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Abstract 

The smart textiles sector is becoming increasingly significant within the technical 

textiles industry, contributing an increasing number of products and applications 

using a number of different technologies. This research is concerned primarily with 

electrically conductive smart textiles and, for the purposes of this project, smart 

structures are considered to be electrically conductive components which can be 

used in conjunction with technical textiles in order to enhance their performance and 

properties. 

The term `smart textiles' defines materials with advanced responsive properties 

enabling them to sense, actuate and/or control and the primary aim of this research 

was to characterise commercially available conductive yarns in terms of their 

structure, composition and physical behaviour in relation to their electrical 
behaviour. The secondary aim was to manufacture an electrically conductive textile 

material that could act as a strain sensor with the aim of integrating them into or 

onto existing technical textile fabrics. A range of static, dynamic and cyclic 

mechanical-electrical tests were carried out on a number of commercially available 

conductive yarns, work which informed the decision to base further experimental 

work on the integration of Carbon Black particles and Carbon Nanotubes into Nylon 

6.10 and extrude a monofilament using a standard melt spinning technique. 

Although the resultant yarns manufactured did not display the properties required, 

analysis of the CB and CNT properties, the conductive particle dispersion within the 

polymer matrix, the yarn structure and the manufacturing method all informed the 

development of the design paradigm. 

The resultant design paradigm developed highlights the most significant variables 

and parameters to take into consideration when designing a textile sensor, and 

suggests solutions that would result in successful sample production. The paradigm 

covers design solutions for the conductive particles, the polymer, the compounding 

method, yarn manufacturing parameters and the resultant yarn structure. Whilst the 
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information contained therein is not exhaustive, this being due to the inherent multi- 

level complexity of designing a textile system, it acts as a guide for sensor 

development and may help circumvent costly and timely sample manufacturing 

errors. 
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Chapter 1 
Background 

The scope of the smart/intelligent textiles industry is potentially enormous in terms 

of the different types of material available, usable technologies. potential 

applications and eventual market size. Falling under the umbrella of smart/intelligent 
textiles are phase change, electrically conductive, shape memory and chromic 

materials, and the enabling technologies include polymer development, 

nanotechnology and the embedding of components into fabrics. The potential sectors 
to which smart/intelligent textiles can be applied include commercial, retail and 
industrial with applications such as location monitoring devices, entertainment, 

communications, actuation & environmental response and sensing & biophysical 

monitoring. Due to the number of potential materials, technologies and applications 

that are available, for the purposes of this report the only material type to be 

considered will be electrically conductive materials and their applications. 

A variety of terminologies have been used to describe electrically conductive smart 

textiles, some product-related and others referring to the enabling technology. This 

has led to such terms being used as e-textiles, electronic textiles, smart clothing, 

interactive wear and electro textiles. Thus for simplicity's sake, throughout this 

report the terminology `smart textiles' will be used as an umbrella term in reference 

to the materials, technologies and applications used within the electrically 

conductive smart textile sector. 

As such, "smart textiles" is a term used to define materials with advanced responsive 

properties covering a broad range of technologies and products, they are defined as; 

"Flexible fibrous structures which have multifunctional characteristics 
which are expected to sense, actuate and control. The integration of 
micro-electronics and textiles and also the new materials such as phase 
change, shape memory, chromic and conductive materials have all 
played important roles in innovation, design and production of 
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intelligent textiles for variety of applications such as medical, health 
care and assistive technologies, protective technical textiles. 
multifunctional sportswear and multifunctional military clothing. [1 ]" 

The concept of embedding or integrating a smart structure within a technical textile 

product or material is complex and it is simultaneously necessary to define the uses 

and applications of technical textiles and explain how these products can benefit 

from the incorporation of smart structures, whilst defining what a smart structure is 

and determining what forms it can take. 

1.1 Use of Smart Textiles with Technical Textiles 

The inclusion of smart structures (structures capable of sensing and reacting to their 

environment in a predictable and desired manner) into technical textiles, or the use 

of smart structures with technical textiles, is a means of introducing a degree of 

`intelligence' into the technical textile which is not normally inherent in the material, 

fabric or the designed product. For example, embedding smart structures such as 

sensors into or onto a technical textile fabric can enhance the range of capabilities of 

that fabric by giving feedback on its performance whilst in use, which can then be 

fed back into the design and/or construction phase. In essence, high specification, 

high performance, multifunctional fabrics and products can be created. 

In order to understand the difference between smart textiles and technical textiles, it 

is necessary to define them. Technical textiles are defined as; 

"Textile materials and products manufactured primarily for their 
technical performance and functional properties rather than their 

aesthetic or decorative characteristics. A non-exhaustive list of end-uses 
includes: aerospace, industrial, marine, medical, military, safety and 
transport textiles, and geotextiles. " [2] 

There is an extensive range of raw materials, processes, products and applications 

encompassed within the technical textile industry, making it an industry with a wide 
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spread of capabilities. The defining characteristics of technical textiles are that they 
have very high physical and/or chemical property specifications and are typically 

used in applications where a high level of end-use performance is required. 

The range of possible end-uses for smart textiles is significant and growing, and they 

can be incorporated into both the technical textile and the footwear and apparel 
sectors. In order to understand this industry fully the main developments in the smart 
textile sector will be highlighted including the application areas, products 

manufactured and organisations involved in research and development. 

1.2 Market Analysis 

The technical textile sector and the smart textile sector can currently be considered 

separately due to the relative maturity of the technical textile market compared to 

that of the smart textile market. It is important to analyse the past market 

performance and review predictions of future performance in terms of market value 

and volume for both sectors. 

1.2.1 Technical Textile Market 

A report by David Rigby Associates [3] estimated that in 2000 the global production 

of technical textiles amounted to 16.7mn tons (based on the amount of polymer and 

fibre used). In value terms, the market was worth an estimated US$92.9 billion (i. e. 

the value of finished textile products). In volume terms growth was forecast to 

average 3.5% a year between 1995 and 2005, and 3.8% a year between 2005 and 

2010, as illustrated in Figure I. I. However, growth was expected to be slower in 

terms of value rather than volume due to lower priced fibre, the increasing use of 

low cost nonwovens, and the slower growth of lower textile content products such as 

fibre-reinforced composites. Globally, Europe and the Americas were expected to 

experience slower growth rates than in Asia. 
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World end use consumption of technical textiles, 1995-2010 
Volume (mn tons) Value (US$ bn) 
25 140 

Value (right h and sc ale) ý ý- 
20 ----------------------- \- ý 120 

Volume (left hand scale) 
: r. F ý- -ý , oo 

15 --- `` - -- ' - 
.. ý. _ ' -. __ 

fi1ý 80 

0 6 10 --- ---- - 
ýý- 

-- 

4-1 - 
ý 

40 
5 

20 

f - ý 
74; 

0 
{ 

0 
1i5 21ýýJO ZUVS 2U1U 

Suwr. t D. -o Piycq Asaocia: c:. 

Figure 1.1 World End Use Consumption of Technical Textiles, 1995-2010 [3] 

Technical textile end-uses have been quantified separately into eleven application 

areas and the world end used consumption in 2000 was calculated to show that the 

fastest growing sectors were building and construction, hygiene and medical, and 

personal and property protection, with environmental protection having the fastest 

growth rate of all with relatively slower growth rates for clothing components and 

sports and leisure. 

1.2.2 Smart Fabric and Interactive Textile Market 

According to a US report published by Venture Development Corporation (VDC) 

[3], the smart fabric and interactive textile (smart textile) market totalled $248 

million in 2004 and $304 million in 2005, with expectations that it would grow to 

$642 million in 2008. The greatest growth area was in transportation with products 

such as carbon fibre heated seat kits, however it was expected that there would be a 

growth in demand for garments with integrated music and communication devices, 

with the overall growth in consumption shown in Figure 1.2. 
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Figure 1.2 Roadmap of Smart Fabric and Interactive Textiles Consumption Growth 

- Overall Market [4] 

The vertical markets for smart textiles are consumer (fashion and fitness clothing). 

government (military), medical, commercial/retail and industrial and so far the 

biggest investors have been the military and government bodies. Most research on 

electrical smart textiles by Original Equipment Manufacturers is directed towards 

sensing and monitoring applications, as well as actuation and response applications, 

whilst academic institutions are dominant participants in all areas of smart textiles 

research. 

1.3 Classification of Smart Textiles 

According to Xiang and Ming [5] smart textiles can be categorised by their reaction 

to external stimuli. Accordingly these classifications follow the rules that; 

"Passive smart textiles can only sense the environmental conditions or 
stimuli, active smart textiles will sense and react to environmental 
conditions or stimuli, and very smart textiles can sense, react and 
adapt themselves to environmental conditions or stimuli". [5] 
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This categorisation does not infer that one type of reaction is superior to another and, 

as developments progress, it can be seen that some smart textiles do not fall into a 

single category as multi-functional products are being produced to satisfy- the 

requirements of the markets. 

1.3.1 Passive Smart Textiles 

In order for passive smart textiles to detect a change in environmental conditions or 

stimuli, a sensor must be present to provide a nervous system to detect signals, and 

some passive smart textiles can act as both sensors and actuators (an actuator being 

`a device which performs a mechanical action in response to an input signal, which 

may either be electric or fluidic' [6]). Pressure sensing and switching technologies, 

as used for the keypads and touch sensitive fabric, are all classified as passive smart 

textiles. 

1.3.2 Very Smart Textiles 

Very smart textiles can sense, react and adapt themselves to changing environmental 

conditions or stimuli and these products have become available through combining 

traditional textiles and clothing technologies with material science, structural 

mechanics, sensor and actuator technology, advanced processing technology, 

communications, artificial intelligence and biology [7]. This type of smart textile 

includes shape memory materials, phase change materials, water resistant and 

vapour permeable (hydrophilic/nonporous) materials, and heat-storage & 

thermoregulated fabrics [8]. 

1.4 Global Developments in Electrically Conductive Smart Textiles 

There have been a number of global developments in the smart textile industry and a 

selection of the major networking events, seminal innovations in each application 

area and the major organisations involved are overviewed. 
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1.4.1 Conferences, Exhibitions and Seminars 

Smart textiles have been discussed both as part of computing and wearable 

technology conferences as well as, in recent years, smart textile specific symposia 

and conferences. Wearable computing was discussed at ISWC 2000 [9], embedded 

technology at the 2001 CASES Conference and electronic textiles for wearable 

computer systems at the 2002 Hightex Conference. The 2003 Textile Future Show 

[10] fashion show was staged in eight different German department stores to present 

the future of smart textiles garments and it highlighted products that were already 

commercially available or were soon to be available, and as part of the 2003 IEE 

Eurowearable Conference [I I] `intelligent garments, wearable technology and smart 

materials' were exhibited at the WEAR ME fashion show. The Wearable Electronics 

and Smart Textiles Conference (WEST) 2004 [12], held in Leeds, brought together 

academics, researchers and companies involved in smart textile innovation in order 

to exchange ideas, share knowledge and develop partnerships and networks. In 2004 

a technology-specific workshop on textile sensors and actuators was held at Central 

Saint Martins College [13], formulating research and development proposals for 

various consumer products and applications. 

In 2005 the Ambience conference [14] dealt exclusively with smart textiles and 

clothing design, whilst discussions on the technological advances of smart textiles 

were also held as part of a conference on technical textiles innovation hosted by the 

William Lee Innovation Centre (part of Manchester University) in 2006 [6]. The 

effect of nanotechnology on the smart textile industry was addressed at the 2006 

NanoTechnologies and Smart Textiles conference [12]. The 2007 Avantex 

Symposium [15] (run in conjunction with Techtextil) is now a well established 

international event which acted as a platform for innovative developments with the 

aim of providing information on the opportunities and possibilities of smart textiles 

and improving communication between all bodies involved. It covered topics such 

as the future prospects of smart textiles, new fibres, yarns, finishing processes and 

films, smart clothing, nanotechnology and fabric developments. 
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1.4.2 Research Institutes and Organisations 

A number of research institutes and organisations have led research into smart 
textiles (some of which are dedicated teams, some carry out the work through 

research degree work) and some have collaborated with other institutions or 

companies to create products and subsequent spin-off companies. A small selection 

of the major research institutes involved are listed in the following sections. 

1.4.2.1 Europe 

In 2000 at Brunel University [16] research was carried out on sensory fabric 

development and in 2003 at Lancaster University [17] investigation into layered 

wearable textile networks was carried out, whilst in 2004 at The London Institute 

(Central St. Martins) interactive and experiential design in smart textiles was 

explored. Currently in the UK, Leeds University Centre for Technical Textiles [1] is 

undertaking several R&D projects into smart textiles, as are researchers at 

Manchester University [6], and Heriot Watt University [18] who are running 

projects concerned with smart textiles R&D. 

Further afield in Europe, in 2002 ARCES (Italy) [19] worked on textile based 

capacitive pressure sensors, and in the same year researchers at the Katholieke 

Universiteit (Netherlands), in conjunction with the University of Ghent (Belgium), 

developed the Intellitex suit [20]. In 2002 the University of Minho (Portugal) was 

involved with the with European Space Agency (ESA) workshop and in 2003 the 

University of Pisa (Italy) researched electroactive fabrics for interactive systems. The 

PLAY Interactive Institute (Sweden) was involved from 1999-2004 in R&D for 

textile and computational technology and the Technical University of Liberec 

(Czech Republic) has been involved in smart textile structure R&D through ITSAPT 

[21] since 2005. Two Finnish Institutions, Tampere University of Technology and 

the University of Lapland are involved in SmartWear Lab projects on smart 

wearables and intelligent garment projects respectively, and at Philipps-Universität 

Marburg (Germany) [22] projects are being undertaken investigating and developing 

nanofibres. 
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1.4.2.2 The Americas 

The Georgia Tech Wearable Motherboard [23] was developed between 2000 and 
2001 at the Georgia Institute of Technology and in 2002/03 the groundbreaking 
`Electric plaid' project [24] was undertaken at Concordia University (Canada). In the 

same years at Carnegie Mellon University the Coatnet group [25] undertook a 

project on the modelling of electronic textiles and, as part of a research project, a 
Smart jacket (thermoregulating, light emitting) was developed at Cornell University 

[26]. At Virginia Polytechnic Institute and State University in 2003 their E-textiles 

Laboratory produced a `STRETCH' acoustic array fabric (a project sponsored by 

Defense Advanced Research Projects Agency). At North Carolina State University 

[27] research into carbon nanotubes and nanofibres has been carried out whilst at 
Clemson University [28] they undertook R&D into conductive polymers for 

electrotextiles. 

1.4.2.3 Asia 

In 2003 at the Hong Kong Polytechnic University there were a number of smart 

textile projects being undertaken including those focusing on nanotechnology and 

shape memory materials, whilst at the Indian Institute of Technology (Delhi) [29] in 

2005 R&D into nanofibres was undertaken. According to an Inneurotex report [30] 

"Japan is the second largest spender in nanotechnology research and development 

worldwide" and companies such as Kanebo Spinning Corp. and Toray Industries Inc. 

have been conducting research into developing superabsorbent polyester and nylon 

threads. 

1.4.2.4 Australasia 

The University of Wollongong (Australia) undertook projects at the Intelligent 

Polymer Research Institute [31 ] and in 2004 Charles Sturt University [32] sponsored 

the Higher Schools Certificate online initiative into emerging textile technologies. 
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1.4.3 Projects and Focus Groups 

A variety of project groups have been formed, often created at the behest of 
governments or research institutions, in order to carry out specific projects in a 
particular smart textile field. Each one is made up of collaborators from a range of 
industries and textile sectors, and can be local, national or even international. In 

2001 at the International Centre of Excellence for Wearable Electronics & Smart 

Products [33] they carried out R&D into smart textile applications such as health 

monitoring, personal protections, sports and leisure, and industry and manufacturing. 
In 2002 the European Fiber Computing group [34] aimed to integrate computing 

ability directly into fibres and in 2003 the Intelligent Textile Technological Alliance 

(Canada) [35] hoped to develop and promote various microelectronic technologies 

and applications using textile and clothing materials as carriers. The Wealthy project 
focussed on integrating computing, sensors and telecommunications to assist 

patients during rehabilitation and continuous monitoring and, as such, produced the 

Wealthy shirt [36] in 2005. 

In the UK there are two major interest groups, namely Wearable Electronics and 

Smart Textiles [37], set up in 2004, which to provides opportunities for industry and 

academia to find out the latest developments and promote available technologies and 

services in the area, and the Smart Textiles Network [13] which aimed to excite 

development in smart textiles and systems through cross-sectoral consultation, 

bringing together designers, scientists and materials developers. 

1.5 Product Applications 

There is a wide range of potential applications for smart textile technology; a 

selection of the seminal developments in these areas and the companies, 

organisations or research institutes who have developed these products are 

overviewed. 

Chapter 1 Background 



-12- 

1.5.1 Electromagnetic and Radio Frequency Shielding 
Demand is growing for products which provide electromagnetic and radio frequency 

interference shielding, as well as static discharge [3], due mainly to the proliferation 

of computing and mobile communication equipment. Products developed are being 

used in novel areas such as garment pockets (for mobile phones and portable 

computers), and rapid growth is expected in products used in the construction of 
homes and buildings. 

1.5.2 Military 

In 2001 the US Defense Advanced Research Projects Agency released a request for 

proposals for projects from those in the textiles and electronics industries that would 

create a new class of wearable systems made of fabric, hoping to spur the 

development of new yarns, fabric interconnects and Computer Aided Design (CAD) 

tools for weaving the equivalent of a printed-circuit board into textiles. As such, in 

2002 a sound detecting fabric [38] for military use was developed whereby a woven 

fabric had insulated stainless steel wire running through it to which tiny 

microphones were attached in order to pick up the sound of remote objects. The 

advantage of this product was that, unlike traditional radio frequency 

communication, the transmitting unit's location couldn't be detected and also the 

power requirements were reduced due to the integrated wires. 

1.5.3 Healthcare Monitoring 

The `Intellitex' suit [39] was developed as a prototype health monitoring suit for 

long term and continuous use by children in hospital, measuring respiration rate and 

heart rate using a washable textile belt incorporating electroconductive stainless steel 

fibres and yarns. Knitted stainless steel fibre `Textrodes' were in direct contact with 

the skin, thus the heart rate could be monitored without the use of the gel which 

often causes irritation or skin softening. Respiration rate was measured using a 

`Respibelt' (also constructed from knitted stainless steel yarns), the measurement 

being made by noting the variation in resistance and inductance caused by breathing 

when the system was coiled around the abdomen or thorax. 
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The commercial manufacture of a Telemedicine T-shirt [40] started in 2004, this 
being a cotton t-shirt predominantly for use by elderly people in order to monitor 

their physiological status. The t-shirt measured heart rate (electrocardiogram), 

respiratory rhythm (by measuring the movement of the ribcage) and skin temperature 

using sensors integrated into the garment and transmitted via a satellite network to 

the specialist centre where the doctor recorded the data. The t-shirt retained its 

textile characteristics of moisture absorption, stretch and comfort as the technology 

included integrated conductive wires and miniaturized electrodes. 

The Sensatex Smart Shirt [41] was manufactured as a t-shirt which functioned like a 

computer with optical and conductive fibres integrated into the garment. It 

monitored heart rate, respiration, temperature and other vital functions; as the t-shirt 

was threaded with conductive polymer and metallic fibres that served as data buses 

and power lines. It was claimed that the t-shirt was washable once any attachments 

were unplugged, and the sensors, processors and communication devices could be 

altered as required prior to manufacture. 

1.5.4 Assistive Technology 

Assistive technology covers a range of products created to assist those with motor- 

skill problems or who are weak or frail, such as the elderly. Thompson [42] has 

designed several products to assist those lacking manual dexterity such as a 

television remote control cushion with large numbers and volume controls 

embroidered on it underneath which is the copper-coated nylon switching 

mechanism, as well as a mat on which a child with cerebral palsy can sit and, by 

leaning forward or backward, use as a joystick for video games. 

1.5.5 Space Technology Transfer 

In 2002 at a European Space Agency event [43] several ideas were identified 

concerning the application of space technology to smart textiles and vice versa, for 

example, the use of shape memory alloy (SMA) fibres for signal acquisition and 
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smart actuation, as well as superelastic fabrics allowing intimate contact between 

sensors and skin, was presented. The concept of smart implants, where SMA textile 

stents could actively monitor the blood flow and communicate to the garment 

possible restenosis (recurrent artery blockages after surgical treatment) or any 

pressure alteration, was also presented. In terms of biophysical monitoring, the same 
technology can play a role in thermal physiology, increasing or decreasing the 
insulation of a garment, which is one of the parameters to be considered during the 

management of a heart attack or stroke to reduce the amount of damage to the body. 

1.5.6 Fashion 

There have been a number of commercially available and prototype garments 

manufactured that use smart textile technology. The range of functions of these 

garments has been diverse; some enable control of integrated music players (i. e. 

MP3 players), some are meant to display emotion, some are purely to demonstrate 

the capabilities and potential uses of smart textile garments. 

In 2000 Philips and Levi Strauss launched their ICD+ jacket [44] which combined a 

remote-controlled mobile phone and an MP3 player and, on removal of all the 

electronic devices, was washable. The ICD+ jacket was apparently the first wearable 

device to be marketed to consumers, although it was only available in Europe. 

Canesis, in conjunction with Australian Wool Innovations [45] developed 

electrically warmed wool socks through the use of conductive yarns and wool, aimed 

at the hiking/walking market and expected to go on sale in late 2004 or early 2005. 

They were battery powered and suitable for those who worked in very cold 

environments or for people who suffer from poor circulation, as the amount of heat 

generated by the socks was to equal the rate of heat lost [46] through the foot. 

Eleksen's touch-sensitive fabric was employed in the wireless keyboard introduced 

in 2006 by G-Tech, and in 2007 it launched an iPod control business suit [47] for 
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sale in a major department store. Fibretronic, launched the iPod control system for 

the new RedWire DLX jeans, to be launched by Levi's in 2007. and Burton 

Snowboards has added Fibretronic's PTT (push to talk) technology to its Audex 

range of jackets and packs. 

1.5.7 Sports 

The intelligent knee sleeve [48], developed in 2001 by Intelligent Polymer Research 

Institute and Commonwealth Scientific & Research Organisation, was a biometric 

device used to teach football players how to land properly to prevent non-contact 

anterior cruciate ligament injuries which occur mainly when athletes land badly after 
jumping and twisting. The device was a lightweight fabric sleeve worn around the 

knee with a specially coated stretchable strip of polymer-coated fabric attached over 

the kneecap. The coated fabric acted as a strain gauge whereby the sensors have been 

subjected to a process that ensures their electrical resistance changes with the 

extension of the fabric [49]. The device emitted an audio tone when the knee bent 

beyond a pre-set angle so that if, on landing, the knee angle was insufficient, 

immediate feedback was provided to the player by means of an audio tone, allowing 

the player to adjust their landing technique accordingly until they heard the sound. 

1.5.8 Outdoor Pursuits 

Finnish researchers developed a machine-washable jacket, vest, trousers, and two- 

piece underwear set [50] for snowmobilers embedded with a Global System for 

Mobile chip, sensors monitoring position, motion and temperature, an electrical 

conductivity sensor and two accelerometers to sense impact. In the event of a crash 

the jacket automatically sensed the impact and a distress message was sent via Short 

Message Service to medical staff. The message conveyed the rider's coordinates, 

local environmental conditions, and data taken from a heart monitor embedded in 

the undershirt. 
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In 2003 Burton Snowboards and Apple®, with the aid of SoftSwitch technology, 

manufactured and sold the Amp Jacket [51] which was cited as the first and only 
wearable electronic jacket with an integrated iPodTM control system. It was a Gore- 
Tex snowboarding jacket with an integrated soft, flexible sleeve control pad for the 
iPod which was waterproof, seam taped and machine washable when the iPod was 

removed. The technology was then integrated into a backpack to create the `Amp 

Pack'. There are several other products which include the same SoftSwitch 

technology including the North Face MetS jacket with an integrated heating system 

and keypad control and the limited edition Hub jacket by O'Neill incorporating 

bluetooth mobile phone control and an MP3 player. Electrically conductive fabric 

tracks connect the chip module to a fabric keyboard and built-in speakers in the 

helmet of the jacket and the microphone is integrated in the collar of the jacket [52]. 

1.5.9 Workwear 

Gorix developed an Electro-Conductive Textile (E-CT) fabric [53] which resulted 

from special weaving and carbon treatment procedures. The resistance of the fabric 

varied according to temperature variation allowing for its use as temperature sensor 

devices. Gorix then developed thermal clothing for hospitals, clothing for astronauts 

and divers, therapeutic Infra-Therm systems and workwear for people who work 

outdoors or in places with extreme weather conditions. The fabric could be used to 

detect the presence of bodies so that in a disaster situation, if an electronic control 

circuit is added, Gorix E-CT could detect people and alert others of this fact. 

1.5.10 Home Furnishings 

Malden Mills produced an electrically heated fabric [54] suitable for use as electric 

blankets or to make into clothing. The heating element was an insulated conductive 

yarn, spaced at intervals across the fabric, which comprised a core of insulating 

material, an electrical resistance heating element and an outer sheath. An external 

power source was provided for the element and the underside of the fabric 

comprised of a protective layer of fleece. 
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The Philips Sofa Q4 Plugged [55] was developed in 2001 as a modular system 
consisting of four square-shaped stools, as well as arm-rests, back-rests and table 

elements that could be re-arranged in several different ways to create different 

configurations. All the elements could be linked together not only physically but also 

electrically as one of the stools had a power lead to connect the whole to a nearby 

mains socket. The 'buttons' in the mattress tops were elasticated holes into which the 

various elements could be plugged to position them and to make the necessary 

electrical connections. The arm-rests were hollow and one unit is fitted with a music 

player, the control panel being embroidered in the side of the arm-rest using 

conductive fibres. 

Infineon developed a smart material [56] in 2002 consisting of a self-organising 

network of chips woven into the fabric which enabled it to monitor temperatures, 

pressures or vibrations. Microelectronic modules were embedded in the textile 

structure in the form of a grid and each chip was connected to its four adjacent 

neighbours by electrically conductive threads, creating a network that enabled the 

flow of information to various systems via a data interface. The chips could be used 

as sensors in columns or walls to gather information about the condition and the 

loading of materials, permitting the early identification of local defects, breakage or 

cracks in construction materials to increase building safety and make the detection of 

defects easier. If a chip or conductive path failed, the network would automatically 

locate this fault and immediately reorganise itself, finding a new path within the 

overall system via the neighbouring chips in order to maintain the information flow. 

1.5.11 Communications 

The Reima Smart 3305 [57] was designed in 2004 to facilitate easy group 

communication via a wearable accessory to a GSM phone. It could be used to send 

group voice messages by pulling the operating band without dialling and 

incorporated a mobile phone, loudspeaker and microphone. A detachable belt was 

incorporated in the outfit into which all the functions were concentrated and the 

functions were controlled by the pull tags in the belt. 
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1.5.12 Aviation and Automotive 

Merhav A. A. P Gmbh developed a `portable airbag' system [58] in 2003 for 

horseriders and motorcyclists which inflated in 30 milliseconds to protect the neck 

and spine (the areas most vulnerable in a collision). This concept was also developed 

by a Japanese company (Mugen Denko) who produced the EggParka [59] in 2004 

for motorcyclists, which inflated with a carbon dioxide cartridge when a pull-cord 

was ripped off, to protect the back, neck and waist when a rider fell from their 

vehicle. 

The notion that airbags need to be `smart' has been of great concern within the 

automotive industry in case they cause injury if, for example, a child is leaning 

forward at the time of a collision. The automotive unit of TRW Inc. said it would 

produce its first smart airbag [60] for a U. S. vehicle for the 2004 model year. A 

strain-gauge weight-sensing system embedded in the front seat indirectly determined 

the occupant's size and position before the bag deployed. The 2003 Chevy Silverado 

had a similar system that could automatically switch off the airbag it was detected 

through the seat sensor pad that the passenger was a small child. 

1.6 Technologies Used to Create Electrically Conductive Smart 
Textile Structures 

Electrically conductive smart textile structures allow electronic signals or power to 

flow directly through them without the use of wires or remote transmitters. Borne 

from the miniaturisation of computers and electronics [611 and the increasing 

ubiquity of these technologies, thus far there have been a wide range of technologies 

developed. There are a variety of suitable fibre types, yarns and materials being 

researched and developed in order to provide capabilities that range from simple on- 

off switching to pressure sensing, and currently there is ongoing research and 

development into gaining an understanding of the enabling technologies required to 

make components for myriad applications. At present the most important 

rudimentary requirement for developing these smart structures is to establish design 

paradigms for constructing textile sensors, actuators and conductive circuit 
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pathways, such that electronic components are not merely attached to fabrics, but 

that they are actually integrated into fabrics. 

1.6.1 Materials 

In order to create electrically conductive smart structures, a degree of electrical 

conductivity or semi-conductivity must be imparted and this can be done during the 

fibre processing, yarn formation or after the fabric formation stage. A variety of 

methods are listed and, where possible, the advantages and limitations of each 

method are highlighted. The choice of material used depends on the application, the 

end product and the required function, and new materials are constantly being 

formulated. 

1.6.1.1 Conductive Fibres 

Fibres used for electrically conductive smart structures can be added to a nonwoven 

web, spun into a yarn (staple or continuous filament), used as sewing threads or 

knitted/woven into fabrics. The fibres can either be inherently conductive, be 

chemically processed to induce conductivity, or be blended with other conductive 

fibres to produce bi-component fibres. Conductive threads and yarns can be sewn 

onto fabrics to create circuits or can be embroidered onto fabrics to create switching 

points. There are a variety of methods of producing conductive fibres, some of 

which include metallic salt coating, galvanic coating, resin coating, vacuum spraying 

and the spinning of bicomponent fibres. 

1.6.1.2 Metal Fibres 

Steel, copper and aluminium are commonly used to create conductive textiles and 

these fibres can be blended into yarns using a variety of traditional fibre types such 

as cotton, polyester and nylon, using either continuous filament or staple fibres. 

Stainless steel fibres have already been proven in use in smart textiles [62] due to 

their high levels of conductivity (low electrical resistance), stability under harsh 

washing conditions, and their compatibility with traditional textile fibres and yarns 
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and subsequent processing techniques. They are also used due to their high thermal 

resistance levels (above 600°C) and corrosion resistance properties, with a wide 

range of fibre and yarn configurations available from manufacturers such as Bekaert 

[63] and R. Stat [62]. 

Metal clad fibres with nickel, copper or silver coatings are available, resulting in 

products with the surface conductivity of a metal, and the flexibility of a fibre. 

Products available include Dupont Aracon yam [64] which is made from a 

conductive fibre of nickel or silver clad Kevlar, and X-Static yarn [65] which is 

made up of silver or nickel coated monofilaments. 

In metal salt coated fibres the textile characteristics of the base material are more 

readily maintained and products include Thunderon fibres [66] which are made from 

Copper Sulphide chemically bonded to Acrylic and Nylon fibres and filaments, and 

R. Stat/P and R. Stat/N [62] which are Copper Sulphide coated Polyester and Nylon 

fibres. 

1.6.1.3 Carbon Fibres 

Carbon fibres [67] are produced by carbonizing precursor fibres based on 

Polyacrylonitrile (PAN), rayon (regenerated cellulose) or pitch (coal tar or petroleum 

residue). These fibres are electrically and thermally conductive, and have high 

abrasion and wear resistance, thus making them suitable for use in conductive textile 

fabrics. They are available in a variety of forms, for example Hexcel carbon fibres 

[68] are available as both staple and continuous filaments. 

Epitropic fibres [69] are a different class of carbon fibres; these synthetic fibres are 

produced by embedding tiny particles of electrically conductive carbon powder into 

the surface of a nylon or polyester fibre. Epitropic Fibres Ltd [70] manufacture 

epitropic polyester fibres which are used mainly for antistatic nonwoven fabrics, 

whilst Resistat and Sanstat fibres [71] are Nylon 6 and Nylon 6.6 monofilaments 

with conductive carbon absorbed into the surface. 
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1.6.1.4 Conducting Polymer Composite Fibres 

Conducting polymers such as polyacetylene (PA), polypyrole (PPy), polythiophene 
(PTh) and polyaniline (Pan) offer a degree of semiconductivity. They are chemically 

or electrochemically doped it-conjugated polymers and they have been found to 

possess metallic properties [72]. The most commonly used conducting polymer is 

Pan and its conductivity results from a process of partial oxidation or reduction, and 
Pan compounds can be designed to achieve the required conductivity for a given 

application with the resultant blends being either highly conductive or acting as 
insulators. However there are still issues regarding the everyday use of these 

materials as the electrical conductivity could be improved further by reducing 

defects in the long polymer chains that carry the current. PPy exhibits good electrical 

conductivity, good environmental stability in ambient conditions and few 

toxicological problems, however the brittleness of PPy limits it practical uses. The 

processability and mechanical properties can be improved either by blending PPy 

with other polymers, then spinning into synthetic fibres, or by forming copolymers 

of PPy [73] and thus providing the fibres or fabrics with electrical properties. 

1.6.1.5 Superconducting Fibres 

Superconducting fibres [54] have been developed in order to make synthetic fibres 

conductive whilst reducing their tendency to become charged with static electricity, 

and they can conduct electricity, carry electronic signals in fabrics, and flex without 

cracking. If the superconductor particles are istotropic it means that the electrical 

current density can be improved when the particles are aligned - this can be done 

during spinning and increased by applying a strong magnetic field after spinning. 

The BASF Corporation has developed a superconducting fibre based on viscose 

rayon which is a core-sheath arrangement with a viscose sheath covering a 

multicomponent core that contains at least 10% of a superconducting liquid 

suspension. 
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1.6.1.6 Silicon-on-Insulator Fibres / Computing Fibres 

Clemens et al [74] proposed the concept of fibre computing in which the goal is to 

embed the basic unit of computation, the transistor, into fibres that make up 

clothing, and then connect them to form inverters, gates and higher level circuits. 
The prerequisite for a fibre having computational properties is semi-conductivity or 
the fibre must be one that will bear a semiconductor coating and survive the 

microelectronics fabrication process. There are two methods to develop substrates in 

fibre form which are capable of carrying semiconductor circuitry. With the Silicon- 

On-Insulator (SOI) process transistors are formed on special SOI substrates (a l um 

thick polycrystalline silicon layer deposited on oxide) and then extracted from the 

silcon wafer substrate in the form of very long thin membranes by using etch 

techniques. The Ceramic Powder Extrusion technique involves extruding a mixture 

of fine ceramic powder and organic additives into a fine fibre, then the organic 

additives are removed and the fibre is sintered to create a ceramic fibre. Thus pure 

polycrystalline silicon carbide fibers and pure amorphous silcon dioxide glass fibres 

have been produced, however if these fibres are to be integrated into traditional 

textile structures they must withstand the degree of twisting to which they may be 

subjected during fabric production. 

1.6.1.7 Optical Fibres and Photonic Fibres 

Glass fibres are used whereby information is encoded in light and sent through the 

optical glass fibre. The chemical composition and the microstructure of glass fibres 

must be controlled carefully during manufacture and, although they are brittle, they 

are extremely strong [74]. Photonic Fibres (PCF) have wavelength-scale 

morphological microstructure running down their length and this structure enables 

light to be controlled within the fibre. Photonic crystals rely on regular 

morphological microstructure incorporated into the material to radically alter its 

optical properties. To fabricate a PCF a preform is created which contains the 

structure required (on a macroscopic scale), this is then drawn, greatly extending its 

length while reducing its cross-section [75] to a fibre-like structure. 
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1.6.2 Yarns 

As with fibres, there are a variety of methods that can be used to produce electrically 

conductive yarns and most of these methods can use any type of conductive fibre, 

depending on the required performance or application. Methods of conductive yarn 

construction include draw-blending, core-spinning, yarn wrapping and the creation 

of braided, plied or cabled yarns. 

1.6.2.1 Metallised Yarn 

Metallised (or metallic) yarns are those which have free metal as a component and 

are commonly known as Lurex yarns. There are several types including single and 

multi-end yarns (in which at least one yarn is metallic) in which the narrow strips of 

metal may be coated or laminated, or yarns may have metal deposited on the fibres 

either chemically, by electric arc or by adhesive [2]. The metallised yarns are 

typically polyester films metallised with either aluminium or pure silver [76] and the 

metallization process is thermal evaporation wherein the metal wire is evaporated 

onto a heated crucible in a vacuum chamber [77]. The yarns are then coated with 

either a special resin [78] or other coating materials to add the colour and to ensure 

resistance to physical and mechanical degradation. It is generally found, however, 

that these materials exhibit only low levels of conductivity which are insufficient for 

electrodes or sensor structures. However, they can be electrochemically modified 

(e. g. oxidised) to produce oxide structures with semiconducting properties [79]. 

1.6.3 Coating Materials 

Another method of imparting conductivity is the use of conductive coatings in 

addition to, or instead of, conductive fibres and yarns. There are endless variations 

on the coating methods, numbers of layers and combinations that can be used 

depending on the application and materials available to use, including electroless 

plating, sputtering, evaporative deposition and more traditional textile coating 

processes. 
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1.6.3.1 Carbon-based Pigments 

Conductive fillers such as carbon black, carbon fibres and graphite can be used in 

conductive pigment applications where previously metals have typically been the 
materials of choice. The advantages include lighter weights, resistance to corrosion, 
and the ability to be readily adapted to the needs of a specific application. Carbon 
black in particular efficiently imparts electrical conductivity with a minimum 
loading as the highly branched, high surface area carbon black particle structure 
allows it to retain contact over a large area of polymer, which results in improved 

electrical conductivity. It should be noted that the carbon powders will turn the 

coating black, however they can all be added to any suitable traditional fabric 

coating materials. 

1.6.3.2 Metallic Conductive Pigments 

Another method of imparting conductivity to a fabric coating material is to use a 

conductive powder. Suitable powders with high electrical conductivity include 

Nickel and Silver and these must be dispersed into a printing medium. Johnson 

Matthey produce Silver powder and Silver paste [80] for use in conductive printing 

pastes. 

Titanium Dioxide, Tin Dioxide and Antimony Dioxide are conductive pigments 

which can be considered semi-conductors and coated onto materials to impart 

conductivity. In addition, Silver ink and Carbon inks are highly conductive and 

suitable for use on textiles when applied using a suitable carrier; typical products 

include conductive Silver and Graphite inks [78] produced by Coates. 

1.6.4 Fabrics 

A common approach to creating conductive fabrics is to integrate wires and plated 

yarns into base fabrics [81], however this approach has significant disadvantages 

relating to the durability of the wires or conductive plating. For example, wires that 

are fine enough not to significantly impair the textile's aesthetics are not durable 

enough to withstand elongation stresses normally encountered during textile 
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manufacturing or use, and the same is true for metal plated yarns, where the cladding 
develops stress cracks leading to conductivity failure when the yarns are strained. 
Thus it is necessary to find a method of developing conductive fabrics in which the 
integrity of the fabric can be maintained whilst the conductive element remains 
intact during production or normal use. 

1.7 Data Transfer 

Once the method of imparting electrical conductivity to the fibre, yarn or fabric has 

been made, connections are required between the smart structure mounted onto the 

fabric and the electronic measurement and data gathering instruments. 

1.7.1 Fabric Data Bus 

A commercially available fabric data bus is typically constructed of woven fibre in a 

narrow strip or ribbon configuration. Parallel lines of conductive yarn, separated by 

non-conductive yarn (traditional textiles such as Polyester, Nylon etc) are used to 

conduct electricity and to provide the connection between the fabric sensor and 

measurement instruments. These systems are effective over long distances and 

available through companies such as Offray and Foster Miller [82]. 

1.7.2 Bluetooth Technology 

Bluetooth technology enables short-range wireless connections between electronic 

components using a globally available frequency [83]. It can be used in the field of 

smart textiles to create products that incorporate mobile phone communication 

systems or require fast data transmission between sites. In particular it has been used 

with some of the biophysical monitoring products which are designed to be used at 

home by the patient with a link to their GP's surgery or the hospital. It is also 

common in outdoor performance wear or military uniforms that have GPS 

communication and position location systems. 
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1.7.3 Connectors 

The connections between the smart structure and the technical textile fabric is of 
prime importance as this is where the two technologies meet. It is essential that firm 

and robust connections are made to the textile fabric and that, if necessary, they can 
be either removed for washing or be washable themselves and therefore remain 
durable and rust-proof. 

1.7.3.1 Soldered Connections 

This method can be used when using fabrics with integrated metallic wires and there 

are two possible methods for connection [84]. In the first instance, the edges of the 

smart structure are prepared by soldering on tiny contact plates and the electronic 
data transfer component is connected by electrically isolated bonding wires and 
lastly the wires and the contact plates are covered by a flexible and isolating layer for 

mechanical protection. A second approach uses a thin flexible circuit board with 

structured electrodes which are glued or soldered to the smart structure. In both cases 

the electronic data transfer component and the interconnect areas are fully 

encapsulated to ensure stability against mechanical and leakage problems. The 

benefits of soldering include the limited size, weight and effects on the comfort and 

aesthetics of the technical textile as the connection size itself is reduced to the size of 

the additional solder. Whilst in practice soldering would produce a reliable electrical 

connection to the fabric, the physical strength of the solder connection may be 

compromised on bending once the solder has hardened. In addition, soldering may 

not be an option for some types of wires if they are unable to withstand the heat of 

the soldering process. 

1.7.3.2 Snap Connectors 

One side of a sew-on snap connector can be connected to the fabric wire, and the 

other side to the electronic data transfer component [85]. Conductive or non- 

conductive thread helps stabilise the connection while also holding the snap in place 

on the fabric but there may be issues over whether sufficient contact is made 

between the snap and the wire, particularly if non-conductive thread is used. 
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Welding the snap connectors to the wire is a technique similar to soldering however 

the process is quicker as it is not necessary for the elements to be heated before use. 
This method had already been tried and the process of attachment and removal is 

simple, also the large surface area of the snaps provides a decent platform for an 

electrical connection. However, a potential disadvantage is that repeated 

connect/disconnect cycling could weaken the strength of the connection, thus 

compromising its stability. One problem common with any of these exposed-wire 

methods is the potential for wires to short, even insulated wires and the use of snaps 

provides an ever-present opportunity for two leads to touch. 

1.7.3.3 Ribbon Cable 

The ribbon cable connection method is called `insulation displacement' wherein the 

connections are made within the housing of the connector through the use of a sharp 

V-shaped contact that cuts through the insulation to connect to the conductor [85]. 

The use of insulation displacement removes the need for mid-wire insulation 

stripping and the plastic housing of the connector provides insulation of the contacts. 

The sockets of this connector allow for easy mating with the pins of the electronic 

data transfer components providing a reliable connection and easy removal and 

when the electronic component is detached the contacts to the fabric are not 

exposed. Removing the ribbon cable connector, however, can lead to exposed 

portions of the wire or the insulation displacement could damage the conductor so 

much that the wire is in danger of breaking. Another significant problem with these 

connectors are the relatively large dimensions in the vertical direction. 

1.7.3.4 Textile Interconnection System 

This method is suitable for use with a fabric data bus that does not have exposed 

metallic wires, thus can be used easily with conductive yarns [86]. This method 

provides a lightweight, neat, compact connection and different sizes are available 

(i. e. 5-pin, 7-pin) depending on the requirement. This system is launderable and has 

been used successfully in commercial products where the pitch (the distance 

between the connection points/pins) is generally 2.54mm, meaning that the spacing 

Chapter 1 Background 


