
 
 

ABSTRACT 
 
JOSHI, BANSARI. Formation of Woven Structures with Embedded Flexible Supercapacitor 
Yarns and their Applications. (Under the direction of Prof. Janie Woodbridge and Dr. Wei Gao).  
 
The objective of this research is to generate a flexible supercapacitor and embed it into a woven 

structure. Yarn supercapacitor (YSC) was evaluated for its weaveability, storage capacity (yarn’s 

electrochemical performance) after subjecting to environment conditions. These evaluations 

include environmental condition test, washing test, mechanical distress, and abrasion test. The 

literature review focuses on e-textile materials, electrical and physical properties of materials, 

electronic fibers and yarns, yarn embedding techniques, applications of conductive materials and 

commercially available e-textile products. The experimental process focuses on yarn and fabric 

development aiming to create a robust yarn (which has strength measured in terms of 

electrochemical and physical performance) that can be embedded into various weave structures. 

The YSC (E-yarn) went through several iterations until it was reached to the desired 

functionalities. A set of woven fabric structures was developed to integrate the YSC (E-yarn) at 

strategic placement in the structure and to investigate the influence of the structure on the E-yarn 

performance after subjecting the structures to environmental conditions, abrasion, and distress. 

During the yarn and fabric development stages, the electrochemical and tensile performance 

(capacitance, resistance, load, elongation and loading/unloading) were tested to track any changes 

due to rigor of yarn formation and weaving processes. At the fabric formation stage, the 

performance of the E-yarn was tested in different weave structures and the result revealed similar 

electrochemical performance to that before weaving. Further, electrochemical performance of 

fabric subjected to physical testing and mechanical testing was evaluated. Based on the assessment 

of results, it was found that E-yarn exhibited good weaveability and stable electrochemical 

performance while in the fabric. The E-yarn energy capacity was not affected by environmental 



 
 

condition test, mechanical distress, and abrasion test. However, the performance of the E-yarn 

after laundering and dry-cleaning was deteriorated, and it was concluded that a better E-yarn 

structure with protective layer to maintain its integrity during washing or dry cleaning is needed. 
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Chapter 1: Introduction 
Smart textiles (e-textiles) consist of numerous technologies that are changing the path of textile 

industries. E-textile consists of electronic components incorporated into textile material, which 

provides them with smart functionalities. Generally, garments are more focused on their aesthetic 

values; nevertheless, smart textiles are more focused on improving the functional value rather than 

only focusing on its aesthetic appearance. This technology is booming in the market with 

fascinating products for health and fitness. Multiple studies are going on in different sectors to 

increase the usability of smart materials. The need for these materials emerges as they are lighter 

and flexible compared to traditional electronic solid-state devices.  

E-textile has been developing for many years, and with advancements, it has improved with 

increasing levels of sophistication. Initial developments focused on using conductive fibers. 

Subsequently, advancing technology has taken it from first generation to third generation. The first 

generation includes electronic circuits and devices added to garments like LEDs on shirts and 

thermal applications to protect humans and pets from cold weather. These applications were 

powered by traditionally bulky batteries that may cause pressure points to the wearer and have to 

be removed during launderings. Second generation contains functional fabric with sensors and 

switches while the third comprises of devices in form of electronic yarns and electronic fibers. 

This encompasses those yarns or fibers that have electronic capabilities such as sensors, actuators 

etc., the formation of which take place with various techniques such as weaving, knitting and 

embroidery [1].  

Recent research is moving towards these electronic materials like e-yarns and e-fibers. They can 

serve different purposes, such as conductive yarn that behaves as a transmission line for data 

transfer, yarn with illumination, yarn with temperature changing functionalities, sensor-based 
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yarn, energy storage yarns and conductive fibers as sensors, capacitors, semiconductors, actuators 

and much more. 

With increasing development in e-textiles, many limitations and obstacles need to be overcome 

like high cost, limited battery life, less washability and limited long-term energy stability to 

enhance technology for next-generation devices. Current research focusses on solving some of 

these issues to providing high capacity, flexible energy storage fabrics.  

The second chapter provides basic knowledge of rechargeable batteries and electrolytic capacitors 

and supercapacitors as well as extensive critical literature review of e-textiles to cover the state of 

the art and identify the research gap in the field. Additionally, the chapter covers the current and 

future market of e-textile products. One of the research gaps identified is the need for flexible e-

yarns to provide power to e-textiles, which directed the objectives of the current research (Chapter 

3). Chapter 4 incorporates the experimental setup and process requirements for material 

development and final output material to achieve the research objectives. Chapter 5 discusses 

results and discussion of various yarn and fabric testing strategies. While the last chapter covers 

the conclusion and scope for future work. 
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Chapter 2: Literature Review 
Textile products have established themselves in numerous applications. In addition to fashion, they 

are used to protect people from torrential weather (hot, cold, UV) and as safety devices such as 

seat belts, airbags, cut resistance gloves, body armor, and medical masks. Recently, researchers 

have found different ways to develop a new class of textiles termed as “e-textile”. Textile structures 

can deliver complex designs which can be used as electric circuits with electrically conductive 

elements. They can be formed with multilayer structures and with spaces to accommodate 

electronics. The flexible and comfortable e-textiles provides the same functionality as solid-state 

electronics which qualify them as wearable products and other multiple applications.  

The objective of this review is to cover past research and development in the field of e-textiles, 

including electronic integrations into fibers, yarns, and fabrics. The sole intent of this chapter is to 

provide extensive critical review of the previous work on e-textiles and the diverse development 

of power storage devices like batteries, capacitors, and supercapacitors. The chapter further 

discusses various raw material (e-fibers and e-yarns) and electronics that are required to create e-

textiles including process and techniques. This review also covers various end-use applications 

and evaluates their pros and cons as well as their supply-demand research and consumers’ behavior 

towards existing and new emerging products.  

2.1 Introduction of Electronic Textiles 
 

Electronic textiles or E-textile consist of electronics and textile components. E-textile falls under 

four basic categories: Passive, Active, Smart, and Intelligent. The definitions of the four types of 

e- textiles are:  
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1. Passive: Material that senses environmental conditions or stimuli. The sensor is an example 

of passive material that can detect signals from environmental conditions such as those 

used in temperature measurement, pressure measurement, or  heart-rate measurement [2]. 

2. Active: Material that senses and reacts to condition and stimuli. These materials have a 

functionality of passive material and react to that stimuli. For instance, an actuator that 

converts the energy into mechanical action to control or drive a device and sensors work 

together as an active material, which adapts electrical signals and convert them into 

workable mechanical energy. 

3. Smart: Material that senses, reacts and adapts itself according to the environment condition 

and stimuli, such as color changing material or phase changing.  

4. Intelligent: Material that responds to perform functions in a manual and preprogrammed 

manner. This technology is associated with advanced processing, machine learning, and 

artificial intelligence [3]. 

The ‘Level of Electronics Integration within Textiles’ chart (Figure 1) offers an understanding of 

the different types of e-textiles, their likely performances, and technical aspects. This chart uses a 

hierarchical, graphical mapping method to intuitively categorize and define types of e-textiles and 

subsequently their level of electronics integration. 



5 
 

 

Figure 1.‘Levels of Electronics Integration within Textiles’ chart [4] 

 

This represents an integration of electronics and textile materials into fabrics that can sense, 

compute, actuate, and communicate one form of energy or signal to another form. E-textiles, are 

one of the emerging technologies with an increasing level of integration into textile with reducing 

size of electronic components [5]. Development of electrically conductive textiles have been in 

the pipeline for more than two decades and has resulted in numerous research papers, patents, 

books, scholarly articles, and a variety of other sources [2]. Moreover, the need for wearable 

electronics is increasing tremendously in the market. Classification of wearable electronics are 

provided as following (Figure 2) Currently, there are many products like smartwatches and smart 

glasses, that are comfortable to wear and elevate the standard of living. Among such wearable 

technologies, e-textiles are also growing. 

 

https://www.sciencedirect.com/topics/materials-science/textile-fiber


6 
 

 

Figure 2. General system configuration of typical wearable electronics products. Adapted from 
[5]. 

 

Textile materials include fibers, yarn, fabrics and products (apparel, home textiles, and technical 

textiles). Electronic materials include sensors (to detect and measure physical properties), actuators 

(to provide energy into mechanical actions), conductors (to allows a flow of electricity), insulators 

(block and prevents flow of electricity), semiconductors (partially conductive material), batteries 

(transfer of stored chemical energy into electrical energy), capacitors (store energy charge in 

electric field) and supercapacitors (high-capacity capacitor). As represented in Figure 2  the basic 

function of these devices is to transfer energy power or supply from one form to another form or 

in a similar form commonly known as an interface. An interface is utilized to transfer information 

between devices and the world. 

Selection of textile material is a significant parameter for e-textile development in terms of 

functionalities and end-user applications. Products are designed in a manner of achieving required 

characteristics such mechanical, chemical, physical, electrical, and electrochemical properties. 

New flexible and thin devices are focused on replacing the traditional rigid two dimensional 

electronic devices [6]. Additionally, textile structures are unique as they are soft and flexible in 

feel, however they also maintain good mechanical properties such as strength and toughness. 

Wearable 
electronics

Interface Communication Energy supply Data 
management

Integrated 
circuits
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Therefore, textile structure is more frequently designed with required characteristics depending on 

its end use. For instance, when the textile is used for tires, it requires good elasticity and toughness 

in material, on other hand if it’s designed as a wearable material, more focus is towards comfort 

and aesthetic [5]. 

The integration material into a final textile is an important step of e-textiles and it is necessary in 

terms of functionality and performance. Maintaining an equivalent performance to traditional 

electronics is necessary to make a product workable. Electrically conductive fibers and yarns are 

embedded into a textile fabric during textile manufacturing such as weaving, knitting, or non-

woven processes. These electronic fibers and yarns can also be incorporated after fabric 

manufacturing by using processes like embroidery, stitching, and printing. These all techniques 

are different from each other, in terms of strengths and weaknesses of material selection, structure 

design and desired functionalities.  

E-textile applications are mainly developed for wearable devices, therefore comfort, softness, 

durability, washability, drape and additional functional characteristics of different electronic 

components within a textile are important. To achieve such characteristics, e-textiles collaborate 

with industries to brainstorm various ideas and strategies. Such an example is Google’s 

collaboration with Levi’s to develop project “jacquard”. Most smart e- textiles are based on three 

functionalities, namely, energy generation, energy storage, and utilization of electricity. In the 

technical field, it concentrates on smart applications with various measurements of signals and 

energy. The fashion and design field concentrates on applications like illuminated or color-

changeable fabric, which provide more emphasis on aesthetic value and outer appearance [7].  
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2.2 E-Textiles Materials 
 

This section discusses materials used in the formation of e-textiles and provides extensive 

information about the requirements for the same. Materials for e-textiles are majorly distributed 

into two areas, electronic materials, and textile materials. Textile materials essentials include 

molecules, fibers, yarns, and fabrics (knitted, woven and nonwoven) while electronic materials 

include actuators, sensors, transducers, batteries, capacitors, and supercapacitors.  

Some of the basic electronic materials are explained here. Sensors are a basic form of electronic 

stimuli that transfers any form of desired signals or energy into electrical signals. In contrast, 

actuators are devices that transfer electrical signals into mechanical motion. Sensors work as input 

signals whereas actuators, deliver physical motion as an output to conduct specific required 

function in a system. These electronic components can be integrated into textile in different ways. 

Following is the basic classification for integration of electronic functionalities into textile (Figure 

3). 
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Figure 3. Basic categorization of integration of electronics into textiles. Information adapted 
from [8] and [6]. 

 

The first level of integration is attachment of sensors, output devices, actuators, and printed circuit 

boards directly on surface of textiles. These devices work as a wearable computer by mere 

incorporation of devices into textiles. The second level is integration of electronic components 

(such as small sensors, batteries, or conductive materials) into fibers. And the third level is hybrid 

integration, a combination of the two (small integration of device into textile and fiber level 

integration). In hybrid integrations, various fiber functions are attached along with integrated 

circuit components to the fabric [8]. The following sections will discuss basic functionalities of 

batteries, capacitor, and supercapacitor as well as recent work of these energy storage devices in 

e-textiles. 

 

Smart textile 
integration 

catagarization

Small interation of 
device into textile

Hybrid(combination 
of both type)

Fiber level 
intergation 
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2.2.1 Fundamentals of Rechargeable Battery (construction and working 
principle) 
 

Electronic devices have some fundamental drawbacks, one of which being battery drainage. 

Running an electronic device for a long period, requires a good battery life. Minimizing battery 

drainage to increase battery life in rechargeable batteries is a subject of ongoing research and 

innovation. 

Batteries are electrochemical devices that transform chemical energy into electrical energy. A 

battery operates on the basic principle of oxidation and reduction reaction of an electrolyte with 

metals (Figure 4). When two different metallic elements, named electrodes, are placed in a diluted 

electrolyte, the cycle of oxidation and reduction reactions take place. As a result of the oxidation 

reaction, one electrode gets negatively charged and is called the cathode while the other gets 

positively charged and is called anode [9]. This makes the device behave like a circuit with electric 

current I at a voltage V for a time Δt. Energy density (how much energy they store) and power 

density (how fast they can be change and discharge) are the two most important parameters for 

batteries.  
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Figure 4. Basic Battery Operation. Adapted from [8]. 

 

Batteries are classified into 4 groups:  

1. Primary batteries 

2. Secondary batteries (Rechargeable batteries) 

3. Reserve batteries 

4. Fuel Cells 

 
Primary batteries are generally single-use and utilized in daily electronic devices. Secondary 

batteries are rechargeable. They are used as a back-up or temporary extension for some other power 

source, such as in vehicles (diesel generators) or laptop computers. The chemical reaction of a 

rechargeable battery is reversible on the application of charging current (I) and voltage (V), which 

allows it to charge and discharge more than once [10].  Reserve batteries are stand by batteries that 

are used when additional requirement of batteries arise and until that time remain isolated by 
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storing electrolyte separately. Fuel cells are devices that transform chemical reactions into 

electricity. They run on an external fuel source with charge and discharge process similar to flow 

batteries (chemical energy provided by chemical component dissolve into liquid by ion exchange) 

[11].  

Rechargeable batteries include alkaline batteries, lead-acid batteries, sodium batteries and lithium 

batteries [11].  Lithium-ion type is the most popular type in current use. These batteries are at the 

center fold for the digital electronic transformation today. Specifically in the mobile phone, 

computer and laptop market. These batteries are better in comparison to other rechargeable ones 

in terms of environmental properties. Additionally, they have higher energy density, higher 

operating voltage and lower discharge rate. Decreasing the intensity of discharging improves the 

charging- discharging cycle of a battery and does not overcharge the batteries. These batteries also 

involve an electronic monitoring system to avoid overcharging, overheating and over-voltage. 

However, lithium-ion batteries are expensive due to the use of materials like cobalt and nickel. 

These batteries also have safety issues such as heat related failures and cold temperature charging. 

The electrolyte needs to be kept pressurized. Today most smartphones use these Li-ion batteries. 

Recent studies are moving toward the use of CNT with Li-ion to get much safer batteries. 

Additionally, CNT based batteries offers more charging-discharging cycles, high power, less 

charging time and less heat problems [12]. 

A dominant problem associated with current batteries is limited battery life specifically for primary 

batteries. Besides, primary batteries, secondary batteries have chemical leakage issues, which pose 

an environmental and health concerns. For fuel batteries, cost is high due to usage of fuel and, they 

are not portable. Overall batteries have a low charging discharging cycles and they have an aging 
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issue [13]. Therefore, batteries are not an efficient energy storage device, and better devices are 

still needed. 

2.2.2 Fundamental of Electrolytic Capacitor and Supercapacitor (construction 
and working principle) 
 

The need of capacitors arose since capacitors stores their energy as electrical energy rather than 

chemicals unlike batteries. Capacitors can recharge over and over as they don’t lose the capacity 

to hold a charge as batteries tend to do.  Capacitors are described as reactive terminal electrical 

devices that are used to store energy electrostatic charge in an electric field separated by a dielectric 

material [12]. Capacitors are primarily used to store and filter electrical energy, and control current 

flow. Capacitors have a higher power density as compared to batteries and lower energy density. 

Due to their capacity to save the charge for a more extended period, they are distinct from batteries 

[14]. A unit of electrical capacitance is “farad”. Capacitors have a basic structure of two parallel 

conductive plates with a non-conductive dielectric material to separate the plates. A voltage is 

generated between these conductive parallel plates and an electric field is appearing in the 

dielectric area. There are many types of capacitors, which vary by material used in construction, 

and each of them provides unique features and benefits [14]. 

Supercapacitors are different from regular capacitors as they have very high capacitance and low 

resistance. Capacitance is the ability of the capacitor to store charge. The capacity of the 

supercapacitor is also measured in farad, and their performance is thousands of times better than 

conventional electrostatic capacitors. A supercapacitor is ideal for energy storage that experiences 

frequent charge and discharge cycles with higher charge and self-discharge rate than conventional 

capacitors [12]. Based on recent research, supercapacitors are divided into three general classes 

(Figure 5): electrochemical double-layer capacitors, pseudo capacitors, and hybrid capacitors [15]. 
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Figure 5. Classification of supercapacitors. Information adapted from [14]. 

 
Electrochemical double-layer capacitors (EDLCs) are manufactured with two carbon-based 

electrodes, an electrolyte, and a separator. The main functionality of the device is to store electrical 

energy through an electrical double layer capacitance generated by the charge separation at the 

interface between electrolyte and electrode surface. Material usage and type of electrolyte 

determine the performance of EDLCs. Pseudo capacitors store energy faradically by charge 

transfer between electrode and electrolyte. Polymer and metal oxide-based material were used as 

electrodes. Hybrid capacitors are the capacitors that leverage the advantages and mitigate the 

comparative disadvantages of EDLCs and pseudo capacitors to achieve better performance [15]. 

A variety of material is utilized for these capacitor devices. The carbon is characterized by high 

strength, conductivity, and better resistivity compared to other conductive materials. Therefore, 
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numerous carbon-based materials like graphene, carbon nanotube, nano diamonds, carbon dots, 

carbon nitride, and nitrogen-doped carbon are suitable for EDLCs. The secondary materials 

include organic, biomaterials and inorganic nanomaterials including metal oxide nanoparticles, 

nanowires, nanosheets, quantum dots, 2D carbides and carbonitride, organic-inorganic 

nanohybrids including perovskites and metal frameworks. Electrolytes including organic 

electrolytes, aqueous electrolytes, gel polymer electrolytes, and ionic liquids are used for 

supercapacitors [16]. 

2.2.3 Textile-Based E-battery 
 
A lot of research is taking place in developing textile-based batteries that are flexible in terms of 

structure and maintain good charging-discharging cycles to support e-textiles devices. The 

researchers target innovation and advancement of traditional batteries by replacing them with new 

e-batteries, a textile-based product with significant improvements over the current state-of-art of 

batteries. 

One of the studies [17]  focused on using textile based current collector in Li-ion battery 

architecture compared to previous traditional current collectors. 3D porous textile conductor was 

utilized by replacing metal based thick current collector. Conductor were fabricated into batteries 

with polyester fibers and well-dispersed single-walled carbon nanotube (CNT). The porous 

structure of the conductor helped increase overall mass loading and which is 7-8 times higher than 

the traditional collector. Additionally, textile-based collector contributes to better voltage and less 

resistance compared to non-textile one [17].  

This research introduces an entire textile-based battery instead of an individual textile-based 

component. Rechargeable nickel/zinc-based textile batteries are another developing energy source 

for wearable electronics. Electrodes were formed with Zn and NCHO by electrodeposition process, 
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while the electrolyte consisted of PVA-KOH-Zn (CH3COO)2. This battery yarn shows power 

density around 32.8m W cm-2 and 5mAh cm-3 capacity. Approach was also made to integrate these 

batteries into woven and knitted structures. These yarns further connected into 2 in series and 4 in 

series connection and successfully charged watches, sensors and lights. Additional details about 

the battery yarn integration method and electrical circuit development for some of the mentioned 

end use applications were missing. A detailed explanation could be more helpful for better 

understanding [18]. 

Another study done by Dr. Guanjie Xu worked on developing air- batteries, which was developed 

considering significant chemical challenges and obstacles to reduce the greenhouse gas emission 

therefore it’s known as an air-batteries. The air-batteries use fewer chemicals at the cost of 

providing higher storage capacity. CNT composites were considered for developing these batteries 

and the fabrication process. Non-woven porous carbon nanofiber (PCNF) electrodes were 

fabricated through electrospinning and carbonization of ZnCl2/polyacrylonitrile (PAN) precursors 

to improve the morphology of a Li-air battery. It has shown changes in diameter of the yarn and a 

more heterogeneous fiber diameter distribution. SEM, STEM, EDS and XPS tests were performed 

to scrutinize the surface characteristics, and which leads to higher surface area that resulted in 

higher conductivity [19]. 

2.2.4 E-capacitor and E-super capacitor  
 
Yarn based supercapacitors were developed to provide flexible and portable devices with high 

storage capacity. A supercapacitor is a high capacitance capacitor that bridges gaps between 

electrolytic capacitors and rechargeable batteries. Supercapacitors receive and deliver charges 

much faster than a battery and endure many more charging-discharging cycles. Due to these 



17 
 

advantages more research was focused on textile-based supercapacitor devices. This section 

discusses about the current research on textile-based supercapacitor device in the field. 

Y. Huang et al. [20] have developed supercapacitors as wearable pads with associated yarns to 

improve high power density and prolonged charging cycles. PPy/MnO2/rGO contained conductive 

yarn was developed with help of twist bundle drawing-in technique. This yarn structure showed 

good capacitance and lower resistance with charge transfer compared to the MnO2/rGO based yarn 

supercapacitor. According to the CV (Cyclic voltammetry) curves presented, the yarn provides 90-

100% capacitance retention after applied strain. Also, the yarns exhibit good results for capacitance 

retention after applying twisting, bending, and knotting to it. A piece of fabric has been 

manufactured by weaving small fabric on AVL loom and further connected with each other in 

series [20]. 

Research done by C. shen et al. focused on developing woven supercapacitor fabric, where the 

yarn consisted of simple carbon fiber yarn with 2 layers of coating with activated carbon and 

electrolyte. Further, potassium hydroxide based chemical activation process was performed to 

develop a nanopores yarns. The yarns crossing each other in the fabric act as positive and negative 

electrodes, such that the ions move through the electrolyte layers. This fabric was tested with high 

tensile force and compression load, which has shown significant results up to 100MPa load. This 

material has provided electrochemical stability of woven fabric and 80% capacitance retention 

after 10000 cycles [21]. 

Self-charging power textile (SCPT) was developed for the harvesting and storing of energy. The 

focus was on collecting and storing human motion energy by using triboelectric nanogenerator 

(TENG) fabric and woven supercapacitors. TENG device was associated with two fabrics: 

electrode fabric and dielectric fabric, and these fabrics were arranged in contact with each other in 
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either the separation mode or free-standing mode to generate electricity. Cotton wire, carbon wire, 

and PTFE wires were utilized in the formation of these two fabrics by the traditional shuttle 

weaving process. Two adjutant carbon fiber yarns were deposited with PVA/H3PO4 gel electrolyte 

and carbon wires to provide separation of these electrodes. This material showed good capacitance 

in cyclic voltammetry and galvanostatic charging/discharging performance test. RuO2 coated 

carbon fiber utilized as the electrode, asymmetric supercapacitors assembled by the weaving 

process with a cotton separator, demonstrating outstanding mechanical stability as a flexible 

energy storage textile material. To form an SCPT product, an experiment was conducted with a 

human where two TENG fabrics were sewn in the under arm of a sweater with the supercapacitor 

device attached at cuff of the sweater with a full rectifier circuit [23]. This article has failed to 

mention the complexity with the practical application of the contact-separation method and 

deposition of a large amount of charge, which is a general issue in this kind of device. 

Among several research works, one of the studies was done on a waterproof and stretchable textile 

integrated with laser printed graphene energy storage. Laser printing is a more modern and better 

way of printing as it’s chemical-free. It is better than others in terms of lightness and compactness. 

An elastomer solution prepared from polydimethylsiloxane (PDMS) was coated to gain waterproof 

behavior for nylon fabrics. The other side of fabric was coated with graphene oxide (GO)/Matte 

binder solution with thickness 3 µm. The binder was used to provide a waterproof nature for the 

GOs. The result shows improved capacitance performance after escalating device. Further, CV 

measured with different encapsulation conditions, where material got retention of 83 to 94% up to 

10,000 cycles. The washing test and starching test have also showed good performance retention 

in the textile [24]. 
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2.2.5 Electronic Fibers 
 
E-textiles consist of molecular or fibril-based fibers as raw material. These materials are pass 

through various processes to form into a textile product. This section discusses a various range of 

fibers that can be utilized in e-textiles and discusses work that focuses on use of fiber based 

conductive raw materials into the formation of e-textile products. Fibers that conduct electricity 

are called conductive fibers and contain some significant anti-static properties. According to 

CFMC™ (Conductive Fiber Manufactures Council TM) conductive fibers are classified  into two 

categories: (i)  intrinsically conductive metal monofilaments and (ii) non-conductive; a less 

conductive material, which is either coated or embedded with electrically conductive elements, all 

fibers fall under these two basic categories [2]. CFMC™ also provides a list of data with global 

trade and enterprise resources for companies that manufacture conductive yarns and fibers for 

international trades purposes. Figure 6 provides a very precise classification with conductive 

textile materials and associated processes with them. 

Smart textiles are expecting growth in upcoming years as the commercialization of more e-textile 

products with new techniques and functionalities comes into the market. A modern approach 

includes using raw materials such as a conductive substrate, metal wires, metalized yarn, and 

inherently conductive polymers. The fiber level integration of electronics is easy as compared to 

fabric level as fibers formation does not require a complicated formation process as required for 

fabrics. Generally, fibers show good conductivity, which allows for a smooth flow of electrical 

charge into them. Electronic fibers are characterized by functionalities of conductive, semi-

conductive, insulating, capacitive, and super-capacitive materials. E-fiber manufacture techniques 

includes melt-spinning, wet-spinning, fiber drawing in, chemical vapor deposition, melt extortion, 

fabrication, and other chemical reactions [25]. 
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Figure 6. Classification of Conductive Material and Process Technology. Adapted from [1] 

 

Modern conductive textile materials use anti-static properties. This anti-static property achieved 

by the coating of fibers with metallic elements, and intrinsically conductive polymers. Another 
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approach to achieve anti-static properties directly on the fabric is by applying conductive inks and 

pastes on the fabric surface. Presently, polymers show significantly stronger electrical properties 

than steel; however, they usually used in the electrically insulating material. Compared to 

polymers, metal fibers show deficient electrical resistance properties. On the other hand, the 

disadvantage of metal wires is that some of them have low elasticity and trend to break easily [25]. 

In general, metals are used as wire material and coating material for polymer fibers or substrates. 

Metallic fiber manufactures in two ways: bundle drawing in process or single filament drawing in-

process, and both methods differentiate with specific fiber diameter usage (Table 1). The use of 

metals in textiles is limited  due to their stiffness and rusting  problems in external environment 

condition; however a lot of  research is still done towards improving functionalities of these fibers 

by incorporating textiles [5]. 
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Table 1. Metal coated fibers and their mechanisms. Information adapted from [4]. 

 

These metallic fine wires are directly integrated into the material at the yarn level and fabric level; 

however, some applications demand insulation layer on the wires to avoid the risk of leakage.  

Eventually, this worsens the overall cumbersome manufacturing process with increasing process 

steps. Therefore, of metals as wire is not a feasible solution.  Among various research one such 

done by De Vries and Cherenack et al. focused on the robustness of conductive copper wires into 

textiles. They fabricated a row of light-emitting diodes and attached them to a textile fabric with 

copper. Eventually, they were woven together to form a fabric. Mechanical behavior of the fabric 

was observed under cyclic loading and a failure occurred in the transaction zone or stress 

Material Fabrication Conduction Mechanism 
Ag coated cotton fabric Ag-NP coating, 

electroless plating 
Metallic conduction enabled by 
silver nanoparticles 

Ag coated PP fiber with 
CNT 

Single-screw type 
extrusion 

CNTs provide an “electron 
bridge” to enable conductivity 
between disconnected Ag particles 

Cu coated cellulose 
fibers 

Electroless plating Overall fibers exhibit low 
conductivity but two fibers 
touching end-to-end produce a 
conductive pathway to enable an 
effective resonant fiber length 

Cu/Ni coated carbon 
fiber 

Electroless deposition Current flows through the thin 
metal layer on the surface of the 
carbon fiber rather than inner core 

Cr-N coated FBG fiber Sputtering plasma 
(PVD) 

CrN coating shows change in 
thermal expansion as temperature 
changes 

Cu-PET and PI-Cu-PET 
yarns 

Electroless deposition Triboelectric effect between the 
warp and the weft yarns observed 
when pressure is applied onto the 
ellipsoidal contact area between 
them 

Zinc on stainless steel 
yarns 

Electrodeposition Fast electron transport in the yarn 
due to high electrical conductivity 
Zn nanoflakes wrap around yarn 
filaments for enhanced surface 
properties 
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concentration due to limited flexibility and heavy weight of the textile. So, compared to metallic 

yarn, metal as coating material provides a better solution. The coating is accomplished on the 

textile material (fiber, yarn, fabric) generally by metallic material and conductive materials to 

provide conductive functionalities. The primary coating methods are vacuum plasma spraying, 

physical vapor deposition, electrodeposition, and printing. Silver-coated metal yarns are 

mechanically robust, lightweight, flexible, and good in terms of metallic coating.  

Table 1 represents various fibers with associated coating material and defines a specific fabrication 

method and a conduction mechanism. In terms of commercial products, several base fibers such 

as cotton, polyester, polypropylene and cellulose are used. [25]. 

Inherently conductive polymers (ICP) are conductive polymers that are electrically active without 

any additional metallic materials. Generally, ICP has properties such as unstable electrical 

conductivity, ease of processing, environmental stability and economic viability. However, ICPs 

contain some limitations such as high temperature resistance and become unreliable over the 

period. Some of the research has shown the significance of ICP in the field of e-textiles. ICPs can 

be fabricated into nanofibers via wet spinning and electrospinning methods. Other methods, like 

chemical vapor deposition (CVD) and hot drawing-in, have been used for ICP materials (PANI 

and PEDOT: PSS). ICPs and conductive polymers are also used as a coating material, for coating 

yarns or part of the fabric. The Situ polymerization process is used for coating by conducting 

polymers on the yarn as it’s easy to integrate. The electrochemical deposition also offers a facile 

and manageable route of depositing ICPs onto a many of substrates [5].  

Conductive polymers are also used in composites that are known as conductive polymers 

composites (CPC). CPC consists of a polymer matrix and embeds conductive particles. It is 

embedded into the matrix by the particle deposition process. A percolating composite's 
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conductivity shows a reasonable electrical charge, which ensures a long-range of conductivity in 

the system—the conductivity of CPC is inclined towards the properties of both the conductive 

particles and the polymer matrix. Features of the Conductive particle are size, shape, hardness, and 

properties of the polymer matrix with intrinsic mechanical properties. Applied external stresses on 

the CPC also influence performance. CPCs' need to ensure good electrical conductivity and 

mechanical properties for good dispersion of the conductive particles in the polymer matrix, and a 

physical or chemical process achieves it. In the method of producing electrical conducting fibers, 

CPC incorporated via extrusion but problem with it is that conducting particle lose their physical 

properties in resultant yarn. Therefore, efforts have been made to integrate carbon particles that 

have good electrical conductivity and does not lose their physical properties. The advancement in 

the wet-spinning method provides a short carbon nanotube with excellent conductive properties. 

On the other hand, the carbon nanotube is expensive to produce but that is negligible in front of 

conductive properties it provides [5]. 

Conductive fibers are used explicitly for shielding, anti-microbial, anti-static and anti-odor 

applications. These fibers are used for producing frequency-selective surfaces at microwave 

wavelengths and touch-sensor switches. Electronically conductive fibers are also used to measure 

a strain with spandex and carbon-based materials. The production of drawn piezoelectric fibers are 

available and used to produce an optical resonator and piezoelectric transducer. Stainless steel 

material has the advantage of its resistance to corrosion, biological inertness, which is used for the 

embroidery process. These combined properties of steel and conductive fibers together serve in 

composite yarns by bringing all characteristics together of textile and electronic material. This 

composite yarn made from steel and polyester are currently available in the market [25]. 
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2.3 Methods of Integration 
  
The integration process of textile-based electronic components into textiles is done both 

intrinsically and structurally into a textile. Electrically conductive materials (fibers and yarns) are 

routed or integrated into a textile fabric during fabric construction techniques like weaving and 

knitting. Or the same conductive materials (yarns) are added to the fabric after the construction via 

embroidery or stitching. Integration methods also include surface application techniques where 

printing pastes or inks are used on fabric surfaces after its formation. The desired properties of 

fabric depend on the properties of integrated fibers and yarn. Similarly, level of intelligent in these 

smart fabrics depend on the smartness added into the fiber and the yarn level. There are many ways 

to integrate the electronic components into textiles. The traditional integration process is done by 

soldering or embroidery of electronic components directly onto textile material. Another approach 

was developed by the research team at the Fraunhofer Institute on a non-conductive adhesive 

bonding solution [25]. Although many types of research are going on and many of them are 

implemented till the prototype stage. This chapter discuss about the four main techniques: 

weaving, knitting, embroidery and printing.  

 
2.3.1 Weaving Process 
 
Weaving is a high-speed fabric formation, and economical process that has been used for many 

years in the textile industry.  Weaving is the process of interlacement of two sets of yarn (warp 

and weft yarn). Warp yarns are in the longitudinal direction and generally withstand more stress 

and strain than weft yarn. The warp yarns are subjected to complex field of stress such as yarn-to-

yarn friction, yarn-to-metal friction, tension, and impact. Weft yarns, also known as the filling, are 

the yarns inserted in the lateral direction. This interlacement of warp and weft yarn can be achieved 

in numerous combinations. These warp and weft interlacement are known as a weave structure 
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(Figure 7, “a”).  The weave structure is one of the most important parameters that attribute towards 

aesthetic values and performance based on fabric end-use requirements. 

Currently, technological advancement has significantly added value to the formation of electronic 

fabric using the weaving process. In this process, conductive yarns or conductive material coated 

yarns are used as a warp, weft or both, based on the application. In order to maintain the electrical 

conductivity of the e-yarn(s) in the fabric the weaving process and fabric parameters must be 

adjusted to maintain the electrical conductivity of the e-yarn(s) in the fabric. Generally, in the 

weaving process, e-textile fabric was developed by interlacing conductive and non-conductive 

yarns, where non-conductive yarns behave as insulator material (Figure 7, “b”). Development of 

these fabrics have many applications such as fabric based internal transmission path that ensure 

easy transferring of data and signals while also creating more intrinsic electrical circuits within a 

textile.                                           

 
 

 

 

 

 

 

 
 
 
 

 

 

In a woven electrical circuit, active transmission of current flow from one conductive yarn to 

another perpendicular conductive yarn needs strong electrical interconnect points to communicate 

(a) (b) 

Figure 7. (a) Plain Weave structure with normal warp and weft yarn combination. (b) Smart 
fabric with copper wire integrated into fabric into final circuit connection. Note adapted from 

[5],[26] 
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at the point of crossing. Formation of interconnect takes place during the formation of the weave 

structure. According to actual electrical circuits, conductive yarn requires integration into a series 

or put in parallel to achieve a complete circuit. Various structure formation can be done with 

different loom types such as cam, dobby and jacquard machines. Generally, the jacquard machine 

is more suitable as it permits weaving of more complicated circuit designs to accommodate large 

structures. It can control each warp yarn individually.  

In one study, A. Dhawan et al. focused on creating interconnect points by resistive welding for a 

smooth transition of signals. A plain fabric with polyester yarns (non-conductive), steel and copper 

yarns (conductive) are used to achieve successful results. Moreover, disconnects were also 

required to allow current to flow through a specific part in the circuit and avoid unnecessary paths. 

DC resistance was evaluated to figure out the least resistance with an applied current for the 

welding process. Results indicated that a certain peak of current is required to achieve a less 

resistive circuit path and other SEM results showed damaged surfaces on parts of the fabric with 

an applied resistive welding [26]. 

Other than the above-cited circuitry interconnect process, many other developments were done for 

generating more intrusive circuit within a woven fabric by e-yarns.  The textile circuitry creates 

system of textiles (SOT), which includes different electronic component attached to conductive 

yarns inside the fabric to form an entire system design. One such research done by Ivo Locher et 

al. was focused on electronic circuitry development within a woven fabric formation. This 

development was aimed on creating transmission lines, interconnects, and interposer technology 

within a textile. Figure 7 (b) provides interposer technology, which includes end to end circuit 

connections between two devices with copper wires and polyester as non-conductive yarns. 

Testing was focused on tensile strength with resistance analysis to figure out the breakage of each 
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yarn at specific resistance. Creep measurement and moisture measurement compares the current 

flow and amount of resistance for encapsulated and ordinary devices. In conclusion, epoxy 

encapsulated device shows lower resistance compared to ordinary device. Also, the transmission 

lines have shown controlled impedance with a range of 250 Ω, which eventually ensures 

continuous flow of data with less interrupt [27]. Additionally, this paper should mention about the 

electrical performance in case of physical fabric testing  

Previous research in e-textile was focusing on developing a circuit and providing an interface on 

the circuit with physical computers. Recent state of the art on woven e-textile provides many 

preliminary applications such as a row and column fabric keyboard, light dress, musical jacket, 

electronic tablecloth etc. In the early 18th century work has been done in e-textile to develop a 

fashionable cloth, which was woven with gold wires wrapped around each silk yarns. Starting in 

the late 20th century further work was more focused on the developing a circuit within a textile by 

utilizing conductive yarns in warp or weft or both directions. With time circuit work focused more 

on merging better circuits by adding additional components such as sensors, microcontrollers, 

nodes etc. [28].  

In addition to basic circuit development, more work was done in the field to achieve woven fabric 

construction for e-textiles focusing on different approaches of integrating the electronic 

component. One such research was done in 2012 by Dr. Christoph Zysset and his student team that 

worked towards the integration method of woven fabric. Here Dr. Zysset has incorporated a device 

called E-stripe and conductive yarns into woven structure formation. E-stripe is a normal plastic 

stripe that incorporates various electronic devices into it. Conductive yarns performed as 

interconnects here. This entire structure forms something that looks like a bus line. In the bus line 

the conductive yarn serves into warp direction. The weft direction uses flexible e-strips with 
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relevant electronic devices into it. However, the flaw of the e-strip is that it is formed with plastic 

material, which does not contain textile properties therefore it does not provide the durability of 

the textile. By exchanging a few warp yarns with conductive yarns and e-strips in the weft 

direction, the structure achieves yarn level integration [29]. 

To make a prototype, Dr. Zysset’s group made a fabric containing five E-strips with one to three 

temperature sensors on each strip. Two conductive yarns were used to connect e-strips. Weaving 

was accomplished by an industrial band weaving machine. In weaving, both (conductive and non-

conductive yarns) were inserted into the same heddle shaft to maintain the same upward and 

downward moments of two yarns, which ensures the same contact to the contact pad. E-strips were 

inserted manually during the weaving process. To establish contact between the conductive pad 

and conductive yarn a silver-filled epoxy was used [29]. 

Further, electrically and mechanically stable contact with the elements (the conductive yarns and 

the contact pads on the E-stripes) were established. Different types of testing were performed to 

find characteristics of the e-fabric. The result shows indicated increment in the bending rigidity by 

30%, on adding textile mass and bending length without affecting electric functionalities. A 

parallel combination of copper thread reduced the total resistance and voltage drop with 

maintaining a constant flow of current. The washability test showed sustainable washability of the 

prototype through five wash cycles till 30°C. The measurements of the temperature sensor 

demonstrated accuracy on device by temperature readings of the textile-integrated sensors, that 

showed correct transmission of signals over the textile bus lines and within the sensor accuracy. 

Certain limitations are included in this paper, like short circuit due to multiple conductive treads, 

negative influence on textile fabric structure due to increased size of e-strip etc. [29]. 
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Another study discussed a comprehensive assessment of electromagnetic shielding characteristics 

of multilayer three-dimensional conductive fabrics by using cotton/copper wrapped hybrid yarn. 

The metallic yarn was developed by using 70-micron copper wire with drawing in-process and 

wrapped over three-ply cotton yarn. 3D fabric samples such orthogonal were orthogonal, angle 

interlock, cellular spacer, multi-tubular spacer and tubular contour were prepared. Performance 

was measured by a three series tests. First with pure cotton, second with a cotton yarns in warp 

direction and hybrid yarns in weft direction and third composed of one-third hybrid yarn and two-

third cotton yarn in the warp direction and weft direction with only hybrid yarn. A six shaft, narrow 

width dobby loom was utilized with three-warp beams, and a reed count of 12 yarns per dent was 

chosen for sample preparation. 

In the results, fabric with pure cotton material showed poor electromagnetic shielding effectiveness 

(EMSE) in both reflection and transmittance parameters. In the 2nd test with the weft, the hybrid 

yarn showed good EMSE in terms of reflection and transmittance behavior. In the 3rd test it 

showed more good results compared to the 2nd series test. In the 2nd and 3rd series it was observed 

that reflection decreased with increasing indicate frequency. In terms of transmittance, EMSE 

increases, which was due to reflectance. In the vertical plan tubular fabric showed the best results 

while in the horizontal plan orthogonal structure showed the best absorption percentage. The 

enhanced absorption behavior of some of the 3D structure have an important applications in radar 

navigation, preventing detection of objects to shield the enemy’s detection signal, stealth 

technology in military combat, and many other fields [30]. 

Generally, a plain weave is used for weaving electronic yarns because they provide tight and strong 

weaves compare to others and eventually attributes to a better final product [25]. Interlacement of 

yarns used to create electrical contact point (interconnects) and floats are also essential to generate 
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disconnects [5]. The woven structure offers low flexural rigidity which provides the ability to 

follow any desired circuit shape. In comparison to knit fabric, woven fabric shows more stable 

structure that permits accurate placement of individual yarns and more dense integration of the 

electronic and optical functionalities [2]. The bulking, drape, bending, tear are the main 

characteristics are maintained in e-fabric by strategic selection of materials.  

2.3.2 Knitting Process 

Knitting is the second most used process for fabric or garment development after weaving. Knitting 

is generally the interloping of yarns (Figure 8), where a continuous length of yarn is converted into 

vertically intermeshed loops either by hand or by machine. The loops intermeshed by needles 

vertically are known as wale while horizontal loops known as course. Here, Figure 8 represents a 

non-conductive simple knitted structure and compares them with electronic material with 

incorporated components sensor in a knitted structure. 

 

 

 

 

 

 

 

 

Figure 8. (a)Interloping knitting structure. (b) Knitted sensor-based structure. Note adapted 
from [24], [29]. 

 

(a) (b) 
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Knitting manufacturing techniques are weft knitting and warp knitting. Weft knitting is a simple 

and easy to manage process, with a high production machine efficiency and thus weft is widely 

used. In weft knitting, the yarn can move left to right and back to front to form a flat fabric or 

around a circular path to form a cylindrical fabric. In the case of warp knitting, each loop in the 

horizontal direction is made from a different yarn and the number of yarns that is used for 

producing fabric equals to the number of loops in the horizontal row. In weft knitted structures 

removal of one single course can ruin the entire knitted structure soon. Warp knitted yarns tend to 

have an almost vertical path through the structure, which creates the warp yarns less likely to fray 

or open up [31]. 

In terms of electronics yarn, warp knit structure is more pronounced due to its open structure 

formation. Normally, the knit structure provides high elasticity and elongation through its structure 

with good air permeability and thermal properties and is highly recommended for e-textile 

formation. Moreover, it’s useful for sensing body signal due to the elastic nature of fabric  [2]. 

Further, knit structures do not provide good interconnects like weaving structure due to a larger 

curvature in the knit structure that limits the choice of materials selection and components in the 

yarn types [5]. 

Many researchers have worked toward making an e-fabric through knitting. One of research done 

by Dr. Levitt and Dr. Hegh’s group focusing on 3D knitted energy storage textile in order to replace 

bulky and unmanageable commercial batteries with smart garments that maintain good 

performance with longer length of electrodes. Large scale production of knitted supercapacitor 

device was achieved with MXene based coating of yarn on industrial automated coating setup, 

flat-bed industrial weft knitting machine for fabric and device activation by adding gel electrolyte.   

Three different knit structures were produced and electrochemical performance of each was 

http://textilechapter.blogspot.com/2016/12/carded-combed-yarn-difference-comparison.html
https://garmentsmerchandising.com/stretch-fabric-definition-types/
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compared. The interlock structure shows lower resistance as it contains smaller semi-circle in high 

frequency region of Nyquist curve., Interlock structure also indicated higher capacitance of fabric, 

as capacitance increases with increased number of loops per unit area [32].  In summary, this study 

does not only show the integration of supercapacitor yarn into knitted structure but also compares 

different knitted structures for their performance.  

One study was done to analyze the electrical properties of knitted conductive textile in applied 

mechanical conditions. The electrical response of electrical properties was studied on the number 

of deformation cycles of stretch and recovery of fabric. The main property studied was resistance 

stability. Four conductive knitted samples with different stitch patterns were employed for this 

investigation. Knitted samples consisted of 20% steel fibers and 80% polyester low pill fibers. The 

sample was prepared on a flatbed Shima Seiki 122S 10-gauge weft knitting machine. 

The tensile force of 2N was applied to the sample to ensure the constant test condition throughout 

the test. When the sample was initially elongated, increment in its electrical resistance observed 

with increased length. However, at one-point, the increment in the elongation causes reduction in 

the contact resistance due to multiple parallel conduction paths. Results had shown minimum 

resistance occurring at an elongation of 16mm. In the repeatability test sessions, the average 

number of cycles to achieve the electrical stabilization was considerably larger during the 

preconditioning test. Samples with the highest stitch density showed the most relevant dependence 

on the highest number of electrical contacts [33].  

Some of the parameters considered, while forming a knitted e-fabrics are stitch density, loop 

formation, number of loops and machine specification are some of the characteristics that 

eventually can affect the electrical properties of the e-fabric. Stretching of the fabric affects the 

resistivity of a textile and during elongation and retention, network transmission indicates the 
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movement of the fabric. Due to these reasons, knit e-textiles are mainly used for clothing that 

monitors physical functions such as an electromagnetic shielding fabric [2]. 

2.3.3 Embroidery Process 
 

Embroidery process can be achieved on fabric surface after fabric manufacturing. Embroidery is 

a simple process of stitching yarn on to fabric substance to form elaborate patterns. In an e-textile 

it develops different circuits and cable connection throughout the fabric via using e-yarn directly 

on fabric surface (Figure 9). Embroidery can also enhance the fabric surface by using decorative 

stitching of colorful yarns. These designs are first defined and developed on the computer software 

and then converted into embroiders machine code that embodies them on the surface. Primarily, 

there are three kinds of embroidery methods: Chain-stitch embroidery, standard embroidery, and 

Tailored fiber placement (TFP).  

 

Figure 9. Circuit formation with embroidery fabrication technique. Note adapted from [26]. 
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Chain-stitch is a loop stitch, forming lines of a chain one after other and is suitable for creating 

textile-based sensors. For textile-based sensor this stitch requires good flexibility and stretchability 

on textile surface. The typical embroidery system uses a double lock stitch, which means it uses 

two threads at a single operation. This system allows more fit and control of the fabric structure. 

Generally, this system is particularly suitable for electro-conductive pads and also provides 

accuracy in the sensor formation. Another embroidery process is tailor fiber formation (TFP), 

which is a one of the more recent developments. It ensures better placement of the material on the 

base surface. A variety of fibers are utilized for embroidery thread in combination with each other   

such as carbon, glass, basalt, aramid, thermoplastic and metallic threads for TFP and offers less 

material dependency than other technologies. Additionally, they offer a high amount of possible 

sensor geometries with variable applications [25]. 

Like weaving, embroidery is also used to form a circuit layout with a stitching pattern to put a 

successive step in e-textile formation. Textile circuitry includes general elements such as 

conductive traces, sensor elements, electrodes, and discrete components. The embroidery process 

is easier than the weaving and knitting process as it directly stitches e-thread on fabric surface 

instead of integrating them into fabric. In this manner, it helps design desired circuit due to an easy 

processing technique. The computer-aided design controls design for embroidery machines. And 

ensures electrical properties of stitched yarn [34].  

The previous work in textile circuitry appears to be mostly unpublished and uncommercial work. 

The U.S. patent literature survey revealed much ongoing work focusing on the development of 

synthetic conductors corresponding with existing textile production methods. There are three-steps 

of circuit formation occurs, first involves work with available machines and threads and design 

with low power consumption, the second step to develop an optimized design, Plastic Threaded 
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Chip Carrier (PLCC) is an example of this step, the third step is the development of multilayer 

circuitry. Multilayer circuitry aimed to remove conventional limitations and provide a new level 

to the embroidery process compared to other processes [28]. 

In the terms of converting electronics into textiles through embroidery, one of the new 

developments is “E-broidery,” which is also known as computerized embroidery. Computerized 

embroidery controls the sewing process by a computation system. This development offers various 

applications such as an electronic musical instrument, with buttons, knobs, and sliders providing 

physical interfaces for the computer. In addition, a fabric keyboard, firefly dress, musical jacket 

with embroidery keyboard, musical ball, electronic tablecloth are some other applications of e-

broidery. The fabrication process is the most crucial stage for the e-broidery structure formation. 

The level of stitch control, stitch density, thread varieties, thread combinations, stitch pattern, 

specific needle are parameters that need to be controlled to provide a final desired fabric (Figure 

10). The conductive yarn manufactured by Bekaert fiber technology has been used for this method 

because yarns offer low stresses and ability to accommodate variation in tension by stretching 

thread. There are some limitations with e-broidery work that has been observed such as a 

washability issue wherein it does not work in wet conditions and it also requires more work toward 

welding and sewing for higher conductivity; therefore, a lot of open-ended research is going on 

for further e-broidery development [28].  
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Figure 10. Printed circuit board joining by embroidery process. Note adapted from [24] 

 

Many researchers are going in the direction of embroidery technique such as. 2D and 3D 

embroidery methods. The 2D offers X, Y axes for single layered and 3D offers X, Y, and Z 

directions for multilayered embroidery patterns. Furthermore, few research works are also 

focusing on development of chemical embroidery, which provides embroidery on water or heat 

soluble textiles. These techniques have a broad area of applications such as aerospace, 

construction, automotive, wound-dressing, tissue engineering, bio-sensing, physical sensing and 

cross-function functionalities [5]. 

2.3.4 Printing Process 
 

Printing process applies various colors and designs to a fabric to provided aesthetic value. Printing 

applies colors to parts of the fabric instead of the entire fabric, to form a design. The printing 

process consists of the following techniques: block printing, screen printing, rotary printing, digital 

printing, and many others (Figure 11). Printing is one of the simplest methods to enhance fabric 

properties. The printing process does not require conductive yarn or metallic fibers or yarn 

manufacturing. It only contains conductive paste. Therefore, in e-textiles, printing processes are 

accomplished in a shorter time as it easier to perform compared to other processes.  
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Figure 11. (a) Screen-printing fabrication of conductive tracks. (b)Ink-jet printed sensors on 
textile substance. Note adapted from [24] , [34]. 

Electronic printing process is as very easy operate a it contains conductive printing paste in terms 

of electronic material. Conductive materials come in two varieties: particle-based material and 

particle-free material. Generally, metallic materials like copper and silver are used by directly 

applying them to fabric structures such as a woven, knitted and non-woven. For, the electronic 

printing process, two methods are very widespread: Screen printing and Ink-jet printing. Screen 

printing uses using a screen with an engraved design on it to print on the textile structure. Screen 

printing offers conductive traces on textiles for specific and predetermined areas of it. 

 Ink-jet printing is one form of the digital printing process. In this process, droplets (10-100 μm 

dia.) are created and deposited under digital control for printing patterns [35]. This method further 

categories into two basic printing method: Continuous inkjet and Drop-on-Demand inkjet. In the 

continuous ink-jet printing process, droplets are produced continuously on the fabric surface. 

While Drop-on-Demand uses multiple nozzles that controlled by a piezoelectric sensor. Inkjet 

printing offers high electrical conductivity, resistance to oxidation, lower particle aggregation and 

good surface tension  Additionally, ink-jet printing is a more suitable and approaching method in 

(a) (b) 
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comparison to other methods as its offers chemical-free and uses less equipment than screen 

printing on manufacturing perspective [35]. 

 One such research in the field proposed in developing a printable energy harvesting storage 

device. Here, Li-ion batteries were fabricated by a multi-layer agile printing process in which 

Lithium Cobalt Oxide [LiCoO2] used as cathode material and Lithium Titanium Oxide 

[Li4Ti5O12] for anode material. Polymer separator was used to separate the positive and negative 

sides of the battery and crucial for optimal electrolyte uptake and formation of a microporous gel 

electrolyte (MGE) with high ionic conductivity. Material frication on textiles was achieved by 

spray printing technique. The resultant battery provides excellent mechanical stability and 

electrical characteristics, such as charge and discharge curve, with several cycle spray printing that 

shows excellent capacity retention. The galvanostatic charge-discharge curve showed a similar 

potential like the Li-ion cell without degradation. The cross-section of the printed battery on SEM 

results showed the good layer separations with a uniform thickness in the final device [36]. 

One another work in e-textile printing is done by I. Krucińska et al. on formation of chemical 

sensors on a textile surface using a screen-printing method. Carbon-nanotubes based sensors were 

prepared on the surface of poly-cotton fabric by screen printing method. The conductive material 

of the printing paste aimed to provide electrochemical surface properties on the fabric surface; 

therefore, proper consideration was given to the materials that used to create a paste. The study of 

changes in the sensory reaction observed under the different chemical usage during washing. The 

influence of the organic fluid has been observed from the collected data and graphs. The sensory 

reaction is found to be in the range of 50-80% on the fabric surface in general. However, the 

processing and maintenance of the chemical is difficult posing challenges to commercially develop 

the product [37]. 
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There are many printed products available in market; one of which is a printed circuit board (PCB). 

PCB is the passive component with a point-to-point connection and design with in-board electronic 

characteristics. PCB can be designed and manufactured with ink-jet printing methodology. It can 

also print an electronic substrate that offers multiple functionalities. It also works with a hybrid 

approach that provides benefits over the traditional process such as low cost, no loss of 

connections, and compact product [35].  

2.4 End-Use Application   
There are major e-textile applications in various domains. These applications are mainly focused 

on healthcare, sports, and fitness. The market needs for e-textiles vary with the product 

development and customer's needs. With increasing need of technology, people are choosing to 

live a better life, with more comfortable and facilitating products. Textiles is one of the most 

important areas that provides products which enhance the lifestyle with advancing technologies E-

textiles not only provide a wearable textile but also support functionalities of external products 

such as use of e-textile based sensor into body implantable devices. This chapter discusses 

functionalities-based applications in e-textile market, additionally it discusses potential application 

for textile-based energy storage devices.  

2.4.1 E-textile Market 
 

Present day textiles are used in many fields such as apparel, home textiles, health care, automobile, 

industrial applications, lifestyle, fashion, military, and more (Figure 12). E-textile market is 

growing because of material development and formation technology advancements. The e- textile 

market depends upon the advances in the field of e-fibers, e-yarn, flexible sensors, electro-optic, 

etc. to provide functional e-textile structures. E-textile fabrics functionalities include light 
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emission, heat sensing, cooling, shape changing, computing, communicate wirelessly, use ambient 

energy for creating electricity when required, diagnose problems, and at times treat clinical 

conditions [38].  

 

Figure 12. CAGR Projection in Electronic Textiles. Adapted from [38] 

 

In current market every product is not meeting need of customer, therefore there is a less growth 

in e-textile market need and customer’s need is necessary before starting research work or 

commercializing a product. E-textiles are almost a decade old field and have a limited small-

volume product for consumers. However, the field is having a tremendous revolution with many 

on-going developments. Still, many challenges are there to overcome before e-textile market can 

grow. 

The textile industry and electronic industry are very different in terms of processes and parameters. 

The merging of these two industries requires certain standards and guidelines that match with the 

production requirement, the safety of people, product requirements, and industry standards. To 
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enhance feasibility of industry for e-textile products    certain protocols require such as a safety 

protocols, testing protocols and quality protocols. For defining these standards general problems 

of both industries (textile and electronics) need to be considered, which helps to define standards 

vey wisely. For instant, careful product testing needs to establishment of testing houses that assist 

to avoid problems by appropriate testing. Moreover, to develop the production cycle, the supply 

chain is a very essential step to connect all the dots between suppliers to consumers. The supply 

chain of an e-textile divides into two stages. The first stage covers the integration of electronics 

into textile in iterating manner at each level such as fiber, yarn, and fabric. Raw goods of textile 

and electronics work together for making a successful end-product. The second stage contains 

garment makers  which comes in top of value chain and deals with brand and product aesthetic  

[39].  

Only defining standards are not enough for e-textile manufacturing, it also phases some general 

issues such as, textile products are easy to transport to long-distance locations or oversees. 

Nevertheless, when electronic components come into account it becomes difficult. For electronic 

components, some measures should be taken before moving the product around the globe. Some 

batteries are restricted to transport via air so, those need to shipped via sea and sometimes also 

require special testing and documentation. The most significant problem for e-textiles is public 

awareness. E-textile is not one of most popular areas in the market and with the advancement in 

the products, people are not very familiar with every e-textile product. In some scenarios, normal 

textile and e-textile are difficult to differentiate, the functionality of e-textile is unobservable by 

the customer when both the product looks similar. For instance, a light-up jacket looks quite like 

any other casual jacket when it is hanging on the rack. The customer’s attention towards the 
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product is very necessary since getting the visibility to effectively market the product can be very 

difficult [39]. 

While discussing the global market for e-textile, Europe is expected to dominate the global market. 

Asia region is witnessing market growth with its low cost as otherwise associated with good quality 

of raw material. North American countries like the US and Canada are more focused on new 

technology adoption, which will lead to market growth. In general, e-textile require different skills, 

in-depth knowledge about industry standards, new instruments, and investment to survive in the 

market [38]. 

 
2.4.2 Functional Applications 
 

Functional application means applications those use for specific define function, such as a pressure 

sensor use for sensing pressure on substance, batteries use for charging devices. Therefore, this 

section focuses on functional applications of the e-textile product and discusses about innovations 

in brief. In applications, the focus is given to various electronic components that have been 

developed with a textile substance. These electronic substrates are sensors, actuators, energy 

storage devices, power systems, and computing devices (Figure 13). Textile has worked 

successfully in the development of products such as a pressure sensor, strain sensors, transmission 

lines, batteries, and supercapacitors.   
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Figure 13. (a) conductive yarn with various layers of coating (b)Sensing textile with different 
components of sensing fibers at different location. Adapted from [40], [41]. 

 
Textile based fibers and yarn play an important role in the development e-textile products. Fiber-

based sensors are very emerging technology these days. The main advantage is that they are made 

from a textile-based material and their applications are in medical textile such as implantation, 

joints, or to sense motions in smart clothing. Pressure sensors are generally structured as two fibers 

crossing perpendicular to each other that act as a sensor. An insulating material is used to coat 

these fibers and these materials contains insulating properties and elastic properties which will 

determine the amount of force the fibers undertake when pressure is applied [40]. Previously, Lee 

et al. demonstrated textile-based pressure sensors using PDMS-coated conductive fibers. It works 

with two PDMS-coated fibers were used to form a capacitor structure and was subjected to a charge 

when pressure was applied to it. The variation in the capacitance value helped in determining a 

change in the pressure [42]. 

Biopotential sensors are used for ECG/EMG measurements in medical facilities. Nervous stimuli 

and muscle connections are easily identified via ionic flow in the body and this flow is detected 

by attaching biopotential electrodes on the human body. Conductive yarns are used for these 

(a) 
(b) 
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electrodes and are easily integrated by a weaving, knitting, or stitching process. Appropriate textile 

integration techniques that help bring the electrode fibers close to the skin surface and that can 

help ensure functional sensing for fibers. As a reduction in the fiber size helps to produce sensors 

that mimic common textile fibers, the reduced conductor cross-section precedes to an increase in 

the conducting fiber resistivity. A common issue in these sensors is high impedance, high noise 

and an increase in resistivity. Wearable wellness system developed by a series of research projects 

such as Wealthy and MyHeart in Europe. WWS is a health monitoring system and consists of a 

garment with an electronic device for data acquisition and analysis. Electrodes are made of knitted 

conductive yarns and conductive yarns consist of stainless-steel wires twisted around a non-

conductive core surface. It’s a very small device that can easily incorporated in any part of a 

garment such as pockets or sleeves [25].  

Wearable strain sensors are used to monitor breathing and motion with the help of strain in the 

fiber. Conductive polymers, integrated yarn, monofilament fibers are generally coated with carbon 

or polymer material with the purpose of representing piezoresistive strain sensing [40].  Intelligent 

knee sleeves have been developed by CSIRO textile and fiber technology, Clayton, Australia. This 

system provides audible feedback to the wearers concerning their knee angle. Flexible strain 

sensors are attached to the kneecap and connected to small electronics. A lycra fabric with a layer 

of polypyrene is used for formation of these strain sensor. The major use of intelligent knee sleeve 

is in sporting applications such as a football, jumping, running. It assists in training athletes and 

avoiding injuries during the game [25].  

A fiber optical sensor is utilized to measure fiber bending and fiber strain. Fiber-optic sensors 

consist of a core material and a cladding material with diverging refractive indices which facilitates 

analysis of the light that is either reflected the emitting end of the fiber or transmitted to the end of 



46 
 

the fiber. Fiber Bragg grating and optical sensors are two basic types of fiber optic sensors which 

vary by their reflective indices. Fiber-optic sensors are used to measure important physiological 

parameters such as heartbeat and respiratory rate [40]. Polymer optic fiber sensors are suitable for 

civil engineering applications, and they have the functionality of elasticity and robustness. Fiber 

Bragg grating sensors are characterized by periodic change created by a pattern in UV energy in 

the index of reflection pattern. A field test was done to improve the slope of the road in Germany. 

They used two multifunctional geo-textiles, one with three optical fiber sensors integrated into thin 

rope-like geo-textile and another one with an optical fiber sensor into a geogrid. The purpose is to 

collect the data of road with to respect weather and mechanical strain [25]. 

Many other developments are taking place in the field other than fiber-based sensors. One of them 

is a fiber or textile-based display device which is considered as wearable electronics. Development 

is done towards organic light-emitting diodes, to form a fiber type device. However, these fiber 

type devices have a problem with performance and stability. Occasionally, a rough fiber structure 

and high voltage issues can be mitigated by alternative strategies. One of the researches in fiber 

type display device reported by Kim et al. was fabricated on a100 µm thick polyester-fiber-based 

woven fabric. Due to a rough surface characterization of polyester-based surface, the fabric was 

first laminated with a 20–40 µm thick PU film. The devices showed current efficiency and 

luminance comparable to those fabricated on glass substrates and lifetime over 1000h [42].  

Atalay et al. represented the development of a conductive transmission line as a textile product. 

Two groups of yarn namely silver-plated yarns and stainless-steel yarns were used with a polyester 

fabric. The functionalities such as linear density and electrical conductivity vary between yarns. 

Ultrasonic welding technology was used to facilitate the bonding of synthetic fabrics owing to the 

generation of heat by vibrations at the applied place and conductive yarn was inserted between 
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two such layers of fabric. This transmission line is suitable for the interconnection of wearable 

computing applications, smart clothing, and interactive e-textile structures. The waterproof 

characteristic of polyester fabric improves the durability of the material. Thus, they have a high 

prospective application in e-textile circuit designs. The drawback of the system is that deterioration 

in the lamination layer as it is prone to the environment and that affect the quality of the 

transmission line [43]. 

There are also developments noticed in energy harvesting devices. Nowadays energy harvesting 

device is one of the growing areas for renewable energy sources such as solar energy harvesting. 

The solar cell is followed by self-powered operation and easily incorporated into a textile material. 

The fiber type structure of solar cells has represented by Yang et al. that contained electrodes with 

elastic conductive fibers. These electrodes were formed by winding carbon nanotube with rubber 

fibers. This device provided power conversion efficiency up to 7.13% and was steady after 

stretching by 30% for 20 cycles. Fiber-based solar cells have been improved over the past few 

years and provide environmental stability of device, manufacturing ease, good washability, and 

other functionalities [42]. PowerFilm Solar has become successful to sell this kind of solar-based 

foldable panels. Their foldable solar panels are lightweight, durable, extremely portable and fit 

easily into most backpacks being the perfect accessory to provide power for a wide range of 

electronics. These products were used mainly in outdoor adventures, hiking, and in military 

services. They offer a product with various size, weight, and voltage according to requirements 

[44]. 

One of the promising energy sources is electrochemical energy harvesting devices such as lithium-

ion batteries and supercapacitors. Supercapacitors exhibit lower energy density and high-power 

density in comparison to lithium-ion batteries. Researchers are working toward developing higher 
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energy density without compromising the power density of supercapacitors to achieve less 

charging time and with greater number of charging cycles [45]. Enfucell has developed soft 

batteries, which are printable, thin, flexible, and eco-friendly. The primary targeted market sector 

for this product are healthcare, cosmetics, sports, and logistics. For instance, a skin-patch that 

requires monitoring movements of elderly people using a battery-powered system [46].  

Textile product are versatile on manufacturing function-based products.  Further these functional 

products are put together to develop an end-product. These end products are generally human 

required product. The next chapter will discuss about this product-based e-textile applications. 

2.4.3 Product Based Applications  
 
E-textiles started developing from a few years back and presently there is a visible development 

in terms of the range of products. Despite extensive investments in research and the obvious 

potential of applications, only a few products have reached the market. This section targets the 

products that have been successfully commercialized in the market and emerging to fulfill future 

requirements. 

Google’s ATAP (Advance technology and project) has developed project jacquard in association 

with Levi’s®. The focus was to develop textile-based technology that assesses smartphone and 

other gadgets with camera, text, media, music. This device works like a smartwatch with an 

extensive use in smartphone applications. Project Jacquard has exhibited a new way to weave 

touch panels into conventional fabrics, using old-fashioned textile manufacturing processes. The 

project jacquard is inspired by the jacquard weave, a fabric in which the design is integrated by 

weaving of different yarns together. The first product is Commuter™ Trucker Jacket as shown in 

Figure 14. To provide digital services, the device is woven directly into the sleeve of the jacket. 
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This is used by simple touch gestures and has wireless connection via Bluetooth. The product also 

provides haptic feedback by using light sensors which is machine washable. Another product is 

the Cit-e backpack by collaboration of Saint Laurent, also have a similar feature to commuter 

trucker jacket. Currently, Google jacquard is working on the development of Adidas GRM in 

association with Adidas® and EA SPORTS for e-sport applications. This is pair of soles to 

transform shoes into a smart health monitoring device by measuring and analyzing human 

activities [47]. 

 

Figure 14. Project Jacquard Commuter™ Trucker Jacket configuration. Adapted from [47]. 

 

VR Electronics is working toward manufacturing Tesla Suit, which provides a full VR experience 

with haptic feedback. It is not only used for gaming purposes, but also for self-defense training or 

firefighter training. However, the focus is to gain on gaming experience or professional gaming 

tournaments experience. From the touch sensation, it provides the feeling of an actual scenario 

with a full-body haptic feedback system. Motion capture feature records the action and establishes 



50 
 

the baseline for actions and then measures improvements of it. Embedded biometric sensors 

measures virtual and emotional stress level of person by providing hold and cold sensations and 

train them in under pressure conditions. Tesla Suit is completely wireless and is compatible with 

available VR headsets and devices. The suit is incorporated with electro tactic design with 

conductive yarns and the suit is waterproof and fully washable with a layer of neoprene. The 

limitation of this suit is that it requires training before use and also costly as it uses high quality 

materials [48].  

Myontec is manufacturing wearable products in the healthcare and fitness area. There focus is on 

muscle activation technology, which is based on developing a textile-based product to produce 

electromyography from muscle activities. M-shorts 3 is the product that measures human muscle 

activity by an associated sensor. M-cell3 battery is also embedded with this to provide the power 

supply. This product is machine washable after removing the M-cell. Myontec researches work is 

focusing on different face to electromyography related products in terms of wearable technology 

[49]. 

Athos are manufacturing smart shirts and shorts, that are developed to focus on fitness measures. 

Their target is to measure muscle activity, heart rate, and all respiration in terms of collecting real-

time data. Athos integrates the Athos gear in their products to detect electrical activity produced 

by skeletal muscles which is evaluated to detect the hardness of muscles while working. Athos app 

is providing live statistic data, that helps keep track of fitness and correct the sequential actions 

while working out and to prevent injuries. They use nylon and spandex to provide fit and 

stretchable material with appropriate comfort. Athos gear is also machine washable, so it can be 

easily washed with smart shirt or shorts[50]. 
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Figure 15. Block Diagram Configuration of CuteCircit’s Sound Shirt. Adapted from [51]. 

 
CuteCircuit has developed sound shirts to allow deaf people to feel the music by transforming the 

tunes into touch sensations. The product is associated with software to transmit data wirelessly and 

transfer them into actuators within textiles. The device has been set up with an intense setting to 

feel various instrument’ intensity differently as every instrument has a different level of intensity. 

This provides a full-body music experience with sensation at different locations of the body. Figure 

15 shows a platform for a sound shirt with a technical set up and textile set up diagram. The 

technology is covering a series of touch across the wearable to allow a feeling of the entire 

composition. This technology is providing new advanced technology for deaf people and provides 

a new ability for them to feel the world with music. This shirt consists of 30-micro actuators to 

translate the sound in real-time, into a tactile language that is unique to each piece of music. 

Conductive pathways of garment are manufactured with woven textiles and garment integration. 

Visible apparel design is provided by laser cutting technology and after iterating the process, it is 
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done with high-resolution digital fabric printing process. The visual design is an image for the 

relationship between vibrations and sound waves regulating in different frequencies [51].  

Shiftwear launched Shiftwear Sneakers in 2017, with the sole purpose of providing evolutionary 

advancement in fashionable devices. They have an input display screen on the surface of the 

sneakers that change the design of the screen and allows a person to put a movable design. So, the 

concept is to allow a person to customize their sneakers' design with movable motion pictures. 

Shiftwear provides a mobile app with a large list of movable display designs and a marketplace to 

search for more designs and a person can directly change design from the app. It is completely 

wireless that connected with Bluetooth and Wi-Fi.  

Accelerometer and Gyroscope based sensors handle the display settings and trigger the design by 

sensing the Bluetooth signals. The advanced feature of this device is wireless charging that 

contains self-charge module built into it. It generates electricity by walking and transfers it to 

facilitate the working of the device display. The display is very flexible with HD color, and 

provides a clear view. This Sneaker’s technology is available in any size and color to make sure it 

is fashionable and available for all. This product is also durable, waterproof and dirt and stain 

resistant. Kevlar fibers are used for coating the sole to extend the life of each pair. However, issues 

associated with the battery and cost has restricted it to minimal success in the market [52]. 

The above state-of-the-art designs ensures the continued advancement of e-textile. It is not just 

research in the field by educational institutions but the market and top companies that drive product 

development in e-textiles. A market statistic is projecting the growth of markets in the upcoming 

years. The textile sector is not limiting its capabilities toward e-textile but also advancing research 

with various engineering fields.  
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2.4.4 Advantages and Challenges for Supercapacitor Products 
 
A supercapacitor is a potential market need for flexible energy storage devices. This energy 

harvesting devices covert various energy sources (thermal, radio-frequency, kinetic, bionic, Etc.) 

into electrical energy for a portable power supply system [53]. Textile based supercapacitor shows 

exceptional electrochemical functionalities while maintaining the textile needs. However, there 

are many shortcomings involved before the device can hit the market. The device needs to gain a 

larger footprint in the market, like more production facilities, market share gain, greater variety of 

products, incorporation in already available products and a lower production cost to achieve a more 

elevated place in the market. 

The battery is one of the most useful electrochemical energy storage devices. In the field of textiles, 

batteries hold a significant place. Lithium-ion batteries [54]  finds its use in textile-based products. 

The textile-based device has converted traditional batteries into a something more flexible, 

lightweight and wearable. Other than that, kinetic energy harvested from human motion, thermal 

energy, energy harvested from heat, mechanical energy, energy harvested from mechanical action 

such as a triboelectric nanogenerator and solar energy, energy harvested from the sun can also be 

used as sources for energy in textile-based products. Out of all these sources, electrochemical 

energy is the most widely used energy source in the market [55]. However, batteries have some 

limitations, which can be overcome by a supercapacitor-based device. In comparison to batteries, 

supercapacitor-based devices do not use a chemical to store energy. They offer high power density, 

high working voltage, fast charging cycle and lower self-discharging properties. Supercapacitor 

devices are designed to provide higher storage capacity than traditional batteries [53]. The lifespan 

of the supercapacitor device is also higher. The supercapacitor device's cost is higher than batteries; 

however, when we compare it to the long-term cost, then supercapacitor devices seem like a more 
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promising option. For example, Huawei Band 2 powered by a Li-ion battery with 100mAh 

capacity, sustains for 21 days after charging for 1.5 hours. On the other hand, the BMX 

supercapacitor device in series connection can charge the same band in less than 10 min and it 

lasts for as long as five days [56]. However, the supercapacitor has some drawbacks in comparison 

to batteries in terms of energy density. Batteries store chemical energy, while supercapacitor stores 

electrical energy and chemical energy can store higher energy than latter. Both technologies offer 

advantages and disadvantages; the disadvantage of one technology can be accomplished by the 

other, and in a way, both techniques can be used in a hybrid manner some applications. Some 

applications are also more concerned about energy density, while others are not. The batteries and 

supercapacitor are more used according to the requirement of applications [57]. In textiles, 

batteries offer a broader range in applications than supercapacitor devices, as the supercapacitor 

structure is still in the initial stage of research. Batteries are used in forms such as printable 

batteries, woven batteries, conductive yarn-based batteries, solar-based batteries, fiber-based 

batteries, air batteries, and 3D batteries. 

Textile based supercapacitor device varies from the different kind of materials. Yarn-based 

supercapacitors are the main kinds of supercapacitor devices that are used in e-textiles. This 

provides useful electrochemical functionalities with different scan rates. It also ensures flexibility, 

mechanical stability and durability for human wear. The potential growth of this is very high, as it 

fulfills the requirement of an inbuilt electricity supply. For example, sensors of the Levi’s Trucker 

jacket can be self-charged using these supercapacitor yarns. Apart from this, the circuits [26] can 

be created to connect sensors, conductive yarns, supercapacitor yarns and wireless devices as one 

SOT (system of textile).  However, certain limitations need to be overcome before the practical 

application of the device. 
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One of the significant challenges is the safety. Sometimes these fiber-based materials are required 

to use flammable and toxic electrolyte material.  Another safety issue is the leakage of personal 

information. Due to the broad market and applications, there is a large amount of personal data 

associated with the device. The leaking of essential data can be very detrimental Washing of these 

devices is difficult and sometimes causes shorting as it is associated with conductive 

functionalities. Washability can be achieved either via removing these conductive parts while 

washing or providing some good insulation layer to them. Another critical concern is the lack of 

an evaluation system. The supercapacitor's material measured in various units such as an aerial/ 

linear capacitance, energy density, and power density; therefore, it becomes ambiguous to compare 

these systems. Thus, evaluation methods and measurement units are needed to standardize for 

yarn-based electrode devices [41]. 

The supercapacitor-based device is an enriching technology over traditional supercapacitor. 

However, there are specific challenges due to the transition of the device from electronics to 

textiles.  The disadvantages can be overcome over a period of time with research and development. 

That will help embrace the market value of the product over that period. The next chapter is taking 

a brief introduction to the potential scope and possibilities for these devices. 

 
2.4.5 Future need for E-textile Market 
 
Research in field of e-textile is increasing from around decade, the number of articles and research 

papers published in e-textiles are significantly higher since 2010. However, compared to other 

products such as fitness bands, smartwatches, and smart clothing, it has only a 1% market share in 

wearable electronics.  
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The current trend seems more promising in terms of research for fiber-based textiles. 

Supercapacitor device-based textile is currently in the initial development stage; but the product's 

growth appears more promising due to the problems it will end up solving. The supercapacitor 

device-based textile will help increase the market share of smart clothing in upcoming years. The 

main focal point is the flexibility and lightweight nature of the material with electrochemical 

functionalities. Another factor is artificial intelligence. One research was suggested using an 

artificial neural network formed to derive the textile structure's surface temperature in cold 

weather. The textile transmission line was made with conductive yarns with insulated materials 

using different seam types. The material is powered with different specific voltage to obtain 

different healing levels. The experimental input data with variables such as, temperature, feeding 

speed, sample resistance, current and output data temperature, and electrical power were used. The 

technology used for predicting power dissipation and design products are gloves, jacket and 

sleeping mats [58]. Another example is human motion recognition via a textile-based sensor by 

providing the data to a machine learning algorithm. The sensors were made with single-wall carbon 

nanotubes and spandex fabric. The performance was measured by identifying the rate and accuracy 

of the motion [59]. 

Technology can develop up to an extent where one can charge cloths while hanging in a wardrobe 

or lying at home. The market can grow to provide applications in creating smart home products 

such as a smart bed or smart upholstery. New start-ups are developing e-textile products associated 

with a high initial cost. Then overall profits will be projected to be higher when the product is well 

established in the market. Some companies play an essential role in the supply chain cycle by 

providing low-cost and useful equipment for e-textile products. Ohmatex, a company based in 

Denmark, introduced a new type of fabric connector to create devices. However, many start-ups 
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are still struggling due to a lack of manufacturing support and facilities. Big companies like 

Google, Apple, and Microsoft are also supporting this technology and advancing their research in 

the field. Success in wearable devices can be achieved by a similar ecosystem to smartphones and 

IOS, by encouraging users to connect their devices with wearable technology [60]. In conclusion, 

textile should collaborate with top-notch companies in the market to develop these products. This 

collaboration will provide sustainable manufacturing facilities and less dependence on marketing 

strategies as it involves trustworthy brands. 

The scope of e-textile is not limited to healthcare and sportswear. Moreover, the applications are 

taking place in the field of technical sectors for industrial needs. For example, sensor-based fiber 

is incorporated into the automotive seat to control the seat's temperature according to body 

temperature. At a crossover of the science and fashion industry, it creates unique products such 

like clothes with lights, color-changing shirts, color pattern adjustment on fabric using a 

smartphone, etc. Another project conducted by the Georgia Institute of Technology generates 

electricity by harvesting energy from sunlight and human motion; the potential application is to 

charge a smartphone. The research used a commercial textile machine to weave solar cells with 

lightweight polymer fibers. The project is still in the academic research phase and will take time 

to become a commercial application [61]. The future need for e-textile is moving towards creating 

an eco-system and market for the product. Overcoming some difficulties in the mass-production 

and increasing market demand are the initial steps toward generating specific market values. 

Supercapacitor yarn-based devices are small segment of this market, but their applications will 

cover energy issues for a lot of available products and develop new technologies with advanced 

research work. 
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2.5 Conclusion Remarks 
 
The literature review has focused on presenting a broad overview of e-textile development. It 

covers material, processes, functionalities, market value, and applications of e-textiles with their 

advantages and disadvantages. The review was done to find out the gap in the previous research. 

Research gaps are address and identified the need for: 

• Long and flexible yarn shaped energy storage devices 

• Higher capacitance and less resistance supercapacitor yarn 

• More sustainable supercapacitor embedment process in wearable textile 

• Extensive testing on performance of yarns into wearable conditions 

These research gaps create a baseline for this project and provides the next step in terms of 

challenges and opportunities. Overcoming the challenges and adopting the opportunities will 

measure the success of the project and contribute to powering devices and sensors of wearable e-

textiles. 

 

 
 
 
 
 
 



59 
 

Chapter 3: Summary of Literature Review and 
Motivation and Objective of the Current Research 

 

The literature review discussed how to address different research gaps that were observed form 

previous work relevant to advancement of power storage devices. These gaps were the main 

motivations behind undertaken this project and set its objectives. 

This research is mainly focused on two main objectives. While many studies addressed the 

development flexible yarns shaped devices, very few have focused on the development of fabric 

structure from these yarns. In literature, very little work disclosed the integration methods of these 

yarns using hand weaving and knitting.  For this reason, it is important to check weaveability of 

yarn using automatic integration methods.  Therefore, the first objective of the project was to form 

e-yarns with properties (diameter, flexibility, tensile cyclic loading, and tensile load-elongation) 

that qualify them for the rigor of automated weaving process and maintain the structure integrity 

of the e-yarn and its electromechanically performance.  

The second objective was to perform extensive testing on the performance of these yarns in 

wearable conditions. As, fabric development is not enough to use these yarns in more realistic 

applications. In some cases when fabric is subjected to external conditions like washing, abrasion, 

mechanical distress, the yarn can lose their electrochemical performance due their inability to 

survive. To ensure good fabric condition and electrochemical performance, the E-fabric structures 

were passed through several physical condition testing, to understand their behavior in these 

scenarios. 

These two objectives were focused throughout this research in order to study the feasibility of the 

woven structures (E-fabric). The next chapter focusses on addressing the methodology used in the 
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research. Subsequent chapters discuss the results and performance in terms of fulfilling the 

objectives. The conclusion addresses the success on the goal and comments on possible 

improvements for future research.  
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Chapter 4: Experimental Procedure 

4.1 Introduction 
 
E-textiles create numerous research and application opportunities in the field of textiles, such as 

wearable sensing devices, printable powering devices, flexible circuitry, weaveable transmission 

line, and implantable devices. Traditionally, the yarn formation process demands several steps of 

processing with multiple fibers. Initially, spinning was performed on fibers to achieve the 

appropriate yarn structures with the help of twisting and tensioning. The amount of twisting and 

tensioning can vary depending on the requirements. Additionally, these yarns are passed through 

the fabric formation process such as knitting or weaving. The various arrangements of yarns in 

warp and weft direction allow formation of multiple fabric structures. 

This section concentrates on the development of the materials that is required for the formation of 

supercapacitor yarns, their integration into experimental woven fabrics (devices) and the 

examination of the device’s electrochemical properties. An experimental design was structured to 

minimize the drawbacks of previous experiments, especially in terms of power density and energy 

density output. The study examines textile and electronic characteristics of the device to ensure 

their basic functionalities.  

The main purpose of the formation of supercapacitor yarn is to deliver a weaveable product with 

high energy storage capacity. This property of energy storage capacity will help to power 

electronic devices (sensors, actuators, circuits, microcontrollers) associated with textile products. 

The formation of supercapacitor yarn is the first step of the process, which is more elaborate and 

complex than conventional yarn spinning processes.  
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The planning and process of designing supercapacitor yarn takes various steps. The weaving 

process is one of the basic methods for textile formation and has evolved over decades from 

conventional hand weaving to powered shuttle weaving to modern shuttle-less weaving. The 

objective of this research contributes to provide an optimal production technique for e-textile 

fabrics. Weaving was used as the fabric formation process for this experiment due to its ability to 

form intricate structure that allows various integration designing options. Weaving requires 

numerous preparatory processes such as winding, warping, sizing, drawing-in, tying-in, and 

designing to set up the process. Failure in any of the above will affect the quality of the ultimate 

woven fabric and will cause defects in the fabric in the later stages of the production process. 

Therefore, the selection of essential process steps is necessary to develop fabric integrated with 

supercapacitor yarns. The experimental setup requires process design and planning to create the 

product and to conduct a successful experiment. 

4.2 Materials 
 
In this research several materials were utilized to form Yarn supercapacitor (YSC or E-yarn) and 

their integration with woven fabrics using the weaving process. The material’s characteristics, 

specifications and requirements in this research are explained in this section. 

4.2.1 Materials – YSC (E-yarn) 
 
As shown in Figure 16, a solid-state supercapacitor consists of current collectors, electrodes, 

electrolyte, separator and a solution bath. The main operation of this device is to store electrical 

energy through electrical double layer capacitance generated by the charge separation at the 

interface between electrolyte and bath solution. 
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Figure 16. Basic working principle of electrochemical double layer supercapacitor device [62] 

 
The supercapacitor yarns must be flexible and aesthetic and possess mechanical properties like 

those of textile yarn. The following section provide the materials used in the research to form such 

yarns. 

4.2.1.1 Carbon Fiber Yarn 
 
Carbon fiber is one of the most promising materials used for energy storage devices. Due to its 

availability and low cost, carbon-based material is extensively used for electrode material [63]. 

Carbon fibers offers high conductivity along with yarn flexibility and high mechanical strength 

compared to other materials [41]. Additionally, it provides inherent properties such as electrical, 

chemical, and thermal [63]. Many related research works talk about carbon fiber for an efficient 

supercapacitor device because the carbon based multiple filament yarn shows low linear density, 

good conductive performance compared to staple fibers [64]. After trying various yarns with a 

greater number of fibers such as 3k and 2k, 1k carbon fiber yarn was selected. Successful 

fabrication of a supercapacitor device was achieved with the 1k yarn due to its small size.  

Electrode Electrode 
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In this research, 1k carbon fiber yarn was used to from the CST composite store, Tehachapi, 

California. They offer unidirectional carbon fiber bundle yarn with 1000fibers/ bundle [65]. This 

carbon fiber has a 599.41 denier yarn count. 

4.2.1.2 Stainless Steel 
 
Due to its good conductivity, stainless steel was used to serve as electrode in the YSC (E-yarn).  

SS316L Marine Grade stainless steel, which is manufactured by the Crazy wire company, was 

selected for this purpose. SS316L indicates the grade of wire based on performance. SS316L grade 

indicates low carbon version of SS316 grade stainless steel. The size of individual stainless steel 

wire or filament is a 60-micron diameter [66]. The measured count of the filament is 228 deniers.  

4.2.1.3 PVA Yarn 

Due to good dielectric properties, PVA (polyvinyl Alcohol) yarn was used as wrapping (separator) 

material for both electrodes of the e-yarn. PVA (polyvinyl Alcohol Synthetic) yarn was purchased 

from Nitivy Company Ltd, Japan. This PVA yarn belongs to the SHC type yarn, it means shrinking 

yarn, and characterized by higher elongation [67]. The yarn count of PVA synthetic yarn is 165 

deniers. 

4.2.1.4 Activated Carbon 

Activated carbon is one of the most highly used material for supercapacitor electrode fabrication 

due to its high surface area [63].  YP-80F series activated carbon, which is manufactured by 

Kuraray Coal, was considered for this project. This type is characterized by its ash (0.3%) content 

as well as its higher surface area and capacitance as compared to other series activated carbon. 
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4.2.1.5 Electrolyte Coating Material 
 

The electrolyte material, as coating for the electrodes, consists of Sulfuric Acid (H2SO4) (98%) or 

Phosphoric acid (H3PO4)  (85%), which was purchased from Fisher Chemicals, and Poly (vinyl 

alcohol) with 99% hydrolyzed, which was purchased from Sigma-Aldrich.  

4.2.2 Materials- Fabric Formation 
 

4.2.2.1 Cotton Yarn 
 
Alternating black and white combed mercerized ring-spun yarns of 40/2 count were utilized as 

non-conductive yarns for weaving in the warp direction. This characteristic was chosen due to the 

ability of yarn to provide a wearable environment to conductive yarn. Additionally, these yarn 

offers excellent insulating properties.  

4.2.2.2 Wool Yarn  

In the weft direction a 4/8 worsted weight Super lamb merino wool was used due to its similar 

thickness to the YSC (E-yarn). The yarn was sourced from Jagger Spun manufacturer. This 

characterized with an extraordinary quality of worsted wool that can withstand machine washing 

and drying (tumble dry) capabilities [68]. 

4.3. Formation of YSCs (E-yarn)  
 
The project is focused on providing an energy source for various electronic components within 

textiles that is accomplished by the YSC (E-yarn). Detailed explanation of research on formation 

of different YSCs (E-yarns) were discussed in section 2.2. Component selection and process 

selection were strategically done to accomplish higher power density with a specific energy density 

of YSC (E-yarn).  
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Twister and sizing machine were utilized for formation of YSC (E-yarns). These are commercially 

available equipment for rapid prototyping and sample production that are ideal for research and 

development purposes.  

The twister was used for twisting and winding of YSC (E-yarn) to integrate the e-yarn components 

that required several stages  to achieve the final e-yarn structure. The twister was manufactured by 

Doman Off workshop (Figure 17). The twister consists of 6 bobbin holders (supply), which can 

twist up to six yarns together and combine them into one yarn at the delivery end. Twisting 

direction and speed of twisting can be adjusted via user interface. Additionally, the twister is 

utilized for wrapping core yarn by different number of yarns, where core yarn is inserted straight 

into central pipe situated at the supply end. In the operation, correlation between winding and 

twisting speed maintains appropriate tension throughout the process [70]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Twisting Machine; 1- twister associated with two yarn bobbins in the holder, 2- 
central pipe, 3-Winding bobbin on the driving motor 

 

1 

2 
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For coating with electrolyte on electrode surface, sizing machine was utilized. It consists of three 

main zones, namely, sizing/coating application, drying and winding zones The process parameters 

(squeezing pressure, yarn speed, length of yarn in the drying zone, drying temperature) can be 

adjusted with target to  ensure uniform add-on coating material on the yarn surface [71]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 18. Sizing machine; 1- Coating rollers and coating bath for continuous coating to the 
material, 2- Heating chamber, 3- Winding rollers. 

 
4.3.1 Preliminary YSC (E-yarn) Structure  
 

In this structure, the SS (stainless steel) core filament yarn was used as electrode to provide fast 

electron transfer. Generally, YSC (E-yarn) involves various materials such as cotton, nylon, PTE, 

and conductive fibers such as carbon, stainless steel, graphene oxide. Graphene oxide and MXene 

fibers that are twisted together with a stainless-steel core yarn in the actual device, however it takes 

longer time to produce due to the slow rate of wet-spinning fabrication process. Therefore, it was 

2 

1 

3 
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not a feasible option to use this YSC (E-yarn) for weaving, as it is required in greater quantity. 

Thus, commercially available carbon fiber yarn was utilized as an alternative solution for this 

study. Commercially available carbon fibers are strong, and conductive, with decent 

electrochemical performance and have been used in various previous studies [64]. 

The formation of YSC (E-yarn) was mainly focused on two processes: twisting and coating. 

Twisting was performed to integrate the constituents of the e-yarn and strengthen it in order to 

sustain harsh weaving actions. Direction of twist, and twist level (number of twists per cm or tpc) 

and tension are most important parameters that determine the tensile behavior of the YSC (E-yarn). 

More details on the tensile behavior of the YSC (E-yarn) are explained in section 4.3.1.1. The next 

process is wrapping that was used for supercapacitor yarns to separate the electrodes and to 

simulate the separator of capacitor device.  

The formation of preliminary yarn was done with sequence of twisting- coating- twisting with the 

use of 8 carbon fiber yarn and 4 stainless steel filaments. A customized size bobbin was used to 

process carbon fiber yarn through the twisting roller (Figure 19).  
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Figure 19. Small size customized bobbin for Twister. 

 

The detailed formation steps are listed below and explained in flow chart format Figure 20.  

1. Two carbon fiber yarns (1k in thickness each) were twisted together with a stainless-steel 

core yarn fed through the central pipe. The twist direction is s with 5tpc. 

2. Two of the yarn produced in step 1 were twisted together to form “yarn electrode” and the 

twisting direction was z to balance the s twist direction inserted in step 1. The resultant 

yarn is named as a “dual-core electrode yarn”. 

3. The core electrode yarn was coated with material that are detailed later. 

4. Two coated electrode yarns were twisted them together to form preliminary YSC (E-yarn); 

the twist level was 3tpc. 

 
The following steps shows a detailed description of step 3. The coating solution is prepared with 

PVA and H2SO4. 

1. PVA is added into distilled water with the concentrate of 10 wt.%. 
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2. Heat with stirring of mixture for 1 hour to completely dissolved the PVA, and let it cool 

down for at least 1hour.  

3. H2SO4 is added into the solution at 10wt.% of PVA. The solution will turn into a gel for 

easy processing. 

4. The coating process was repeated three times to ensure uniform coating on the yarn surface 

at required level. 

 

Figure 20. A flowchart of the dual core preliminary YSC (E-yarn) formation process. 

The challenges faced during conditioning the experiment are as follow: 

(i) The high thickness of the e-yarn due to size and the number of the e-yarn components.  

(ii) Limited e-yarn length production to meet the weaving requirement as warp and or weft.  

(iii) Maintaining a constant amount of e-yarn coating.  
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(iv) Yarn twisting at a different stage of the process.  

To overcome these limitations, a strategy (addressed below) was developed that led to promising 

results. 

4.3.1.1 Yarn Twist Parameters Evaluation (preliminary YSC (E-yarn)) 
 
Before weaving of YSC (E-yarns), they were evaluated for their feasibility in weaving by 

evaluation of yarn twist parameters. It is important to measure mechanical strength of yarn before 

proceeding, to ensure that the yarn meets the basic functionalities for weaving. The yarn twist 

evaluation provides a process for yarn transition from non-weaveable to weaveable in terms of 

tensile properties.  

To ensure the mechanical functionalities of the YSC (E-yarn), the twist factor of the yarn was 

considered. For twist factor each filament of yarn was evaluated as all filaments of yarn. In general, 

amount of given twist to the yarn correlates to the tensile properties of the yarn. Higher twisting 

provides more strength to the yarn; however, more twists can also break the yarn after one point. 

To achieve the yarn's maximum strength without any breakage, one needs to identify the precise 

amount of twist level. As mentioned in section 4.1, the YSC (E-yarn) has three-stages of twisting, 

and a difference in the twist level of all the stages impact the overall mechanical properties of the 

YSC (E-yarn). 

Following are the details about the 3 stages of twisting. 

1. Stage 1: twisting (includes 2k carbon fibers and 1 stainless steel filament) 

2.  Stage 2: twisting (includes 4k carbon fibers and 2 stainless steel filaments) 

3.  Stage 3: twisting (includes 8k carbon fibers and 4 stainless steel filaments) 
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For each level, the twist factor helps decide the amount of twist in the yarn. Twist factor expressed 

as a: 

Twist Factor = tpc (twist per cm) × d (diameter of yarn in cm) 

Increasing the parameters (tpc and diameter) will increase the twist factor. Using this approach, 

the optimum twist level was found  between 3tpc to 10tpc, because the yarn tends to break due to 

a lower amount of twist at lower than three tpc, and the strength of the yarn tends to decrease due 

to filament obliquity to yarn axis more than 10 tpc [72]. Later, precise number of twists were 

decided for each stage of yarn. To decide the accurate level of twist for each stage, twist must be 

given to the yarn until its breaking point.  

As the yarn was made with different level of twisting at each stage, it was crucial to correlate each 

level of twisting with the other two. For instance, the twist level of stage one will impact the twist 

level of stage 2 and 3, the twist level of stage two will impact, the twist level of stage 3 and that of 

stage 3 twisting will be impacted by the twist of stage 1 and stage 2. To decide an optimum tpc, 

an experiment was performed with a sample size of 3.94 inch for each stage. The experiment was 

performed by hand simply twisting each yarn. The breakage of yarn at any point finalizes the 

amount of twist that the yarn can withstand. For each stage, the yarn test was performed with 3,5 

and 10 tpc and after the breakage of the yarn, lower twist level was used, until the level at which 

the yarn did not break. 

For stage 1, - 3tpc, 5tpc and 10tpc twist levels were used. From the data, it  was observed that yarn 

breaks at 10 tpc, therefore, a further experiment was performed with 9 tpc. However, the yarn 

failed at 9 tpc. Lower twist levels (8, 7, 6, and 5 tpc) were tried  and  it was found that, twist level 

of 5 tpc for stage 1 did not cause yarn damage. 
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For stage 2 , 3tpc, 5tpc and 10tpc twist were applied to the yarn with 5 tpc twist level from stage 

1. In this process, yarn breakage occurs at 5tpc, thus no additional test for 10tpc was performed. 

According to the data, 3tpc provided reasonable twist level for stage 2 twisting. 

Stage 3 twisting is a more crucial step for deciding the twist level as it is the final stage and consists 

of the outermost surface of the yarn. For stage 3 twisting, the experiment was performed by 

applying 3,5 and 10 tpc to the yarn. Here, the breakage occurs at 10tpc and further at 9tpc. 

However, no-break was observed for 5 to 8 tpc of the yarn. A new experiment was performed by 

untwisting the yarn. Results are discussed in section 5.2.4 

After deciding a twist level for the yarn analysis was done for the peak load of the yarn. The peak 

load of e-yarn is decided by amount of extension applied to the yarn, which influences the  

extension of each component of the yarn since their lengths are varied and as such each component 

may at different strain level of the e-yarn.  The strain of a yarn or its component is expressed as:  

 

𝜀𝜀 =  
Δ𝐿𝐿
𝐿𝐿1

× 100 = �
𝐿𝐿2 − 𝐿𝐿1
𝐿𝐿1

� × 100 

where, 

ε    =   strain percentage 

L1 =   original length 

L₂ =   Extended length 

ΔL = Difference between extended length and original length. 

 
The original length of each e-yarn component is varied according to the twist level at the three 

twisting stages and the component location in the yarn structure. The original length of each yarn 
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component was determined by untwisting the e-yarn. This would allow the determination of the 

strain of each e-yarn component in terms of the strain of the e-yarn itself.  As mentioned, the YSC 

(E-yarn) consists of 12 components (8 carbon fiber yarns and 4 stainless steel filaments). The test 

was performed for the 4 levels of stage 3 twisting – 5tpc, 6tpc, 7tpc, 8tpc (the stage 1 and 2 twisting 

were kept unchanged at 5 and 3, respectively. Figure 21 shows the untiwsted e-yarn components 

of the four yarns.  
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Figure 21. The components (12) of untwisted yarns (a) 5tpc yarn (b) 6tpc yarn (c) 7tpc yarn and 
(d) 8tpc yarn 

 

To identify the extension of each component, theoretically, the reverse methodology was used. In 

this case, strain of the e-yarn was assumed to be in a range of 1% to 5%. As strain applies to the 

e-yarn, it is easier to calculate the applied strain and extension on each component at each stage of 

the yarn formation process. Detailed results and the data will be discussed in the result and 

discussion section. 

 

 

(c) (d) 

(a) (b) 



76 
 

4.4.2 YSC (E-yarn) Structures 
 
Due to the limitation of the preliminary e-yarn structure, modifications were made to achieve the 

desired yarn structure for weaving. Following are the limitations of the preliminary structure. 

• Preliminary structure was not able to achieve accurate electrochemical functionalities with 

enough length of the YSC (E-yarn) for weaving. 

• The YSC (E-yarn) was too thick that posed challenge to handle in the weaving process 

• Adhesiveness of the coating makes YSC (E-yarn) sticky and could cause issue (stick to the 

weaving machine parts and adjutant textile yarns) during the weaving process. 

To overcome limitations of the preliminary YSC (E-yarn), the structure was modified by reducing 

the size of carbon fiber yarn and additionally changing the electrolyte coating. Some materials 

were modified in comparison to the preliminary structure for getting better surface characteristics 

and improving the overall functionalities of yarn. The equipment used was similar to that 

mentioned in section 4.1. 

Following are the steps for the fabrication of the non- AC YSC (E-yarn) structure (Figure 22).  

1. Two carbon fiber yarn of 1k were twisted together as “yarn electrodes”, with S 

twisting direction and 5 tpc. 

2. Coat the yarn electrode with PVA- H3PO4 gel electrolyte (detailed later). 

3. Wrap the yarn with PVA yarn in the Z direction 24wrap/cm. 

4. Add additionally wrap the PVA yarn in the S direction at 24wrap/cm. 

5. Add additional coating with PVA- H3PO4 gel electrolyte. (Same solution used as 

step 2) 
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6. Take two coated electrode yarns from step 5 and twist them together to form a non-

AC YSC (E-yarn); the twisting direction is Z at at twist level of 3 tpc. AC here 

stands for activated carbon. 

The following is a detailed description of step 2 and step 5. The coating solution is prepared with 

PVA and H3PO4. 

1. PVA is added into distilled water with the concentrate of 10 wt.%. 

2. Heat with stirring of mixture for 1 hour to completely dissolved the PVA, and let it cool 

down for at least 1hour.  

3. H3PO4 is added into the solution at 10wt.% of PVA. The solution will turn into a gel for 

easy processing. 

4. Repeat the coating process for few times on the yarn electrode to ensure uniform coating 

on the yarn surface. 

Reducing carbon fiber yarn let to decrease in the resulting yarn's thickness. The coating at stage 2 

incorporated the carbon yarn's hairiness into the yarn structure, and the coating at step 5 ensures 

the e-yarn's electrochemical functionalities. Wrapping PVA yarn also ensures the separation 

between the two electrodes, and double wrapping in different directions helps ensure accurate PVA 

yarn coverage onto the carbon fiber yarn and reduce the liveliness of the yarn due to the balanced 

z/s wrapping directions. Multiple coating and wrapping processes help increase the mechanical 

properties and compensate for additional carbon fiber yarn strength with a reduction in thickness. 

To remove the stickiness from the yarn in the process, the H2SO4 coating solution was replaced by 

the H3PO4 coating solution. This solution displays functionalities like the H2SO4 coating solution. 

However, the problem is associated with the long-term stability of the device with time, the H3PO4 
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coating solution dehydrates and eventually reduces the electrochemical functionality of the device. 

To make the device work again, water should be added to the yarn.  

 

Figure 22. A flowchart of YSC (E-yarn) formation process 
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A twisting parameter was also optimized for the non- AC YSC (E-yarn) (Figure 22). As this yarn 

was an optimized version of the previous yarn, fewer parameters were considered for mechanical 

strength. Here, only two-stage of twisting has been provided; stage 1 and stage 2 are 5tpc and 3tpc, 

respectively. In the component evaluation, only four components were considered instead of 12. 

The theoretical calculation was the same parameters and the same values for these four 

components. Evaluation of mechanical properties will be discussed in the result and discussion 

section. 

The non-AC  YSC (E-yarn) was further improved by adding activated carbon coating to each 1k 

carbon fiber yarn . The manufacturing process of activated carbon coating is explained 

later.  Subsequently, all other yarn manufacturing steps were the same. The non-AC YSC (E-yarn) 

was modified by adding activated carbon and removing one step of yarn twisting, as the modified 

version contains a total of 2k carbon yarn instead of 4k. This structure is termed AC YSC (E-yarn) 

throughout the document. 

Manufacturing steps for activated carbon coating. 

1. Activated carbon particles were mixed with PVA/H3PO4/ H2O (PVA: 5 wt.%; H3PO4: 1M) 

overnight. 

2. The solution was applied as coating into 1k carbon fiber yarn via the sizing machine. 

Average loading is ~50 wt.%. 

Figure 23 is presenting longitudinal cross-section of non-AC YSC (E-yarn) and AC YSC (E-yarn). 

The diameter and denier of non-AC YSC (E-yarn) was 1 mm and 7,470 denier, compare to that 

AC YSC (E-yarn) was 1.3 mm and 11,790 diameter and denier, respectively. 
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Figure 23. Comparing longitudinal structure of non-AC YSC (E-yarn) and AC YSC (E-yarn). 

 

The functionality of the YSCs (E-yarn) was determined via the following tests: (i) cyclic 

voltammetry measurements to identify the capacitance, (ii) FRA impedance tests to identify the 

equivalent series resistance, (iii) stretching and bending tests to identify their feasibility for textile 

processes, and (iv) tensile test to check the cyclic load- elongation and peak load of the e-yarn. 

The sustainability of the device during weaving depends on these test results. Some other 

parameters such as the smoothness of the surface, the thickness and length of the device were 

examined during the process and modified according to the application requirement. 

Non-AC YSC Device  

AC YSC Device  

+ - 

+ - 
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4.3.3 Performance Characterization 
 
4.3.3.1 Electrochemical Performance 
 
Electrochemical performances consist of cyclic voltammetry (CV) and equivalent series resistance 

(ESR) testing. Autolab, Metrohm, USA was employed as a workplace to characterize 

electrochemical performance of YSC (E-yarn). YSC (E-yarn) includes two dual-core electrodes, 

contains PVA wrapping as a separator and an H3PO4/PVA/H2O electrolyte was examined. 

Capacitance obtained from the CV curve is C = (1⁄2𝑣𝑣) × ∮ 𝐼𝐼𝐼𝐼𝐼𝐼/∆U, where, 𝑣𝑣 is the scan rate, 𝐼𝐼 is 

the instantaneous current, and ∆𝐼𝐼 is the voltage window. The specific length capacitance (CL) and 

mass capacitance (CM) were calculated for the two electrodes. The specific length capacitance (CL) 

is equal to 2C/LYarn and Mass capacitance (CM) is 2C/ MYarn, where C is the measured capacitance 

of the two-electrode constructed yarn, LYarn is the specific length of the measured yarn and MYarn 

is the mass of the yarn. Energy density and power density 𝐸𝐸𝑉𝑉 is 𝐶𝐶𝑣𝑣−𝐼𝐼𝑑𝑑𝑣𝑣𝑑𝑑𝑑𝑑𝑑𝑑 × 𝐼𝐼 2 /7200, and 𝑃𝑃𝑉𝑉 = 

𝐸𝐸𝑣𝑣 × 3600/𝑡𝑡. For the electrochemical impedance spectroscopy testing, frequency range is one of 

the most important parameters which was employed.  0.01 Hz to 106 Hz frequency range was used 

for equivalent series resistance.  

4.3.3.2 Mechanical Performance 

The purpose of the carbon-based YSC (E-yarn) is to maintain strength to withstand the rigors of 

the weaving process. Two tests were performed namely, tensile load-elongation and cyclic tensile 

loading-unloading tests.  

Tests were performed by the “MTS Q-tester test 5 elite controller” and data was collected by the 

“Test Work 4” software. For this experiment, a 250-pound cell was used. Load-elongation 

measurement was performed with a CRE (Constant rate of elongation).  
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For both tests, specimens with 10 cm  gauge length  were prepared. The specimens were prepared 

with a tap on both sides of the yarn to avoid the slippage  from the clamps. The tests were conducted 

following ASTM D2256. 

4.4 Integration of YSCs into the Woven Fabric 
 
4.4.1 Introduction 
 
The integration of the YSC (E-yarn) into the fabric was achieved during the weaving process. YSC 

(E-yarn) was inserted into both directions (warp and weft) and 4 different structures were utilized 

to integrate YSC (E-yarn) into fabric. Further these structure compared and evaluated with each 

other for electrochemical performance. Different weaving parameters were considered and 

modified for weaving of the YSC (E-yarn). The detailed fabric formation is provided in this 

chapter.   

4.4.2 Fabric Formation  

The weaving was conducted by AVL semi-automated dobby loom following a hybrid (manual and 

automated) process. Before the fabric sample development weaving preparatory processes are 

required. The weaving preparation process for the AVL loom consists of warping, drawing-in, 

weave design and loom setting. The cotton and wool yarns were supplied on wound packages. 

Table 2 described the prepared warp specification and in-loom fabric parameters. 

 
 
 
 
 
 
 
 
 
 



83 
 

Table 2. General AVL Semi-Automated Dobby Loom Weaving Parameters 

Properties Parameters 
Warp Length 55 yards 

Warp Width 18 inches 

Number of 1-inch Bands 18 Sections 

In- Loom Warp Density/ Beam, 
ends/inch 

42 

Number of Beams 2 

Combined Warp Density, ends/inch 84 

Total Number of yarns 1,512 (84 ends/inch×18 inch) 

No of yarns/ dent  2 and 3at every 10th dent. 

Reed Number, dents/inch 40 

 

 
4.4.2.1 Warping Process 

A sectional AVL warper was used to form the warp for the AVL loom. It consists of creel to support 

the wound packages, yarn guides, tension box, reed, and beamer (bearing and motor to drive the 

warp beam). Unlike the standard sectional warper of two steps (warping and beaming), the AVL 

warping process is formed in one-step by combining the warping and beaming. The loom beam 

with dividers that are one inch apart is set on bearing and driven by the AVL warper motor. The 

warp bands (or sections; 18 in this case per Table 2) of 1-inch wide each are formed one at a time 

on the loom beam. The completed loom beam was then moved to the next stage, which is the 

drawing-in. Figure 24 explains the step-by-step of the warping process using AVL warper. 

 

 



84 
 

 

 

 

 

 

 

 

 

Figure 24. Warp yarn passage from an indirect sectional warping machine. (a) Top view of the 
warp passes from tension box to maintain the tension of the yarn thought out the process and 
maintain straight yarn without entanglement (b) Empty creel box to adjust yarn package on to the 
creel (c) White yarn in the creel box, single yarn package inserted onto the single creel peg. (d) 
Each end of the package is knotted with each yarn of tension device, so each yarn can be 
individualized by yarn package and constant yarn length is available from the supply package. (e) 
The setting of the extension cords on the wrapper beam to connect them through the tension box. 
(f) Continuous yarn passing from the yarn package through the tension box to the wrapper’s beam. 
(g) Gentle hand rest on the running yarn so to feel the pulled yarn that occasionally break the 
yarn, so the motor can be stopped when the pull is felt. (h) Back view of the beam, yarn is separated 
by sections and the full length is wounded for 2 sections. (i) Yarns are cut from the yarn packages 
after wounded on all sections. (j) White wrapper’s beam with all sections winded on the beam. (k) 
Black wrapper’s beam with all sections winded on the beam, all processes mentioned in figure (a-
j) will similarly take place black yarns. 
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(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) (i) 

(j) 

(k) 

(k) 
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Two loom beams were formed one at a time with 42 ends/inch warp density to achieve in-loom 

warp density of 84 ends/inch. Figure 25 shows the denting plan of the warper reed.  

 

Figure 25. Distribution layout of warping end through the front and back reed of tension box. 

The AVL tension box was used for sectional warping beams with the 8 dents and 10 dents reed for 

back and front, respectively [72]. The passage of the yarn from the tension is referred from Figure 

24 as the yarn was pre-threaded in the tension box for the easy warping process. The yarn first was 

passed from the front stationary reed as mentioned in (Figure 26, “a”). After crossing the three 

stationary tension pegs, the yarn was passed from the heddle threading process. Two heddles are 

provided for alternative passage of yarn, where each yarn passed from the single heddle eye and 

in an alternative order (for example, first yarn from 1st heddle, second yarn from 2nd heddle, third 

yarn from 1st heddle and so on). In the final stage, the yarn was passed from the back reed. While 

warping, adjustable tension pegs were installed in the tension box to induce contact on the yarn by 
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capstan tension principle. It ensures constant tension across the beam and also helped reduce 

entanglement of yarns with each other and reduce breakage during the warping. 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. (a) Side view of tension box, (b) top view of complete tension box. 

For creeling, an AVL warping cone rack preferable for a sectional beam winding with a wide 

density range was used [73].  Two creel boxes with a single creel capacity of 24 positions is used. 

Each row contained 6 positions with a total of 4 rows (Figure 24, “b”).  Each creel box was 

incorporated with 21 bobbins, for a total of 42 bobbins within the two boxes. Package insertion 

took place from bottom to top and the last row at the top occupied only 3 positions (Figure 24, 

(a) 

(b) 
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“c”). The thread guide at each position ensures easy movement of yarn and snag-free yarn 

placement [73]. In addition to this process, knotting was also done from each yarn package to each 

end of the yarn from the tension box in sequence order (Figure 26, “b”).  

The 18 sections were wound in subsequent order one after another for both the beams (Figure 24, 

“g”). The AVL power beam winder was used to accomplish the warping process and was driven 

by a motor with adjustable speed [74]. The speed of the dial was kept between 30-40 rpm during 

the entire process. All sections were wound with extension cords to hold the yarn section on the 

beam. Extension cords are a simple coarser yarn that can tightly hold the entire section with a 

single knot during the winding and allows longer warp to weave (Figure 24, “e”).  

The main problem faced during the warping process was yarn breakage that led to frequent pauses. 

As a result of breakage, the yarn tends to spool-off and entangle with other yarns and correction 

steps were needed to straighten up the yarn. The breakage causes a direct reduction in efficiency 

and created weak spots in the yarn and directly increased warping time. Compared to white yarn, 

the black yarn caused fewer breakages and stoppages during the process.  

The manual process was performed here due to the small yarn quantity and to support the manual 

semi-automated weaving process. As compared to this, industrial warping processes are far 

different from this as they predominantly use mostly automatic and smart devices. Continuous 

tension is maintained with tension sensors and much manual work of this process can be avoided. 

Due to limited length e-yarn, the warping process did not contain any electronic yarn, as the 

electronic yarn was individually fed in the warp direction during the weaving stage.  
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4.4.2.2 Drawing-In 
 
Due to their low speed, the AVL loom is not equipped with warp stop motion and hence drop wires 

are not used. Thus, the drawing-in process was performed to draw-in each yarn into a heddle wire 

in a harness according to the weave design and DID and then into the reed dent according to the 

denting plan. 

The drawing-in process was performed manually. The AVL dobby loom is equipped with 24 

harnesses. It was decided to construct a straight draft on the 24 harnesses. The harnesses were built 

so that each contains 75 heddle wire to accommodate 1,512 warp yarns (Table 2). 

The drawing-in process worked with a straight draft with an alternative order of white and black 

yarn (Figure 27) shows the details of the drawing-in process.  
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Figure 27. Drawing-in process (yarn passing from harnesses): (a)Heddle frame with the 
insertion of heddle eyes. (b) Front view of white and black yarn beam onto the loom (white yarn 
beam into the bottom, black yarn beam into the top). (c) Front view of the inserted harness into 
the loom frame with a sequence of H1 to H24 (d) Passing of yarn from individual heddle eye. 

(e)Alternate white and black yarn passing from the single heddle eyes. (f) Front view of the yarns 
passing from the given sequence order. (g) Front view of completed drawing-in process with all 

1512 yarns. (h) Yarn passing from the back side of the loom. 
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(a) (b) (c) 

(d) (e) (f) 

(g) (h) 
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The process succeeding the drawing-in process from the heddle is the passing of yarns through the 

dents of the reed. A reed number of 40 (dents/ per inch) was used: To obtain in-loom warp density 

of 84 ends/inch a reed plan shown in Figure 28 was decided.  (2 yarns/dent  and 3 yarns/dent at 

every 10th dent). 

 

 

Figure 28. Reed Plan for the 1 inch of warp yarns passing from the dent. 

The warp of width of 18 inches was drawn in the center of 24inch reed. Figure 29 the describes 

reeding process. 
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Figure 29. Reeding process (yarn passage through the reed): (a)Front view of enacting the yarns 
from the reed. (b) Two yarns - one black and one white (pass from the same dent. (c) Hook 

insertion into individual dent of the reed. (d) yarns from the b passing in the hook. (d) Yarn from 
the b passing from the dent of the reed via hook. (e) Front view of the yarns from the dent. (f) 

Completed yarn reeding process. 

 

Following the reeding process, the yarn is tied with the take-up roller (front beam) via a connecting 

rod. The manual reeding process is very cumbersome, and hence, rechecking the correct path of 

each yarn was necessary.  

 

(a) (b) (c) 

(d) (e) 

(f) (g) 
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4.4.2.3 Weave Design, DID (Draw), and CP (Chain Plan) 
 
A CAW (Computer-Aided Weaving) software called Weave Point 8, which is developed by AVL 

as the user interface, was utilized to design and create the weave design, DID and CP files. Four 

sets of files were developed along with the sequence of the two weft yarns (wool and YSC yarns). 

These are: 

Sample ID 1. Plain Weave – YSC (E-yarn) in the weft direction. 

Sample ID 2. Plain Weave – YSC (E-yarn) in the warp direction. 

Sample ID 3. Plain Weave – YSC (E-yarn) in both directions. 

Sample ID 4. Double Weave – YSC (E-yarn) inside the pocket (weft direction). 

Sample ID 1. Plain Weave – YSC (E-yarn) in the Weft Direction 

The supercapacitor yarn was woven in the weft direction. The Figure 30 provides the weave 

design, DID (straight draft on 24 harnesses), and CP of plain weave.  
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Figure 30. Weave design, DID and CP of Plain weave (Sample ID 1) 

 
Figure 30  indicates weave designs DID and CP for plain weave with a YSC (E-yarn). The design 

was made with 24×24 warp and weft ends. Here, the sequence weave repeat size is presented only. 

The 24 yarns are shown in design for the display draft plan of the loom. The YSC (E-yarn) was, 

inserted in every 4th pick. The ratio of cotton yarn to YSC (E-yarn) is 3:1 for all plain weave 

structures design in weft direction. The weave indicates warp yarn in two different colors, black 

and white. The weft yarn is associated with four different colors, indicating individual weft yarn. 
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Sample ID 2. Plain Weave – YSC (E-yarn) in the Warp Direction 

In Figure 31, plain weave structure demonstrates YSC (E-yarn) in the warp direction of the fabric 

by adjusting a loom parameters. For this sample one YSC (E-yarn) was fed in the warp direction 

and woven. 

 

Figure 31. Weave design, DID and CP of Plain weave (Sample ID 2) 
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Sample ID 3. Plain Weave – YSC (E-yarn) in Both Directions 

Figure 32, the third sample type indicates the YSC (E-yarn) in both directions warp and weft. One 

e-yarn in warp direction and multiple e-yarn in weft direction over crossing the warp e-yarn. 

 

Figure 32. Weave design, DID and CP of Plain weave (Sample ID 3) 
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Sample ID 4. Double Weave – YSC (E-yarn) Inside the Pocket (weft direction) 

In Figure 33, this structure incorporates YSC (E-yarn) inside two-layer of plain weave that were 

woven at intervals to protect it from wear and tear during use. The total number of warp yarns are 

divided into the two layers of fabric.  

  

Figure 33. Double weave, YSC (E-yarn) in weft pocket. 

 

Figure 34 shows 3D representation of side and top view of four weave pockets with YSC (E-yarn) 

inserted. The repeat is showing the design with white yarns on top and black yarn in the back for 

weft direction. The YSC yarns are shown in yellow color in the top view (Figure 34 a). As YSCs 
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(E-yarn) are incorporated in the weave, the cross-section in Figure 34 (b) shows how the YSCs (E-

yarns) are  protected between the top and bottom layers of the finished design. 

 

 

 

 

 

 

 

 

 

 

Figure 34. 3D illustration of double weave to incorporate the YSC (E-yarns) (a) Top view of the 
design (b) Side view of the design. 

 

4.4.2.4 Quill Winding 

AVL automatic bobbin winder (Figure 35) was used to ensure proper winding of the yarn. This 

machine is capable of winding quills and bobbins of different sizes. 

 

 

 

 

(a) (b) 
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Figure 35. Quill winding (a) Quill winding machine (b) Quill on the winder and yarn winding 
will take place with the end of the yarn (c) Bobbin to supply yarn has a position on the back of 

the machine (d) Yarn passing from the top guide (e) Yarn is passing from the tensioner and 
through the front guide to ensure easy winding motion of yarn around the quill (f) Winding 

process starts after bringing guide through the front of the quill machine. 

 

In addition, this quill winder is equipped with the tensioner and stop motions. 

(a) (b) 

(c) (d) (e) 

(f) 
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4.4.2.5 Weaving 
 
 As discussed, weaving is the process of warp and weft interaction into various weave structures. 

Here, the weaving process is focused on providing incorporation of YSC (E-yarn) in four different 

weave structures. An AVL semi-automated dobby loom is utilized to perform the weaving process 

of these four samples. This loom is accommodated with fully automated and manual settings (can 

run automatically or put in manual mode). For this research we have worked with the manual loom  

settings. Figure 36 represents the loom control settings for both manual and automatic loom 

functions. 

 

 

 

 
 

 

Figure 36. Loom controller for AVL semi-automated dobby loom (a) Manual loom operator 
remote control (b) Automatic loom setting. 

 

The manual setting on this loom is controlled by a remote control that the user uses to input a 

sequence of functions. For each weft insertion (or weaving cycle), the following sequential 

motions take place shedding (dobby mechanism), filling insertion (fly shuttle), beat up and cloth 

advance. The weave points 8 software use the CP to derive the AVL semi-automated dobby loom.  

(a) (b) 
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Figure 37, “a to h” demonstrates the weaving cycle. This entire cycle repeats for each pick in the 

fabric. In this research, the AVL semi-automated dobby was prepared with two back beams and 

four shuttles that traveled between the weaving sheds during each cycle.  

The preparation process to weave the YSC (E-yarn) was different from the other yarns that were 

used in this process. Since YSC (E-yarn) is in limited quantity. To incorporate YSC (E-yarn) in 

the weaving process, special adjustments and procedures were required. 

 

 

 

 

 

 

 

 

 

 

 

Figure 37. Weaving process for the supercapacitor embedded fabric (a) Top view of the open 
shed in the weaving machine for plain weave fabric (b) Side view of the open shed, where shed 
divides yarns into two parts(c) Shuttle passing for the left side of the loom with the weft yarn to 
right side (d) Top view of shuttle passing from the shed and yarn laying between two sheds (e) 

Shuttle coming out of the shed and going to the shuttle box (f) Top view of the weft yarn between 
the warp yarns after shed closes (g) Reed is moving forward to take beat-up motion( weft yarn is 

beaten up other yarn to fell in the cloth) (h) Reed moving back to its original position and top 
view of the weaved fabric. 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) 
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Due to its short length dictated by the yarn formation equipment and procedure. The process for 

winding the YSC (E-yarn) onto the weft quill was to attach and tie this yarn to a non-conductive 

yarn that had already been wound on the quill (Figure 38, “a”). Manual winding of this yarn on 

the quill took place. In order to ensure proper tension of the manually wound YSC (E-yarn) was 

given special attention to ensure smooth winding (and unwinding during weaving) of the yarn onto 

the quill (Figure 38, “b”). 

 
 
 
 
 

 

 

 

Figure 38. (a) YSC (E-yarn) tie-in with the non-conductive yarn (b) winding of the YSC (E-yarn) 
on the quill via maintaining a proper tension to the quill. 

 
When the yarn was passed through the shuttle, it passed from the quill through a tensioner and 

adjustment part of the shuttle that controls the tension. However, YSC (E-yarn) is thicker and 

stiffer than traditional yarns and hence does not move very smoothly when it is passed through the 

original tensioner supplied with the shuttle. To ensure that YSC (E-yarn) moves evenly through 

the shuttle, a mechanical adjustment was made to the tensioner and adjustment part.  

 

 

(a) (b) 
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Figure 39. (a) Difference in the two shuttles (For YSC (E-yarn) and Non-conductive yarn) (b) 
YSC (E-yarn) shuttle adjustment. 

 
Figure 39, “a” shows the difference between the two shuttles. The one on the left is used for YSC 

(E-yarn), and one on the right one is for other regular non-conductive yarns. Figure 39, “b” details 

the adjustments made to the shuttle used for the YSC (E-yarn). The black part of the shuttle was 

replaced by two small rods to hold the YSC (E-yarn) in place while traveling out of the shuttle. 

When the YSC (E-yarn) was woven in a warp direction it is also tied onto the nonconductive cotton 

yarn. In the weaving process, long lengths of warp yarns required to ensure continuous weaving 

process. When working with the YSC (E-yarn), a length of it was to one of the cotton warp yarns 

(Figure 40, “a” and “b”), due to the limited length of the YSC (E-yarn). The order end of the YSC 

(E-yarn) to dead weights to maintain proper tension (Figure 40 , “c”). 

 

 

 

 

 

 

 

 

(a) (b) 
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Figure 40. YSC (E-yarn) in warp direction with additional adjustments (a) YSC (E-yarn) tie with 
the cotton yarn (b) YSC (E-yarn) in the warp sheet with other cotton yarns (c) Extra weight 

attached to YSC (E-yarn) for tension. 

 
As YSC (E-yarn) is thicker compared to cotton yarn, it is difficult to pass it through the 40-count 

reed dent. To ensure easy movement of YSC (E-yarn) through the reed, two wires of the reed were 

cut out. This process of removing dent accommodates proper space for the YSC (E-yarn). The 

larger dent was dedicated for the YSC (E-yarn) is tied to one of the yarns from that YSC yarn only 

(Figure 41).  

 
 
 

 

 

 

(a) (b) (c) 
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Figure 41. (a) cut dents of the reed for passage of YSC (E-yarn) (b) Center tread of the cut 
passage for tie it with YSC (E-yarn). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (b) 
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Figure 42. Fabric weave structures with embedded YSC(E-yarn) (a) plain weave structure with 
YSC (E-yarn) in weft direction (b) Double weave structure with YSC (E-yarn) in weft direction 
(c) side view of embedded YSC (E-yarn) in weft direction of double weave structure (d) Plain 
weave structure with YSC (E-yarn) in warp direction (e) Plain weave structure with YSC (E-

yarn) in both directions intersecting with each other. 
 

(a) 

(b) (c) 

(d) (e) 
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Figure 42 provides images of the woven samples produced. The experiments made during the 

weaving process aimed to check the weaveability of the YSC (E-yarn) with different weave 

structures. After weaving, electrochemical tests were performed on the fabric embedded with YSC 

(E-yarn) to compare its performance before and after weaving. Additional fabric testing is 

performed to measure the performance in real life conditions. The tests with their results are 

discussed in chapter 5. 

4.5 Testing and Evaluation of Woven Samples containing: AC YSC 
 
4.5.1 Introduction 
 
In this section, selected fabrics containing AC YSC were  subjected to tests  to check their ability 

to perform as wearable textiles. Through these tests, the fabrics undergo various physical and 

mechanical testing. Further, evaluations were made on the electrochemical performance of the AC 

TSC while in the fabric after each test. The fabrics were passed through environmental condition, 

wash, mechanical distress and abrasion tests. All the tests were performed with AC-YSC (E-yarn) 

in the weft direction. A total of 18 samples were created for these tests. Table 3 shows the testing 

plan. Each sample was woven to 3.75inch in warp direction (length) x 18 inch in the weft direction 

(width). 
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Table 3.Testing plan of woven samples containing AC YSC in weft direction 
Sample Requirements  

Tests 
Plain weave Double Weave 

No of Samples No of Samples 
Abrasion Test 3 3 

Mechanical Destress 3 3 
Environment Testing (cold, hot 

and humidity) and Washing Test  3 3 

Total 9 9 

 
4.5.2 Environmental Condition Test 
 
The environmental condition test was performed with two extreme environment conditions: 

extremely hot, and humid and extremely cold. To simulate these two-scenarios, materials were 

subjected to said conditions in a walk-in environmental room (hot and humid weather) and freezer 

(cold temperature).  

The environmental room was set to 45 ̊ C and 80% RH, and the freezer was set to -21 ̊ C. These 

extreme conditions simulate the real-world harsh weather. Six samples (Table 3) were subjected 

to both conditions for 24hrs (Figure 43). After each cycle of the test, the electrochemical 

performance was checked. The test is repeated until degradation in electrochemical performance 

takes place in performance. 
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Figure 43. Environment condition tests experimental set up (a)Environmental room for hot and 
humid testing (b) Samples laying in the environment room (c) Samples laying in the freezer for 

cold condition testing (d) Thermoset to measure temperature inside the freezer (e)Sample 
numbering on the end of yarn for easy sample identification. 

 

 

(a) (b) 

(c) 

(d) (e) 
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4.5.2 Washing Test 
 
After the environmental room condition test, the same samples were used for the washing test. 

Washing test was performed using AATCC LP1 to simulate accelerated home laundering. The 

accelerated wash simulates five washing cycles in a regular washing machine. Washing machine 

was loaded with additional fabric to fill the machine with medium load. A total of 1.8 kg of load 

was added to the machine with 66 g detergent, to meet the requirement. 1993 AATCC standard 

reference detergent was used for this test, which does not contain brightener. Cold water was used 

for washing as it will not deteriorate the PVA coating of the YSC (E-yarn). The washing test was 

performed at room temperature (19˚C). After washing, air dry processes were performed to avoid 

the hazard of heat or high temperature of the e-yarn. 

The steps performed for wash test are listed below (Figure 44):  

1. Stitch the edges of samples to ensure the yarn in the fabric do not fray. 

2. Put the fabric in the washing machine for a cycle of 45 minutes. 

3. Add the 66g detergent into the washing machine. 

4. Remove the fabric from the machine and lay them on rack for air-drying overnight. 

5.        Perform electrochemical testing and if performance is same as before washing, then repeat 

the washing cycle until the material degrades. 
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Figure 44.  Washing test experimental set up (a) two side stitched plain weave and double weave 
samples (b) Total fabric with testing samples to adjust washing machine load up to 1.8kg. (c) 
Fabric loaded into washing machine. (d) Top loaded washing machine to simulate the home 

wash. (e) Samples laying on the rack for air-drying at 19 ˚C room temperature. 

 
The electrochemical results are presented and discussed in chapter 5. 

4.5.3 Dry-cleaning Test 
 
The washing test was proved harm to the electrochemical performance (Chapter 5). The dry-

cleaning test was thought to be less harmful.  The test procedure follows the AATCC TM86 

standard. As, sample size requirement is 4 inch × 3.75 inch, samples were cut into smaller size and 

length to meet the standard.  

The following procedure were followed (Figure 45). 

(a) (b) (c) 

(d) (e) 
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1. Place one sample in a steel container. 

2. Add 150mL perchloroethylene (Cl2C= CCl2) and 10 steel balls. 

3. Repeat the same for another 5 samples. 

4. Put the sealed container into an accelerated laundry machine at 23˚C for 10 min. 

5. Repeat step 4 for next two cycles. 

6. Air dry samples overnight, (by samples were put between paper towels) 
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Figure 45. Experimental procedure of dry-cleaning process (a) Steel beaker to contain samples 
into it (b) samples into beaker with additional chemical and steel balls (c) Breakers are in the 

holder (d) Completely tighten beakers in the accelerated laundry machine (e) Accelerated 
laundry machine with samples inside (f) Samples after dry-cleaning (g) samples in between 

paper towels (h) Drying samples on the rack with air between paper towels. 

 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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In the accelerated laundry machine, the holder rotates anti-clockwise, and it eventually rotates the 

beaker and allows the samples and perchloroethylene to mix with each other. The steel ball inside 

the beaker allows it to abrade against the fabric. The results are discussed in the next chapter. 

4.5.4 Mechanical Distress Test 
 
Mechanical distress is the stress applied to the fabric in certain kinds of pressure conditions. This 

test simulates the pressure applied on fabric in normal wearable usage. This test considered the 

weight applied on fabric by a heavy bag pack when it’s hanging on the back of the body. On an 

average, a trekking bag weighs around 50 pounds and has a dimension of around 27 x 21 inches. 

According to bending force analysis, the applied force on the inclined surface will be lower than 

assumed. As a person is climbing a mountain, they will be in an inclined position at a particular 

angle. So, the applied weight of the bag pack should be lower than assumed, however here we are 

taking a standard scenario to show an extreme condition on the fabric.  Now, the applied pressure 

is: 

𝑃𝑃 =
𝐹𝐹
𝐴𝐴

 

𝑃𝑃 =
50

27 × 21
 

𝑃𝑃 =
50

567
 

𝑃𝑃 = 0.0889 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐼𝐼/𝑑𝑑𝑝𝑝𝑑𝑑ℎ2 

Where, 

P = Applied pressure 
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F= Force 

A= Surface area 

The size of our fabric is 18 x 3.75 inches, so to simulate the same amount of pressure, we need to 

make an appropriate choice of weights. Out of all weights we select the 6-pound weight, which 

will apply the same pressure with required dimension as it can be seen from the following 

calculation:  

𝑃𝑃 =
𝐹𝐹
𝐴𝐴

 

0.0889 =
𝐹𝐹

18 × 3.75
 

0.0889 ∗ 18 × 3.75 = 𝐹𝐹 

𝐹𝐹 = 6 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝐼𝐼 

 

Plain weave and double weave fabrics were used to perform the experiment. The experiment was 

performed with applied pressure on the fabric for different spans of time. The performance was 

checked after each cycle (Figure 46). The process is repeated until the electrochemical 

performance of material degrades. Figure 46 shows the material in a pressurized condition. 
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Figure 46. Mechanical Distress Experimental setup (a) Plain weave and double weave fabric on 
surface (b) Weights on both fabric 

 

Further tests were performed with different scenarios where samples were put under pressure for 

3hrs a day and then in resting condition for 21hrs. Electrochemical performance was checked after 

every 3hrs as well as the next day. All other parameters were kept constant during the test in this 

scenario. 

4.5.5 Abrasion Test 
 
Abrasion test was performed with a Wyzenbeek abrasion. ASTM designated D4157-13 abrasion 

resistance tests were performed. Cotton duck and 800-grit sandpaper were used as abradants 

against the YSC (E-yarn) based fabric. Two sets of samples are used: plain weave and double 

weave. 

The head weight of the equipment was kept at scale 3 lbf and tension was scale 4 lbf. The sample 

size was 18inch× 3.75 inch. To follow the standard process samples were cut into 18 inch × 2 

inch. Also, samples were stitched from the length side to prevent frying (Figure 47 shows the 

setup and procedure of conducting abrasion and electrochemical testing). 

 

 

 

(a) (b) 
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Figure 47. Experimental set up and procedure for abrasion testing (a) side view of the Wyzenbeek 
abrasion tester. (b) Both abradant equipped on tester (as two samples are abraded against the 
cotton duck and other two are abrade against the sandpaper). (c)Samples clamped on the abrasion 
tester. (d) Samples are abrading against the abradant as it moves from right to left and left to 
right. (e) YSC (E-yarn) is attached to a performance tester to check electrochemical performance 
(f) Back view as attached yarn to positive and negative clamp. 

 

(d) (e) (f) 

(a) (b) (c) 
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Prior testing the samples containing E-yarns, a test was performed on a control sample that does 

not contain the e-yarn to check the limit in terms of number of abrasion cycles that the sample can 

withstand before it is damaged. A protocol was developed to test the samples containing E-yarns. 

It was decided to run the abrasion in sets of cycles of 100 each and check the electrochemical 

performance after incremented by 100 cycles. To ensure the abrader and sample have the same 

contact area, the electrochemical performance testing was conducted while the sample is mounted 

in the abrasion tester. 

The experiment was performed until all the samples failed. For sandpaper, an additional test was 

performed with checking the performance after every 500 cycle. 
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Chapter 5: Results and Discussion 

5.1 Introduction 
 
The results and discussion chapter is focused on evaluation of electrochemical performance of 

YSCs and YSCs embedded fabrics. The electrical performance of the YSCs is judged by their 

electrical intensity and the resistivity.  The performance evaluation of the YSCs includes 

measurement of the charging-discharging cycle, capacitance, power density and energy density. 

Additionally, impedance testing was performed to identify the YSC resistance. These functions 

help determine the amount of power held by the YSC and its stability over a period. These tests 

were performed to evaluate the YSCs in yarn and woven forms before and after processing, severe 

environmental exposure, washing, and abrasion.  

5.2 Supercapacitor Yarn (YSC- Yarn Supercapacitor) 
 
5.2.1 Mechanical Performance of Each Component in YSC (E-yarn) 
 
Before mechanical testing of the final YSC, tensile properties of its individual components were 

measured and analyzed to study the contribution of each component into YSC (E-yarn) structure 

and identify the stability of YSC (E-yarn) in weaving. Figure 48, Figure 49 and Figure 50 show 

the tensile properties of ten specimens of each of 1k carbon fiber yarn (599.41 denier), stainless 

steel filament (288 denier) and PVA wrapping yarn (249.68 denier) components, respectively. 
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Figure 48 Strength analysis of initial components of YSC (E-yarn) - Load and elongation 
analysis for carbon fiber yarn at gauge length of 3.94-inch 
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Figure 49. Strength analysis of initial components of YSC (E-yarn)- Load- elongation analysis 
for Stainless steel filament at gauge length of 3.94-inch 
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Figure 50. Strength analysis of initial components of YSC (E-yarn) - Load- elongation analysis 
for PVA yarn at gauge length of 3.94 inch. 
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Figure 51. Mechanical performance comparison of each components of the YSC. Gauge length 
of each sample is 3.94 inch. 

Figure 48 and Figure 49 indicate components for the preliminary YSC(E-yarn), while Figure 48 

and Figure 50 indicate components for the final YSC (E-yarn). The tensile properties of each of 

the components contributes to the tensile properties of resultant  YSC. For each yarn, ten 

specimens were tested, and the average value was calculated for the peak load and elongation. The 

elongation of the 1k carbon fiber yarn is 1.3% at 3983-gram force (gf) peak as shown in Figure 

48. Figure 49 shows 30% elongation at the peak load of 258-gram force (gf) for the stainless-steel 

filament. Figure 50 on the other hand indicates PVA yarn elongation, 17% at 360-gram force (gf) 

peak load. For the preliminary YSC (E-yarn), eight 1k carbon fiber yarn was utilized, which 
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contributed 8-times higher peak load than individual yarn components. Stainless Steel yarn 

integrates with the  

preliminary YSC (E-yarn) as a core between two carbon fiber yarns and it contributes 4-times 

higher peak load than an individual stainless steel (SS) yarn. Figure 51 shows the load-elongation 

graphs of the three components which clearly indicates the higher peak load of the 1k carbon fiber 

yarn compared to the other components. 

In the case of  final YSC (E-yarn), four carbon fiber yarn were incorporated. PVA yarn was 

wrapped around the two carbon fiber yarn electrodes, with 24 wrap/ cm density.  

5.2.2 Twist Level Optimization of YSC (E-yarn) 
 
Section 4.1.1 already discussed the twisting experiment to decide the twist factor in preliminary 

YSC (E-yarn). After deciding a twist level for step 1 and 2, further analysis was done for step 3 

twisting. From the untwisting experiment, a theoretical strain was calculated on individual 

components of the yarn. Table 4 to Table 7 explain about the twist levels. 
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Table 4. Theoretical component strain calculated data for 3rd stage yarn and 5 twist level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5 TPC_3rd stage twist 

Material Length 

Elongation 
@ 1% E-

Yarn 
Strain 

Elongation 
@ 2%  E-

Yarn 
Strain 

Elongation 
@ 3%  E-

Yarn 
Strain 

Elongation 
@ 4%  E-

Yarn 
Strain 

Elongation 
@ 5%  E-

Yarn Strain 

1 (1k carbon)  10.9cm 0.91% 1.83% 2.75% 3.67% 4.59% 
2 (1k carbon)   10.8cm 0.93% 1.85% 2.78% 3.70% 4.62% 
3 (1k carbon)  11cm  0.91% 1.82% 2.73% 3.64% 4.55% 
4 (1k carbon)   11cm 0.91% 1.82% 2.73% 3.64% 4.55% 
5 (1k carbon)   11.1cm 0.90% 1.80% 2.70% 3.60% 4.50% 
6 (1k carbon)   11.1cm 0.90% 1.80% 2.70% 3.60% 4.50% 
7 (1k carbon)  10.7cm 0.93% 1.87% 2.80% 3.74% 4.67% 
8 (1k carbon)   10.8cm 0.93% 1.85% 2.78% 3.70% 4.62% 

  Average 0.91% 1.83% 2.75% 3.66% 4.57% 
1 (SS)   10.9cm 0.91% 1.83% 2.75% 3.67% 4.59% 
2 (SS)   10.9cm 0.91% 1.83% 2.75% 3.67% 4.59% 
3 (SS)   11cm 0.91% 1.82% 2.73% 3.64% 4.55% 
4 (SS)   11cm 0.91% 1.82% 2.73% 3.64% 4.55% 

  Average 0.91% 1.83% 2.74% 3.66% 4.57% 
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Table 5. Theoretical component strain calculated data for 3rd stage yarn and 6 twist level 

 

 

 

 

 

 

 

 

 

6tpc_3rd step twisting 

Material Length 
Elongation 

@ 1% E-
Yarn Strain 

Elongatio
n @ 2%  
E-Yarn 
Strain 

Elongatio
n @ 3%  
E-Yarn 
Strain 

Elongation 
@ 4%  E-

Yarn Strain 

Elongation 
@ 5%  E-

Yarn Strain  

1 (1k carbon)  11.8 cm 0.85% 1.69% 2.54% 3.39% 4.24% 
2 (1k carbon)   11.7 cm 0.85% 1.70% 2.57% 3.42% 4.27% 
3 (1k carbon)  11.7cm  0.85% 1.70% 2.57% 3.42% 4.27% 
4 (1k carbon)   11.6 cm 0.86% 1.72% 2.59% 3.45% 4.31% 
5 (1k carbon)   12.3 cm 0.81% 1.63% 2.43% 3.25% 4.07% 
6 (1k carbon)   12.3cm 0.81% 1.63% 2.43% 3.25% 4.07% 
7 (1k carbon)  12.2cm 0.82% 1.64% 2.46% 3.28% 4.10% 
8 (1k carbon)   12.1cm 0.83% 1.65% 2.47% 3.31% 4.13% 

  Average 0.83% 1.67% 2.51% 3.34% 4.18% 
1 (SS)   11.7 cm 0.85% 1.70% 2.57% 3.42% 4.27% 
2 (SS)   11.7 cm 0.85% 1.70% 2.57% 3.42% 4.27% 
3 (SS)   12.2 cm 0.82% 1.64% 2.46% 3.28% 4.10% 
4 (SS)   12.1 cm 0.83% 1.65% 2.47% 3.31% 2.47% 

  Average 0.83% 1.66% 2.50% 3.34% 4.17% 
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Table 6. Theoretical component strain calculated data for 3rd stage yarn and 7 twist level. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7tpc_3rd step twisting 

Material Length 
Elongation 
@ 1%  E-

Yarn Strain 

Elongatio
n @ 2%  
E-Yarn 
Strain 

Elongatio
n @ 3%  
E-Yarn 
Strain 

Elongation 
@ 4%  E-

Yarn Strain 

Elongation 
@ 5%  E-

Yarn Strain 

1 (1k carbon)  12.6 cm 0.80% 1.58% 2.38% 3.17% 3.96% 
2 (1k carbon)   12.7 cm 0.78% 1.57% 2.36% 3.14% 3.94% 
3 (1k carbon)  12.5cm  0.80% 1.60% 2.40% 3.20% 4% 
4 (1k carbon)   12.6 cm 0.80% 1.58% 2.38% 3.17% 3.96% 
5 (1k carbon)   12.6 cm 0.80% 1.58% 2.38% 3.17% 3.96% 
6 (1k carbon)   12.7cm 0.78% 1.57% 2.36% 3.14% 3.94% 
7 (1k carbon)  12.5 cm 0.80% 1.60% 2.40% 3.20% 4% 
8 (1k carbon)   12.4 cm 0.80% 1.61% 2.41% 3.22% 4.03% 

  Average 0.80% 1.59% 2.38% 3.18% 3.97% 
1 (SS)   12.5 cm 0.80% 1.60% 2.40% 3.20% 4% 
2 (SS)   12.4 cm 0.80% 1.61% 2.41% 3.22% 4.03% 
3 (SS)   12.3 cm 0.81% 1.62% 2.43% 3.25% 4.07% 
4 (SS)   12.4 cm 0.80% 1.61% 2.41% 3.22% 4.03% 

  Average 0.80% 1.61% 2.41% 3.22% 4.00% 
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Table 7. Theoretical component strain calculated data for 3rd stage yarn and 8 twist level. 
8tpc_3rd step twisting 

Material Length 
Elongation 

@ 1% E-
Yarn Strain 

Elongatio
n @ 2% E-

Yarn 
Strain 

Elongatio
n @ 3% E-

Yarn 
Strain 

Elongation 
@ 4% E-

Yarn Strain 

Elongation 
@ 5% E-

Yarn Strain 

1 (1k carbon)  13 cm 0.77% 1.53% 2.30% 3.07% 3.84% 
2 (1k carbon)   13 cm 0.77% 1.53% 2.30% 3.07% 3.84% 
3 (1k carbon)  13.1cm  0.76% 1.52% 2.29% 3.05% 3.81% 
4 (1k carbon)   13 cm 0.77% 1.53% 2.30% 3.07% 3.84% 
5 (1k carbon)   13.5cm 0.74% 1.48% 2.23% 2.96% 3.70% 
6 (1k carbon)   13.5 cm 0.74% 1.48% 2.23% 2.96% 3.70% 
7 (1k carbon)  13.5 cm 0.74% 1.48% 2.23% 2.96% 3.70% 
8 (1k carbon)   13.6 cm 0.74% 1.47% 2.20% 2.94% 3.67% 

  Average 0.75% 1.50% 2.26% 3.01% 3.76% 
1 (SS)   12.9cm 0.78% 1.55% 2.32% 3.10% 3.87% 
2 (SS)   12.9 cm 0.78% 1.55% 2.32% 3.10% 3.87% 
3 (SS)   13.1 cm 0.76% 1.52% 2.29% 3.05% 3.81% 
4 (SS)   13.2 cm 0.75% 1.51% 2.27% 3.03% 3.78% 

  Average 0.77% 1.53% 2.30% 3.07% 3.83% 
 

Table 4 to Table 7 indicates the calculated strain for each component of the yarn. For calculation, 

we assume the initial strain on the yarn was from 1% to 5%. Initial data was collected from the 

untwisting of each twisted component of the yarn.  The average value of all components is taken 

for ease of visualization in Figure 52 to Figure 55  as represented below. 
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Figure 52. Graphical representation of calculated strain for each component of the preliminary 
YSC (E-yarn). Note this figure represented 5 twist level twisted yarn for the final stage of 

twisting. The blue line is not visible as it is below the orange line. 

 

 

Figure 53. Graphical representation of calculated strain for each component of the preliminary 
YSC (E-yarn). Note this figure represented 6 twist level twisted yarn for the final stage of 

twisting. The blue line is not visible as it is below the orange line. 
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Figure 54. Graphical representation of calculated strain for each component of the preliminary 

YSC (E-yarn). Note this figure represented 7 twist level twisted yarn for the final stage of 
twisting. The blue line is slightly visible as it almost below the orange line. 

 

 

Figure 55. Graphical representation of calculated strain for each component of the preliminary 
YSC (E-yarn). Note this figure represented 8 twist level twisted yarn the for final stage of 

twisting. The blue line is slightly visible as it almost below the orange line. 
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Figure 52 to Figure 55 represents the graphical calculated strain for 1k carbon fiber yarn and SS 

filament. The blue line represents the 1k carbon fiber yarn, while the orange line represents the SS 

filament. The X-axis represents the assumed elongation, which is from 1% to 5%. The Y-axis 

represents the calculated elongation for each component of the yarn. The yarn consists of two 

components: eight 1k carbon fiber yarn and four SS filaments. Thus, the average value from the 

data table 1-4 is represented in the graphs. All the graphs represent a straight line for both 

components, which shows a gradual increase in the strain of the components (1k carbon yarn and 

SS filament) as strain increases in the yarn. Also, the lower twist shows less difference in the 

component strain and yarn strain. Increasing twist level shows lower strain value component as 

compared to yarn strain.  For example, for 5 tpc at 5% yarn elongation, average carbon fiber yarn 

component elongation is 4.57%. On the other hand, for 8 tpc at 5% yarn elongation average carbon 

fiber yarn component elongation is 3.76%. Moreover, lower strain value shows longer length of 

the components in yarn. The value of average length for this carbon fiber yarn component for 5tpc 

is 11cm. On the other hand, the average length of carbon fiber yarn component for 8 tpc is 13cm. 

This indicates it contributes more length in yarn. 

In Figure 52 and Figure 53,  the blue line of 1k carbon fiber yarn is not visible as the values are 

similar to that of the SS yarn. Therefore, the blue line is superimposed on the orange line. Figure 

56 and Figure 57 show two slightly different lines, which show a slight difference in the two 

components' strain value. 

The data for Table 4 to Table 7 were collected from the preliminary YSC (E-yarn) with a gauge 

length of 3.94 inch. Coating of yarn has been eliminated for this process, so the untwisted length 

of the yarn can be measured. Untwisted yarns helped to observe the internal fibers damage of the 

yarn due to high twisting. Therefore, a 3tpc twist level was selected for stage 3 twisting. This twist 
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level protects yarn from internal damage; however, peak load is lower compared to other yarn 

(Table 4).  

5.2.3 Electrochemical Performance of YSCs 
 
YSC performance was measured with capacitance and resistance values. CV (Cyclic voltammetry) 

curve and Nyquist curve have a specific shape for capacitance and resistance respectively. The 

absolute shape of these curves ensures the device's good performance, and a failure to achieve the 

shape shows defects in the performance or shorting in the device. This performance testing was 

done for both yarn and fabric to ensure the workability of the device's energy storage 

functionalities. 

Figure 56 shows a comparison between two final structures at 3.94-inch gauge length. The Non- 

AC YSC (E-yarn) structure incorporates 4K carbon fiber yarns, twisted at a different level, PVA 

yarn wrapping (separator) and coating with H3PO4/PVA/H2O (electrolyte). AC-YSC (E-yarn) 

includes activated carbon particles with coating solution and 2k carbon fiber yarn. PVA yarn 

wrapping (separator) and H3PO4/PVA/H2O (electrolyte) coating. Figure 56 (a) shows a 

comparison of charging-discharging cycle performance at a scan rate of 40mVs-1. AC-YSC 

showed significantly higher capacitance performance as compared to the non-AC YSC. Added AC 

coating improved the overall surface characteristics of the yarn. AC-YSC showed a quasi-

rectangular shape. On the other hand, the non-AC YSC shows a significantly smaller quasi-

rectangular shape. The non-AC YSC’s curve shape indicates the lower value of current as 

compared to the AC YSC’s curve. Therefore, AC YSC indicates higher capacitance compared to 

non-AC YSC. The capacitance values of non-AC YSC and AC YSC are 0.0011mF and 3.42mF, 

respectively. And length capacitance is 0.0001 mF cm-1 and 0.342mF cm-1 respectively. Figure 56 

(b) shows a comparison between ESR (equivalent series resistance) at a frequency range of 0.01 
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Hz to 106 Hz. The plot compares the imaginary impedance component (Z'') as opposed to the real 

value (Z') in the ESR. The red line slope is not very distinguishable due to the low resistance value 

of AC YSC compared to non-AC YSC. The resistance values are 50.2Ω and 50Ω respectively AC 

YSC and non-AC YSC. AC YSC shows better performance as it indicates much higher capacitance 

and very low resistance as compared to non-AC YSC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 56. Electrochemical performance comparison between Non-AC YSC (E-yarn) and AC 
YSC (E-yarn) (a) CV curve comparison at scan rate 40mVs-1 (b) Nyquist plot for EIS 

measurement comparison (Magnified graph for better analysis). Gauge length is 3.94 inch. (c) 
Non-AC YSC (E-yarn) electrode structure with embedded layers. (Also, yarn twist with another 
electrode structure to generate final YSC) (d) AC YSC (E-yarn) electrode structure. (Also, yarn 

twist with another electrode structure to generate YSC structure). 
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The bending test was performed to check the changes in the capacitance performance of YSC (E-

yarn) in different bending conditions. YSC (E-yarn) showed hardly 1% capacitance variation in 

different conditions. In the recovery stage YSC (E-yarn) has retained 100% capacitance (Figure 

57). This shows overall good performance of the YSC (E-yarn) in different bending conditions. 
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Figure 57. Yarn bending test performance after bending at various angles (1- Staring, 2- 90 
degree, 3- 180 degree, 4- 360 degree, 5- Intertwined, 6- Straight (Recovery)). 
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5.2.4 Mechanical Performance of YSCs (E-yarn) 
 
Two main mechanical tests were performed: the mechanical tensile test and the cyclic mechanical 

test. These tests were performed for the YSC (E-yarn), and individual components were measured 

before as mentioned in section 5.2.3. Three main criteria have been examined to check the stability 

of yarn in the weaving process: elongation percentage at yarn break, tensile strength, and yarn 

stability at cyclic load. 

 

 

   

 

 

 

 

Figure 58. Mechanical performance characterization comparison for Non-AC YSC and AC YSC 
(a) Tensile Mechanical test (b) Cyclic Mechanical test. 

 

Figure 58 (a) represents the results of mechanical testing with a chart plotted as Load vs 

Elongation. The yarn was stretched to its breaking load. The gauge length of yarn was 3.94 inch. 

Three samples of were tested. In Figure 58 (a), the peak load has been observed at around 6.1% 

elongation for non-AC YSC, and the breaking load of the yarn was 9,597.57 gf. For AC YSC, the 

peak point was observed at 10.6% and 1,795.37 gf breaking load. On the other hand, elongation 

for AC YSC is higher but it's breaking load is very low in comparison to non-AC YSC.  Figure 58 

(b) represents the comparison of cyclic testing of the YSCs. In cyclic testing, ten cycles were 

performed at 2% elongation. During the first cycle, the curve shows some permanent 

 

(a) (b) 
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unrecoverable extension in both YSCs; then the following cycles the yarn exhibited full recovery 

and the loading/unloading cycles were completely overlapped.  

5.3 Integration of YSC (E-yarn) into Fabric 

Non-YSC (E-yarn) was integrated into four different fabric structures and further analyzed for its 

electrochemical performance. Fabrics were also evaluated by washing tests, humidity tests and 

abrasion tests with AC YSC (E-yarn).  As, AC YSC is developed later in the process after fabric 

structure comparison it is directly used for physical testing. For future work, different fabric 

structures can be examined with integrated AC YSCs. Detailed discussion is provided in this 

section for fabric evaluation. 

5.3.1 Electrochemical Performance Comparison (Non-AC YSCs) 
 
Four basic fabrics were manufactured for electrochemical testing. It has been described in more 

detail in section 4.5.2.3 and 4.5.2.5. All four fabrics are differentiated by the weaving structure of 

the fabric. Here, the electrochemical performance of different structures is compared and results 

are discussed.  Mainly, electrochemical performance is measured to compare the performance of 

the yarn after weaving. Two main tests are performed: cyclic voltammetry (CV) and equivalent 

series resistance (ESR). For this testing, non-AC YSC (E-yarn) was used. This includes 4k carbon 

fiber yarns with PVA wrapping and H3PO4/PVA/H2O coating.  
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5.3.1.1 Comparison of non-AC YSC (E-yarn) in Weft Direction Before and After Weaving  
 

 

 

 

 

 

 

 

 

 Figure 59. Electrochemical characterization of SC weft yarn before and after weaving(a) CV 
curve at 40mVs-1 scan rate (b) Nyquist plot for EIS measurement (Magnified graph for better 

analysis). 

Figure 59 (a), represents the CV curve at a scan rate 40 mVs-1. In the CV curve, comparison was 

made between non-AC YSC (E-yarn) in weft direction before and after weaving. The length of 

each yarn is 18inch (or 45.72 cm). The length was kept the same for both yarns for fair comparison. 

In comparison, curves in both scenarios showed similar shapes. Both curves show a quasi-

rectangular shape with a double-layered formation. YSC (E-yarn) after weaving shows slightly 

higher capacitance compared to the YSC (E-yarn) before weaving. The capacitance (C) values are 

4.94 mF and 4.84 mF for before weaving and after weaving, respectively. Length capacitance (CL) 

is 0.1081 mF cm-1 before weaving and 0.1058 mF cm-1 after weaving. Electrochemical impedance 

spectroscopy measured from the Nyquist plot is shown in Figure 59 (b). EIS evaluates the 

equivalent series resistance at a frequency range of 0.01 Hz to 106 Hz. For EIS value, both non-

AC YSCs (E-yarns) shape are identical and superimposed shows the similarities in resistance 

before and after weaving. A smaller image in Figure 59 (b) shows the magnified portion of the 

curve at low resistance range. Resistance value of both yarns are equal; around 58.5 Ω. In 

(a) (b) 
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conclusion, non-AC YSC (E-yarn) shows similar electrochemical performance after weaving 

when inserted in weft direction. No changes in performance observed due to yarn integration using 

the weaving process.    

5.3.1.2 Comparison of non-AC YSC (E-yarn) in Warp Direction Before and After Weaving 
 

 

 

 

 

 

 

Figure 60. Electrochemical characterization of SC warp yarn before and after weaving(a) CV 
curve at 40mVs-1 scan rate (b) Nyquist plot for EIS measurement (Magnified graph for better 

analysis). 

Figure 60 (a) shows CV curve for non-AC YSC (E-yarn) in warp direction before and after the 

weaving process. For both warp and weft yarns, performance is evaluated separately due to 

difference in lengths, which eventually impacts the capacitance value as it depended on the yarn 

length. The length of non-AC YSC (E-yarn) is 3.94 inch. Measurements were performed at 40 

mVs-1 scan rate. Figure 60 (a) indicates a quasi-rectangular shape for both and graphs are 

completely superimposed, which shows no difference in the charging-discharging rate of yarn 

before and after weaving. The shape after weaving is slightly larger than the shape before. The 

capacitance (C) values are 1.01 mF and 1.15 mF after weaving. Length capacitance (CL) is 0.101 

mF cm-1 and 0.115 mF cm-1for before weaving and after weaving respectively. EIS values are 

represented via Nyquist plot in Figure 60 (b) at a frequency range of 0.01 Hz to 106 Hz. The graph 

(a) (b) 
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again shows both curves are completely superimposed with the same resistance value of 51Ώ. The 

magnified view shows a slight difference in both the values, where resistance curve of warp before 

weaving is a bit higher than after weaving. 

5.3.1.3 Comparison Different non-AC YSC (E-yarn) Embedded Weave Structures (YSC in 
Weft Direction) 
 

 

 

 

 

 

 

 

 

Figure 61. Electrochemical characterization comparison between different weave structures for 
YSC(E-yarn) in weft direction (a) CV curve at 40mVs-1 scan rate (b) Nyquist plot for EIS 

measurement (Magnified graph for better analysis). 

Woven fabrics are compared for their different weave structures and impact of those weave 

structures on the electrochemical performance of the non- AC YSCs. Figure 61 (a) shows a 

comparison between three different weave structures for CV curves. All these structures include 

non-AC YSC (E-yarn) in weft direction with 18-inch (or 45.72 cm) yarn length. Sample ID 1 yarn 

is plain weave structure, Sample ID 3 is plain weave with YSC (E-yarn) in both directions (here 

weft yarn data is considered as it intersects another YSC (E-yarn) in warp direction) and Sample 

ID 4 is a double weave structure. All curves show a quasi-rectangular shape at a scan rate of 

40mVs-1. In comparison, all three structures show an almost similar curve. The detailed view 

indicates a higher charging-discharging cycle of the Sample ID 3 compared to other two structures 

(Sample ID 1 and Sample ID 4). The capacitance values are 4.84 mF, 6.02 mF and 5.27 mF, 

(a) (b) 
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respectively, for Sample ID 1, Sample ID 3 and Sample ID 4. Length Capacitances are 0.22 mF 

cm-1, 0.53 mF cm-1, 0.23 mF cm-1 , respectively. Figure 61 (b) shows the Nyquist plot for 

equivalent series resistance. In comparison, Sample ID 3 shows slightly lower resistance than the 

other two structures, which is visible from a magnified view. Resistance value of all structure is 

almost same, which is around 43.4Ώ. 

5.3.1.4 Comparison Different non-AC YSC (E-yarn) Embedded Weave Structures ( non-
AC YSC in Warp Direction) 
 

 

 

 

 

 

 

 

 

Figure 62. Electrochemical characterization comparison between different weave structures for 
YSC(E-yarn) in warp direction (a) CV curve at 40mVs-1 scan rate (b) Nyquist plot for EIS 

measurement (Magnified graph for better analysis). 

Non-AC YSC in warp direction weaved fabric structures also compared for their electrochemical 

performance due to their different weaved structures. In Figure 62 (a), Sample ID 2 indicates the 

plain weave structure with YSC (E-yarn) in warp direction and Sample ID 3 indicates the plain 

weave structure, with YSC (E-yarn) in both directions (here, warp yarn is evaluated while it is 

intersecting YSC (E-yarn) in weft direction). The curve displays a quasi-rectangular shape at a 

scan rate of 40 mVs-1. CV curves evaluation show the same shape for both the structures, which 

indicates the similar performance of the yarn in different weave structures. However, Sample ID 

(a) (b) 
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3 shows little higher curve shape compared to the Sample ID 1 in the CV curve. In general, 

different weave structures do not impact the performance of the YSC (E-yarn) much in the warp 

direction.  The capacitance for structures is 1.37 mF and 1.41 mF for Sample ID 2 and Sample ID 

3, respectively. Length capacitances are 0.274 mF cm-1 and 0.282 mF cm-1 , respectively. 

Equivalent series resistance measured by the Nyquist plot is shown in Figure 62 (b). Resistances 

in both structures are superimposed on each other; therefore, resistance of the YSC (E-yarn) is not 

impacted by the different weave structures. Resistance values for both structures are around 100Ω. 

5.3.1.5 Summary of YSC (E-yarn) Fabric Capacitance 

The overall summary is provided in a tabular manner to display the difference between the 

capacitance for different structures. The first table is designated for the comparison of yarn 

capacitance before and after weaving.  

 
Table 8. Comparison of individual yarn structure’ capacitance with fabric structure in different 

direction (Warp and Weft). 
Supercapacitor 

Fabric 
Structure 

Yarn 
Length, inch 

Yarn 
Capacitance 
(C) -Before 

Weaving, mF 

Yarn 
Capacitance 
(C) –After 

Weaving, mF 

Capacitance 
Changes (%) 

YSC Weft 
Yarn Fabric 

Structure 
18 4.94 4.84 2.02 

YSC Warp 
Yarn Fabric 

Structure 
3.94 1.01 1.15 13.86 

 

Table 8 shows changing capacitance after weaving. As the yarn transforms into fabric, it shows 

increase in capacitance values, however the difference is not high which shows almost similar 

performance of yarn before and after weaving. Moreover, percentage change is observed during 
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changes in the length, as longer yarn length shows less difference in capacitance value compared 

to shorter length.  

Table 9. Yarn capacitance and length capacitance for all warp and weft structures.  

 

Table 9 summarizes the capacitance and length capacitance difference with changing fabric 

structures. For weft weave structures, Sample ID 3 structure shows higher capacitance compared 

to other two structures. In Sample ID 3, two non-AC YSCs are overlapping on each other, which 

comparatively shows slightly higher capacitance value compared to other two samples IDs as it 

accounts the capacitance value of overlapping section as well. Similar observations were made for 

warp weave structure as well, where Sample ID 3 structure showed higher capacitance value as 

compared to other structures as it includes other overlapping non-AC YSC into structure. On 

another hand, plain weave structures show lowest capacitance among all weaves. 

 

 

Sample IDs Supercapacitor fabric 
Structure 

Yarn 
length, 

inch 

Capacitance, 
mF  

Length 
Capacitance,  

mF cm-1 
  Weft Weave Structures       

Sample ID  1 Plain weave 18  4.84 0.22 

Sample ID 3 
Plain weave with yarn 

intersected in warp direction 
YSC (E-yarn) 

18  6.02 0.53 

Sample ID  4 Double weave 18  5.27 0.23 
  Warp Weave Structures       

Sample ID  2 Plain weave 3.94  1.37 0.274 

Sample ID  3 
Plain weave with yarn 

intersected in weft direction 
YSC (E-yarn) 

3.94  1.41 0.282 
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5.3.2 Electrochemical Performance of AC-YSC (E-yarn) after Physical testing 

5.3.2.1 Environmental Condition Test 
 
Environmental condition tests were performed to check the electrochemical performance of plain 

and double woven samples containing YSCs material after subjecting them to two different 

conditions (extreme hot and humid followed by extreme cold) 
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Figure 63. Electrochemical performance for environmental condition test (a) Comparison of CV 
curve after each testing cycle at 20 mVs-1 scan rate for plain weave (b) Comparison of Nyquist 

plot after each testing cycle for plain weave (c) Comparison of CV curve after each testing cycle 
at 20 mVs-1 scan rate for double weave (d) Comparison of Nyquist plot after each testing for 

double weave.  

                                                                                                           

Figure 63 shows the performance comparisons of all conditions. Figure 63 (a) and (b) focus on the 

performance changes before the test and after each cycle of the test. Each cycle includes an entire 

cycle of 48hrs, where material stays in hot and humid (45 ̊ C and 80%) temperature for 24hrs and 

another 24hrs in cold (-21 ̊ C) temperature. Figure 63 (a) shows similar performance of capacitance 

(a) (b) 

(c) (d) 
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from the charging-discharging cycle curve. The capacitance values are 47.15mF and 53.12mF, 

42.59mF and 41.47mF respectively before testing, after the 1st, 2nd and 3rd cycle of test. 

Charging- discharging curve of cycle 2 and 3 are superimposed, which shows no performance 

changes after 2nd cycle. However, there is slight change in curve observed from 1st to 2nd cycle. In 

general, there is no major performance difference found after each cycle. Figure 63 (b) shows the 

resistance to be similar before and after each cycle testing. The resistance value lies around 45 Ω 

before testing. After 1st cycle resistance value is around 55 Ω, which shows no major difference 

before and after testing. However, after 2nd cycle resistance is around 80 Ω and same resistance is 

maintained after the 3rd cycle as well. From Figure 63 (a) and (b), same observation was found. 

Figure 63 (c) and (d) shows data comparison for double weave before and after each testing cycle. 

The curve of charging- discharging cycles in Figure 63 (c) before test and after 1st cycle is 

completed are superimposed. However, after 1st cycle slight degradation is observed for each 

subsequent cycle. The capacitance values are 36.35mF, 36.59mF, 28.79mF and 22.37mF, 

respectively before test and after 1st, 2nd and 3rd cycle. Figure 63 (d) indicates the changing in the 

resistance value with difference in yarn performance after subsequent cycles. After each cycle 

changes in resistance have been observed. Resistance value before and after 1st cycle is observed 

around 45 Ω and 55 Ω, respectively. After 2nd and 3rd cycle higher changes in resistance value are 

observed. They are around 80 Ω and 145 Ω respectively.   

Compared to the double weave structure, plain weave structure shows better performance after 

environmental condition testing. Double weave shows more degradation in performance compared 

to plain weave structure after consecutive cycle. Double weave structure is more protected 

structure for the YSC, as it comprised the YSC between two layers for fabric, therefore it ensures 

better performance compared to plain weave structure. 
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5.3.2.2 Washing Test 

Washing test was performed on the same two fabric, plain weave and double weave that were used 

for the environmental condition test. After the washing test, electrochemical performance degraded 

drastically.  Figure 64 shows the results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 64. Electrochemical performance of washed fabric (a) Comparison of CV curve before 
and after testing at 20 mVs-1 scan rate for plain weave fabric (b) Comparison of Nyquist plot 
before and after testing of plain weave fabric (c) Comparison of CV curve before and after 

testing at 20 mVs-1 scan rate for Double weave fabric (d) Comparison of Nyquist plot before and 
after testing of double weave fabric. 

 

(a) (b) 

(c) (d) 
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Figure 64 shows the comparison of the electrochemical performance before and after the washing 

test. The wash cycle is accelerated test that is equivalent to five home washings. It shows the 

degradation in the sample after the first set of cycles. Figure 64 (a) indicates the before and after 

performance for plain weave. The charging-discharging curve indicates shorting in device. Figure 

64 (b) shows after weaving, resistance curve fails to achieve absolute shape of curve due to 

shorting. Similar performance was observed for the double weave structure. Overall, the washing 

test shows high degradation in the material after the first cycle of washing. The reason behind the 

degradation is the exposure of the electrolyte while washing, which eventually impacts the 

performance of phosphoric acid and wash away electrolyte. Due to that electrolyte comes in 

contact with each other and shorting place take. Washing was a very harsh test for these fabrics, 

and to see a better performance of YSC (E-yarn), the less harsh dry-cleaning test was performed. 
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5.3.2.3 Dry cleaning Test 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 65. Electrochemical performance of dry-cleaned fabric (a) Comparison of CV curve 
before and after testing at 20 mVs-1 scan rate for plain weave fabric (b) Compasision of Nyquist 
plot before and after testing of plain weave fabric (c) Comparison of CV curve before and after 

testing at 20 mVs-1 scan rate for Double weave fabric (d) Compasision of Nyquist plot before and 
after testing of double weave fabric. 

After the dry-cleaning process, reduction in performance was observed, as perchloroethylene react 

on the fabric surface. However, Figure 65, (a) and (c) showing the charging- discharging cycle, 

does not indicates shorting in device like the washing test, however YSC (E-yarn) after dry-

cleaning failed to maintain same performance as YSC (E-yarn) before dry-cleaning. Figure 65 (b) 

(a) 

(c) (d) 

(b) 
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and (d) indicates a higher resistance after dry-cleaning. Resistance has significantly increased of 

after dry-cleaning as compared to before dry-cleaning. In, conclusion after dry-cleaning a slightly 

better performance is observed compared to washing test, with no shorting into device. However, 

capacitance is very low with very high resistance after dry cleaning. These indicates yarn structure 

need improvement or additional encapsulation layer is needed to survive laundering and/or dry 

cleaning.  
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5.3.2.4 Mechanical Distress Test 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 66. Electrochemical performance of distressed fabric (a) Comparison of CV curve before 
and after each cycle testing at 20 mVs-1 scan rate for plain weave fabric (b) Comparison of 
Nyquist plot before and after each cycle testing of plain weave fabric (c) Comparison of CV 

curve before and after cycle testing at 20 mVs-1 scan rate for Double weave fabric (d) 
Comparison of Nyquist plot before and after each testing of double weave fabric. 

 

Figure 66 indicates the performance degradation of fabric in scenario 1 after a certain period. The 

first experiment was performed for 3 hrs., followed by 18hrs. and then 24hrs until material 

degrades. From the CV curve and Nyquist plot it can be inferred that the performance of plain 

(a) (b) 

(c) (d) 
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weave starts to degrade after 4 cycles. Total time taken for the 4 cycles is 69hrs. After 117hrs, the 

material degraded completely. At this stage, the curve indicates practical shorting which can be 

seen in Figure 66 (a) and (b) in the light blue curve.  In case of double weave, material starts to 

degrade after 2 cycles or 21 hrs and the fabric completely degrade after 117 hrs. Additional 

performance was checked after putting material into rest condition for 24hrs. However, no 

improvement was observed in the performance. Results for the second scenario was presented 

here. Plain weave and double weave data show high variation in material degradation. As, double 

weave is more of a protected structure, it is assumed to sustain higher number of cycles. However, 

performance of these fabric contradicts their weave structures.  
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Figure 67. Electrochemical performance of distressed fabric in second testing condition (a) 
Comparison of CV curve before and after each cycle testing at 20 mVs-1 scan rate for plain 

weave fabric (b) Compasision of Nyquist plot before and after each cycle testing of plain weave 
fabric (c) Comparison of CV curve before and after cycle testing at 20 mVs-1 scan rate for 

Double weave fabric (d) Compasision of Nyquist plot before and after each testing of double 
weave fabric. 

In this 2nd scenario, Figure 67 (a) and (b) indicates the performance degradation after 4th cycle and 

displays the same performance till 6th cycle. In the case of double weave, Figure 67 (c) and (d) 

indicates performance degradation after 4th cycle for both curve and complete degradation was 

observed after 6th cycle. This indicates that the rest state does not help the samples to improve 

(a) (b) 

(c) (d) 
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performance. However, in case of double weave, fabric survived marginally better than previous 

samples. Although, resistance was high compared to the 1st scenario.  

5.3.2.5 Abrasion Test 
 
The abrasion test was performed to check performance of the YSC after subjecting to abrasion.  
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Figure 68. Electrochemical performance after abrasion testing (a) CV curve data up to 
performance failure at 20 mVs-1 scan rate for plain weave against sand paper (b) Nyquist plot 

upto performance failure for plain weave fabric against sandpaper (c) CV curve data up to 
performance failure at 20 mVs-1 scan rate for double weave against sandpaper (d) Nyquist plot 

upto performance failure for double weave fabric against sandpaper(e) CV curve data up to 
performance failure at 20 mVs-1 scan rate for plain weave against cotton duck (f) Nyquist plot 
upto performance failure for plain weave fabric against cotton duck (g) CV curve data up to 

performance failure at 20 mVs-1 scan rate for double weave against cotton duck (h) Nyquist plot 
upto performance failure for double weave fabric against cotton duck. 
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Abrasion test was performed till fabric failure or YSC (E-yarn) performance degradation. In the 

case of sandpaper as abradant, both plain weave and double weave fabrics failed first and YSC (E-

yarn) survived. Figure 68 (a) and (c) indicates the same CV curve after fabric failure at 1100 and 

1600 cycles for plain weave and double weave, respectively. In this case, fabric broke which 

eventually broke the YSC (E-yarn). This provides reduced electrochemical performance due to 

broken thread. In the case of cotton duck, YSC’s (E-yarn) performance fails first while the fabric 

survived longer. As, the abradant is cotton duck fabric survives more cycles compared to 

sandpaper as it abates against a smoother surface. Figure 69 and Figure 70 provides better 

understanding of fabric surface before and after abrasion testing. 

 

 

 

 

 

 

 

 

 Figure 69. Fabric condition before and after abrasion testing in case of sandpaper. 
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Figure 70. Fabric condition before and after abrasion testing in case of cotton duck. 

 

Additional testing was performed for sandpaper on 500 cycles. After the first 500 cycles, the 

number is incremented by 200. The electrochemical performance is shown below. 
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Figure 71. Electrochemical performance testing after 2nd scenario for sandpaper (a) CV curve 
data up to performance failure at 20 mVs-1 scan rate for plain weave against sand paper (b) 

Nyquist plot upto performance failure for plain weave fabric against sandpaper (c) CV curve 
data up to performance failure at 20 mVs-1 scan rate for double weave against sandpaper (d) 

Nyquist plot upto performance failure for double weave fabric against sandpaper. 

 

This test shows better results than the previous tests. The plain weave survived up to 1200 cycles 

and the double weave survived 2100 cycles as compared to previous data of 1100 and 1600 cycles 

respectively. Figure 71 shows lower resistance of the last green curve, which shows the 

(a) (b) 

(c) (d) 
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performance after the yarn breaks to indicate change in electrochemical performance. Following 

tables summarize the entire abrasion test. 

Table 10. Summarizing result of abrasion test of 6 samples against different abradant cotton 
duck and sandpaper. 

 

The result shows variation as summarized in Table 10. To conclude, better result obtains against 

cotton duck abradant in compare sandpaper, as cotton duck is less harsh surface compared to 

sandpaper. In case of sandpaper more strategic weave structure will help to sustain fabric against 

harsh abradant. In structure comparison double weave fabric survived more cycle compared to 

plain weave, as double weave structure is more protected structure for YSC (E-yarn). 

 
 

 

 

 

Samples Abradant Cycles 
Total 
cycles 

survived 

Remark on YSC (E-yarn) 
Performance 

Plain 
weave 

Cotton 
duck 

100, 100, 200, 300, 400, 500, 
600, 700, 800, 900, 1000 

5,600 
cycles 

Electrochemical 
performance lost of YSC (E-

yarn); fabric survived 

Double 
Weave 

Cotton 
duck 

100, 100, 200, 300, 400, 500, 
600, 700, 800, 900, 1000, 1100, 

1200, 1300, 1400 

10,600 
cycles 

Electrochemical 
performance lost of YSC (E-

yarn); fabric survived 
Plain 

weave 
Sandpaper- 

Test 1 100, 100, 200, 300, 400 1,100 
cycles 

YSC (E-yarn) broke as well as 
fabric damaged completely 

Double 
Weave 

Sandpaper- 
Test 1 100, 100, 200, 300, 400, 500 1,600 

cycles 
YSC (E-yarn) broke as well as 
fabric damaged completely 

Plain 
weave 

Sandpaper- 
Test 2 500,700 1,200 

cycles 
YSC (E-yarn) broke as well as 
fabric damaged completely 

Double 
Weave 

Sandpaper- 
Test 2 500,700,900 2,100 

cycles 
YSC (E-yarn) broke as well as 
fabric damaged completely 
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Chapter 6: Conclusion 
This study aims to develop YSCs (E-yarns) embedded woven structure with different integration 

strategies and evaluate their electrochemical performance. Firstly, an extensive literature review 

was conducted for various yarn-based energy storage devices and their integration into woven 

structures disclose the research gaps that directed the objectives of this research.  

Two YSCs were developed and were integrated into plain and double woven structures taking into 

consideration maximizing their electrochemical performance as well as their weaveability and 

wearability. A systematic approach was followed for the selection of YSCs components and 

integrate them by twisting. The twist level of the YSCs was optimized to maintain the integrity of 

each component while maximizing the electrochemical performance and optimizing the final yarns 

and their components tensile  properties (load-elongation, peak load, strain at peak load, and cyclic 

tensile behavior). Two final yarn structures [(non-AC YSC (E-yarn) and AC YSC (E-yarn)] were 

compared for their electrochemical performance and further modified to achieve better capacitance 

and less resistance. AC YSC (E-yarn) provides 3.42 mF capacitance with a resistance of 50 Ω for 

10 cm. 

The weaveability of the YSCs  in warp and weft directions was assessed by integrating them into 

woven structures using a semi-automated AVL Dobby loom. The YSCs were integrated into four 

different weaving structures and the YSCs were evaluated for their electrochemical performance 

before and after weaving. In all structures, non- AC YSCs (E-yarns) show similar performance 

after embedment into woven structures. Comparison of all structures related that Sample ID 3 

(Plain weave with yarn intersected by warp YSC) shows better capacitance of around 6.02mF at 

18inch length in weft direction.  
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Additional fabric testing was performed to assess the performance of the AC YSC (E-yarn) after 

subjecting them to standard wearability and environmental conditions. In environmental 

conditions (extremely hot weather and extreme cold weather), fabric shows performance for at 

least three days. After washing (or dry cleaning), YSCs performance degraded completely. 

Mechanical distress shows good fabric performance up to 4 cycles (69 hrs.), and AC YSC (E-yarn) 

performance degrades completely after 117 hrs. Abrasion testing shows the fabric survived against 

the cotton duck up to 5,600 cycles and 10,600 cycles, respectively, for plain weave and double 

weave. 

This research can be still followed by further work and research to develop more sustainable and 

evolved technologies. Following are the specific recommendations for future work. 

• AC YSC (E-yarn) can be tested in additional weave structures to check weaveability. 

• AC YSC (E-yarn) can be encapsulated by additional coating to achieve better performance 

in the washing test. 

• YSC (E-yarn) structure can be modified to achieve higher capacitance with lower 

resistance. 

• Advanced Weaving looms can be manufactured to weave E-fabrics on a larger scale.  

• Additional performance testing can be done to test for different wearability conditions.  

• Specific product requirement-based energy storage device can be developed within textiles. 
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