) and F-SDBS/GNPs/CB(2/3) samples and 

their CVs can be found in Figure 5-13.  

 
Figure 5-11 Average values of electrical conductivity of a) FB-SDBS/GNPs/CB (2/3) 
and F-SDBS/GNPs/CB (2/3), coefficient of variation for b) FB-SDBS/GNPs/CB (2/3) 
and F SDBS/GNPs/CB (2/3), c) average values of electrical conductivity for each FB-
SDBS/GNPs/CB (2/3) – 1wt.% sample after five measurements. 

 

 

Figure 5-12 Schematic view of the FB yarn before and after coating by the hybrid of 
GNPs and CB and their status on the surface of the yarn. 
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Based on the results, higher electrical conductivity values were observed for FB based 

samples compared to those of neat flax yarns, which could be due to the bleaching effect 

and resultant smoother fibre surface. FB based samples were further prepared using a 

dispersion of higher concentration (1 wt.%) of conductive particles (FB-

SDBS/GNPs/CB(2/3) – 1wt.%) after 10 and 20 min of deposition. The maximum 

electrical conductivity of 585 ± 16 S.m-1 was obtained for the samples after 20 min of 

coating, Figure 5-11c. These highly conductive yarns were later employed for the 

fabrication of flexible and stretchable strain sensors. The electrical conductivity values 

of the NFYs are considerably higher than those presented in recent reports [226,285,286]. 

The results support the idea that coating by ultrasonication technique can effectively 

enhance the electrical conductivity of the NFYs.  

 

 
Figure 5-13 Electrical conductivity of each conductive yarns coated with hybrid of GNPs 
and CB after five times measurements a) FB-SDBS/GNPs/CB (2/3), c) FB-
SDBS/GNPs/CB (2/3) and b & d) their CV, respectively. 
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SEM images were taken to study the surface morphology of the coated and uncoated 

yarns, Figures 5-14a,b. FB yarns possess slightly smoother surfaces compared to those 

of raw flax yarns due to their further purification process. Figures 5-14c,d illustrate that 

higher amount of GNPs particles were coated on the surface of an FB-SDBS/GNPs(2/3) 

yarn as the deposition time increased from 3 to 20 min, suggesting the formation of more 

conductive networks of particles. This observation verifies the increase of the electrical 

conductivity of the yarns upon longer deposition time. Figure 5-14e illustrates the surface 

topology of an FB-SDBS/GNPs/CB(2/3)–1wt.% sample, indicating densely packed 

particles deposited on the surfaces and within the fibres, thus leading to a considerable 

improvement in electrical conductivity. Overall, the coating process by ultrasonication 

bath equipment provides excellent coating quality even after 20 min of deposition, which 

could enhance the electrical conductivity of the FB yarns to the order of ~ 5.8 S.cm-1. 

Similarly, the SEM images of the FB-SDBS/CB(2/3) samples after 3 and 20 min of 

coating show that more CB particles were deposited on the surface of the yarns for longer 

deposition time, Figure 5-15. 

5.3.2. Effect of surface treatment on the electrical conductivity of NFYs  

In order to study the effect of surface treatment of the yarns on their electrical 

conductivity, FB yarns were treated with APTES and BSA, separately. In brief, 1:1 molar 

ratio (3-Aminopropyl)triethoxysilane (APTES) in ethanol was used in order to improve 

the interfacial adhesion of the coating. The treatment was carried out by putting fibres 

into APTES aqueous solution and then stirred continuously at 30 ˚C for 2 h where Silane 

adsorption occurred following oven drying at 100 ˚C for 5 h. After treatment, the 

electrical conductivity of Silane-treated-FB-SDBS/GNPs/CB(2/3)–1wt.% yarns after 20 

min of deposition were calculated, as illustrated in Figure 5-16a. It is worthy to mention 

that the samples became rigid and the spaces within the fibres were filled with Silane. 

These negative factors deteriorated the electrical conductivity of the yarns compared to 

untreated ones.  
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Figure 5-14 SEM images of the surface of the d) Flax, e) FB yarns before coating and 

after coating f) FB-SDBS/GNPs (2/3) for 3 min, g) FB-SDBS/GNPs (2/3) for 20 min, h) 

FB-SDBS/GNPs/CB (2/3) – 1wt. % for 20 min. 
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Figure 5-15 SEM images of the surface of the samples of FB-SDBS/CB (2/3) after a) 3 
min, b) 20 min of coating. 

 

BSA, a bio adhesive material for the surface of the NFYs [287], was kindly provided by 

Professor Cornish at the School of Medical Sciences at The University of Auckland. The 

FB yarns were dip coated by the BSA solutions and dried in an oven for 60 min at 90 ˚C. 

The BSA treated FB yarns were then coated by ultrasonication technique for 20 min using 

an SDBS/GNPs/CB(2/3)–1wt.% dispersion. The electrical conductivity of the samples 

decreased compared to the untreated samples; however, the level of electrical 

conductivity remained higher than Silane-treated-FB-SDBS/GNPs/CB(2/3)–1wt.% 

yarns, Figure 5-16b. This could be due to the negative physical effects of Silane 

treatment on the surfaces of the FB fibres.  

 
Figure 5-16 Average values of electrical conductivity for a) Silane treated FB-
SDBS/GNPs/CB (2/3) –1wt.%  samples and their CV after five measurements, b) BSA-
treated FB-SDBS/GNPs/CB (2/3) –1wt.% samples and their CV after five measurements. 
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5.3.3. A comparison study of the electrical conductivity of flax based yarns coated 

by spray coating 

Spray coating, Section 2.4.1.2, was selected as another simple coating technique for 

fabrication of conductive flax based yarns. In this technique, an SDBS/GNPs/CB (2/3) –

1wt.% dispersion was poured into a spray container, Figure 5-17. The dispersion was 

sprayed on the yarns at an air pressure of 20 psi within the distance of maximum 100 mm 

from the yarns.  

 

Figure 5-17 schematic view of spray coating process 

From Figure 5-18, the maximum level of electrical conductivity even after three times 

of spray coating was lower than the values obtained by ultrasonication coating technique. 

It was found that the coated FB yarns had higher electrical conductivity values with a 

maximum of 137.73 ± 20.05 S.m-1 than coated neat flax yarns. The maximum electrical 

conductivity for the case of using raw flax was found to be 73.45 ± 4.73 S.m-1. 

 

Figure 5-18 Average values of electrical conductivity after different spray coating trials 
and their CV after five measurements for a) FB-SDBS/GNPs/CB (2/3) –1wt.%  samples 
and b) F-SDBS/GNPs/CB (2/3) –1wt.% samples. 
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5.3.4. A comparison study with synthetic fibres 

Synthetic fibres (GF) were coated with CB based dispersions using an ultrasonication 

technique. CB based dispersions were used after experimental trials on GNPs based 

dispersions. The large-sized CB particle interacted more with the surface of GFs 

compared to GNPs. As the surface of the synthetic yarns has finite functional groups, 

SDBS-f-GNPs did not attach well on their surface. However, it was observed that CB 

particles tended to agglomerate more on the surface of the GFs, forming more conductive 

paths. The calculated electrical conductivity of the GFs coated with SDBS/CB (2/3) 

dispersions are illustrated in Figure 5-19a. The average of electrical conductivity was 

still low after 20 min of deposition (18.28 ± 4.98 S.m-1), which is attributed to the lack of 

conductive networks of conductive particles. SEM image shown in Figure 5-19b clearly 

indicates the agglomerated CB particles on various locations on the surface of a single 

GF. The addition of a proper coupling agent to functionalise the surface of the synthetic 

fibres could be helpful to have more interaction with the coated particles. This additional 

process is usually complex and requires various chemicals. Since the main focus of this 

research was to develop fabrication techniques of conductive NFY/Fs, the modification 

of the surface for synthetic fibres is recommended as a future work.  

 

Figure 5-19 a) Average values of electrical conductivity for GF-SDBS/CB (2/3) samples 
and their CV after five measurements and b) SEM image from the surface of coated GF. 
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5.4. Applications for the conductive flax yarns 

5.4.1. Flexible and stretchable strain sensors 

5.4.1.1. Electromechanical characterisations of the strain sensors 

In order to study the effect of thickness of the flexible strain sensors on their 

electromechanical performances, several strain sensors were fabricated following the 

procedure explained in Section 5.2.3 by changing the level of conductivity of active 

materials and their thickness. A list of abbreviations for different fabricated strain sensors 

and their initial resistance are listed in Table 5-2. 

Table 5-2 A list of abbreviations for the strain sensors 

Active materials Deposition 
time 

Conductive 
particles 

(GNPs and 
CB) 

(wt.%) 

Initial 
resistance of 

the strain 
sensors (kΩ) 

Abbreviation 

FB-SDBS/GNPs/CB 
(2/3) 10 0.3 

~100 CFB-0.3-10-Thin 

~202 CFB-0.3-10-
Thick 

FB-SDBS/GNPs/CB 
(2/3) 20 0.3 

~19.5 CFB-0.3-20-Thin 

~35  CFB-0.3-20-
Thick 

FB-SDBS/GNPs/CB 
(2/3) – 1wt.% 10 1 ~17 CFB-1-10-Thin 

~20 CFB-1-10-Thick 
FB-SDBS/GNPs/CB 

(2/3) – 1wt.% 20 1 ~6 CFB-1-20-Thin 
~8 CFB-1-20-Thick 

 

Figure 5-20 shows the changes in resistance of the CFB-0.3-10-thin and thick strain 

sensors versus time as well as the applied strain profile. The rate of displacement was set 

to be 0.1 mm.s-1. The changes in resistance profiles show a significant resistive drift in 

five cycles for both thin and thick samples. In addition, notable noises in resistance 

profiles during the test are observed for all the cases. These results suggest that this set 

of strain sensors (CFB-0.3-10-thin and thick) are not functional for practical applications 

due to their large levels of noise, drift and overshoot. Considering the relatively low 

quality of coating for these strain sensors due to their high initial resistances, there could 

be a possibility of penetration of some cured elastomer within the yarn fibres, resulting 

in disruption of the percolated networks of the carbon nanomaterials. For this purpose, 



 

117 
 

cross-sectional SEM images of a fractured sample in a liquid nitrogen were taken, as 

illustrated in Figure 5-21. A Considerable amount of Ecoflex penetrated within the fibres 

resulting in disconnection of the GNPs/CB networks. Thus, by applying the tensile strain, 

the generated tensile stress in Ecoflex is transferred to the GNPs/CB particles on the fibres 

resulting in the rearrangement and reorientation of the particles. A great deal of noise 

appeared in the resistance profiles of the strain sensors.  Over time, the applied tensile 

stress is slightly reduced due to the relaxation effect; hence, the resistance of the strain 

sensors steadily decreased due to the rearrangement of the coated particles leading to an 

obvious drift in the performance of the strain sensors.  

Other sets of strain sensors (CFB-0.3-20-thin and thick) with lower initial resistance were 

examined under the cyclic tensile tests. Figure 5-22 displays the noise-free resistance 

change profiles after five cycles by applying strains up to 4 and 6%; however, resistive 

drift was noticed. The noise-free resistance profile suggests a better quality of coating of 

conductive yarns compared to the ones in CFB-0.3-20-thin and thick strain sensors. The 

CFB-0.3-20-thin strain sensors showed the maximum electrical resistance change of 

~12% and ~19% for the applied tensile strain up to 4% and 6%, respectively. On the other 

hand, the CFB-0.3-20-thick strain sensor exhibited the maximum resistance change of 

~8% and 9.5% for the applied tensile strain up to 4 and 6%, respectively. Similar to CFB-

0.3-10-thin and thick strain sensors, the CFB-0.3-20-thin and thick strain sensors are not 

suitable for practical applications.  

Figure 5-23 exhibits the piezoresistive response of the CFB-1-10-thin and thick strain 

sensors under different strain profiles. The changes in resistance curves of the CFB-1-10-

thin and thick exhibit slightly lower level of resistive drift compared to the previous strain 

sensors (CFB-0.3-10 and CFB-0.3-20 thin and thick). In addition, the electrical resistance 

changes for the CFB-1-10-thin strain sensors at the strain of 4% and 6% were found to 

be ~11% and ~14.5%, respectively; on the other hand, the resistance of the CFB-1-10-

thick strain sensors decreased by ~4 and ~6.5% under the applied tensile strain of 4 and 

6%, respectively. These results were found to be comparable to those of CFB-0.3-10 and 

CFB-0.3-20 thin and thick strain sensors.  However, they are not proposed for practical 

applications due to their noticeable drift.  
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Figure 5-20 Electromechanical behaviour of CFB-0.3-10-Thin strain sensor under strain 
level of a) 4%, b) 6% and CFB-0.3-10-Thick strain sensor under strain level of c) 4%, d) 
6%. 

 
Figure 5-21 Cross-sectional SEM images of a CFB-0.3-10 based strain sensor from top 
view at the boundary of the fractured surface at a) low, b) high magnifications. 
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Figure 5-22 Electromechanical behaviour of CFB-0.3-20-Thin strain sensor under strain 
level of a) 4%, b) 6% and CFB-0.3-20-Thick strain sensor under strain level of c) 4%, d) 
6%.  

The current-voltage (I-V) characteristics of CFB-1-10-Thin, CFB-1-20-Thin and CFB-1-

10-Thick strain sensors under various applied strains are shown in Figure 5-24. It is 

obvious that these strain sensors exhibit a linear behaviour indicating their ohmic 

behaviour regardless of applied strains and the current monotonically drops as the strain 

increases. The overall electrical resistance of the thick structured strain sensors was 

higher than those of the thin structured ones due to the presence of more elastomer, as 

presented in Table 5-2. The initial resistance of the CFB-1-10 based strain sensors was 

higher than those of obtained for CFB-1-20 based strain sensors. These results suggest 

that strain sensors with various initial resistances can be prepared by controlling the 

concentration of GNPs/CB in dispersions, deposition time and thickness of the elastomer. 
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Figure 5-23 Electromechanical behaviour of CFB-1-10-Thin strain sensor under strain 
level of a) 4%, b) 6% and CFB-1-10-Thick strain sensor under strain level of c) 4%, d) 
6%. 

The plots of electrical resistance change versus time for CFB-1-20-thin strain sensors 

under tensile strains of 4% and 6% show negligible amount of drift suggesting that they 

outperform other thin structured strain sensors, Figures 5-25a,b. The maximum electrical 

resistance change of this strain sensor was found to be about 18 and 21% under 4 and 6% 

of tensile strain, respectively. Figures 5-25c,d present the electromechanical 

performance of the CFB-1-20-thick strain sensors under higher tensile strains (6 and 

10%). The maximum electrical resistance changes were ~19 and ~27%, respectively. 
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Figure 5-24 Current-voltage curves of a) CFB-1-10-Thin, b) CFB-1-20-Thin, c) CFB-1-
10-Thick strain sensors at different levels of strains. 

 

Figure 5-25 Electromechanical behaviour of CFB-1-20-Thin strain sensors under strain 
of a) 4%, b) 6%, CFB-1-20-Thick strain sensors under strain of c) 6%, d) 10%. 
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It has been observed that all strain sensors possess noise and drift behaviour except the 

CFB-1-20-thick and CFB-1-20-thin strain sensors, which is attributed to the lower quality 

of coating that leads to penetration of elastomer within the yarns. The CFB-1-20-thick 

strain sensors outperformed other strain sensors in the cyclic electromechanical tests. 

Therefore, a wide range of electromechanical tests for characterisation of the CFB-1-20-

thick strain sensors were performed.  

 
Figure 5-26 Electromechanical performance of the CFB-1-20-Thick strain sensors: a) 
current-voltage curves with regard to various strains, relative resistance change under 
cyclic stretching-releasing with strain of c) 4%, d) 12.5%; d) relative change of resistance 
versus strain for different strain sensors with different levels of initial resistance at 
displacement rate of 0.1 mm.s-1. Hysteresis curve for the CFB-1-20-Thick strain sensor 
with regard to e) various strains of stretching-releasing cycles at displacement rate of 0.5 
mm.s-1, f) various displacement rate at 10% of strain. 
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Figure 5-26a shows the current-voltage (I-V) characteristics of a CFB-1-20-thick strain 

sensor under various applied tensile strains. It exhibited a linear ohmic behaviour 

regardless of the applied strains. This piezoresistive behaviour of the strain sensors is 

different from that of developed graphene strain sensors in that their resistances increase 

with the applied tensile strain [222,288,289]. This unique electromechanical behaviour 

of the FB based strain sensors can be attributed to the yarn structure. An FB yarn structure 

is formed by crimped and twisted fine fibres, as shown in Figure 5-14b. When a yarn is 

stretched, the curled fibres are straightened and tightened. As a result, the resultant 

contacts between carbon nanomaterials on the surface of the fibres lead to an increase in 

electrical paths, thereby, a decrease in the electrical resistance [222]. This distinctive 

piezoresistive behaviour agrees well with the results of recently reported strain sensors 

based on similar yarn structure [222]. Figures 5-26b,c demonstrate the piezoresistive 

response of the CFB-1-20-thick strain sensors to the cyclic stretching-releasing load. It 

showed excellent reversible behaviour without any drift or overshooting. The CFB-1-20-

thick strain sensors exhibited 14.5 and 33% of maximum resistance change when the 

strain increased to 4 and 12.5%, respectively.  

The SEM images, Figure 5-27, of a CFB-1-20-thick strain sensor after being fractured 

in the liquid nitrogen clearly display that the coating composed of the highly concentrated 

hybrid of GNPs and CB particles protected the yarns better from the penetration of liquid 

elastomer compared to the other types of systems, thus boosting the sensing capability of 

the CFB-1-20-thick strain sensors. The average resistance of the conductive yarns before 

fabrication of the CFB-1-20-thick strain sensors was approximately 600 Ω and increased 

to about 8 kΩ, due to the partial penetration of elastomer within the fibres, Table 5-2. 

The initial resistance of the conductive yarns with a lower amount of coated particles 

(CFB-0.3-20-Thick strain sensors) was about 1.1 kΩ and then increased up to 

approximately 35 kΩ, the further comparison in Table 5-2. These observations confirm 

the lower increase in resistance of the conductive yarns for CFB-1-20-thick strain sensors 

after being encapsulated by Ecoflex compared with the other types of strain sensors. 

As discussed in Section 2.5.6.3.2.2, the sensitivity of strain sensors is a crucial parameter 

that can be evaluated by GF. The GFs of the CFB-1-20-thick strain sensors were 

calculated for different strain and displacement rates and were in the range of 1.46 to 

5.62. In general, there exists a wide range of GF values for stretchable strain sensors as 

the effective parameters including the piezoresistive mechanisms, type of active 
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materials, micro/nanostructure of strain sensors and their fabrication process vary [269]. 

The sensitivity of the CFB-1-20-thick strain sensors is comparable with the recently 

reported stretchable strain sensors based on carbonized melamine sponges within PDMS 

composites (GF of 3.3 up to 60 % of stretching) [290],  nylon covered rubber with PDMS 

composites (GF of 2.3 up to 150 % of stretching) and GNPs-coated wool yarns (GF of 

0.3 up to 50 % of stretching) [222], hybrid of SWCNTs/CB within PDMS (GF of 1.25 

up to 120 % of stretching) [291] and graphene nano flakes/adhesive pads (GF of 4 up to 

5 % of stretching) [213]. 

 

Figure 5-27 SEM images of the CFB-1-20-thick strain sensor from top view at the 
boundary of the fractured surface at a) low, b) high magnifications. 

The CFB-1-20-thick strain sensors possess higher sensitivity compared to capacitive-type 

strain sensors that are theoretically limited to GFs≤1 [235,269,292]. However, the issue 

of the frequency dependency of the strain sensors can be considered as a drawback, which 

could be due to the viscoelastic behaviour of the Ecoflex [269]. This issue has also been 

reported for some of the other highly elastic strain sensors [269]. A detailed comparison 

of strain sensing ability of the CFB-1-20-thick strain sensors and recently reported high-

performance strain sensors is shown in Table 5-3 [66,277,288,290,291,293–296].  The 

sensitivity of the three thick structured strain sensors with different initial resistance was 
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compared, Figure 5-26d; the CFB-0.3-20-thick and CFB-1-10-thick strain sensors were 

found to possess similar GFs of 1.28 and 0.96 at ε=10%, respectively. However, the CFB-

1-20-thick strain sensors showed a considerable drop in electrical resistance at the same 

strain level resulting in a higher GF (GF=2.7). Furthermore, an excellent linearity for the 

CFB-1-20-thick strain sensors has been found with R2 = 0.99, which is comparable to 

those of previously reported ones [297–299].  

Five stretching-releasing cycles were performed with various tensile strains at a 

displacement rate of 0.5 mm.s-1 to understand the hysteresis behaviour of CFB-1-20-thick 

strain sensors, Figure 5-26e. Negligible hysteresis in the response of the strain sensor for 

the case of ε = 6% was observed. However, as the amount of the maximum strain 

increased towards 12.5%, larger hysteresis appeared in the response of the sensor, which 

could be due to the hysteresis behaviour of Ecoflex [269]. Even in these cases, the original 

resistance of the CFB-1-20-thick strain sensors was fully recovered at the end of each 

cycle, Figure 5-26e. Shifts in hysteresis curves can be observed as the maximum applied 

tensile strain altered. This could be due to sliding of the ultra-soft strain sensor installed 

on the gripper at higher strains, which could result in contact problem between the strain 

sensor and electrodes [269]. Figure 5-26f shows the hysteresis curves for a CFB-1-20-

thick strain sensor at ε = 10% after five cycles with various displacement rates in the 

range of 0.5-3 mm.s-1. The GFs of the strain sensor became smaller as the strain rate 

increased from 0.5 to 3 mm.s-1, which could be due to the contact problem, as mentioned 

before. In addition, the effect of acceleration at the beginning of each cycle for higher 

strain rate can be noticed in the form of an increase in the resistance change [269].  

Durability test is an integral part of wearable strain sensor characterisations because of 

the complex, large and dynamic strains by various human body movements. Thus, the 

degradation of their electromechanical performance due to fatigue or plastic deformation 

of elastomer or breakage of active materials is not desirable. In other words, a constant 

GF throughout the long-term stretching-releasing tests implies an excellent durability and 

stability performance of a strain sensor. Figures 5-28a,b demonstrate the mechanical 

durability of the CFB-1-20-thick strain sensors that stretched (4 and 8%) and released to 

0% for more than 1000 cycles. The displacement rate for low strain stability test (4%) 

was set to be 3.5 mm.s-1 while the one for higher strain durability test (8%) was 2.75 

mm.s-1. The initial resistance of the CFB-1-20-thick strain sensors slightly decreased after 

the first 100 cycles and then stabilised and remained constant for more than 1,000 cycles 
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showing their good stability. The GFs of the CFB-1-20-thick strain sensors under 8% 

(GF∼ 4.56) and 4% (GF∼ 5.62) of cyclic loading/unloading were almost constant 

throughout the test. In both cases, the electrical resistances dropped by less than 2.5% 

after the durability test, Figure 5-28. The insets of the figures show that the 

electromechanical behaviour was highly reversible in the beginning and towards the final 

cycles for both cases. 

 

 

Figure 5-28 Performance of the CFB-1-20-Thick strain sensors for more than 1000 
cycles at displacement rate of 2.75 mm.s-1 under tensile strain of a) 4% and b) 8%, 
showing its stability and durability. 

Several reports on the durability and stability of the stretchable strain sensors have 

recently been published in the literature. For instance, highly stretchable and 
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ultrasensitive strain sensors based on graphite thin films coated on elastomer films were 

stretched up to 50% for 2000 cycles [223]. Graphene nanoflakes/adhesive pad strain 

sensors have also been stretched and released for 10,000 under 35% of tensile strain 

[213]. A summary of the stability and durability performance comparison of the CFB-1-

20-thick strain sensors with some of the recently reported strain sensors is presented in 

Table 5-3. The durability test results for the CFB-1-20-thick strain sensors confirm that 

they offer good stability and durability under long-term cyclic stretching-releasing loads. 

Another important parameter to assess the performance of strain sensors is response time, 

which shows how fast they could reach the steady state response. To calculate the 

response time of the strain sensor (CFB-1-20-Thick), it was presumed that the strain 

sensor would work as a first-order dynamic system and thus, it was considered: 

𝐶𝐶(𝑆𝑆)
𝛥𝛥(𝑆𝑆)

=
1

𝜏𝜏𝑆𝑆 + 1
                                                                                (5.1) 

where 𝜏𝜏 is the time constant of the system, 𝛥𝛥(𝑆𝑆) and 𝐶𝐶(𝑆𝑆) denote the Laplace functions 

for input and output, respectively. Considering a ramp input for this system, it can be 

defined: 

𝛥𝛥(𝑆𝑆) =
𝑘𝑘
𝑆𝑆2

                                                                                      (5.2) 

Thus, the output can be written as: 

𝐶𝐶(𝑆𝑆) =
𝑘𝑘

𝑆𝑆2(𝜏𝜏𝑆𝑆 + 1)                                                                       (5.3) 

Subsequently, by solving Eq 5.3, it yields: 

𝐶𝐶(𝑡𝑡) = 𝑘𝑘 �𝑡𝑡 − 𝜏𝜏 �1 − 𝑒𝑒−
𝑡𝑡
𝜏𝜏��                                                            (5.4)                                                                                                          

Ramp strain from 0% to 8% with the displacement rate of 6 mm.s-1 was applied to a CFB-

1-20-Thick strain sensor, Figure 5-29a, while the response of the strain sensor was 

measured, Figure 5-29b. Subsequently, the experimental data could have the following 

best fit by using Eq. 5.4: 

𝐶𝐶(𝑡𝑡) = −96.59�𝑡𝑡 − 0.09096 �1 − 𝑒𝑒−
𝑡𝑡

0.09096��                                         (5.5) 
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The time constant (τ) for the strain sensors is approximately 91 ms. Therefore, τ90%, which 

is referred to as the standard response time of the stretchable strain sensors, is found to 

be about 209 ms. Considering unknown delays in measurement, it can be said that the 

actual time constant for the strain sensor could be shorter than this value. The response 

time of the CFB-1-20-thick strain sensors is comparable with some of the recently 

reported stretchable strain sensors, as presented in Table 5-3. For instance, the response 

time periods of AgNWs–PDMS [215] and CNTs–Ecoflex [66] nanocomposites were 

obtained to be 200 and 332 ms, respectively.  

 

Figure 5-29 a) Ramp strain applied to the strain sensor, b) experimental data from the 
CFB-1-20-Thick strain sensors at the displacement rate of 6 mm.s-1 and best fitted curve. 

 

The fast growth of “green” electronics, especially wearable strain sensors, has advanced 

their usage in human body movement detection and human-machine interface 

[225,300,301]. Sensitivity, flexibility, stretchability, cost-effectiveness, fast 

responsiveness, linearity, stability and durability are among the significant factors that 

these wearable sensors should possess. Considering these factors, it can now be 

summarised from these experiments that the CFB-1-20-thick strain sensors are suitable 

for detection of various human body movements, while they take advantage of a simple 

and eco-friendly fabrication process. 
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Table 5-3 Comparison of main performance of the strain sensors and recently reported 
strain sensors 

Strain sensors GF Durability test 
condition Response time 

This study 

(GNPs and CB coated 
Flax bleached 
yarns/Ecoflex) 

5.62 up to 4% 

1000 cycles at 
4% 

1000 cycles at 
8% 

τ90%=209 ms 

CNT fibre/Ecoflex [277] 0.56 at 0-200% 10,000 cycles at 
300% Not shown 

Graphene/rubber [288] 2.4 at 0-1.8% Not shown Not shown 

CNT film/PDMS [293] 0.82 at 0-40% 10,000 cycles at 
200% 24 ms 

Carbonized melamine 
sponges/PDMS [290] 3.3 at 0-60% 10,000 cycles at 

20% Not shown 

CNT/Ecoflex [66] 1.75 2000 cycles at 
300% 332 ms 

SWCNTs/CB/PDMS 
[291] 1.25 at 0-120% 1100 cycles at 

120% 60 ms 

CNT forest/PU [302] 1.33 at 0-300% Not shown Not shown 

AgNWs/Cellulose [65] 2.3-4.3 Not shown Not shown 

Ionic liquid/Ecoflex [303] 1.5-2.75 at 0-
100% 

50000 cycles at 
5 and 100% Not shown 

AgNWs/PDMS [215] 2-14 up to 70% 1000 cycles at 
10% and 40% 200 ms 

Graphene 
nanoflakes/adhesive 

pad [213] 

4-15.2 up to 
100% 

10,000 cycles at 
35% Not shown 

Graphene/nylon covered 
rubber yarns [222] 1.4 up to 150% Not shown Not shown 

Graphene/Wool yarns 
[222] 0.1 up to 150% Not shown Not shown 

Silicone/Conductive 
textile (Capacitive) [235] 1.23 up to 100% 

1000 cycles at 
25, 50, 75, and 

100% 
30 ms 

CB/Ecoflex [292] 1.62-3.37 up to 
500% 

10,000 cycles at 
200% Not shown 
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5.4.1.2. Wearable strain sensors for human body movement detection 

To monitor finger joint movements, a CFB-1-20-thick strain sensor was attached on the 

surface of a laboratory-level Nitrile glove with the aid of a strong double-sided tape, 

Figures 5-30a,b. Both ends of the strain sensor were attached to a DMM to monitor the 

changes in resistance at 25 ms intervals.  

 

Figure 5-30 Photographs showing the bending-holding of a finger with CFB-1-20-thick 
strain sensor attached to the finger joint a) angle of bending is less than 45º, b) maximum 
angle of bending (greater than 45º), c) photographs showing the bending-holding of wrist 
and d) knee joint movements, e) photograph showing the CFB-1-20-thick strain sensor 
attached on the skin (under the white box shown on the clothing) on the chest area for 
breath monitoring, f) photograph indicating the attachment of the CFB-1-20-thick strain 
sensor on the throat for detection of phonation and swallowing. 
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Figure 5-31a demonstrates the change in the resistance of the CFB-1-20-thick strain 

sensor under different bending angles of each finger. First, the finger was bent to a small 

angle (less than 45º) and held for a few seconds; next, it was fully bent (θ = θmax). The 

electrical resistance largely decreased as the finger was fully bent compared with the first 

stage due to the higher induced tensile strain on the strain sensor. After holding for a few 

seconds, the strain sensor was returned back to the straight position where it recovered 

its original resistance. The response of the CFB-1-20-thick strain sensors to the fast 

bending movements of the various fingers can be found in Figure 5-31b. The sensitive 

and fast-responsive CFB-1-20-thick strain sensor exhibited a sudden increase, followed 

by a resistance drop induced by the tensile bending strain. Furthermore, the CFB-1-20-

thick strain sensors monitored the knee and wrist bending movements, Figures 5-30c,d. 

A similar trend for the electrical resistance change was noticed in response to the bending 

of wrist and knee joints, Figure 5-31c.  

Figure 5-31d presents the excellent performance of the CFB-1-20-thick strain sensors 

for respiration monitoring. A CFB-1-20-thick strain sensor was mounted on the chest 

area of a volunteer and his breathing was monitored before and after some exercise, 

Figure 5-30e. When the volunteer stayed in the normal relaxation condition, shallow 

breathing induced low electrical resistance change (less than 3%) whereas the strain 

sensor exhibited a considerable resistance increase (15%) after exercise with apparent 

denser signal peaks, Figure 5-31e. The electrical resistance decreased with the strain 

generated by the chest during breathing. These results demonstrate the excellent 

capability of the strain sensor to detect both shallow and deep breathing in various 

conditions. Figure 5-31e exhibits the capability of the strain sensor to monitor complex 

muscle movements during the pronunciation of letters/words. For this purpose, a CFB-1-

20-thick strain sensor was mounted onto the throat of a volunteer with a double-sided 

tape, Figure 5-30f.  

When the volunteer pronounced the letters “I” and “O”, the strain sensor showed specific 

patterns for each phonation due to the various epidermis movements caused by the 

laryngeal prominence. When the same letters were repeated, almost the same patterns 

were recorded by the strain sensor. Interestingly, the CFB-1-20-thick strain sensor was 

able to consistently detect the word “Hello” each time representing a similar pattern for 

resistance profile, Figure 5-31e. 
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Figure 5-31 Detection of finger movement by the CFB-1-20-Thick strain sensors. a) plots 
indicating the response of the CFB-1-20-Thick strain sensor to bending-holding of each 
finger with regard to the joint degree of bending, b) plots showing the response of a CFB-
1-20-Thick strain sensor to the fast joint movement of each finger, c) detection of wrist 
and knee joints movements by a CFB-1-20-Thick strain sensor. Response to movements 
of d) normal breathing and breathing after exercise, e) pronunciation of English word 
“Hello”, English letters “I” and “O”, and detection of swallowing on the throat. 

 

The fast and sensitive recognition of the phonation presents the potential application of 

the CFB-1-20-thick strain sensors in human-machine interaction and phonation 

rehabilitation exercises. Moreover, a CFB-1-20-thick strain sensor could respond to 

swallowing motion detection on the throat, Figure 5-30f. Figure 5-31e illustrates the 

detection of the swallowing motion in the form of an increase in resistance. This reverse 

tendency in the resistance change was due to the opposite movement of the muscle. It is 

believed from the results that the CFB-1-20-thick strain sensors are capable of detecting 

various responses on the different spots of skins. 

5.4.2. Flexible pressure sensors as touch panel 

A flexible grid-structured nodal pressure sensor (40 mm × 40 mm) was fabricated using 

the conductive flax yarns, as illustrated in Figure 5-32a.  Based on the schematic view 
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of the grids and the nodes, Figure 5-32b, wires of the DMM were connected to the end 

of the conductive yarns of each node and the changes in resistance of the sensor under 

applied finger pressure were measured. The magnitude of changes in resistance altered 

by the amount of pressure. 

 

 

Figure 5-32 a) Photograph of the flexible grid structured nodal pressure sensor skin when 
fingertip is applying pressure on Node 2 and the DMM wires are connected to nodes 1 
and 2 (Active nodes: 1 & 2, Resistance profile: Nodes 1-2), b) schematic illustration of 
the grid and the corresponding node number, c) resistance change profile of the flexible 
grid-structured pressure sensor for various active nodes. 

 

Figure 5-32c exhibits that as the applied pressure increased by a fingertip on one of the 

active nodes, the yarns became more entangled resulting in a major drop in resistance; 

whereas the moderate and slight pressure by the fingertip led to lower levels of resistance 

change. The results for other nodes showed a similar behaviour, Figure 5-32c. These 

results support the fact that the flexible grid-structured nodal pressure sensor can function 

well regardless of the magnitude of applied force. 

5.5. Summary 
In summary, a novel coating technique to fabricate electrically conductive NFYs using 

an ultrasonication bath equipment has been introduced. Highly conductive flax based 

yarns (~5.8 S.cm-1) have been produced by utilising a simple, environment-friendly and 
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cost-effective fabrication process. For comparison, synthetic GFs were coated with CB 

particles and their electrical conductivity was found to be quite lower than flax based 

yarns. This was mainly due to the absence of functional groups on the surface of synthetic 

fibres to form percolated networks of particles on their surface. 

Later, sandwich-structured flexible and stretchable strain sensors were developed with 

variation in the thicknesses of elastomer and various levels of initial resistance of the 

conductive FB yarns. The strain sensors possessed GFs in the range of 1.46-5.62 

depending on the values of applied strains and displacement rates. The strain sensors 

outperformed some of the reported strain sensors in terms of linearity up to 40% of strain 

and response time. The strain sensors were capable of monitoring various human 

movements with large and small strains, such as finger, wrist, knee joint movements, 

breathing, speaking and swallowing.  

Furthermore, a highly sensitive grid-structured nodal pressure sensor was manufactured 

to detect the applied pressure by fingertips. It can be concluded from the results that the 

wearable strain sensors and pressure sensors are effectively able to detect various 

movements on a human body. 

Although the strain sensors performed well in the detection of various the human body 

movements, their stretchability and sensitivity were still limited. Therefore, this provided 

a motivation towards finding to find an architecture to lead to higher values of 

stretchability and sensitivity for the strain sensors, which is explained in the next chapter. 
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Chapter 6. Conductive Cotton and Wool Fabrics 
and Their Applications as Multifunctional 
Electronic Devices 
 

The published paper below is the outcome of the research described in this chapter: 

• H. Souri, D. Bhattacharyya, Highly Stretchable Multifunctional Wearable 
Devices Based on Conductive Cotton and Wool Fabrics, ACS Appl. Mater. 
Interfaces. 10 (2018), 20845–20853. 

 

6.1. Introduction 
In the previous chapter, electrically conductive flax yarns were developed through a novel 

coating techniques using an ultrasonication bath equipment. Later, the highly conductive 

NFYs were incorporated into a highly elastic substrate to fabricate flexible strain sensors 

and grid-structured nodal pressure sensors. Although the strain sensors showed good 

performance in terms of durability, flexibility and detection of human body movements, 

their stretchability and sensitivity were limited. In particular, flax yarns had lower 

stretchability compared to some of the other NFY/Fs, such as cotton or wool.  

Here, cotton and wool were utilised to examine the possibility of using the ultrasonication 

bath technique for large-scale production of conductive natural fabrics. These fabrics 

were chosen because they were both commonly used natural materials and possessed 

good softness combined with flexibility and stretchability [150,304,305]. 

In accordance with the literature review in Chapter 2, there have been very limited 

studies on exploiting CWFs for stretchable and wearable electronic devices. Moreover, a 

research gap exists in developing CWF and CCF based multifunctional devices that can 

simultaneously function as wearable, stretchable and sensitive strain sensors, as well as 

high-performance wearable heaters with the aid of hybridised GNPs and CB as active 

materials. Therefore, in this part of research, sandwich-structured stretchable and 

wearable multifunctional devices based on highly CCFs and CWFs were developed with 

focusing on the improvement of the sensing performance of the devices, especially their 

sensitivity and stretchability.  
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6.2. Materials and methods 

6.2.1. Preparation of materials 

Commercially available cotton cloth (measured fabric thickness ~ 0.55 ± 0.05 mm, 

measured yarn diameter ~ 223.9 ± 27.4 µm, measured fibre diameter ~ 15.1 ± 0.8 µm,  

area density ~ 0.22 kg/m2) and wool (measured fabric thickness ~ 0.7 ± 0.06 mm, 

measured yarn diameter ~ 509.7 ± 34.1 µm, measured fibre diameter ~ 49.8 ± 4.6 µm, 

area density ~ 0.38 kg/m2) fabrics were locally purchased as products of ALSCO and 

Inter-weave Ltd, New Zealand, respectively, Figure 3-1.  

GNPs and CB, as explained in Section 3.1.1.2, were utilised to prepare the DI water based 

conductive dispersions with the aid of SDBS. The two components of Ecoflex (0030) 

were employed to fabricate the flexible and stretchable multifunctional wearable devices. 

More details related to these materials can be found in Section 3.1.1. 

6.2.2. Fabrication process of conductive natural fabrics using ultrasonication  

Here, a 1wt.% hybrid system of GNPs and CB (1:1 by weight) well-suspended in DI 

water was prepared following the previous procedure, Section 5.2.2. It was found through 

trial and error that the dispersions with the SDBS/hybrid of GNPs and CB ratio of 1:3 

formed more cracks within the coatings after drying process, Figure 6-5. This could 

effectively enhance the sensitivity of the flexible strain sensors under tensile strains, 

which will be explained later, Section 6.3.3.1.  

The neat cotton and wool fabrics of dog bone shape, Figure 6-1, with dimensions of 100 

mm (total length) × 6 mm (width) were put into an ultrasonication bath equipment 

(TECHSPAN S30H, 100 W, 60 Hz) loaded with a well-suspended hybrid of GNPs/CB 

particles in DI water. The coating process lasted for 20 min to obtain highly conductive 

fabrics. Finally, the coated fabrics were removed from the bath and placed on a piece of 

tissue to remove the residual water and then, were fully dried in an oven at 110 °C for 1 

h.  

6.2.3. Fabrication of highly stretchable and flexible multifunctional devices 

Figure 6-1 illustrates the fabrication process of the proposed multifunctional wearable 

devices based on the CCFs and CWFs. First, the two components of Ecoflex were 

completely mixed with a ratio of 1:1 (by volume). Next, the mixture was poured into a 

mould up to ~1.5 mm in thickness. For curing, the mould was moved into an oven and 

remained at 90 ºC for 45 minutes.  
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Figure 6-1 Schematic view of the fabrication process of the multifunctional devices 

Following cure, the conductive dog-bone shaped fabrics were attached on the upper 

surface of the Ecoflex substrate and then, a fresh mixture of Ecoflex was added from the 

top of the fabrics to fill the mould with the thickness of 4 mm. Finally, the prepared 

devices were demoulded after curing under similar conditions (45 min at 90 ºC). The 

stretchable and flexible multifunctional devices are shown in Figure 6-2. In the case of 

wearable heaters, the first substrate thickness was about 1 mm and the final thickness of 

the devices was lowered to be ~2.5 mm to reduce the level of electrical resistance of the 

devices and fasten the heat transfer to the surface of the devices. 

 
Figure 6-2  Photographs of the flexible, stretchable and wearable multifunctional devices 

6.2.4. Characterisation of the CCFs and CWFs 

The study on the surface morphology of the CCFs and CWFs was carried out using SEM 

(HITACHI SU-70) images after platinum sputtering. The surface resistance of the 

samples after drying was measured using a two-point probe method, Section 3.3.1.1, 

from both ends of the samples five times using a DMM (Keithley 2100). TGA of the 

pristine and conductive fabrics was performed by a TA instrument (Q5000 model) in a 
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N2 atmosphere with a temperature ramp of 10 °C.min−1 up to 800 °C. All measurements 

were taken at the room temperature. 

6.2.5. Characterisation of the stretchable and wearable multifunctional devices 

The electromechanical performance of the devices was evaluated by gripping the samples 

on a motorised moving stage to understand their sensing behaviour in stretching-releasing 

cycles, Figure 6-3. The displacement rates and the applied strain profiles were 

controllable while the resistance data was stored using a DMM (Keithley 7510). The 

applied cyclic tensile strains ranged from 25 to 100 % while the displacement rates were 

set to be 3, 5, 10 and 15 mm.s-1 depending on the tests. The durability tests were carried 

out for more than 1000 stretching-releasing cycles under 75% of applied tensile strain on 

the same motorised moving stage. Prior to the durability tests, the devices were stretched 

up to 200% for 5 cycles for training. 

 

Figure 6-3 A strain sensor gripped with the motorised moving stage; a) before stretching, 
b) while stretching. 

The electrothermal behaviour of the devices was characterised by applying various input 

voltages using a power supply (Agilent E3649A) and simultaneous monitoring of the 

resultant temperature on the surface of the wearable heaters using a thermometer 

(CENTER 309 data logger thermometer). An infrared camera (FLUKE Ti20) was used 

to observe the temperature over the surface of the devices. Moreover, the changes in 

temperature at a constant applied voltage (50 V using Agilent E3649A) between the both 
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ends of the strain sensors (thickness of the samples = 4 mm) was monitored by using a 

thermometer while various strains were applied on the strain sensors by the motorised 

moving stage. All the measurements were carried out at room temperature. 

6.3. Results and discussion 

6.3.1. Electrical characteristics and surface morphology   

After drying process, the surface resistance of each sample was measured five times using 

a two-point probe method between both ends of the sample. The surface resistances of 

the CCFs and CWFs were found to be 286.54 ± 24.23 and 232.15 ± 35.21 Ω, respectively. 

SEM images from the surface of the neat fabrics and their single fibres are shown in 

Figure 6-4.  

 
Figure 6-4 SEM images of the neat materials; a) surface of plain weave wool fabric and 
b) its single fibre, c) surface of plain weave cotton fabric, and d) its fibres.  

The SEM images of the coated fabrics revealed that the hybrid of GNPs and CB particles 

could cover the surfaces of the CCF and its single fibre, as shown in Figures 6-5a,b, 

respectively. Covering the surfaces and its single fibre leads to the formation of 

compacted networks of conductive particles within the fabric. These networks of particles 

were mainly formed within the CWF (Figure 6-5c) and on its single fibre (Figure 6-5d).  
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Figure 6-5 SEM image related to the surface of the a) CC; and b) coated carbon 
nanoparticles coated on a single cotton fibre; SEM image related to the surface of the c) 
CWF; and d) coated carbon nanoparticles coated on a single wool fibre. 

Unlike zero-dimensional (e.g. metal nanoparticles) or one-dimensional (e.g. CNTs) 

conducting materials, the hybrid of high aspect ratio GNPs and large CB particles have 

relative strong interaction with the surfaces of the fabrics and their single fibres via 

mechanical interlocking and hydrogen bonding or electrostatic interaction. The SEM 

observations clearly confirm the presence of closely compacted carbon nanoparticles on 

the surfaces and within the fibres, resulting in a low level of surface resistance for the 

fabrics coated via ultrasonication technique. The low level of electrical resistance and 

cost-effectiveness of the CCFs and CWFs make them superior materials to develop 

wearable strain sensors. The initial resistances of the strain sensors based on CCFs and 

CWFs were measured using a two-point probe method. The initial resistances of the 

samples was found to be 1.95 ± 0.31 and 1.22 ± 0.15 kΩ, respectively. It can be noticed 

that the overall resistance of the CCFs and CWFs increased when they were encapsulated 

within Ecoflex layers. This could be due to the penetration of the liquid elastomer within 

the yarns of the fabrics and coatings, as demonstrated in the cross-sectional SEM images 

of CW and CC strain sensors, Figure 6-6. 
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Figure 6-6 Cross sectional SEM images of the multifunctional devices; a) CC strain 
sensor, b) CW strain sensor, c) CC heater, and d) CW heater.  

6.3.2. Electromechanical characterisation of the multifunctional devices 

The electromechanical performance of the fabricated strain sensors was investigated 

under five stretching-releasing cycles at the displacement rate of 3 mm.s-1. Both CC and 

CW strain sensors showed a noise-free response accompanied by negligible drift for 

various applied strains (25, 50, 75, and 100%), as illustrated in Figures 6-7a,b. One can 

clearly observe the ascending pattern of resistance changes of the strain sensors as the 

applied strain increases. The CC strain sensors showed relatively high resistance change 

at a specified applied tensile strain, indicating their higher sensitivity. For instance, the 

CC and CW strain sensors showed about 180 and 60 % of resistance change in response 

to 100% of applied tensile strain, respectively. This means that the CC based strain 

sensors possess higher sensitivity than CW strain sensors. This behaviour can be 

explained as follows: a conductive network was formed on the surface of the cotton fabric 

after the coating process, while particles tended to penetrate within the wool fibres, 

Figures 6-5a,c. This could be due to the higher porosity of the wool fabric compared to 

the cotton fabric, Figure 6-4. The already existing cracks within the percolated networks 

of carbon particles on the top surface CC after curing process can gradually propagate 
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under the applied tensile strain, resulting in a higher relative change of resistance for these 

strain sensors compared to the CW strain sensors, Figure 6-5a.  

 

Figure 6-7 Electromechanical performance of the strain sensors; a) relative changes of 
resistance versus different strains under cyclic stretching–releasing at displacement rate 
of 3 mm.s-1 for CC strain sensors and b) for CW strain sensors. Relative resistance 
variations under cyclic stretching–releasing with a strain of 75% at displacement rates of 
3, 5, and 10 mm.s-1 for c) the CC strain sensors, and d) for the CW strain sensors. 

 

It is important to explain the resistance change patterns of the strain sensors where they 

can be separated by three different regions, Figure 6-7. In the first region, the resistance 

increased with the applied tensile strain, whereas in the second, the resistance slightly 

decreased, followed by a slight increase in the third region. Finally, the resistance of the 

strain sensors decreased when they were unloaded. The strain sensors showed similar 

electromechanical behaviour to some of the recently reported strain sensors made with 

conductive textiles [192,306]. This phenomenon could be interpreted by understanding 

the deformation of CCF and CWF structure under tension. The conductive particles in 

CCFs and CWFs have contact with each other on the surface of the fibres. Initially, the 

area of the contact points within the fabric decreased as the applied tensile strain was 

increased, resulting in an increase in the resistance (first region). 

In the first region, the growth of cracks within the conducting layer on the top surface of 

CC strain sensors under tensile strain additionally resulted in a larger relative resistance 

change compared to that of a CW strain sensor, Figure 6-5a.  In the second region, the 
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contact area and the force between the contact points increased by increasing the tensile 

strain, thereby reducing the contact resistance (Rc) and the overall resistance [192,306].  

 

Figure 6-8 a) Relative changes of resistance versus strain under cyclic stretching–
releasing at displacement rate of 5 mm.s-1 for CC strain sensors and b) for CW strain 
sensors; c) the relative changes of resistance versus strain under cyclic stretching–
releasing at displacement rate of 10 mm.s-1 for CC strain sensors and d) for CW strain 
sensors. 

This phenomenon may be supported by Holm’s contact theory, in which Rc is defined as 

follows: 

                                                                    𝛥𝛥𝑖𝑖 =
𝛥𝛥
2
�𝜋𝜋 𝐻𝐻
𝑛𝑛 𝑃𝑃

                                                                     (6.1) 

where Rc, n, ρ, H and P denotes the contact resistance between neighbouring paths in the 

fabric, the number of contact points, the electrical resistivity of the coated yarn, the 

hardness of the material and the pressure made by contacts, respectively. Among these 

parameters, the resistivity and the hardness of the materials can be considered as a 

constant value for a specific material. Therefore, Rc decreases when more contact points 

are formed in the fabric due to the increased pressure by the applied tensile strains. With 

further increment in tensile strain, crack growth in the conductive coatings networks, as 
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well as fractured fibres, appeared in the fabric structure. Crack formation resulted in a 

resistance increase of the strain sensors before removing the load (third region) [76,192].  

The electromechanical responses of the CC and CW strain sensors at different strain 

levels with displacement rates of 5 and 10 mm.s-1 are shown in Figure 6-8. The response 

of the CC strain sensors to different displacement rates at a specified tensile strain (75 %) 

is demonstrated in Figure 6-7c. The relative resistance change of the strain sensors 

exhibited almost constant values within the range 3-10 mm.s-1. Moreover, the CW strain 

sensors possess a similar behaviour with regard to the same displacement rates, Figure 

6-7d. The responses of the CC and CW strain sensors to stretching-releasing cycles up to 

100 and 150% at various displacement rates (3-10 mm.s-1) are exhibited in Figure 6-9.   

These results indicate that the performance of the strain sensors has no dependency on 

the displacement rates.  It also can be observed that the resistance changes are not 

dropping at high strain values (150%), which is due to the breakage of the fibres within 

the fabric. Thus, continuous increase in resistance of the fragmented fabric is observed. 

Figure 6-10a shows a typical plot of resistance change versus applied tensile strain up to 

150% when the displacement rate was set to be 3 mm.s-1.  Both types of the strain sensors 

exhibited a monotonic enhancement in resistance with the increment of applied strain. 

The plot can be divided into two linear parts. The CC strain sensors showed higher 

resistance change and therefore, higher GFs after about 125% of strain whereas the CW 

strain sensors remained almost constant. This behaviour could be due to the propagation 

of more cracks and fracture points within the conducting networks on top and within CCF 

compared to the CWF.  
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Figure 6-9 Relative resistance variations under cyclic stretching–releasing at 
displacement rates of 3, 5, and 10 mm.s-1 for the a) CC strain sensors at 100%, b) CW 
strain sensors at 100%, c) CC strain sensors at 150%, and d) CW strain sensors at 150%. 

 

As mentioned earlier, cracks exist within the conducting layer on the top surface of the 

CCF, Figure 6-5a. The gap between the cracks gradually increases upon stretching. The 

large gap between the cracks and subsequent fracture of the cotton fabric can cause a 

great increase in the relative resistance change after applying 125% of tensile strain. In 

contrast, the percolated networks of CW strain sensors were mainly within the fibres and 

did not show a significant change in their resistance even at a high level of tensile strain. 

It can be clearly noticed that the sensitivity of the CC strain sensors outperforms the CW 

ones. The GFs ranged within 1.67-6.05 for CC strain sensors while those of CW strain 

sensors were below 0.5. Overall, the sensitivity of the strain sensors was higher than some 

of the recently reported strain sensors, as presented in Table 6-1 [66,293,307]. Moreover, 

it can be clearly noticed that the CC based strain sensors showed significant improvement 

compared to the flax based strain sensors, Section 5.4.1, in terms of the sensitivity.  
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Figure 6-10 a) the relative resistance changes for the strain sensors up to 150% of tensile 
strain, b) hysteresis curves of 5 stretching–releasing cycles up to various tensile strains 
for CC strain sensors, c) wool strain sensors; d) performance of the CW strain sensors 
under 1000 cyclic stretching–releasing up to 75% of tensile strain at 15 mm.s-1, indicating 
their stability and durability. 

More electromechanical tests were conducted by applying five stretching-releasing 

cycles at different strain levels (25, 50, 75 and 100 %) at the displacement rate of 3 mm.s-

1 to understand the hysteresis characteristics of the strain sensors, Figures 6-10b,c. This 

figure indicates the hysteresis loops related to the five cycles of stretching-releasing. 

Overall, negligible hysteresis in the response of the strain sensors was found up to 50% 

of strain; however, one can notice that further hysteresis appeared in the response of the 

strain sensors as the applied percentage strain increases up to 100%. This could be due to 

the viscoelastic characteristics of Ecoflex. The original resistances of both types of the 

strain sensors were fully recovered at the end of each cycle even at high level of strains 

(75 to 100%).  

Figure 6-10d exhibits the response of the CW strain sensors under 1000 cycles of 

stretching-releasing up to 75% of tensile strain at the displacement rate of 15 mm.s-1. 

Prior to this test, the sample was subjected to training (up to ε=200% for 5 cycles). This 

could result in fractures within the structure of the fabric and increasing the resistance 

change level of the CW strain sensors. This increased their GFs to a maximum level of 

4.26. The CW strain sensors could display stable properties of 1000 cycles with a 

negligible drift in resistance change profile throughout the test. The pattern of the 

resistance change profile remained similar during the test, Figure 6-10d.  
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Table 6-1 Comparison of the performance of the strain sensors with the recently reported 
ones in the literature 

Strain sensors Reported strain 
range (%) GFs Durability 

This work (GNPs and 
CB coated cotton or 

wool/Ecoflex) 

CC: 150% 

CW: 150% 

CC:1.67-20.4 

CW:0.4-4.26 

1000 cycles at 
75% for CC and 
CW based strain 

sensors 

Carbonized melamine 
sponges/PDMS [290] 100% 3.3-18.7 10,000 cycles at 

20% 

CB/PDMS [307] 10% 1.8-5.5 Not shown 

CB/Ecoflex [308] 400% 3.8 1000 cycles at 
100% 

CNT film/PDMS [293] 280% 0.82 10,000 cycles at 
200% 

CB/Elastomer [309] 80% 20 3600 cycles at 
80% 

AgNWs/PEDOT:PSS/PU 
[310] 100% 1.07-12.4 1000 cycles at 

30% 

AuNWs/latex rubber 
[311] 350% 6.9-9.9 1000 cycles at 

50% 

CNTs/Ecoflex [66] 500% 1-2.5 2000 cycles at 
300% 

 

A similar test was carried out for the CC strain sensors under the same conditions. There 

was a significant increase in the resistance change value leading to the GFs of 20.4 in the 

last cycles, Figure 6-11. Unlike CW strain sensors, CC sensors exhibited higher 

resistance change. This could be due to the formation of more cracks within the 

conducting layer on the top surface of the CCF and evolution of the existing fractured 

areas within the CCF after the initial training. This resulted in a gradual increase of the 

relative resistance change for the CC strain sensors. Nevertheless, the CWFs, which 

possess higher stiffness compared to CCFs, showed a consistent relative resistance 

profile. This indicates that there were fewer cracks on the top surface of CWFs compared 

to CCFs and less fractured fibres formed in CWFs during initial training and durability 

testing. 
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From these results, it can be summarised that the CC based strain sensors offer higher 

sensitivity and lower hysteresis compared to the CW based strain sensors. Both strain 

sensors exhibited excellent durability and large stretchability; however, the CW strain 

sensors showed negligible drift compared to CC strain sensors. Both strain sensors had 

no dependency on the displacement rate of applied tensile strain. One can clearly 

distinguish the improvement of the fabric based strain sensors compared to the developed 

flax yarn based strain sensor, Section 5.4.1. Their performance in monitoring various 

human body movements was investigated to analyse their application as wearable strain 

sensors. 

 

 

Figure 6-11 Performance of the CC strain sensors under 1000 cyclic stretching–releasing 
loading at 15 mm.s-1. 
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6.3.3. Applications of the multifunctional flexible devices  

6.3.3.1. Flexible, stretchable and wearable strain sensors with high sensitivity for 

human body movement detection 

The movements of different finger joints were monitored by both types of strain sensors 

attached on the surface of a laboratory-grade Nitrile glove on a volunteer’s finger. A piece 

of strong double-sided tape (3M) was used to make sure that the strain sensors would not 

slide during finger movements, Figures 6-12a,b. The resistance data were stored every 

25 ms through the connection of a DMM to both ends of the strain sensors.  

 

Figure 6-12 Photographs exhibiting the bending-holding of a volunteer’s finger with the 
strain sensor attached on the finger a) straight position, b) angle of bending is greater than 
45°. Photographs indicating the bending-holding of a volunteer’s c) knee and d) wrist 
joint movements. 
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The responses of CW and CC strain sensors to the fast bending movements of the various 

fingers are shown in Figures 6-13a,c, respectively. Similar to the results of cyclic 

stretching-releasing tests, the resistance change profiles demonstrate an increase in 

resistance with bending fingers. This was followed by a slight decrease due to the drop 

in contact resistance between the neighbouring fibres (Rc) when the fingers were bent 

further. Further increment in resistance appeared when the fingers were fully bent before 

the final drop in resistance due to the straightening of the fingers. A similar trend was 

observed for all related resistance change profiles in response to the bending of fingers at 

a fast rate. The relative resistance changes of the CW and CC strain sensors under 

different bending angles for each finger are demonstrated in Figures 6-13b,d, 

respectively.  

 

Figure 6-13 Detection of large-strain human body movements (finger movements) by 
the strain sensors; a) plots showing the response of a CW strain sensor to the fast 
movements of each finger’s joints, b) plots indicating the response of the CW strain 
sensors to bending-holding of each finger with regard to the joint degree of bending, c) 
plots showing the response of a CC strain sensor to the fast movements of each finger’s 
joints, d) plots indicating the response of the CC strain sensors to bending-holding of 
each finger with regard to the joint degree of bending, e) detection of knee joint 
movements by the strain sensors, and f) monitoring the wrist bending movements by the 
strain sensors.    
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Initially, the volunteer’s finger was slightly bent (θ < 45º) and held for a few seconds, 

resulting in a slight increase in resistance of the strain sensors; next, it was fully bent such 

that a further increment in the resistance profile appeared. Finally, the resistance of the 

strain sensors recovered their original values when the finger was straightened. The 

sensors were able to fully detect the large strain movements caused by bending the knee 

and wrist of the volunteer, Figures 6-12c,d. Figures 6-13e,f demonstrate the resistance 

change profiles of the strain sensors similar to those of obtained for finger joint 

movements.  

6.3.3.2. Sound signal detection 

The sound signals recognition from a speaker was evaluated by the strain sensors. For 

this test, both types of strain sensors were attached by a piece of highly adhesive double-

sided tape on a speaker and a DMM was connected to the strain sensor to record the data. 

Figures 6-14a,b illustrate the corresponding resistance change signals generated by CW 

and CC strain sensors when a unique track was played on the computer.   

Both strain sensors responded synchronous to the sound wave of the played track and 

most of the characteristic peaks were recognised. More distinct output signals for CW 

strain sensors can be observed compared to those of CC strain sensors.  This behaviour 

could be due to the higher sensitivity of CW strain sensors at very low strain levels 

compared to those of the CC strain sensors. The response of both strain sensors under a 

low tensile strain level but at a high displacement rate (10 mm.s-1) was investigated. High 

displacement rates could induce sudden acceleration on the strain sensors and simulate 

their performance when detecting the music beats.  The plots of relative resistance change 

versus applied tensile strain (up to 0.5 %) for both CC and CW strain sensors are shown 

in Figure 6-14c. It can be noticed that the plots for CW and CC strain sensors can be 

divided to two linear regions with GFs of 7.23 and 3.17 between 0-0.057 % and 1.89 and 

1.84 between 0.057-0.5%, respectively. Higher GFs for CW strain sensors under very 

low strain level (0.05%) show their ability to detect minor beats in a played music track 

with higher sensitivity, leading to higher peaks in the output signals.  
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Figure 6-14 Plots showing the responses of our a) CC, b) CW strain sensors to a unique 
played track, when installed on a speaker (as shown in the inset), and c) plots showing 
the GFs of CC and CW strain sensors at the displacement rate of 10 mm.s-1 up to ε=0.5%. 

6.3.3.3. Flexible, stretchable and wearable heaters  

Another interesting potential application of the multifunctional devices is wearable 

heater. For the purpose of manufacturing a heater, a similar fabrication process to the 

wearable strain sensors was followed, though the thickness of the heater devices was 

reduced to ~2.5 mm. The SEM images from the cross-section of the wearable heaters 

clearly show a relatively lower thickness of the heater devices compared to that of strain 

sensors, Figures 6-6c,d. The initial resistance of the CW and CC wearable heaters 

between both ends of the samples were found to be 0.52 ± 0.03 and 1.19 ± 0.04 kΩ, 

respectively.  
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6.3.3.3.1. TGA 

Prior to the electrothermal testing, TGA for CCFs and CWFs was conducted to 

understand the decomposition temperature of the fabrics. The TGA graphs of the pristine 

and conductive fabrics under N2 atmosphere are shown in Figure 6-15. The results 

indicate an initial weight loss for all of the samples due to the presence of stored water 

[312]. Major weight loss can be seen in both cotton and CCFs at about 350 °C; on the 

other hand, the wool and CWFs showed their major loss in weight at about 250 °C. 

Overall, cotton fabrics exhibited more than 98% of weight losses up to 800 °C whereas 

the coating could decrease the weight loss to about 94%. The weight loss during the 

pyrolysis up to 800 °C were almost 80% and 71% for wool and CWFs, respectively. The 

higher amount of residuals for wool and CW after the TGA test is due to the formation 

of char. Moreover, one could notice that lower weight loss was obtained for the CCFs 

and CWFs compared to the neat fabrics due to the presence of carbon particles. The 

results indicate the thermal stability of the fabrics in the working temperature range of 

the wearable heaters.  

 

Figure 6-15 TGA thermograms of various fabrics, indicating their thermal behaviour up 
to 800 °C.  

6.3.3.3.2. Electrothermal characterisations for the heaters 

Figures 6-16a,b indicate the typical time-dependent surface temperature changes of the 

CW and CC heaters under constant input powers of 0.32, 0.72, 1.28 and 2.05 W for 10 

minutes. The plots can be divided into three phases that includes elevating temperature 

(heating process), steady-state temperature (equilibrium) and decaying temperature 
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(cooling process). It can be noted that the CW and CC heaters could reach their steady-

state temperatures in less than 150 s with the highest input power of 2.05 W. It is worth 

noting that the presence of the elastomer could delay the heating stage reaching the 

steady-state temperature due to its low thermal conductivity [192]. After the steady-state 

stage, the power supply was switched off, allowing the heaters to naturally cool down to 

the ambient temperature for 5 minutes.  Almost similar maximum temperatures of 93.4 

and 97.2 °C with the applied input power of 2.05 W were obtained for the CW and CC 

heaters, respectively. The slight differences in the maximum temperatures of CC and CW 

heaters for each input power could be due to the slight differences in the thickness of the 

active materials.  

 

 

Figure 6-16 Time-dependent temperature changes of a) CW and b) CC wearable heaters 
under various input power (0.32, 0.72, 1.28, and 2.05 W).  c) Cyclic electrothermal 
performance of c) CW and d) CC heaters under zero tensile strain under applied current 
of 50 mA, showing the heating stability of the wearable heaters. e) Elevation of the 
temperature of a CW strain sensor (resistance ~ 1.2 kΩ) under stepwise strains of 0−40% 
at a constant dc voltage of 50 V, and f) elevation of the temperature of a CC strain sensor 
(resistance ~ 1.9 kΩ) under stepwise strains of 0−50% at a constant DC voltage of 50 V. 
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The cyclic electrothermal tests for these heaters under similar constant applied current 

were performed for more than 10 cycles, Figures 6-16c,d. The initial temperature of the 

devices was set to 30 °C by running a trial cycle. The heaters were then Joule heated for 

30 s under an applied current of 50 mA, followed by a natural cooling process to the 

initial temperature (30 °C). The CC heaters showed a stable dynamic electrothermal 

behaviour with the maximum temperature of approximately 70.5 °C at each cycle by the 

input power of 3 W whereas the CW heaters showed lower surface temperature (~40 °C) 

during Joule heating at each cycle due to a lower level of input power (1.25 W). The 

difference in the input power is due to the variation in the resistance level of the heaters. 

The natural cooling process to the initial temperature took approximately 150 and 90 

seconds in each cycle for CC and CW heaters, respectively. The natural cooling process 

was mainly from the surface of Ecoflex and hence an almost identical cooling time for 

each cycle of each heater was found.  

Further investigations on these multifunctional devices were carried out to understand the 

effect of applied tensile strain on their electrothermal behaviour. For this purpose, the 

highly stretchable CC and CW strain sensors were utilised with the initial resistance of 

1.95 ± 0.31 and 1.22 ± 0.15 kΩ, respectively, to stretch them on a motorised moving stage 

while they were subjected to an input voltage of 50 V. Simultaneously, the surface 

temperature was monitored using a thermometer. Figure 6-16e presents the temperature 

profile of a CW strain sensor under 0, 20 and 40% of strains. It can be noticed that the 

maximum surfaced temperature reached to 91.6 °C at 0% strain; the surface temperature 

of the CW strain sensor increased to 100.7 °C by 20 % of tensile strain. Further tensile 

strains on the sample up to 40 % resulted in the maximum surface temperature of 114.6 

°C. On the other hand, the temperature profile of a CC strain sensor showed the maximum 

temperature of 78.8, 80.9, 83.7 and 90.1 ºC under applied tensile strains of 0, 10, 30 and 

50 %, respectively. The results indicate the stable electrothermal characteristics of the 

multifunctional devices under various applied tensile strain with a relatively small 

variation, as shown in Figure 6-16f. In contrast to the recently reported stretchable 

heaters [64,266], the surface temperature of the multifunctional devices was elevated 

under applied tensile strains. The increase in temperature of the stretchable 

multifunctional devices could be due to the resistance variations patterns under external 

tensile load, as outlined previously. Most of the previous studies in the literature reported 

decaying temperature under applied tensile strains, whereas the multifunctional devices 
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show almost stable electrothermal performance under large tensile strains. Overall, the 

electrothermal performance of the wearable heaters is comparable to those recently 

reported ones, as listed in Table 6-2. The CW and CC heaters were also fixed onto a 

volunteer’s wrist to demonstrate the distribution of temperature of the wearable heaters 

with the aid of an infrared camera, Figure 6-17. Both heaters generated a uniform surface 

temperature profile on their surfaces after reaching a steady-state temperature. However, 

higher temperatures can be observed around the location of electrodes due to the 

generated heat by the contact resistance between the electrodes and heaters.  

Table 6-2 Comparison of the performance of the heaters and previously reported heaters. 

Heaters/Active materials 
Reported 

Applied Voltage 
(V) 

Maximum 
Temperature 

(ºC) 

Temperature 
variation by 
deformation  

This work  

(GNPs and CB coated 
Cotton or Wool /Ecoflex) 

CC:50 

CW:29.6 

CC:97.2 

CW:93.4 

CC: From 78.8 ºC 
to 90.1 ºC under 
50% of tensile 

strain 

CW: From 91.6 ºC 
to 100.7 ºC under 

20% of tensile 
strain 

Graphene [313] 60 150 Not shown 

Graphene-AuCl3 [266] 12 100 5 ºC dropped by 4% 
applied tensile strain 

CNT/Cotton [191] 40 50 Not shown 

MWCNTs [314] 40 100 Not shown 

 

 

Figure 6-17 IR images demonstrating the temperature distribution on the surface of the 
a) CC and b) CW heaters, when attached on a volunteer’s hand. 
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Figure 6-18 indicates the tendency of Tmax to the increment of input power. A linear 

relationship between the Tmax and the input power values (Pin = V2/R) can be seen. Here, 

Pin is the value for the input electric power for each input voltage (V) and R represents the 

electrical resistance between the electrodes [267].  

 

Figure 6-18 Steady-state maximum temperatures (Tmax) of CC and CW heaters as a 
function of the input electric power (Pin). 

 

By fitting a tread-line, Tmax can be well-defined with regard to the input power using Eq. 

(6.2) and (6.3), for CC and CW heaters, respectively:  

                                                𝑃𝑃𝑖𝑖𝑖𝑖 = 35.15(𝑇𝑇𝑚𝑚𝑡𝑡𝑚𝑚) + 25.91                                            (6.2) 

                                               𝑃𝑃𝑖𝑖𝑖𝑖 = 34.15(𝑇𝑇𝑚𝑚𝑡𝑡𝑚𝑚) + 24.14                                            (6.3)  

Both heaters showed excellent electrothermal behaviour working at a low range of input 

power. Almost similar electrothermal behaviour was observed by both heaters in terms 

of maximum steady-state surface temperature by identical input power. The absence of 

any major variations in maximum and minimum temperatures in dynamic heating 

performances demonstrates the high stability of both heaters. Based on the results, it can 

be said that the developed multifunctional devices have great potential as stretchable and 

flexible heaters for wearable thermal-therapy and heating element devices.  
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6.4. Summary 
In this chapter, a simple, cost-effective and scalable ultrasonication bath technique to 

develop highly stretchable multifunctional wearable devices has been presented using 

electrically conductive natural materials. It has been shown that this coating technique 

could be easily scaled up. CCFs and CWFs have been encapsulated within two layers of 

elastomer to fabricate the multifunctional devices. 

Strain sensors with GFs up to 20.4 and high stretchability (applied strain more than 100%) 

were achieved.  The strain sensors possess stability, low hysteresis characteristics, good 

sensitivity and high durability at high strain levels. They can also detect various human 

body movements and sound waves, making them suitable for human-machine 

interactions electronics. The results have shown that the CC strain sensors can outperform 

CW and FB based strain sensors, which were discussed in the previous chapter.  

The stretchable devices were also used as wearable heaters. A maximum surface 

temperature of CC and CW heaters was 97.2 and 93.4 ºC under the applied voltage of 50 

and 29.6 V, respectively. Moreover, the wearable heaters showed excellent 

electrothermal performance under an applied tensile strain up to 50%.  

Considering the simple fabrication process, cost-effectiveness and environmental 

friendliness of the developed multifunctional wearable devices based on the conductive 

fabrics, it can be said that they can contribute well in the industrial fields related to the 

flexible electronics.  
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Chapter 7. Effect of Geometry Changes of Active 
Material on the Electromechanical Behaviour of 
Flexible and Stretchable Strain Sensors  
 

The published paper below is the outcome of the research described in this chapter: 

• H. Souri, D. Bhattacharyya, Highly stretchable and wearable strain sensors using 
conductive wool yarns with controllable sensitivity, Sensors and Actuators A: 
Phys. 285 (2018) 142–148. 

 

7.1. Introduction 
The fabrication of electrically conductive NFY/Fs using a novel coating technique by 

ultrasonication bath equipment was thoroughly studied. Applications, such as stretchable 

strain sensors, sensitive pressure sensors and heaters were described for the developed 

devices based on highly conductive NFY/Fs. However, there still exists more 

opportunities to make the process even simpler. A wealth of studies in the literature 

reported the simple dip coating technique to prepare conductive NFY/Fs for various 

applications. However, the level of electrical conductivity was not high in most of the 

cases, which could deteriorate the performance of the devices as less percolated networks 

of conductive particles were formed. 

In this chapter, stirring coating technique is introduced for the fabrication of highly 

conductive NFY/Fs by using a highly concentrated conductive ink. This technique 

requires a simple magnetic stirrer equipment to coat the NFY/Fs, therefore, it is 

considered a simple and scalable technique. CWYs were prepared by stirring in a highly 

conductive GNPs and CB hybrid ink. Wool yarns (WYs) were chosen because they are 

commonly used natural materials, soft, stretchable, and reasonably cheap. Sandwiched-

structured strain sensors were then manufactured using CWYs within layers of Ecoflex 

substrate. 

Various strain-response mechanisms related to the active materials can change the 

performance of strain sensors including the tunnelling effect, crack formation, 

piezoresistive effect, disconnection mechanism and geometrical effect [269]. A great deal 

of research has been conducted to analyse the tunnelling effect [294,315], piezoresistive 
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effect [74,77,264,316,317] and disconnection mechanism [310,318,319] on the sensing 

performance of strain sensors. However, only a few studies have been carried out on the 

geometrical effect and crack formation on the sensitivity of stretchable NFY/Fs based 

strain sensors. It is also worthy to mention that there have been very limited studies 

related to the use of WYs in stretchable and wearable strain sensors, Table 2-4. 

In this chapter, the effect of the geometry changes in active materials (CWYs) on the 

sensitivity of stretchable strain sensors is reported. For this purpose, CWYs were 

encapsulated between elastomer in three different formats including straight line and two 

types of serpenoid curves to control the sensitivity of the strain sensors. The most 

sensitive strain sensors among the three types were then selected to detect various human 

body movements.  

7.2. Materials and methods 

7.2.1. Preparation of materials 

Neat WYs were separated from a piece of wool fabric (measured fibre diameter ~ 49.8 ± 

4.6 µm, measured yarn diameter ~ 509.7 ± 34.1 µm, area density ~ 0.38 kg/m2, measured 

fabric thickness ~ 0.7 ± 0.06 mm), as illustrated in Figure 7-1. Similar to the previous 

parts of this research, the hybrid system of GNPs and CB particles were utilised for 

preparation of highly conductive ink. The particles were dispersed in DI water with the 

addition of SDBS. The two components of Ecoflex were blended for fabrication of highly 

stretchable strain sensors. The detailed information of the materials can be found in 

Section 3.1. 

 

Figure 7-1 Raw wool yarn from a piece of wool fabric 
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7.2.2. Fabrication of CWYs by stirring coating technique 

The dispersion process is schematically presented in Figure 7-2. 2 g of each GNPs and 

CB particles were mixed in 50 ml of DI water by 30 min of bath sonication. SDBS (1.33 

g) was then added to the initial mixture and stirred at 60 ºC for 4 h. To coat the WYs, 

they were trimmed into smaller length and put in the conductive ink. Next, 3 min of 

stirring was applied to coat the WYs at 1000 rpm, Figure 7-2. Subsequently, the wet 

coated WYs were transferred onto the surface of the cured Ecoflex substrate for 

fabrication of strain sensors. 

 

Figure 7-2 a) Schematic view for preparation of highly conductive ink based on 
hybridisation of GNPs and CB particles in DI water and b) the stirring coating process of 
WYs in the conductive ink using a magnetic stirrer. 

7.2.3. Fabrication of flexible and stretchable strain sensors based on CWYs 

Ecoflex parts were mixed with even volume ratio. The mixture was then filled up to half 

of the mould height (≈ 2 mm) and put in an oven for 45 min at 90 ºC for curing. The wet 

CWYs were then placed on the top surface of the cured Ecoflex substrate in different 
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shapes (CWY-1, CWY-2 and CWY-3), as illustrated in Figure 7-3. In the next step, the 

drying process was conducted in an oven at 100 °C for 1 h. After drying, the fresh Ecoflex 

mixture filled the rest of the mould. Following the curing process in an oven (45 min at 

90 ºC), the fabricated strain sensors, with final thickness of 4 mm, were detached from 

the mould. 

 

Figure 7-3 Schematic illustration of various sandwich-structured strain sensors with 
geometrical changes of the CWYs. 

 

7.2.4. Characterisations of CWYs and the strain sensors 

The surface morphology of the CWYs was studied by SEM (HITACHI SU-70) images. 

The initial resistance of the strain sensors was measured by a two-point probe method. 

The electromechanical characterisations of the strain sensors were conducted by using a 

motorised moving stage to apply different stretching-releasing cycles at various 

displacement rates. The strain sensors were stretched up to a maximum of 200 % and the 

displacement rates were 5, 10 and 15 mm.s-1 for different tests. The mechanical durability 

test was performed for more than 1,100 stretching-releasing cycles in the range of 0-75% 

of tensile strain. The strain sensors were trained up to 300% for five cycles prior to the 

electromechanical tests. Consequently, some CW fibres were fractured within the 

elastomer, as previously stated in Section 6.3.2. All experiments were performed at room 

temperature. 
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7.3. Results and discussion 

7.3.1. Electrical characteristics and surface morphology of the CWYs and the strain 

sensors 

The SEM images from the surface of a WY and its fibres are shown in Figures 7-4a,b. 

Figures 7-4c,d exhibit the surface SEM images of a CWY and its fibres. The presence 

of the tightly compacted GNPs and CB particles can be observed. This verifies the 

existence of networks of carbon particles on or within the surfaces of the CWY fibres.  

 

Figure 7-4 SEM images from the surface of a) a neat wool yarn and b) its fibres. SEM 
image showing the surface of a c) CWY, and d) carbon particles coated on a single wool 
fibre. 

 

The cross-sectional SEM observations of a CWY-1 strain sensor show that the high 

quality of exterior coating could effectively prevent the flow of the uncured elastomer 

within the fibres, Figure 7-5. The initial resistance of the strain sensors were measured 

after initial training to be approximately 4.3, 4.7 and 6.3 kΩ for CWY-1, CWY-2 and 

CWY-3 strain sensors, respectively.  
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Figure 7-5 Cross-sectional SEM image of a CWY-1 strain sensor 

 

7.3.2. Electromechanical performance of the strain sensors 

Figure 7-6 indicates the electromechanical performance of the three types of strain 

sensors after being trained up to 300% for five stretching-releasing cycles at the 

displacement rate of 10 mm.s-1. The sensing behaviour of the strain sensors was 

investigated for five stretching-releasing cycles under various tensile strain levels (50, 

100 and 200%) at different displacement rates (5, 10 and 15 mm.s-1). Figure 7-6a exhibits 

a noise free with negligible drift responses of CWY-1 strain sensors at the displacement 

rate of 10 mm.s-1 under the applied tensile strains. The responses of the CWY-2 and 

CWY-3 strain sensors for the similar input are illustrated in Figures 7-6b,c. A monotonic 

increase in relative resistance change occurred in response to the applied tensile strain for 

all types of strain sensors.   
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Figure 7-6 Electromechanical performance of the strain sensors. Relative resistance 
change for different strain levels of cyclic stretching–releasing at a displacement rate of 
10 mm.s-1 for the a) CWY-1, b) CWY-2, and c) CWY-3 strain sensors, d) the relative 
resistance change of different strain sensors up to 200% of applied tensile strain and the 
corresponding GF values. 
The maximum value of resistance change varied based on the geometry of the CWYs 

within the elastomer and therefore, they possessed different GFs or sensitivity, Figure 

7-6. In order to better compare the sensitivity of the strain sensors, they were stretched 

up to 200% at the displacement rate of 10 mm.s-1 and the GFs were calculated, Figure 

7-6d. The CWY-1 strain sensors showed two linear regions with different slopes. The 

GFs were 5 and 7.75 for the applied strain range of 0-127% and 127-200%, respectively. 

The CWY-2 and CWY-3 strain sensors exhibited lower slopes and thus, lower sensitivity 

within the tested strain range.  

The higher GFs for CWY-1 were caused by the greater  𝐼𝐼𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑑𝑑 𝐿𝐿𝑟𝑟𝑖𝑖𝑔𝑔𝑡𝑡ℎ
𝑆𝑆𝑡𝑡𝑟𝑟𝑡𝑡𝑖𝑖𝑖𝑖

 (𝛥𝛥𝐿𝐿
𝜀𝜀

) of CWY in 

the direction of the applied tensile strain compared to that of the CWY-2 and CWY-3 

strain sensors. This resulted in larger particle movements, hence, a greater resistance 

change occurred. As the number of waves in serpenoid curves corresponding to the active 

material for the CWY-2 and CWY-3 strain sensors increased in the longitudinal direction, 
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the 𝐿𝐿
𝜀𝜀
 ratio decreased; they also became stiffer; therefore, less fractured fibres were formed 

within the elastomer during the initial training for the CWY-2 and CWY-3. 

Consequently, the CWY-1 strain sensors showed higher sensitivity compared to the other 

two types of strain sensors. It can be said that the sensitivity of the CWYs based strain 

sensors was tuned by changing the geometry of the active materials. Overall, the 

sensitivity of the CWY-1 strain sensors outperforms some of the recently reported strain 

sensors in the literature, as expressed in Table 7-1 [65,66,277,288,290,291,293,302,320]. 

 

Table 7-1 Comparison of the sensitivity and durability of the CWY-1 strain sensors with 
some of the recently reported strain sensors 

Strain sensors GFs Durability  

This work  

(GNPs and CB coated wool 
yarns/Ecoflex) 

5.05 (0-127 %) 

7.75 (127-200%) 
1100 cycles at 75% 

CNT fibre/Ecoflex [277]  0.56 (0-200%) 10,000 cycles at 
300% 

Graphene/rubber [288] 2.4 at 0-1.8% Not shown 

CNT film/PDMS[293] 0.82 at 0-40% 10,000 cycles at 
200% 

GNPs and CB coated flax/Ecoflex 
[320] 1.46-5.62 (up to 8%) 1000 cycles at 4 and 8 

% 

Carbonized melamine 
sponges/PDMS [290] 3.3 at 0-60% 10,000 cycles at 20% 

CNT /Ecoflex [66] 1.75 2000 cycles at 300% 

CNT forest/PU [302] 1.33 at 0-300% Not shown 

SWCNTs/CB/PDMS [291] 1.25 at 0-120% 1100 cycles at 120% 

Silver nanowires/Cellulose [65] 2.3-4.3 Not shown 
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Figure 7-7 Relative resistance change of CWY-1 strain sensors under cyclic stretching–
releasing with a strain of 100% at displacement rates of 5, 10 and 15 mm.s-1, showing 
their response independency to the frequency of applied strain. 
Figure 7-7a shows the relative resistance change profiles of the CWY-1 strain sensors at 

different displacement rates (5, 10 and 15 mm.s-1) under 100% of applied tensile strain 

for five cycles. One can clearly notice a similar relative resistance change level at various 

displacement rates. This indicates that the responses of the strain sensors are independent 

of the displacement rates within the tested range.  

 

Figure 7-8 Relative resistance changes under cyclic stretching–releasing up to 100% at 
displacement rates of 5, 10 and 15 mm.s-1 for the a) CWY-2 and b) CWY-3 strain sensors. 
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The relative resistance curves for CWY-2 and CWY-3 strain sensors at various 

frequencies are shown in Figure 7-8. These strain sensors also showed almost no 

dependency on the frequency of applied strains. Figure 7-9a illustrates the relative 

resistance change of CWY-1 strain sensors versus applied tensile strain at different 

displacement rates, further showing that the functionality of the strain sensors does not 

rely on the frequency of applied strain between 5 to 15 mm.s-1. 

 

Figure 7-9 a) Hysteresis curves at various displacement rates ε=100% for five cycles and 
b) hysteresis curves after five stretching–releasing cycles up to various tensile strains for 
CWY-1 strain sensors at 10 mm.s-1. 

The hysteresis behaviour of the CWY-1 strain sensors was analysed by applying five 

stretching-releasing cycles up to 50, 100 and 200% at the displacement rate of 10 mm.s-

1, Figure 7-9b. The strain sensors exhibited negligible hysteresis up to 50% of applied 

strain; however, further hysteresis can be noticed at larger strains (more than 100%), 

which could be due to the viscoelastic behaviour of Ecoflex [269]. Overall, CWY-1 strain 

sensors showed little hysteresis even at large strain levels and were able to redeem their 

initial resistance at the finishing point of each cycle. The hysteresis curves related to the 

CWY-2 and CWY-3 indicate almost similar hysteresis behaviour to that of CWY-1, 

Figure 7-10.  
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Figure 7-10 Hysteresis curves for five stretching–releasing cycles up to various tensile 
strains at 10 mm.s-1 for the a) CWY-2 and b) CWY-3 strain sensors. 
 
Figure 7-11 presents the durability of the CWY-1 strain sensors under more than 1100 

stretching-releasing cycles up to 75% of the tensile strain at the displacement rate of 10 

mm.s-1. The test result indicates the durability and response stability of the CWY-1 strain 

sensors even after a large number of cycles. The response of the strain sensor to the first 

and last ten stretching-releasing cycles are also shown in the inset of Figure 7-11. The 
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sensitivity of the strain sensors remained almost constant throughout the test, showing 

their high stability. The durability results of CWY-1 strain sensors are compared with 

those of recently reported strain sensors (Table 7-1) 

[65,66,277,288,290,291,293,302,320].  

 

Figure 7-11 Performance of the CWY-1 strain sensors under more than 1100 cyclic 
stretching–releasing loading at 10 mm.s-1 at ε=75%, indicating their stability and 
durability. 

 

The response time of the CWY-1 strain sensors was evaluated following the procedure 

explained in Page 128 (Eq. 5.1-5.5). Therefore, a ramp strain input was applied to the 

CWY-1 strain sensor up to 14% at a displacement rate of 5 mm.s-1, Figure 7-12. In this 

case, the final form of Eq. 5.5 was obtained as follows (Eq. 8.1): 

𝐶𝐶(𝑡𝑡) = 103.9�𝑡𝑡 − 0.078 �1 − 𝑒𝑒−
𝑡𝑡

0.078��                             (8.1) 

The time constant (τ) for the CWY-1 strain sensors is then found to be 78 ms by curve 

fitting, Eq. 8.1, on the response of the strain sensor. The response time (τ90%) of the CWY-

1 strain sensors is approximately 172 ms. It can be said that the CWY-1 strain sensors 

respond quicker than the recently reported strain sensors with consideration of the delays 

in measurements [66,215,320].  
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Figure 7-12 a) Ramp input strain applied to a CWY-1 strain sensor; b) experimental data 
from the CWY-1 strain sensor at the displacement rate of 5 mm.s-1 and best fitted curve 
using MATLAB. 

7.3.3. Application of the strain sensors in human body movement detection 

From the comparison of the electromechanical test results, it can be concluded that the 

CWY-1 strain sensors outperform CWY-2 and CWY-3 strain sensors, especially in terms 

of sensitivity. The CWY-1 strain sensors were then used for human body movement 

detection because of their high stretchability and good sensitivity. Figure 7-13 illustrates 

the response of a CWY-1 based strain sensor attached to a piece of double-sided tapes on 

various human body parts. The responses were recorded by the DMM in intervals of 25 

ms. The CWY-1 strain sensor showed different resistance change levels with regard to 

the bending angle of a finger, Figure 7-13a. A slight increase in resistance by bending 

the finger at small angles was observed but an increase in resistance occurred when the 

finger was bent more than 45º. The resistance of the CWY-1 strain sensor was recovered 

when the volunteer straightened his finger. The resistance of the strain sensor abruptly 

increased when the finger was quickly bent and then returned to the original state upon 

straightening, as shown in Figure 7-13a.  

Larger joint movements by bending the volunteer’s wrist, elbow and knee have also been 

recognised by a CWY-1 strain sensor, Figure 7-13b. A large increase of resistance was 

observed when the strain sensor was subjected to external tensile strain due to bending of 

volunteer’s wrist, elbow and knee joints, Figure 7-13b. The high level of resistance 

change, compared to the flax based strain sensors, suggests a higher sensitivity of the 

CWY-1 strain sensor in detecting human body movements.  

Overall, the performance of the CWY-1 strain sensors was comparable to the recently 

reported wearable strain sensors in the literature [212,222,283,321]. The results of human 



 

172 
 

body movement detection by CWY-1 strain sensors support the idea that they can be 

utilised for wearables technologies. 

 

Figure 7-13 Detection of various human body movements by a CWY-1 strain sensor. a) 
Plots showing the response of the CWY-1 strain sensor to the bending-holding and fast 
bending-straightening of a volunteer’s finger and b) detection of wrist, knee, and elbow 
joints movements by the CWY-1 strain sensor. 

 
7.4. Summary 
In brief, a simple, mass-producible and cost-effective technique has been developed to 

manufacture CWYs using a simple stirring technique. A highly conductive ink based on 

GNPs and CB was used for coating WYs and the duration was shorter compared to the 

previous techniques in this study. Sandwich-structured strain sensors were then 

developed using CWYs. 

The geometrical changes of the active materials on the performance of the strain sensors 

was thoroughly investigated by altering the shape of CWYs within the elastomer namely 

CWY-1 (straight line), CWY-2 (serpenoid curves) and CWY-3 (serpenoid curves with 

more periods). It was found that a straight CWY within elastomer resulted in a higher 

sensitivity for the strain sensor compared to a sensor with a curved (serpenoid) CWY. 

The GFs were 5 and 7.75 for the applied strain range of 0-127% and 127-200%, 

respectively. The CWY-1 strain sensors showed high stretchability (up to 200%), fast 

response time (172 ms), low hysteresis and good sensitivity.  



 

173 
 

Remarkable improvement can be observed in terms of sensing performance using CWYs 

active materials compared to FB based strain sensors. The capability of the best strain 

sensor in terms of sensitivity in this section (CWY-1) in detection of various human body 

movements was assessed. Overall, it can be said that the CWY-1 strain sensors can be 

used in various strain sensing scenarios, especially wearable sensing devices. 

There still exists more space to improve the performance of stretchable strain sensors 

using NFY/Fs as active materials. In the next chapter, a simple idea that can lead to a 

significant improvement in the performance of the strain sensors, especially sensitivity 

and stretchability, is introduced.  
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Chapter 8. Improving the Performance of 
Flexible and Stretchable Strain Sensors Using 
Fragmented Conductive Fabrics 
 

The published paper below is the outcome of the research described in this chapter: 

• H. Souri, D. Bhattacharyya, Highly sensitive, stretchable and wearable strain 
sensors using fragmented conductive cotton fabric, J. Mater. Chem. C. 6 (2018) 
10524–10531.  

 

8.1. Introduction 
The majority of the previously reported flexible strain sensors possess either lack of 

stretchability or low sensitivity. For instance, strain sensors based on graphene showed 

their GFs to be 1000 at limited strain level (2%) [322]. CNT fibre-based strain sensors 

exhibited high elasticity (ε=900%) while their GFs were limited to 0.54 up to 400% of 

applied tensile strain [277]. Therefore, finding a suitable mechanism for wearable strain 

sensors that possess both high stretchability and sensitivity remains challenging and 

warrants further development.  

The effect of geometrical changes of active materials within the elastomer in stretchable 

strain sensors on their performance was studied in Chapter 7. However, further study on 

how to produce ultrahigh sensitive and highly stretchable strain sensors is desirable to 

detect even subtle movements or deformations. Among other piezoresistivity 

mechanisms (e.g. tunnelling effect, separation of overlapped materials, etc.), Section 

2.5.6.3.1, a creation of intentional but controllable cracks or fractures within the active 

material of strain sensors has become more favourable to boost their sensitivity 

[223,269]. For instance, Amjadi et al. reported parallel microcracks-based ultrasensitive 

(GFmax=11344) and highly stretchable (ε>50%) strain sensors based on graphite films 

coated on soft elastomer films [223]. Therefore, the combination of intentionally 

fractured conductive natural fabrics with highly elastic matrix (Ecoflex) can be a 

promising strategy to develop highly sensitive and stretchable strain sensors.  

In this chapter, the CCFs were prepared by a simple stirring coating technique, as 

described in the previous chapter, in a highly conductive ink containing GNPs and CB, 

indicating the scalability from conductive yarn to fabric. A simple change in the design 
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of the strain sensors based on CCFs (creation of notches) was applied compared to the 

ones used in Chapter 6. This simple change resulted in a significant improvement in the 

sensitivity and stretchability of the strain sensors after rupture training. The high-

performance strain sensors were based on the intentionally notched CCFs encapsulated 

between two layers of highly elastic Ecoflex. The created notches at the middle of the 

CCFs induced a great number of fractured fibres within the elastomer after the rupture 

training, leading to ultra-high sensitivity and high stretchability for the strain sensors. 

This mechanism will be thoroughly explained in the later parts of this chapter.  

8.2. Materials and methods 

8.2.1. Preparation of materials 

At this stage of this research, cotton fabric, as explained in Section 6.2.1, was used as a 

soft and stretchable textile, suitable for highly stretchable strain sensors.  The hybrid of 

GNPs and CB were employed to prepare a highly conductive ink based on DI water using 

SDBS. The two components of Ecoflex 0030 were also utilised for fabrication of strain 

sensors. Section 3.1.1 includes the details related to the materials explained above. 

8.2.2. Fabrication of fragmented conductive fabrics by stirring coating technique 

The schematic view of the preparation of the conductive ink is shown in Figure 8-1a. It 

was shown in the previous chapters that hybridisation of GNPs and CB particles results 

in highly conductive dispersions. Similar to the process used in the previous chapter, 

Section 7.2.2, 2 g of each GNPs and CB particles was added to 50 ml of DI water and 

bath-sonicated for 30 min. Next, SDBS (1.33 g) was introduced to the mixture and stirred 

for 4 h at 60 °C.  

To fabricate CCFs, a piece of cotton cloth was trimmed into a dog bone-like shape, with 

a planar area of 100 mm × 7 mm, was added to the conductive ink and then they were 

coated for 3 min by stirring the conductive ink using a magnetic stirrer at 1500 rpm, 

Figure 8-1b. Finally, the coated fabrics were removed from the ink, placed on a piece of 

tissue to remove the residual water and then, fully dried in an oven at 110 °C for 1 h. 
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Figure 8-1 a) Schematic illustration of the preparation of conductive ink based on GNPs 
and CB particles in DI water; b) schematic view of the coating process of cotton fabric 
by the prepared conductive ink; c) schematic view of fabrication process of our strain 
sensors. 

8.2.3. Fabrication of flexible and stretchable strain sensors 

Figure 8-1c schematically shows the manufacturing process of the proposed wearable 

strain sensors, based on the CCFs. First, the two components of Ecoflex were mixed with 

even volume ratio. Next, the mixture was added into a mould up to approximately 1.5 

mm in thickness. For curing, the mould was put in an oven at 90 °C for 45 min. Following 

the cure, the conductive dog bone-like fabrics with notches at the middle were attached 

on the surface of the cured Ecoflex substrate and then, Ecoflex filled the rest of the mould 

with the eventual thickness being 4 mm. The prepared strain sensors were removed after 

curing under similar conditions (45 min at 90 °C). The view of the stretchable and flexible 

multifunctional devices are shown in Figures 8-2a,b. The copper tape was attached on 

the electrode part of the strain sensors to lower the contact resistance between the strain 

sensor and the electrodes of multimeter, Figure 8-2c.  
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Figure 8-2 Photograph of the strain sensors;  a,b) view of our flexible strain sensor, and 
c) view of a piece of cotton fabric and the strain sensor made of CCF. 

 

8.2.4. Characterisation of the conductive fabrics 

The surface morphology of the CCFs was studied through SEM (HITACHI SU-70) 

images. Fourier transform infrared spectroscopy (FTIR) measurements in attenuated total 

reflectance (ATR) mode were carried out by a Nicolet FTIR iS-50 instrument. The 

measurements were between 500 and 4000 cm−1 wavenumber. Raman spectroscopy was 

conducted by using a Renishaw RM1000 Raman microprobe. The more detailed 

information regarding the equipment mentioned above can be found in Section 3.3.2. 

8.2.5. Characterisation of the strain sensors 

The surface resistance of the CCFs before and after being encapsulated by the elastomer 

was measured using a two-point probe method from both ends of the strain sensors using 

a DMM (Keithley 2100). The electromechanical properties of the strain sensors were 

characterised by gripping the samples on a motorised moving stage to study their sensing 

behaviour under various stretching-releasing cycles, Figure 8-3. The initial resistance of 

the strain sensors was recorded after rupture training, as explained in Section 8.3.4. 
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Figure 8-3 A strain sensor gripped with the motorised moving stage. 

The displacement rates and the applied strain values were the controlling parameters and 

the resistance data was stored using a DMM (Keithley 7510) connected to the samples. 

The applied cyclic tensile strains ranged from 50 to 400 % while the displacement rates 

were 5, 10 and 15 mm.s-1 for various tests. The durability test was conducted for more 

than 1000 stretching-releasing cycles under 75% of tensile strain on the similar motorised 

moving stage. All experiments were carried out at room temperature. 

8.3. Results and discussion 

8.3.1. Surface morphology and electrical characteristics of the CCFs and strain 

sensors 

The carbon particles could be well-deposited on the surfaces of the cotton fibres after the 

coating process. The SEM images from the surface of the neat cotton fabric and its single 

fibre are shown in Figures 8-4a,b. The presence of the closely compacted hybrid of GNPs 

and CB particles can be clearly observed on the top surface of the CCF with the presence 

of cracks. SEM images show the coated particles on the surface of single fibres, Figures 

8-4c,d. In addition, a TEM image from the surface of the CC fibres clearly showed the 

presence of closely packed particles, Figure A-3.  

The surface resistance of each sample was measured five times using a two-point probe 

method between both ends of the samples and found to be as low as 101.24 ± 8.06 Ω. 

These highly conductive fragmented fabrics were then used for sandwich-structured 

strain sensors. The electrical resistance between two ends of the samples was 

approximately 539.92 ± 16.34 Ω.  
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Figure 8-4  SEM image of the surface of a) raw cotton fabric and b) its single fibre. SEM 
image c) related to the surface of the CCF, and d) carbon particles coated on its fibres. e) 
Cross-sectional SEM images of our strain sensors, and f) protection of the coating from 
flowing the elastomer within the fibres. 
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The minor resistance difference between the CCFs and the strain sensors was caused by 

the partial penetration of the liquid elastomer within the CCFs, leading to a slight 

interruption of the percolated networks of conductive particles, as demonstrated in the 

cross-sectional SEM images, Figures 8-4e,f. 

8.3.2. FT-IR 

The ATR-FT-IR spectra of the raw cotton fabric and CCF coated with GNPs and CB are 

shown in Figure 8-5.  The cotton fabric spectrum displays a typical set of peaks as 

follows: O-H stretching vibration at 3200-3600 cm-1, O-H bending of adsorbed moisture 

at 1635 cm-1, C-H stretching vibrations at about 2900 cm-1 region, -C-H deformation 

vibration at 1375 cm-1, asymmetric CH3 deformation vibration at 1428 cm-1, CH2 

wagging at about 1300 cm-1 and CH2 rocking vibrations  between 500 and 700 cm-1 [323]. 

The individual spectrum of GNPs gives a characteristic peak at about 2900 cm-1 region 

related to C-H stretching. A broad peak in the 1600-1800 cm-1 can be observed for both 

CB and graphene due to carbonyl stretching vibrations (C=O). The CCF gives spectrum 

peaks corresponding to each of these vibrations in the GNPs and CB compounds, Figure 

8-5. 

 
Figure 8-5 ATR-FT-IR spectra related to the of CCF 
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8.3.3. Raman spectroscopy 

Raman spectrum of CCF clearly demonstrates the presence of carbon materials on the 

surface of the cotton fabric, Figure 8-6. The D-band related to the disordered and 

defective structure of carbon materials and G-band corresponding to the ordered carbon 

structure with sp2 on the CCF was clearly detected at about 1363 cm−1 and 1584 cm−1, 

respectively. A “2D” band at about 2726 cm−1 and a “D + G” band at about 2936 cm−1 

can also be noticed, which indicates the multilayer structure of the carbon coating 

materials [267]. Both Raman spectroscopy and ATR-FT-IR results further verify the 

formation of conductive networks of carbon particles within the cotton fabric, which are 

firmly linked via mechanical interlocking and hydrogen bonding. 

 

Figure 8-6 Raman spectrum from the surface of CCF 

 

8.3.4. Electromechanical characterisations of the strain sensors 

Prior to the electromechanical characterisations of the CC-based strain sensors, they were 

stretched up to 300% at a displacement rate of 10 mm.s-1 such that the CCF was ruptured 

at the location of created notches. This procedure is referred to as “rupture training” [212]. 

The CCF was completely ruptured at the desired location (notched location at the middle 

of the sample) and fractured fibres were deliberately formed at the notched section. The 

rupture training was continued up to five cycles and then the initial resistance of the strain 

sensors was recorded. 
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Figure 8-7 Electromechanical performance of the strain sensors; a) relative changes of 
resistance versus different strains under cyclic stretching–releasing at displacement rate 
of 10 mm.s-1 for the CC based strain sensors and b) the applied tensile strain profiles. 

 
Figure 8-8 Electromechanical performance of the strain sensors. Relative change of 
resistance versus strain under cyclic stretching–releasing at displacement rate of a) 5 
mm.s-1 and c) 15 mm.s-1 for the CC strain sensors; c, d) their respective applied tensile 
strain profile. 



 

183 
 

Various electromechanical tests were conducted on the strain sensors. Figure 8-7 and 

Figure 8-8 indicate the typical electromechanical characterisations of the strain sensors.  

The performance of the strain sensors was investigated for five stretching-releasing 

cycles under various strain levels at different displacement rates. Figure 8-7a 

demonstrates a noise-free response accompanied by negligible drift within the range of 

50-300% of the applied tensile strain at a displacement rate of 10 mm.s-1. The monotonic 

increase of relative resistance by increasing the applied tensile strain was clearly 

observed. The applied strain profile is shown in Figure 8-7b. The responses of the strain 

sensors to the same strain profiles, Figures 8-8b,d, at displacement rates of 5 and 15 

mm.s-1 are illustrated in Figures 8-8a,c, respectively. A similar signal pattern was 

observed for lower and higher displacement rates. These results show that the CC-based 

strain sensors possess a stable and reliable behaviour with respect to the applied tensile 

strains.  

 

Figure 8-9 Relative resistance variations under cyclic stretching–releasing with a strain 
of 50% at displacement rates of 5, 10, and 15 mm.s-1 for the CC strain sensors. 

The relative resistance change profiles of the strain sensors at various displacement rates 

(e.g. 5, 10 and 15 mm.s-1) under the tensile strain of 50% are presented in Figure 8-9. 

Almost similar peak values for the relative resistance change of the strain sensors within 

the tested range of displacement rates can be observed. This indicates that the response 

of the strain sensors had almost no dependency on the magnitude of displacement rates. 

The strain sensors were stretched up to 50, 75 and 100% and released for 5 cycles at a 

displacement rate of 10 mm.s-1 to analyse their hysteresis behaviour, Figure 8-10a. 

Negligible hysteresis was found in the response of the strain sensors up to ε =75%, while 

the curve related to ε =100% exhibited the appearance of further hysteresis that could be 

due to the hysteresis characteristics of Ecoflex [66]. It is worthy to note that the strain 

sensors could recover their original resistance at the end of each cycle even at large strain 
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levels (100%). The hysteresis curves corresponding to various displacement rates (5,10 

and 15 mm.s-1) at different tensile strain levels (50 and 100%) are compared in Figure 

8-10b. Almost similar hysteresis behaviour at each strain level can be observed for each 

displacement rate. This further showed that the responses of the strain sensors were 

independent of the magnitudes of displacement rates. It can be clearly noticed that the 

strain sensors outperform the previous types of strain sensors developed in this study in 

terms of hysteresis.  

 

Figure 8-10 Hysteresis curves of five stretching–releasing cycles up to various tensile 
strains for CC strain sensors at 10 mm.s-1 and e) hysteresis curves at various displacement 
rates and applied tensile strain levels. 

 

The sensitivity of a strain sensor with the initial resistance of ~3.1 kΩ after rupture 

training was calculated. Figure 8-11 demonstrates a typical plot of relative resistance 

change versus applied tensile strain up to ε=400% when a displacement rate is 10 mm.s-

1. The plot can be divided into multiple linear parts. The strain sensors possess great 

values of GFs within each linear part, ranging from 95.64 (0-231.19%) to 102350.91 

(342.20-400%). These values show the ultra-sensitivity of the strain sensors at high strain 

levels.  
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Figure 8-11 The relative resistance change of our strain sensors up to 400% of applied 
tensile strain and the corresponding GF values. 

 

This behaviour of the strain sensors can be explained as follows: as mentioned previously, 

the strain sensors were subjected to rupture training before conducting the tests. 

Unrecoverable fractures formed within the CCF in the direction of applied load and 

cracks propagated until the CCF completely fractured at the location of the notches, as 

shown in SEM images, Figure 8-12. This could result in a significant resistance change 

at higher strain levels due to the broken yarns. Higher GFs were achieved through this 

disconnection of contacts between the coated fibres within the piezoresistive mechanism, 

leading to ultra-high GF values for the strain sensors. The existence of cracks on the top 

surface of CCF after drying process and their growth while upon stretching the strain 

sensors could also contribute to the increase in their resistance (Figure 8-4c).  Overall, 

the sensitivity values of the strain sensors are greater than those of some of the recently 

reported ones in the literature, listed in Table 8-1 [223,229,293,309,319,324,325].  

Figure 8-13 shows the electromechanical response of a strain sensor under 75% of 

applied strain for more than 1000 stretching-releasing cycles at a displacement rate of 10 

mm.s-1. It exhibited almost stable performance during the entire durability test and 

preserved its high sensitivity (GF ≅ 27.33) at each cycle, as indicated in Figure 8-13. 

Table 8-1 compares the main parameters of the strain sensors with the reported values.  
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Figure 8-12 SEM images from a) the fragmented area of CCF; b, c, and d) images show 
the fractured tentacle-like single fibre at the fragmented area. 

 
Figure 8-13 Performance of our CC based strain sensors under more than 1000 cyclic 
stretching–releasing loading at 10 mm.s-1 at ε=75%, indicating their stability and 
durability. 

 

Another set of stretching-releasing cyclic test (five cycles at a displacement rate of 0.1 

mm.s-1) was also conducted using the strain sensors to demonstrate their sensing 

capability at very low strain levels (0.5, 1 and 2%), Figure 8-14. The relative resistance 

change signals remained stable. The completely fractured fibres within the CCF were 

separated even by a minor stretch, increasing the resistance of the strain sensors. The 

fractured fibres contacted each other again when the strain sensors were released, 

constructing a tentacle-like conductive network, Figure 8-12. In the next stretching cycle, 

these tentacle-like fibres distanced again, resulting in an increase of resistance. The 

highly sensitive strain sensors were able to sense very small deformations (0.5, 1 and 2%) 

with corresponding GFs ranging from 11.82 to 17.31.  
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Figure 8-14 Relative resistance change of a strain sensor under cyclic loading of very 
low strain levels (0.5, 1, and 2%), showing ultra-high sensitivity of our strain sensors. 

 

The response time of the strain sensors has also been calculated following the procedure 

explained on Page 128 using Eq. (5.1-5.5). In this case, a ramp strain from 0 to 

approximately 23% was applied at a displacement rate of 5 mm.s-1, Figure 8-15. 

Therefore, the final form of the Laplace function for output can be written as:  

𝐶𝐶(𝑡𝑡) = −464.2�𝑡𝑡 − 0.0422 �1 − 𝑒𝑒−
𝑡𝑡

0.0422��                               (8.1) 

The time constant (τ) for the strain sensors is approximately 42.2 ms. As a result, the 

response time (τ90%) of the strain sensors is approximately 97 ms where the actual 

response time is lower considering unknown delays in measurement. The response time 

of the strain sensors is lower than the recently reported strain sensors, according to Table 

8-1 [229,325].  

 

Figure 8-15 Plots related to the calculation of response time for our strain sensors; a) 
Ramp strain applied to the strain sensor, b) experimental data from our strain sensor at 
the displacement rate of 5 mm.s-1 and best fitted curve. 



 

188 
 

 

Table 8-1 Comparison of the main performance of our strain sensors and the recently 
reported strain sensors with large strain range sensing.  

Strain sensors 
Maximal 

strain 
range 

Maximum 
GF Durability Response 

time 

This work  

(GNPs and CB coated 
cotton/Ecoflex) 

400% 102351 1000 cycles at 
75% 

τ90% ≈ 97 
ms 

Carbonized silk/Ecoflex 
[229] 500% 37.5 10,000 cycles at 

300% 70 ms 

Graphene/rubber [319] 800% 35 1,000 cycles at 
100% 

Not 
shown 

CNT fibre/Ecoflex [277] 960% 64 10,000 cycles at 
300% 10 ms 

CNT film/PDMS [293] 280% 0.82 10,000 cycles at 
200% 14 ms 

CB/Elastomer [309] 80% 20 3,600 cycles at 
80% 

Not 
shown 

Graphite thin films/Ecoflex 
[223] 150% 11344 2,000 cycles at 

25% 
Not 

shown 

Metallic film/Polyurethane 
Acrylate [324] 2% 2000 5,000 cycles at 

2% 100 ms 

SWCNTs/PDMS [325] 150% 160 100,000 cycles at 
60% 

Not 
shown 

 

8.4. Applications of fragmented conductive fabrics 
Based on the results, it can be said that the fragmented CC based strain sensors possess 

excellent stretchability, low creep and hysteresis, fast response time, ultra-high sensitivity 

and outstanding durability, which make them excellent to be utilised as wearable strain 

sensors and sensitive pressure sensors. Therefore, in the remaining part of this chapter, 

their applications as wearable strain sensors and pressure sensors to detect the full range 

of human body movements and subtle deformations have been explored. 



 

189 
 

8.4.1. Human body movement detection 

The response of the strain sensors with regards to various movements of the human body 

was recorded using a similar setup explained in Section 6.3.3.1. Figure 8-16a exhibits a 

CC based strain sensor attached to the surface of a laboratory Nitrile glove on a 

volunteer’s finger by a piece of strong double-sided tape (3M). Finger joints movements 

in two different modes including fast bending-straightening and bending-holding-

straightening were monitored. The resistance of the strain sensor was recorded at each 25 

ms by a DMM.  

Figure 8-17a demonstrates the response of a strain sensor to the fast bending of each 

finger. The strain sensor showed a similar electromechanical response as before (Section 

8.3.4). The resistance of the strain sensor increased by bending of the finger and then 

quickly returned to the original resistance upon straightening. A similar pattern in the 

resistance profile of all fingers was observed. Figure 8-17b shows various relative 

resistance change profiles of the strain sensors when the volunteer’s finger was bent at 

different angles. First, the finger was slightly bent up to θ < 45°, increasing the resistance 

of the strain sensor and then, held at the same position for a few seconds. At this stage, 

the strain sensor showed a stable resistance level without any noticeable drift. When the 

volunteer bent his finger to high degrees (θ > 45°), further enhancement in the output 

resistance appeared. When the finger remained at this position, the strain sensor showed 

almost a constant resistance level. Finally, the resistance of the strain sensor recovered 

the original resistance when the finger was straightened. This pattern was observed for 

all other four fingers, indicating the stable behaviour of the strain sensors to monitor 

finger joints movements. The strain sensor was also attached on a volunteer’s throat to 

detect small muscle movements during the pronunciation of different words and 

swallowing, Figure 8-16b.  
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Figure 8-16 Photographs exhibiting the attachment of our strain sensor on various parts 
of a volunteer’s body for human body movement detection a) finger joints movements, 
b) phonation, c) respiration (strain sensor attached on the skin under the white box), d, e, 
and f) wrist, elbow, and knee joints movements. 
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Figure 8-17c demonstrates a distinguishable resistance signal pattern when the volunteer 

pronounced the words “Co-tton” and “Hi”. One can clearly notice a unique relative 

resistance change pattern for each of the words, indicating the capability of the strain 

sensor to recognise phonation. In addition, the response of the strain sensor was also 

distinct when the volunteer pronounced the word “Co-tton” with low and loud voices. 

Pronouncing the word “Co-tton” with loud voice caused a higher relative resistance 

change compared to that of the low voice. The strain sensor also successfully detected 

the throat muscle movements while swallowing. The fast and sensitive responses of the 

strain sensors to phonation offer their potential applications in phonation rehabilitation 

training.  

 

Figure 8-17 Detection of various human body movements by our strain sensors; a) plots 
showing the response of our strain sensors to the fast movements of each finger’s joints, 
b) plots indicating the response of our strain sensors to bending-holding of each finger, 
c) plots showing the response of a CC strain sensor to pronunciation of the words “Co-
tton” and “Hi” at low and high voices, swallowing, and respiration before and after 
exercise, d) detection of wrist, elbow, and knee joints movements by our strain sensors. 
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The capability of the strain sensor in respiration monitoring was also investigated. A 

strain sensor was attached to a volunteer’s chest, Figure 8-16c. Figure 8-17d 

demonstrates an excellent response of the strain sensor to chest muscle movements before 

and after exercise. In relaxation mode before the exercise, the strain sensor exhibited a 

lower resistance change (less than 3.7%) while a greater resistance change value (~9.5%) 

with apparent denser signal peaks was observed by the muscle movements after exercise. 

These results indicate the potential applications of the wearable strain sensors for 

detecting apnea in humans and monitoring athletes’ performance.  

The large strain joint movements made by bending the volunteer’s wrist, elbow and knee 

were also fully monitored via attaching a strain sensor on the mentioned joints (Figures 

8-16d-f). Figure 8-17d illustrates similar relative resistance patterns for monitoring the 

wrist, elbow and knee joints movements in the form of an increase in resistance. When 

the volunteer kept his wrist at a bent position, the relative resistance change signal 

remained stable with negligible drift. Overall, the performance of the strain sensors was 

comparable to the ones recently reported except having higher peak values, indicating 

their high sensitivity [326–330]. This further showed the outstanding performance of the 

strain sensors in monitoring various human body movements.  

8.4.2. Subtle pressure sensing with high sensitivity 

In another test, the changes in resistance profiles for the strain sensors were monitored 

under a pressure being applied by lightweight hex nuts (insets of Figure 8-18). The mass 

of small and large hex nut was 0.68 and 2.12 g, respectively. The small hex nut induced 

minor deformation on the stretched (up to 150%) strain sensor, separating the tentacle-

like fibres beneath it, Figure 8-12. Therefore, the resistance of the strain sensor suddenly 

increased when loaded with the item with its impact velocity, Figure 8-18. The resistance 

of the strain sensor was stabilised and reached an equilibrium state after a few seconds. 

A similar resistance pattern was observed when a large hex nut was loaded on top of the 

strain sensor, Figure 8-18. One can clearly notice that the large hex nut induced a greater 

change in resistance profile due to a larger deformation. In other words, the magnitude of 

resistance change for the strain sensor correlated well with the weight of the hex nuts, 

implying high sensitivity of the strain sensors even under low applied pressure. 
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Figure 8-18 Relative resistance change of a strain sensor (acting as a pressure sensor) 
when detecting loads of hex nuts with different weights. (Insets: photographs of the hex 
nuts and their masses) 

8.5. Summary 
In this chapter, stirring coating technique was used for the fabrication of CCFs featured 

with notches at their middle. It was shown that the stirring coating technique is a scalable 

process. Next, the notched CCFs were employed to manufacture sandwich-structured 

strain sensors with ultra-high sensitivity and super stretchability.  

These strain sensors took advantage of intentional fractured fibres within the CCFs at 

notched sections after rupture training. The maximum stretchability (ε=400%) and 

ultrahigh sensitivity (GF=102350.91) were achieved for the strain sensors. They also 

possess fast response time (97 ms), low hysteresis and high durability (more than 1000 

cycles at 75% of applied strain). They showed outstanding performance in monitoring 

various human body movements, even in distinguishing the pronunciation of a particular 

word.  The highly sensitive strain sensors were also able to sense very small deformations 

(0.5, 1 and 2%) with corresponding GFs ranging from 11.82 to 17.31. They successfully 

detected minor deformations made by small objects like hex nuts, indicating their 

excellent sensing performance in both high and low strain levels.  

A brief overview of the developed stretchable strain sensors in this Ph.D. research 

indicates that the strain sensors based on fragmented CCFs showed the most promising 

results in various sensing parameters, such as stretchability, sensitivity, hysteresis and 

durability. They responded excellently to various electromechanical tests and the 

movements of various joints of a human body with apparent electrical resistance change 

peaks, showing their potential for real-world applications. 
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Chapter 9. Flexible Dual-function Electronic 
Devices Based on Arrays of Conductive Wool 
Fabrics  
 

 

9.1. Introduction 
In the previous chapters, the focus was on the fabrication of multifunctional flexible and 

stretchable devices that could function as stretchable strain sensors, pressure sensors and 

heating element. In particular, improving the sensing performances of the devices were 

fully investigated. The sizes of the devices were mainly small to medium, suitable for 

wearable technologies.  

Large-scale flexible multifunctional devices have been rarely studied in the literature. For 

instance, a flexible and transparent heater based on graphene films by roll-to-roll method 

was reported with the area of 9 × 9 cm2 [266]. In another study, a large-area and foldable 

graphene paper from GO suspensions by an in-situ chemical reduction process was 

fabricated. The paper was used as a flexible solid-state supercapacitor, showing superior 

capacitive performance [331]. Dong et al. (2016) developed a large area (22 × 15 cm2) 

of flexible graphene paper that was mainly used as a flame retardant and conductor in 

circuits [332]. However, large-scale flexible devices that can work as heating devices for 

de-icing the large surface areas, seat heaters and pressure sensors pads are still in demand. 

However, limited research has been reported on the fabrication of large and flexible 

electronics based on natural and biodegradable substrates. In particular, up to the best of 

author’s knowledge, a flexible electronic device with a large area based on wool fabric 

as a soft, lightweight and stretchable natural substrate has not been reported in the 

literature.   

In this chapter, a large-scale flexible dual-function device is presented, which has the 

ability to detect localised pressure and generate heat by the concept of Joule heating. In 

order to minimise the input power for the generation of heat of these large-size devices, 

arrays of highly conductive CWFs in small sizes were exploited. For this purpose, the 

fabrication process of the highly conductive CWFs was modified by minimising the 

existing cracks within the percolated networks of conductive particles after drying. The 

electrical conductivity and surface morphology study of the active materials were 
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conducted. Next, the electrothermal behaviour of the active materials was characterised 

in terms of time-dependent temperature profiles and cyclic heating-cooling temperature 

profiles. At last, arrays of CWFs were employed in a large, flexible and sandwich-

structured dual-function device.  

9.2. Materials and methods 
9.2.1. Preparation of materials 

In this part of research, wool fabric, Figure 3-1, as explained in Section 6.2.1, was used 

as a soft and flexible textile, suitable for fabrication of flexible dual-function devices.  A 

hybrid of GNPs and CB was employed to prepare a highly conductive ink based on DI 

water using SDBS. The two components of Ecoflex 0030 were also utilised for 

fabrication of the devices. Section 3.1.1 includes the details related to the materials. 

9.2.2. Fabrication of CWFs using the modified stirring coating technique 

The preparation of the conductive ink is schematically shown in Figure 9-1a. Following 

the process used in the previous chapter (Section 7.2.2), 3 g of each GNPs and CB 

particles was added to 75 ml of DI water and bath-sonicated for 30 min. Next, SDBS (6 

g) was introduced to the mixture and stirred for 4 h at 60 °C.  

To fabricate CWFs, large wool fabric pieces (150 mm × 150 mm) was hot-pressed using 

a hydraulic press at 100 °C and approximately 89 kN of applied load for 10 min (Figure 

9-1b). After cooling, they were trimmed to smaller pieces (45 mm × 20 mm and 25 mm 

× 20 mm for heating elements and 80 mm × 20 mm for measuring electrical conductivity), 

and each piece was added to the conductive ink, subsequently coated for 3 min by stirring 

in the conductive ink using a magnetic stirrer at 1500 rpm, Figure 9-1b. Finally, the 

CWFs were removed from the ink, placed on a glass substrate and fully dried in an oven 

at 90 °C for 45 min. After drying, a second coating cycle was conducted by dip coating 

the CWFs into the conductive ink and they were put in the same oven on the glass 

substrate at 75°C for 1 h. In the next step, the samples were compressed using a cold 

press under almost 89 kN of applied load for 20 sec. This step took place twice for some 

of the samples (25 mm × 20 mm) to check this effect on the generated maximum surface 

temperature. This important step resulted in minimising the presence of large cracks on 

the surfaces of the CWFs samples, as will be explained in Section 9.3.1. 
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Figure 9-1 a) Schematic illustration of the preparation of conductive ink based on GNPs 
and CB particles in DI water; b) Fabrication process of CWFs by the prepared conductive 
ink through three steps. 
9.2.3. Fabrication of the large-size, flexible and sandwich-structured devices 

Figure 9-2 illustrates the fabrication process for flexible dual-function devices. First, 8 

ml of each Ecoflex component was mixed. Next, the mixture was spread into the mould 

(120 mm × 120 mm) until a uniform thickness was obtained over the surface. The mould 

was then put in an oven at 80 °C for 45 min. After this step, arrays of CWFs were attached 

on top of the cured Ecoflex substrate. At this stage, copper tapes as electrodes were 
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carefully attached to the previously attached electrodes to the CWFs. Long electrodes 

were able to be connected in series or parallel to adjust the current passing through each 

heater. It was also possible to locally heat the device by an input power to an individual 

heater or multiple heaters. Fresh Ecoflex mixture (10 ml of each component) was poured 

on top of the assembly to cover the surface of CWFs. At this stage, the copper electrodes 

were carefully held above the level of the fresh mixture. The second curing cycle was 

conducted under a similar condition. The view of the flexible dual-function devices is 

shown in Figure 9-2. 

 

Figure 9-2 Steps for fabrication of the flexible devices 
9.2.4. Characterisation of CWFs  

The electrical resistance (R) of the CWFs (80 mm × 20 mm) after drying was measured 

following the procedure explained in Section 3.3.1.2. A Vernier scale was used to 

measure the exact thickness (t) and width (W) of the CWFs. The average of five 

measurements at different locations of the fabrics was considered as the representative 

thickness and width for calculations of electrical conductivity (σ) using 𝜎𝜎 = 𝐿𝐿
𝑡𝑡.𝑊𝑊.𝑅𝑅

 , where 

L was the distance between the inner electrodes of the four-point probe setup (18 mm). 

The electrical conductivity of each sample was measured five times on different sides 

and five samples were employed for the measurements. Therefore, the nominal value of 

the electrical conductivity of the CWFs was obtained by averaging 25 measurements.  

The surface morphology of the CWFs at different stages of the coating process was 

studied through SEM (HITACHI SU-70) images. In order to understand the chemical 

composition of the dispersion after functionalisation with SDBS, EDS was performed on 

the dried hybridised particles of GNPs and CB. TEM images from the surface of the CW 
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fibres were also taken, following the procedure explained in Section 3.3.4.3. TGA for the 

neat and CWFs samples was performed by a TA instrument (Q5000 model) in an N2 

atmosphere with an increasing temperature rate of 10 °C.min−1 up to 600 °C. XRD for 

the samples was conducted on a Rigaku Ultima IV instrument with scattering angle, 2θ, 

scanned from 20º to 80º. 

 

Figure 9-3 The experimental setup for electrothermal characterisation of heaters 

 

The electrothermal performance of the CWFs was evaluated by time-dependent surface 

temperature of five different samples for each size. This was conducted by different 

applied voltages ranging from 2 to 6 V using a power supply (POWERTECH-MP-3086) 

while the surface temperature at the middle of each sample was measured by an infrared 

camera (FLUKE Ti9) and the readings were recorded at every 5 seconds. The cyclic 

temperature profile for a CWF sample (25 mm × 20 mm) was obtained during a constant 

voltage for 30 sec and cooling down to 30 °C for 10 cycles. The surface temperature of 

the sample was monitored following the aforementioned procedure. The experimental 

setup for these tests is illustrated in Figure 9-3. 

9.2.5. Characterisation of the dual-function devices 

The performance of the CWFs samples (with a planar area of 25 mm × 20 mm) in 

electrothermal and electromechanical tests indicated their potential applications in large-
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size array based dual-function devices that can generate heat with very low input power 

and locally detect the applied pressure. The electrothermal behaviour of the device was 

studied when these heaters were activated either individually or in parallel.  A constant 

voltage was applied to demonstrate the distribution of surface temperature of heaters in 

different modes.  

The device can also act as a large-size touch screen that can recognise the location and 

magnitude of the pressure in the form of change in resistance. For this purpose, the 

resistance change profile of each CWF in the device was measured when a fingertip 

pressure was applied.   

9.3. Results and discussion 

9.3.1. Characterisation of the CWFs  

Before characterisation of the CWF samples, EDS was performed on the hybrid of GNPs 

and CB powders after preparation of the dispersions in DI water. As presented in Figure 

9-4, the element composition of the powder was 94.38 ± 1.55, 2.64 ± 1.12, 1.75 ± 0.15 

and 1.21 ± 0.27 atomic % of C, Na, O and S, respectively. As expected, it is obvious that 

carbon is the dominant element in all three locations. The results indicate the 

functionalisation of carbon particles with SDBS that contains Na, S and O atoms.   

After the fabrication process for CWFs (80 mm × 20 mm), the electrical conductivity of 

each sample was measured five times using a four-point probe method, as explained in 

3.3.1.2. The average electrical conductivity of the five CWFs samples was found to be 

393.04 ± 18.39 S.m-1 for the 25 measurements. The value of electrical conductivity for 

each sample is shown in Figure 9-5. It can be seen that the average electrical conductivity 

for each sample is similar, which shows the uniformity of the percolated networks within 

the CWFs after the process.  
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Figure 9-4 EDS analysis for the hybrid of GNPs and CB powder; a) SEM image of the 
powder showing the focused location for EDS analysis, b-d) the EDS spectrum showing 
the intensity peaks related to the existing elements at points 1, 2, and 3, respectively. 
Tables showing the e) weight percentage and f) atomic percentage for each element at 
those specific locations. 
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Figure 9-5 Average value of electrical conductivity for each CWF sample after five 
measurements. 

The high electrical conductivity for CWFs was obtained mainly due to the formation of 

percolated networks of conductive particles on the surface of the wool fibres after two-

step coating process and the reduced amount of cracks on the surface of the CWFs after 

the cold-pressing process. This can be highly advantageous for the CWFs to generate heat 

with very low input power. SEM images from the surface of the wool fabric and its fibres 

before the coating process are shown in Figures 9-6a,b. After stirring process for 3 min, 

SEM images were taken from the surface of a CWF sample, as shown in Figures 9-6c,d. 

It can be clearly seen that large cracks with high gap distance exist on the surface of the 

CWF. This deteriorated the electrical conductivity of the CWFs, which is not ideal for 

the fabrication of heaters. It is worth mentioning that existence of such surface cracks 

effectively enhance the sensitivity of the fabricated strain sensors, as explained in 

previous chapters. However, they are not suitable for fabrication of heaters demanding 

low input power. Therefore, the second step of the coating was carried out by simple dip 

coating the CWFs in the similar conductive ink. The SEM images taken after re-coating 

revealed that the crack density and gap distance decreased, confirming the slight increase 

in their conductivity, Figures 9-6e,f. Removal of the existing surface cracks of CWFs 

will lead to the absence of any hotspot and achieving a uniform high surface temperature 

with low input power. For this purpose, the samples were cold-pressed under high 

compressive load. Figures 9-6g,h show the SEM images from the surface of the CWF 
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after this step evidently show the removal of surface cracks, leading to a great increase 

in the electrical conductivity values of the samples.  

 

Figure 9-6 SEM images from the surface of a CWF sample at different stages of 
fabrication process and different magnifications; a, b) neat wool fabric and its yarn, c,d) 
after stirring coating, e,f) after dip coating, and g,h) after cold-pressing process.  
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In addition to SEM morphology study, TEM images were also taken to observe the 

particles on the surface of the fibres. Figure A-4 shows the conductive particles on the 

surface of a single wool fibre after the coating process. It is to be noted that taking a high-

quality TEM image from the surface of a single CW fibre was found to be challenging 

mainly due to the complex TEM sample preparation process.  

The XRD spectra of the neat wool and CWF are presented in Figure A-5. In the case of 

neat wool, two crystal structures are typically observed. They are at 2θ = 19.9° and 23.6°, 

which correspond to α-helix and β-sheet structures, respectively [333]. Compared to the 

neat wool, the XRD patterns for CWF clearly show a graphite characteristic peak at 2θ = 

26.7° and a peak at about 32.4° related to the sodium sulfate. These changes clearly show 

the presence of SDBS functionalised carbon particles after coating process, Figure A-

5b.  

 

Figure 9-7 TGA thermograms of various fabrics, indicating their thermal behaviour up 
to 600 °C.  

TGA was performed for understanding the decomposition temperature for the wool fabric 

and CWFs after the second cold-pressing cycle. The TGA graphs shown in Figure 9-7 

clearly exhibits an initial weight loss for both neat wool and CWF due to the evaporation 

of existing water absorbed from the environment [312]. A major weight loss started 

occurring at slightly more than 250 °C in both wool and CWFs. Wool fabric showed 

approximately 75% of weight loss up to 600 °C while the CWF had about 65% of weight 
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loss at the end of the process. The lower weight loss of CWF was due to the presence of 

the hybrid of GNPs and CB particles. Overall, the results show the thermal stability of 

the CWFs in the working temperature range of the heaters up to about 250 °C.  

9.3.2. Electrothermal characterisations of CWFs  

The time-dependent temperature profiles for five heaters at the planar area of 45 mm × 

20 mm and 25 mm × 20 mm by the applied voltage within the range of 2-6 V were 

obtained. Note that a trial heating cycle on each sample was performed to reach the 

temperature on the surface to above 100°C, followed by naturally cooling down to 30 °C. 

To perform the test, the input voltage was applied for 8 min, followed by natural cooling 

for 5 min. It can be noticed from the temperature profiles that the curves include three 

stages: the raising temperature, steady-state temperature and cooling phase.  

Figure 9-8 demonstrates the electrothermal behaviour of the five CW heaters with a 

planar area of 45 mm × 20 mm under different applied voltages. It can be observed that 

all samples exhibited almost similar behaviour at a certain applied voltage, indicating the 

consistency of the proposed process for fabrication of heaters based on wool fabrics. As 

shown in Figure 9-8a, a maximum steady-state temperature of 51.4, 49.3, 50.7, 48 and 

48.8 ºC by the applied 2 V was obtained for samples 1 to 5, respectively. In addition, the 

maximum steady-state temperatures of 92.4, 84.3, 92.8, 84.5 and 86.1 ºC and 175.4, 

158.1, 181.3, 169.8 and 169.3 ºC were recorded for samples 1 to 5 under applied voltages 

of 3.5 and 5 V, respectively, Figures 9-8b,c. Three samples were randomly chosen to 

monitor their surface temperatures at 6 V. Based on Figures 9-8d, samples 1, 3 and 5 

possessed almost similar temperature profile with maximum steady-state temperatures of 

238.3, 242.7 and 233.8 ºC, respectively. The slight differences in the temperature profiles 

could be due to the slight difference in resistance of the samples. The results support the 

fact that the heaters can efficiently generate heat with a very low input voltage and work 

well even at high temperatures (more than 230 ºC).  

A summary of the maximum temperatures for each sample at different voltages is 

illustrated in Figure 9-9. The maximum generated surface temperature by the heaters is 

almost similar, indicating the robust behaviour of the heaters. 
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Figure 9-8 Time-dependent temperature changes of five CW heaters with the planar area 
of 45 mm × 20 mm at the applied voltage of a) 2V, b) 3.5 V, c) 5 V and d) 6 V. 

 

 

 

Figure 9-9 Maximum surface temperature for different samples at different applied 
voltage for the heaters with the planar area of 45 mm × 20 mm (inset: IR image showing 
the temperature distribution on the surface of a large CW heater). 
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Resistance change profile of a CW heater with a planar area of 45 mm × 20 mm versus 

the surface temperature is shown in Figure 9-10. The initial resistance between the two 

electrodes was found to be slightly more than only 4.2 Ω, indicating the high conductivity 

of the CW heaters even after the first cold-pressing cycle. The resistance of the CW heater 

gradually decreased to about 3.6 Ω as the surface temperature increased to about 230 ºC.  

 

Figure 9-10 Resistance profile of a large CW heater (45 mm × 20 mm) versus 
temperature 

Five CW heaters with a planar area of 25 mm × 20 mm were characterised to compare 

their performances with the large heaters (45 mm × 20 mm). Overall, these heaters 

generated almost similar surface temperatures with lower input voltages, mainly due to 

the lower resistance between the electrodes, Figure 9-11. Similar temperature profiles 

for the samples were observed, as illustrated in Figures 9-11a-c. Figure 9-11d indicates 

the electrothermal behaviour of the three small heaters at 4.5 V of applied voltage. A 

great surface temperature (more than 230 ºC) was observed for each of the three small 

heaters.  

The maximum surface temperature of 55, 85.8 and 176.4 ºC was recorded for the sample 

1 when 2, 3 and 4 V was applied, respectively. Maximum surface temperature of 56.3, 

57.6, 59.4, 61.1 ºC was achieved for the samples 2, 3, 4 and 5 at an applied voltage of 2 

V, respectively. In addition, samples 2, 3, 4 and 5 showed a maximum temperature of 

87.9, 98.5, 98, 92.2 ºC with an input voltage of 3 V and 176.9, 195.8, 182.9, 177.5 ºC 
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with an input voltage of 4 V, respectively. The summary of these results is exhibited in 

Figure 9-12.  

 

Figure 9-11 Time-dependent temperature changes of five CW heaters with the planar 
area of 25 mm × 20 mm at the applied voltage of a) 2V, b) 3 V, c) 4 V, and d) 4.5 V. 

 

 

Figure 9-12 Maximum surface temperature for different samples at different applied 
voltage for the heaters with a planar area of 25 mm × 20 mm (inset IR image showing the 
temperature distribution on the surface of a small CW heater). 
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It is obvious from the results that the small heaters can reach a high surface temperature 

at a very short amount of time with low input power. These characteristics make them 

suitable for the application of flexible heating devices. Considering this, the effect of 

repeating the cold-pressing step on the small heaters experimented. For this purpose, the 

already cold-pressed small heaters were heated in their trial heating cycle and were cold-

pressed for the second time in a similar manner after cooling down.   

 

Figure 9-13 Resistance profile of a large CW heater (25 mm × 20 mm) versus 
temperature after the second cold-pressing process. 

Figure 9-13 demonstrates the resistance change of a small CW heater during Joule 

heating process. A similar trend was observed compared to the large heater. It is obvious 

that the initial resistance of the small heaters was lower than the large ones (as low as 2.9 

Ω). This value decreased further to 2.47 Ω at about 220 ºC. This clearly indicated that the 

initial resistance of the small heaters decreased after the second cold-pressing process, 

which majorly contributed reaching even higher temperature under an equal applied 

voltage. The maximum surface temperature of these small heaters during 8 min of 

applying input power was recorded and compared with the results presented in Figure 

9-12. The increase in the generated maximum surface temperature of the small heaters 

can obviously be noticed in Figure 9-14. The average of maximum surface temperature 

for the small heaters after the second cold-pressing cycle was found to be 74.43 ± 6.75, 

138.03 ± 8.87 and 250.66 ± 2.46 ºC under an applied voltage of 2, 3 and 4 V, respectively. 

This increment of the surface temperature could be due to lowered contact resistance 

between the electrodes and the surface of the heaters. 
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Figure 9-14 Comparison of the maximum surface temperature of the small heaters before 
and after the second cold-pressing step.  

The cyclic electrothermal test for a small CW heater after the second cold-pressing cycle 

was carried out under a constant applied voltage of 2.5 V for 10 cycles. The initial 

temperature was set to be 30 °C and then Joule heated for 30 s. Next, the heater was 

naturally cooled-down to reach 30 °C, which approximately took about 110 s. From here, 

the next cycles were performed in a similar manner. Figure 9-15 exhibits a stable 

dynamic electrothermal characteristic for the CW heater with a peak temperature of about 

100 °C at each cycle. Overall, it can be said that the electrothermal performance of the 

CW heaters outperformed some of the recently reported heaters [191,266,313,314].  

 

Figure 9-15  Cyclic electrothermal performance of a small CW heater under a constant 
applied voltage of 2.5 V, showing the heating stability of the CW heaters. 
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9.4. Applications for the dual-function devices 

9.4.1. Heating device 

The results of electrothermal characterisations of small CW heaters showed that they 

were suitable candidates as heating elements for a flexible and large-size device. 

Therefore, a device was designed based on arrays of CW heaters, Figure 9-2. This device 

has interesting features, such as large-size, flexibility, stretchability, lightweight and 

fabricated via a cost-effective and environmentally friendly process. These make the 

device suitable as a heating source on different surfaces (e.g. seat heaters). The copper 

electrodes were attached to each side of every CW heater to apply the input power. It was 

realised that the initial resistance of the heaters increased after being encapsulated by 

Ecoflex, which could be due to the addition of the insulating elastomer and its partial 

penetration into the new small cracks within the heaters during curing of the device. The 

electrothermal behaviour of the sandwich-structured device was characterised by 

applying a constant voltage (5 V) to each heater until reaching the maximum steady state 

temperature.  

 

 

Figure 9-16 Steady-state temperature profiles by IR images for CW heater 1 to 9 (as 
shown in Figure 9-2) embedded in the device under a constant applied voltage.  
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Figure 9-16 portrays the CW heaters embedded in the device when reached a steady-

state temperature. The steady-state temperature of 47.5, 53.1, 57.9, 48.4, 53.4, 47, 47.6, 

56 and 50.6 ºC was found for the CW heaters 1 to 9, as shown in Figure 9-2, respectively. 

It can be concluded that the CW heaters almost reached a similar range of temperature, 

under 5 V of applied voltage.  

 

Figure 9-17 Connection of CW heaters in parallel: observation of temperature 
distribution through IR images when three CW heaters were linked. 

 

The device can function in different modes where electrodes of small CW heaters can be 

connected to activate different number of heaters. For instance, three of the heaters on 

the left column (number 1, 4 and 7) were linked with each other and powered with 8 V 

to observe their surface temperature during Joule heating and cooling processes. Figure 

9-17 demonstrates the Joule heated CW heaters connected in parallel, indicating almost 

uniform temperature over the surface of each heater, Figure 9-17a. In addition, it can be 

clearly noticed that they cooled down in a uniform manner, as indicated in Figure 9-17b. 

Overall, it can be said that the fabricated device can perform well as a heating device in 

accordance with the results. It takes advantage of flexibility, cost-effective, lightweight 

and workability with low input power, suitable for heating complex surfaces. 

9.4.2. Touch screen 

The dual-function device can detect external subtle pressure in the form of change in the 

resistance of the CWFs. Wires of the DMM were connected to the copper electrodes 

attached to the CWFs. The changes in resistance of the device under subtle applied 

pressure by a fingertip were measured for each CW fabric.  The resistance change profiles 

of each CWF are presented in Figure 9-18. The applied pressure resulted in an increment 

in resistance in the device. Efforts were made to apply a consistent pressure though it was 
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not exactly similar in some cases. This resulted in generation of different peak values, 

which was appropriate to the applied pressure. As pressure increased by the fingertip, the 

level of resistance change increased. This behaviour was consistent for all CWFs. These 

results showed that the device can function well even under subtle pressure, suggesting 

its potential application as a flexible pressure sensor for touch detection.  

 

Figure 9-18 Resistance change profiles for different CWFs in the device under applied 
pressure by a fingertip. 
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9.5. Summary 
In this chapter, a multi-step process was utilised for the fabrication of CWFs. This process 

included the stirring coating, followed by dip coating. Afterward, the CWFs were cold-

pressed where the existing cracks within the coatings were removed. The fabricated 

CWFs possessed high electrical conductivity with an average of 393.04 ± 18.39 S.m-1. 

The chemical and thermal characterisations, as well as surface morphology of CWFs, 

were also studied.  

CWFs in two different sizes (45 mm × 20 mm and 20 mm × 20 mm) were employed for 

electrothermal characterisations. It was found that cold-pressing the samples two times 

decreased the contact resistance of the electrodes and the CWFs. The electrothermal tests 

of the CWFs for large samples were carried out within the range of 2 to 6 V, reaching the 

maximum surface temperature of up to about 240 °C. Small CW heaters showed almost 

similar maximum temperature with lower input power (2-5 V). Their electrothermal 

performance of the small CW heaters improved even more after the second cold-pressing 

cycle.  

The superior electrothermal properties of these CW heaters suggested their application in 

a flexible sandwich-structured device for generating heat and detection of subtle pressure. 

The fabricated dual-function device took advantage of having 9 small CWFs, positioned 

in arrays of 3×3. The steady-state temperature of each heater and the electrothermal 

behaviour of the heaters when they were connected in parallel were recorded. As another 

functionality of the device, the resistance change profiles for all CWFs in response to 

touching by a fingertip was monitored. Based on the electrothermal and sensing 

performance of the device, it can be said that they are able to function well as both heating 

device for various surfaces and touch screen to detect subtle pressure. 
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Chapter 10. Concluding Remarks and Future 

Work 
10.1. Concluding remarks 
In this research, the fabrication of highly conductive natural materials and their 

applications as multifunctional electronic devices were thoroughly investigated. 

Materials that are naturally abundant, environmentally friendly, cost-effective, 

biodegradable and light have been used for this research. So far, most of the engineering 

applications for these materials have been related to the composite parts in the automotive 

industry, buildings and sports goods where good mechanical properties are desired. 

However, their usages in novel composites for multifunctional electronic devices where 

high electrical conductivity is mostly necessary has been limited. Hence, this research 

has endeavoured to develop new and simple fabrication techniques for preparing 

electrically conductive natural fibre yarns or fabrics and apply them in multifunctional 

electronic devices, such as strain sensors, pressure sensors and heating elements with 

interesting features including wearability, flexibility and stretchability. 

Although each of the chapters has provided a discrete summary section containing the 

conclusions, this chapter includes the overarching conclusions and recommendations for 

future work, which are presented in the following paragraphs.  

In the first stage of this research, electrically conductive flax yarns (neat and bleached) 

were fabricated through EPD coating process using an f-GNPs based dispersion in DI 

water. Conductive UHMWPE braid, as a synthetic material, was also produced as a 

comparison. The Taguchi method, as a powerful DoE, was employed to optimise the 

number of experiments and decrease the time and cost, while Pareto ANOVA tool 

evaluated the effective parameters on the enhancement of the electrical conductivity of 

the flax yarns. It was found that the most contributed factor for enhancement of electrical 

conductivity of the yarns was the amount of surfactant. After finding the combination of 

different factors to reach the maximum electrical conductivity, it was found that this value 

was about 0.6 S.m-1. As an application, a 15 mm GNP coated flax yarn was decorated 

with silver particles and its electrothermal properties was investigated to be used as a 

heating wire. A maximum surface temperature of 102 ºC under the applied voltage of 3 

V was obtained. Overall, it was concluded that the electrical conductivity of the yarns 
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after EPD coating process did not reach a high value. Besides, the experimental setup 

was not quite suitable for mass production and large-scale samples (e.g. fabrics). This 

motivated us to find an improved coating technique to reach much higher electrical 

conductivity for natural materials.  

In the next phase, a new coating technique for NFY/Fs by using an ultrasonication bath 

equipment was introduced. Dispersions based on CB, GNPs and a hybrid of GNPs and 

CB particles in DI water with the addition of a surfactant (SDBS) were prepared. Flax 

yarns (neat and bleached) were coated by the carbon-based particles using ultrasonication 

with changing parameters, such as deposition time up to 20 min, ratio of SDBS to 

conductive particles and type of flax yarn (bleached or neat). The electrical conductivity 

of five samples for each set was measured five times and the average of the 25 

measurements was used for comparison. It was found that as the deposition time 

increased, the electrical conductivity of the flax yarns increased. The hybrid system of 

GNPs and CB particles coated flax bleached yarns showed the maximum electrical 

conductivity to be about 580 S.m-1, which is greatly higher than that of a flax yarn coated 

through EPD technique. This was mainly due to the presence of large-sized particles with 

high aspect ratio in the hybrid dispersions that formed a more uniform percolated network 

on the fibres in the form of mechanical interlocking and hydrogen or electrostatic bonds. 

The surface treatment with BSA and Silane had no improvement on the electrical 

conductivity of the yarns. In addition, the synthetic fibres (GFs) were coated by a CB 

based dispersion and the maximum electrical conductivity was found to be 18 S.m-1. 

Ultrasonication coating technique was compared with spray coating using the hybrid of 

GNPs and CB particles. It was found that even after three times of spray coating the flax 

bleached yarns, the maximum level of electrical conductivity was about 138 S.m-1, which 

is greatly lower than the level of conductivity achieved by ultrasonication technique. 

Various conductive FB yarns at different deposition times were employed for fabrication 

of sandwich-structured flexible and stretchable wearable strain sensors with different 

thicknesses (2 and 4 mm) using a highly elastic substrate. It was found that the conductive 

FB yarns encapsulated within Ecoflex with a final thickness of 4 mm had the best 

electromechanical performances without any drift and noise in the output signals. Various 

electromechanical test results, such as negligible hysteresis behaviour, durability (more 

than 1000 cycles at 4 and 8% of strain), good sensitivity (up to 5.62) and short response 

time (209 ms) supported their excellent sensing performance. Therefore, they were tested 
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as wearable strain sensors to detect various human body movements and flexible nodal 

pressure sensors to detect subtle deformations at specific locations. Overall, it can be said 

that the ultrasonication technique has been effective for fabrication of electrically 

conductive yarns and the performance of the strain sensors based on the conductive FB 

yarns was found to be promising. However, their lack of stretchability and limited 

sensitivity directed the research path towards finding the more suitable natural materials 

that satisfy both high stretchability and sensitivity factors.  

In the next phase of this research, the fabrication of conductive natural fabrics with 

flexibility and high stretchability was aimed. For this purpose, cotton and wool fabrics 

were chosen as they are naturally abundant, biodegradable, light with features like 

softness, flexibility and stretchability. Ultrasonication coating technique was employed 

to decorate hybrid of GNPs and CB particles on the surface of wool and cotton fabrics. 

Highly conductive fabrics after 20 min of deposition warranted the possibility of mass 

production using ultrasonication coating technique. These highly conductive fabrics were 

then encapsulated within two layers of Ecoflex for fabrication of flexible and stretchable 

multifunctional devices, functioning as strain sensors, pressure sensors and heating 

elements. CC based strain sensors showed higher GFs than CW ones, mainly due to the 

formation of fractured fibres and more cracks in CCFs. Wool fabrics had higher stiffness 

and thus, less fibre breakage occurred. The electromechanical properties of the strain 

sensors including good sensitivity (GFs up to 20.4 for CC based strain sensors), high 

stretchability (more than 100%), low hysteresis and high durability (more than 1000 

cycles at 75%) suggested their potential applications as wearable strain sensors for 

detection of human body movements. They also were able to detect subtle pressures and 

recognise sound signals. As another interesting application, they were functional as 

wearable heating elements with stretchability and flexibility. The maximum surface 

temperature for CC and CW based heaters was 97.2 and 93.4 ºC under only 2.05 W of 

input power, respectively. In addition, the wearable heaters exhibited an excellent 

electrothermal performance under an applied tensile strain up to 50% and a stable 

performance under cyclic heating-cooling tests.  

In order to understand the geometrical effect of active materials on the sensing behaviour 

of stretchable strain sensors, CWYs were prepared by following a different procedure. In 

this process, neat WYs were stirred in a highly concentrated ink of GNPs and CB particles 

for short time using a magnetic stirrer equipment. They were then placed in different 
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shapes (straight and two serpenoid curves) within the highly elastic substrates (Ecoflex). 

It was shown that the strain sensors based on a straight CWY had higher sensitivity than 

the other two types. As the period for serpenoid curves of CWYs increased, the sensitivity 

of the strain sensors decreased mainly due to a lower  𝐼𝐼𝑖𝑖𝑖𝑖𝑟𝑟𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑑𝑑 𝐿𝐿𝑟𝑟𝑖𝑖𝑔𝑔𝑡𝑡ℎ
𝑆𝑆𝑡𝑡𝑟𝑟𝑡𝑡𝑖𝑖𝑖𝑖

 (𝛥𝛥𝐿𝐿
𝜀𝜀

) of CWYs in 

the direction of the applied tensile strain. The electromechanical characterisations 

demonstrated that the strain sensors based on straight CWY possess GFs of 5 and 7.75 

for the applied strain range of 0-127% and 127-200%, respectively. In addition, they are 

functional at high stretchability (up to 200%) with fast response time (172 ms), low 

hysteresis and good sensitivity. A remarkable improvement in sensing performance of 

the strain sensors (e.g. stretchability and sensitivity) based on the conductive natural 

yarns were made by using CWYs rather than FB. For application demonstration, a CWY 

based strain sensor was attached to various parts of a volunteer and successfully detected 

various movements. 

The next phase of this study aimed at fabricating high-performance strain sensors by 

creating intentional cracks and fractures within the active materials. A simple change in 

the shape of neat cotton fabric was made by creating notches in the middle. The stirring 

process was utilised for producing CCFs. This simple change resulted in a considerable 

improvement in the sensing performance of the strain sensors after rupture training at a 

high strain level. After rupture training, intentional fractured fibres at the notched section 

as well as the cracks within the coated particles led to ultrahigh sensitivity 

(GF=102350.91) within the ultrahigh stretchability (ε=400%). These strain sensors also 

possessed fast response time (97 ms), low hysteresis and high durability (more than 1000 

cycles at 75% of applied strain). They were able to detect subtle deformations with high 

sensitivity. An ultrasensitive strain sensor was attached to various parts of a volunteer 

showed an outstanding performance in monitoring various human body movements, even 

in distinguishing the pronunciation of a particular word.  

In the last part of this thesis, a large, flexible, bendable dual-function device based on 

arrays of CWFs encapsulated within two layers of Ecoflex was introduced, functioning 

as heaters and touch screens. CWFs were prepared with stirring coating followed by a 

dip coating technique. Cold-pressing process was utilised to remove the existing cracks 

after drying process. This step considerably enhanced the level of electrical conductivity 

for CWFs up to about 393 S.m-1. CW heaters in two different sizes (large: 45 mm × 20 
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mm and small: 20 mm × 20 mm) were prepared. A wide range of electrothermal 

characterisations was conducted by the applied voltage within the range of 2-6 V and 2-

5 V for large and small heaters, respectively. A maximum surface temperature of about 

240 °C for both large and small heaters by an applied voltage of 6 and 5 V, respectively. 

As the small heaters were functional with lower input power, they were chosen for the 

fabrication of the dual-function device. Prior to the fabrication, it was shown that a second 

cold-pressing cycle effectively decreased the contact resistance between the copper 

electrodes and the surface of CW heaters in which higher surface temperatures under a 

similar input power were achieved. Therefore, the device was fabricated by using these 

CW heaters in arrays of 3×3. The CW heaters within the device were able to function 

individually or in parallel. As another interesting functionality, the CWFs were able to 

detect subtle touching pressure made by a fingertip, suggesting their capability as a large-

size touch screen.  

Based on the particular summary and conclusions mentioned above, this Ph.D. thesis has 

identified and introduced simple, environmentally friendly and cost-effective fabrication 

techniques for producing conductive natural materials, which are naturally abundant, 

cost-effective, eco-friendly, sustainable and lightweight. The potential applications for 

these conductive natural materials were explored and assessed in green electronic devices 

with multifunctionality. The fabricated devices have shown outstanding performance as 

strain sensors, pressure sensors and heating elements that can be integrated into wearable 

technologies in various fields, such as healthcare, human-machine interface and gaming.  

10.2. Recommendations for future work 
This thesis has demonstrated the comprehensive study on the fabrication techniques for 

achieving highly conductive natural materials using carbon-based materials. The 

potential applications for these conductive materials were thoroughly investigated for the 

purposes of strain sensing, pressure sensing and heating. To further explore the potentials 

of conductive natural materials, the following research directions are recommended.  

In this research, carbon particles were dispersed in DI water, as an environmentally 

friendly and cost-effective solvent, with the addition of an effective surfactant (SDBS). 

To further explore this process, other surfactants, other solvents can be utilised to check 

the possibility of enhancing the level of electrical conductivity for the natural materials. 
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A deeper study on the surface functionalisation of natural materials to improve the 

bonding between their surface and carbonic particles is also recommended. Other 

conductive materials, such as MXenes, as newly introduced 2-D and highly conductive 

materials, can also be exploited instead of carbon materials. MXenes take advantage of 

abundant functional groups on their surface that could improve the interaction with the 

surface of natural materials.  

Highly conductive and freestanding natural materials can be achieved through 

carbonization process. Controlling parameters, such as the duration of the process and 

the maximum temperature can vary to tune the electrical conductivity of the natural 

materials after the carbonization process. 

In this research, strain sensing, pressure sensing and heating applications were thoroughly 

investigated. However, other applications and their relevant characterisations, such as 

energy storage devices (e.g. supercapacitor), EMI shielding composites, electroactive 

shape memory composites and actuators can be carried out for continuing this research.  

Prediction of electrothermal and electromechanical properties of the devices based on the 

conductive natural materials using molecular dynamics simulations or numerical 

simulations via FEM software packages (e.g. ABAQUS or COMSOL Multiphysics) is 

recommended.  
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Appendices  
The Pareto ANOVA for mixed calculations were analysed based on the calculated values 

shown in Figure 4-10 and the values for contribution of each factor were assessed as 

shown in Figure A-1. The calculations were based on the steps given in Table 6.6 of 

[334].  

 

Figure A-1 Pareto ANOVA calculations for mixed level factors 
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Figure A-2 EDS analysis for the hybrid of GNPs and CB powder; a) SEM image of the 
powder showing the focused location for EDS analysis, b-e) the EDS spectrum showing 
the intensity peaks related to the existing elements at points 1, 2, 3 and 4, respectively. 
Tables showing the f) weight percentage and g) atomic percentage for each element at 
those specific locations. 
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Figure A-3 TEM image from the surface of a CC fibre 
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Figure A-4 TEM image from the surface of a CW fibre 
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Figure A-5 XRD spectra of a) neat wool fabric and b) CWF 
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