
 
ABSTRACT  

BOGAN, KELLY MARIE. Formation and Integrity Evaluation of Woven Electrically 

Conductive Textiles. (Under the direction of Dr. Abdel-Fattah M. Seyam) 

 

The goal of this research work was to study the formation of woven electrically conductive 

textiles (or e-textiles for short) and to evaluate their integrity and durability during use by 

subjecting a range of woven e-textiles to controlled environmental conditions (Temperature 

and Humidity) and abrasion cycles. An extensive literature review covering categorization, 

process characterization, and electrical properties of e-fibers, e-yarns, e-textile formation, and 

the various applications of smart e-textile systems provides breadth and reveals the current 

state on the field of e-textiles. Two experimental phases were employed to achieve this 

research goal. The first phase aimed to investigate the formation of a woven e-textile with 

conductive traces with each trace formed from a number of yarns containing electrically 

conductive elements. Seven variations of e-textiles were woven at the College of Textiles, 

NC State University on sample weaving equipment. These woven conductive fabrics varied 

by construction parameters, which include the use of different e-yarns and the number of e-

yarns per trace. A Time Study of the formation of these electronic textiles was conducted and 

a spreadsheet-based interactive time model system for sample run time estimations was 

developed. For the second phase, three of the seven woven e-fabrics were evaluated on their 

integrity judged by electrical performance when subjecting them to environmental condition 

and abrasion resistance testing. The electrical performance was assessed by the electrical 

resistance of conductive networks formed by conductive traces using a system that monitors 

the resistance in real time. Formation factors of the conductive fabric were explored to 

quantify the change in electrical resistance of the woven conductive network. The physical 

conditions included environmental room testing of relative humidity and air temp, and 

abrasion testing with Martindale and Wyzenbeek testing equipment. The results from the 

second phase were investigated with an exploratory data analysis and through data 

visualization. It was found that the resistance and resistivity of networks tested was affected 

by changes to both air temperature and RH. Quality of weld had the greatest impact on 

electrical integrity of the conductive network. Samples with a reliable low resistance weld 



 
(good weldability rating) preformed as expected and didn’t demonstrate extreme resistance 

values during testing. Whereas, peaks in resistance values at high relative humidity were 

observed for samples with a moderate or poor weldability rating. Observations on abrasion 

testing found all samples unchanged from Martindale testing, which implies they exhibit 

good abrasion resistance to everyday wear. Wyzenbeek testing, which was conducted by 

abrading the face-textiles against sand paper, exhibited a more varied response, which 

implies samples would have varied abrasion resistance against environmental terrain, such as 

sand. This study drew definitive conclusions on the impact of environmental conditions and 

abrasion resistance. The conclusions point to a need for added reliability and consistency of 

electrical networks within e-textiles. The serviceability of an e-textile is largely reliant on the 

consistent performance of these connections and systems they reside in.  Electrical integrity, 

as the precursor for all e-textile functions, will continue to require thorough research as the 

industry matures. 
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1. INTRODUCTION  

 
Smart textiles, also known as intelligent textiles, electronic, electrically conductive, or e-

textiles refer to the development of electronic components with advanced fibers, polymers, 

yarns and fabrics. They are computing substrates that can electrically function as electronics 

and physically behave as textiles [1]. They are fabrics that offer exciting potential to improve 

many areas of human activity and life; including health, sport, recreation and 

communication. At least 70% of the time we are in contact with textiles and now that they 

are becoming intelligent, the vision behind wearable computing is sure to become an integral 

part of our daily wardrobe. Therefore, the prominent application of e-textiles is smart 

clothing. Generally smart clothing or smart clothing systems refer to a new garment feature 

that can provide interactive reactions by sensing signals, processing information and 

actuating the responses [1]. 

 

The advantage of using textile-based smart devices is attributed to their comfort of wearing, 

in addition to their compliance and breathability [2].  Textiles are extremely versatile in 

products as well as processes. The building blocks of the textile material are fibers, which are 

then formed into yarns. Innumerable combinations of fibers, yarns, and processing paths 

results in a wide range of textile materials: single or combined, natural or synthetic, strong, 

elastic, biocompatible, biodegradable, solid or porous, and optical or electroconductive. 

Textile materials are able to combine advanced multi-functionality with traditional textile 

properties. Furthermore, textiles and clothing can be produced on fast and productive 

machinery at a reasonable cost [3].  

 

With strong growth forecast over the coming years industries of multidisciplinary 

backgrounds have formed to power the new generation of smart fibers, yarns, fabrics and 

products. The merging of computing technology with textiles introduces a shift from passive 

static functionalities of technical textiles to now the sense and response behaviors of smart, 

active, and intelligent textile materials and systems. The advancements of smart textiles 
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provide product development opportunities in several fields such as personal protective 

equipment, health care, sports, military, and aerospace [4, 5]. Smart products are in demand 

and wearable technology developers are looking to the advancement of e-textiles to help 

achieve the market’s proposed opportunities.  

 

Smart textiles can be broken into two broad categories: aesthetic and performance enhancing. 

Aesthetic examples include fabrics that light up or change color. Some of these fabrics gather 

energy from the environment by harnessing vibrations, sound or heat, reacting to this input. 

Then there are performance enhancing smart textiles, which have a huge impact on the 

athletic, extreme sports, military, and medical industries. These are fabrics that help regulate 

body temperature, reduce wind resistance and control muscle vibration. Additionally, other 

fabrics have been developed for protective clothing to guard against extreme environmental 

conditions and hazards like radiation, and the effects of space travel [6].  

 

Aesthetic and performance enhancing smart textiles are ultimately used in wearable systems 

for smart clothing or other functional wearable accessories. The wearable systems are 

characterized by their ability to automatically recognize the activity and the behavioral status 

of their own user as well as of the environment around her/him, and to use this information to 

adjust the system’s configuration and functionality [5]. This characterization denotes the 

system’s level of intelligence. 

 

The field of e-textile application for wearable smart clothing and e-textile products can be 

further categorized by market type. The following are the three market types: niche market as 

high-value-added specialty products (firefighter suits, military uniforms); sectorial market as 

customized applications (health monitoring), and mass market as ubiquitous consumer 

applications (casual apparel) [7].  

 

Arriving at this categorization of smart textiles is a result of the research progress and 

achievements in the field. The first generation of smart textile prototypes demonstrated the 
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potential and strengths of smart textile products. Materials were based mainly on stainless 

steel fibers and optical fibers. However, these fibers are not compatible with regular textile 

fibers in regards to processing, product properties, and behavior during normal use; soon it 

became clear that new conductive materials and structures had to be developed. In response, 

new types of conductive materials were achieved by adding nanoparticles into the polymer, 

by combining elastic filaments with non-elastic conductive fibers, and by coating fibers with 

metallic layers. Surprisingly, some of the new materials even turned out to have sensor 

properties. Unfortunately some problems showed to be more difficult to solve than 

previously anticipated, specifically: integration, interconnections, and washability [3].  

 

The main limitations and challenges for future research are now identifiable after more than 

15 years of research in the field. Three trends for further evolution of smart textile 

development are identified as follows: (i) search for new concepts and technologies for a 

wide range of applications, (ii) making electronic components compatible with the textile or 

e-textile substrate, and (iii) transforming electronic components into true e-textile structures 

[3]. 

 

Each of the three trends presents opportunities for future e-textile research and help to form a 

broad and general starting point for the literature review and research objectives of this study. 

Specifically this study focuses on the formation and integrity of a woven functional e-textile 

with an electrically conductive network, which is ultimately used as the foundation of a 

wearable smart garment.  
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2. LITERATURE REVIEW  

 
The approach taken for the literature review was to conduct a broad overview of e-textiles 

and present a method for their categorization. The scope then narrows down on process 

characterization for e-yarns and e-textile formation. After establishing a categorization and 

process characterization of the smart and conductive materials Section 2.3 highlights e-textile 

products and how different intelligent/conductive platforms can be used for various 

applications and industries. In conclusion, a short analysis on e-textile product integrity is 

provided. 

 

The main focus of this review is to shed light on the advantages and disadvantages of 

manufacturing processes for conductive and smart materials. The analysis of past research 

contributes to the pursuit of new concepts and technologies for future smart textiles. As 

stated in trend three, the ultimate goal for smart textiles is to become true e-textiles, which 

are fully integrated electroconductive textiles with highly intelligent fibers. Until these highly 

intelligent fibers are invented, the field of smart textiles will continue developing conductive 

fibers, e-yarn and e-textiles that fulfill their products required applications end use.  

 
 

2.1. E-TEXTILE CATEGORIZATION 
 
Researchers are the driving force for new developments of smart textiles. The development 

of electrically conductive textiles has been steady for more than 15 years and has resulted in 

an extensive collection of research papers, patents, technical books, scholarly articles and a 

variety of other sources. These sources provide key findings for the influence of formulation 

and fabrication methods on the performance properties of e-yarns and e-textiles. 

 

Despite the extensive research conducted, e-textiles are still considered an emerging field. As 

a result, there is no standard, central database, handbook or comparison guide to help 

promote future research. This presents issues, as it is difficult to compare data that has been 

reported by varying research teams and manufacturers. A reason for the lack of unity in the 
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field is that conductive fibers are used in a multitude of applications and each application has 

its own standards. An additional reason for the lack of unity is the multidiscipline work 

required to develop e-textiles (textile, electronic, computing, material sciences, etc.). The 

development of an open-source database is on the rise and in the meantime innovation will 

continue to promote future research. 

 

Currently, Centexbel, a group dedicated to identifying the needs and preparing the 

deliverables for standardization issues concerning smart textiles is working on creating this 

type of database. Their first publication, “Textiles and Textile Products- Smart Textiles- 

Definitions, categorizations, applications and standardization needs” was published in 2011. 

Along with Centexbel, SUSTA-SMART (Supporting Standardization for Smart Textiles) is 

working on standardization for smart textiles, as they know it is an essential key for further 

exploitation and commercialization of smart textiles [9]. 

 

Even without proper categorization guidelines, establishing a common frame of reference for 

the various smart textile categories remains essential to understanding the advancements 

made to date and where further research is needed. To provide context for the main topics of 

this research work, Figure 1 presents a method for understanding smart textiles and serves as 

the main guideline for their categorization. The grouping factors used in Figure 1 are the 

culmination of information from various research groups like Centexbel.  

 

The grouping factors will be discussed in greater detail within the following sections: level of 

intelligence, functional components, conductive and smart materials, and level of integration. 

This will ultimately help build an understanding of the behavior and capabilities of functional 

textile materials, smart textile materials, and smart textile systems.  

 

There is a detailed focus on the elements in red text from Figure 1 because they represent the 

e-textile used in the experimental study in Section 5. Functional textile materials, specifically 

electroconductive textiles are often used to connect the different electronic components in a 
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smart textile system. Functional textiles are the basic foundation for smart textile materials 

and smart textile systems. For that reason, they are a key research topic for smart textile 

development and will provide a better overall understanding.  They are essential in the field 

of smart textiles but on its own, electro conductivity cannot be considered a smart property.  

 

Even though the experimental questions explored are based on electroconductive textiles, it 

is important to have a general understanding of all categorization factors and groups. With 

that said, the other topics in Figure 1 must also be addressed. There is some overlap in 

category topics as they all collectively influence e-textile categorization. 

 

Overall, an e-textile categorization system provides shared terms and definitions to aid 

communication in this multidisciplinary field. It will support the effort towards standardizing 

e-textile materials and processes. It may contribute to the formation of a central database, 

handbook or reference guide. Additionally, it may also provide a baseline educational 

structure that will help identify areas for future research. 
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Figure 1.  Categorization of Smart Textiles. Note. Information referenced 
from [10], [8], [9]. *Standardized categorization of smart textiles by CEN. 
The examples listed under ‘Conductive & Smart Materials’, ‘Level of 
Integration’, and the three sub groups of ‘Smart Textile Categorization’ are 
only a small selection. Text in red refers to the topics of focus for Sections 3 – 
6. 
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2.1.1. LEVEL OF INTELLIGENCE  
 
The definition of a smart e-textile is not an obvious topic. In general, both terms smart and 

intelligent e-textiles are interchangeable. However, when referring specifically to the level of 

material intelligence as a factor that influences categorization of a smart e-textile, there is a 

distinct difference [9]. In fact, the extent of intelligence can be divided into four subgroups, 

which are passive, active, smart, and intelligent [10].  

 

Smart e-textiles are textiles enhanced with electronic devices giving them active functions 

that are able to sense and react to environmental conditions or stimuli from mechanical, 

thermal, chemical, electrical or magnetic sources [11]. As outlined in Figure 2, the manner of 

reaction in the textile classifies it as passive, active, smart, or intelligent. However, advanced 

materials such as breathable, fire-resistant or high tenacity fabrics, are according to this 

definition not considered as intelligent, no matter how high-tech they are [3].  

 

Level of intelligence mainly refers to the smart components of the e-textile. Primarily this 

categorization is seen at the fiber level. Even so, it is common for smart textiles to be defined 

to include functional textiles, which are materials that do not have any ‘smartness’ (such as 

electroconductive textiles or optical fibers) [12, 3]. Functional textile materials are not 

considered smart because they provide power or a platform for the smart components and 

form the basic structure of a smart e-textile system.  Figure 2 displays the four sub categories 

of intelligence, which would likely be supported by a functional textile platform.  

 

Passive smart e-textiles can only sense the environmental condition or stimuli, which are 

achieved with sensors that provide a nerve system to detect signals [10]. The alternative to a 

passive textile is an active one. Both terms are borrowed from electrical engineering, where 

‘active’ is used to denote a device that has an input of energy. This required energy input is 

used to control or drive the device, and in most cases the energy is electrical [11]. The 

actuators act upon the detected signal either directly or from a central control unit; together 

with the sensors, they are the essential element for active smart materials [10]. 
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Figure 2. Level of Intelligence. Note. Information referenced from [10] and 
[13].  

 

Active functionality could include power generation or storage, human interface elements, 

radio frequency, or assistive technology [5]. All electronic devices require power, which is a 

significant design challenge for smart fabrics. A vast majority of active smart e-textiles tend 

to be electrical in nature. This is not a definitive feature but electrical current is usually the 

most convenient means of imparting an energy input, and more importantly, one that can be 

competently manipulated. An exception to this is the use of light in fiber optic based fabrics, 

which can be active but not electrical. Electrical or conductive (functional textiles) might 

easily constitute their own subdivision within active smart fabrics, it is important to note that 

they are not interchangeable with this category. Similarly, passive smart fabrics usually 

appear to rely upon chemical or physical, rather than electrical effects [11].  

At even higher levels for smart or intelligent materials, in addition to sensors and actuators 

another kind of nerve unit is essential, which works like the brain, with cognition, reasoning 

and activation capacities. Smart materials can sense, react, and adapt their behavior to the 

environmental condition or outside stimuli [10]. Intelligent materials are like smart e-textiles, 

as they can sense, react and adapt to an external stimulus but are capable of responding in a 

specific, controlled and preprogrammed manner. Such textile materials and structures are 

becoming possible as a result of a successful marriage of traditional textiles/clothing 

technology with material science, structural mechanics, sensor and actuator technology, 

advanced processing technology, communication, artificial intelligence, biology, etc. [10]. 
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2.1.2. FUNCTIONAL COMPONENTS OF A SMART E-TEXTILE  
 
Intelligent systems are normally understood to consist of three parts: a sensor, an actuator, 

and a processor. These are the driving functions that define the smart e-textile level of 

intelligence. In order to bear the full mark of smart e-textiles, two components are needed in 

the textile structure: a sensor and an actuator [13].  A processing unit may be a third 

component, which completes the system and drives the actuator on the basis of the signals 

from the sensor [10] (see Figure 3). For example, a firefighter’s jacket with an embedded 

smart e-textile system in the lining has sensors that detect the firefighter’s body temperature. 

A data processing system then evaluates the collected temperature signals and determines if 

they are above a pre-defined threshold. If above the threshold, the actuators will trigger a 

response by illuminating embedded LEDs on the jacket’s sleeve or back, thus alerting fellow 

firefighters of potential cause for concern. 

 

From these integrated components five main functions can be distinguished in smart e-

textiles: sensing, actuation, data processing, communication, and energy storage (and/or 

supply) [8]. The integrated components of these systems are the reason textiles can be 

intelligent and they ultimately provide added value to the textile.  

 

 
Figure 3. Functional Components. Note. Information referenced from [15] 
page 29 and [10].  

 

The sensors can detect an amazing range of physiological stimuli from the wearer and their 

surrounding environment. These senses include mechanical, thermal, chemical, electrical, 

optical, and magnetic signals. This is comparable to the senses of a person: sight, hearing, 

touch, smell, and taste [13]. Once the sensors detect the signal, it is collected, processed, 
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stored and transmitted. In Figure 4 sensor and actuator taxonomy is illustrated along with 

corresponding examples described in Table 1. 

 

The first sensors were based on electromagnetic measurements but were not easily integrated 

into textile substrates. A new generation of smart sensors has been designed for flexible 

fabrics because conventional sensors were not suitable as their general mechanical 

characteristics were incompatible with those of textile structures [8]. 

 

Another useful distinction within smart fabrics is whether they are used as sensors or 

actuators. Both are electrical engineering definitions for types of transducer. Transducers 

convert some physical variable into an electrical signal, or vice versa [11]. Concept of 

actuator and system: The sensors provide a nerve system to detect signals and the textile 

itself can be a sensor; the processor analyzes and evaluates signals; and the actuators act 

upon the detected and evaluated signal either directly or from a central control unit [8]. 

 

Actuators can be considered as reserve sensors. Sensors are expected to transform an impulse 

into a readable signal (mostly electrical), whereas actuators should respond to a signal that 

will be mostly electrical. Actuators should respond as expected consistently, fast and energy 

efficient [3]. Examples of actuators include: optical actuators that emit light, thermal 

actuators that provide heating or cooling, electrical actuators that use textile electrodes for 

electro stimulation, chemical actuators that release chemicals or medicines in a controlled 

way, and mechanical actuators that can make shape-memory materials [3].  Table 2 provides 

examples of different functions of smart textiles as sensors, actuators, and communication 

devices.  
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Figure 4. Sensor and Actuator Taxonomy 

 

Table 1. Summarizes Regions of Sensor and Actuator Taxonomy 
Region Description Examples of Fabrics and Materials 
1 Active, non-electrical, non-

transducer 
 

2 Passive, non-electrical, 
non-transducer 

Thermal phase-change materials (PCMs); photochromic fabrics 

3 Active, electrical, non-
transducer 

Computational fabrics; photovoltaic fabrics; thermoelectric 
generator fabrics 

4 Passive, electrical, non-
transducer 

Resistor, capacitor, inductor components; power and 
communication backplanes 

5 Passive electrical sensor Mechanical switch and keypad fabrics; pressure sensitive fabrics, 
capacitive sensor fabrics, temperature measurement fabrics; light 
sensitive fabrics 

6 Active electrical actuator Heating fabrics, electroluminescent and LED illuminating and 
display fabrics 

7 Active electrical sensor Pressure-sensitive fabrics; 2D and 3D positional pressure-
sensitive fabrics; capacitive sensor fabrics 

8 Passive, non-electrical 
sensor 

Chemical indicator fabrics (thermochromic moisture, acidity) 

9 Active, non-electrical 
sensor 

Fiber-optic strain measurement fabrics 

Note. Table 1 and Figure 4 are adapted from [11] page 474. 
 

Shape memory materials are best known for their sensing and actuating properties.  They 

transform thermal energy or electrical signal into motion. Due to its ability to react to a 

temperature change, a shape memory alloy can be used as an actuator and links up perfectly 
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with smart e-textile requirements. Shape memory alloys exist in the form of threads, which 

make them compatible with textile materials. Although shape memory polymers are cheaper, 

they are less frequently used. This is due to the fact they cannot be loaded very heavily 

during the recovery cycle [13].  

 

Historically, actuators have been investigated mainly for use in inorganic compounds. 

However, there have been developments with nanotechnology for smart fibers that are 

inspired by the mechanical responsiveness displayed by many plants and how they react after 

being exposed to certain stimuli. According to Peng Huisheng, who led the research team 

from Shanghai-based Fudan University, their smart fibers measure between a nanometer and 

micrometer in size [16]. They can be controlled and moved by using different liquids or 

solvents. The fibers have strong contraction power that can be used to generate power or 

electricity. In the industrial sector, these fibers could be used to react to certain gasses or 

chemicals and enable the smart act of cutting of valves in case of a leak. A prototype shower 

curtain was developed that is sensitive to vapor which automatically closes when the indoor 

humidity is high. These fibers are known as actuating fibers. 
 

Table 2. Sensors, Actuators, and Communication in Smart E-Textiles  
Smart Textiles as Sensors can Measure… Smart Textiles as 

Actuators can 
provide… 

Communication in Smart 
Textiles is possible… Physiological 

Signals: 
Biochemical 
Signals: 

Other 
Parameters: 

Cardiac rhythm Position Force  Force application Between components 
Respiration Body Pressure Deformation Electrical 

Stimulation 
Between the wearer and the 
textile 

Skin PH Foot Pressure Energy Drug Delivery To transmit data  
Temperature  

Note. Adapted from [14] page 382. 
 

The data processing component completes the smart textile system and drives the actuator 

based on the signals captured from the sensors. However, data processing is required only 

when active processing is necessary. So far, no raw textile materials are available that can 

perform this task, thus embedded pieces of electronics are still necessary. Fortunately they 

are available in miniaturized and flexible forms. Research is ongoing to develop fiber-based 
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electronics and fiber transistors [3]. Examples of research areas for functional components 

are listed in Table 3. 

 

For some smart textile systems communication may be required within one element of the 

suit, between the individual elements within the suit, from the wearer to the suit, and from 

the suit to the wearer or his environment. Communication is typically for BAN (body area 

network) or PAN (personal area network), which provide the backbone for connecting 

electronic systems in e-textiles. The network is fairly easy to achieve with electroconductive 

and optical fibers and yarns. They conceal inner wiring and connectors in the fabric that 

allow the devices to operate by remote control. The devices and the control pad can be 

disconnected for garment laundering, although, the inner wiring and connectors cannot be 

removed [17].  

 

These networks enable electronic devices to exchange digital information, power, and control 

signals between the user’s personal space and remote locations. The challenge is promoting 

wireless communication for both short and long distances. These networks are also referred 

to as FAN (fabric area network) or FBAN (Fabric BAN) [18]. Communication can be 

achieved with wireless RF communication or antennas that can be embroidered or screen-

printed onto the fabric substrate [13].  

 

 Table 3. Research Areas for Functional Components  
Sensors/Actuators Signal Transmission, 

Processing, Controls 
 
 

Integrated Processes and 
Products 

Photo-sensitive materials Neural network and control 
systems 

 
 

Wearable electronics and 
photonics 

Fiber-optics Cognition theory and systems  
 

Adaptive and responsive 
structures 

Conductive polymers   Chemical/drug releasing 
Thermal sensitive materials   Bioprocessing 
Shape memory materials   Tissue engineering 
Intelligent coating/membrane    
Chemical responsive polymers    
Microcapsules     
Micro and nano-materials    

Note. Adapted from [10] pages 4-5. 
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Energy storage and supply are essential for the smart functions of a smart e-textile. Energy is 

achieved with batteries, through capacitive or electrochemical materials, which can be 

flexible. However, flexible batteries are not breathable, thus, comfort properties may be 

compromised. Energy is available in the environment in the form of heat, light and motion. 

For this reason devices have been developed to harvest the energy available (energy 

generation) from the wearer and/or their environment [3]. Energy supply must be combined 

with energy storage. Efficient energy management consists of an appropriate combination of 

energy supply and energy storage capacity. 

 
 

2.1.3. RAW MATERIALS 
 

An e-textile requires the wise use of basic textile materials along with functional materials. 

Conductive metals, carbon, and/or electroactive polymers are raw materials that can be used 

to provide an electrically conductive network for the functional components present in the 

smart e-textile. These materials can be integrated into the textile architecture as conductive 

fibers, supercapacitor fibers, conductive yarns, yarn-based transistors, conductive inks, or 

stretchable sensors. Figure 5 provides a deeper level of categorization for conductive 

materials and the various process technologies used for their application. 

 

In addition to raw materials with electrical properties, there are also shape memory polymers, 

phase change materials, optical fibers, and chromic/luminescent materials. These materials 

can be integrated at the fiber or yarn level or added as a flexible coating on a textile substrate. 

Conductive, shape memory, and phase change materials are used for performance 

applications whereas optical fibers and chromic fibers are for aesthetic applications.  

 

Furthermore, basic traditional textile fibers and yarns are essential in building an e-textile. In 

order to maintain the desired comfort properties that textiles provide, integration of 

conductive materials with traditional textile materials may occur at each material level of the 

e-textile architecture. For this reason fiber selection is greatly influenced by the intended end 
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use of the e-textile. A smart wearable e-textile used for monitoring physiological signals, 

which is worn close to the body, would require a textile fiber with good elongation and 

elastic recovery, such as a cotton elastane blend. If strength and durability are the main 

requirements for an electrically conductive e-textile network then a textile fiber with good 

tenacity is required.  

 

Currently, the main materials employed in products include conductive inks, metal wires, 

plated synthetic fibers and filaments, printed or impregnated fabrics, electronic and electrical 

circuits in heat-sealed or stitched patches and labels and conductive polymers [19]. 

Conductive materials, metals as well as conducting polymers are used in antistatic 

applications for electromagnetic interference (EMI) shielding of sensitive electronic devices, 

heating, and the transport of electrical signals [13]. Inherently conducting polymers (ICPs) 

are molecular structures suitable for applications in intelligent clothing. Examples include: 

polymer batteries, solar energy conversion, or biochemical sensors [13]. Electroactive 

polymers (EAPs) are a relatively new class of materials, which can be used both as sensors 

and actuators [20].  

 

Conductive polymers (CP), and ionic metal polymer composites (IPMC) are categorized as 

electroactive polymeric materials, which exhibit interesting sensing and actuating behaviors. 

They are among the best candidates for use in solar cells, sensors, and actuators [21]. Due to 

their micro- and nano-scale manufacturing feasibility and relatively low actuation voltages 

[22], EAPs are candidate materials for the state of the art applications. An example of an 

application would be in an array of devices ranging from biomedical appliances through 

artificial organs to micro-electro-mechanical systems [20]. 

 

Metals are the typical conductive material used for the creation of a conductive path in an e-

textile. Copper, stainless steel, and silver are most commonly used. Copper is the most 

desirable conductor in terms of cost and conductivity, but has negative characteristics such as 

corrosion, low tenacity, and is adversely affected by acid and moisture [10]. Conversely, 
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stainless steel is limited to low conductivity but has an advantage in that it exhibits superior 

stability and is resistive to acid and moisture. Silver has fairly low specific resistance, and 

can be handled with ease since it is more resistance to oxidization compared to copper. 

Therefore, silver is suitable for conductive paths in e-textiles and is widely used in smart 

clothing applications. 

 

Popular research areas for conductive and smart materials are focused on the fiber level.  

Examples include: (i) e-fibers that are coated or intrinsically conductive or have electronic 

functionality, (ii) fibers that sense, have memory and have two or more functions in one 

fiber, and (iii) stretchable e-fibers and fibers constituting transistors, new forms of energy 

harvesting. Photovoltaic and highly conductive fibers are the most commonly utilized fibers 

in wearable smart e-textiles currently in the market [19]. 

 
 

2.1.3.1. CONDUCTIVE E-FIBERS 
 
As a popular research topic, the variety of raw materials used in forming conductive fabric is 

extensive and the list continues to grow. The CFMC™ (Conductive Fiber Manufacturers 

Council™) was launched in 2009 as a result of fragmentation in the industry and limitations 

on readily available resources. CFMC™ founders saw an opportunity to form an 

international trade and business resource for companies that manufacture conductive yarns 

and fibers [24].  

 

Hugo Trux, executive director of CFMC™ defines conductive fibers to fit into two 

categories: (i) those that consist of intrinsically conductive metal monofilaments and (ii) a 

non-conductive/ a less conductive substrate, which are then either coated or embedded with 

electrically conductive elements. These two categories are simplified as (i) intrinsically 

conductive fibers and (ii) treated or functionalized fibers. For use in e-textiles there are three 

basic conductive materials: metals, conductive carbon allotropes, and intrinsically conductive 

polymers [25]. 



 18 

The electrical properties of e-fibers and e-yarns can be classified as highly conductive 

(metals), semi conductive (ionomers and silicones) or insulator (insulating polymers). 

Furthermore, basic metals take on new conductive properties when alloyed with different 

metals. Metals may be used as finely drawn fibers blended in the pre-spinning stage or as 

filaments that may be mixed with other yarns at fabric formation stage. A variety of patented 

techniques on the production of electroconductive fibers and yarns include: wire drawing, 

polymer metallizing, conductive polymer extruding, polymer metalizing, chemical vapor 

deposition, over wrapping, wire extruding, coil sheet shaving, melt extraction, melt spinning, 

and carbon nanotechnology [26] (see Figure 5: process technology row).  

 

Of these techniques metal monofilament fibers are typically produced by either bundle 

drawing or by a shaving process [27]. The bundle-drawing process consists of bundling 

several fine metal wires then drawing them continuously and simultaneously from source 

metals. The shaving process develops the metallic fibers by shaving off the edge of a thin 

sheet metal coil. Silver and copper are amongst the most conductive elements but aluminum, 

nickel, tin, steel, gold, etc. are also used for conductivity [25]. 

 

Conductive continuous filament or staple fibers may be spun with varying ratios of non-

conductive fibers to create yarns that possess different degrees of conductivity. Conductive 

nylon and polyester are two examples of this and can be purchased as filament or staple form 

to be spun into yarn [30]. The application of conductive fibers in e-yarns is explained in 

Section 2.2.1. 

 

The advantages of metal fibers are their strength, composition, and biological inertness. Due 

to its inertness, the raw material itself is not sensitive to washing or sweating. However, 

metals have some drawbacks, such as lack of flexibility in their traditional size/form, their 

price, and their environmental effects. Yet they are still the only viable option for 

applications where high conductivity is required [31]. Additionally, they are heavier than 

most textile fibers, making homogeneous blends with textile fibers difficult to produce [32]. 
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Figure 5. Conductive Materials and Process Technologies. Note. Information 
referenced from [7], [29], [5], [28]. 
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The poor characteristics are not defining issues because large quantities of metal are rarely 

needed. Copper fiber, for example, may contain just a third of the copper in the solid wire it 

replaces. Fibers of stainless steel made by R.STAT, a French firm, are under 12 microns in 

diameter—less than half the thickness of a human hair. It is so soft to handle that people 

cannot tell it is made from steel, says Pascal Peninon, an R.STAT manager [33]. Most textile 

applications utilize fibers in the range of 8 to 14 microns.  

 

Metal monofilament limitations have led to research and development of conductively 

treated fibers. The objective is to manufacture conductive fibers with superior properties thus 

allowing for the integration of sensing agents on the fiber level. Coating can be employed to 

treat and functionalize an intrinsically conductive or non-conductive fiber. Production 

technologies for coating include: wet spinning, melt spinning from conductive polymers, or 

coating fibers with electrically conductive materials such as metal powders and carbon black 

or intrinsically conductive polymers.  

 

The functionalized fibers produced not only gain controllable electrical properties, but also 

maintain their excellent physical properties such as mechanical strength and flexibility [31]. 

Treated conductive fibers composed by a matrix polymer and conductive layer can be 

manufactured using their respective fiber spinning technology. Substrate fibers typically 

include cotton, polyester, nylon and stainless steel. High performance substrate fibers are 

aramids or carbon nanotubes [24].  

 

Fiber performance is a direct result of their physical properties (i.e. electrical properties, 

diameter, linear density, length, cross-section, coefficient of friction). These physical 

properties can be adjusted to meet a variety of performance needs. For example, due to their 

high conductivity, silver plated fibers may be considered the best option for conductive fabric 

sensors to be worn close to the body. Nevertheless, poor washability and poor resistance to 

strain due to the development of stress cracks during cladding, make their life span shorter 

than fibers made of stainless steel [30]. This issue could be resolved by selecting a fiber with 
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high tenacity and low elongation. A protective polymer coating may also be added to 

improve washability.  

 
 

2.1.3.2. MATERIAL PROPERTIES  
 
The identification of fiber and material properties is an essential part of e-textile performance 

evaluation and, ultimately, their reliability [34]. Even though e-textiles have additional 

functions compared to their traditional counterparts, their performance properties can be 

analyzed as they would be for traditional textiles. Performance properties are understood by 

the e-textile’s fiber properties, yarn processing methods, fabric formation and product 

assembly. 

 

The evaluation of e-textile performance properties can provide a framework for assessing a 

textile product’s ability to meet consumer needs and the intended design criterion. 

Performance properties describe the manner in which a fiber, yarn, textile, textile component, 

or textile product responds to use or how it responds when exposed to some environmental 

factor that might adversely affect it [35]. Overall, a finished e-textile product is evaluated on 

its mechanical and electrical properties, durability, comfort, appearance retention, ease of 

care, environmental impact, cost and safety. The market will not accept a textile if these 

criteria are not met during its specified service life. 

 

Non-conductive elements and materials must also be considered when analyzing the 

properties of an e-textile. Some common materials for the formation of electrically 

conductive networks are nylon, polyester, acrylic fibers, or blends. These non-conductive 

yarns serve to separate the conductive fibers and prevent yarns from shorting each other. The 

main considerations in choosing the non-conducting fibers are ease of processing, strength, 

comfort, and temperature requirements. Depending on the application, the primary function 

may be comfort, protection, or electroconductive performance [36]. Table 4 outlines a 

selection of textile fiber properties and how they contribute to resulting yarn properties. 
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Table 4. Textile Fiber Properties  
Fiber Property / Characteristic Is due to Influences yarn… 
Length* The physical structure of the 

fiber type: natural or manmade 
Strength, count, hairiness, 
regularity, frictional contacts, 
processing machinery 

Fineness* Fiber diameter Strength, count, regularity, 
stiffness, aesthetics 
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er
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Strength* is the ability to resist 
stress a tensile strength (pounds 
per square inch) or as tenacity 
(grams per denier) 

Molecular structure, orientation, 
crystallinity, degree of 
polymerization 

Durability, tear strength, count, 
pilling, processing efficiency 

Stiffness or rigidity is resistance 
to stretching, bending or twisting 

Chemical and molecular 
structure 

Processability of spun yarns, 
comfort, selection of processing 
machinery, draw ratio 

Elastic characteristics are the 
definition of stiffness properties 
(modulus, flexural rigidity, 
torsional rigidity) 

Chemical and molecular 
structure: side chains, cross 
links, strong bonds 

Aesthetics: appearance, comfort, 
resiliency- (more important for 
natural fibers compared to MMF) 

Elongation is the ability to be 
stretched, extended, or 
lengthened. Varies with 
conditions (wet/dry) and 
temperatures. 

Fiber crimp, molecular structure: 
molecular crimp and orientation 

Strength, structure, spin limit (yarn 
breaks) 

Elastic Recovery the degree to 
which fibers will recover (from 
deformation: plastic or elastic) 

Chemical and molecular 
structure: side chains, cross 
links, strong bonds 

Processability, resiliency, creep 
(delayed or gradual recovery from 
elongation or strain) 

Cross Section Shape Build of cellulose during plant 
growth (cotton), the shape of the 
hair follicle and formation of 
protein substances in animals 
(wool), the shape of the spinneret 
opening and the spinning method 
(MMF) 

Behavior: bending and twisting 
stiffness, appearance (luster, 
texture, hand), bulk (packing of 
fibers) 

Crimp (waviness in fibers) Waves, bends twists, coils, or 
curls along the length of the fiber 

Cohesiveness, resiliency, resistance 
to abrasion, stretch, bulk 

Friction (fiber/fiber), (fiber/metal) Cohesion of crimp, cross section 
shape, natural or synthetic waxes 
on fiber surface (topographic 
properties) 

Depending on friction level: 
processability, spinning speed, 
amount of deposits and fiber 
damage 

Note. Information referenced from [35], [37], [38]. 
 

E-yarn type and structure influence a fabric’s comfort, hand, electrical and mechanical 

performance. The fabrication method used to produce an e-textile influences the product’s 

appearance, texture, performance during use/care, and final cost. Any additional finishes may 

alter the fabric’s hand, appearance and performance. 
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The fiber, yarn, and fabric formation of an e-textile are all considered as to best evaluate the 

overall performance. For conductive e-textiles, knowledge of the fiber’s electrical and 

mechanical properties will help to understand the yarn’s contribution to a potential electrical 

failure of the conductive network. On the fiber and yarn level, conductive properties are 

determined by their physical structure, chemical composition, molecular arrangement and 

electrical conductivity (inherent and/or treated). Electrically conductive fibers usually lack 

typical textile fiber properties such as comfort, wear resistance, and dyeability. Modifying 

the fiber structure, changing the finishing technologies and using new materials can solve 

these limitations. Wear resistance problems are increasingly solved by means of coating the 

traditional textile fibers with conductive materials.  

 

After an e-textile is produced, the subsequent manufacturing processes contribute to the 

comfort, reliability and lifespan of the finished product. These processes include: (i) 

assembly (cut and sew methods) to make into a wearable garment, and (ii) network 

connections within the garment and across seams to attach smart functional components. The 

electrical integrity is ultimately determined by a range of mechanisms such as conductivity of 

the material itself, its sensitivity to deformation, contact resistance, and the number of 

contacts between fibers/yarns [3]. 

 

As previously mentioned, e-textile research has reached a point where a multitude of end use 

applications are possible. This is a result of innumerable combinations of source materials 

and processing technologies. The advancement of the e-textile field is guided by past 

research accomplishments and the achieved performance properties of smart wearable 

prototypes, early products, and established products on the market. This information assists 

e-textile research teams and developers to select the appropriate fibers (conductive and non-

conductive), yarn processes, and fabrication methods for specific end uses. 

 

Identifying a textile and e-textile’s desired properties is critical when deciding on the 

materials and fabrication technologies to use. A great example of how material properties 
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influence wearable smart e-textile design parameters comes from Georgia Tech’s Wearable 

Motherboard (GTWM) intelligent garment. The GTWM was an early smart textile developed 

from 1996 onwards and has become a highly referenced topic in the field. In Figure 6 the 

design and development framework for the garment provides a visual flow chart for the 

relationship between the garment’s performance requirements, desired properties, materials 

and fabrication technologies, and the design parameters. The figure shows that by 

implementing the outlined design parameters informs the selection of fabrication 

technologies and ultimately yield the desired properties. 

 

 
Figure 6. GTWM: Design and Development Framework. Note. Adapted from 
[10] page 232. 

Functionality

Requirements Properties
Materials and 
Fabrication 

Technologies

Design 
Parameters

Usability in 
Combat

Wearability

Connectability

Durability

Maintainability

Affordability

Translate into Are achieved through By applying 
these

Sensing Properties
- Electrical/optical conductivity
- Resistivity (of insulating layer)
- Act as an elastic circuit board
- Attenuation of signal
- Bending rigidity
- Flexural endurance
- Elongation and creep
- Tensile strength and modulus
- Weight
- Manufacturability
- Cost

Comfort Properties
- Fabric hand
- Air permeability
- Stretchability
- Bending rigidity
- Weight
- Tensile strength and modulus
- Static dissipation
- Form fitting
- Manufacturability
- Cost

- Penetration sensing 
component (PSC)

- Electrical conducting 
component (ECC)

- Comfort component (CC)
- Form-fiting component (FFC)
- Static dissipating component 

(SDC)

Desired Properties

Design

Lead to

Penetration sensing comp (PSC)
- Plastic optical fibers
- Silica optical fibers

Numerical aperture (NA), 
signal attenuation, bandwidth, 
bending radius, strength

Materials Design Parameters

Electrical conducting comp (ECC)
- Copper core/PE sheath
- Polyacetylene core/PE sheath

Electrical conductivity, 
resistivity, strength, flexibility

Comfort component (CC)
- Meraklon (modified 

polypropylene)
- Cotton
- Microdenier poly/cotton blend
- Gore-Tex film

Fiber length, fineness, 
uniformity (U%), maturity, 
strength, elongation, moisture 
absorption, density, friction, 
cross-sectional shape.

Form-fitting component (FFC)
- Spandex

Strength, elongation, fineness, 
creep/elastic reovery

Static dissipating comp (SDC)
- Nega-stat

Change dissipation rate, 
fineness

Tubular
Warp/weft density, weave 
structure, warp/weft yarn count

Manufacturing Technologies Design Parameters

Inlay knitting
Wale/course density, knit 
structure, yarn count

Embroidery
Type of backing fabric, pattern, 
thread count

GTWM Assembly Design Parameters

Interconnections
Sensor mounting

Sensor locations, sensor 
interconnection technology
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2.1.4. METHODS FOR CONDUCTIVE AND SMART MATERIAL 
INTEGRATION  

 
The desired properties and performance requirements of an e-textile product are in part 

achieved by the fabrication method used for integrating conductive and smart materials. The 

end product dictates at which level the conductive and smart elements are integrated into the 

textile. Furthermore, it would dictate the composition of the electronic elements and 

conductive network. With that said, even though a combination of integration levels can be 

used to achieve a smart e-textile they will still be considered hybrids. The ultimate goal for e-

textiles is to achieve full integration for all added intelligence, which can be achieved on the 

fiber level. This would mean that the conductive material, sensors, actuators, data processing 

unit, communication system, and energy source all to be located on the fiber and/or yarn 

level.  

 

The chosen fabric formation that uses these highly intelligent fully integrated fibers would 

have the ability to achieve any and all of the five main functions. Furthermore, these fibers 

will have the same processability as traditional textile fibers. This would be ideal, as it would 

not require specialized fiber, yarn, and fabric production equipment. However, research for 

fully integrated conductive and smart components is still in prototype and early product 

stage.  Therefore, the continued focus is on creating reliable conductive tracks or wiring 

structures that do not hinder the user with undesired mechanical characteristics [23].  

 

Electrically conductive textiles are produced by means of conventional textile processes; 

starting with electrically conductive particles that are spun into fibers by means of melt 

spinning that may be plied or coated to make the final required e-yarns. The conductive 

materials are combined with non-conductive components, into wearable systems using a 

textile formation method Weaving, knitting, stitching, and printing are examples of textile 

formation methods. 
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Due to the many methods of processing technologies smart textiles are often classified 

according to the design paradigm chosen to integrate electronic functions into the textile 

architecture. An integration level ranging from high to low refers to the physical level at 

which conductive materials and smart components are incorporated into the textile structure 

(see Table 5). 

 

Categorizing e-textiles by the degree of integration may help to define their performance 

properties. For example, the method used for integrating an electrically conductive network 

can yield different electrical properties. High integration by weaving an electrically 

conductive fiber or yarn creates the most stable structure because no lateral yarn movement is 

possible. Furthermore, weave construction can support multiple conductive yarns per trace, 

which enhances the material’s ability to conduct an electrical current.   

 

Table 5. Degree of Technology Integration 
Degree Type Description 

HIGH 
 
 
 
 
 
 
 
 
 
LOW 

Integration of conductive and/or smart 
material in textile at the fiber level Technology is integrated into fabric as an 

intrinsic part. Fabric itself equivalent to the 
electrical circuitry. Integration of conductive material and/or 

smart material in textile at the yarn level 
Embroidery or sewing with conductive thread 
on textile substrate 

Technology is physically attached or embedded 
into woven, knit, or nonwoven textile substrate 

(conductive or non-conductive). 

Printed conductive ink or paste on textile 
substrate 
Laminated or layered conductive film or mesh 
on textile substrate 

 

In comparison, low integration by impregnating textile substrates with conductive carbon or 

metal powders, conductive ink printing, or by embroidering is likely to produce a semi-

conductive textile. There are also issues of reliability for long-term conductivity because the 

printed conductive layer is brittle. The symbolic sketch in Figure 7 represents the different 

methods for smart and conductive material integration. Table 6 provides a description of the 

realized properties for each method.  
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Figure 7. Methods for Smart and Conductive Material Integration. Note. The 
symbolic sketch displays the various process technologies and levels at which 
smart and conductive materials can be integrated into a textile. It is not 
representative of an e-textile.  It is a visual tool to help understand the variety 
of integration levels. 

 

Table 6. Explanation of Figure 7 

Note. Information referenced from [12], [23], and [39]. Table is ordered from high to low 
degree of integration (A = highest degree, F = lowest degree). 

 Description Realized Properties 
A E-fiber Metals are superior in strength and fineness and when integrated on the fiber 

level the fabric itself is equivalent to an electrical circuit. Ability to design the 
e-fiber to meet the required mechanical and electrical properties and to achieve 
seamless integration of smart components. 

B E-yarn In order to produce a successful conductive yarn, the best mix of conductive 
and non-conductive materials is critical. As a thread takes on a bigger portion 
of conductive components, it loses the typical textile properties such as 
flexibility or drapability and becomes more conductive. 

C Woven structure  Represents the woven formation of conduction and/or non-conductive warp 
and weft yarns. Weaving is the simplest way to integrate metals. Plain weave 
is found to be desirable because its construction represents the most stable 
structure where no lateral yarn movement is possible. 

D Embroidery  Stitching a conductive thread is beneficial in that a conductive path can go in 
any direction crossing over seams in apparel composition. Embroidery creates 
potential for electronic embroidery. 

E Conductive coating 
or finish  

Printing or plating conductive inks directly on the fabric surface is the most 
common. However, printing often causes stability issues for long-term 
conductivity because the printed conductive layer is brittle. 

F Printed flexible 
circuit  

Accuracy of conductive paths. Issues with washability, deformation, and 
adhesion. 
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Research for high integration of conductive materials at the fiber, yarn and fabric level has 

been motivated by the needs of the medical and military fields. These research efforts focus 

on technology development and electrically conductive systems that are built from the fiber 

upwards (high integration) [12]. This is in contrast to the more traditional top-down (low-

integration) methods that apply surface finishes to a non-conductive textile substrate.  

 
The development of a fully integrated e-textile is an ultimate goal for the application of e-

textiles for defense uniforms. The objective is to replace all of the wiring and even some 

devices (and their connectors) with a single multifunctional textile layer. The integration of 

all required performance properties into one textile layer might even replace an existing 

garment layer, also offering insulation, waterproofing, chemical, biological, radiological or 

nuclear (CBRN) protection, or camouflage [4]. 

 

Methods of high integration, starting at the fiber level, provide research opportunities to 

develop a versatile, adaptable and custom textile. There is no ‘one size fits all’ soldier 

system, and soldiers must be allowed to take ownership of their own systems, customizing 

them to their preferred specifications and arrangements [40]. Development for the future 

Soldier System with fully integrated e-textiles will allow advanced sensor, data processing, 

and communications technology to be integrated into the soldier’s load. Wearable power 

generating devices will soon allow the soldier to achieve greater logistical independence 

from infrastructures used to power the many items they must carry and the present reliance 

on disposable batteries [41]. 

 

According to Asha Peta Thompson, founder of UK based Intelligent Textiles Company, 

development of their technology has been ongoing for a while and one of the things they are 

waiting on is for the electronic devices to catch up with the e-textiles technology [40]. 

 

Electronics and textile technologies have different characteristics and requirements. 

Electronic processes are expensive and precise. In comparison, textile processes are typically 
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used to produce large textile surfaces at a low cost, but with less accurate dimension 

requirements [12]. Therefore, the merging of these fields will need to combine and translate 

the requirements from both industries into a complementary process.  

 
 

2.1.5. E-TEXTILE CATEGORIZATION SUMMARY 
 
This section provided a method for e-textile categorization as outlined in Figure 1.  As the 

smart e-textile field continues to grow it is important to identify methods for categorization 

and standardization. It serves as a common frame of reference that can bridge the 

communication gap in this multidisciplinary field and ultimately provide a baseline 

educational structure for e-textiles. An example of how to apply the categorization method is 

in Section 2.3.1. 

 

The four factors that collectively influence e-textile categorization discussed above present a 

broad view of components, materials, and processing technologies.  A deeper understanding 

of the accomplishments made in the smart textile field and an insight to identify areas for 

future research can be gained with a process characterization.  

 
 

2.2. PROCESS CHARACTERIZATION:  E-YARNS, E-TEXTILE FORMATION, 
AND INTERCONNECTION METHODS 

 
The principal activity in a process characterization is to collect and analyze data so that a 

conclusion can be drawn that may improve the process in question. This characterization 

study involved screening research reports and patents.  Individual processing parameters 

were investigated to understand their influence on various properties of e-yarns, e-textiles, 

interconnection and device attachment methods.   
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2.2.1. E-YARNS 
 
The term yarn is to be understood as a continuous strand of fibers, filaments or materials in a 

form suitable for knitting, weaving, or otherwise intertwining to form a textile fabric [35]. 

Conductive yarns are those that contain metallic fibers or filaments. The term metallic fiber, 

in its general sense, means simply a fiber that is made from metal. The generic term metallic 

was adopted by the US Federal Trade Commission and is defined as a manufactured fiber 

composed of metal, plastic-coated metal, metal-coated plastic, or a core completely covered 

by metal. Thus, metallic fibers are produced from metals, which may be alone or in 

conjunction with other substances [42]. 

 

Using the conducting fibers, conductive yarns can be produced with the following four 

methods: (i) metallic fiber made from fine gauge copper (bundle drawing), which yields 

intrinsically conductive yarns, (ii) production of electrically conductive fibers by wet or melt 

spinning (conductive fillers), which yields treated conductive yarns, (iii) coating or dyeing 

fiber with electrically conductive materials (metal powder, carbon black), which yields 

treated conductive yarns, and (iv) traditional core spinning technology using conductive fiber 

in the core covered by non-conducting sheath fibers (friction spinning, ring spinning, hollow 

spindle, rotor twisting), which yields both intrinsically and treated conductive yarns [43].  

 

This section investigates these four methods and forms a process characterization for e-yarns. 

The first three methods are explained in the following section, producing metal fibers. The 

fourth method is explained in Section 2.2.1.2, spinning technologies for e-yarn formation. 

 
 

2.2.1.1. PRODUCING METAL FIBERS  
 
As explained in the conductive fiber Section 2.1.3.1, the classification of conductive 

materials is divided into two groups: intrinsically conductive fiber/yarn and fiber/yarn that is 

specially treated to gain conductivity. To provide a deeper understanding of this topic the 

following section investigates processing parameters of conductive fibers from both groups.  
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Yarns can consist of a single filament (monofilament) or of a group of fibers/filaments that 

are twisted together (see Figure 8). The conductivity of these yarns ranges from about 0.5 

Ω/m to several k Ω/m, depending on the amount and type of metal used [5]. The yarn 

becomes more conductive as greater portions of conductive components are added, but it 

may lose the typical textile properties such as flexibility or drapability. 
 

 
Figure 8. Conductive Yarns [10] page 464 

 

In addition to an e-yarn’s electroconductive properties, mechanical behavior must be 

investigated [28]. A yarn’s response to applied force determines both the behavior of the yarn 

during processing and the performance of the final textile product. For this reason e-yarn 

selection often requires a tradeoff between electrical properties and processability. The 

chemical and molecular structures of the e-yarn widely impact processability and its 

suitability for use in a specific textile formation process.  

 

For example, to produce a highly conductive yarn, a copper or silver wire drawn 

monofilament would be the initial selection. The tradeoff for choosing high electrical 

conductivity is the presence of weak mechanical properties (low elongation and elastic 

recovery). From a processability point of view, low resistance metal yarns have limited 

elasticity and strength [12]. This issue would likely result in breaks that have to be joined by 

knots in the yarn which, ultimately reduces the e-textile’s reliability.  
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A metal yarn development, similar to the above scenario, is called digital yarn.  Despite the 

elasticity and strength limitations, an example of a high performance metal filament yarn was 

successfully developed to transmit data. KITECH (Korea Institute of Industrial Technology) 

created ‘digital yarn’ based on the need for a highly conductive yarn to transmit data. The 

bundle-drawing process produces the core material, copper filament. The yarn diameter is 

10~16 µ and is composed of two to three metal filaments twisted together. A fluorine resin 

coating applied to the copper filament blocks outside noise and provides a water protective 

function [44]. 

 

The metallization processes in the yarn stage can be roughly divided into three areas: binder 

coating, vacuum deposition, and electroless plating [25]. A thickness of a metal layer that is 

less than one micrometer is generally called a thin film while a greater thickness is called a 

coating. Metal coating with a binder is a similar process to conventional polymer coating. 

High leafing metal pastes (65-70%) are made of metal particles (carbon black, metal wires, 

graphite and metal powder or flakes of Al, Cu, Ni, Ag) [27]. They are incorporated into a 

polymeric carrier, such as synthetic rubber, PVC, polyurethanes, silicones and then coated on 

the yarns. The coating method may be conventional knife or roller coating [43]. This new 

polymer structure allows the polymer to conduct electricity, thus creating an electrically 

conductive polymer. Polymer properties, such as conductivity, hydrophilic/hydrophobic state 

of the polymer’s surface, color, volume, and gas permeability can be adjusted during doping 

for specific end use [17]. Other properties of the coatings will largely depend on the choice 

of binder polymer [25]. 

 

One innovation using polymer coating is a micro conductor technology identified by EY 

Technologies in 2011 [26]. A combined effort between EY Technologies and the US Army 

resulted in a successful large-scale production of textile grade micro conductors. The new 

micro wire fibers will significantly improve the conformability of the current wearable 

products, which were previously struggling to gain consumer acceptance. 
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These conductive fibers contain a continuous metallic core and polymer-insulating sheath.  

The production was based on a refined commercial electro-optical fiber production method 

(refined using indium and tin alloys). EY Technologies explains that the identification of two 

conductive metal alloys that melt below polymer melting temperatures was the key to the 

success.  EY technologies produce a range of textile grade micro conductors under the trade 

name, iCon fiber.  The micro wires can be customized with a variety of polymer sheaths and 

micro wire to provide different colors, total transparency, lateral/edge glow properties and 

fire retardancy to the end product.  

 

An advantage of coatings is they are suitable for many fiber types.  They also produce good 

conductivity without significantly altering existing key substrate properties such as density, 

flexibility, and handle [25]. Metallic coatings can yield highly conductive fibers, however, 

adhesion and corrosion resistance to strain and stress after washing can present problems 

[17]. 

 

Vacuum deposition is a coating process that uses physical vapor deposition. It is an umbrella 

to other vacuum deposition processes used to deposit layers of material atom-by-atom or 

molecule-by-molecule on the substrate [45]. These processes operate with vacuum pressure. 

Specifically for e-yarns, the methods used to condensing particles are evaporation deposition 

and sputtering [27]. 

 

In evaporative deposition and sputtering, the vacuum allows vapor particles to travel directly 

to the substrate where they condense back to a solid state. This can produce uniform coating 

for a wide range of thicknesses and good adhesion for varying levels of conductivity. 

Typically the applications of vacuum deposition processes are used for electrical conductors 

(metallic films or superconducting films), semiconductor films, diffusion barriers (gas 

penetration and vapor penetration barriers), and corrosion protection [25]. 
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Electroless plating is an alternative method to vacuum deposition. It uses a chemical redox 

reaction to adhere a metallic film to the substrate. The dielectric textile substrate is immersed 

in a solution containing a reducing agent and metal ions, resulting in a homogenous layer of 

metal deposited onto the yarn. This method is primarily used to change the surface properties 

of a substrate (abrasion and wear resistance, corrosion protection, and aesthetic qualities).  

Like evaporative deposition, electroless plating produces a uniform conductive coating, but is 

expensive [25]. 

 

It has been thought that the lack of industrially weavable and knittable conductive yarns in 

conjunction with high capacitance limits the wide-scale application of energy storing e-

textiles. However, a study conducted by Chunyi Zhi et al., found a viable option for 

achieving this type of yarn. The twist-bundle-drawing technique and electrodeposition are 

used to produce a modified yarn that exhibits high capacitances and energy storage 

capabilities [46].   

 

To achieve high capacitance electrochemical composites (rGO and MnO2) and Polypyrrole 

(PPy) are electrodeposited on twist-bundle-drawn stainless steel 316L thin fibers. Stainless 

steel was selected because its micrometer sized fibers are very flexible. The layers of 

deposition around the stainless steel form a hierarchical structure that allows the prepared 

yarns to endure very fast voltage and current change rates.  

 

These yarns show high surface capacitance and can be assembled both in series and in 

parallel to meet the voltage/current requirements in practical application like energy storage 

textiles. This study demonstrates how the coupling of drawn metal filaments with 

electrodeposition methods can be used to create desired performance properties.  

 

A study [29] by Schwarz et al. reports on the form and structure of thin copper films on para-

aramid yarns and their electroconductive and mechanical properties. In this research, para-

aramid yarns were coated with layers of PPy and copper following the electroless deposition 
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method. Para-aramid fibers were selected for their good mechanical characteristics such as 

high strength to weight ratio (high tenacity) and low extendibility. Adding the copper layer 

was expected to further improve on the para-aramid’s strength.  

 

Hydrogen gas bubbles are released during the deposition process. If the system is not in 

constant motion, the bubbles will remain on the surface. Consequently, the copper surface 

roughens due to hydrogen gas bubbles that are entrapped in between the different layers that 

built up during the autocatalytic deposition process. The coarsening of the layer increases 

with deposition time. 

 

The electrical resistance measurements of the PPy-Cu-coated yarns reveal that the electrical 

resistance exponentially decreases with deposition time. However, layer thickness shows a 

linear increase with deposition time. Since the copper layer thickness increases with time, the 

electrical resistance decreases. The resistance reduces from 0.053 Ωcm-1 for deposition time 

of five minutes, to 0.008 Ωcm-1 for a deposition time of 30 minutes. These outcomes 

encourage application as a functional layer in a fiber based transistor. 

 

Wet or melt spinning produces loaded textile fibers and yarns with carbon or metallic salts. 

They possess good conductivity and they are easily processed in conventional yarn 

processing systems. Metallic-salt loaded fibers have comparatively lower conductivity and 

are usually used when lower conductivity is desired [45]. The level of conductivity will 

depend on the degree of delocalized electrons; thus making graphitization and purity of the 

carbon compounds important factors. 

 

Conductive filler such as carbon black is incorporated into nylon or polyester polymer and 

extruded together through the spinneret to form the conducting fiber/yarn. Carbon content is 

limited to 40% because the mechanical properties of the polymer are adversely affected by 

carbon content greater than 40% by weight [43]. Conducting fibers are also produced by 
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incorporating carbon nanofibers (CNF) or carbon nanotubes (CNT) into the polymer matrix 

and then spinning them together. The nanotubes are dispersed in melt or liquid [43]. 

 

Multifilament yarns are 10 times more conductive than that of the rods with the same filler 

content. This result is related to the draw spinning process, which helps the parallelizing of 

nanotubes along the length of the yarn. For example, it was found in [47] that PA-

6/functionalized nanotubes (4 wt%) rod is almost 10 times more conductive than that of PA-

6/non-functionalized nanotubes (4 wt%) rod. It shows that the functionalization of nanotubes 

before mixing with the matrix polymer is efficient to enhance the electrical properties. 

 

Consistency in manufacturing has driven some of the biggest issues for treated e-yarns.  The 

oldest process for coated e-yarns is wet process, where the yarn is pulled through a series of 

tanks for washing, cleaning, chemical plating, and electroplating. Yarn tension is critical 

because excessive tension binds up the yarn and will not allow proper coating inside the tow; 

improper tension will cause the spools to tear or unravel from their pulley guides [48].   

 

The chemistry is often sensitive in wet processes, and must be closely monitored, or else 

coating will be uneven. Coating yarn is a slow and meticulous process, and thus expensive.  

Batch processes would be preferable, just like yarns are dyed in vats under pressure or 

immersion; however, a satisfactory method for this does not yet exist [48].   

 

The possibilities for e-yarn construction are limitless due to the combinations of materials 

and processes available. Figure 9 presents a visual tool to help understand the wide variety of 

e-yarn structures and how multiple processing technologies can be combined to achieve 

specific performance properties. The process technology and realized properties for each 

example are explained in Table 7. 
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Figure 9. Illustration of e-yarn with various process technologies. Note. The 
symbolic sketch displays the various process technologies and levels at which 
they can be applied to form conductive fibers and e-yarns. It is not 
representative of an actual e-yarn.  It is a visual tool to help understand the 
wide variety of e-yarn structures and how multiple processing technologies 
can be combined to achieve specific performance properties. 
 

Table 7. Explanation of Figure 9 

 
 
 

 Description Process Technology Realized Properties 
A Group of metal multifilament, 

treated fibers, non-conductive 
fibers (twisted) 

Example of how different 
conductive fibers can be 
twisted together to form a 
conductive core to yarn B 

Depending on the conductive 
materials used: improved tenacity 
and sensing capabilities 

B Non-conductive fibers provide 
an insulation layer for twisted 
metal wire and/or treated fibers. 

Similar to F yet illustrates the 
ability to form a hierarchal 
structure from various 
processing technologies 

Improved mechanical properties 
and insulation from harsh 
environments 

C Metal filament coated with 
conductive polymer (on fiber 
level) 

Solvent casting, wet spinning, 
melt spinning from conductive 
polymer 

Controllable conductivity and 
improved mechanical properties 

D Group of metal multifilament, 
treated fibers, non-conductive 
fibers (with no twist) 

D illustrates that fibers without 
twist can also be formed into 
conductive yarns with coating 
processes 
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Table 7 (Continued) 

Note. Information referenced from [45], [29], [25], [30]. 
 
 

2.2.1.2. SPINNING TECHNOLOGIES FOR E-YARN FORMATION 
 
The physical demands of textile processing have led researchers to improve the physical and 

mechanical properties of metal monofilament and multifilament yarns. Few e-yarns are 

solely made of a wire metal monofilament. It is more likely for metal monofilaments to be 

used as the main conductive component for a wide array of intrinsically conductive e-yarns 

[49]. This is achieved by various spinning methods, and by combining the metal with textile 

yarns like cotton, polyester, polyamides and aramid. 

 

A straightforward approach to produce a conductive yarn is to incorporate metal filament or 

treated conductive fibers into the yarn by spinning technologies. It is possible to spin 

conductive fibers with non-conductive natural or synthetic fibers. Conductive fibers and 

yarns can be formed using various spinning technologies, described below. 

 

There are different spinning technologies that can produce compound yarns. The basic 

difference among these technologies is the manner in which the core and wrapping fibers are 

E Metal monofilament Wire drawing or shaving High conductivity, weak 
mechanical properties, easily 
processed with non-conductive 
yarns or coatings to gain improved 
properties 

F Core Spun (sheath layer) Core spun: wrapping, 
stranding, twisting yarn 
around a core yarn 

-Improved mechanical properties 
-Insulation: polymer or non-
conductive yarn wrapped around 
conductive core makes the core 
more robust and resistant to 
challenging environments and 
laundering 

G Coated with intrinsically 
conductive materials (yarn 
level) 

Vacuum deposition, 
Electroless plating, Sputtering 

-Maintains existing substrate 
properties 
-Coatings are may strain and crack 
after washing 

H Coating with conductive 
polymer (yarn level) 

Solvent casting, wet spinning, 
melt spinning from conductive 
polymer 

A hierarchal structure of coating 
layers improves sensing 
capabilities, data transfer and 
conductivity 
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combined [50]. Core-spun yarn is a core-sheath yarn, formed by twisting fibers as a sheath 

around an existing core of either a filament or staple spun yarn. These are two-layered 

structures, the core filament yarn normally providing strength and durability. 

These yarns can be produced by ring spinning, rotor spinning, friction spinning, wrap or 

hollow spindle spinning [51]. The manufacturing principles of core-spun yarns are those used 

for traditional textile yarns. The raw materials used for conductive yarns must comply with 

those required for the spinning systems (see Table 8).  

 

Table 8. Spinning Systems and Requisite Yarn Properties  
Spinning System Type of Raw Materials Used  
Ring spinning All short and medium staple fibers such as cotton, acrylic, polyester, viscose 
Rotor twister All short and medium staple fibers such as cotton, acrylic, polyester, viscose and 

their blends 
Friction spinning Core: (i) staple fibers such as cotton, acrylic, polyester, viscose, Kevlar, Nomex; 

(ii) mono- or multifilaments such as polyester, nylon, polypropylene, aramids, 
carbon glass, metallic wires, elastane. Sheath: all staple fibers as in core 

Core-spun yarn 
spinning 
(core/sheath) 

Core: all staple fibers, mono- or multifilaments, metallic wires, elastane. Sheath: 
all staple fibers 

Wrap spinning Core: all staple fibers. Sheath: mono- or multifilament 
Note. Highlights the range of fibrous raw materials used on various spinning systems to 
develop the requisite yarn properties for specific applications. Adapted from [52] page 83. 
 

Core-spun yarns present great opportunities for finely drawn metal monofilament and 

multifilament fibers. Wrapping, stranding, and twisting metal fibers around a textile core 

may construct more complex conductive yarns with improved mechanical properties. They 

can achieve great abrasion and pilling resistance because there is no hairiness protruding out 

of the yarn. Adding an insulation layer can make further improvements. Insulation can 

consist of a polymer coating or by wrapping insulating yarns, such as polyester, around the 

conductive core. This makes the wire more robust and resistant when exposed to more 

challenging environments including those found during laundering [12]. 

 

Ring spinning is the most common and traditional spinning process used to produce spun 

yarns. This is a basic and efficient system used to make core-spun yarns as well as core-spun 

conductive yarns. In ring spun yarns, twisting takes place from the outside inwards. At the 
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periphery, owing to the greater degree of winding, the fibers have a lower inclination that in 

the interior of the yarn. Since the fibers become steadily less tightly wound towards the core, 

ring spun yarn may be said to have sheath-twist. 

 

Core-spun yarns are made of multiple fibers or filaments, one or more of which are 

constrained to be permanently positioned at the central axis of the yarn, while the remaining 

fibers or filaments act as a sheath element. A schematic drawing of the core spinning 

attachment in ring spinning is shown in Figure 10. 

 

 
Figure 10. Schematic diagram of roving and metal filament core spun yarn 
spinning mechanism. Note. Adapted from [53] page 467. 
 

The realized performance properties of ring-spun conductive yarns depends on processing 

parameters of the metal filament such as: (i) the angle between the metal filament guide and 
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the front roller, (ii) the position of the metal filament in the front roller (centered or off 

centered), and (iii) the tension of the metal filament [43]. If the metal filament is fed to the 

center of the front roller, it will be covered by staple fibers in the yarn. If the metal filament 

is fed from the sides of the front roller, it will be wrapped on the staple fibers in the yarn.  

 
A metallic composite yarn may be formed by using a rotor twister [54]. Rotor spinning is an 

example of open-end spinning. The idea is to twist the yarn while not rotating the package. In 

contrast to ring spinning, twisting during rotor spinning takes place from the inside outwards. 

The rotating brush-like open yarn end initially catches the fibers in the core and then with 

further rotation gradually takes up fibers towards the periphery. In the interior, where the 

fibers cannot avoid the twist, the strand becomes more compact but also somewhat stiff. 

 

The technology from rotor spinning was applied to this wrapped yarn system by 

incorporating the rotor twister mechanism. Wrapped spun yarn consists of two component 

yarns: (i) a core of parallel untwisted staple fibers, sometimes together with a metallic yarn, 

and (ii) a binder wrap of either a filament yarn or of staple fibers on the yarn surface. The 

wrapping yarn adds cohesion to the staple fiber core by radial pressures along the wrap helix. 

Hollow spindle wrap spinning is the system that forms the surface fiber wrapping.  

 

The working principle of the rotor twister is illustrated in Figure 11. A package of 

conductive yarn is positioned onto the rotor twister device, which is driven by an external 

belt driven by a dedicated motor. Feed rollers continuously deliver single or multiple core 

yarns toward the rotor twister through a collector. Conductive yarn is also fed into the rotor 

twister together with core yarn then both yarns are twisted during rotor rotation. Adjusting 

the rotation of the rotor twister and the speed of yarn delivery can change the twist amount 

[43].  
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Figure 11. Schematic Diagram of a rotor twister. Note. Adapted from [54] 
page 1250. 

 

Friction-spinning is a standard process used to make core-spun yarns. A conductive core-

spun yarn can be produced with a sheath made of synthetic and stainless steel staple fibers 

and core made of a higher permeability stainless steel wire (see Figure 12).  

 

Friction spinning provides the opportunity to produce various yarn constructions. In certain 

constructions the outermost sheath layer is formed with non-conducting fibers. The 

core/sheath ratio could be in the order of 30/70. From the 70% sheath fibers, 10-30% could 

be conductive staple fibers. Adjusting the location of the slivers in the drafting unit can 

control the placement of the conductive fibers in the sheath. The properties of the conductive 

yarn in this method directly depend on the raw materials used and the feeding direction. 

Figure 13 displays the schematic of conductive yarn spinning by DREF III.  
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Figure 12. Schematic Diagram of Friction Spinning [55] page 16. 

 

DREF systems were an alternative to high drafts in spinning. Sliver is divided into two 

thinner slivers using airflow. This is claimed to produce strong yarn, which is believed to be 

associated with better control, but is difficult to apply to a full frame. This system produced a 

stronger yarn vs. normal ring spun yarn. It was discovered that this had nothing to do with 

airflow splitting the sliver in half, in fact, it was the suction roller made the yarn structure 

more compact.  

 

 
 

Figure 13. Schematic Diagram of DREF III friction spinning for producing 
conductive yarn. Note. Adapted from [56] page 1492. 
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There are two main advantages of using this system for producing conductive yarn. First, 

yarns can be produced with performance or functional fiber components in a central position. 

This reduces filament breaks and provides a desirable strength and complete core coverage. 

Second, this method eliminates the necessity for sizing when the yarns produced are used as 

warps in weaving [43].  

 

A study conducted by B.S. Dasaradhan et al. addresses the tensile properties of metal-filled 

copper core yarns produced by the DREF-II friction spinning system [57]. The paper reports 

the effects of the machine variables (spinning drum speed and yarn delivery speed) on sheath 

components at a core-sheath ratio.  

 

DREF is a spinning system that produces core-sheath yarns with improved quality and 

productivity (Figure 12). Core-sheath yarn is made by laying part of the fibers in an aligned 

fashion along the direction of yarn axis in the core. The sheath fibers create a transverse force 

to hold the core fibers together. The remaining fibers are then wrapped around the core [58].  

 

In the study copper core spun yarns were produced using a DREF-II system and a ring 

spinning machine with a core attachment device. The effects of machine parameters on the 

following yarn compositions were investigated (84tex copper core spun yarns with cotton 

and polyester sheaths of 179tex, 118tex, 94tex and 84tex).  

 

The speed of the spinning spindle is one of the process variables that directly influence the 

yarn twist. A higher twist increases conductivity but eventually reaches a threshold value at 

which point conductivity will begin to decrease. This is an important design parameter used 

to evaluate electrical properties and predict the fiber’s conductive reliability. The rise in 

spinning spindle speed increased the tenacities of the copper core yarns and decreased the 

breaking elongation. This may be because the wrapped sheath fibers were wrapped around 

the copper core and at a higher production speed the twist becomes low, leading to an early 

ruptures of yarns [57]. 
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Overall the results indicate that a substantial proportion of yarn tenacity is generated by the 

interaction of the copper core and polyester and cotton sheaths. The yarns with polyester 

sheath and copper core have higher tenacity compared to the yarns with cotton sheath and 

copper core yarns. This can be explained by the higher tensile strength of the polyester fiber 

compared to cotton fiber [57]. 

 

Hollow-spinning can be used to wrap metal filament (drawn metal or treated conductive 

yarn) on the well drafted staple fibers, or to wind textile filaments around the metal filament, 

which is more desired (see Figure 14). The method is used to make divided metal yarns, 

which consist of three different components: the core yarn, the effect yarn, and the binding 

yarn. The property of this type of yarn depends on constituent material combinations and 

spinning conditions such as twist and draft. 

 

This technology is not new, but the idea of applying it to staple fibers, as opposed to only 

filament fibers, was a first. The best known use for this technology is for spandex (such as 

Lycra® or other elastomer) as a core yarn and a textured nylon as the wrapper yarn. The 

input material is drafted into an even strand of staple fibers, which is then wrapped by 

another yarn to give pressure between the fibers to strengthen it. Twist is formed by a yarn 

being wrapped around another yarn instead of the twist formed by a yarn rotating around a 

package. For this reason this system can reach higher processing speeds. 

 

The drafted material is called the ‘core’ and can be made from any drafting system. The core 

is drafted to the required size but must allow for the size of binder. The strand passes down 

through hollow spindle and false twist is inserted to give the strand core temporary strength. 

The binder is then taken from the package on a rotating hollow spindle and wraps around the 

core to produce a yarn.  
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Figure 14. Schematic Diagram of the Hollow Spindle Process [59]. 

 

In [60] the limitations of e-yarns were addressed. Conductive yarns deform mostly plastically 

when they are stretched and when loaded, hence, woven textiles generally exhibit higher 

extension compared to conductive yarns. This mismatch in material properties may lead to 

problems in common textile applications.  

 

This issue presents an opportunity to improve the extensibility of conductive yarn so it can be 

used for integration in a woven textile. However, the required amplitude and wavelength of 

such a conductive yarn are in the order of millimeters. Such dimensions are not feasible for 

conductive yarns that are interlaced in woven textile. This could be possible if a conductive 

yarn had a larger extensibility spectrum [60]. 
 

In [28], a comparative study by Schwarz et al. reported successful development of e12-yarns 

also known as elastic, electroconductive yarns (see Figure 15). The processes used to make 

these metal-wrapped yarns range from extrusion of rubber based elastomers loaded with 
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carbon particles, and metallization of elastic yarns, to spinning of electroconductive filaments 

with elastic yarns. The spinning process used for el2-yarns is hollow spindle (see Figure 14). 

 

 
Figure 15. Elastic Electroconductive Yarn [59]. Note. Figure represents one 
variation of el2-yarns. 

 

Elastic yarns possess excellent elongation and recovery properties, so the question arises on 

how a yarn consisting of metal filaments combined with an elastic core behaves 

mechanically [28]. The use of a core elastomeric yarn improves appearance, handling 

characteristics, shrinkage control, color fastness, control over elongation, and the power of 

recovery [30]. Additionally, coated or wrapped elastic fibers help to achieve maximum 

extensibility without breaking the conductive connection of the woven conductive network 

they produce [26]. 

 

Elastic non-conductive yarns were used as core yarns and electroconductive yarns or 

filaments are applied as the winding yarn. The conductive winding yarns are wound around 

the elastic core in S and Z direction (see Figure 16). The two conductive winding yarns have 

individual twist parameters, referred to as twist 1 and twist 2.  Prior to being wrapped around 

elastic core yarn the conductive winding yarns are individually formed by using the opposing 

twist direction (winding yarn 1 with S twist and winding yarn 2 with Z twist).  
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The pre-strain load for the elastic core is determined by NL equation from patent WO 

2004/097089 [61]. The drafted length (NL) is given in terms of a draft ratio equal to the 

number of times a yarn is stretched from its relaxed unit length. The drafted length of the 

elastic member is defined to be that length to which the elastic member may be stretched and 

return to within 5% of its relaxed stress free unit length (L). The predetermined N applied to 

the elastic member is dependent upon the chemical and physical properties of the polymer 

comprising the elastic core and the covering and textile process used. Each conductive 

covering filament(s) has a length that is greater than the drafted length of the elastic core. As 

a result, the elastic core carries the elongating stress imposed on the composite yarn.  

 

 
Figure 16. Twist Direction [52] page 31. 

 

Analyzing the e12-yarn’s electroconductive properties upon elongation revealed that their 

electrical resistance remains constant over elongation levels up to 100%. However, it is 

shown that both, cyclic straining and washing decrease the yarn’s electrical performance and 

reliability [62]. The governing factor causing the failure of the copper-monofilament-based 

e12-yarns is the winding yarns’ rupture. The rupture is caused by ‘necking’, a common 

phenomenon occurring in metals, implying the thinning of the specimen at a point along its 

axis. Until a ‘neck’ forms in the copper filaments, the deformation is uniform throughout the 

filament, but all subsequent deformation takes part at the ‘neck’. It stands to reason that the 

thinner metal filament needs lower load to break the yarn at the ‘necking’ points [28]. 

Prototyping of woven and knitted samples would help identify the yarns’ performance. 

 

Variations can be made on the processing technologies used for core and sheath conductive 

yarns. One example of this is from US Patent 20110240626A1 [63]. A metal wrapped yarn 
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with high strength is made from metal alloys or compositions comprising both metal and 

non-metallic components (such as steel and carbon). This patent seeks to provide metal fiber 

yarns with higher breaking force without losing flexibility. This is a common problem for 

high strength metal fiber yarns because more metal fibers are required to increase the 

strength of the yarn. However, more metal fibers have a negative effect on the flexibility of 

the yarn and its processability as well as the final e-textile. 

 

This is achieved by a construction comprising continuous metal fibers forming a metal fiber 

yarn. The construction comprises at least 5 bundles of metal fibers, made by end-drawn or 

bundle drawn technique. The bundles of continuous fibers are twisted together to form a 

yarn. Each bundle of metal fibers comprises at least 30 filaments. The filaments are mutually 

equal in length per unit length of the yarn. 

 

In addition to the continuous fiber bundles or composite wires, a removable core is provided. 

Removal process for the core must not change the spatial arrangement of the surrounding 

bundles. Examples of removal processes are leaching, dissolving, burning, evaporation. 

Thus, the desired strength from the yarn construction can be achieved but without the added 

weight and stiffness of a metal core. 

 
 

2.2.1.3. PROCESS CHARACTERIZATION FOR E-YARNS  
 
The performance properties of conductive fibers and e-yarns vary by base material, 

production technology parameters and their ultimate formation as an e-textile. Table 9 

outlines the process technologies used for the e-yarn examples discussed above. 
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Table 9. E-yarn Process Characterization 
Fiber and/or Yarn 
Type 

Process Technology Observation(s) on 
process parameter(s) 

Realized Properties and 
Capabilities 

Digital yarn  
coated copper 
core filament 

Bundle drawing  2-3 copper filaments 
twisted together 
 

High speed data communication 

with coating Fluorine resin coating Protects data transmission from 
outside noise interference and 
water damage 

Micro Wires Drawing a copper core 
and polymer insulating 
yarn 

Total encapsulation of 
molten metal in a 
polymer matrix  

High speed data transfer and can 
be custom designed with a 
variety of polymer insulating 
sheaths 

Energy Storage 
Yarns 

Twist bundle drawing 
with electrodeposition 
of nanosheets and 
polypyrrole film 

Hierarchical structure of 
deposited materials 

High capacitance for super 
capacitors 

Copper film on 
para-aramid 
yarns 

Electroless deposition 
(para-aramid yarn 
coated with pyrrole 
and copper layers) 

Deposition time Electrical resistance decreases 
and layer thickness increases 
with deposition time 

Thickness of layer Yarn’s strength will increase and 
extensibility decrease with each 
coated layer 

Copper core-
sheath 

DREF-II friction 
spinning 

Increase in spinning 
spindle speed 

Increase the tenacities of copper 
core yarns and decrease breaking 
elongation 

Polyester sheath Higher tenacity 
Cotton sheath Lower tenacity 

Elastic E-yarn 
(el2-yarn) 

Hollow spindle 
process with 
conductive winding 
yarns 

Elastic non-conductive 
core yarn with copper 
monofilament winding 
yarn 

Winding yarns are too weak to 
absorb loads at high extensions 
which led to the e-l2 yarns 
rupture 

Elastic non-conductive 
core yarn with stainless 
steel, silver and copper 
multifilament winding 
yarns 

With increasing load, the 
winding yarn’s helix thins and 
extends in length – the core yarn 
is increasingly compressed 
leading to rupture 

High Strength 
Metal Fiber Yarn 

Metal fiber bundles 
wrapped around a 
removable core yarn 

Number of metal fiber 
bundles in the yarn 

Breaking force increases with 
the amount of metal fiber 
bundles in the yarn for yarns 
comprising 4 or less metal fiber 
bundles 

Note. Information referenced from [44], [26], [46], [29], [47], [57], [28], [62], [63]. 

 

There is an abundance of research papers, patents, technical books, corporate promotional 

information and a variety of other sources. Despite the extensive publications, many e-yarn 
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formulations are considered proprietary and as little information as possible are released in 

public domain.  Even patents, which are supposed to be enabling and teach the preferred 

embodiment of the invention, are often disguised and distorted in order to make 

implementation of the process difficult or impossible [49]. The summary in Table 9 

represents the information as best provided by their corresponding sources. 

 
 

2.2.2. FABRICATION METHODS FOR E-TEXTILE FORMATION 
 
The prepared e-yarns are ultimately integrated into a textile formation by means of 

conventional textile processes. Fabrication method is one of the four factors that collectively 

influence e-textile categorization. Section 2.1.4 provided an outline of the key topics. To 

expand on those topics, the following e-textile formations have been investigated: woven, 

stretch-woven, knitted, and non-woven. Figure 17 provides a visual guide for the source of 

each formation structure. Images of a knitted and woven e-textile are in Figure 18. 

 

 
Figure 17. Source of Conductivity for Conductive Fabrics. Note. Adapted 
from [10]. 
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Figure 18. Knitted and Woven E-textiles [10] page 464. 

 
 

2.2.2.1. WOVEN 
 
See Section 4.3 for a detailed explanation of the weaving process. 

 

Woven fabric structure is considered an ideal platform to incorporate electronic devices due 

to their structural order, low flexural rigidity and their ability to conform to almost any 

desired shape. Compared to knit fabrics, woven fabrics have a more stable shape, which 

allows for more accurate placement of individual yarns and more dense integration of 

electronic and optical functionalities [12].   

 

A woven conductive structure also provides the equivalent of conductive tracks or traces, as 

found in traditional printed circuit boards (PCBs). Thus multiple components can be 

positioned arbitrarily within a given piece of fabric, creating a complex flexible conductive 

network, which can route signals and power between them [11]. Woven formations can also 

have multiple layers and spaces to accommodate the integration of electronic devices [5]. 

After production the woven conductive network provides the freedom to tailor the number 

and location of sensor and processing elements to meet the needs of the application, rather 

than being fixed during the product development stage [64]. In addition, woven textile 

fabrication process is capable of creating large-area surfaces at very high speed with low 

production costs [12]. 
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In woven textiles, there are three basic forms of woven structures: plain, twill and satin. In 

[65] it was found that different woven structures could be implemented to meet specific 

performance property requirements. For example, if it is necessary to overlap conductive 

yarn in a textile structure, then a dense plain weave can be used. If interweaving a fragile 

yarn with low bending density and low elasticity into fabric, twill would be suitable. A satin 

weave produces warp floats on one side of the fabric and filling floats on the other side of the 

fabric, therefore, lifting or hiding floats on the appropriate fabric side is possible depending 

on the design requirement of the e-textile. Long floats of conductive yarn facilitate the 

integration of electronic components into the woven conductive trace. However, failure of 

the conductive yarns in a woven e-textile exclusively occurs at the floats [60]. It is possible 

to control the placement of conductive yarns in the woven electro-textile using a jacquard 

shedding system that allows each warp end to be addressed individually to control the order 

of interlacement of the warp ends. 

 

Different woven structures also affect the thermal properties of a conductive fabric [27]. 

Temperatures can be predicted based on weave type, linear resistance of conductive yarns, 

base yarn type, and voltage values [66]. It was observed by Bahadir et al. that plain weave 

fabric samples reach lower temperatures than twill and satin [66]. Predicted temperatures 

may be used as design parameters for selecting the appropriate e-yarn and weave structure.  

 

Woven e-textile structures with integrated properties such as sensing, actuating, 

communicating, and generating/storing power are likely to produce heat when they are 

transmitting signals. Since e-textile structures may be in contact with skin, it is essential to 

have low temperatures when they are functioning. An option may be to apply a polymer 

coating to the fiber or yarn to better control thermal properties of the woven e-textile.  

 

The simplest way to embed conductive yarn in fabric is to weave it as one of the warp or 

weft yarns. E-yarns in the warp direction tend to possess a higher tensile strength compared 

to e-yarns used as the filling yarn. However, this may not be true for all cases because warp 
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yarns experience more stresses than filling yarns during weaving. Therefore, in order to best 

select the manufacturing parameters to build a reliable woven e-textile requires an 

understanding of the e-yarn’s tensile properties.  

 

Woven fabrics are subjected to a combination of in-plane extension/tension, shear, 

compression, bending in a perpendicular plane, and out-of-plane buckling deformations [51]. 

The tensile properties of woven fabrics depend on the yarn and fabric structure, which is 

composed of: the yarn twist, yarn strength, weave, crimp, and cover (reference Table 4). The 

degree of yarn twist affects fabric elongation. A reduction in twist improves cover and 

reduces air permeability. Strength is affected by the degree of binding of cross yarns, which 

aid inter-fiber friction and contributes to tensile strength. Crimp decreases the strength of the 

yarn and fabric and the initial modulus of the fabric decreases with an increase in crimp.  

 

Buckling is a common issue when weaving conductive yarns due to their lack of flexibility. 

The buckling, bending, and drape characteristics of woven fabric influence its performance 

during the formation process and in the actual use of the finished garment [51]. These 

properties are important, particularly when the fabric is limp, as they may result in large-

scale deformation even when a small force is applied. Woven e-textiles that exhibit buckling 

characteristics may require adjustments made to the yarn twist or thread density.  

 

The weaving process ensures high utilization of the mechanical properties of the yarns from 

which the fabric is manufactured. Therefore, it is important to preserve these properties along 

with conductive properties of e-yarns when weaving. The study of weavability shows 

correlation with fiber damage and structural distortion of yarns during weaving. The factors 

that influence yarn weavability are broadly classified as: yarn quality, condition of warp 

preparation, and loom actions and conditions. These factors are covered in Section 4.3. 

 

Weaving technologies can also process stretch materials. Stretch is the most important 

property of textiles that contribute to wearer comfort. It is widely recognized that the elastic 
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fibers (spandex) are used to impart stretch and recovery to fabrics. Spandex fibers have a 

good resistance to ultraviolet radiation, heat, and oil. Cotton core spun spandex and 

silk/cotton core spun spandex yarns are used to produce woven stretchable garments that can 

adhere to the shape of the body with a comfortable fit [67]. 

 

The objective to make a comfortable e-textile has led developers to stretch woven 

formations. Woven Electronics Corporation has designed a stretch woven fabric that carries 

conductive yarns throughout the structure for body monitoring systems [68]. In US patent 

20066228970 the fabric construction is defined as an elastic multi-ply woven that is 

stretchable from a retracted position into a plurality of elongated positions. The intended end 

use is as a physiological sensing system. The stretch woven fabric design has the conductive 

yarns and elastane yarns positioned in the warp with a non-elastic filling yarn.  

 

The overall fabric may be extended longitudinally between 25% and 125% from its retracted 

position. The fabric’s construction serves to protect the conductive yarns, while allowing 

them to float on the fabric’s surface to provide points that connect to the sensing components. 

This fabric construction could also be used to shield the wearer from electromagnetic 

radiation [68]. 

 
 

2.2.2.2. KNIT 
 
Knitting is a process of converting a yarn (or a set of yarns) into knitted fabrics by 

interlooping the yarns and forming knitted loops. The loops are arranged in vertical and 

horizontal sets of intermeshed loops to form a unified structure (see Figure 19). The vertical 

set of loops is called a wale and the horizontal set of loops is known as a course. There are 

three essential types of loops, namely knit, tuck, and float. Combinations of loop type 

provide countless options for creating intricate patterns and achieving specific mechanical 

properties [35].  
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Figure 19. Knitted Conductive Textile  [69] page 441. 

 
The two main types of knitting are warp and weft. Both are capable of producing seamless 

garments in a single operation. The advantage of warp knitting is the design opportunities of 

openwork structures. Warp-knitted fabrics are less likely to ravel and run than weft-knitted 

types because the loop structure is formed from multiple yarns intermeshed in a zigzag 

formation [70]. Warp-knitted structures are used to produce many types of nets, linings and 

geotextiles. Compared to weft knitting, there is less stress applied to the yarn during 

production. Consequently, warp knitting is used to construct fabrics from relatively less-

flexible yarns such as drawn metals, aramid and carbon.  

 

Weft knitting is used to make flat, tubular and three-dimensional fabrics. It produces fabrics 

from continuous lengths of yarn looped together. Therefore, each loop is dependent on its 

neighbors above, below and either side. Knitting is used to make garments that fit more 

tightly to the body and stretch to accommodate movement [70]. This also means that knitted 

fabrics tend to lose their shape more quickly than woven fabrics. Both warp and weft knits 

are prone to snagging because of the open loop structure. This may lead to reliability issues 

with embedded conductive networks.   

 

Characteristics of knitted fabrics are in line with comfort parameters for clothing. Knits have 

high elasticity and elongation, good conformability in mechanically active environments, 

good air permeability, thermal retention, and humidity transport properties [12]. As defined, 
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knits appear to be the ideal fabric formation for wearable e-textiles. However, highly 

conductive metal core conductive yarns do not match the elasticity and elongation properties 

of a knit structure. For this reason a knit textile uses acrylic or nylon fibers coated with 

treated conductive fibers such as copper, nickel, or silver.  

 

Conductive knitted fabrics have many design parameters. Knowledge of the deformation 

behavior is very important when designing knitted wearable sensors [71]. The relationship 

between the electrical conductivity and strain in the knitted fabric plane has been studied but 

few have developed an analytical model to explain their complex conductive network. 

Insufficient knowledge for knit limitations is the fundamental reason why knit structures are 

often overlooked for e-textiles.  

 

The influencing factors on the resistance include the yarn resistance, the yarn segment 

transfer, the loop resistance, and the contact resistance of overlapped yarns. When the yarn is 

subjected to tension the resistance increases and then drops again when stretched even 

tighter. To help advance knit e-textiles, an optimizing design simulator was developed by 

Wang et al. during a study [71] on the electro-mechanical properties of knitted sensors. 

 

The simulator can be used for all elastic plain knitted sensors, even with different conductive 

yarns. To design a wearable sensor, the width of a unit structure w and the loop length l are 

significant design parameters. A lower unit width and higher loop length will produce greater 

strain on the network. To simplify the design, only the width of a unit structure w and the 

loop length l would be considered. The contact resistance between two overlapping 

conductive yarns is inversely proportional to their contact force [71]. 

 

When such a fabric is stretched, the interconnect topology in the fabric changes, and thus the 

resistance changes. During elongation and retention the network communication reflects the 

movement of the fabric. For this reason knit e-textiles are primarily used for clothing that 

monitors physiological functions or electromagnetic shielding fabric. The sensing smart e-
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yarn will either be the only yarn used to form the knit structure or it will be integrated 

separately using lay-in technique (see Figure 20). 

 

 
Figure 20. Sensing Element in Double Layer Knitted Structure [72]. Note. The lay-in 

yarn is labeled as the sensing element. 

 
 

2.2.2.3. NONWOVEN 
 
Nonwovens are formed by mechanically, thermally, or chemically bonding a web of loose 

fibers. Fibers may be of natural or man-made origin and may be staple or continuous 

filaments.  The fiberweb formations are constructed by spun-lay, dry-lay, wet-lay, or melt 

blowing processes [73]. Structure parameters are fiber type, fiber linear density, fiber 

orientation, and bonding method. Nonwoven performance properties are determined by their 

structure parameters.  

 

Nonwovens are limited to certain processes to obtain e-textile structures. The main 

fabrication method used is to functionalize a nonwoven substrate with conductive material 

(ink, paste). Functionalized nonwovens are an example of a lower degree for technology 

integration compared to woven and knit fabrications (see Table 5).  A functionalized 
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nonwoven may be engineered as a substrate for printed flexible sensors, EMI shielding and 

power storage applications.  

 

A nonwoven provides the ability to control the surface texture by fiber selection and the 

calendaring process. The density, porosity and thickness are all controllable during web 

formation and bonding process. As a result nonwovens offer a reliable lightweight substrate 

for conductive inks, pigments and films [74]. To achieve an ideal system requires optimizing 

the surface, the ink properties and the methods by which the ink is delivered and secured on 

the substrate. Screen-printing is applied as patterned thick layers from paste-like material. 

Inkjet printing is a lower resolution print, and is more suited for low-viscosity, soluble 

materials like semiconductors. The best nonwoven structure is one that has small fibers and 

randomly distributed pores that allow ink to penetrate somewhat into the fabric [75]. 

 

Direct printing of conductive traces on a nonwoven is a versatile technique but sometimes 

has limits. Conductive thick films and printed coatings are subjected to crease and folding 

stresses. Consequently, flexibility is needed to resist the repeated stretching and bending 

deformations during use. The flexibility of the ink must equal or exceed that of the substrate 

in order to bend without cracking or peeling [75]. Adhesion is affected by ink type, 

completeness of cure, substrate and wettability of the printed surface.  

 

Most conductive inks and pastes are based on silver filler and suffer from brittleness and 

wear. Thickness may also be a limitation during printing. The viscosity of the ink dictates the 

performance of the printed circuit during washing trials [5]. To increase the durability of 

printed circuits an option is to apply a protective coating to the printed lines. In order to 

protect the printed circuit from deformation and washing a study [44] was conducted that 

laminated the printed nonwovens with thermoplastic urethane (TPU) melt blown layer.  

 

In the study the printed samples were exposed to 25 wash cycles following the ISO 6300 

testing method. The results showed that higher viscosity inks stay on the surface and achieve 
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better short term finishes. The structure of the nonwoven controls ink penetration and 

distribution. Printed traces on most textiles can fail after laundering due to mechanical 

agitation.  The durable and flexible lamination method developed protected the printed ink 

from washing away and fracturing. Evolon® like structures with the highest viscosity ink is 

the best combination for durability and conductivity. This substrate-ink combination 

protected by a TPU (thermoplastic Polyurethane) shows promise towards becoming a low 

cost electronic textile solution for wearable computer interconnects [76].  

 

Printing can also add EMI shielding properties to nonwovens. A study [45] was conducted on 

a spun bonded nonwoven polypropylene fabric as a substrate for oxidative in-situ chemical 

polymerization of Polypyrrole. This process allows for uniform deposition of Polypyrrole on 

the nonwoven substrate. An addition of aromatic sulphonic acid dopants made a significant 

improvement in the conductivity and stability of PPy. The EMI shielding behavior of the 

nonwoven was found that as the concentration of PPy coating increased, conductivity value 

raised and thus the shielding efficiency of the substrate was enhanced. The study found that 

90% shielding efficiency was obtained from 30% PPy coated substrate with 2.7 mm 

thickness of fabric.   

 

A nonwoven sensing membrane can be made by electrospinning technology. In study [73] 

the formation of nonwoven samples with a low area mass of 16 g/m2 and thickness of 0.15 

mm were achieved. It was determined that the incorporation of multi-walled carbon 

nanotubes (MWNT) in the poly (ethane oxide) (PEO) nanofibers resulted in an improvement 

of their electrical properties. Furthermore, this electrospun nonwoven fabric has a low 

amount MWNT (3 wt%) and seems to be a good textile product for application as a sensing 

membrane in personal protective clothing.  

 

The future of nonwovens is driven by new developments like that from Conductive 

Composites, who commercially launched new nickel chemical vapor deposition (CVD)-
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coated nonwoven [77].  These nonwovens may be used for electromagnetic shielding, 

embedded conductivity, lighting strike protection, reflectivity, heating, and energy storage.  

 

CVD-coated nonwovens are lighter, thinner and more conductive than nonwovens that are 

made using conductive fibers. Using the CVD methods, every external surface is 

coated/protected and the resistivity of the sheet can be engineered to very low levels. They 

are said to have the highest specific shielding performance of any composition solution.   

 
 

2.2.2.4. PROCESS CHARACTERIZATION FOR FABRICATION 
METHODS 
 

In summary, each fabrication method has processing parameters that determine different 

performance properties and ultimately dictate how the e-textile is applied in wearable smart 

products. Even when a textile meets the outlined requirements it doesn’t mean that it will 

perform in the same manner after product assembly. For this reason, many of the 

observations made on the process parameters in Table 10 are likely to change. Regardless, it 

is important to analyze properties on each material formation level in order to gain a full 

understanding of the e-textile’s architecture.  

 

Table 10. E-Textile Formation Process Characterization 
Formation 
Method 

Process 
Technology 

Observation(s) on 
process parameter(s) 

Realized Properties and Capabilities 

Woven Weaving Plain Weave Stable shape that easily allows for woven 
conductive traces. Can reach lower temperatures 
compared to twill and satin weaves. 

Twill Weave Supports a fragile yarn with low bending density 
and low elasticity. 

Satin Weave Long floats facilitate attachment of electronic 
components, however, floats are more susceptible 
to abrasion and are likely to fail. 

Jacquard Control placement of conductive yarns. 
Stretch woven Benefits of woven structures but has added wearer 

comfort properties. 
Conductive yarn in 
warp 

Higher tensile strength compared to conductive 
yarn in the weft. 

Conductive yarn in weft Lower tensile strength compared to conductive 
yarn in the warp. 
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Table 10 (Continued) 
Knitted Knitting Warp knitting Lengthwise and crosswise stretch. 
  Weft Knitting Varying amounts of lengthwise stretch and little 

or no crosswise stretch. 
Nonwoven Conductive 

coating 
added to 
fibrous web 
formed 
substrate 

Screen Printing Thicker pattern layers form versatile printed 
networks. However, they are sensitive to 
laundering, crease and folding stress. 

Inkjet printing Lower resolution print, and is more suited for 
low-viscosity, soluble materials like 
semiconductors. However, they are sensitive to 
laundering, crease and folding stress. 

Conductive film Can be applied to any textile substrate. However, 
they are sensitive to laundering, crease and 
folding stress. 

Fibrous 
web with 
treated 
conductive 
fibers 

Electro spinning 
technology 

Improved electrical properties. Ability to form a 
sensing membrane. 

Note. Information referenced from [35], [70], [74], [76]. 
 
 

2.2.3. INTERCONNECTIONS AND DEVICE ATTACHMENT METHODS 
 
Interconnections and device attachment methods are used to complete the e-textile network.  

These methods are used to connect conductive paths and to attach functional components 

(see Figure 3) to the network. In Figure 1, a functional textile material is listed as one of 

three groups of smart textiles. Specifically, electroconductive textiles don’t have any 

‘smartness’ independently but form a basic component of a smart textile system.  Therefore, 

electrical contacting technologies play an important role in forming a fully functional 

wearable smart system.  

 

Electrical interconnection is necessary at the contact area of a junction point where a 

conductive path reaches to connectors or other conductive paths. Improper interconnections 

lead to incomplete contact and varying contact areas that result in non-uniform electrical 

resistance at the connecting points [1]. Electrical connections technologies are summarized in 

Table 11. Ultrasonic Welding was the primary method of interconnection used for the e-

textiles in this study. 
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Table 11. Categorization of Interconnection Methods 
Type Description Advantages Disadvantages 
Solder Based on lead-free solders  

(alloys of tin, silver, copper, 
antimony, bismuth) 

Solid electrical connection, 
strong physical connection, 
small, light, comfortable, low 
profile 

Slow connection 
process, wire 
compatibility issues, 
wire breaks, alignment 
issues, mid-wire 
stripping, exposed wire 
protection, expensive 

Mechanical 
Connections 

Metallic snap fasteners Connection/reconnection ease Slow connection 
process, connection size, 
weak physical 
connection, exposed 
leads 

Hook and loop fasteners Form detachable connections Weak physical 
connection, installation 
difficulty 

Embroidery or 
couching 

Sewing with conductive yarn 
to join an embedded 
component to established 
trace 

Low profile connection, poor 
flexibility 

Alignment issues, 
exposed wire protection 

Conductive 
Adhesives 

Contain metallic particle 
(typically silver) or carbon 
black dispersed in monomers 
or polymers or bicomponent 
epoxy resins 

Highly conductive, durable 
with moderate flexibility 

Subject to cracking and 
sensitive to laundering 

Ribbon Cable 
Connector 

Braided cables with 
conductive metallic 
materials  

Insulation displacement, 
common part, insulated 
connection, alignment 
tolerance, reliable connection, 
soft and flexible 

Size, installation 
difficulty, wire breaks 

Raised Wire 
Connector 

Terminal subassembly with 
terminals configured to be 
electrically connected to 
corresponding conductors of 
the e-textile. 

Single textile side, no threads, 
low profile 

Weak fabric connection 

Weld Resistance welding using 
microprobes and air-splicing 
or ultrasonic welding 

Stable and conductive 
connections 

Deformation/distortion 
in the fabric surrounding 
weld point, sensitive to 
environmental 
conditions 

Note. Information referenced from [7], [36], [78], [79], [80]. 
 

Electrical contacts must withstand harsh external impacts during use (washing, drying, 

mechanical abrasion, humidity, chemicals, and UV radiation, etc.) [7]. These factors limit the 

useful lifetime of e-textiles. In addition to logistical issues, another limitation is the added 

bulk of soldering joints, bonding pads and mechanical contacts made to garments to form 
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conductive networks [7]. The wearer’s comfort is negatively impacted by these additions 

made to the garment. For these reasons, highly functioning e-textiles have not yet made it to 

consumers in a wearable form. 

 

A dedicated research effort by IST (Infoscitex Corporation) on finding solutions to these 

issues has resulted in the SEWit (Selectively Enable Wiring in Textiles) toolkit [81]. The 

toolkit implements methods and technologies for each step of the e-textile development 

process, beginning with computer-aided design tools through the assembly and activation of 

the final product. Interconnection technologies provide solutions to form connections 

between external electrical devices and the conductive fabric, connections between 

intersecting conductive yarns within a piece of fabric, connections at a seam between 

conductive yarns in separate pieces of fabric. The SEWit technology has been applied to 

various prototypes and successfully demonstrates the toolkit’s potential.  

 

The placement of connectors between electronics and e-textiles is specially chosen based on 

the end product’s performance requirements. If mechanical connections are used then the 

fastening should be strong enough to hold the electronics and, at the same time, it should 

allow them to be easily detached [1]. The major advantage of the snap is ease of attachment 

and removal, but frequent use may weaken the strength of the interconnection. The size and 

number of snaps can have negative impacts on the connection interface and weight of 

electronics.  

 

Soldering or welding is a process for joining two or more metals together by melting and 

cooling them at the junction point [1]. Welding uses high temperature or pressure to fuse the 

base metals together, often with an additional filler metal. The difference between soldering 

and welding is that the base material in welding is melted and adheres to the joint, whereas 

solder is melted and filled into the joint. The permanent connection formed at the junction 

point has efficient strength and electrical conductivity, but the hardened solder creates a stiff 

point, which could rupture with repeated bending and strain from use.  
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Failure happens due to breakage at the transition zone from soft to hard materials and due to 

relaxation of the materials causing the contact to become loose. Electrical contacts remain a 

major challenge, particularly in view of rearrangement of fibers [3]. The quality of a spot 

weld can be determined by measuring the resistance across the joined materials. The quality 

of a seam weld can be determined by a series of tests along the weld seam. Resistance 

readings should remain within a narrow band of values. An increase or drop in readings is an 

indication that the uniformity of the weld is out of specification. 

 
 

2.2.4. PROCESS CHARACTERIZATION SUMMARY  
 
This section provided a characterization study on processing parameters and their influence 

on various performance properties of e-yarns, e-textiles, and interconnection methods. As 

seen in Figure 6, there are multiple steps in selecting the appropriate materials, fabrication 

technologies and design parameters in order to achieve the specific performance properties. 

Each of these steps collectively contributes to the development of a reliable wearable smart 

system. 

 

Additionally, Sections 2.1 and 2.2 highlight research achievements in the field and how 

materials and process technologies can be applied to marketable products.  The topics 

covered are in line with the three trends for further evolution for smart textile development, 

as mentioned in Section 1. The application of these electrically conductive and smart textile 

platforms is explored in the following section. 

 
 

2.3. E- TEXTILE APPLICATIONS AND PRODUCTS 
 
E-fibers, e-yarns, e-textile formation, functional components, and interconnection methods 

are the key elements that construct a wearable smart textile system. These smart systems 

bring technology closer to the body and create opportunities for sports and fitness, 

healthcare, and clothing industries. Figure 21 shows the different approaches to on-body 

electronics and where electronic textiles fit in.  
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Figure 21. Approaches to on-body electronics. Note. Adapted from [11] page 
401. 

 
 

2.3.1. PLATFORM NETWORK CATEGORIZATION 
 
The foundation of smart textile systems is referred to as a platform. The concept of a basic 

platform is depicted in Figure 22. Its constituent elements and formation technologies have 

been described throughout the literature review.  

 

 
Figure 22. Concept of a Basic E-Textile Platform 

 

Figure 23 presents a symbolic sketch of the different types of platforms used to create 

wearable smart products. An early platform version is depicted in Figure 23.A as a non-

conductive traditional garment, which is enhanced by the attachment of functional 

components via printed or sewn conductive traces between the power supply, data processing 

unit, and communication systems. The existence of these connected components implies that 
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the level of intelligence is either active or smart. It is also clear that the level of integration is 

low because the components are likely embroidered or printed. 

 

 
Figure 23. Symbolic Sketch: Progress of integration for functional 
components in wearable smart system. Note. Adapted from [7]. 

 

An advancement made to this system is the addition of a conductive network that is 

embedded in the traditional garment by means of weaving or knitting conductive yarns into 

the structure (Figure 23.B). The conductive network is powered by an energy source that 

powers functional components within the conductive network or outside the network by 

means of printed, sewn, or woven conductive connections. The garment also has functional 

components, just like Figure 23.A. The level of intelligence, again, is either active or smart. 

The main difference is that this figure exhibits a medium to high level of integration. The 

ultimate application of the e-textiles studied in Sections 4 and 5 will be towards the 

application in Figure 23.B. 

 

As smart fiber and yarn research advances, a fully integrated smart e-textile system can be 

formed (see Figure 23.C). As characterized in Figure 1, a smart e-textile system comprises 

actuators, sensors, data processing units, communication systems, and/or an energy 

storage/supply. Figure 23.C is a fully integrated smart e-textile system. The garment’s 

functional components are all embedded at the fiber level. This exhibits the highest level of 
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intelligence and integration. Furthermore, fully integrated smart e-textile systems are the 

future and most ambitious goal of e-textile research.  

 

Platforms are categorized by how they are made and what they are made of and for what 

intended end use. When analyzing a product the following questions may be asked to aid in 

its categorization: (i) Is there a conductive bus network? (ii) Is the fiber smart? (iii) Where is 

the technology located? (iv) How is it powered? (v) How was it constructed? (vi) Does the 

resultant product have a passive or active function?  

 

Passive or active processes can implement functions in smart clothing. Passive clothing- 

functions are the result of the material’s performance in the clothing. Active clothing- 

functions are the result of the network’s activity from its sensors, processors, and actuators 

acting together, usually consuming power in the process [82]. The definitions of passive and 

active functions are previously described in Figure 2. Breakdowns for passive and active 

functions of smart clothing are listed in Table 12 and Table 13 respectively. 

 

Table 12. Passive Functions of Smart Clothing 
Passive Functions Examples 
Heat and 
Temperature 

Flame retardants, fire protection, heat storage and release, heat insulation 

Mechanical Impact resistance/ballistic protection 
Moisture and 
water 

Breathing fabrics, self cleaning, super hydrophobic 

Visibility Decreased visibility (camouflage, IR emission, super black); Increased visibility 
(retro reflectors), Color changing (light, temperature) 

Electrical Electrically conducting textiles, anti-static, EMI barriers 
Biological Anti-bacterial behavior, anti-chemical behavior, insect repellent 
Weathering UV resistant 

Note. Adapted from [82].  
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Table 13. Active Functions of Smart Clothing 
Active Functions Examples 
Heat and 
Temperature 

Change insulation properties of clothing on body temperature/external temperature, 
heat or cool inside of the clothing depending on body temperature/outside 
temperature, Measure external temperature/radiant heat hazard to show alarm, alter 
garment to enhance protection against external temperature/radiant heat 

Mechanical Provide sensors capable of predicting incipient mechanical trauma, detecting 
ongoing mechanical trauma, active protection against mechanical trauma (clothing 
airbags, stiffening clothing), active protection against ballistics (reactive armor) 

Moisture and 
Water 

Detect external water threat, actively protect against water ingress (change 
hydrophobicity, porosity) 

Electrical Detect electrical activity on the body, stimulate the body with electrical activity, 
conduct power or data around the clothing 

Biological Detect external gasses, detect external microbial hazards in near real time, provide 
active methods to protect against toxic gasses, toxins or pathogens 

Vital signs Measure body temperature, heart rate, breathing rate, level of oxygenation, 
reliability even when vigorously moving 

Power Store enough power for system performance, generate power from external sources 
(solar power), generate power from wearer (body movement or heat) 

Communications Integrate high quality, low power, long range wireless communications with other 
devices, provide textile integrated antennae 

Note. Adapted from  [82].  
 
 

2.3.2. APPLICATIONS  
 

The application of these platforms and functions find their way into different segments of the 

market (see Table 14). Initially smart clothing found applications in those fields where the 

need for monitoring and actuation can be of vital importance, such as medical, space travel 

and military. This segmentation of interest has slowly broken down barriers for use, and so 

the range of users has further widened to applications such as sports and leisure [13].  

 

In addition to clothing, an application of a large-scale format integrates e-textiles in large 

fabrics; carpets, wallpapers, tents, and camouflage nettings. The requirements of these 

systems vary with the specific application. Other applications of smart textiles have been 

demonstrated from responsive seats in automobiles, where textiles can indicate the level of 

comfort of an individual passenger. The communication between the different processing 

elements in a fabric presents challenges and opportunities that create a unique design 

situation [83]. 
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Table 14. Markets and Common Applications 
Market Application 
Medical Biomedical Monitoring 
Military Power 

Monitor physiology and activity (vital signs) 
Communication  

PPE Thermal monitoring, GPS data, and vital signs monitoring 
Sports Heart rate monitoring, concussion sensors, shoe pressure and monitoring, smart shirts 
Apparel LED displays, electronic charging garments, thermal and cooling 
Personal health Compression garments that monitor swelling 
Commercial Space Lighting  

Note. Adapted from  [82].  
 
 

2.3.3. PRODUCT EXAMPLES  
 
Smart textiles have been around for over 15 years. In spite of huge investments in research 

and obvious potential of applications, only a few products have made it to the market [3]. A 

selection of products has been investigated for this study, which is outlined in Figure 24 by 

the product’s position in the market.  

 

 
Figure 24. Market Status of Product Examples 

ESTABLISHED EARLY PRODUCTS PROTOTYPES RESEARCH

CURRENT EMERGING

Adidas Heart Rate 
Monitoring System

Ralph Lauren Polo Tech 
Shirt

Sensoria Fitness Running System

O'Neil Ski Jacket with 
washable five-button 

keypad

Smart Firefighter Suits

Apple Smart Keyboard

Sarvint Technologies Smart Shirt

Footfalls & Heartbeats Smart Sensor 
Textile Technology

Xelflex Fabric Smart Sensor Textile 
Technology

Google ATAP Project Jacquard

Spine Broadsword BAE Systems

Apple Woven Display Technology

Philips Lumalive Interactive Photonic Textiles

Forster Rohner Interior Textile Lighting Systems

SmartTex Netzwerk - 
Gloves to Improve Grip

Various Phone Charging 
Jackets and other 

Garments (with battery 
or solar panels)
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2.3.3.1. ESTABLISHED IN THE MARKET 
 
Sportswear company, Adidas developed knitted garments to produce textile electrodes that 

are only a few square centimeters in size. The electrodes are undetectable to the touch and 

monitor signals from the heart and other muscle movement. The platform technology used 

for this product is in line with Figure 23.B.  

 

Driven to offer highly detailed performance statistics, Adidas was inspired to design 

exercise apparel made of elastic conductive fibers to measure the wearer’s breathing. A small 

electric charge is applied to a ring of conductive fibers that encircle the chest and because the 

resistance is increased slightly upon stretching, the garment can calculate the quantity of air 

that has entered the lungs [33]. The system, known as RIP for respiratory inductive 

plethysmography, could also be integrated with an additional kit for medical use. 

 

The PoloTechTM Shirt is a similar product produced by apparel company, Ralph Lauren. 

Biometric readings are captured by knitted conductive silver coated fibers, which are 

communicated to external digital devices.  

 

The O’Neill ski jacket is an example of the platform pictured in Figure 23.A. A completely 

washable five-button keypad is integrated into O’Neill’s traditional ski jackets. The 

technology is based on a proprietary conductive polymer comprised of a mixture of silicon 

and metal particles. The product is unique because under normal conditions, the textile 

coating acts like a perfect insulator. It only becomes conductive if stressed, and the level of 

conductivity caries depending on the level of stress applied. In addition, the technology can 

be coated onto numerous woven and nonwoven substrates. The connection from the keypad 

is made using either conductive sewing thread that acts as a circuit, or a silver yarn that acts 

as a data cable. A standard raised wire connector joins the system to the electronic device.  

[84] 
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Apple Inc. has also created a smart textile keyboard. The letters and numbers may be the 

same, but everything else about the Smart Keyboard is completely new. Its top layer is 

crafted from a sheet of highly durable custom-woven fabric. The fabric has a 3D woven 

structure, which provides a spring-like tension for each key.  The cover panels of the 

keyboard are composed of three materials. The middle layer is what makes the Smart 

Keyboard truly advanced. It is composed of a proprietary conductive fabric that ensures 

seamless communication between computing products and the keyboard [85].  

 
 

2.3.3.2. EARLY PRODUCTS AND EMERGING PROTOTYPES 
 

Similar to the biometrics monitoring systems seen in the Adidas heart monitoring system 

and the PoloTechTM Shirt, a new product on the market is the Sensoria Fitness Running 

System. The running system is developed around a smart sock that uses knit construction for 

the integration of conductive fibers. There are three knit pressure sensors located under the 

plantar area to detect how fast, how far, and how well the user runs. The data collected by the 

pressure sensors is relayed to the data processing anklet, which is an external attachment 

[86].  

 

Viking, a maritime and fire safety protective clothing company, in collaboration with 

Ohmatex, a smart technology development company, developed the IP Fire Fighter suit. The 

suit has integrated thermal sensor technology embedded in the fabric, following the platform 

depicted in Figure 23.B. The advantage of this technology is that it visually indicates critical 

heat levels to the firefighter in action and to his colleagues.  

 

The thermal sensors are integrated into the inner and outer layers of the coat to monitor the 

outer temperature near the firefighter and on the inside of the coat close to the body. The 

sensors are attached to two LED displays, one on the sleeve and one on the back. A small 

removable box in the inner liner of the coat contains a battery and a control chip that 

calculates the temperature and activates the LED displays. The microelectronics are durable 



 73 

and can withstand 25 wash cycles.  In addition to these technologies the Firefighter system 

has a mobile infrastructure, which provides 3D positioning via GPS positioning and 

communication capabilities. With many active components, the smart firefighter suit offers a 

good platform for further exploitation in other applications [82].  

 

A military application similar to the smart firefighter suit is SpineTM, a wearable vest 

constructed with a woven conductive network. BAE Systems has created a Broadsword 

range of devices that revolve around the Spine vest. BroadswordTM is a product family of 

interconnecting components for the next generation of soldier systems. The woven e-textile 

in the SpineTM vest wirelessly charges military equipment and is capable of powering a total 

of eight devices plugged into the vest. These devices could be equipment such as radios, 

cameras, smart helmets and smart weapons. Power usage can be monitored using a smart 

phone app. Soldier’s vehicles are equipped with an inductive charging seat used to re-charge 

SpineTM [87]. Overall the design achieves a lighter load and ease of use for soldiers without 

the dependency on batteries.  

 

Aside from wearable products there are two interior aesthetic products that are early to the 

market. The Photonic Textiles group at Philips Research has succeeded in embedding arrays 

of LEDs beneath the surface of textiles, making it possible for soft furniture and clothing to 

come alive with myriad patterns of colored light. Layers of translucent textiles cover the 

LED panel to diffuse the light so that the pixels flow smoothly into each other. The LED 

array was improved to enhance the textile’s flexibility. This was achieved by minimizing the 

number of interconnections and miniaturizing the control electronics. Lumalive light emitted 

technology will also have important applications in healthcare and personal safety.  [88] 

 

Forster Rohner, Textile Innovations is a branch of Forster Rohner AG textile and embroidery 

company. At Forster Rohner technical textile developments are based on highly sophisticated 

capabilities of modern embroidery techniques. They specialize in robust and flexible 

interconnections, miniaturized electronic components, and their textile integration. Forster 
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Rohner has developed proprietary e-broidery technology that can be used to produce a 

textile structure with sensor, heating or antenna capabilities. The platform technology 

produced by Forster Rohner is similar to Figure 23.A. 

 
 

2.3.3.3. RESEARCH AND TECHNOLOGY FOR FUTURE 
PROTOTYPES 
 

The following examples provide a glimpse into established technologies and how they will 

fit into the smart textile industry.   

  

Google’s ATAP (Advanced Technology and Projects) group teamed with Levi’s to create 

Project Jacquard [89]. The project advertises the extensive capabilities of jacquard weaving 

technologies and touch pad sensors for mass-market consumer potential. The objective of 

Project Jacquard is to integrate e-textile touch pad sensors seamlessly into standard ready-to-

wear apparel (see Figure 25).  

 

Touchpad capabilities can be achieved from a highly integrated woven textile. They are 

composed of a conductive woven network with e-yarns (primarily coated functionalized 

yarns) and electrodes that are attached to the surrounding edges of the woven touchpad area. 

Once the user touches the conductive textile with their fingertip, a capacitor is created 

between the touch point and the textile. Resistors then pick up a weak electrical current and 

the position of the fingertip can be located.  

 

Ease of assembly for processing a woven textile into a wearable garment is a necessity for 

Levi’s touch sensor apparel to make it to market. Many patents have been issued on how to 

form the network connections between e-yarns but few are adaptable to the current 

equipment and processes used for garment assembly. Inherently this issue results in 

production limitations and high costs.  
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Figure 25. Example of Project Jacquard Platform on Levi’s Denim [89]. 

 

Similar to Philips and Forster Rohner’s research efforts with aesthetic and functional LED 

display technologies, Apple has developed technology for a woven fabric display as seen in 

US Patent 20150342307A1 [90]. The technology will be used as a woven fabric display for 

Apple watchbands and iPad loops. The woven fabric includes light transmissive fibers woven 

into the fabric to provide a visual display to convey information to the user. The fabric uses 

nylon and other light transmissive materials that are then interwoven into conventional 

textiles. 

 

Footfalls & Heartbeats is a smart textiles research company that has developed a 

revolutionary and proprietary process for manufacturing smart textiles where the textile itself 

is the sensor. The technology combines mathematically determined textile structures using 

electrically conductive yarn to form a repeatable and sensitive sensor network. The three-

dimensional complexity of a textile structure, including interactions of fibers within the yarn 

itself, is used to control the electrical resistance characteristics of the sensor structure. 

 

Textile structures formed with this technology are capable of registering external 

environmental stimuli in the form of electrical signals. These signals can be filtered, 

amplified and analyzed in real-time. The benefit of this is to produce multiple data sets 

relating to physiological output. The sensor technology can be knitted on a range of machines 
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from traditional flatbed and circular to the new seamless technology of Shima Seiki and Stoll 

[91].  

 

Footfalls & Heartbeats is in the early stages of developing a design for a bandage that can 

potentially measure its own tightness and convey information to medical staff by a color 

change, noise or another kind of alert. There are also a number of other potential applications 

in aged-care and injury monitoring for workers in high-risk environments, such as the 

military. Nevertheless, it has been found that the fabric technology is only proven to work for 

first time use and is still in the development phase in terms of making it reusable [92]. 

Additional research is required to confirm the reliability of the technology. 

 

Sarvint Technologies is a wearables technology company invested in developing a new 

Smart Shirt. The company has an exclusive license to patents issued to Georgia Tech, which 

has long been a center of research on smart fabrics and wearable technology. The license to 

use selected patents allows Sarvint to develop a fabric with sensors for monitoring physical 

aspects of the wearer, for example body vital signs, such as heart rate, EKG, pulse, 

respiration rate, temperature, voice, and allergic reaction, as well as penetration of the fabric. 

The anticipated product is forecasted to have advanced capabilities to similar products that 

are established in the market [93].  

 

Altran and SmartTex Netzwerk are two other companies with anticipated products to soon be 

early products on the market. Altran is an international group in innovation and high-tech 

engineering consultation. iProject XelfleX wearable technology was developed in season 2 of 

their innovation initiatives. The objective of the research was to create a fiber-optic thread 

that is robust enough for use in sportswear, with only a small, credit card-sized, electronics 

pack being the only other component. 

 

Similar to Altran, the research group at SmartTex Netwerk has its focus on clothing with 

sensors and actuators. Specifically, the group has been developing textiles with memory 
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effect that may help in cases of motor disorders. Forecasted products are climate-controlled 

wheelchairs and gloves that help improve the wearers’ grip [94].  

 
 

2.3.4. E-TEXTILE APPLICATIONS AND PRODUCTS SUMMARY 
 
Established smart clothing products are mainly available for niche markets; such as extreme 

sports, fitness, and entertainment. The market hasn’t caught on quite as quickly as it was 

projected. Research focused on the development of yarns that have integrated electrical and 

smart functionality is a longer-term investment. The technology is also very difficult to take 

from the lab to commercialization. Both electronics companies and textile producers will 

benefit as capabilities improve. The key is for these two industries to work together [84].  

 

Even though there are many brilliant and fully functioning smart e-textile products in the 

market, one issue the field faces today is the serviceability of the products. The objective of 

making a smart garment is to match the wearability and comfort of its’ non-conductive 

counterpart. With that said the addition of a conductive network, sensors, connectors, battery 

or power supply present many issues for the integrity of the conductive network. The 

following section focuses on the integrity of the conductive network’s electrical and 

mechanical performance.  

 
 

2.4. INTEGRITY EVALUATION  
 
An integrity evaluation examines each material level of the e-textile’s or e-textile product’s 

architecture. Specifically, the performance properties of the e-textile’s constituent materials 

along with damages or deformations incurred during manufacturing are investigated. For 

example, e-yarn processability and behavior is dependent on the properties of the input fibers 

(conductive and non-conductive), fiber processing technology and the yarn’s spinning 

parameters.  Behavior describes the manner in which a textile, textile component, or textile 

product responds to use or how it responds when exposed to some environmental factor that 

might adversely affect it.  
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The behavior of an electrically conductive textile will contribute to the material’s 

conductivity (electrical properties), its sensitivity to deformation (mechanical properties), and 

its laundering and care performance. Many research studies focus on the material-testing 

phase of e-textile development to determine if the required properties have been achieved 

and if the e-textile is reliable. In reference to woven e-textile comfort in [95], Charette tested 

performance properties: breaking force and elongation, tearing strength, stiffness, thermal 

resistance, air permeability, abrasion resistance, fabric weight, fabric thickness, and yarn 

count. Charette brings to attention that evaluating these properties only involved the 

application of one type of force at a time, rarely is the case in the actual use of the garment.  

 

Testing methods are used to collect objective data on mechanical and electrical properties. 

This data can then be applied to statistical models and equations for failure predictions. 

However, a wear or field test must be conducted to evaluate the accuracy of the collected 

data and statistical models. Changes that are brought about by the exposure of the garment to 

a number of physical and chemical agents during the course of its use can be explored during 

a wear or field test. Four examples of anticipated changes are: (i) abrasion of the fabric by 

rubbing against parts of the body or external surfaces, (ii) the cutting action of grit particles 

(sand) which may be ingrained in dirty fabrics and which may cause internal abrasion as the 

fabric is flexed, (iii) tensile stresses and strains which occur as the garment is put on or taken 

off and when the person wearing it is active, and (iv) laundering/cleaning processes used to 

retain the appearance of the garment [96].  

 

As identified by Charette, individual testing methods will not provide a complete 

understanding of the material’s performance properties or the reliability of the conductive 

network, but objective data will provide framework to help develop a reliable e-textile. 
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2.4.1. MECHANICAL PROPERTIES 
 
Mechanical properties describe a material’s ability to compress, stretch, bend, scratch, dent 

or break. Measurements of mechanical properties are reported using Young’s modulus, 

tenacity, tensile strength, and elasticity [35]. A garment interacts with an underlying body 

when it is worn. As the body moves, it is natural for the garment fabric to conform to the 

same movement. Depending on the direction of forces, mechanical deformations of the fabric 

are divided into stretching, shearing, bending, and compression [97]. The way in which 

mechanical properties fail is categorized by mechanical failure modes: wear, creep, fatigue, 

fracture, and rupture.  

 

The electrical and mechanical properties of e-textiles are determined by the method of 

integrating the conductive yarns to create the conductive network path. Successful integration 

forms a reliable conductive path, while also protecting against mechanical failure modes. In 

[60] e-yarns were extracted from woven structures and their mechanical properties were 

compared to unwoven control e-yarns. The extensibility of the conductive yarns extracted 

from the textile sample is lower than that of the unwoven conducting yarns.  

 

Loss of extensibility is due to the plastic deformation, which the yarn undergoes during 

weaving. The conducting yarns, which are predominately in the warp direction, are bent 

around the weft textile yarns during weaving and this induces plastic (bending) strain in the 

conducting yarns. Part of their ductility is thus lost in fabrication and the remaining plastic 

strain they can still undergo is reduced. In de Boer’s study the failure of conductive yarns 

was observed for extensions in the range of 9-14%, which is relatively small in comparison 

to the maximum extension of the textile [60]. 

 

Similar to D’Boer’s findings, a study by Philips Research investigated the possibility to 

estimate the lifetime of electronic textiles under user conditions by the mechanical fatigue of 

the conducting yarn material properties.  The results show that mechanical damage can occur 

during long-time repeated bending at low strains, even if no electrical failure is detected. As 
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demonstrated in the paper, testing at a range of strain levels will enable designers to extract 

the fatigue exponent and predict the onset of failure during a product’s lifetime [98]. 

 

Textiles are designed to be worn, washed, and stored; therefore, they will be bent, folded, etc. 

Textile fibers can be exposed to bending radii of less than 1 mm, forces up to a few 

thousands Newton per meter, and strains of 20%. As a result, specific failure modes may 

influence the reliability of devices based on the electronic-textile technology. In particular 

breaking of the interconnection between functional component and conductive yarn requires 

attention, as the materials used for this purpose (solder or weld materials) are generally soft 

and sensitive to stress [2]. In a reference case from L.A.A Beex et al., it is observed that the 

rotation of the conductive wires occurs near the junction point of electronic components. 

Limiting the rotation of the conductive wires may be achieved by placing them more closely 

to the vertical center of the electronic component [99]. 

 

When the fabrics are tailored as a wearable garment or when the applications are in use, tear 

and wear are highly frequent, which potentially introduces link or node failures within the 

communication network. The failures will lead to the destruction of a local part in the 

communication network and even the collapse of the whole distributed system.  

Consequently, it is important to implement a fault-tolerant communicating network for e-

textiles that can be easily woven into fabrics [100]. 

 
 

2.4.2. ELECTRICAL PROPERTIES 
 
Electrical conductivity is a measure of a material’s ability to conduct an electric current. It is 

the main physical property that is capable of transforming a textile material into a smart 

material. Resistance is the friction in an electrical circuit that controls the flow of current. 

Electrical resistance low enough to allow a flow of electric energy, such as for power or data 

transmission, is critical [39]. Any break in a wire, surface abrasion, surface corrosion, or 



 81 

unreliable interconnection will result in adverse change in resistance, which will result in 

failed electrical conductivity of the circuit.  

 

Safe and reliable devices require a clear characterization of its constituent materials. The 

electrical resistance of a fabric is an important design parameter that is influenced by its 

electrical, mechanical and chemical properties. The properties of conductive fibers, their 

inter-connection within a fabric and to external circuitry, and the geometry of the fabric 

collectively contribute to the electrical resistance of the textile [101]. The intrinsic resistance 

of the metallic yarn and the contact resistance both contribute to the electrical properties of 

the fabric [27]. The electronic textiles become useless if one of the conductive wires fails and 

the conductive wires break at significantly smaller strains than the other textile yarns [99].  

 

Wearable e-textiles will have to be able to withstand significant deformation during everyday 

use. The onset of mechanical failure precedes the electrical failure of the e-yarn. It may thus 

be possible to make a conservative prediction of the electrical failure by means of a suitable 

model that describes mechanical failure. In [2] a study is proposed to relate the extensibility 

of the conducting yarns to the weaving pattern of the textile (particularly to relate the 

thickness of the yarn to the warp density of the fabric).  This model is based on how 

mechanical failure cannot be concluded when an e-textile is intact according to its electrical 

conductivity. The conductive yarns may already be damaged. This may not immediately 

result in electrical failure; however, it may affect the product’s reliability under repeated 

loading.  

 

Similar observations on electrical properties are seen with printed nonwoven substrates. In 

[47], a study of polyaniline-coated (PANI) conductive yarns mentions that the oxidation of 

conductive materials is normally a limiting factor in the long-term stability of the conductive 

yarn. The ageing effect with time on the electrical properties increased the electrical 

resistance. The electrical resistance for 5cm of Dyneema® conductive yarns coated with 7% 
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of PANI solution continues to increase for up to 12 weeks. Isolating them with an external 

protective layer could control the electrical stability.  

 
 

2.4.2.1. ENVIRONMENTAL EFFECTS ON RESISTANCE 
 
The electrical resistance of an e-textile is determined both by the properties of the material 

and the dimensions of the specimen. A main environmental effect on resistance is 

temperature. Air temperature is a measure of how hot or cold the air is. More specifically 

temperature describes the kinetic energy, or energy of motion, of the gasses that make up air. 

As gas molecules move more quickly, air temperature increases. Air temperature can affect 

the conductive yarn because as air temperature increases the conductive yarn will become 

hot, which increases resistance [102]. As air temperature increases, the atoms that make up 

the lattice structure of conductors start to vibrate more vigorously over greater distances. As 

a result, mobile electrons in the conductor may collide more often with the vibrating ions, 

therefore causing an increase in electrical resistance [102]. 

 

All materials do not react to temperature to the same degree. The proportional change in 

resistance for a specific material with a unit change in temperature is called the temperature 

coefficient of resistance for that material (see Table 15). Temperature coefficients are 

expressed as the relative increase in resistance for one-degree increase in temperature. For 

pure metals, this coefficient is a positive number, meaning that resistance increases with 

increasing temperature. For the elements carbon, silicon, and germanium, this coefficient is a 

negative number, meaning that resistance decreases with increasing temperature. For some 

metal alloys, the temperature coefficient of resistance is very close to zero, meaning that the 

resistance hardly changes at all with variations in temperature [103]. 

 

Humidity is one of the most significant environmental factors, because it is present in most 

environments [104]. There has been limited published research on RH effects on electrical 

performance of conductive materials [102]. Even so, it is expected that relative humidity 
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(RH) should not affect the resistance reading unless the material is hygroscopic or 

hydrophilic in which case more moisture will be absorbed into the sample at higher humidity 

[105]. Higher humidity may not have an effect on the material level but it can certainly have 

an effect on the system level. 

 

Consequently, the effects of RH on e-textiles need to be observed by the properties of each 

constituent material. This is due to the fact that e-textile formation is often a blend of 

tradition textile fibers and conductive metals or metal coatings. For example, polymers and 

especially epoxies are known to absorb moisture [104]. Therefore, humidity can have a larger 

effect on certain materials, which will reduce the reliability of the circuit. 

 

Table 15. Resistivity and Temperature Coefficient at 20oC 
Material Resistivity Ωm Temperature coefficient 

per degree oC 
Conductivity σ  
x 107 / Ωm 

Aluminum 2.65E-08 0.00429 3.77 
Carbon (graphite) 3 – 60E-05 -0.0005  
Copper  1.68E-08 0.00386 5.95 
Copper, annealed 1.72E-08 0.00393 5.81 
Iron 9.71E-08 0.00651 1.03 
Silver 1.59E-08 0.00380 6.29 

Note. Information from [106], [107].  
 

Mechanical damage can also occur from exposure to high RH (over 65RH) [105]. Prolonged 

periods of high and low RH are more significant than short-term fluctuations. Physical 

damages include: metal corrosion, brittleness, shrinkage, and cracking. Metal corrosion is 

primarily the result of moisture in the air and begins at RH levels of about 55% or greater. 

The presence of pollution, dust, salts, oils or active corrosion can allow metal corrosion to 

occur at lower RH levels. The onset and development of these physical damages can be 

controlled by the presence of textile fibers and yarns or by protective polymer coatings.  

 

An evaluation study on the integrity of electrically conductive e-textiles was conducted and 

is described in Section 5.  
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2.4.3. FABRIC CARE AND LAUNDERING 
 
In addition to mechanical and electrical properties the evaluation of product care is essential 

to understanding e-textile durability and network reliability. Washability is related to 

chemical resistance against moisture and detergents as well as physical resistance against 

mechanical stresses and high temperature [39]. 

 

A research project by SUSTA-SMART resulted in the development of a standardization 

roadmap for smart textiles [108]. In the roadmap, advancements for the integration of smart 

technologies in protective equipment and consumer goods were arranged by projected 

sequential time frames (current, near future, long term). For each product category and time 

frame there were concerns and barriers. These included: funding, battery power and 

manufacturing limitations. One concern that is constant through the project roadmap is the 

washability and durability of wearable e-textiles. For this reason, research for the washability 

of e-textiles should be a top priority. 

 

Many wearable e-textile products are improvements upon their non-conductive counterparts. 

The laundering requirements and parameters for the anticipated use of e-textiles should be 

comparable to those of their non-conductive counterparts. Bakker et al. conducted research 

on average product lifespans and number of laundries per product group [7]. For example, a 

t-shirt has a predicted lifespan of 1 year with approximately 50 laundries. The smart e-textile 

version of a t-shirt that is currently on the market is the PoloTechTM Shirt. Therefore, a 

consumer would assess the smart shirt’s serviceability based on its performance after 

approximately 50 laundries over a lifespan of 1 year.  

 

The effects of laundering and care present serious challenges for e-textile developers. 

Laundering results vary by consumer, and are based on: washing methods, cleaning 

solutions, fabric softeners, water temperature, agitation, drying methods, and storage. 

Furthermore, testing standards for laundering properties have yet to be developed and 
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implemented specifically for e-textiles. This barrier must be resolved for smart products to 

achieve the expected lifespan and durability of their non-conductive counterparts. 

 

In a few of the research reports that were mentioned in Section 2.2.1, the conductive fibers 

and e-yarns underwent ASTM AATCC and ISO washing standard testing methods. A 

selection of those test results is listed below. 

 

Following the international standard ISO 6330:2000 with selected procedure 6A, copper 

yarns incurred the highest increase in resistance from washing. A possible explanation is the 

washing solution contains 9.1% sodium carbonate, which causes a chemical reaction with the 

copper. The sodium carbonate forms copper precipitates and ultimately decreases the amount 

of copper on the yarn, thus increasing resistance.   

 

From the same washing test method, copper-based e12-yarns revealed degradation after 25 

wash cycles, losing up to 30% of their conductivity. For the copper-coated winding yarns in 

the same study, SEM photographs revealed some cracks in the coating surface that resulted 

in loss of conductivity [62]. However, the resistance of the silver-based e12-yarns was not 

affected by the 25 wash cycles. The change in electrical resistance of copper-based e12-yarns 

after washing can be attributed to the precipitation of copper due to washing. For stainless 

steel-based e12-yarns, the increase in resistance can be reasoned by the crevice corrosion and 

damage of the chromium (III) oxide layer due to mechanical actions during washing.  

 

It is important to take into consideration shrinking behavior of non-conductive yarns 

compared to conductive yarns while designing electro-textile, especially if longer floats are 

used in the weave structure. After wash test conductive yarns didn’t shrink, which resulted in 

the formation of loops in places where longer floats were previously located [65]. This issue 

will result in network failure, rending the e-textile obsolete.  
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Despite the biological inertness of many metal yarns, resistance is still increased post 

washing. This is likely attributed to the physical damage caused by machine agitation during 

the washing procedure. As resistance increases, the e-textile can withstand less with 

increasing washing cycles [29]. Future options to remedy these issues would be professional 

dry cleaning with perchlorethylene or hand laundering with Woolite and cold water [55]. 

Special care labels and consumer education would aid in the proper care or e-textiles.  

 
 

2.5. LITERATURE REVIEW SUMMARY 
 
The approach taken for the literature review was to conduct a broad overview of e-textiles 

and present a method for their categorization. The scope narrowed down on a process 

characterization for e-yarns and e-textile formation. A selection of e-textile products was 

then highlighted to demonstrate how different intelligent and conductive platforms could be 

used for various applications and industries. Finally a short analysis on e-textile product 

integrity provided insight on areas of improvement for future e-textile development.  

 

A main focus of this review was to mention the advantages and disadvantages of conductive 

and smart materials and their corresponding manufacturing processes, thus providing an 

analysis of past research, which contributes to the pursuit of new concepts and technologies 

for future smart textiles.  

 

The topics presented in this review may be used as an aid for categorization for conductive 

materials and their corresponding processing technologies. The objective of analyzing data in 

this type of format will lead to establishing definitions, classifications, standardized test 

methods and design guidelines for e-textile developers. Most importantly bridge 

communication gaps among the industries that comprise this multidisciplinary field.  
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3. OBJECTIVE 

 
Conductive fabrics are increasingly being used to enable smart functions in a wide range of 

wearable e-textile applications. In order to achieve the goal of designing and manufacturing 

safe and reliable e-textile products requires a clear characterization of properties such as 

electrical resistance and processability. With the knowledge gained from Section 2 on 

process characterization and reliability, the objectives of the following experimental topics 

further explore this goal.  

 

This research is set to address two objectives with the shared goal of studying the formation 

of woven electrically conductive textiles and their integrity. While the research on full 

integration of smart and conductive materials is ongoing, smart wearable e-textile products 

rely on conductive textile substrates to power their embedded/integrated electronic 

components. For this reason the formation of functional textile materials is necessary. 

Additionally, electrically conductive textile formation on sample equipment is important to 

fulfill the prototype phase of many future e-textile products. In Section 4 the time study on e-

textile formation using sample equipment, which has not been addressed in previous studies, 

helps to support this research effort and constitutes the first objective. As the e-textile field 

grows a shared knowledge of textile formation processes is critical for the merging of the 

multidisciplinary fields involved.  

 

The second objective of this work is to investigate the integrity of an electronic textile. The 

electronic textile of interest is a woven fabric with two narrow conductive traces woven 

through its length, which are formed into networks by the addition of weld points. Since 

many e-textile applications are explicitly meant to be worn, they will be subjected to various 

additional abrading surfaces and the usual environmental stress. To test the electrical 

integrity of the woven conductive networks their resistance is evaluated when subjected to 

environmental conditions and surface abrasion. The data collected from these tests will help 
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to interpret the factors that adversely affect resistance, which may help the design and 

manufacturing of future e-textiles.  

 

These two objectives guide the investigation along with the following research questions: (i) 

How is processability influenced by the selection of e-yarn and non-conductive textile yarn 

for a woven e-textile produced on sample weaving equipment? (ii) How do environmental 

conditions (relative humidity and air temp) affect the resistance of the conductive networks? 

(iii) How do the weld points affect the resistance of the conductive networks when subjected 

to environmental conditions? (iv) Is there evidence that the electrical integrity of a woven 

conductive network is influenced by formation factors, e.g. e-yarn type and number of e-

yarns in each conductive trace? (v) Which e-textile construction provides the best abrasion 

resistance performance so that the physical and conductive properties of the e-textile are not 

impaired? 
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4. E-TEXTILE FORMATION AND TIME STUDY 
 
Infoscitex (IST) Corporation specializes in the design of embedded power and data electrical 

networks, wearable antennas, and chemical/bio protection and NCSU College of Textiles 

have been collaborating in research and development of e-textiles since 2006. The research 

and development is focused on the formation of fabrics with electrically conductive network 

for defense and civilian applications. In this section the research objective of studying the 

formation of woven electrically conductive textile is investigated. A time study was 

conducted using sample weaving equipment while producing a tether containing e-yarns 

(referred to as Tether 1). Terminologies and abbreviations for the section are listed below.  

 
 

4.1. NOMENCLATURE 
 
While the nomenclature is known in the textile filed, it provided for non-textile background 

persons interested in the e-textile field a basic understanding of terms used. This section also 

provides abbreviation of processes and/or tasks used throughout the development stages of 

the time study.     

 

CP: Chain plan or Cam Plan. The CP shows which harness(es) are raised or lowered to form 

the shed before inserting a pick (weft yarn). The CP is constructed according to the weave 

design and DID. 

Denier: Direct yarn numbering system, which is defined as the mass in grams of 9,000 meter 

long yarn. 

Dent: A space (slot) between two neighboring reed wires 

Direct warping: a process that forms a section (or loom) beam produced from a large 

number of yarn packages in one step known as warping. 

DID (or Draft): Draw-in-Draft or Draw or Draft. DID is the process of assigning each warp 

end to a harness. The assignment is done according to the weave design.  

End: warp yarn 

Filling or Pick (weft): filling yarn 
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Flanged loom beam, or weaver’s beam: The beam that is to be placed in the loom 

Guideline yarn: woven yarns that insure a uniform fan fold for the length of the tether 

during assembly.  

Heddle wire: Thin steel wire attached to harness frame. A single warp end is threaded 

through the eye of the heddle. 

Harness frame: Rectangular frame where the heddles are suspended from top and bottom 

bar of the frame. Each harness moves up or down to form a shed per a weaving cycle 

according to the CP.  

Indirect warping (known also as sectional warping):  A processes that forms a loom beam 

from a number of yarn packages in the range from one to few hundreds in two steps (warping 

and beaming).  

Lease rod: Part of a warping machine and is used for separation of yarn individually. Lease 

rod is followed by lease reed. 

Lease reed: Uniformly spread the yarn over the warp width. 

Leasing / Lease strings: Prior to warping the warp yarns are separated behind the threaded 

v-reed by dividing the ends into two groups (odd and even) and by inserting a lease string to 

maintain the position of the ends. Leasing aids the drawing-in process by maintaining the 

warp end order as set during creeling.  

Leno Selvage: Two warp yarns twisted around filling yarn to prevent warp yarns from 

fraying. 

Reed: A steel frame with wires that are spaced uniformly. The reed separates the warp ends 

and controls the density for the warp as well as the warp width in the reed (loom). Reeds are 

designated by the number of spaces (dents) or wires per unit length normally inch known as 

reed number. 

Shed: is the space or tunnel between two warp sheets, provided by the harnesses movement, 

to form a path for the pick insertion.  

Stop motion indicator: To indicate yarn breakage during warping. It is triggered by yarn 

feeler that detects the warp yarn breaks during warping.  

Supplied packages: are wound yarn packages received from manufacturer. 
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Pattern drum: For sectional (indirect warping) only. The drum receives the yarns through 

the v-reed and winds them following the predetermined warp width and length. 

Tension rod: maintain yarn tension by upper and lower disc tensioner. 

Time calculator model (specific to Tether 1): Refers to the corresponding Tab in the TTS 

excel spreadsheet that has the time calculator model. 

TTS (specific to Tether 1): Tether Time Study. Refers to the corresponding excel 

spreadsheet that has all timed data and summary information for the Tether 1 fabric 

formation process.  

Thread guide: Stabilized hook or eyelet for the yarn to pass through. 

Tensioner (additive tension device): Tension device to keep the yarns in a uniform tension. 

V-reed: This is an expandable/retractable reed to adjust the warp band width. It guides warp 

band and keeps the order of warp yarns to follow the warping sequence path to the pattern 

drum and controls the width of the warp. Additionally, the v-reed controls the spacing 

between consecutive ends. 

 

The above terms will be referenced in bold text throughout this section. 

 
 

4.2. INTRODUCTION AND BACKGROUND  
 
The formation of e-textiles requires conversion of textile yarn (tex-yarn) and yarn containing 

electrically conductive elements (e-yarn) to woven structures. Conversion of yarn to woven 

fabric requires numerous processes, including winding and back winding, warping, drawing-

in, reeding, looming, and weaving. Prior to the invention of manufacturing operations on 

automated machinery, the processes required for the conversion of yarn to woven fabric were 

conducted manually. While today’s machines are equipped with numerous significant 

advances in weaving and weaving preparation (such as individual spindle drives in winding; 

faster sample warpers permitting a range of colors and raw material saving; a high level of 

automation in indirect warping; faster and smarter drawing-in and tying-in; automatic pattern 



 92 

change; variable pick density; among countless other innovations), a level of manual labor 

and numerous time intensive tasks remain. 

 

A woven textile is an engineered structure that requires the application of precise 

measurements to each task performed throughout the formation process. Processes can 

included up to nine steps and can require the work of a skilled labor.  Furthermore, the basic 

fabric components (fiber, yarn, construction) determine the properties of the end product. For 

this reason, much time and attention is dedicated to the design and development phase for all 

woven textiles. 

 

A time study is essential for identifying and quantifying time tasks relationship in order to 

maximize machine and labor efficiencies with target to reduce manufacturing cost. Several 

time studies have been conducted for mass production weaving equipment, however, no such 

studies were conducted on sample equipment. This may be due to the fact that sample 

equipment is relatively new.  

 

According to Langenhove [3], one of the major reasons why few products made from smart 

textiles are on the market is that complementary technologies need further development such 

as design models, data processing tools, and methods to adapt material prototypes to large-

scale production. The time study aims to actualize an early model for sample planning, which 

would aid in prototype planning and cost. Due to the lack of written research on the topic of 

sample equipment and prototype weaving, this section brings to a focus how processability 

on sample equipment is influenced by the selection of e-yarn and non-conductive yarn for a 

woven e-textile. 

 
 

4.3. PROCEDURE 
 
The Tether 1 time study outlines and defines the processes and tasks required for converting 

textile yarns and e-yarns into woven fabric containing an electrically conductive network. 
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These processes are standard in the textile industry with a few adjustments to cater to the e-

yarn properties. Tether 1 has been made on a sampling scale and does not directly reflect 

production scale requirements.   

 

There are nine main tasks (Figure 27) involved in the Tether 1 fabric formation. Start and 

end times for each process and task(s) were documented and entered into an excel 

spreadsheet named Tether Time Study (TTS). The cells of the spreadsheet include all input 

data that are required to conduct calculations of time for each task within a process. Each 

process section provides the explanation of the calculations for each task to aid in 

understanding the time calculator model. In addition, the time required per suitable units is 

provided, which would allow for calculations of time requirements to form e-woven fabrics 

of different structural parameters (see Table 17). The time averages per task mentioned in 

each process section are ultimately used in the main time calculator model.  

 

Supplementary to the quantitative data, detailed figures provide a visual documentation for 

the tasks involved in each process. The combination of process explanation, time data and the 

step-by-step figures will yield a fundamental understanding on how to convert yarns to e-

woven fabrics.  

 
 

4.3.1. TETHER 1 SPECIFICATIONS 
 
The foundation of a woven structure is dependent on numerous factors. A specification sheet 

will allow for effective communicate between product developers and technicians. Each 

process technician can individually manage the segregation of tasks by following the 

provided information on the specifications sheet. Table 16 outlines the weaving 

specifications for the e-textile of Tether 1. 
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Table 16. Tether 1 Specifications 
Tether 1 Specifications  

Warp Yarn: 
  

210 denier tex-yarn (Nylon 6,6) (Figure 29.B) 

As supplied e-yarn (Figure 29.A) 

Filling Yarn: 210 denier tex-yarn  

On-loom Warp Density (ends/inch): 75 tex-yarn 

On-loom Warp Density (ends/inch): 50 e-yarn 

Warp Length: 20 yards* 

Reed Number: 25 (reed air space: 75%) 

Ends/Dent: 
  

3 tex-yarn, 2 e-yarn 

On-loom Pick Density: 50 picks/inch 

Sample width: 5 inch 

Sample length: 10 yards 

Warp Yarn Sequence: See Warp Sequence and Reed Plan (Figure 26) 

Weave: Plain 

Draft: See Draft: Weave, DID, CP (Figure 43) 

Note. *Warp length was increased from 15 yards (proposed length) to 20 yards to 
accommodate for future fabric samples that could be made from the same warp. 
 

Task parameters and guidelines are referenced from the spec sheet. For example, determining 

the back winding plan for the number of packages refers to the total warp ends listed in the 

Warp Yarn Sequence and Reed Plan (Figure 26). The back winding technician reads the 

sequence and concludes that of the 365 total ends, 345 are tex-yarn, and 20 are e-yarn. The 

back winding plan will be to back wind 345+ tex-yarn packages and 20+ e-yarn packages (the 

‘+’ indicating a few extra packages in case of defects or shortage of yarn length as a result of 

unpredicted slippage during back winding). The number of yards to add to each back wound 

package refers to the length+ of the warp length in Table 16 (the ‘+’ indicating additional 

length to accommodate for wastage of yarns and the unused yarn length from the creel to the 

pattern drum). 
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Figure 26. Warp Sequence and Reed Plan. 

 

These specifications are the foundation to conducting time calculations for each task within a 

process. In the time calculator model, cells are formatted to reflect user input in the Tether 

Specifications table (same layout as in Table 16). For example, the user can input the on-

loom warp density for both tex-yarn and e-yarn, which will calculate in the formatted cells 

the total ends needed for the weave structure. Some limitations are applied to component 

parameters due to equipment capacities. 

 
 

4.3.2. PROCESS 
 

The nine tasks involved in the Tether 1 fabric formation are listed in Figure 27. These 

include: back winding, creeling, warping, beaming, drawing-in, reeding, looming, weaving, 

and assembly. More specifically creeling, warping and beaming are sub tasks of indirect 

warping. The drawing-in task also includes the task of building harnesses, which consists 

of cleaning harnesses’ frame, counting the number of heddles in each frame, and installing 

the heddles in the harnesses’ frames. If needed, sizing (using a sizing winder) occurs prior 

to creeling and in some cases may replace back winding. The following sections explain in 

detail the tasks involved in each process. 

10 10
E-‐yarns E-‐yarns

Inch 1 0.4 0.2 0.4 1 0.4 0.2 0.4 1

Ends 75 30 10 30 75 30 10 30 75

Ends 10 10 365 Total	  Ends
Ends/dent 2 2
Width,	  inch 0.2 0.2 5 Sample	  Width

3 3 3
1.4 1.8 1.4

105 135 105
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Figure 27. Flow chart of each task in Tether 1 process.  

 
 

4.3.2.1. BACK WINDING 
 
The first step in the fabric formation process is to prepare the yarn packages for the warp. 

This process is achieved by back winding yarn from the supplied package onto smaller 

packages. The objective of back winding is to produce one package for each end in the warp 

sequence that will be loaded in the warping creel. The number of packages is decided by the 

creel capacity and the size of repeating unit in the warp sequence. However, back winding is 

unnecessary if there are enough supply packages to fulfill the warp end requirement. For 

Tether 1, back winding was needed. Tapered yarn cones from Conitex SONOCO were used 

for back winding yarns from supplied packages. 
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The SSM Winding machine (Model: CW-W) (Figure 28.A) was used for the back winding 

process. There are 12 positions on this machine and a total of 4 positions were used for 

Tether 1. One operator can successfully manage 3 positions running concurrently for back 

winding a tex-yarn and 1 position for e-yarn, due to the short length of yarn required on each 

e-yarn package. The length of yarn on the package requires few minutes of winding and 

package doffing requires the presence of the operator to doff the completed package and start 

another one manually. Calculations in the TTS reflect 3 positions for tex-yarn and 1 position 

for e-yarn. 

 

The yarn transfer from the supplied package to a delivery package is monitored by machine 

settings. After threading the yarn through a series of yarn tensioners and thread guides it is 

wrapped around an empty cone and placed into the winder. The operator initiates winding by 

pressing the start button. Winding comes to a slow stop when the previously set length has 

been wound. The completed package is then removed and the operator adds a new empty 

cone to the winder. The SSM machine is friction drum winder with helical grooves for yarn 

traverse, which produces a stable package (cross wound package). 
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Figure 28. (A) SSM Winding machine, Model: CW-W. Position No. 3, 4, 6 
used for tex-yarn and position No. 12 used for e-yarn. (B) Tension bar set up 
while back winding e-yarn. (C) Position No. 3 and 4 back winding tex-yarn.  

 

Referring to the back winding example in Section 4.3.1, the e-textile for Tether 1 required 

345 tex-yarn packages and 20 e-yarn packages. Yarn packages prepared for Tether 1 also 
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included length calculations for a prospective Tether 2 project (4 tethers of 200 feet each). 

For this reason a total of 656.16 yards per tex-yarn package and 574.14 yards per e-yarn 

package were the set lengths for back winding. In Figure 29.A and 29.B back wound 

packages are pictured. The blue guideline yarn (Figure 29.C) did not require back winding 

because only 6 packages (for 6 warp ends) are needed and these were available. The 

guideline yarns are needed in the Tether and strategically placed to identify the folding lines 

and seam locations to facilitate the assembly of the Ethernet cables during sewing. More 

details on this later.  

 

 
Figure 29. Yarn Packages (A) e-yarn package on the left is protected with 
shrink wrap for temporary storage and e-yarn package on the right is covered 
with a nylon sock for creeling. (B) Nylon 6,6 tex-yarn package. (C) Polyester 
guideline yarn package.  
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Figure 30. E-Yarn Back winding Issue. 

 

Issues  

The tex-yarn is twist lively (contained snarls and additional snarls may form when the yarn is 

not under tension) and as a result extra packages were back wound because of defective back 

winding. A tension bar was added to the threading path for both e-yarn and tex-yarn (Figure. 

28.B). This bar increased tension on the yarn and eliminated the formation of snarls. 

 

When back winding e-yarns the cone’s surface needed more friction due to the stiffness and 

surface smoothness of the e-yarn. The e-yarn sloughed off toward the tapered end of the cone 

after winding 126 yards (Figure 30). To remedy the issue double sided transparent tape was 

wrapped around the surface of each empty cone prior to back winding. This allowed the first 

few yarn coils to tightly adhere to the package and produce a stable package.  
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Suggestions 

Proper detection should be completed prior to back winding to ensure that back wound e-

yarn packages don’t have flaws. For example a vision sensor system that detects flaws in the 

yarn during the yarn formation stage should be used. Early detection of yarn flaws would 

eliminate warp end replacements during creeling (Figure 37) and/or weaving (Figure 45.F). 

Ultimately a vision sensor system would prevent unnecessary soldering in woven e-textile 

and reduce the risk of increased electrical resistance in the conductive trace.  

 

Explanation of time analysis  

Machine settings for back winding speed are by meters/minute, and are converted to 

yard/min in TTS. The running time was calculated by dividing the length of yarn (656.16 

yard) per package by winding speed (437.44 yard/min). For tex-yarn (1.50 min/package) and 

for e-yarn (5.25 min/package).  

 

For tex-yarn the averages calculated are based on the total number of back wound packages 

(366) completed in the time frame recorded (481 minute total time and 305 minute 

production time), then divided by the number of winding positions used (2-3). As a result 

two averages are used for the time calculator model: tex-yarn from total task duration 

(481/366 = 1.31 min/package) and tex-yarn production time (305/366 = 0.83 min/package) 

 

For e-yarn the averages calculated are based on the total number of back wound packages 

(21) completed in the time frame recorded (231 minute total time and 188 minute production 

time), then divided by the number of winding positions used (1). As a result two averages are 

used for the time calculator model: e-yarn from total task duration (231/21 =11.00 

min/package), e-yarn production time (188/21 = 8.95 min/package).  

 

These averages include the doffing time per each package by number of positions used. The 

efficiency for tex-yarn was calculated as 63.4% (305/481) and for e-yarn as 81.4% (188/231). 
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Due to the scarce amount of the e-yarn and its expensive cost, winding e-yarn was conducted 

at low speed to avoid loss in case of defects.  

 

Special care was given to the wound packages by placing them in cardboard boxes right after 

winding each package and arranging them with distance between packages to avoid rubbing.  

 
 

4.3.2.2. SIZING 
 
Tether 1 did not require the tex-yarns to be sized because the yarn was twisted. This section 

is dedicated to future e-textiles that do require sizing. 

 

Sizing is the process of applying a protective coating on the warp to minimize yarn breakage 

during weaving. It is considered a nonproductive process because the size material is only 

temporary and is normally removed after weaving. The primary objective of the sizing 

process is to prepare warp yarns to withstand the stresses of the weaving process. Stresses on 

warp yarns are tension, bending, abrasion and impact. A secondary object is to modify the 

weight, stiffness, or hand of the woven fabric.  

 

Yarns that require sizing are single spun and untwisted filament yarns. Sizing will eliminate 

the inherent hairy structure of a spun yarn and apply cohesion and strength to the untwisted 

filament yarn. Sizing the yarns will improve weaving efficiency and quality because strong 

cohesive yarns are less likely to break or cling during weaving. Yarns that do not require 

sizing are plied or wrapped, air entangled at intervals, or air textured. 

 

For sample fabrics the size material is added to the yarn before warping, whereas for mass 

production it is applied to the warp sheet after warping. For Tether 1 about 5% sizing could 

have been added to the tex-yarn, which would have given the untwisted continuous filament 

cohesion and strength.  
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Prior to the development of sample weaving equipment, commercial beam sizing equipment 

was used for sample size fabrics. This caused dramatic reduction in efficiency and material 

waste since the equipment is designed for mass production. The demand for versatility and 

innovation led to the increase in sample and prototype production. The machine 

manufacturers responded to the demand and developed sample weaving equipment that 

includes a sample warper, sizing winder (Figure 31.C), and sample weaving machine (Figure 

45.B).  

 

In the sizing winder an unsized wound package is supplied (Figure 31.A) and a wound sized 

package is delivered (Figure 31.B).  The unsized yarn passes through a guide, a tension 

device, a size box, squeeze rollers, and a drying zone before its wound onto the delivery 

(sized) package as it can be seen from Figure 32. The size box is a small basin, which holds 

the sizing solution. The ingredients in a standard size mix are water or solvent mixed with a 

size agent (such as cornstarch, sago flour, and PVA), lubricants or softeners, binders or 

adhesive, and preservatives.  

 

 
Figure 31. Sizing Winder (A) Sizing winder with four position capacity. (B) 
View of one position loaded with supply and delivery package (C) CCI sizing 
winder with one position capacity, see Figure 32 for labeled components of 
sizing winder.  
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Figure 32. Sizing winder with labels of each component.  

 

The sizing process parameters (size concentration in the size mix, level of the size mix in the 

size box, temperature of the size mix, yarn tension level, and squeeze rollers’ pressure) 

should be adjusted to provide the required level of size add-on, size penetration, and size 

encapsulation for optimum weaving efficiency (minimum warp beaks during weaving).  

 

If the sizing process was needed for Tether 1 an alternative sequence could be used to 

improve the task time. As mentioned above the sizing process would replace the need to 

prepare back wound packages for the warp. Eliminating the back winding process is 

dependent on the length of yarn per package and total number of packages needed.  

 

For example, Tether 1 specs call for 355 packages (345 tex-yarns + 10 extra) and a yarn 

length per package of 40 yd (minimum needed to weave a finished 10 yd tether length). The 

sizing winder speed is 180 yd/min, therefore, the sizing time per 40 yd package is (0.22 min). 

In addition to the sizing time per package, a doffing time of 2 minutes is needed for doffing 

the completed delivery package and preparing a new package. The operator is limited to 
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managing one sizing position due to the close timing of winding speed (0.22 min) and 

doffing time. The total task time for this scenario would be (969 min*). 

 

The alternative yarn preparation sequence of the sizing winder followed by back winding 

would decrease the total task time. One supply package would be sized with the total yarn 

length (355 packages x 40yd = 14,200yd) and then back wound onto 355 packages. The 

speed of the back winding machine is 437.44 yd/min and so the winding time per 40 yd 

package is (0.09 min) with a doffing time of 0.55 minute per package. Due to the high 

number of packages and faster winding speed of the back winder it is more efficient to 

prepare one sized supply package and then prepare the number of packages needed for 

warping by back winding.  The total time for this scenario would be (396 min*). 

 

Back winding could be eliminated if the number of packages is low and have a high number 

of yards per package. With a short yarn length and large number of packages both sizing and 

back winding are needed. Back winding is an easier process to handle. For example, if there 

is a yarn break during back winding the repair process would be less complicated compared 

to if a yarn break occurs during sizing due to yarn threading through numerous parts of the 

latter.   

 

The alternative yarn preparation sequence explained above has an improved processing time. 

However, the preferred method to achieve a properly sized yarn is to use the sizing winder 

prior to warping. Modifications on the preferred method could compromise the size, which 

would lead to warp breaks.  

 

The sizing process should be considered when selecting a tex-yarn for weaving an e-textile. 

Selecting a tex-yarn that does not require sizing (plied or wrapped, air entangled at intervals, 

or air textured) would eliminate the need for this non-productive step. 

 

*Time estimates includes sizing winder daily clean up time.  
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Explanation of time analysis  

There are two sizing machine options listed in the time calculator model. The data for the 4 

position sizing machine is formatted to follow the user input of a finished e-textile greater 

than 80 inch (or 2.22 yards) in length. The CCI sizing machine is formatted to follow the user 

input of a finished e-textile less than or equal to 80 inch. These assigned parameters reflect 

the limitations of the sizing equipment in correlation to the number of warp ends and total 

length of the finished e-textile. The 80 inch is the limit of woven length if the CCI sample 

warper is used to form the warp since the drum circumference (or warp length) is 3.93 yards 

(3.6 meters) followed by weaving on the CCI loom. The distance between the warp length 

from the warp take off point from the warp beam to the fell of the cloth 1.61yards. This 

length is considered as waste since it cannot be woven. 

 

There is no user input option in the yarn prep sizing tab in TTS. The cells are formatted to the 

user input from e-textile specifications table of the time calculator model. The time for sizing 

will only be calculated if the yarn type selected is single spun or untwisted filament. If one of 

these yarn types is not selected the formula will default to only calculate back winding time, 

and sizing time will be 00:00:00.  

 

Machine settings for back winding speed are by yards/minute. The average time calculated 

for the sizing task includes the required steps: run time per package, preparation time to mix 

the sizing solution, time to doff and load packages and clean up time. Preparation time is 

completed independent from the sizing winder with the frequency and total task time will 

vary by project. A clean up time of 90 minutes must occur at the end of each workday (8 

hour shift) and is calculated accordingly.  

 

There are rows dedicated to run trial specs to analyze time variations in the yarn prep sizing 

tab. These can be used to further understand the time difference between sizing then back 

winding vs. only sizing.  
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4.3.2.3. INDIRECT WARPING 
 

Upon completion of back winding the packages are moved from the spinning lab to the 

weaving lab in cardboard boxes. The next process is indirect warping (sectional warping), 

which includes three sub tasks: (i) creeling, (ii) warping, and (iii) beaming. The objective of 

indirect warping is to prepare the loom beam by transferring the predetermined number of 

warp ends (365) into a sheet of yarn of a specified length (20 yards), (see Table 16: Warp 

Length). These warp ends are uniformly spaced across the specified fabric width (5 inches) 

by following the Warp Sequence Plan (Figure 26) and wound under uniform tension (one 

tension level for tex-yarns and another higher tension level for the e-yarn, which has a much 

higher linear density).  

 
 

4.3.2.3.1. CREELING 
 

Creeling is step one of three in the indirect warping process. The Benninger creel (Figure 33) 

used for Tether 1 is a rectangular single end creel with a capacity of 384 positions 

(packages). Each warp end in the Tether 1 e-textile is assigned to a position on the creel. This 

creel is divided into a right and left sides. The positions on each side are numbered: right side 

(back to front of creel) holds warp end No. 1 through No. 183 and left side (front to back of 

creel) holds warp end No. 184 through No. 365. Order of warp end positions refers to the 

Warp Sequence Plan (Figure 26). A supplemental layout is prepared which illustrates each 

individual position on the creel (Figure 34) and its corresponding warp end. This layout is 

necessary for the Tether 1 e-textile due to specific placement of e-yarns and guideline yarns 

(note: this supplemental layout is not standard in the industry and was created for training 

purposes for Tether 1).  

 

Creeling is a time consuming process with multiple manual steps performed for each of the 

365 yarn packages. Each package requires eight sequential steps to be properly creeled 

(Figure 35) and only one package can be creeled at a time by an operator. The labor-

intensive tasks also require the worker to use a stepladder to move the yarn along the 
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threading path. As a result 1 row (creeling 8 packages) of the creel has an average time of 

18.2 minutes. Efficiency can be increased if steps are split by 2+ workers creeling together. 

The sequential steps could be divided as follows: worker A is assigned steps 1-3 that will be 

followed by worker B with steps 4-6, and completed by worker C with steps 7 and 8. 

Creeling is complete when all 365 ends are secured on the pattern drum (Figure 36). 

 

 
Figure 33.  Benninger rectangular single end creel - sectioned warping 
(indirect warping). Right side view of creel prior to adding yarn packages 

 

 
Figure 34. Supplemental creeling plan layout for right and left side of creel. 
E-yarn positions are highlighted in yellow and guide yarn positions in orange.  
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Figure 35. Creel yarn threading path (A-L). (A) Step 1: Yarn package added 
to peg position on creel frame. Yarn tail is pulled through yarn tensioner disks 
with an open latch crotchet hook. (B) Step 2: Yarn is pulled through an 
additive tension device and checked for prescribed tension. (C) Front view of 
yarn tensioner, aluminum washers are used to adjust the tension rod. (D) Step 
3: Yarn is threaded through a serious of ceramic thread guides. (E) Birds-eye 
view of threaded ceramic thread guides. (F) Step 4: Yarn is threaded through 
the stop motion unit that is used to detect breaks during warping. (G) Step 5: 
Yarn is pulled towards lease rod and lease reed. (H) Step 6: Yarn is threaded 
under lease rod and through lease reed dent with open latch crotchet hook. (I) 
Side view of threaded lease reed. (J) View of threaded lease reed and creel 
(worker’s back facing warping drum). (K) Step 7: Front view of yarns 
threaded through v-reed (worker’s back facing creel). (L) Step 8: Yarn is 
taped down to the tapered pattern drum. 
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Figure 36. Multiple views of finished creel.  

 

 
Figure 37. Twist lively tex-yarn pictured at different sections of threading 
path. Red rectangle indicates location of snarl.  

 

 
Figure 38. Defects in E-yarn. (A) Defect in e-yarn end No. 108. (B) Defect in 
e-yarn end No. 251. (C) Cone used during weaving to collect damaged e-yarn 
end No. 108.  (D) A second view of same cone. 
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Issues  

The main issue that occurred during creeling and also into warping was the tex-yarn being 

twist lively (Figure 37). Twist lively yarns will form snarls by twisting and knotting up on 

itself because the yarns are not held under continuous tension, that is sufficient to prevent 

yarns from snarling. Snarls will cause defects in final fabric if woven-in.  The tex-yarn was 

twist lively at various parts of the creel thread path. As a result all 345 tex-yarn positions and 

thread paths were manually checked and corrected throughout creeling and warping. This 

issue increased the overall task time.  

 

Another issue was the detection of defects in two e-yarn packages: end No. 108 (Figure 

38.A) and end No. 251 (Figure 38.B). These defects were detected upon completion of 

creeling, and were seen on the thread path from breakage indicator to the v-reed: end No. 108 

(Figure 35.G) and end No. 251 (Figure 35.K). The suggestion to have a vision sensor system 

that detects flaws in the yarn during formation of e-yarns (Section 4.3.2.1. Back winding, 

Suggestions) would prevent the defect from occurring in the creeling process that could have 

been passed without detection.  

 

Suggestions 

Twisted tex-yarns should have been conditioned using heat and steam to set the yarn twist 

and prevent the twist liveliness. This would have been helpful in reducing the time needed to 

add a nylon sock to each package as pictured on an e-yarn (Figure 28.A). Time limitations 

(due to Tether 1 ship date) decided that the most time effective solution was to proceed by 

checking each position and thread path during the warping process.  

 

To remedy the defects in the e-yarn packages, it was decided to proceed as is and to replace 

the ends during looming with two of the supplied e-yarn packages (remaining e-yarn length 

on each of the two packages was enough for weaving Tether 1) placed on a small creel 

situated behind the CCI weaving machine.  
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Explanation of time analysis  

In the TTS for creeling reports two averages.  The first average is task time per package 

creeled (1261 min/365 packages = 3.45 min). This average task time/package is based on 

total number of minutes for completing all eight steps in the creeling process per package and 

includes time durations of task planning, preparation work, trials, working out issues. The 

second average is a creeling time average (739 min/365 packages = 2.02 min) is calculated 

which reflects time duration for timed sections and does not include time durations of task 

planning, preparation work, trials, working out issues.  

 
 

4.3.2.3.2. WARPING 
 

Warping is step two of three in the indirect warping process. Warping is the process of 

winding warp ends onto the pattern drum in preparation for beaming. A main requirement for 

warping is to maintain uniform tension of the yarn as it leaves the supply packages; 

otherwise the rate of breakage will increase. Creeling prepares the yarns for this requirement 

and double-checking the tensioners of all positions will affirm that ends are experiencing 

uniform tension.  

 

Furthermore, warping should not impair the physical, mechanical or electrical properties of a 

yarn. The tension should moderate the yarn to completely retain its elastic properties and 

strength. The yarn should not be subjected to sharp abrasive movement. Due to the small 

warp width (5 inches) for Tether 1 this was an initial concern. For this reason, along with the 

short warp length required, warping ran at crawl speed to avoid sharp movements in warping 

motion.  

 

The process begins with the operator enters the warp length and warping speed into the 

control panel (Figure 39). After settings are entered the warp ends are prepped for warping 

(Figure 40). The warping process is generally irreversible; unwinding the drum would likely 
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cause yarn entanglement and damage. For this reason an experienced worker manages the 

warping process.  

 

 
Figure 39. (A) Warper control panel. (B) Mechanical measuring device, 
which follows length settings, entered in control panel.   

 

 
Figure 40. Warping steps. (A) All 365 creeled yarns are pulled through the v-
reed to insure uniform tension and tied in a securing knot.  (B) Securing knot 
is further pulled towards tapered warping drum (away from creel) and slid 
over starting pegs on drum. (C) Leasing is performed so a lease string is 
added to maintain the warp yarn sequence. (D) Lease strings added. (E) 
Warping process in action. (F) Warping complete after completing set warp 
length. Warped yarns are cut and taped to maintain order and creeled yarns 
are knotted in front of v-reed to secure threading.  
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Issues  

Tex-yarn twist lively ends (Figure 37) continued to entangle and form snarls even under 

tension indication of snarl formation on the as supplied packages. As a result warping ran at 

crawl speed and frequently paused, for worker to check all 345 tex-yarn thread paths for 

snarls and correct as needed by straightening the yarns by pulling to remove snarls.  This 

increased the warping time. 

 
Suggestions 

See section 4.3.2.3.1 Creeling, Suggestions. 

 

Explanation of time analysis  

See Section 4.3.2.3.3 Beaming, Explanation of time analysis. 

 

It should be mentioned here that for Tether 1, only one band was needed due to the fact that 

the total number of warp yarns required for such narrow fabric is lower than the creel 

capacity. 

 
 

4.3.2.3.3. BEAMING 
 

Beaming is the final step in the indirect warping process. Beaming is the transfer of all the 

warped yarn from the pattern drum to the flanged loom beam (Figure 41.A) by unwinding 

the warp from the pattern drum. As with warping, the beaming process ran at crawl speed 

with frequent pauses in order to maintain the warp width parameters during the transfer due 

to the extreme short length of the warp. The mechanical measuring device (Figure 39.B) 

winds in reverse counting back from the total length of wound warp on drum back to zero. 

To insure successful beaming, an experienced worker monitored the width parameters inch 

by inch and verbally guided a second worker to stop and start the beaming rotation. 

Normally, when the length of warp is over 100+ yards there is no need for a second person. 
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Transferring the prepared loom beam to the drawing-in station completes the beaming 

process (Figure 42.A). To set up for drawing-in the warp ends are gently pulled over a felt 

covered platform and secured in place by a weighted cover. 

 

 
Figure 41. Warping and Beaming (A) Front view of empty loom beam and 
warp ends wound on warping drum. (B) Warp ends are secured to loom beam 
with duct tape. (C) Beaming in motion. (D) Side view of beaming in motion. 

 

Issues  

None. 

 

Suggestions 

An option to separately control the tensions of the warp e-yarns and tex-yarns during 

weaving is to prepare two loom beams (one for the tex-yarn ends and a second for the e-yarn 

ends) or creel the e-yarn on a creel situated behind the weaving machine if the number or e-

yarns are small such as in the case of Tether 1. This can help to avoid tension and bowing 

issues during weaving due to an imbalance of yarn size. This approach was not used for 

Tether 1 due to the low number of e-yarns required (only 20), but for ACU2, an electrically 

conductive woven e-textile also included in the TTS. The specs and timed task summary for 

ACU2 is included Table 18. 
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Explanation of time analysis  

Indirect warping compared to direct warping is intended to produce loom beams with short 

warp lengths. This method is primarily used for fabrics with a fancy stripe, check or complex 

color pattern. In a production setting this warping method is a costly process compared to 

direct warping, which is dedicated for mass production.  

 

Tether 1 requires indirect warping due to its complex warp pattern. For this reason there is 

not a summary statistic calculated for total time/warp unit length produced during warping 

and beaming. Instead a set task time for each is established in the time calculator model. 

These set task times reflect the total time for warping (55 minutes) and total time for beaming 

(97 minutes).  

 

The TTS also includes data from other woven electrically conductive samples named electric 

improved outer tactical vest (EIOTV) 1-4, army combat uniform (ACU), and ACU2 ,which 

used the CCI sample warper. The average time to make a warp on the CCI warper is (120 

minutes). In the time calculator model there is an option to estimate total time for sample 

lengths up to 80 inches this option uses the CCI warper time average. Designing an e-textile 

with a short length is a good option when the material is expensive or if there is a limited 

supply. Otherwise, it is best to weave a longer length as to better understand the fabric’s 

behavior during weaving. 

 
 

4.3.2.4. DRAWING-IN 
 
The drawing-in process is the final step prior to mounting the prepared loom beam on the 

loom. This process includes: building the harness frames, drawing-in warp ends, and then 

completed by reeding (Section 4.3.2.5).  

 

Drawing-in is the process of manually (since an automated Drawing-in machine is not 

available) pairing each warp end with the assigned heddle wire (heddle) (Figure 42.D) of a 



 117 

harness frame (Figure 42.C) according to the weave design.  First the harness frames are 

built following the Draft outlined in the Weave, DID, and CP for Tether 1 (Figure 43), 

which is referenced from Tether 1 Specifications (Table 16). The number of harnesses is 

illustrated in the DID as 4 harnesses dedicated to tex-yarn and 4 harnesses dedicated to e-

yarn. This DID was selected to provide the ability of assigning different weave designs to 

each set of 4 harnesses. This will allow for weaving the e-yarns differently than the tex-yarns 

as to achieve a suitable weave for each yarn. The numbered order for the harness frames is 

from front harness 1 (H1) to back harness 8 (H8) when mounted in the loom.  

 

A predetermined number of heddles are added to each harness. The total number of heddles 

per harness is calculated by following the DID (Figure 43). For example to find the number 

of heddles for H1 sum the ends in row 1 of DID (26+1+33+1+26+1 = 88). Heddles are added 

to the harness frame by removing the top bar and sliding them onto the frame structure. The 

top bar is screwed back in place after adding heddles.  

 

The prepared harnesses are added to the drawing-in station (Figure 42.B). Drawing-in 

follows the warp sequence plan. Warp end No. 1 is the first end on the left and end No. 365 

is the last end on the right. Following the warp sequence is imperative to achieve the 

predetermined weave structure. To insure the warp sequence is followed, heddle wires are 

separated and threaded by sequential groups of 4 to reflect the draft plan (Figure 42.G). 

Drawing-in is time consuming, due to the manual labor and double-checking the sequence.  
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Figure 42. Drawing-in Steps. (A) Prepared loom beam placed into drawing-in 
station and warp ends are gently draped over felt covered platform. (B) Front 
view of drawing-in station with prepared loom beam and harness frames. (C) 
Side view of prepared harness frames in drawing-in station. (D) Front view of 
unthreaded heddles and loom beam behind. (E) Drawing-in following a copy 
of the drawing-in plan. (F) Close-up view of warp end threaded through eye 
of heddle wire with open latch crotchet hook. (G) Flat steel heddles threaded 
with tex-yarn in order of the DID. (H) Drawing-in complete, all 365 heddles 
are threaded. 

 

 
Figure 43. Draft, Weave, DID, and CP for Tether 1. Blue cells are for the tex-
yarn, yellow squares are for the e-yarn, and grey cells for the CP. 
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Issues  

None. 

 

Suggestions 

Due to the presence of defects in two e-yarn warp ends (Figure 38.A and 38.B) it would be 

beneficial to have extra e-yarns. A redundancy should be incorporated into the e-textile 

design, to compensate for defective or missing ends on the loom beam. The duplication of 

the e-yarns (the e-textile’s critical component) would increase the reliability of the 

conductive network as a fail-safe. The addition of one set of e-yarns would provide enough 

of a backup in case either of the two e-yarn sets was to require a replacement e-yarn.  

 

To apply this suggestion extra ends would be calculated prior to the fabric formation process. 

The addition of extra ends would be reflected in back winding and creeling. This would save 

time and guarantee that the extra yarns are experiencing the same tension during warping and 

weaving. This method is practiced in industry in high-speed warping to allow compensating 

for yarn breaks during warping since a broken end may go on the pattern drum under several 

coils before the machine come to a complete stop. The extra warp yarn(s) are used during 

weaving until the hidden end surface on the beam. 

 

Explanation of time analysis 

For drawing-in, the time calculator model shows the summary statistic calculated as an 

overall drawing-in time average (building harness frames and drawing-in) and is calculated 

by total number of minutes for tasks divided by number of ends (326 min/365 ends = 0.89 

min).  

 

It should be noted that drawing-in time is also influenced by the size and color of the yarn. 

Since the process requires each yarn to be located/picked by the operator, handled, and 

threaded through a thread guide a thick yarn (easier to handle) and light color yarn (easier to 

see) would require less time to draw-in as compared to thin yarn (more difficult to handle) 
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and dark colored yarn (more difficult to see). The type of yarn may affect the estimated time 

calculated for drawing-in and reeding tasks. This should be considered when using the time 

calculator for future e-textile projects. 

 

The option of preparing two loom beams for sample ACU2 was mentioned in Section 

4.3.2.3.3. The time data for drawing-in two separate beams is also included in the TTS. With 

the equipment available the process of drawing-in two beams is to first draw-in the tex-yarn 

while moving along the empty heddles designated for the e-yarns. Upon completion of 

drawing-in the tex-yarns all heddles are pushed back to the right side of the harness to begin 

drawing-in the e-yarns through the heddles that were left empty. For this reason drawing-in 

two beams is extremely time consuming and requires focused precision as to avoid sequence 

errors.   

 
 

4.3.2.5. REEDING 
 

Reeding (slaying) is the process of threading warp yarns through individual dents in the reed. 

The number of ends per dent is given as 3 tex-yarn ends per 1 dent and 2 e-yarn ends per 1 

dent (Table 16). Drawing the warp ends through the dent according to the reed plan 

determines more accurately the width of the fabric and warp density. Slaying the reed is 

executed in four steps (Figure 44):  

 

1. Measure length of reed (22 inches). 

2. Divide length in half (11 inches) and mark on reed. 

3. Mark sample width (5 inches) on reed (matching the center points of each measurement). 

4. Slay the reed from right marked side to left marked side (from end No. 365 to end No. 1) 

following the Ends/Dent specifications in (Table 16). Ends are pulled from top to bottom 

through dents.  
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Figure 44. Reeding Steps. (A) Side view of reed placement in front of 
harnesses.  (B) Slaying the reed with open latch crochet hook from top to 
bottom. (C) Front view of end No. 365 – end No. 261 slayed.  (D) Slaying 
complete. 
 

Issues  

None. 

 

Suggestions 

None. 

 

Explanation of time analysis 

The summary statistic calculated is from the total time divided by the number of ends slayed 

(72 min/365 ends = 0.20 min). A secondary summary statistic is the average time per number 

of dents (72 min/125 ends = 0.58 min). The average used in the time calculator model is 

average time per number of ends slayed.  

 
 

4.3.2.6. LOOMING 
 

Looming is the process of preparing the loom to weave. The first step is to transfer the 

prepared loom beam, harness frames, and slayed reed to the loom with a warp truck (Figure 

45.A).  When all components are added to the loom there are seven main steps performed:  
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1. Tighten reed into the loom. 

2. Secure harnesses with harness clips. 

3. Tie down warp ends to fabric guide (Figure 45.E), tension back warp beam, and guide 

through fabric rollers. 

4. Thread the three leno sets on both sides of warp yarns (Figure 45.C and 45.E). 

5. Place filling yarn package on its holder.  

6. Enter settings (weave design, picks per inch, and warp tension) into CCI loom software 

Dobbytronic (Figure 46). 

7. Weave testing sample to insure looming is complete (Figure 45.H). 

 

Issues  

For Tether 1 there were three issues that needed to be resolved before proceeding to weave. 

These issues required 429 minutes of work time to rectify.  

 

The filling yarn (twisted continuous filament yarns) is slick and was not bound to the leno 

selvage (Figure 45.H). This creates uneven tension between the two selvage edges of the 

fabric. It was proposed that a heavier textured yarn could be used for the leno ends as it may 

keep hold of the filling yarn. Two back wound packages were prepared for the replacement 

leno ends. After drawing-in the new leno yarns and weaving a test inch, the issue persisted.  

 

Placement variations for leno ends were also tested, but equally unsuccessful. The final 

correction was to add a 12-end auxiliary selvage to the right of the leno ends (Figure 45.I and 

45.J). These 12 ends have enough friction and holding power to keep the filling yarn from 

sliding back to the left.  

 

The second issue was the twist lively filling yarn kinking up and knotting around tensioners 

and thread guides. When the filling yarn cannot freely move through its thread path it will 

break and engage the stop motion sensor to pause weaving until the operator repairs the 

broken filling. 
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After working with the tex-yarn and its twist lively issues during back winding, creeling, and 

warping it was understood that it needed to be under a higher tension. Increasing tension was 

not enough and the filling continued to break. To control the twist lively yarn it was proposed 

to add a lightweight knit nylon stocking around the package (Figure 45.G). Four different 

weights of nylon stockings were tested before the issue was resolved. 

 

As identified during creeling, two defective e-yarn ends had to be replaced (Figure 38.A and 

38.B). The e-yarn ends were pulled from the warp beam and replaced by two e-yarn supplied 

packages. The replacement e-yarns were added to an external creel behind the loom (Figure 

45.F). Throughout weaving the damaged e-yarns were manually wound around cones as they 

were let off the beam (Figure 45.F in blue rectangle). 
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Figure 45. Looming Steps. (A) Warp truck transferring prepared loom beam, 
harnesses and reed. (B) Weaver’s side view of CCI loom. Loom beam, 
harnesses and reed are placed into loom. (C) Warp side view of ends under 
tension after being tied down to guide fabric. (D) Leno ends are threaded 
through leno heddles. (E) Birds-eye view from front of loom with tied down 
ends and leno yarns. (F) External creel set up directly behind CCI loom to 
hold replacement e-yarn packages. Outlined by the blue rectangle is the 
location of cones used to actively collect damages e-yarns identified in 
(Figure 38.C and 38.D) from loom beam (G) View from left side of loom to 
show filling yarn covered with nylon stocking. (H) Test weave shows issue 
selvage leno yarns with 210 denier yarn and problem corrected with 500 
denier air textured yarn to demonstrate what yarn type works better to bind 
with leno ends (I) Auxiliary 12 end selvage wound on package added to an 
external creel. (J) 12 ends auxiliary selvage added to right side of warp to 
make supplementary selvage to catch the 210 denier slick yarn. This is in 
addition to original 3 leno sets. 
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Figure 46. Weaving software Dobbytronic controls weaving on the CCI loom. 

 

Suggestions 

Textured yarn is recommended for filling to avoid the issue of binding with the leno ends. 

Textured yarns are characterized by their bulkiness and, high surface area and loops that will 

cause good binding with the leno ends.  

 

Explanation of time analysis 

Looming is a process independent of unit lengths; the same seven steps are applied when 

preparing to weave a fabric with any specifications.  

 

For this reason there is not a summary statistic calculated for total time/warp unit length for 

Tether 1. Instead a set task time is established in the time calculator model. This set task time 

reflects the total time spent looming (524 minutes). Due to the incurred issues, which are not 

common during every looming process, an actual looming time (95 minutes) is also 

calculated. The actual looming time reflects time duration for the seven looming steps and 

does not include time durations of task planning, preparation work, trials, working out issues. 

These two averages are used in the time calculator model. 
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4.3.2.7. WEAVING 
 
Weaving is the process of interlacing the warp and weft in a woven fabric according to the 

weave design. For Tether 1 sample rapier loom, CCI, was used to weave the e-textile. The 

front of the CCI loom, where the fabric is woven is called the weaver’s side. The back of the 

CCI loom where the loom beam is placed is called the warp side. When the operator faces the 

loom on the weaver’s side, the weft yarn is inserted from the left (picking side) (Figure 47.C 

and 47.D). The rapier, which originates from the right side (receiving side), grabs the weft 

yarn leading end. The rapier pulls the filling yarn to the receiving side through the shed that 

is created by the up and down movement of the harness frames. When the rapier returns to 

the receiving side with the pick, i.e. filling insertion is completed, the reed moves toward the 

cloth fell to beat up the newly inserted weft yarn and incorporated to the fabric. With this a 

weaving cycle is completed. 

 

The warp and fabric control motion (which consist of take-up and let-off mechanisms) 

controls weft density, warp tension, feed rate of the warp from the loom beam and collection 

of the woven fabric on the cloth roll. The CCI loom also has auxiliary motions that are 

related to the system’s stop motions. The filling stop motion senor detects a break in the 

filling yarn and will stop the weaving process. There are no stop motion sensors for warp 

ends so it is important to regularly check for breaks or irregularities (such as slackness or 

entanglement to avoid breaks) in warp yarns. 

 

Issues  

After resolving the issues encountered during looming there were no critical issues during 

weaving.  

 

However, it is worth noting the conditions that require a trained operator to be present during 

running time. The selvage edges need to be manually trimmed with electric scissors every 8-

12 inches woven. This is a needed task since the sample width (5 inches) is shorter than 20 

inches. These trimmed edges are then manually checked every 4-6 inches woven to ensure 
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they have moved past the fabric rollers and not taken up for a second revolution. Every 18-25 

woven inches the damaged e-yarns stemming from the loom beam need to be checked and 

wound onto their designated cones on the warp side. 

 

 
Figure 47. Weaving (A) Weaver’s side view of the CCI loom. (B) Birds-eye 
view of woven e-textile. (C) Thread guide holding the filling yarn in raised 
position. (D) Thread guide lowered for rapier to catch filling yarn and bring 
through the shed.  

 

Suggestions 

Selvage edges can be trimmed during weaving by adding electronic cutters to the outside 

selvage edges.  
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When weaving two separate beams as seen with sample ACU2, the length of both beams 

need to reflect their positioning on the loom. It is imperative for the second beam, which is 

positioned at a further distance from the loom to have been prepared with extra warp length 

to compensate for the additional distance. This length would be reflected in the spec sheet as 

to inform the technician prior to warping.  The CCI loom may be redesigned in terms of 

locating the second beam so that it has the same distance as the first beam, which would 

provide the same warp length from the two beams. Additional length suggested here requires 

creating a warp beam using CCI sample warper and another beam using the sectional warper, 

which would require significant time. 

 

Explanation of time analysis 

The summary statistic used in the time calculator model is the average time for woven yard 

(713 min/10 yard = 71.30 min).  

 
 

4.3.2.8. TETHER 1 PRODUCT ASSEMBLY 
 

Weaving completed the formation of the e-textile and tether assembly is specific to the given 

e-textile product. The tether, which was woven as a single layer fabric is required to be 

folded to accommodate twisted pairs Ethernet cables. This section describes the steps that 

were taken to fold and assemble the cables to form the final tether product.   

 

The 5 inch woven e-textile is fan folded into five 1 inch sections and has four folding points. 

Selvages of e-textile remain free and provide two openings in the folded tether for one 

twisted pair of Ethernet cables to be added on each side. After adding the twisted pair of 

cables, the two openings are closed by sewing two seams (one per edge) along the outside 

edges of the tether.  

 

A mock-up of Tether 1 was sewn to confirm the proposed fabrication plan (Figure 48.B and 

48.C). The main objective of the mock-up was to determine if the e-textile measurements 
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would accommodate the integration of two Ethernet cables within the sewn sample width. 

The mock-up confirmed the measurements and also identified the need for fold guidelines to 

be woven in the e-textile (Figure 48. C). These guidelines would ensure a uniform fan fold 

for the length of the tether. Furthermore, two seam allowance guidelines were added to the 

woven e-textile. The equipment used for assembly is pictured in Figure 49. 

 

 
Figure 48.  Tether 1 Design (A) Sketch of Tether 1 fabrication. (B) Birds-eye 
view of sewn tether mock-up. (C) Four folding points of unsewn tether mock-
up are identified by red arrows.  
 

 
Figure 49.  Sewing machine, supplies, and materials used for Tether 1 assembly. 
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After completion of the e-textile two approval tether samples were sewn. Both sew tests were 

successful, however, a minor adjustment was made to the seam allowance width. Sewing 10 

yards (360 inches) of Tether 1 involved the following five steps: 

 

1. Trim selvage fringes to 1/ inch. 

2. Fold e-textile along woven guidelines. 

3. Pin side No. 1 and add twisted pair No. 1 (Figure 50.A). 

4. Sew side No. 1 (Figure 50.C). 

5.  Repeat steps 3 and 4 for side No. 2. 

 

Issues  

Two sew tests were completed prior to proceeding with sewing the final Tether 1 sample. It 

was identified during sew test A that if seam No. 1 is sewn following the woven guideline 

there will not be sufficient space for the Ethernet cables if seam No. 2 is also sewn following 

the woven guideline. This issue was solved during sew test B by sewing slightly to right side 

of the woven thread guide (Figure 50.D). 
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Figure 50. Tether Construction. (A) Close-up view of twisted pair pinned into 
side No. 1  (B) Folded tether laid out on pattern table during addition of 
twisted pair No. 1 (C) Sewing side No. 1. To properly manage the 10 yard 
tether it is stored in a paper bag by the presser foot of the sewing machine. As 
the tether is fed through the sewing machine it crosses the back of the sewing 
table and falls into a receiving box on the floor. (D) Close-up view of sewing 
seam No. 1 (sewing presser foot pictured). (E) Cross section view of Tether 1. 
(F) Close-up of sewn Tether1.  
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Suggestions 

Pinning was a time consuming task. The time required for this task could be improved if only 

one side of the e-textile required sewing. A tether could be designed as a woven tube but with 

both openings (for the twisted cables) on the same side. If only one end of the tether had to 

be sewn closed the task requirements would be half those of Tether 1.  

 

Sewing time could be improved with the addition of a custom sewing presser foot (Figure 

50.D). The presser foot could have a small grove cut into the bottom of the foot as to provide 

a channel to guide the twisted cables. This would reduce pauses during sewing because the 

custom presser foot would guide the cable away from the active sewing area instead of the 

sewer manually checking for clearance of the cable every few inches.  

 

Explanation of time analysis 

The summary statistic used in the time calculator model is the average sewing time per yard 

(804min/10yard = 80 min). A sewing ‘running time’/yard (641 min/10 yard = 64 min) is also 

calculated which reflects time duration for Tether 1 only and does not include time durations 

of task planning, preparation work, sew trials, working out issues.  
 
 

4.4. TIME CALCULATOR MODEL FOR WOVEN E-TEXTILE SAMPLE 
 
The Tether 1 time study helped to form a time calculator model, which can be used for 

estimating time needed to produce other tethers and to weave future e-textiles of similar 

specifications. The summary of the time averages found for tasks within each process are 

included in Table 17.  

 

It should be further noted that data collected and used to estimate total time for a tether e-

textile product is based on one sample. In order to achieve more accurate time analysis 

additional time studies should be conducted.  Repeating these scenarios would help to 

eliminate issues of distinguishing between operating time and labor time. 
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In an effort to further develop the time calculator model, data from other woven electrically 

conductive e-textiles were included in the study. These woven samples were made with the 

same sample equipment with the exception of tether product assembly. The task-by-task 

steps were not documented in such detail as with Tether 1 but an accurate time analysis by 

each process provided adequate data. The samples used were: EIOTV 1, EIOTV 2, EIOTV 3, 

EIOTV 4, ACU, and ACU 2. The process time data from these woven samples formed an 

alternative time calculator model for e-textiles up to 80 inches in length. Table 18 provides a 

summary of the time data for these samples. 

 

Table 17. Tether 1: Time Study Collected Data 

 
Note. The task average times listed throughout Section 4.3.2 are summarized in the table. 
The averages written in blue text are used in the time calculator model. ** Indicates the total 
itemized task time (production time), which excluded time durations of task planning, 
preparation work, trials and working out issues – this is not available for all tasks. For the 
tasks that production time was available they are written in green text. The difference 
between the total based on total labor time and the total based on production time is 
representative of the challenges encountered while making this e-textile product on sample 
weaving equipment.  
 

The time summary data in Table 18 (written in blue text), filtered into the time calculator 

model for samples up to 80 inches (Table 19). The interactive model works by the user 

entering the e-textile specifications into the yellow cells (input cells). The entered 
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specifications then update the formatted grey cells to calculate the parameters of the e-textile. 

The estimated time calculations in the black cells are based on the fabric specifications and 

averages found from the time study. 

 
The time calculator model for samples up to 80 inches is very similar to the original Tether 1 

time calculator model (not pictured). The Tether 1 model is based on the averages written in 

blue text from Table 17. These averages along with the user input entered in a similar 

specifications table as that in Table 19 calculate the estimated time to produce a tether e-

textile product from a woven e-textiles that is 80 inches or longer. The notable differences 

between the two models are Tether 1 assembly time, the separation of labor time and 

production time per task, and samples up to 80 inches used a sample warper instead of the 

Benniger warper. 

 

Estimated times vary from sample to sample. Generalization is difficult to do by project 

because time spent on resolving issues and discussions with technicians are unknown for 

each process, which is a typical procedure in development of new products. Identifying the 

issues encountered with Tether 1 will help the e-textile developer understand potential 

variations in predicted time to actual time after several iterations. This must be considered 

when evaluating the estimated time generated by the time calculator models.  
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Table 18. Time Study Collected Data for Sample Length up to 80 inches 

 
Note. This summary does not include time durations of task planning, preparation work, trials and working out issues. Total 
time per sample is listed in orange text. 
 

Table 19. Time Calculator Model for Sample Length up to 80 inches 
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4.5. E-TEXTILE TIME STUDY SUMMARY 
 
Throughout Section 4.3.2 suggestions for the tasks within each process were presented. In 

summary, the main points from those suggestions are outlined in Table 20.  

 

One of the objectives of this work is to study e-textile formation as to provide suggestions for 

e-textile processability using sample equipment. In support of this objective, the research 

question posed how processability is influenced by the selection of e-yarn and tex-yarn.  

 

Table 20. Findings from the time study and considerations for future e-textiles 
Process Section Suggestion Reason 
BACK 
WINDING 

A vision sensor system that 
detects flaws in the yarn should 
be used during yarn formation 
prior to winding. 

Early detection of yarn flaws would eliminate warp 
end replacement during creeling and/or weaving. 
Ultimately this would prevent unnecessary soldering in 
woven conductive traces and reduce the risk of 
increased electrical resistance.  

SIZING  Select a tex-yarn that doesn’t 
require sizing (plied or wrapped, 
air entangled at intervals, or air 
textured). 

Selecting a tex-yarn that does not require sizing would 
eliminate the need for this time consuming non-
productive step. 

CREELING Select a tex-yarn with a stable 
twist, as to avoid twist lively 
issues.  

This would improve processability and reduce the time 
needed to remedy the issues caused by a twist lively 
yarn during back winding, creeling, warping, beaming, 
and weaving.  

BEAMING Two loom beams, one for e-yarns 
and the second for tex-yarns. 

Ability to control the tensions of the beams separately, 
which would help to avoid issues with tension and 
bowing during weaving.  

DRAWING-
IN 

Extra e-yarns included in the e-
textile specs.  

A redundancy would compensate for defective or 
missing e-yarns and can replace flawed e-yarns during 
drawing or even weaving.  

Assigning e-yarns and tex-yarns 
to separate harnesses.  

This provides the option of assigning different weave 
structures to both sets of warp yarns.  

LOOMING Select a textured filling yarn. To avoid issues of binding with leno ends to form a 
stable selvage edge. This would improve weaving 
efficiency and processability. 

WEAVING Addition of electronic cutters to 
trim selvages during weaving.  

This would produce clean uniform selvage edges, 
which is imperative for Tether 1 assembly. 

ASSEMBLY Specific to Tether 1 – the addition 
of a custom sewing pressure foot.  

This would improve the assembly process of the tether 
by guiding placement of wires integrating during 
sewing.  

 

Results on this question were based on the observations made from the Tether 1 time study 

and the development of the time calculator models. Through interpreting the time data per 
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process, where additional time was needed to remedy an issue, it was found that yarn 

selection for both e-yarn and tex-yarn might influence processability. For example, during 

creeling and warping the twist lively of tex-yarn extended the task times. This was due to 

repeated pauses to remedy the snarls and keep them from forming knots along the yarn.  

 

Processability issues encountered during yarn preparation, weaving preparation, and 

weaving, inform the suggestions proposed in Table 20. However, majority of the 

processability issues dealt with the selection of the tex-yarn. Whereas the suggestions based 

on e-yarns addressed adjustments that may be made to processing parameters, which would 

maintain the e-yarn’s quality and integrity during processing. For example, the use of a 

vision sensor during winding to detect e-yarn defects during yarn preparation.  

 

Suggestions for future research would include the strategic application of the suggestions 

proposed in Table 20 for woven e-textile formation. In addition, time studies on e-textile 

formation using sample equipment should continue. A continued effort would ultimately 

form more technologically advanced time models. The time model and calculator could be 

useful for new industry participants because it can be used to forecast labor and production 

times for a variety of e-textile formations. With additional effort, this could easily be 

enhanced to include a cost forecast. Cost and labor efficiency are vital ingredients required 

for an industry to gain scale.  

 

As the e-textile field advances, its future relies in part on the combined expertise from varied 

disciplines and industries. The partnerships of interdisciplinary teams involve people who 

work in manufacturing, materials science, physics, chemistry, textile, electrical and/or 

process engineers. Therefore, a shared knowledge of textile processes will be imperative for 

successful dialogue between these groups.  This section presents a dedicated effort to build 

on the combined expertise between Infoscitex Corporation and the College of Textiles.  
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5. EVALUATION OF THE INTEGRITY OF E-WOVEN FABRICS: 
EXPERIMENTAL   

 
The second objective of this study is to investigate the integrity of electronically conductive 

textiles while they are subjected to extreme environmental conditions and abrasion. The e-

textile of interest was a fabric with two narrow conductive traces woven through its length in 

the warp direction. These traces form a conductive network because they encompass weld 

sites. For e-textiles, electrically conductive networks are used to guide electrical currents 

between functional components. Therefore, knowledge of the electrical behavior of these 

networks is essential. A brief background was discussed in Section 2.4.2 on the topic of 

electrical properties and primary causes for changes in resistance. 

 

Electrical integrity was studied using resistance as the key indicator. Resistance is the 

property of a circuit or element that determines, for a given current, the rate of electrical 

energy that passes through it. Changes in the value of a low resistance element indicate 

degradation taking place between two contact points. Every electronic device requires an 

electrical current, controlled by voltage and resistance.  If resistance is not within the 

required range, the electrical current and subsequent signal transfer (e.g. communication) 

between contact points may fail. 

 

To test the electrical integrity of the woven conductive networks, their resistance was 

measured during environmental and surface abrasion testing. The data collected from these 

tests help to evaluate whether formation factors of the woven conductive network affect the 

change of resistance, which may help the design and manufacturing for future e-textiles. 

Specifically, this evaluation focuses on the low resistance values of the conductive networks. 

A “low” resistance value is application specific but is defines here as anything below 1.000 

ohm (Ω). Changes in the value of a low resistance material are one of the best and quickest 

indications of degradation taking place between two contact points. Alternatively, readings 

can be compared to those of similar materials.  
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Changes in resistance can occur from a number of influences including relative humidity, 

temperature, chemical corrosion, vibration, fatigue and mechanical failure. Low resistance 

measurements are required on a regular timed cycle in order to chart any changes taking 

place. Analyzing changes in low resistance over time can help prevent long-term damage to 

embedded electrical components and minimize energy wasted as heat. When using 

measurement processes to evaluate low resistance networks it is important to use test 

equipment that minimizes errors introduced by the lead resistance and contact resistances 

between the probe and the material being tested.  

 

Standardized test methods for measuring low resistance for e-textiles have yet to be 

developed. However, there are methods for measuring the linear resistance (direct current 

and resistance per unit length) of conductive networks. Two methods are defined: a 2-wire 

and a 4-wire method. The 4-wire method is preferred because it excludes the resistance of 

contact points and test lead cables, therefore resulting in a more accurate measurement. In 

this study an adaptation to the four-electrode and four-wire method was used.  

 

The following questions support the objective of this study and also directed the 

experimental design: (i) How do environmental conditions (relative humidity and air temp) 

affect the resistance of the conductive networks? (ii) How do the weld points affect the 

resistance of the conductive networks when subjected to environmental conditions? (iii) Is 

there evidence that the electrical integrity of a woven conductive network is influenced by 

formation factors, e.g. e-yarn type and number of e-yarns in each conductive trace? (iv) 

Which e-textile construction provides the best abrasion resistance performance so that the 

physical and conductive properties of the e-textile are not impaired? 

 
 

5.1. EXPERIMENTAL DESIGN 
 
The experimental design was constructed to identify and understand the change in resistance 

of the woven conductive networks caused by abrasion and environmental variables: relative 
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humidity and air temperature. To better understand the change in resistance observed during 

testing the formation factors of the conductive networks were also investigated. These factors 

are identified in Table 21 for environmental room testing and Table 22 for abrasion testing.  

 

Table 21. Fabric Samples and Formation Factors for Environmental Testing 
Fabric Sample ID Network Factor 1: 

E-Yarn 
Type 

Factor 2: 
# of E-Yarn 

in Trace 

Factor 3: 
Weldability 

EIOTV1 
1.2 A NEY 6 MODERATE B NEY 6 

1.3 A NEY 6 MODERATE B NEY 6 

EIOTV3 3.5 A NEY 8 POOR B NEY 8 

EIOTV4 
4.4 A UEY 8 GOOD B UEY 8 

4.5 A UEY 8 GOOD B UEY 8 
 

Table 22. Fabric Samples and Formation Factors for Abrasion Testing 
Fabric Sample ID Network Factor 1: 

E-Yarn 
Type 

Factor 2: 
# of E-Yarn 

in Trace 

EIOTV2 
2.1 A UEY 6 

B UEY 6 

2.2 A NEY 6 
B NEY 6 

EIOTV3 

3.1 A UEY 8 
B UEY 8 

3.2 A UEY 8 
B UEY 8 

3.3 A NEY 8 
B NEY 8 

EIOTV4 
4.2 A UEY 8 

B UEY 8 

4.3 A NEY 8 
B NEY 8 

 
 
The information in Tables 21 and 22 is explained in detail in the following paragraphs. 

Fabric refers to the name of woven conductive textile from which the sample was cut. 

Sample ID refers to the identification number assigned to the test sample. The first digit 
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indicates the EIOTV fabric number from which the sample was cut. Sample IDs in Table 21 

and 22 refer to the test samples used in the experiment. Network refers to letters, A and B 

assigned to the two separate woven traces that run in the lengthwise (warp) direction of the 

test sample. The resistance of Network A and Network B is measured independent of each 

other. It should be noted that the term trace refers solely to the woven trace of the conductive 

network; whereas the term network refers to the woven trace that encompasses weld points. 

 

Factor 1 is the e-yarn type; two different e-yarns were used NEY and UEY (see Table 23). 

Factor 2 is the number e-yarns woven in the conductive trace, either 6 or 8. Factor 3 is 

weldability, which may be best considered as a processing or performance characteristic that 

is attributed to factors 1 and 2. However, for this study weldability is referred to as a 

formation factor and is only considered a factor for environmental testing.  Weldability is 

observed by the weld point’s ability to form a low resistance weld on the fabric (poor, 

moderate, good). These observations were provided from IST. A possible explanation for the 

weldability ratings is based on the amount of tex-yarn present at the weld point. More tex-

yarn would interfere with connection of the weld point to the conductive Cu alloy wires in 

the yarn by reducing the pressure between conductive elements.  

 

In addition to the formation factors listed in Tables 21 and 22 the experimental design will 

investigate the change in resistance by environmental factors and sources of variation due to 

sample preparation (e.g. soldering).  

 
 

5.2. MATERIALS AND METHODS 
 
 

5.2.1. YARN 
 
Two different e-yarns were used in the e-textile samples. Descriptions of both types are listed 

in Table 23. Differences between e-yarn types are in bold. The conductivity of the wire was 

provided by IST to be ~85% that of pure copper. Therefore, the resistivity is calculated from 
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copper conductivity (5.95E-07) [106] (see Table 15). Where e-yarns are not present in the 

warp sequence, a 500 denier air textured nylon yarn was used. The same textile yarn was 

used for the filling.    

 

Table 23. E-Yarn Details 
E-Yarn # of wires in 

E-Yarn 
Description 

NEY 12 
-Blend of enameled Cu alloy filament and conventional tex-yarns 
- Higher content of tex-yarns compared to UEY 
-Wire is a Cu alloy with a 40µm diameter and ~2.00E-08 resistivity 

UEY 12 
-Blend of enameled Cu alloy filament and conventional tex-yarns 
- Lower content of tex-yarns compared to NEY 
-Wire is a Cu alloy with a 40µm diameter and ~2.00E-08 resistivity 

 
 

5.2.2. FABRIC FORMATION 
 
The test sample fabrics for this work were included in the time study from Section 4. All 

fabric samples were woven on a CCI sample loom (Model: SL8900 Evergreen) with weft 

insertion by a single rapier. Time study data on fabric formation is listed in Table 18. 

Weaving Specifications are outlined in Table 24.  

 

EIOTV fabric was developed to be integrated into the improved outer tactical vest (IOTV) a 

garment from the Soldier’s ensemble.  IST identified that the IOTV is a logical application 

for the EIOTV fabric since the garment is one that majority of the power-consuming devices 

or storage power-distribution devices are attached.  

 

The specifications for the fabrics are the same with the exception of e-yarn type and the 

number of e-yarns woven in the conductive trace. For this reason they were selected as 

formation factors in the experimental design. 
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Table 24. Test Sample Descriptions 

ID Weaving Specifications Test Sample Measurements  
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NEY 6 12.5 4.75 17.25 12.125 2.375 
Moderate 

B 6 4.5 17 12.125 

3.3 A EIOTV 3 Plain 50 25 36 NEY 8 13 4.5 17.5 12.25 2.5 
Poor 

B 8 2.875 15.875 12.125 

4.3 A EIOTV 4 Plain 50 25 36 UEY 8 13 3 16 12.25 
2.75 

Good 

B 8 2.875 15.875 12.375 

2.1 A EIOTV 2 Plain 50 25 36 NEY 6 12.25 5 17.25 11.625 2.25 
Moderate 

B 6 4.5 16.75 11.625 

3.2 A EIOTV 3 Plain 50 25 36 NEY 8 12 4 16 11.375 2.625 
Poor 

B 8 3.125 15.125 11.5 

3.1 A EIOTV 3 Plain 50 25 36 NEY 8 12 4 16 11.5 2.625 
Poor 

B 8 3.75 15.75 11.625 

4.2 A EIOTV 4 Plain 50 25 36 UEY 8 12 2.5 14.5 11.25 2.75 
Good 

B 8 3.125 15.125 11.375 

1.2 A EIOTV 1 Plain 50 25 36 NEY 6 12.5 3.25 15.75 11.75 2.25 
Moderate 

B 6 3.5 16 11.625 

1.3 A EIOTV 1 Plain 50 25 36 NEY 6 12.25 3.5 15.75 11.75 2.12 
Moderate 

B 6 3 15.25 11.75 

3.5 A EIOTV 3 Plain 50 25 36 NEY 8 12.625 4 16.625 11.625 2.5 
Poor 

B 8 3.625 16.25 11.875 

4.4 A EIOTV 4 Plain 50 25 36 UEY 8 12.25 4.125 16.375 11.625 2.75 
Good 

B 8 4 16.25 11.875 

4.5 A EIOTV 4 Plain 50 25 36 UEY 8 12.375 4 16.375 11.75 
2.625 

Good 

B 8 3.375 15.75 11.875 
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5.2.3. TEST SAMPLE PREPARATION 
 
The test samples were prepared from woven e-textiles EIOTV 1-4. Figure 51 shows a 

prepared test sample and indicates the elements of Table 24 as (A-F). Areas for resistance 

measurement are also marked in the figure as (G, H, I). Test sample preparation involved the 

following five steps:  

 

1. Cut a 12 inch long x 2.5 inch wide rectangle from the woven e-textile to include two 

conductive traces in the lengthwise (warp) direction (the two conductive traces should be 

centered within the width of the cut sample and run parallel to the cut lengthwise edge).  

2. Weld test wires to both ends of the two woven conductive traces. Ultrasonic welding is 

used to melt the coating of the wires and the textile fiber to establish the contact between 

the wires to allow conductivity. 

3. Solder the four test wires (2 per network) to pin plugs (Cinch 105-0773-001) with 60/40 

or 63/37 Sn/Pb solder.  

4. Apply 3 cm of 1/8 inch diameter heat shrink tubing around the solder point that connects 

the pin plug to the welded test wire. 

5. Identify the sample ID and networks A, B by marking directly on the test sample with a 

permanent marker.  
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Figure 51. Prepared Test Sample. All test samples share the same 
characteristics as sample 4.5 pictured in figure. (A) Trace of Network A. (B) 
Trace of Network B. (C) Center weld points, two weld points per trace. The 
center weld points were not connected to the DAQ. (D) Main weld points that 
connect the test wire to the trace, two weld points per each end of trace are 
applied. Four weld points in total form the conductive network and enable 
compatibility with the DAQ system. (E) Location where the pin plug is 
soldered to the test wire. After soldered, a heat shrink tube is added to protect 
the connection point. (F) Pin plug that connects to the test lead cable. (G) 
Represents total length of trace from which the resistance is measured, 
resistance of this length is referred to as absolute resistance. (H) Represents 
the adjusted length of the resistance measurement, resistance of this length is 
referred to as adjusted resistance. (I) The blue square indicates the area 
designated for abrasion testing. 
 
 
5.2.4. APPARATUS 

 
Resistance measurements were collected with a data acquisition (DAQ) system for both 

environmental and abrasion testing. An environmental chamber was used to maintain a 

controllable space for environmental testing. To capture regain and moisture content of a test 

sample during environmental testing an electronic scale with RS232 communication was 

used.  

 

Martindale and Wyzenbeek abrasion equipment was used for abrasion resistance testing.  

This equipment follow standardized test methods for textile testing and is further explained 

in Section 5.3.3. 

 
 
 

(H) 
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5.2.4.1. IST DAQ SYSTEM  
 
The DAQ system was designed and developed by Infoscitex Corporation (IST) for their 

SEWit (Selectively Enabled Wiring in Textiles) Project. The experimental objective of the 

DAQ system is to quantify the change of resistance of e-textile traces as the material is 

subjected to different environmental conditions and abrasion. The experimental procedure 

written by IST guided the implementation of the DAQ system for this study. The following 

description of the DAQ comes from the IST experimental procedure, titled Electrical 

Characterization of E-textiles during abrasion over Temperature and Humidity [109].  

 

Each e-textile traces under test are effectively placed in series with a resistor and a current-

limited DC voltage supply was applied to that circuit (Figure 52).  The voltage across the 

trace and resistor was measured with a data logger. Software was written to log the voltages 

from the data logger and calculate the resistance of each trace. The voltage input range, 

sampling interval, number of channels and fixed resistors can be specified in the software. 

When logging is enabled, an output file is generated with the voltages and calculated 

resistances of each trace.  

 

The test fixture box is a two-wire resistance measurement device. The data collected is the 

sum of the resistance of the sample under test, the two test leads and the contact resistances 

through that circuit. Only a fraction of the collected data is from the test sample itself. 

Therefore, there is an extra step performed by the experimenter to subtract out the ‘offset’ 

measurement of the lead and contact resistances to get that absolute measure of the sample. 

For this reason the DAQ system is a variation on the suggested 4-wire resistance 

measurement method, which excludes the contact resistance between the measurement test 

lead cables and the sample.  

 

Prior to this study IST began using the DAQ system at NSRDEC (Natick Soldier Research, 

Development and Engineering Center) to measure the reduction in resistance due to 

subjecting the e-textile to abrasion. This initial round of testing focused on evaluating the 
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efficacy of the DAQ system; characterizing the response of the SEWit fabrics to the selected 

abrasion test protocols, and optimizing test parameters. Findings from this initial test helped 

to guide the environmental and abrasion testing conducted for this study.  

 
 

 
Figure 52. Experimental Setup Diagram for IST DAQ System [109]. 

 
 
 

5.2.4.2. ENVIRONMENTAL CHAMBER 
 
The 500-1000 CFM Conditioner (Model #9354-2250) is a self-contained conditioner 

designed to control dry-bulb temperatures over a range of 7oC – 60oC. The dry-bulb 

temperature is held to ±0.2oC and relative humidity constancy to ±0.5% with dew points 

above 5oC. The CFM Conditioner is connected to the walk-in conditioning chamber (10’ x 

10’ x 10’), referred to as the environmental chamber.  
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The conditions of the chamber can be remotely controlled by the addition of SmartPad™ 

user interface.  Through this interface the user can modify the control set points. The 

SmartPad™ is capable of communication with a remote terminal via RS232 protocol. 

SmartLog™ provides a Windows based platform for data collection, chamber control and 

real time graphing.  

 

Precise control of temperature and humidity within the test chambers is obtained by 

accurately measuring the dry-bulb temperature and the dew point temperature of the air in the 

test chamber or the duct. The temperature of the water in the spray chamber controls the dew 

point temperature, and is measured prior to the spray nozzles.  The water temperature is 

sensed immediately prior to entering the spray headers, and the air and humidity are 

measured by the HygroClip™ T/RH transmitter that is located in the air stream.  

 
 

5.2.4.3. SCALE 
 
An electronic balance (Model: Intell-Lab PM-100) was used to collect data on the regain 

and moisture content of a test sample. The scale was equipped with a RS232 communication 

output. A cable connected to a computer from the scale transferred the data. Data logging 

software recorded the data by a pre-set sample interval of 1000 ms. The operating 

temperature of the scale is 5oC to 35oC with a ±5oC fluctuation. The operating relative 

humidity is 50 to 85. Any conditions outside this range may yield inaccurate readings.  

 
 

5.3. TESTING  
 
Test methods used to measure the change in resistance are identified in Table 25. These tests 

were selected because together their results will provide a good indication of the reliability of 

the conductive network. 

 

The DAQ system set up steps were completed prior to the start of the environmental and 

abrasion testing. The offset resistance measurement of each channel is noted before the start 
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of testing. After the experimental set up is completed the tester software was started and data 

logging began. At the end of each experiment data logging is stopped. 

 

Table 25. Test Methods Used in this Study 
Test # (if applicable) or Description Title 
Environmental Chamber, varying %RH, 
constant Air Temp * 

No standardized method 

Environmental Chamber, varying air temp, 
constant %RH * 

No standardized method 

British Standard 4784 (oven dry mass) Determination of commercial mass of consignments 
of Textiles 

ASTM D 4966 * Abrasion Resistance to Textile Fabrics (Martindale 
Abrasion) 

ASTM D 4157 * Abrasion Resistance to Textile Fabrics (Wyzenbeek 
Abrasion)  

Note. * Indicates that in addition to the test method listed the DAQ system was used to collect 
resistance measurements.  
 
 

5.3.1. ENVIRONMENTAL TESTING 
 
The objective of environmental testing was to determine if, and to what extent, changes in 

relative humidity and air temperature affect the electrical resistance of the woven conductive 

network. To achieve this goal, the resistance of conductive networks was measured with the 

DAQ system when the test samples were subjected to environmental conditions in the 

environmental chamber. Environmental testing included two different tests: varying RH at 

constant air temperature and varying air temperature at constant RH. 

 

Both environmental tests followed the same experimental set up. The difference between the 

two tests was the program of environmental condition set points. The programs are shown in 

Figures 54-57. The five e-textile samples were placed on a rectangular table located in the 

center of the environmental chamber. The test samples were connected to the DAQ system 

pictured in Figure 52. While undergoing changing RH and air temperature set points, the 

DAQ system logged resistance measurements at a sample interval of 10,000 ms. The 

SmartLog™ software also used a sample interval of 10,000 ms. Pictured in Figure 53 is the 

set up used for environmental testing. 
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Figure 53. Environmental Test Setup. (A) DAQ system set up outside the 
environmental chamber. The green rectangle shows the even spacing of the 
test lead cables. (B) View of cable spacing crossing the inside doorframe into 
the environmental chamber. (C) Test samples connected to test lead cables 
were arranged on a table in environmental chamber.  
 
 

5.3.1.1. RELATIVE HUMIDITY 
 
Relative humidity is defined as the ratio of the actual vapor pressure to the saturated vapor 

pressure at the same temperature expressed as a percentage, RH = (actual vapor pressure x 

100%)/ saturated vapor pressure. To isolate the effects of RH, a constant air temp of 35oC 

was used in the program (Figure 54). The program set points start with 20RH and increased 

by an interval of 10%RH up to 90RH, at which point decreased back down by a 10%RH 



 151 

interval ending with 20RH. The set point range of 20RH to 90RH is a good representation of 

exposure to actual environmental conditions the e-textile may be subjected to during use. 

  

 
Figure 54. Program for Varying RH with Constant Air Temp 35oC Test. Note. 
Green line represents RH set point; red line represents Air Temp set point. 
The top axis of the figure refers to the segment number of the program 
starting from 02. The bottom axis of the figure refers to the run time of the 
segment in the same column. For each set point this program had a ramp time 
of 1.5 hours and a hold time of 4.5 hours. Figure is a screen capture from 
SmartLog™ software.  

 

Prior to varying RH with constant air temp, a dry run test was conducted to collect data on 

the time elapsed for ramp and the hold times for each RH set point.  In addition, the mass of 

absorbed water for the e-textile sample was simultaneously measured and the weight data 

was used to confirm the time needed for the sample to reach equilibrium at each set point. 

The dry run test confirmed the final experiment program times of 1.5 hours for ramp and 4.5 

hours for hold (per each RH set point).  
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5.3.1.2. AIR TEMPERATURE 
 
Air temperature is a measure of how hot or cold the air is. More specifically temperature 

describes the kinetic energy, or energy of motion, of the gasses that make up air. As gas 

molecules move more quickly, air temperature increases. Air temperature can affect the 

conductive yarn because as air temperature increases the conductive yarn will become hot 

(see Section 2.4.2 for further explanation).  

 

To isolate the effects of air temperature, three separate environmental programs were 

developed that have a constant RH of 30, 55, or 80.  The temperature range used was dictated 

by the performance curves for the environmental chamber and the RH set point used. Figure 

55 is the program used for varying air temp test with a constant 30RH (air temp set points 

included 30, 35, 40, 45, 50, 55).  Figure 56 is the program used for varying air temp test with 

a constant 55RH (air temp set points included 15, 20, 25, 30, 35, 40, 45, 50, 55). Figure 57 is 

the program used for varying air temp test with a constant 80RH (air temp set points included 

10,15, 20, 25, 30, 35, 40, 45, 50, 55). The set point ranges from all three varying air temp 

environmental tests provide a good representation of exposure to actual environmental 

conditions the e-textile may be subjected to during use.  

 

A dry run test to determine ramp and hold times per set point was not conducted for the 

varying air temp with constant RH tests. Program ramp and hold times were chosen based on 

observations from the varying RH with constant air temp test. For varying air temp tests with 

30RH and 55RH a ramp time of 2 hours with a hold time of 30 minutes was used.  The 

varying air temp test with 80RH used a ramp time of 1 hour with a hold time of 30 minutes.  

 

Figures 55 – 57 are screen captures from SmartLog™ software. In each figure the green line 

represents RH set point and the red line represents Air Temp set point. The top axis of the 

figure refers to the segment number of the program starting from 02. The bottom axis of the 

figure refers to the run time of the segment in the same column. 
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Figure 55. Program for Varying Air Temp with Constant 30RH Test.  Note. 
For each set point this program had a ramp time of 2 hours and a hold time of 
30 minutes.  
 

 
Figure 56. Program for Varying Air Temp with Constant 55RH Test.  Note. 
For each set point this program had a ramp time of 2 hours and a hold time of 
30 minutes.  
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Figure 57. Program for Varying Air Temp with Constant 80RH Test.  Note. 
For each set point this program had a ramp time of 1 hour and a hold time of 
30 minutes (starting set point 02 was 1.5 hours).  

 
 

5.3.2. MOISTURE REGAIN  
 
To quantify a relationship between the weight of the fabric sample and the changing 

environmental conditions in the chamber, two identical samples are simultaneously tested. 

One is connected to the DAQ system for resistance measurement and the other placed on an 

electronic scale. The electronic scale communicated the weight readings to data logging 

software via RS232 communication. For the varying RH with constant air temp test, 9 weight 

readings were captured at 30-minute intervals. For the varying air temp with constant RH 

test, weight readings were captured at 15-minute intervals. The weight readings were then 

manually entered into an excel spreadsheet from the data logging software. 

 

The test sample used for the regain test was cut from fabric EIOTV1. The regain sample 

measures 12 inch length x 2.5 inch width, which is similar to the dimensions of the resistance 

test samples listed in Table 24. The sample preparation of the regain sample only followed 

step 1 of the 6 steps outlined in Section 5.2.3. This means it is free of weld points, test wires 
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and soldering. For this reason the regain and moisture content reflects that of e-yarns and tex-

yarns alone. It must be noted that due to the fact the regain sample is cut from fabric EIOTV1 

the regain-resistance relationship only directly corresponds to resistance test samples cut 

from EIOTV1 (1.2 and 1.3). For this reason the experimenter observes the regain and 

moisture content data as a tool for understanding the trend between regain and resistance for 

RH and air temp environmental testing.  

 

The amount of moisture in a textile sample can be expressed as either regain or moisture 

content. Regain is the weight of water in a material expressed as a percentage of the sample 

oven dry weight, and is the quantity used in the textile industry: Regain % = (100 x W) / D 

where D is the sample dry weight and W is the weight of the absorbed water. Moisture 

content is the weight of water expressed as a percentage of the total weight: Moisture content 

% = (100 x W) / (D + W) [96]. 

 

The oven dry weight for the regain is determined by drying the sample at a temperature of 

105 oC ± 2oC in a drying oven for 24 hours (Fisher Scientific Isotemp Oven was used in this 

work). Following the 24 hour-drying period the dry weight is achieved by drying and 

weighing the sample repeatedly until successive measurements differ by less than 0.05%. 

The relevant British Standard (BS4784) specifies that successive weighing should be carried 

out at intervals of 5 minutes when using a forced air oven. 

 
 

5.3.3. ABRASION RESISTANCE  
 
Due to the addition of DAQ test equipment it was necessary to modify some of the testing 

and in those instances, the variations from the standard method will be detailed. Testing was 

performed under standard atmospheric conditions of 21oC ±2oC and a relative humidity of 

65% ±5%. Due to natural fluctuations, there were times when the atmospheric conditions 

were slightly out of the acceptable range. Abrasion testing was conducted in the NCSU 

Dame S. Hambly Physical Testing Laboratory. 
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The intent of these tests was to quantify the abrasion resistance of the central portion of each 

sample with abrasion test fixtures while monitoring the resistance of the conductive networks 

with the DAQ system. Resistance is measured following the DAQ resistance-only 

experimental setup. Two abrasion tests were conducted: Martindale and Wyzenbeek. 

 

Abrasion occurs on fabrics through the wearing and care of a garment. Fabric wear is the 

amount of deterioration imparted to the fabric because of fiber or yarn breakages, cutting or 

loss of fibers. Resistance to abrasion is one of the most important tests that can be performed 

to determine the wear of the fabric [95]. As for measuring the electrical resistance of a fabric 

under abrasion, the wear and tear translates to electrical failure. The point at which the 

samples reach failure is when the resistance measures 10 Ω, at such high value of resistance 

the conductive network fails to function. 

 
 

5.3.3.1. MARTINDALE ABRASION RESISTANCE 
 
Martindale abrasion testing was selected to replicate/simulate the everyday wearing abrasion 

that occurs between the e-textile and a standard abradant woven fabric. ASTM D 4988 

Standard Test Method for Abrasion Resistance of Textile Fabrics (Martindale Abrasion 

Tester Method) was used along with the DAQ system to assess the resistance of the 

conductive networks of the samples. 

 

The six-head James H. Heal & Co. Ltd Nu-Martindale Abrasion & Pilling Tester 

SN#403/97/2073 and the lighter 9kPa mounting weights were used. The abradant was the 

standard fabric identified in the test method, a new piece of plain weave worsted wool fabric 

mounted on top of the standard felt padding. This abradant was selected because it has a 

comparable hand and weight to that of the test sample. 

 

The woven e-textile is too thick to fit in the test sample holder so there was a variation made 

to the Martindale sample preparation. The test sample holder was covered with a layer of 
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polyurethane foam and secured in place with a rubber band as pictured in Figure 58.A and 

58.B. Then the abrading area of test sample (see Figure 51.I) was centered within the sample 

holder.  The length outside the abrading area was then wrapped around the test sample disc 

and secured in place with a second rubber band. Network A and B of the test sample were 

tested concurrently. The test lead cables are secured in place with tape to the rotating table 

that moves the test samples on the abrading surface (Figure 58).  

 

 
Figure 58. Martindale Test Setup for Sample Holder. (A) Modification made 
to sample holder. (B) Alternative view of modification made to sample holder. 
(C) Martindale test set up with all three test samples connected to test lead 
cables.  
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To determine the total abrasion cycles for the test a dry run test was performed. It was 

observed from the dry run test that after 10,000 cycles there was no change to the resistance 

of both networks. For this reason Martindale testing ran for 50,000 cycles. A summary of the 

Martindale test details is outlined in Table 26. 

 

Table 26. Test Information for Martindale Abrasion Resistance 
Martindale Test Information 

Test method D4966-12 
Total testing hours 17.5 
DAQ Sample interval 2,000 ms 
Abradant Worsted Wool (test standard) 
Head weight Pressure 9kpa 
Configuration motion Back and forth movement 
Sample Preparation Secure test sample around disc with rubber band, see Figure 57 (A-C) 
Testing order All samples tested concurrently 
Abrasion cycles 50,000 

 
 

5.3.3.2. WYZENBEEK ABRASION RESISTANCE 
 
Wyzenbeek abrasion testing was selected to replicate/simulate garment abrasion against 

environmental terrain, i.e. sand. ASTM D4517 Standard Test Method for Abrasion 

Resistance of Textile Fabrics (Wyzenbeek Abrasion Tester- Oscillatory Cylinder Method) 

was used along with the DAQ system to assess the resistance of the conductive networks of 

the samples.  

 

The Wyzenbeek test fixture was prepared with a head weight of 3 and tension of 4. The 

abradant used was 800-grit sandpaper, which was replaced with a new sheet prior to testing 

each sample. This abradant was selected as to contribute to the data collected from the 

preliminary abrasion testing conducted by IST at NSRDEC. A summary of the Wyzenbeek 

test details is outlined in Table 27. 
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 Table 27. Test Information for Wyzenbeek Abrasion Resistance 
Wyzenbeek Test Information 

Test method D4517-13 
DAQ Sample interval 1,000 ms 
Abradant 800 grit sand paper 
Head weight Pressure 3 
Tension 4 
Sample preparation Follows test method 
Run test until Network A and B reach failure at 10 Ω 

 

Wyzenbeek test samples were tested one at a time. Network A and B of each sample were 

tested concurrently. Sample preparation follows that of the test standard. However, it should 

be noted that positioning the abrading area (Figure 51.I) and applying even tension to the test 

sample is crucial to obtain accurate resistance data. Once even tension is applied, and the 

abrading area is centered within the abrading pad of the Wyzenbeek fixture, the test lead 

cables were connected to the pin plugs of both networks. Wyzenbeek testing ran 

continuously and was only stopped after both networks failed. The Wyzenbeek fixture has a 

counter that tracks the number of abrasion cycles completed.  

 

 
Figure 59. Wyzenbeek Test Setup. (A) Side view of Wyzenbeek Test set up. (B) 
Close-up of sample during abrasion on Wyzenbeek. 
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5.4. ANALYTICAL APPROACH 
  
An exploratory data analysis was undertaken to understand the effect of environmental 

conditions and abrasion testing on the resistance of the conductive networks. This approach 

was also used to understand the effect of the formation factors, e-yarn type, number of e-

yarns per trace, and weldability (Tables 21 and 22). 

 

The programs used for environmental testing had multiple RH and air temp set points and 

had many individual factors that may influence the change in resistance. To best manage the 

multitude of test factors, data visualization was used to examine the data in graphical form. 

With this approach trends and relationships between resistance and test factors (RH, air temp, 

moisture regain, and abrasion cycles) were observed. 

 

Bar charts are used to show comparisons between test samples and their constituent traces. 

3D charts are used as an alternative way to view comparisons presented in bar charts. Scatter 

plots are used to illustrate a relationship between two variables. Using the same data 

visualization for each environmental test provides structure for comparing tests. 

 

An adjusted data set was used for this exploratory data analysis. The first step in preparing 

the adjusted data (i.e. adjusted resistance) was to deduct the initial offset measurement from 

the point-in-time resistance to get the absolute resistance. The adjusted resistance was 

calculated by dividing the absolute resistance by its measured length (Figure 51.G) and 

multiplying it by the length of the conductive trace between the main weld points (Figure 

51.H).  

 

Results for environmental and abrasion testing are based on the adjusted resistance. 

Summary data for environmental testing is derived from resistance averages at environmental 

condition set points. Averages for the final 15 minutes of resistance data were calculated for 

each set point. Averages were not used for abrasion testing summary data. Martindale test 

results are based on the adjusted resistance measurements taken before and after testing. 
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Wyzenbeek test results used the adjusted resistance collected continuously from the start of 

test until network failure.  

 

The null hypothesis in this study is that the evaluated factors do not have an effect on the 

measured resistance and that there is no difference between test samples. The alternative 

hypothesis of this study is that the evaluated factors do affect the measured resistance and 

there is a difference between test samples.   
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6. EVALUATION OF THE INTEGRITY OF E-WOVEN FABRICS: RESULTS AND 
DISCUSSION  

 
 

6.1. INITIAL RESISTANCE AND PERMANENT CHANGE 
 
Resistance measurements of each network were taken with a 2400 Keithley source meter 

during sample preparation (prior to soldering and post soldering). These measurements 

served as a reference point for initial resistance. From these two measurements it was 

observed that soldering increased the resistance of each network (soldering is explained in 

step 3 from sample preparation in Section 5.2.3). Figure 60 visualizes this change using a 

graph. Measurements prior to soldering were taken by IST in room temperature (21oC and 

50-60RH) and measurements post soldering and environmental testing were taken at NC 

State in room temperature (22oC and 55RH). 

 

An additional resistance measurement of each environmental test sample was taken upon the 

completion of testing. A permanent change in resistance was identified when comparing the 

post environmental testing change measurement to the post soldering measurement (Figure 

60.B). The percent change of resistance for both observations is in Figure 61. Figures 60.A 

and 60.B show a comparison of absolute resistance and adjusted resistance.  The trend is the 

same using both resistance measures but the adjusted resistance provides a more accurate 

measurement of each network. For this reason the adjusted resistance is used for all 

experimental testing results.  

 

Tables 21-23 indicate that there are different types of e-yarns used in the design of 

experiment. The electrically conductive elements are Cu alloy thin wires (40 micron). While 

two different e-yarns (NEY and UEY) were used, they both contain the same number of Cu 

alloy wires (12) as can be seen from Table 23. They only differ in their construction. It is 

assumed that the effect of textile components in the e-yarns have negligible effect since the 

resistance of textile polymer is very high and the electrical current passes through the Cu 

alloy due to its extremely low resistance. 
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Figure 60. Change of Resistance post environmental tests. (A) Change of 
absolute resistance with data table shown below graph. (B) Change in 
Adjusted resistance with data table. (C) Change in volume resistivity with 
data table. 
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Observing Tables 21 and 22, the network’s traces contain either 6 e-yarns or 8 e-yarns. To 

fairly assess the effect of the environmental and abrasion parameters on the electrical 

resistance of the networks, a normalized resistance must be considered. Volume resistivity is 

such a normalized parameter that is suitable for wires. 

 

The volume resistivity !! (in Ωm) was calculated from [110]: 

 

!! =
!!!
!  

 

Where Rv is volume resistance in Ω, S is cross section area of wire(s) in m2, and D is the 

distance between electrodes (distance between the two main weld points) in m. Rv is the 

measured parameter by the IST system, S is calculated from the following equation: 

! =
!"!!!
4  

 

Where m is the number of wires in an e-yarn, d is the wire diameter in m, and n is the number 

of e-yarns in the trace. The parameter n has two values 6 and 8 as it can be seen from the type 

of traces of Tables 21 and 22. Therefore, two values for S were calculated. Figures 60 B and 

C show the difference between resistance and volume resistivity. 
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Figure 61. Percent Change of Resistance from Sample Preparation and 
Environmental Testing. Note. Change in resistance from environmental 
testing used resistance measurements after all conducted environmental tests. 
Figure is generated from the data in Figure 60.A. An example for the percent 
change calculation: ((R after soldering – R prior to soldering) / R prior to 
soldering) X 100.  

 

The discussion on environmental testing hypothesizes observed trends and relationships 

between resistance and test factors. Figure 61 provides supplementary information to aid this 

discussion. Both change measurements quantify how networks A and B of the same sample 

differ from each other. Variations in relative change from soldering two different networks 

may indicate that a network with a higher relative change likely had excessive heat applied to 

it during soldering. Variations in relative change from environmental testing provide insight 

on the permanent change of resistance. These observations contribute to understanding the 

integrity of the network over time.  
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Figure 61 shows that a high relative change due to soldering does not always imply a high 

relative change due to environmental testing. The relative change of 1.2A from soldering was 

5.1% higher than that of 1.2B. However, the relative change of 1.2A from environmental 

testing was 56.05% higher than that of 1.2B. This study will continue under the assumption, 

as demonstrated in this example, that relative change from soldering does not necessarily 

relate to permanent change of resistance after environmental testing. 

 
 

6.2. ENVIRONMENTAL: RELATIVE HUMIDITY 
 
The environmental program for varying RH with constant air temp test (Figure 54) has 

repeated set points within the test.  The summary data uses the average resistance by network 

for the repeated RH set points 20, 30, 40, 50, 60, 70, 80. 

 

Figure 62 shows the moisture regain-resistance relationship for the varying RH with constant 

35oC test. There is a minor positive correlation between the two variables, this shows that as 

regain increases there is a minor increase in the resistance of the networks. The relationship 

observed in this figure was unexpected because as moisture-regain increases, the water 

absorbed in the sample would increase conductivity at the weld area and thus reduce 

resistance. Despite this discrepancy, the positive relationship between moisture regain and 

resistance is minor and should be considered as a stable change.  

 

However, a possible explanation for the positive correlation is that the absorption changed 

the properties of fibers. Absorption causes swelling to occur, which alters the dimensions of 

the fiber and this will cause changes in the size, shape and stiffness of yarns and fabrics 

[103]. The minor increase in moisture regain may have caused swelling to occur at the weld 

points allowing temporary loss in wire-to-wire connectivity, hence slightly increasing 

resistance. In varying air temp tests with constant 55RH and 80RH the moisture regain – 

resistance relationship figures show the expected relationship between the two variables (see 
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Figures 67 and 70). The broad span of the y-axis used for Figure 62 is to allow for an easy 

comparison between the moisture regain figures from the other environmental tests. 

 

 
Figure 62. Moisture Regain from Varying RH with Constant 35oC Test (A) 
Moisture regain – resistance relationship (B) Moisture regain – volume 
resistivity relationship. Note. RH set points are on the top axis to indicate the 
moisture regain – RH relationship. 
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The data table in Figure 63 provides a summary of the average resistance at each RH set 

point. The bar chart was grouped by each network tested and was labeled by sample ID and 

formation factors. Each colored bar corresponds to a RH set point. All of the samples 

experienced some increase in resistance at 60-90RH. In Appendix A, Figure A1 there is a 3D 

representation of the data set in Figure 63 and offers an alternative view of the resistance-RH 

relationship.  

 

Figures 63 and A1 demonstrate that there was a relative change of resistance for each set 

point after the test start of 20RH. The relative change of resistance was calculated for RH set 

points 30, 40, 50, 60, 70, 80, and 90 is shown in Figure 64 (A-C). These percentages were 

calculated relative to the first R reading (baseline) at 20RH. The charts included in Figure 64 

are grouped by test sample.  These charts provide a visual summary for the relative change of 

resistance, which aids the analysis of individual formation factors.  

 

Figure 64.A shows the relative change of resistance for samples 1.2 and 1.3 (formation 

factors: NEY, 6 e-yarns in network, moderate weldability). Figure 64.B shows the relative 

change in resistance for sample 3.5 (formation factors: NEY, 8 e-yarns in network, poor 

weldability). Figure 64.C shows the relative change in resistance for networks 4.4B and 4.5B 

(formation factors: UEY, 8 e-yarns in network, good weldability).  Networks 4.4A and 4.5A 

were omitted because they had negative relative change measurements due to issues with 

initial connectivity between the sample and DAQ system. 

 

It was expected that environmental factors are not the only contributing variables affecting 

change of resistance. In this case, sample preparation, as well as formation factors, had an 

observable effect on the network. The two primary formation factors studied were the 

number of e-yarns per trace (6 or 8) and weldability. A secondary formation factor studied 

was e-yarn type.  
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The volume resistivity of the networks was used as a normalized control in the investigation 

of formation factors. The assumed volume resistivity of the conductive wire is ~2.00E-08 

(see Table 23). Volume resistivity balanced and controlled the impacts of differing cross 

section areas of networks with 6 and 8 e-yarns. This helps provide insight to the remaining 

formation factors, e-yarn type and weldability.  

 

Investigation of the specific effects of e-yarn type is limited due to experimental design. 

Even so, the effects of one difference in e-yarn type, tex-yarn content, can be examined. The 

presence of tex-yarn may also have implications on the sample’s weldability rating. The 

formation of the weld is compromised when there is more tex-yarn at the weld point.  

 

The following are few examples of the assumed relationship between e-yarn type and 

weldability. A poor weldability rating is assigned to sample 3.5, which has higher tex-yarn 

content than EIOTV 1 and 2 because an additional tex-yarn is woven with the e-yarns in each 

dent. A moderate weldability rating is assigned to samples 1.2 and 1.3, which have only 6 

NEY yarns in their traces. A good weldability rating is assigned to samples 4.4 and 4.5, 

which have 8 UEY yarns in their traces. UEY e-yarns have less tex-yarn per trace and thus 

have greater ability to form a reliable weld point. E-yarn type (tex-yarn content in this case) 

seems to have a measurable effect on weldability. 

 

However, there are multiple variables affecting weldability, including e-yarn type.  Due to 

experimental design limitations all of these factors couldn’t be studied individually. 

Therefore, it is assumed that weldability (inclusive of its various contributing factors) is the 

primary driver behind resistance change.  Further study would be required to determine the 

extent to which e-yarn type, as one of many contributing factors to weldability, impacts 

resistance change. 
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Figure 63.A. Average Resistance of Network by RH Set point from Varying 
RH with Constant 35oC Test (includes data table). 
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Figure 63.B. Volume Resistivity of Network by RH Set point from Varying RH 
with Constant 35oC Test (includes data table). Note. Resistivity measurement 
uses average resistance data from Figure 63.A. 
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As previously mentioned, the volume resistivity nullified the difference between the cross 

section areas of traces, which directly compares to a main formation factor, number of e-

yarns in trace. The effect observed from this factor is seen in Figures 62.A-B, 63.A-B, and 

A1.A-B.  These figures share the same formatting to provide a consistent comparison between 

resistance and resistivity.  

 

To demonstrate, Figures 63.A and B are organized by network and their corresponding 

formation factors. This organizational approach allows for easy identification of networks 

with 6 and 8 e-yarns. The comparison of 1.2A from Figure 63.A to 1.2A from Figure 63.B 

shows that in context to all other networks, 1.2A decreased. An alternative graphical view of 

this comparison is in Figures A1.A and B, where networks 1.2A and B now share the same 

range of resistivity as samples 4.4 and 4.5. Paired figures were prepared for environmental 

tests to illustrate that the number of e-yarns in each trace affects their respective network’s 

resistance measurement. Networks with 6 e-yarns have a slightly higher resistance than 

networks with 8 e-yarns.  

 

An exception to this observation is network 3.5A, which has 8 e-yarns, but the highest 

resistance (see Figure 63.A). Network 3.5A is clearly an outlier to the steady rising trend 

observed with the other networks. The resistance of 3.5A takes a sharp jump to elevated 

resistance beginning at 70RH, peaking with 0.138Ω at 90RH. For the networks that 

continued to follow the steady trend, resistance peaked between 0.052-0.079Ω at 90RH. A 

possible explanation for this may be due to poor weldability. An increase and then drop in 

readings is an indication that the uniformity of the weld is out of specification [105]. 

 

Network 1.2A, from 60-90RH set points, exhibits another increase in resistance that differs 

from the overall trend. One possible explanation for this difference could be potential 

damage caused by soldering during sample preparation (see Figure 61). Network 1.2A had a 

13.51% change in resistance from soldering. This relative change is comparable to that of 

network 1.2B, but 1.2A exhibits a unique spike in resistance. One potential explanation for 
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this phenomenon is the possibility of increased permanent damage caused to 1.2A and not to 

1.2B.  

 

The spikes in resistance from networks 3.5A and 1.2A can be further observed by their 

relative change in Figure 64. Of all test samples network 3.5A exhibits the highest relative 

change for all RH set points, peaking at 93.79% for 90RH set point. 1.2A has a similar trend 

but peaks at 29.35% for 90RH. The relative change of 3.5A at 90RH was 69% higher than 

1.3B at 90RH. Networks 4.4B, 4.5B, 1.3A, 1.3B, and 1.2B have comparable relative changes 

throughout and peak in the range of 4.90-10.54%. Network 3.5A clearly exhibits the highest 

change in resistance over time. 
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Figure 64. Percent Change of Average Resistance for Network by RH Set 
point from Varying RH with Constant 35oC Test. (A) Percent change of 
resistance for test samples 1.2, 1.3. (B) Percent change of resistance for test 
sample 3.5. (C) Percent change of resistance for networks 4.4B and 4.5B. 
Note. Percent change was calculated from the data table in Figure 63.A. 
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6.3. ENVIRONMENTAL: AIR TEMPERATURE 
 

To support a comparison among all environmental tests, the format and presentation of data 

visualizations for varying air temp tests is consistent with the previous test.  The results from 

varying air temp with constant RH tests are separated by RH set point group (30%, 55%, 

80%). This analysis allows for the comparison of resistance-air temp relationships at low, 

medium and high relative humidity.  

 

 
6.3.1. VARYING AIR TEMPERATURE WITH CONSTANT 30RH 

 
The varying air temp test with constant 30RH has a similar upward trend for the change in 

resistance as observed with the previous RH test. The main difference between the two tests 

is the higher rate of change in resistance observed with constant 30RH. Network 3.5A and 

1.2A do not demonstrate peaks in resistance in this test.  

 

There is no moisture regain-resistance relation figure for the varying air temp with constant 

30RH test. This is because 30RH is outside of the scales operating range, thus and the regain 

data collected during this test can be deemed unreliable.  

 

The data table in Figure 65 provides a summary of the resistance at each air temp set point. 

The bar chart was grouped by each network tested and was labeled by sample ID and 

formation factors. Each colored bar corresponds to an air temp set point. A steady upward 

trend is evident whereas the air temp increases so does the resistance of the networks. In 

Appendix A, Figure A2 there is a 3D representation of the data set in Figure 65 and offers an 

alternative view of the resistance-air temp relationship.  

 

Figure 65.A provides the summary data by network for each air temp set point. There are no 

significant anomalies (i.e. peaks or troughs) in this data set. One possible explanation is the 

low and constant relatively relative humidity of 30RH.  The acute increases observed from 

the varying RH test began at 60RH set point.  
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Figures 65 and A2 demonstrate that there was a relative change of resistance for each set 

point after the test start of 30oC. The relative change of resistance was calculated for air temp 
oC set points 40, 45, 50, and 52 is displayed in Figure 66 (A-C). These percentages were 

calculated relative to the first R reading (baseline) at 30oC.  The charts included in Figure 66 

are grouped by test sample.   

 

These charts provide a visual summary for the change of resistance, which aids the analysis 

of individual formation factors. In Figure 66.A the relative change of resistance is shown for 

samples 1.2 and 1.3 (formation factors: NEY, 6 e-yarns in trace, moderate weldability). 

Figure 66.B shows the relative change in resistance for sample 3.5 (formation factors: NEY, 

8 e-yarns in trace, poor weldability). Figure 66.C shows the relative change in resistance for 

samples 4.4 and 4.5 (formation factors: UEY, 8 e-yarns in trace, good weldability). 

 

A visual comparison of the individual rate of change by network shows that 4.5B has the 

highest relative change. To confirm this interpretation a comparison between the networks 

with greatest relative change at 52oC (4.5B, 3.5A, and 1.3B) was conducted. It was found 

that the relative change of 4.5B is 36.9% and 36.7% higher than 3.5A and 1.3B, respectively. 

This means that 4.5B had the highest relative change in resistance from the air temp test with 

30RH.  

 

Samples 4.4 and 4.5 have 8 UEY e-yarns per trace and a good weldability rating. Based on 

previously discussed factors, it was expected for these samples to perform the best. It is clear 

that the results of this test are in line with expectations. Samples 4.4 and 4.5 responded as 

expected to the change in air temp, whereas samples 1.2, 1.3, and 3.5 have lower relative 

change by set point. This would indicate that the weldability ratings don’t indicate a 

substantial effect on resistance at 30RH.  
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Figure 65.A. Resistance of Network by Air Temp Set point from Varying Air 
Temp with Constant 30RH Test (includes data table). 
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Figure 65.B. Volume Resistivity of Network by Air Temp Set point from 
Varying Air Temp with Constant 30RH Test (includes data table). Note. 
Volume resistivity measurement uses average resistance data from Figure 
65.A. 
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Figure 66. Percent Change of Resistance for Network by Air Temp Set point 
from Varying Air Temp with Constant 30RH Test. (A) Percent change of 
resistance for test samples 1.2 and 1.3. (B) Percent change of resistance for 
test sample 3.5. (C) Percent change of resistance for test samples 4.4 and 4.5. 
Note. Percent change was calculated from the data table in Figure 65.A. 
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6.3.2. VARYING AIR TEMPERATURE WITH CONSTANT 55RH 
 

The varying air temp test with constant 55RH has the same trends for the change in 

resistance as observed with the previous air temp test. The main difference between the two 

tests is the higher rate of change in resistance observed with constant 55RH. Networks 3.5A 

and 1.2A continue to be most affected from environmental conditions. 

 

Figure 67 shows the moisture regain-resistance relationship for the varying air temp with 

constant 55RH test. The two variables form a downtrend line showing the negative 

correlation between them. As regain increases, the resistance measurements of the traces 

decrease.  The curves of moisture regain against RH depend to a slight extend on 

temperature, the result being a family of isothermals [103]. Except at high temperatures and 

RH, the regain decreases as the temperature increases. This is the expected thermodynamic 

behavior for an exothermic reaction such as absorption. An increase in moisture regain above 

50oC at high RH is due to change in the internal structure and is associated with the 

irreversible hysteresis effects [103]. 

 

The data table in Figure 68 provides a summary of the resistance at each air temp set point. 

The bar chart was grouped by each network tested and was labeled by sample ID and 

formation factors. Each colored bar corresponds to an air temp set point. Compared to the 

varying air temp with 30RH test the ascending upward trend is steeper with constant 55RH. 

In Appendix A, Figure A3 there is a 3D representation of the data set in Figure 68 and offers 

an alternative view of the resistance-air temp relationship.  

 

The same observation on 1.2A being uncharacteristically high is also visible in Figure 68.A. 

In Figure 68.B, the volume resistivity nullified the difference between the number of e-yarns 

in the trace, thus reducing the variation between 1.2A and 3.5A.  Therefore, making the trend 

of samples 1.2 and 3.5 similar to that observed in varying air temp test with constant 30RH.  

Figures 68 and A3 demonstrate that there was a relative change of resistance for each set 

point after the test start of 15oC. The relative change of resistance at air temp oC set points 
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20, 25, 30, 35, 40, 45, 50, and 55 is displayed in Figure 69 (A-C). These percentages were 

calculated relative to the first R reading (baseline) at 15oC.   

 

The charts included in Figure 69 are grouped by test sample.  These charts provide a visual 

summary for the relative change of resistance, which aids the analysis of individual 

formation factors. In Figure 69.A the relative change of resistance is shown for samples 1.2 

and 1.3 (formation factors: NEY, 6 e-yarns in trace, moderate weldability). Figure 69.B 

shows the relative change in resistance for sample 3.5 (formation factors: NEY, 8 e-yarns in 

trace, poor weldability). Figure 69.C shows the relative change in resistance for samples 4.4 

and 4.5 (formation factors: UEY, 8 e-yarns in trace, good weldability). 

 

Samples 4.4 and 4.5 exhibit the same trend as observed in varying air temp test with constant 

30RH. These samples continue to show the highest relative change in relation to other 

samples. However, at 55oC network 3.5A has a comparable relative change to sample 4.4. 

This would indicate that the weldability ratings don’t indicate a substantial effect on 

resistance at 55RH. 
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Figure 67. Moisture Regain from Varying Air Temp with Constant 55RH Test. 
(A) Moisture regain – resistance relation. (B) Moisture regain – volume 
Resistivity Relation. Temperature set points are on the top axis to indicate the 
moisture regain – air temp relationship. 
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Figure 68.A. Resistance of Network by Air Temp Set point from Varying Air 
Temp with Constant 55RH Test (includes data table). 
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Figure 68.B. Volume Resistivity of Network by Air Temp Set point from 
Varying Air Temp with Constant 55RH Test (includes data table). Note. 
Volume resistivity measurement uses average resistance data from Figure 
68.A. 
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Figure 69. Percent Change of Resistance for Network by Air Temp Set point 
from Varying Air Temp with Constant 55RH Test. (A) Percent change of 
resistance for test samples 1.2 and 1.3. (B) Percent change of resistance for 
test sample 3.5. (C) Percent change of resistance for test samples 4.4 and 4.5. 
Note. Percent change was calculated from the data table in Figure 68.A. 
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6.3.3. VARYING AIR TEMPERATURE WITH CONSTANT 80RH 
 
The varying air temp test with constant 80RH has the same trends for the change in 

resistance as observed with the previous air temp test. The main difference between the two 

tests is the higher rate of change in resistance observed with constant 80RH. Networks 3.5A 

and 1.2A continue to be the most affected from environmental conditions. 

 

Figure 70 shows the moisture regain-resistance relationship for the varying air temp with 

constant 80RH test. The two variables form a downtrend line showing the negative 

correlation between them. As regain increases, the resistance measurements of the samples 

decrease.  

 

The data table in Figure 71 provides a summary of the resistance at each air temp set point. 

The bar chart was grouped by each network tested and was labeled by sample ID and 

formation factors. Each colored bar corresponds to an air temp set point. Compared to both 

varying air temp with 30RH and 55RH tests the 80RH test has a very steep ascending upward 

trend. In Appendix A, Figure A4 there is a 3D representation of the data set in Figure 71 and 

offers an alternative view of the resistance-air temp relationship.  

 

Figures 72 and A4 demonstrate that there was a relative change of resistance for each set 

point after the test start of 10oC. The relative change of resistance at air temp oC set points 

15, 20, 25, 30, 35, 40, 45, 50, and 55 is displayed in Figure 72 (A-C). These percentages 

were calculated relative to the first R reading (baseline) at 10oC.  The charts included in 

Figure 72 are grouped by test sample.  These charts provide a summary for the change of 

resistance, which aids the analysis of individual formation factors. In Figure 72.A the relative 

change of resistance is shown for samples 1.2 and 1.3 (formation factors, NEY, 6 e-yarns in 

trace, moderate weldability). Figure 72.B shows the relative change in resistance for sample 

3.5 (formation factors, NEY, 8 e-yarns in trace, poor weldability). Figure 72.C shows the 

relative change resistance for samples 4.4 and 4.5 (formation factors, UEY, 8 e-yarns in 

trace, good weldability). 
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In the previous varying air temp tests, samples 4.4 and 4.5 had the highest relative change. At 

80RH, this trend continues, with samples 4.4, 4.5 and 3.5. However, for sample 3.5 at 25oC-

55oC there is a drastic difference between network A and network B. Network 3.5B 

continues to have a similar relative change compared to samples 4.4 and 4.5 but network 

3.5A begins to have spikes in resistance at 25oC-55oC. This same trend was observed in the 

varying RH test with constant 35oC test. This shows that network 3.5A is most susceptible to 

adverse effects of high RH.  This further indicates that weldability had an observable impact 

on resistivity at the constant 80RH used during this test. Samples with moderate and poor 

weldability were more susceptible to resistivity increases at higher air temp, up to a 136.20% 

increase in one case. 

 
 
 



 188 

 
Figure 70. Moisture Regain for Varying Air Temp with Constant 80RH Test. (A) 
Moisture regain – resistance relation. (B) Moisture regain – resistivity relation. 
Temperature set points are on the top axis to indicate the moisture regain – air 
temp relationship. 
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Figure 71.A. Resistance of Network by Air Temp Set point from Varying Air 
Temp with Constant 80RH Test (includes data table).  
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Figure 71.B. Volume Resistivity of Network by Air Temp Set point from 
Varying Air Temp with Constant 55RH Test (includes data table). Note. 
Volume resistivity measurement uses average resistance data from Figure 
71.A. 
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Figure 72. Percent Change of Resistance for Network by Air Temp Set point 
from Varying Air Temp with Constant 80RH Test. (A) Percent change of 
resistance for test samples 1.2 and 1.3. (B) Percent change of resistance for 
test sample 3.5. (C) Percent change of resistance for test samples 4.4 and 4.5. 
Note. Percent change was calculated from the data table in Figure 71.A. 
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6.4. ENVIRONMENTAL: OBSERVATIONS SUMMARY 
 
The summary of the environmental condition testing is framed by the three corresponding 

questions in the initial objective. Overall, it was observed that the resistance changed with all 

environmental set points tested. For varying RH test the resistance – RH relationship was 

fairly nonlinear. It was most noticeable in the 60% – 90% RH range, but less noticeable 

below 60RH. For varying air temp tests the resistance – air temp relationship was typically 

linear, with the exception of samples that were poorly welded or had higher starting 

resistance. Finally, it was observed that moisture regain had a minor positive relationship 

with resistance in the varying RH test, but a negative relationship in the varying air temp 

tests (with 55RH and 80RH). 

 

In addition to environmental factors, it was also observed that the formation factors also had 

an impact on the integrity of the conductive woven traces. The use of controlling for 

resistance via resistivity measurements seems to reduce the impact of number of e-yarns in 

the trace. The weld point only had significant impact on resistivity of network 3.5A at 60% –

90% relative humidity with 35oC – 55oC air temp. Otherwise, the effect is minor at lower 

relative humidity and air temp.  

 

As for e-yarn type, the tex-yarn content appears to have contributed to the assumed 

weldability ratings. Although still a valid hypothesis, further testing should be conducted to 

form a definitive conclusion on the independent effect on e-yarn type on resistance. A 

suggestion would be to design a dedicated experiment with appropriate controls.  

 

Further to the general observation on the impact of the weld point, the initial weldability 

ratings were in line with results. 4.4 and 4.5 had a consistent relative change for all 

environmental tests. These networks performed as expected with a low change in resistance 

for increasing RH and higher relative change for varying air temp tests (progressively higher 

relative change for air temp with higher constant RH). No extreme changes in resistance 
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were observed with these samples. Samples 1.2 and 1.3 follow a similar trend and perform as 

expected.   

 

Even so, relative change overall for samples 1.2 and 1.3 was lower than with samples 4.4 and 

4.5. There were also peaks in resistance at high relative humidity for network 1.2A, however; 

these peaks in resistance had a similar relative change to those of samples 4.4 and 4.5. 

Sample 3.5 followed a similar trend as the other samples in varying air temp tests with 

constant 30RH and 55RH. However, in varying air temp test with 80RH network 3.5A had 

extreme peaks in resistance from 35oC, which exceeded all relative changes from other 

samples. A similar behavior in extreme resistance was observed in the varying RH test.  

 

Based on these comparisons it appears that the consistent behavior of samples 4.4 and 4.5 

equate to a good weldability (a reliable low resistance weld was formed). In comparison, 

samples 1.2 and 1.3 have a moderate weldability (a moderately reliable low resistance weld 

was formed). Sample 3.5, in comparison to the other samples exhibits a poor weldability 

rating because extreme changes in resistance at high RH and high air temp (a reliable low 

resistance weld was not formed). Quality of weld had the greatest impact on electrical 

integrity of the conductive network, as observed through resistance measurements. 

 
 

6.5. ABRASION: MARTINDALE 
 
Martindale test results are summarized by the comparison between the initial resistance and 

resistance post 50,000 abrasion cycles (Figure 73). There was very little to no change in 

resistance after 50,000 cycles. To support the resistance data, pictures of the test samples are 

laid out in Figure 74. There was unnoticeable change if any made to the test samples. Based 

on these findings, samples 2.2, 3.3, and 4.3 pass the standardized test for abrasion resistance 

testing with the Martindale fixture. 
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It was observed that the sample movement from abrasion cycles affected the resistance 

readings. For this reason, the IST DAQ would require further modifications to make it 

compatible with Martindale testing. There are limitations with test disc movement and test 

setup because of interference with the test lead cables. This test proves that after 50,000 

movements the 3 test samples barely changed. For this reason it would be best to conduct 

future Martindale tests without logging resistance measurements with the abrasion fixture.  

 

This particular fabric was designed to be durable and abrasion resistant; therefore a change in 

resistance within 50,000 movements is unlikely. For this reason, an option for future 

Martindale testing of a fabric with similar weave structure is to measure the resistance before 

and after the test using a Keithley meter. If the test samples are not connected by test lead 

cables to the abrasion fixture then figure eight configuration motion can be used to better test 

the fabric sample’s abrasion.  

 

Furthermore, the traces of these samples would not require soldering to pin plugs. As 

previously discussed, issues with inaccurate resistance measurements may arise with 

soldering. Even though the IST DAQ presented these issues during the Martindale test, the 

Keithley measurements from before and after the 50,000 movements can conclusively show 

the resistance was not adversely affected by abrasion testing. 

 

However, capturing the change in resistance by abrasion cycle for different e-textile 

constructions would be beneficial. For example, an e-textile with a sateen weave structure 

using e-yarns with no cover would yield very different results.  
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Figure 73. Martindale Resistance Test results and Data Table 
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Figure 74. Martindale Test Sample Photos before and after 50,000 cycles. 
Note. In the after pictures, slight puckers around abrasion testing area is due 
to pressure the sample being wrapped around the test sample holder. 

 
 

6.6. ABRASION: WYZENBEEK 
 
Figure 75 shows the resistance-abrasion cycles relationship to understand the effect 

Wyzenbeek abrasion testing had on the change of resistance. Formation factors for the test 

samples are labeled above each data series. To support the resistance data, pictures of the test 
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samples post failure (after reaching 10Ω) are laid out in Figure 76. It is important to note that 

network 4.2B was omitted from Figure 75 due to issues with preparation of the sample.  

 

 
Figure 75. Wyzenbeek Abrasion Test Results. Note. Network 4.2B was omitted 
from the figure due to connectivity issues between the sample and DAQ. 
 

As previously mentioned, prior to this study IST conducted an initial round of abrasion 

testing. Observations from this initial test helped guide the observations on the results for this 

study. The data series for each network shows a clear trend for failure. All samples had fairly 

steady resistance measurements up to a certain point, beyond which resistance values start to 

increase slowly. They then trended to reach a point at which they began to increase quickly, 

with failure soon after. This transition from the slow to rapid resistance typically occurred 

when the 0.5-1 ohm resistance threshold was crossed. Therefore, this serves as a useful 

indicator of the onset failure for these fabrics 
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Figure 76. Wyzenbeek Test Sample Photos. Note. Network A is top trace and 
Network B is bottom trace in pictured test sample. 
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The onset of failure occurred at different cycles of abrasion testing. A possible explanation 

for the variation in the number of abrasion cycles is based on the formation factors, e-yarn 

type and number of e-yarns in the trace.  

 

It was observed that failure occurs first with sample 2.1 (NEY, 6 e-yarns per trace) at ~1,200 

abrasion cycles. Second to fail was 4.2A (UEY, 8 e-yarns per trace) at ~ 2,000 abrasion 

cycles. 4.2B was omitted from analysis due to sample preparation issues that rendered the 

resistance of the network to be inaccurate. The remaining samples 3.1 and 3.2 share the same 

specs (NEY, 8 e-yarns per trace). Failure for these samples occurred within a range from 

~4,400 to ~7,000 abrasion cycles.  

 

Sample 2.1 (NEY, 6) failed first because it had 6 e-yarns in trace, which likely means the 

load is concentrated in the same area of the woven trace, making it more susceptible to 

abrasion. For this reason the trace carried more load over less e-yarns resulting in a fast 

failure.  From Figure 76 it can be observed that network A and B of sample 2.1 shared the 

same level of abrasion. A possible explanation for this could be that even tension was applied 

to both traces during the test set up.    

 

Failure of 4.2A (UEY, 8) occurred ~2,400 abrasion cycles before that of 3.2A (NEY, 8). This 

shows that by only increasing the number of e-yarns from 6 to 8 will not drastically improve 

the abrasion resistance; the yarn type is also an important factor. Sample 4.2 has UEY yarn, 

which has less textile yarn wrapped around the conductive core, making it more susceptible 

to abrasion. Even though the abrasion load is more evenly distributed across a trace with 8 e-

yarns, less protection on the conductive core will result is a faster failure.  

 

The best preforming fabric was EIOTV 3, from which samples 3.1 and 3.2 were cut. This 

fabric has NEY yarn with 8 e-yarns per trace. NEY yarns have more textile yarn wrapped 

around the conductive core wires, making it less susceptible to abrasion. Thus, a conductive 

trace with 8 of the more protected e-yarn had the best abrasion resistance. Variation on the 
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number of cycles to reach failure between samples 3.1 and 3.2 can be explained by possible 

inconsistencies with sample preparation steps. 

 

In summary, all samples performed to standard from the Martindale test method. This 

implies that the samples exhibit good abrasion resistance to everyday wear that occurs 

between the e-textile and the test standard wool abradant. For the Wyzenbeek test method, 

the samples exhibited a more varied response. This implies that the samples would have 

varied abrasion resistance against environmental terrain, such as sand.  

 

The e-textile construction that provides the best abrasion resistance performance is based on 

results from Martindale and Wyzenbeek testing. All samples remained unchanged from 

Martindale testing, so the best performing fabric from Wyzenbeek testing, EIOTV 3, is the 

most suitable to support abrasion resistance.  

 
 

6.7. SOURCES OF VARIATION IN RESISTANCE MEASUREMENT 
 
The discussion above mainly focused on the change in resistance as a result of formation 

factors, environmental conditions, and abrasion testing. A few other sources of variation 

were briefly mentioned, for example the impact of soldering during sample preparation, and 

prolonged exposure to environmental conditions. Throughout this experimental study 

additional sources of variation were identified that might have impacted the resistance data. 

The following topics address these suspected sources.   

 

The speculated sources of variation are divided into the three topics: sample preparation, test 

method, and testing equipment. The severity of each speculated source is unclear, but due to 

the importance of accuracy with low resistance measurements, reporting on potential sources 

of variation is necessary.  
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Variation between networks and samples, which share the same weaving specifications and 

formation factors was observed in environmental and abrasion testing. In order to better 

understand what may have caused these variations, steps from sample preparation are 

investigated.  

 

Cutting the sample is the first step of sample preparation.  In Table 24 the test sample 

measurements are listed. There are slight variations in the length measurements, which may 

have a minor impact when comparing traces of different length. The width, more specifically, 

centering of the conductive traces within the cut width most affected abrasion testing.  

 

The challenge was orienting the two traces within the space of abrading pad. For some 

samples when both traces were centered there was overhang of the excess width of the 

sample along the side of the abrading pad. The side of the sample with the overhang 

appeared to form excessive bunching along the side of the abrading pad. Furthermore, during 

testing the bunching would move in-between the test sample and the abradant and/or 

abrading pad. For this reason it is speculated that excess width might affect the consistency 

of abrasion cycles.  

 

Weld points were considered as formation factor for this study. Aside from the consideration 

of their weldability rating, there were inconsistencies observed that might have affected the 

resistance measurements. Some samples had weld points with exposed conductive material 

from either the weld or the end of the test wire, which may cause energy leakage from the 

network.  

 

The four centered weld points identified in Figure 51.C were not considered with respect to 

the resistance data collected. Even so, it’s possible that they might affect the measured 

resistance of the network. The reasoning behind this assumption is pictured in Figure 51 with 

the center weld point to the left of sample ID marking ‘B’. From this weld point there is stray 

conductive yarn. The Keithley 2400 source meter was used to determine if there is electrical 
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conductance between the stray yarn and the pin plug of the same trace.  For all samples that 

have center weld points with stray yarns, it was found that there is electrical conductance. 

This would indicate that energy leakage from the network is possible. Furthermore, if the 

stray conductive yarns were to come in contact with other conductive materials there might 

be variations in the resistance of the network.  

 

These center weld points also caused challenges with the Martindale abrasion testing set up. 

When the test sample was wrapped around the sample holder (Figure 58.C) the positioning 

of the four points increased the strain at the fold point. The severity of the strain varied 

between test samples.   

 

While care was taken to solder there was still variation in the samples resistance 

measurements after soldering the pin plugs to the test wires. As previously mentioned the 

resistance most often increases because of the excess heat that travels through the soldering 

tip through the cable, weld, and through the trace. To avoid heat from passing through to the 

weld point and conductive trace, heat sink clips were used during soldering. However, some 

of the prepared fabric samples had short wires, which were difficult to solder because there 

was not enough length to accommodate the heat sink clips on the wire.  

 

From the test method there were two sources of variation identified, the test set up, and the 

repeated use of test samples. The initial set up is pictured in Figure 77, and shows the test 

lead cables bundled together.  It was found that the initial experimental set up increased 

resistance in networks, which lead to inaccurate readings. This is due to the excess pressure 

from the environmental room doorframe on the bundled cables. After identifying the initial 

set up as a potential issue the new set up in Figure 53 was used, which evenly distributes the 

cables along the doorframe. It was observed that the new set up improved the accuracy of the 

resistance measurements. Despite this improvement, the possibility remains that pressure 

from the doorframe might affect the accuracy of the resistance measurements.  
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Figure 77. Initial environmental room set up. (A) Bundled test lead cables are 
closed in the doorframe of the conditioning chamber. (B) The test lead cables 
remain bundled until connected to the corresponding end of the test sample.  

 

The same test samples were used for all environmental testing. It was observed in Figure 61 

that there is a change in resistance post environmental testing. This is likely due to prolonged 

exposure to high relative humidity and air temp.  Prolonged exposure is likely to affect the 

hysteresis of the sample. Hysteresis is the time-based dependence of a material's output on 

present and past inputs. This dependence arises because the history affects the value of an 

internal state. All samples were expected to exhibit some degree of hysteresis. For this reason 

repeated use of the same sample may yield inaccurate resistance measurements over time. 

 

However, it should be noted that the repeated use of each sample for environmental testing 

might also have merit as a wear test. This is because wearable e-textiles are subjected to 
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prolonged environmental conditions throughout the product’s life cycle.  The electrical 

integrity will be affected by the network’s durability over time.  

 

Of the testing equipment used, the DAQ system and electronic scale were observed to cause 

sources of variation. During preliminary testing for the varying RH test with constant air 

temp, an issue with the DAQ test fixture (Figure 52) was identified. The socket connects for 

the sample test leads were damaged. The socket connectors have small brass cylindrical 

inserts that are used as the contact. In Figure 78 the insert for the top connection for CH. 3 is 

in the correct position, while all others are pushed down into the well of the connector. The 

effect of this is an increased or random change in measured resistance depending on the 

current. This issue was therefore remedied prior to continuing testing.  

 

The test lead cables that connect the test sample to the DAQ system may also contribute to 

variations in resistance. The portion of the cable located inside the chamber is subject to 

changes in resistance from environmental conditions. Therefore, it is possible the collected 

resistance values of the network include variation from this portion of the cable. This is 

considered a systematic error because the offset measurement is captured at the start of the 

test program and does not consider changes in environmental condition set points.   

 

 
Figure 78. Abrasion Fixture 1 Pin Socket Connections.  
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As previously mentioned the moisture regain data was collected from one sample using an 

electronic scale. The operating range of the scale was surpassed for all environmental testing. 

For this reason accuracy is questionable for set points that are outside the operating range. 

Furthermore, prolonged exposure to high relative humidity and air temp may cause 

additional operating issues, such as drift, that might further compromise accuracy.  

 

In summary, the findings on the speculated sources of variation are important to consider 

when analyzing the collected resistance and moisture regain data. Additionally, identifying 

potential sources of variation will help to improve the accuracy of future testing.  

 

Based on the speculated sources of variation the following suggestions are proposed. Sample 

preparation should be automated to achieve equal cut e-textile samples so all traces are the 

same length and width. The number of weld points should be limited to only those required 

for resistance measuring with the DAQ system. Additional weld points should be avoided as 

they may affect the transfer of voltage through the network and change the resistance reading 

or cause energy leakage through the network.  

 

A detailed written procedure for soldering should be followed. The procedure should include 

temperature parameters for the soldering wand, and time limitations for heating solder and 

applying to wire. It should be indicated that heat sink clips are required to protect the 

conductive trace from residual heat. Another option instead of soldering is to use end clips 

because they would help to keep heat out of the weld site. If using an environmental chamber 

there should be a path for the test lead cables that doesn’t have as much pressure as the 

chamber door. Test samples should only be used for one environmental test. This would 

eliminate variation from permanent change in resistance, which is caused by excessive 

testing. 



 206 

7. CONCLUSION  
 
The goal of this research was to study the formation of woven electrically conductive e-

textiles and to evaluate their integrity. The literature review presented the initial investigation 

of the study by providing breadth on the field of e-textiles. Coinciding with the initial 

investigation, the two experimental studies further explored the research goal. The first phase 

investigated the formation of a woven e-textile with woven conductive traces, by means of a 

time study. The second phase then evaluated the electrical integrity of e-textiles by 

measuring the resistance of their conductive networks.  Three main conclusions were thus 

made based on findings from the literature and both experimental studies.  

 

The literature review highlighted a gap in the e-textile industry regarding the terminology, 

categorization and standardization of materials and processes. It is clear that additional 

industry collaboration is needed to advance the organization of this field to meet the level of 

established standardization set by the textile industry, electronic industry and their allies. 

 

As with any young industry, prototyping will be of great importance for future product 

developments and overall industry evolution. The time study demonstrated the value of a 

time based prototype model and its potential application towards manufacturing efficiency 

and cost control. Efficiency and cost control are prerequisites to an industry gaining true 

scale and widespread use. While the time study covered several production of prototypes, 

further modeling efforts will expedite the maturation of the e-textile industry to cover the 

broad range of potential e-textile structures reviewed in this work.  

 

In addition to the time model, it was observed that the processability for a woven e-textile 

produced on sample weaving equipment is influenced by the selection of e-yarn and textile 

yarns. However, majority of the processability issues dealt with the selection of the tex-yarn. 

Whereas the suggestions based on e-yarns addressed adjustments that may be made to 

processing parameters, which would maintain the e-yarn’s quality and integrity during 

processing.  
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The second experimental study evaluated the electrical performance of three e-textiles by 

means of environmental condition testing and abrasion resistance testing. Formation factors, 

e-yarn type, number of e-yarns in the trace, and weldability were considered as sources of 

variation for resistance.  

 

The resistance of networks tested was affected by changes to both air temperature and RH. 

The independent effect of formation factor 1, e-yarn type, on resistance requires further 

study.  However, it is suspected to have an indirect effect via its contribution to the network’s 

weldability rating. Formation factor 3, weldability, had an observable impact on resistance.  

This impact was pronounced in more extreme environmental conditions and had significant 

impact on the resistivity of network 3.5A at 60% – 90% RH with 35oC – 55oC air temp. 

Otherwise, the effect is minor at lower RH and air temp.  

 

Quality of weld had the greatest impact on electrical integrity of the conductive network, as 

observed through resistance measurements. Samples with a reliable low resistance weld 

(good weldability rating) preformed as expected and didn’t demonstrate extreme resistance 

values during testing. Whereas, peaks in resistance values at high relative humidity were 

observed for samples with a moderate or poor weldability rating.  Therefore, high RH testing 

could serve as a possible method for evaluating the weld’s ability to form a low resistance 

connection. This would ultimately aid in the evaluation of the network’s electrical integrity.  

 

The observations on abrasion testing found that the e-textile construction that best supports 

abrasion resistance is EIOTV 3. All samples remained unchanged from Martindale testing, 

which implies they exhibit good abrasion resistance to everyday wear that occurs between 

the e-textile and itself. Wyzenbeek testing exhibited a more varied response, which implies 

samples would have varied abrasion resistance against environmental terrain, such as sand.  
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Due to the fact that all samples remained unchanged from Martindale testing the best 

performing fabric was determined from Wyzenbeek testing. It should be noted that fabric 

EIOTV 3 has a poor weldability rating, which adversely impacted resistance at high RH. For 

EIOTV 3 to perform best with abrasion testing, it can be assumed that the weld point at lower 

RH does not compromise the electrical integrity of the network.  

 

This study drew definitive conclusions on the impact of environmental conditions and 

abrasion resistance. The conclusions point to a need for added reliability and consistency of 

electrical networks within e-textiles.  The serviceability of an e-textile is largely reliant on 

the consistent performance of these connections and systems they reside in.  Electrical 

integrity, as the precursor for all e-textile functions, will continue to require thorough 

research as the industry matures. 

 

As the e-textile field advances, its future relies in part on the combined expertise from varied 

disciplines and industries. The partnerships of interdisciplinary teams involve people who 

work in manufacturing, materials science, physics, chemistry, textile, electrical and/or 

process engineers. Therefore, a shared knowledge of textile processes will be imperative for 

successful dialogue between these groups. As to support the growth of e-textile development, 

this work presented a dedicated effort on research topics that may help bridge 

communication gaps in the field.  
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8. SUGGESTIONS FOR FUTURE RESEARCH 
 
Throughout this study various suggestions for future research were proposed. Majority of the 

suggestions referred to future experiments that will investigate pending questions from the 

observations made in this study. 

 

The suggestion from the time study would include the strategic application of the suggestions 

proposed in Table 20 for woven e-textile formation. In addition, continuing the time study on 

e-textile formation using sample equipment to increase forecasting accuracy of the time 

calculator model. These suggestions can be executed concurrently and will contribute to 

further developing the time calculator model and providing knowledge on e-textile 

formation.  

 

As a result of environmental condition testing, the following suggestions are proposed. 

Conduct further study on electrical integrity, similar to this experiment, but using a data 

acquisition system with less variability (i.e. cable integrity, socket connectors). This would 

reduce repeated testing because of errors found from the test equipment. It would maintain 

the integrity of the data. This is important for e-textile development because standardized test 

methods have yet to be created. Until they are it is best practice to report data from a reliable 

system.   

 

Using an improved DAQ system a dedicated study on the independent effect of e-yarn type 

on electrical integrity of woven conductive networks should be conducted. To achieve this, 

an experimental design would be tailored to evaluate differences between at least 3 different 

e-yarns by using multiple samples of each. A continued investigation on the electrical 

integrity of weld points should also be conducted with dedicated study on the effects of weld 

points on low resistance networks. Weld points need to be reliable because they cause 

adverse effects to a well-formed conductive network. Consistency is the key to overcome 

expected variations.  
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The suggestion for future abrasion testing is to test one network at a time. This would allow 

the researcher to visually evaluate the fabric test sample post testing. Testing two networks 

concurrently limits the ability to evaluate the effects of abrasion on an individual network. 

The test should include assessment of damage not only to the electrical network but also to 

the textile substrate using strength loss after each predetermined number of cycles. 
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10.1. APPENDIX A 

 
Figure A1. 3D Charts from Varying RH with Constant 35oC Test. (A) Average 
Resistance of Network by RH set point (data for figure is from data table in Figure 
63.A). (B) Volume resistivity of Network by RH set point (data for figure is from data 
table in Figure 63.B). 
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Figure A2. 3D Charts from Varying Air Temp with Constant 30RH Test. (A) 
Resistance of Network by air temp set point (data for figure is from data table in 
Figure 65.A). (B) Volume resistivity of Network by air temp set point (data for figure 
is from data table in Figure 65.B). 
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Figure A3. 3D Charts from Varying Air Temp with Constant 55RH Test. (A) 
Resistance of Network by air temp set point (data for figure is from data table in 
Figure 68.A). (B) Volume resistivity of Network by air temp set point (data for figure 
is from data table in Figure 68.B). 
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Figure A4. 3D Charts from Varying Air Temp with Constant 80RH Test. (A) 
Resistance of Network by air temp set point (data for figure is from data table in 
Figure 71.A). (B) Volume resistivity of Network by air temp set point (data for figure 
is from data table in Figure 71.B). 
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