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Preface to ”Electronically Active Textiles”

Since their invention, textile materials have gone through many evolutions. Initially, the focus

was on enhancing aesthetic properties (such as their colour, handle, and comfort). In the last century,

the focus moved to improving textile functionality. This has led to the development of fabrics

capable of stopping a bullet travelling at supersonic speeds, of fire retardant fabrics, and of impact-

and cut-resistant fabrics. All these functionalities have been achieved using chemical processes and

through advances in polymer science.

Textiles are now going through a new evolution to integrate electrical systems and electronic

devices. Textiles are used to clothe our bodies because they are strong, soft, breathable, flexible, and

conformable. The introduction of electronic components has the potential to compromise some of

these highly-desirable characteristics; however, the proper integration would result in introducing

intelligence to textile materials for the first time.

This book contains five peer-reviewed articles that review the development of electronic textiles

(e-textiles) and original research articles. Topics include the fabrication and testing of e-textiles, the

illumination of e-textiles, and e-textiles that can monitor skin temperature. This volume will be useful

as a reference for designers and engineers in both academia and industry who would like to develop

an understanding of e-textiles, as well as to students.

Tilak Dias

Special Issue Editor
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Abstract: Textiles have been at the heart of human technological progress for thousands of years,
with textile developments closely tied to key inventions that have shaped societies. The relatively
recent invention of electronic textiles is set to push boundaries again and has already opened up the
potential for garments relevant to defense, sports, medicine, and health monitoring. The aim of this
review is to provide an overview of the key innovative pathways in the development of electronic
textiles to date using sources available in the public domain regarding electronic textiles (E-textiles);
this includes academic literature, commercialized products, and published patents. The literature
shows that electronics can be integrated into textiles, where integration is achieved by either attaching
the electronics onto the surface of a textile, electronics are added at the textile manufacturing stage,
or electronics are incorporated at the yarn stage. Methods of integration can have an influence on the
textiles properties such as the drapability of the textile.

Keywords: electronic textiles; E-textiles; smart textiles; intelligent textiles

1. Introduction

This historical review will provide the reader with an insight into the development and
employment of electronic textiles. While some academic sources have been used, a strong focus
has been placed upon patented technology and commercialized products, which are often neglected in
reviews of the literature.

The innovation of textiles 27,000 years ago could be contested as humanity’s invention of the
first material [1]. The passing of the millennia has consolidated humanity’s need of textiles either
to be protected from the environment, or desire to outwardly convey a message about themselves;
whether that be artistic, stylistic, or wealth-related. The creation of textiles has therefore been coupled
closely with key inventions that have shaped society; the knitting frame by William Lee in 1589 [2],
the flying shuttle by John Kay in 1733 and the spinning jenny by James Hargreaves around 1765 [3],
and set the foundation for the first industrial revolution.

A new revolution is now underway where the most widely used material by humankind has
gained new functionality with the incorporation of electronic components. The first examples of
electronic textiles date back to the use of illuminated headbands in the ballet La Farandole in 1883 [4].
More recently advances have appeared due to the reducing size and cost of electronic components,
as well as an increased complexity of small-scale electronics, and have begun to show the true scope of
possibilities for integrating electronics with clothing.

The growth of E-textiles in the later part of the 20th Century was due to a series of developments
in material science and electronics further expanding the potential scope for embedding electronics
within clothing. The conductive polymer was a key innovation; invented by Heeger et al. in 1977 [5]
this led to a Nobel Prize thirty-three years later [6]. A patent for this type of technology for use with

Fibers 2018, 6, 34; doi:10.3390/fib6020034 www.mdpi.com/journal/fibers1



Fibers 2018, 6, 34

textiles was granted shortly after its creation [7]. Another critical development were advancements
in transistor technology, with the creation of the first MOS (metal–oxide–semiconductor field-effect
transistor) in 1960 [8]. The use of transistor-based electronics were outlined in a patent describing
illuminated clothing from 1979 [9].

For a greater adoption of E-textiles a better level of integration of the electronic components
was required. Key patents from 2005, 2016 and 2017 described the encapsulation of semi-conductor
devices within the fibers of yarns [10–12]. This represented the start of the work on electronically
functional yarns.

Three different pathways have been used to integrate electronics into textiles. These three distinct
generations of electronic textiles are adding electronics or circuitry to a garment (first generation),
functional fabrics such as sensors and switches (second generation), and functional yarns (third generation).
Prior to the creation of E-textiles there are also many examples of the use of conductive fibers in textile
fabrication, going back as far as the second century [13]. A timeline showing the evolution of E-textiles is
given by Figure 1.

 

Figure 1. A timeline of the different generations of electronic textiles. This timeline shows when
significant interest in the technology began, and not earlier, isolated instances.

Each method of integration will have an influence on the textile properties such as the shear
properties of the textile, or its flexibility, both of which effect the drapability. Figure 2 shows examples
of each generation of electronic textiles.

 

Figure 2. Photographs showing contemporary examples of each generation of electronic textile.
(Left) An Adafruit coin cell battery holder. The first generation saw devices affixed to textiles.
(Middle) A knitted electrode. The second generation of electronic textiles describes functional fabrics
where conductive elements are integrated into a textile. (Right) An example of functional yarns (in this
case LED yarns). The third generation of electronic textiles describe electronics embedded into textiles
at a yarn level.

For the purposes of this review it is important to disentangle the various terms used loosely in the
field of advanced textiles. Electronic textiles will be discussed; the strict definition of electronic textiles
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are where electronically conductive fibers or components are incorporated into a textile (electronic
textiles will be referred to as ‘E-textiles’ in the subsequent text). Here, the term smart textiles, often
anachronistically used as a synonym for electronic or E-textiles, will not be employed unless the textile
has some kind of intelligence.

Critically, this historical review of the literature has a strong focus on innovation including
patented technology and commercialized products, making heavy use of patents and internet sources.
Non-internet sources have been referenced wherever possible; however, in many cases, particularly
for products, only websites exist. These are areas that are typically neglected and this review serves as
a complimentary piece to other more traditional reviews with the academic literature as the focus.

As a historic review this work will principally focus on research prior to 2010. Interest in electronic
textiles has increased significantly since 2010. A search of the literature using the term ‘electronic
textiles’ yields 310,000 results of which 254,000 are between 2010 and 2018. For completeness some
more contemporary resources will be examined, for example in the area of textile energy solutions,
which has largely evolved since 2010. There are several excellent reviews covering more recent
developments in electronic textiles [14–16] and recent books on this subject [17,18].

The aim of this review is to overview the key pathways to the development of electronic textiles.
The review is structured over ten sections, with the seven sections covering examples from a specific
types of E-textile or application, such as sensors or illumination. Each section covers a major area of
research in the literature, for example, temperature control textiles. In some cases two areas of interest
have been grouped together such as E-textile pressure sensors and textile switches as one of these
technologies led to the other. Three final sections discuss market trends, possible future developments
for E-textiles, and a brief conclusion.

2. Temperature Control Textiles

It is unsurprising that the use of embedded conductive fibers was employed in one of the first
true E-textiles, the electrically heated glove patented in 1910 [19]. This invention used ohmic heating
(Joule heating, or resistive heating [20]), where an electric current was run through the conductive
fibers and the electric resistance in the wires led to a heating effect. This type of heating was the
core application of many early E-textiles. Other patents refining the heated gloves were filed [21,22],
and variations on the theme appeared such as the heated boot [23], and full heated garments including
a jacket element [24,25]. The knitted heater was patented in 1910 [26]. Heated gloves and jackets based
on these core concepts are still available today showing the relevance of these early innovations.

Other devices utilizing heating elements were created between the 1930s and 1970s included the
heated blanket [27], a heated baby carriage blanket [28], and electrically heated socks [29]. The year
1968 is often seen as the birth of modern E-textiles, when the Museum of Contemporary Craft in
New York City held an exhibition, Body Covering, exploring a series of electric garments with
functions such as heating and cooling [30].

Interest in developing new heated textiles remained well into the 21st Century with a patent
from 2008 describing the incorporation of inductive heating elements into footwear and apparel [31].
Commercially, EXO Technologies have produced heated gloves that can be used by militaries or for
a variety of outdoor activities such as skiing or motorcycling [32]. Marktek also make conductive
textiles [33] that include heating products. WarmX produce heated clothing [34]. In addition to heating,
a paper in 2012 described a wearable textile-based cooling system using thermoelectric modules and
refrigerant channels [35].

3. Materials Developments and Wearable Computing

Wearable computing is a type of wearable that contains information technology, and is able to
store, manipulate, or transmit data. The inclusion of wearable computing is what makes an E-textile
a smart textile. The 1990s and early 2000s saw patents for devices either integrated onto the surface
of garments or contained within pockets beginning to emerge [36–42]. These are generally regarded
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as the first generation E-textiles, where an electrical circuit or electronic components were attached
to a garment. The initial commercialized ‘first generation E-textile’ garments began to appear on the
market with the Industrial Clothing Division plus-jacket in 2000 [43]. This jacket attached electronic
devices into pockets.

An important component towards the successful development of wearable computing included
methods of creating electronic circuits within textiles. Post et al. filed a patent in the late 1990s
describing how to integrate devices and circuits into textiles [44]. Another patent described using
electrically insulating and electrically conductive yarns woven into a garment to create an electronic
circuit [45]. A later patent further built on the use of knitting techniques to create electrical circuits
and pathways [46]. In 2006 Ghosh et al. described an in-depth means of forming electrical circuits
within textile structures [47]. Textilma were granted a patent describing an elastic compound thread
with electrical conductivity [48]. A patent two years later from Seoul National University described
a system for power transmission using conductive sewing thread [49]. An E-textile patents published
in 2006 discussed the inclusion of devices such as Bluetooth and the electrical connections required
between components [50]. With the concept of wearable computing existing for a number of years,
in 2006 Frost and Sullivan provided an excellent review of wearable computing at that time [51].

A variety of other developments linked to wearable computing appeared in the 2000s.
WearIT@work [52] was a project funded by the European Commission (€14.6 million) to investigate
wearable computing. A particular focus was user acceptance. The European Space Agency
(ESA) iGarment project was developed to create an Integrated System for Management of Civil
Protection Units. The project was targeted to make a full-body smart garment. This would have
incorporated sensors for monitoring vital signs and position. The garment was also to have included
a communications unit and GPS [53].

Some recent developments in wearable computing have veered away from textiles including the
Google Glass [54]. Despite these devices being wearables and not textiles, textile computing has still
made significant strides in recent years.

Graphene technology may be a key contributor to the further development of wearable computing.
The US Army Research Laboratory discussed the potential of graphene-based nano-electronics for
applications in wearable electronics in a report produced in 2012 [55]. Interfacing with E-textiles is
also of importance for future developments: A recent Microsoft patent described an interface system
for using muscle movements to control a computer or other device [56].

The use of organic conductive polymers may also improve the potential for wearable computing.
Hamedi et al. have developed a fiber-level electrochemical transistor, opening up the potential to
create larger circuits using a weave of these fibers [57].

4. Sensors

The development of E-textiles in an academic setting first gained traction in the late 1990s
with a series of publications from the Massachusetts Institute of Technology (MIT) and the Georgia
Institute of Technology [58]. The ‘The Wearable MotherboardTM’ proposed a smart-shirt capable of
un-obstructively monitoring human life signs [59].

Work by Farringdon et al. described a functional fabric in the form of a woven stretch sensors
later 1990s. They produced a fabric stretch sensors for the monitoring of body movement [60].

A master’s thesis from the US Naval Postgraduate School in 2006 identified a further potential
use of wearable sensors, suggesting that they may prove beneficial to locate sniper fire in combat
situations [61].

Health and wellbeing applications also gained interest in the 2000s, with Cooseman et al. [62]
describing a garment with an embedded patient monitoring system, which included wireless
communication and inductive powering. In this instance, the garment was designed for infants.
A paper in 2008 described a process for transforming cotton thread for use in E-textiles by applying
carbon nanotubes [63]. It was claimed that the technology could be used for bio-sensing with a key
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result of the paper being that the carbon nano-tube cotton threads could be used to detect albumin,
which is an important protein in the blood.

Work has investigated the use of textile electrodes for heart rate monitoring or ECG
(Electrocardiogram). MyHeart was an EU (FP 6) funded project to develop smart fabrics for both ECG
and respiration [64], with the project concluding in 2009. Another EU FP 6 project, CONTEXT,
also investigated the use of textile electrodes, in this case to measure muscle and heart electric
signals [65].

A paper from 2009 described an integrated temperature sensor [66]. Also in 2009, a report
described the development of a knitted biomedical sensor for the monitoring body temperature [67].
A patent was granted for a linear electronic transducer for strain measurement in 2011 [68].

A proliferation of sensor embedded garments began to emerge on the market with the company
Clothing+ producing both the Sensor Belt [69] and the Pure Lime sensor bra. Both devices focused on
the active-wear market. At the time of writing it is unclear whether the Pure Lime sensor bra is still
in production. Other active-ware devices have included the Adidas MiCoach heartrate monitoring bra.
Despite interest by a number of media outlets [70], at the time of writing it appears that this product is
no longer sold by Adidas.

The incorporation of sensors into garments has also continued to generate interest in the literature
and from companies. A 2011 paper from described the development of a socks with integrated
strain sensors for monitoring foot movement. Such systems could have had applications in stroke
rehabilitation [71]. There have also been other example of incorporating temperature-sensing elements
into textiles [72–75].

A variety of textile-based sensors and sensing garments have also appeared on the market.
Nypro (formerly Clothing+) produces textile-based sensor systems [76]. Ohmatex [77] has created textile
conductors and sensors. Polar [78] sell wearable monitoring equipment, including heartrate monitors.
SmartLife [79] produce knitted physiological measurement devices for healthcare, sports and
military applications. The Zephyr BioHarness [80] takes physiological meassurements from the wearer.
The recorded data can then be transmitted. Under Armour have produced a shirt that monitors biometric
data [81].

5. E-Textile Pressure Sensors and Textile Switches

Many early functional fabrics took the form of textile switches [82] and this area of research
was expanded upon heavily by academia. The work of Post et al. included the development of
a textile-based keyboard using embroidered electrodes with a silk and twisted gold spacer fabric [83].
This technology was the first step forwards pressure sensitive fabrics.

Further developments into textile transducers came in a paper from 2004 which described knitted
transducers for motion and gesture capture together with ECG (electrocardiogram) measurement [84],
which was also patented [85]. A related paper from 2005 described knitted capacitive transducers for
touch and proximity sensing [86].

Sergio et al. initially proposed a textile based capacitive pressure sensor where a three-layer
structure was implemented with a layer of rows of conductive fibers, an elastic spacer foam, and then
another layer of conductive fibers orientated perpendicular to the top layer [87]. Their work described
four methods for producing the conductive tracks; weaving in a mix of conductive and insulating
fibers, embroidering the circuit using conductive thread, textile electrodes separated by conducting
strips (called bundle routing in the paper), and the use of conductive paint. A follow-up paper
described a measurement system in combination with their E-textile that was capable of producing
pressure images [88]. Other researchers also developed this type of technology. Mannsfeld et al.
developed a highly flexible and inexpensive capacitive pressure sensor using a micro-structured thin
film as the capacitors dielectric layer [89]. Takamatsu et al. fabricated a pressure sensitive textile
using a perfluoropolymer spacer, and rows of woven, die-coated yarns to make conductive rows [90].
Meyer et al. have contributed to the development of textile pressure sensors. Their general pressure
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sensor design consisted of three parts, an embroidered set of 2 cm × 2 cm electrodes, a 3D-knitted
spacer fabric, and a woven back electrode [91,92]. Hoffmann et al. used a similar principle for a system
to measure respiratory rate, where two conductive fabrics were placed on either side of a 3D-spacer
textile [93]. A different proposal to monitor respiratory rate has used the change in induction of two
knitted coils as the coils moved [94].

Holleczek et al. created a sensor using a pair of textile electrodes and a proprietary resin spacer
material, integrating the sensor into socks [95]. Other capacitive textile designs have included
a capacitive fiber by Gu et al. [96]. The capacitive fiber consisted of a conducting copper wire
(0.12 mm diameter) embedded within a fiber. A similar design was employed by Lee et al. where
a conductive coating was applied to a Kevlar fiber, which was then coated in a Polydimethylsiloxane
(dielectric) layer. Capacitive junctions seen where the two fibers intersected [97]. Other copper wires
were wrapped around the fibers surface acting as the second electrode.

Pressure sensing textiles have not been limited to a research environment. Commercially, Novel
sell a number of pressure sensing products including insoles, seating covers, and gloves [98].
The XSENSOR® Technology Corporation have focused on seating sensors (in particular for the
automotive industry), health care monitoring, and sleep solutions using pressure sensitive mats
to aid in mattresses selection [99]. Their technology has been implemented in a variety of medical
studies, with a particular focus of managing pressure ulcers [100–103]. Pressure Profile Systems
continue to sell capacitive pressure sensors as of mid-2016 for a variety of applications, including
gloves, robotics, pressure mats, and medical applications [104]. LG have recently announced the
release of a flexible textile sensor based on capacitive technology [105]. It is difficult to ascertain the
exact make-up of many of these sensors and they may not be true E-textiles. Certainly, Peterson et al.
stated that the XSENSOR® devices use proprietary capacitive technology, and described the sensor as
a flexible thin pad [100].

The simpler textile switch also found its way into commercial products. In 2006 an intelligent
push-button system was described in a patent [106]. Beyond this a patent in 2006 [107], followed
by an article [108] described a fully integrated textile switch. Other patents by France Telecom
(Now Orange S.A., Paris, France)) [109], Daimler Chrysler (Auburn Hills, MI, USA) [110] and Sentrix
(New York, NY, USA) [111] also describe alternative textile switch technologies.

The Burton Amp snowboarding jacket saw integrated textile switches on the arm of the jacket used
to control an Apple iPod in 2002 [112]. Nike + iPod Sports Kit was another example of Apple engaging
with sports apparel companies to create an E-textile device. In this case a sensor was incorporated into
the shoe which communicated with an Apple product (such as an iPhone) or other Nike wearables
(such as the Nike + Sportband) to track activity [113]. The recent Google and Levi’s Jacquard jacket
also included textile switches [114].

6. Textile Energy Solutions

By the early 2000s the first patent for textile-based energy harvesting appeared in the form of
a mechanical generator scavenging energy through motion [115]. A paper by Qin et al. in 2007
described a technique for energy scavenging using piezoelectric zinc oxide nanowires grown radially
around textile fibers [116]; this being one of the earlier examples of energy scavenging within textiles.

The further development of energy storage and scavenging within textiles became a key area
of interest in the 2010s as the viability of many of E-textile products and concepts are dependent on
a suitable power supply. Existing textile energy scavenging (or energy harvesting) devices exploit
either thermoelectrics, kinetics, or photovoltaics. Each system possesses different advantages or
disadvantages, with many modern systems incorporated into textiles providing flexibility but lacking
other textile properties such as bend or shear. In all cases the harvested power was minimal, with
the most promising generators capable of producing sustained power on the order of milliwatts.
Both thermoelectric and kinetic systems draw energy from the wearer while photovoltaic energy
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harvesting draws energy from light sources, such as the sun. Photovoltaics have also shown significant
promise concerning the power that can be generated (~30 mW/m2) [117].

The use of carbon-nano tube based systems have gained significant popularity for both
energy harvesting and storage [117–121]. For an energy storage device the textile can be used as
a substrate for flexible films, or a carbon nano-tube infused film can be used to produce yarns [120].
Storage technology is either capacitive (normally supercapacitors) or chemical in nature. The use of
carbon nano-tubes has caused some worry due to safety concerns [122], which would possibly impede
future commercialization.

Another popular storage method has seen flexible, solid electrolyte-based batteries [123] woven
into a garment as thin strips, however at present these batteries are still large relative to a normal yarn
(width = 10 mm).

Triboelectric nano-generators are also viewed as a potential source of energy for wearables given
their very small size, high peak power densities, and good energy conversion efficiencies [124].
Triboelectric generators convert mechanical energy and therefore could be powered by human
motion or vibration. Despite high energy densities, the converted energy has a small current
and the generators energy output over time is unpredictable, requiring complex supporting power
management electronics. Cui et al. have demonstrated a cloth-based triboelectric generator where
frictional forces between the forearm of the wearer and their body was used to generate energy [125].

Comprehensive reviews of energy harvesting and storage in textiles are available elsewhere [14,120].

7. Communication Devices

A textile-based antenna fabricated from polymer (polypyrrole) strips has been described in the
literature [126]. Two conference papers from 2010 have also describe conformable antennas for space
suits [127,128]. The production of flexible embroidered antennas has been reported as suitable for
megahertz frequency communications [129,130]. This type of antenna is highly sensitive and has been
employed for unilateral magnetic resonance measurements [131].

Incorporating radio frequency identification (commonly known as RFID) tags into textiles has also
been investigated by a number of entities. Textilma were granted a patent describing an RFID module
textile tag [132]. Another patent described a method of attaching RFID chips to a textile substrate [133]
however, full integration within yarns was not proposed. A patent from 2007 also described a RFID
device, this time focusing on clothing [134]. In 2005 a patent described the incorporation of RFID
devices within epoxy resin for use in laundries [135]. A patent from 2010 described an RFID tag with
integrated antenna [136] whilst another patent from the same year described a method of incorporating
a RFID device into a textile tag [137].

8. Illumination

Interest in illuminated textiles continued into the mid-2000s with a patent from Daimler Chrysler
in 2005 describing a textile-based lighting system for automotive applications [138]. A patent
described creating a flat-panel video display by weaving electronically conductive fibers, such as
dielectrics [139]. This led to patents being filed for other textile-based flexible displays in later
years [140,141]. Other patents granted described a lighting system that used light leakage from optical
fibers in specific locations [142] to create illumination.

A patent from 2011 described a method of producing an illuminated pattern using light conducting
fibres [143]. Another illuminated textile using optical fibres was described in a patent from the same
year [144]. The company Sensing Tex Sl have used optical fibers to illuminate textiles [145].

In contrast, Philips have produced illuminated textiles using LED technology [146]. Philips have
previously patented a flexible electro-optic filament [147]. There are a variety of companies that produce
illuminated clothing for fashion applications, as well as use in performance (i.e. theatre), these include
Cutecircuit [148] and LUcentury [149] which create garments by sewing LEDs onto existing clothing.
Given advances in LED technology, reducing their size, LEDs can easily be incorporated into yarns
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using functional electronic yarns technology, and subsequently into garments [75]. Electroluminescent
yarn was also developed on 2010 [150] with the technology fully described in a 2012 paper [151].
Another form of lighting used for E-textiles was by attaching lasers to a garment, as shown by Bono
in 2009 [152]. This technology is not practical for a mass produced garment for a variety of reasons
including cost and the weight of the final garment.

9. Market Trends

According to IMS Research (Wellingborough, UK), 14 million wearable devices were shipped
in 2011 [153]. This clear market coupled with the significant scientific advances in E-textiles led to
a proliferation of devices entering the market in the early 2010’s, and an increased interest in the
technology from academia. More recently the Fung Global Retail and Technology report on wearables
in 2016 [154] identified a significant increase in the wearable market between 2015 and 2016, a 18.4%
climb to $28.7 billion. This is far higher than the predictions of the IMS, expecting that the revenue for
wearable technology would be $6 billion in 2016. Forbes currently predict that the wearable market
will reach $34 billion by 2020 [155]. It is of interest to note that the Fung report also states that the
top wearable brands of 2016 were Fitbit, Xiaomi, and Apple based on the number of units shipped:
These company’s products are not textile based. The principal wearable device sold by each company
are smart watches. It is unclear whether the growing market for wearables will become more focused
on textile-based devices in the coming years, but the advantages offered, such as comfort to the wearer,
will likely be an influential factor. The current market for E-textiles generates sales of around $100
million per year, with some sources predicting a $5 billion market by 2027 [156].

Current commercially available E-textiles include soft textile switches produced by International
Fashion Machines (Seattle, WA, USA) [157] and systems for incorporating wires into clothing by the
Technology Enabled Clothing [158]. Additionally, Fibretronic [159] have created a varied range of
products including (but not limited to) flexible switches, textile cables for signal or power transport,
and textile sensors, however as of 2018 it is unclear whether they are still trading. As discussed earlier
some sportswear E-textile products are no longer available, presumably due to poor market demand.
An important thing to note is that a significant number of website sources have been using in this review,
particularly regarding commercial products, as information was not available from other sources.
This is another possible indicator of poor uptake of certain products.

10. Potential Future Developments

While this review is focused on the history and evolution of E-textiles, it is of interest to consider
the direction that E-textile research will take in upcoming years. Originally, the vision of those
working in the field of E-textiles was to incorporate all of the required electronic systems within
the textile. More recently however some claim that the best approach is to use mobile phones as
an interface [160]; which has been aided in part by the substantial advancement in mobile phone
technology in recent years. Others claim that this approach is a temporary diversion and there are
many advantages for fully embedded systems, and that as developments progress, the mobile phone
itself will be integrated into textiles. A complete integration of the electronics may also be unfavorable
for sustainability reasons as it makes the electronics more difficult to remove at the end of the life of
a product [161].

It is expected that there will be a far greater uptake of wearable electronics when battery technology
is improved or alternative energy sources, such as energy scavenging, become more viable. This is of
particular importance to E-textiles over wearables more generally, as most conventional power sources
are not well suited to textile integration due to size, inflexibility, and lack of washability. The reductions
in size and cost of components will promote further development and uptake. A review paper from
2012 discussed the subject [162] and a BBC news item outlined on-going UK research in the area [163].

Ultimately, the adoption of E-textiles will depend on the cost. This will reduce with material costs
and improvements to the manufacturing processes. It is also possible that developments in graphene
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technology will be improve the potential of what can be achieved with electronic textiles. Many major
companies including Samsung, Nokia, and IBM have made significant investments into graphene
technology [164]. There is the potential that graphene’s physical properties, including its strength and
electrical conductivity, will allow it to replace silicon in many devices, possibly by the late 2020s after the
technology has matured. In addition, work on carbon nanotubes is beginning to show some promise,
especially for energy-based applications (such as energy harvesting and scavenging) [117,119–121].
Both technologies offer potential for further miniaturization of embedded electronics.

With an enhancement of how much can be fit within a textile, and suitable energy solutions,
E-textiles could move towards true wearable computing, with the textile managing and processing data
on its own depending upon requirements. The decreasing size of microprocessors makes embedding
this kind of intelligence within a textile likely in the immediate future.

11. Conclusions

This review of the literature has clearly shown that the three pathways of integrating electronics
into textiles have been applied in different ways. The methods of integrating electronics offer different
advantages and disadvantages. The first generation E-textiles will always interfere with the textile
properties of a garment, even thin film devices (while flexible), will not possess the shear properties
of a normal textile. The second generation textiles may retain a textile feel but are limited in their
applications; such as the creation of electronic pathways, and electrode-based sensing.

The third generation of E-textiles, where electronics are contained within the yarn structure,
do not interfere with the textile properties of a fabric. As this technology is principally limited by the
size of the incorporated electronics (i.e., the electronic chip dimensions) the potential of this area will
grow as smaller electronic chips become available.

While the history of E-textiles has shown the development of new techniques to integrate
electronics within a textile it is likely that the existing three methods will remain in use into the
future. The attachment of electronics onto a garment is still common, in particular for illuminated
textiles, despite this technology first being demonstrated in 1883.
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Abstract: The advent of electroluminescent (EL) fibers, which emit light in response to an applied
electric field, has opened the door for fabric-integrated light emission and displays in textiles.
However, there have been few technical publications over the past few years about the performance
of these light emitting fibers inside functional fabrics. Thus, there is limited information on the effect
of integration on the physical and optical performance of such devices. In this work, alternating
current powder-based EL (ACPEL) fibers were evaluated under a range of operating conditions both
inside and outside of a knit matrix to understand how the EL fiber device performance changed
inside a functional fabric. The device efficiency, adjustable brightness, and mechanical properties of
these fibers are presented. The effects of fabric integration on the light-emitting fibers as well as the
supporting knit fabric are discussed as they relate to the practical applications of this technology.

Keywords: smart fabric; light-emitting textile; electroluminescent fiber; light-emitting fiber; physical
characterization; optical characterization

1. Introduction

The merging of electronics and textiles has given rise to garments and upholstery with new abilities
such as sensing, biomedical monitoring, power storage, movement, and communication. Within this
smart fabric field, light emitting fibers are garnering great attention for applications in fashion,
entertainment, optical physiological monitoring, safety lighting in garments, and automotive and
aircraft interior lighting [1]. The integration of electronics and textiles has typically been accomplished by
mounting prefabricated devices into garments [2,3] and incorporating discrete components (e.g., sensors,
batteries, controller chips) with laminated or knit conducting interconnects [4,5] that compromise the
most desirable characteristics of the textile including conformability, softness, strength, and washability.
Therefore, the smart fabric arena is rapidly pushing towards fabric-integrated electronic systems and
fibers and fabric structures exhibiting electro-optic properties [6,7].

A number of light emitting fibers have emerged in the literature including side-emitting optical
fibers [8–10], mechanoluminescent fibers [11], electroluminescent (EL) fibers [12–19], and fibers
exhibiting photoluminescence [20–23]. Electroluminescent and photoluminescent fibers emit light
upon the application of electrical or optical power, respectively. Both optical and photoluminescent (PL)
fibers require an external light source for illumination; optical fibers must be illuminated at one end by a
luminescent source and PL fibers must be charged by the sun or external luminescent source. Fibers that
emit light via electroluminescence are especially desirable for lighted fabrics and fabric-integrated
displays due to the fast switching times, inherent luminescence, and adjustable brightness of these
electrically controllable devices [24]. EL fibers based on inorganic powder phosphor [17], organic [15],
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and polymer [12,13,16,18] material systems have been reported in literature. Table 1 compares the
optical performance and bending radius of fibers fabricated from different material systems.

Table 1. Comparison of electroluminescent fiber properties reported in literature.

Type of Fiber Wavelength
Maximum Emission

Intensity
Turn On
Voltage

Bending
Radius

Reference

ACPEL 485 nm 49.39 cd/m2 50 V 3.1 cm [17,25]
LEC (iTMC) 855–984 nm 23 cd/m2 4.2 V 6 mm [13]

OLED N/A 104 mW/cm2 ~0.5 V N/A [15]
pLEC N/A 125 cd/m2 4.2 V N/A [12]

PLED (MEH-PPV) ~575 nm N/A 15–16 V N/A [18]
PLED (SY solution) ~550 nm 1458.8 cd/m2 5 V 2.5 mm [16]

Despite the higher efficiency and flexibility of some of these other fibers, complicated fiber
fabrication processes and the sensitivity of the resulting fibers to handling and environmental factors
like heat, moisture, and humidity have prevented many of the reported EL fibers from achieving full
fabric-integration [12,13,16,24,26]. The only fibers to be integrated into a knit fabric are those fabricated
by Dias et al. [17], which were inlaid into the knit fabric, and Coyle et al. [18], which required the fibers
to be placed under tension while testing to maintain contact between the two fibers acting as the top
and bottom electrodes in the electroluminescent structure. The fibers produced by Zhang et al. [12]
and Kwon et al. [27] produced light while bent, but were not placed inside a fabric structure for
testing. A more detailed comparison of fibers produced by these material systems exists in previous
literature [25]. The ACPEL material set has demonstrated reliable light emission over large surface
areas in planar films and coated fibers due to the robustness of the thick layers [28]. This materials
system was chosen for testing due to its simplicity of fabrication, robustness of the thick layers,
long lifetimes, and brightness visible to the naked eye.

However, a lot is still unknown about the effect fabric integration has on the physical and
optical performance characteristics of these fibers. In this work, the optical, electrical, and mechanical
performance of ACPEL fibers inside and outside of a knit fabric were compared to understand the
effect of integration on both the light-emitting fibers and knit fabric. The flexibility, robustness,
brightness, and power requirements of the light-emitting fabric resulting from the integration of
ACPEL fibers into a knit fabric are important in identifying the applications and limitations of the
system. These properties and the methods of obtaining them for EL fibers inside and outside of a
fabric are reported in this work. These methods provide a foundation for experimentally quantifying
and comparing the performance of fabric-integrated EL fibers.

2. Materials and Methods

2.1. Fiber Fabrication

Electroluminescent (EL) fibers were fabricated by coating an alternating current phosphor-based
EL (ACPEL) structure onto a supporting conductive fiber. The cross-sectional ACPEL device structure,
depicted in Figure 1, consisted of a conductive bottom electrode, an isolation layer with a high dielectric
constant to focus the electric field on the emitting layer and protect it from heating at this electrode,
an emitting layer, and a top electrode layer that was translucent to allow light through. The Dupont
Luxprint® material system was used due to its robustness, simplicity of deposition, and ease of
handling after curing. The solution-processed layers were deposited in the following order onto an
Aracon® XS0400E-018 silver-coated Kevlar® yarn (manufactured by Micro-coax, Inc., Pottstown, PA,
USA): Dupont Luxprint® 8153 dielectric paste, Dupont Luxprint® 8154L phosphor paste, and Dupont
Luxprint® 7164 transparent conductive paste. Upon application of the first isolation layer, the dielectric
paste filled the gaps between the individual silver coated fibers within the underlying conductive yarn,
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creating a monofilament onto which subsequent layers were deposited. The individual strands of the
supporting conductive yarn were randomly dispersed in the dielectric coating layer.

Figure 1. Schematic diagrams of the ACPEL fiber structure.

Slot die devices, like that shown in Figure 2, with varying cylindrical die openings were used
to control the deposition of each layer onto the previous layer of the device structure. These devices
were described in detail in previous work [29]. The fibers were cured inside an oven to evaporate
the solvent from the fluid coating material after deposition. The dielectric and phosphor pastes were
cured at 130 ◦C for 15 min, while the translucent conductive paste took only 5 min to cure at the same
temperature [30]. Unlike many other organic and polymer emissive systems [24], this material set is
not highly sensitive to surface roughness, oxygen, and particulates from the air due to its thick layers.
Therefore, the entire fabrication process can take place in air and outside a clean room, which is a great
advantage for scaling production of the fibers and using them in commercial applications.

 

Figure 2. Model of slot die devices used to deposit ACPEL layers onto supporting yarn substrate [29].
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2.2. Power Application and Fabric Integration

An Agilent 33220A arbitrary waveform generator (AWG) amplified by a TREK model PZD700
high voltage amplifier supplied power to the fibers. Power was applied between the top electrode and
across all individual fibers of the supporting conductive yarn electrode simultaneously to illuminate
the fiber. This was accomplished by twisting the individual fibers of the supporting conductive yarn
together and contacting them using flat alligator clips as shown in Figure 3a. The more tightly packed
the individual fibers of the supporting yarn electrode, the more efficient the devices because there
is less power lost to the dielectric isolation layer. However, as long as the average isolation layer
thickness between the emissive layer and conductive fibers of the supporting yarn closest to that
emissive layer has a 35 ± 10 μm tolerance, light emission across the yarn will appear uniform to
an observer. This thickness is controlled by the diameter of the cylindrical opening of the slot die
coating device.

The illuminated fiber in Figure 3b had non-uniform emission due to an uneven dispersion of
supporting conductive fibers. The thicknesses of the layers has been reported in previous work [29].
Although the total thickness of the isolation layer was consistent across, the parts of the fiber that
appear dark had an isolation layer thickness between the emissive layer and conductive fibers of the
supporting yarn greater than 50 μm. These dark areas were eliminated by keeping the fibers of the
supporting yarn tightly twisted using clamps during deposition and curing to control the dispersion
of the fibers in the isolation layer.

A 3 cm × 3 cm weft knit fabric composed of a 3-ply cotton yarn (Size 10 crochet cotton thread,
Coats & Clark, Inc., Charlotte, NC, USA) with a gauge of 4 rows and 3 stitches = 1 cm was hand
knit. A single fiber was inlaid into the fabric as shown in Figure 3c. The conductive ends of the fibers
were accessible on either end of the fabric sample, which allowed power to be applied using flat
alligator clips.

(a) 

 
(c) (b) 

Figure 3. Macro images of the ACPEL fibers (a) outside of knit indicating where electrodes are
connected to fiber during testing, (b) illuminated at 100 Vrms, 400 Hz, and (c) inlaid into 3 cm 2 knit
fabric sample.

2.3. Optical Characterization Methods

Electrical, optical, mechanical tests were performed on EL fibers inside and outside of the cotton
knit matrix. For each test, a 3-cm segment of fiber was tested due to space constraints in the fabrication
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and testing set ups. However, using a longer continuous segment of fiber or multiple fibers would
increase the light output and effect the mechanical strength and flexibility of the light-emitting fabric.

Optical testing was performed inside a 12-inch diameter Gamma Scientific integrating sphere to
eliminate any geometric and ambient light effects on the intensity of light. The intensity of the emitted
light was measured by an Ocean Optics USB-4000 spectrometer attached via fiber optic cable to the
integrating sphere and Spectrasuite software was used to process the data. Prior to beginning each
optical measurement, a voltage waveform with amplitude below the threshold voltage of the device
was applied to the fiber for half an hour to allow the device to reach the steady-state.

The voltage, frequency, and shape of the applied waveform can affect the optical output of the
device. ACPEL devices are most efficient during the rising edge portion of the applied waveform,
and least efficient when the voltage is held constant above the threshold voltage. A sine wave was used
to illuminate the ACPEL fiber devices except for the device efficiency measurements. The threshold
voltage of the EL fiber device was 49.833 V, which is independent of frequency. This voltage is the
magnitude of power necessary to accelerate electrons inside the EL layer to speeds high enough to
produce light via impact ionization with phosphor particles in the emitting layer.

The frequency of the applied waveform plays a large role in the brightness of light emission in
inorganic phosphor devices. The field must switch fast enough to have continuous excitation and
decay of electrons, but cannot exceed the lifetime of electrons. The brightness-frequency (B-F) curve
was determined by applying waveforms with increasing frequency to the device, while keeping the
amplitude constant, and measuring the luminance at each increased frequency. The frequency was
increased in increments of 100 Hz from 0 Hz to 50 kHz, while the voltage remained constant at 100
V. A constant voltage of 100 V was selected for the frequency sweep as it is in the middle of the fiber
operating range. The brightness-voltage (B-V) curve was determined by applying waveforms with
increasing amplitude (higher voltage) at a constant frequency of 400 Hz to the device and measuring
the luminance at each successive amplitude. The voltage sweep was performed on fibers at a constant
frequency of 400 Hz, while the voltage was increased in increments of 10 V from 0 V to 230 V. To
determine if the knitted matrix absorbed or blocked any light from the fibers, voltage and frequency
sweeps were performed on fibers inlaid into and outside a knitted fabric matrix.

2.4. Device Efficiency Calculation

A bipolar trapezoidal waveform, shown in Figure 4, was used to drive the fiber in the circuit as
there are distinct points on the waveform that can be identified and plotted to obtain a Q-V curve.
These points have been explained in great detail in prior work [25,31]. Most of the points designated
where the applied voltage began increasing and decreasing, except for B and G, which represent
the points in the waveform where the device began conducting charge, commonly called the
turn-on voltage.

The device efficiency can be derived from the charge-voltage (Q-V) curve of the ACPEL fibers.
The density of electrical power delivered across the ACPEL device per pulse is equal to the area
inside the Q-V curve. This measurement divided by the input power equals the device efficiency.
The Sawyer-Tower method is commonly used to determine this curve in EL devices [32,33]. In this
method, the voltage drop across a sense element, typically a capacitor or resistor, is monitored to gain
information about device operation. The Sawyer-Tower circuit is depicted in Figure 5. The signal
applied to the circuit consisted of a 1 kHz sequence of bipolar pulses with 100 V amplitude, rise,
and fall times of 5 μs and a pulse width of 30 μs.
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Figure 4. Bipolar trapezoid waveform indicating important measurement points.

Figure 5. Schematic diagram of Sawyer-Tower measurement circuit set up.

The output of the high-voltage amplifier drives the characterization circuit, which is a series
combination of a resistor, the ACPEL fiber device, and a sense element. The sense element in this case
was a capacitor, which was chosen to be much larger than the capacitance of the ACTFEL device to
minimize its effect on the measurement. The resistor acts as a current-limiter to protect the ACPEL
fiber device from catastrophic failure. The capacitance of a pixel in the 3 cm segment of ACPEL fiber
was measured with a GW Instek LCR-819 LCR meter as 0.27 nF, so an 82 nF capacitor was used as the
sense element (Csense) in the characterization circuit. The resistor acts as a current-limiter to protect the
ACPEL fiber device from catastrophic failure, so a 1.5 kΩ resistor was used. The voltages V2 and V3 in
Figures 6 and 7 were monitored by an Agilent MSO-X 2014A oscilloscope during testing.
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Figure 6. Effect of frequency on the luminance of the inlaid fiber (Voltage = 100 VAC).

 

Figure 7. Comparison of the theoretically and experimentally derived relationship between brightness
and voltage of an ACPEL fiber inside a knit fabric.

The voltage drop across the sense capacitor, V3(t), is related to the amount of charge stored on the
external terminals of the ACPEL fiber device, qext(t), and described by

qext(t) = CsenseV3(t) (1)

The value of qext(t) is also called the instantaneous external charge because it is a transient charge
measured externally with respect to the phosphor of the ACPEL device. The Q-V characteristics are
obtained by plotting this instantaneous electric charge against the instantaneous voltage drop across
the ACPEL fiber device, Vi(t), which is determined by

Vi(t) = V2(t)− V3(t) (2)
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2.5. Mechanical Characterization Methods

The force vs. displacement curves of the EL fibers inside and outside of the knitted matrix and the
bending radius of the fibers were previously reported [34] and demonstrated that the fibers were not
flexible enough to be used in garments. To further explain the effect in both the knitted fabric and EL
fiber after integration and determine what applications the fibers can be used for, flexural stress-strain
curves were derived from the three-point flexural test detailed by ASTM D6856/D6856M [35,36].
Experimental tests were performed with a Mark-10 Force Gauge model MS-20 on fibers inside and
outside of a fabric matrix. Details of this testing set up are given in a previous work [34].

Equations (3) and (4) are based on homogeneous beam theory and define the flexural stress for
a circular cross section (σf) and flexural strain (εf) on the outer surface of the fiber, respectively [36].
In these equations, F is applied load, L is the support span, R is the radius of the fiber, D is the deflection
of the fiber, and d is the diameter of the beam [37].

σf =
FL

πR3 (3)

ε f =
6Dd
L2 (4)

These equations were used to calculate the flexural stress-strain response of fibers inside and
outside of the knit fabric as an increasing load was applied. The three-point bend test method
is sensitive to the geometry of the fiber, and the accuracy of the calculated values depends upon
the ratio of the beam length (L) to the cross-sectional height of the fiber (h), called the span to
thickness ratio (L/h). A L/h ratio of at least 20:1 is recommended for determining the flexural
modulus of fiber-reinforced composites [36]. During experimentation, the L/h ratio was 32:1, which is
in the recommended range of values for determining the flexural modulus according to ASTM
D6856/D6856M.28 [35].

3. Results

3.1. Optical Characterization

Figure 6 shows the results of the frequency sweep. The intensity of light increased with increasing
frequency until approximately 45 kHz, when darkening at the center began to appear and the overall
intensity decreased. This darkening was a result of the increase in degradation of the electroluminescent
devices under very high frequencies. There is minimal gain in luminance with a frequency above
5 kHz and continuous operation of the fiber devices at higher frequencies will decrease the lifetime of
the fiber, so it is better to run the device at frequencies below this point [30].

The relationship between brightness and voltage is well defined in the literature for ACPEL
material systems and is described by Equation (5), where U is the applied voltage and A and c are
empirical constants [38,39]. These empirical constants are dependent on the material properties of the
ACPEL system, and are unique to the material under investigation. Once the empirical constant has
been derived, the brightness of the fiber at different voltages can be theoretically predicted for this
fiber. Alternatively, one can predict what voltage would be needed to achieve a desired brightness
from the material and determine if these fibers will fit into an application based on the limitations of
the device.

B = Aexp
(
− c

U
1
2

)
(5)

The empirical constants of the ACPEL material system used in this work were derived using a
nonlinear regression analysis to fit the equation to the average of five experimental voltage sweeps
performed on a single pixel in the display. Figure 7 demonstrates the accuracy of the brightness-voltage
(B-V) curve predicted by Equation (5), where the empirical constants A and c for this ACPEL system
were calculated as 22.2678 and 8.7396, respectively. The error bars at each voltage increment of the
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experimentally derived curve show the standard deviation to the average of the five voltage sweeps
performed on the pixel. The difference in luminance of a fiber inside and outside of a knitted fabric
matrix was measured as 0.00015 ± 0.00005 cd/m2 regardless of the voltage or frequency applied.

3.2. Device Efficiency

Figure 8 depicts the Q-V curve of an EL fiber at 100 V. The density of power delivered to the
device per pulse was 323.64 W/cm3. The power efficiency of the device could then be derived by
dividing this delivered power by the input power, which gave an efficiency of 0.016% for this device at
40 V above threshold. This efficiency depends upon a number of factors including the concentration of
phosphor particles in the emitting layer, applied waveform, length of the fiber, environmental factors,
and the dielectric constant of both the isolation layer and suspension medium of the emitting layer [31].
Thus, the efficiency of the device can vary over time and under different operating conditions.

 

Figure 8. Charge-Voltage (Q-V) curve of the 3 cm ACPEL fiber at 100 V.

3.3. Mechanical Characterization

The curves resulting from the mechanical tests, shown in Figure 9, indicated that the knitted
matrix absorbed some of the applied stress and allowed the inlaid fiber to withstand a much higher
load than the fiber on its own. The flexural strength is a measure of how much force or pressure is
needed to break the fibers, which is quantified by the maximum stress before fiber failure. Assuming
that the maximum stress occurs at the outermost layer in the EL fiber, the flexural strength can be
calculated by Equation (3), where F is the maximum force applied before failure [40]. The flexural
strength of the fibers inside and outside the knitted matrix was calculated as 5.23 MPa and 2.02 MPa,
respectively. Based on these values, the knitted matrix allows the fiber to withstand more than twice
the load that it would be able to on its own.
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Figure 9. Bipolar trapezoid waveform indicating important measurement points.

The flexural modulus of the fibers is the ratio of stress to strain in flexural deformation,
which describes the material’s tendency to bend. The higher the flexural modulus, the more
resistant it is to bending. Ideally, this flexural modulus is equivalent to the elastic modulus of the
material, but in reality, these values may differ due to the presence of normal and shear stresses
throughout the beam span. The contribution of the shear stress can be reduced by using a high
L/h ratio. During experimentation, a sufficiently high L/h ratio was maintained to minimize this
effect. The flexural modulus of an EL fiber outside the knit textile was determined using Equation (6),
where m is the initial slope of the load-deflection curve given in Figure 9 [41].

Ef =
FL3

48πR4D
(6)

The flexural modulus of a single fiber was determined to be 4.9 GPa, which means that these
fibers are stiff and have a high resistance to bending.

4. Discussion

The frequency has a more pronounced effect on the brightness of the ACPEL system than the
voltage because of the time dependence of light emission in ACPEL devices. Upon application of an
electric field with a high enough magnitude, electrons are excited by impact ionization and emit light
as they relax back to ground state. This relaxation process occurs on the order of nanoseconds, and the
emission produced has an equivalent decay time. To have a continuous emission, the applied field
must be constantly switched as the emission and subsequent decay of the devices occurs twice per AC
cycle. Generally, a higher frequency will result in a higher brightness due to the time dependence of
the emission [28]. However, once the AC cycle becomes comparable to or surpasses the lifetime of
excited electrons, the brightness will decrease.

A number of textile properties such as gauge, yarn thickness, and yarn material could affect the
visible light output of the fibers. Specifically, a tighter gauge, thicker yarn, or denser yarn material
could decrease the amount of visible light. The apparent brightness of the fibers will also change
based on the amount of ambient light. In applications where the surroundings are dark, like a wall
mounted screen in a movie theater or night time concert, the fibers could be run at lower voltages and
frequencies, thus increasing the lifetime of the device.
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The efficiency of the fiber is an internal property of the fiber that will not change with fabric
integration. However, the wear and tear that the fiber experiences during normal use in a functional
fabric will decrease this efficiency over time. The efficiency is an important property of the fiber as it
determines the power requirements of the fiber. The low device efficiency exhibited by the ACPEL
fibers is a consequence of the indirect method of light emission in these devices, which gives rise to
high power requirements. However, this AC power can be supplied directly in airplanes and through
wall electrical outlets, enabling automotive interior lighting and wall-mounted lighting applications.

Moisture, and therefore humidity, can accelerate the natural decrease in luminous efficiency that
occurs over time in inorganic phosphor devices [42]. The transparent conductive top layer reduces
the exposure of the phosphor layer to such environmental effects. However, fabrics incorporating
these fibers should not be subjected to excessive moisture like soaking or washing without additional
precautions to protect the fibers. Additionally, the high power requirements significantly reduce the
portability of the fibers and fabrics supporting these fibers and require that the fibers be isolated from
human skin. In the future, an encapsulation layer could be added to protect the fibers and electrically
isolate them to prevent human contact. However, the addition of more layers could further reduce the
flexibility of the fibers, so a highly flexible polymer encapsulation layer is recommended.

The ACPEL fibers exhibit a high resistance to bending, which has been discussed in previous
work [29,34]. Thus, when introduced into the knitted matrix, they reduced the overall flexibility, but
significantly increased the strength of the fabric. This increased strength results from the distribution
of force across the fiber and matrix. The fiber absorbs some of the force and as it has a high flexural
strength, it reinforces the fabric strength. This increased strength is useful in applications where the
fibers is subjected to a great deal of perpendicular stresses such as automotive carpet lighting or a
display screen directly integrated into the fabric of a car seat.

5. Conclusions

In this paper, ACPEL fiber devices were fabricated and experimentally analyzed. To demonstrate
the performance and potential of these fibers in functional fabrics, electrical, optical, and mechanical
tests were performed on the fibers inside and outside of a knit fabric. The simple fabrication procedures
and ease of handling streamlines the integration of ACPEL fibers into knitted fabrics. The integration
of ACPEL fibers into a knit structure improves the strength and robustness of the resulting light
emitting fabric, making it useful for applications in automotive/airplane interior lighting and emissive
wall displays.
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Abstract: Electronic yarns (E-yarns) contain electronics fully incorporated into the yarn’s structure
prior to textile or garment production. They consist of a conductive core made from a flexible,
multi-strand copper wire onto which semiconductor dies or MEMS (microelectromechanical systems)
are soldered. The device and solder joints are then encapsulated within a resin micro-pod, which is
subsequently surrounded by a textile sheath, which also covers the copper wires. The encapsulation
of semiconductor dies or MEMS devices within the resin polymer micro-pod is a critical component
of the fabrication process, as the micro-pod protects the dies from mechanical and chemical stresses,
and hermetically seals the device, which makes the E-yarn washable. The process of manufacturing
E-yarns requires automation to increase production speeds and to ensure consistency of the micro-pod
structure. The design and development of a semi-automated encapsulation unit used to fabricate
the micro-pods is presented here. The micro-pods were made from a ultra-violet (UV) curable
polymer resin. This work details the choice of machinery and methods to create a semi-automated
encapsulation system in which incoming dies were detected then covered in resin micro-pods.
The system detected incoming 0402 metric package dies with an accuracy of 87 to 98%.

Keywords: electronics packaging; encapsulation; electronic yarns (E-yarn); textiles; electronic textiles
(E-textiles); smart textiles; intelligent textiles; UV curing; polymer resin

1. Introduction

Clothing consists of textile fibers, which are either woven or knitted to produce fabric for
both protective and aesthetic purposes. Interactive textiles add a third dimension to traditional
textiles [1], with the inclusion of interactivity often achieved using electronics [2]. Interest in the
integration of electronics into textiles has increased significantly in recent years, leading to a number of
innovative textiles with integrated lighting [3], computing [4], and sensing capabilities [5] for a variety
of applications. Electronic textiles can also be used to generate and store electricity [6]. A recent review
of the history of electronic textiles is available elsewhere [7], which gives details of a wide variety of
electronic textile products that have been designed and developed.

Electronics can be integrated into textiles in one of three ways that can be described as generations
of electronic textiles. In the first generation of electronic textiles, electronic components were mounted
directly onto the surface of garments. The electronics did not form a part of the structure of the textiles.
Examples include sports bras with heart-rate monitors that are attached to the garment with snap
fasteners [8]. Thin layers with electronic functionality can be printed directly onto the surface of flexible
substrates that include textiles [9]. Deposition processes can also be used to add electronic functionality
to the surface of textiles, for example, in the production of flexible photovoltaics [10]. The second
generation involved integrating electronics into the structure of garments through knitting, weaving,
and embroidery to add electronic functionality. Most focused on the use of conductive fibers to create
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electrodes or conductive pathways, such as pressure sensor fabrics [11], fabric transducers [12], and a
Wearable Motherboard™ [13].

The third generation of electronic textiles could be described as yarns into which sensors and
other electronic components were incorporated. E-textile development projects in which electronic
functionality has been incorporated at a yarn level include:

• A recent innovation by MIT in which LEDs (light-emitting diodes) and photodiodes were
incorporated into a fiber as part of an extrusion process [14]. The polymer extrusion process is
likely to result in a yarn with poor tensile strength [15] due to the inability to draw the filaments
soon after extrusion without damaging the copper wire interconnects. This will influence the
processability of the yarns using standard textile fabrication processes, such as knitting. The MIT
concept is also limited to two-terminal devices, which will restrict the range of devices and the
scope of functionality that can be incorporated into these yarns;

• The European Union funded PASTA project in which E-Thread® was developed. This saw a die
connected to two conducting interconnects, and the die and interconnects covered in a fibrous
cover [16]. These dies were not protected by encapsulation, and the E-Thread® could not be
subjected to washing processes.The E-Thread® could only be constructed using two-terminal
devices, limiting the range of devices, and therefore functions, that can be incorporated. E-thread
containing RFID (radio frequency identification) devices are produced by Primo1D [17];

• the Wearable Computing Lab at ETH Zurich have integrated polymer strips, populated with
surface mounted devices (SMD) and conductive tracks, during the weaving process [18].
The polymer strips were used as ‘yarns’, but their insertion restricts the shear behavior of the
final textile fabric; and the use of a standard bare die (not encapsulated) limits the degree of
bending that the strips can withstand. The electronics were exposed on the surface of the textile
and rapidly failed after washing.

The maintenance of ‘fiber-based’ characteristics within an electronic textile is desirable [19].
Electronic yarn, (E-yarn) [20] was a further progression from the second generation of E-textiles that
fulfilled this aim. Previously, conductive components and electronics replaced much or all of the
textile fibers within textile structures, altering the properties of the completed textile. The difference
between this third generation product and previous generations of electronic textiles was that the
electronics were included within textile yarns that retained their textile properties, unlike, say, fiber
optics included within electronic textiles. Electronics were contained within small micro-pods within
E-yarn, leaving more than 90% of the volume of the E-yarn as textile fibers. The textile properties of
E-yarn meant that it could be processed in knitting and weaving machines. The advantage of creating
a textile-based E-yarn was that yarn properties could be retained to a greater extent than when using
other materials. In particular:

1. The mechanical properties of the textile yarn were not adversely affected by the inclusion
of electronics.

2. Moisture wicking and moisture retention occurred as in a normal textile yarn.
3. The E-yarn could be colored using textile dyeing methodology.

This allowed for electronics to be integrated in a highly discrete way, with electronic yarns being
undetectable to the end user. Several types of E-yarn have been incorporated into a variety of textiles,
as reported elsewhere in the literature.

E-yarn Structure and Manufacturing Process

Figure 1a shows a schematic of the E-yarn structure, with a photo of an E-yarn containing an LED
in Figure 1b.
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Figure 1. (a) A schematic showing the E-yarn (electronic yarn) structure, with an LED (light-emitting
diode) protected by a micro pod and surrounded by a knitted sheath. (b) A completed E-yarn containing
an LED (illuminated) shown at 30x magnification.

The production of E-yarn consisted of four main steps [21]: Firstly, a package die was soldered
onto a fine copper wire. Encapsulation of the die and solder joints followed. The final two stages
involved the addition of textile yarns twisted around the copper wire and attached micro-pods, before
insertion of the construction into a soft, fibrous sleeve using a small-diameter circular warp knitting
machine (RIUS; Barcelona, Spain). This gave the resulting E-yarn a textile feel, so that it could then be
used in knitting and weaving machinery for garment production. The flow chart in Figure 2 shows the
main steps in the process. The twisting of textile yarns around the core was not required for all E-yarn
constructions, so it is shown within a box surrounded by dashed lines in Figure 2.

This work concentrates on the production of E-yarns. The E-yarns included within some of the
prototypes in the literature were fabricated using a laborious hand-crafting process; this is both time
consuming and may induce issues of repeatability into the production process. By automating the
production process, a larger quantity of yarns can be produced, which will be required for industrial
adoption. This has been ongoing work over many years, and as a result, an overview of the automation
process is available elsewhere in the literature [21], as well as details of some prototypes produced
with early versions of the automated process [22].

This paper will specifically concentrate on the automation of the encapsulation process.
Here, encapsulation refers to the process of applying a fluid sealing compound into a small and
pre-defined area around a die to produce a micro-pod. This encapsulated the die and the solder
joints that attached it to copper wire. The sealing compound protected the electrical component
from environmental effects, such as humidity and dust, and meant that the resulting E-yarn could
be washed. Other benefits included improved electrical insulation, reliability, and protection against
damage. The encapsulation was required to cover dies and solder joints only, leaving the wire
interconnections between dies free to flex within the E-yarn. The resulting E-yarn consisted of more
than 95% fibers, as the encapsulation volume was minimal.

The micro-pod was also used to create a bond between the copper wire and a carrier yarn that
carried the mechanical stress in the E-yarn. The carrier yarn was placed alongside the copper wire,
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so that it became included within the micro-pod during the encapsulation process. The purpose of the
encapsulation was to enhance the robustness and reliability of the E-yarn in the final product.

Figure 2. The main processes in the production of E-yarn. The dashed lines represent an optional stage:
Twisting of textile yarns around the wire and encapsulated dies.

The aim of the work was to automate the stage in the E-yarn production process in which the
package dies soldered to copper wire were covered in resin micro-pods. The resulting process allowed
for repeated, automated production of micro-pods, increasing the E-yarn production speed from the
previous manual process and paving the way for continuous, reliable, and repetitive production of
E-yarn. This paper outlines key design considerations.

Ultimately, an automated process was created to form micro-pods around package dies that
had been previously soldered to copper wire. The dies were encapsulated within a cylindrical mold,
then removed using this automated process. A carrier yarn included within the encapsulation was
shown to increase the tensile strength of the construction, enabling removal of the micro-pod from
the mold. FTIR (Fourier Transform Infrared) analysis was used to assess optimal curing times for the
resin micro-pods.
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2. Design Considerations and Methodology

A methodology was developed to automate the encapsulation of semiconductor dies soldered
onto multi-strand copper wire. This required an approach in which materials and machinery were
selected, in conjunction with decisions about optimal processes to form the encapsulation micro-pods,
and the order of operations. The challenge was to demonstrate that E-yarn production could be
automated, so that the manufacturing process could ultimately be scaled up and commercialized.
The selection of machinery and methods was based on the availability within the time and budgetary
constraints of this project.

The core materials of E-yarn were copper wire and semiconductor dies. A 7-strand copper wire
with a 50 μm strand diameter (Knight Wire, Potters Bar, UK) was chosen due to its flexibility compared
with a single-strand wire of the same diameter. Semiconductor package dies of size 0402 were used.
The examples shown in this work are a Kingbright KPHHS-1005SURCK Red LED, 630 nm 1005 (0402),
Rectangle Lens package (RS Components, Corby, UK), and a thermistor (Murata 10 kΩ 100 Mw 0402
SMD NTC thermistor; part number NCP15XH103F03RC; Murata, Kyoto, Japan). This wire and these
semi-conductor devices were based on those previously chosen in another work [21].

2.1. Resin Selection

The selection of the encapsulation material involved consideration of:

• Ability to dispense small amounts of encapsulant around the package dies;
• A method of curing that could be carried out without damage to the package dies;
• The speed of the curing process;
• Fabrication of a micro-pod that could withstand washing;
• Creation of a micro-pod that could transmit light from a package LED;
• Flexibility, for compatibility with surrounding textile materials.

The choice of the curing method for the encapsulation material was considered first. Encapsulating
dies using a heat-curing method was undesirable due to the negative effect of the heating process
on the die itself, and the time taken for many heat-curable resins to cure fully. Heat curing could
also have led to mechanical failure of electronic components due to temperature-induced elastic or
plastic deformation [23]. For these reasons, a photo-initiated curing method was preferred. Additional
advantages included a low operational cost, easy maintenance, and the small footprint of space
required for machinery. Moreover, an ultra-violet (UV)-curable coating reduced solvent emission,
since most of the formulation was composed of oligomers and reactive diluents [24].

A UV-curable polyurethane acrylate system is composed of three basic components [24,25]:

• A resin, such as an oligomer or prepolymer, which is an unsaturated double bond or cyclic
structure capable of ring opening;

• Reactive diluents (monomers with varying degrees of unsaturation), which have two functions:
one is to reduce the viscosity of the systems, while the other function of the diluents is
render crosslinking;

• A photo initiator, which absorbs UV radiation and generates reactive species that can initiate
the polymerization.

Commercially-available UV-curable resins can be categorized by the polymerization mechanisms
through which curing takes place. One uses radical polymerisation of monomers, such as acrylates
or unsaturated polyesters. The other main method uses cationic polymerisation of multifunctional
groups, such as epoxides and vinyl ethers [26]. An acrylated urethane was chosen for this research:
Dymax 9001-E-V3.5 (Dymax, Torrington, UK). This is transparent to visible light, making it suitable for
encapsulation of LEDs. Moreover, this resin is flexible, so it is suitable for textile applications. The resin
is also used in bonding applications in the electronics industry, meaning that it has been fully tested on
a range of electronic devices [27].
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2.2. Curing the Resin

The chosen Dymax 9001 resin was designed to be cured with light at wavelengths from
320–450 nm [27]. Curing was carried out in the center of this range, with a 385 nm UV (BlueWave®

QX4® LED Multi-Head Spot-Curing System; Intertronics, Kidlington, UK). The time required to
cure the resin fully was assessed initially by checking that liquid resin became solid after the curing
process. An investigation of the optimal curing time was carried out using Fourier Transform Infrared
Spectroscopy (FTIR). For these experiments, 3 μL of resin (typical for a 1 mm diameter cylindrical
encapsulation) was dispensed onto a plate of PTFE (polytetrafluoroethylene). Samples were cured for
10 s, 20 s, 30 s, and 50 s by exposure to the 385 nm UV light source. The samples were then kept in
black bags to avoid any curing by visible light, before their transmission spectra were analyzed in an
FTIR spectrometer (Perkin Elmer Spectrum Two; Llantrisant, UK).

2.3. Encapsulation Mold Design

Resin micro-pods can be formed by applying a small amount of resin around a die or by placing
the die (soldered to copper wire) within a mold, then injecting resin into the mold. The latter method
was chosen to ensure uniformity of the micro-pod size. The design of this encapsulation mold was
a crucial part of the process, with careful consideration paid to the shape, size, and orientation.
A cylindrical micro-pod shape was chosen for encapsulating the soldered semiconductor, as this shape
had minimal edges. This shape was also easier to pass through the small-diameter warp-knitting
machine that was used in a later stage of production of E-yarn, when the micro-pods were surrounded
by a knitted sleeve. Cylindrical micro-pods were also more likely to be comfortable to the end users
as the circular cross-section of the encapsulation was compatible with the cross-section of traditional
textile yarn. The diameter of the encapsulation had to be minimized to keep the overall diameter
of the yarn as thin as possible, thus suitable for embedding within ordinary garments: A thicker
encapsulation would lead to a thicker final yarn. Conversely, the diameter of the mold had to allow
the resin to flow in a way that would fully cover and protect the electronic component.

2.3.1. Mold Material

The selected cylindrical micro-pod shape could be formed within a tubular mold. A mold
material was required that minimized adhesion of the cured resin to the mold wall to minimize the
force required to release the micro-pod from the mold. The wetting properties of the inner mold
surfaces were important for the resin dispensing process. The mold walls were also required to be
UV-transparent to permit curing of the resin. Two potential mold materials were examined that
fulfilled these criteria, and were available in tube form (which was the preferred shape for the mold;
discussed in 2.3.2, below): Silicone (2mm Silicone Tube, part number a16090800ux0404; Sourcingmap,
Mountain View, CL, USA) and PTFE (RS PRO Long Coil Tubing Without Connector, Fluoropolymer 22
bar, −40 → +150 ◦C; RS Pro, Corby, Northants, UK). The internal surface structures of both materials
were assessed using a scanning electron microscope (Scanning Electron Microscope, JEOL JSM-840A,
SEMTech Solutions, Billerica, MA, USA)

2.3.2. Mounting of the Mold

The flexible tube that was chosen for the mold required mounting within a stable structure
through which UV light could penetrate. The tube was placed within the body of a polypropylene
syringe (Metcal PP Adhesive Dispenser Syringe; Techcon Systems, Garden Grove, CL, USA), with the
back of the syringe removed to facilitate later mounting within an automated encapsulation system.
The tube was held in place within the syringe using Transil 40-1 silicone elastomer (Mouldlife, Suffolk,
UK). Transil 40-1 is a two-component silicone elastomer that crosslinks at room temperature by a
poly-addition reaction to form a transparent, elastic material. The transparency was an advantage,
minimizing UV blocking during the curing process, which was critical for this application. Transil
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40-1 A and Transil 40-1 B were mixed by weight in a fixed ratio of 1:10 of parts A and B, respectively.
The mixture was then degassed for 10 min and poured slowly into the outer part of a plastic syringe,
with the flexible tube held inside the syringe. Figure 5 shows the silicone mold around the flexible
tube in which encapsulation was carried out. The whole syringe, with the silicone and the flexible
tube inside it, were mounted vertically within a bracket. Vertical mounting ensured that the resin
flowed evenly over the die, rather than falling to one side. An image of the mold mounted to the
encapsulation system is shown later in this work (Section 3).

2.4. Resin Dispensing

There was a need to inject a small, pre-determined volume of resin into the mold to surround each
package die held within it. A preeflow® eco-PEN Precision Volumetric Dosing Pump (Intertronics,
Kidlington, Oxfordshire, UK) was used to apply resin and create a micro-pod around the electronic
components. This system used volumetric, positive-displacement dosing, which gave both accuracy
and repeatability. This dosing system could dispense small quantities, with a minimum volume of
0.001 mL, with flow speeds of 0.12–1.48 mL/min.

2.5. Carrier Yarn

To enhance the mechanical properties of the completed E-yarn, the soldered semiconductor die
was encapsulated along with a carrier yarn. The role of the carrier yarn was to support the soldered
joint, protecting it and the copper wire from mechanical stresses during demolding and during
subsequent E-yarn formation processes. 100 Dernier Vectran™ (Kururay, Tokyo, Japan) was chosen for
its high tensile strength [21] combined with its flexibility. Figure 3 shows a soldered semiconductor die
(a thermistor) and Vectran™ carrier yarn running alongside the copper wire; both included within a
resin micro-pod that forms the encapsulation.

Figure 3. A carrier yarn included within the encapsulation of a semiconductor soldered onto copper
wire, at 50× magnification.

2.6. Tensile Force Required to Remove the Micro-pod from the Mold

Pulling on the carrier yarn provided a method of removing encapsulated dies from the mold in
which the micro-pod was formed. Experiments were carried out to find the tensile forces required to
remove cured micro-pods from the mold. The results were compared with the tensile forces required
to break the carrier yarn. This established the limitations of the molding system; indicating at which
micro-pod length friction forces would prevent removal from the mold using the carrier yarn to
provide the demolding force. To find the tensile force required to demold the micro-pod, the mold was
mounted in a zwickiLine tensile tester (Z2.5; Zwick/Roell, Ulm, Germany). Micro-pods were pulled
from a mold as shown in Figure 4a. Measurements were taken of the tensile force required to remove
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encapsulated dies from the mold. This force was expected to increase in proportion to the amount of
contact surface between the cured resin and the mold tube walls. Figure 4b shows this contact area.

Figure 4. (a) A schematic showing an encapsulated die being pulled from the mold. (b) Diagram
showing the area over which friction forces will act when pulling a die from the mold.

2.7. Automating the Production Process

To show the feasibility of automating the encapsulation process, which is critical for commercial
production, the encapsulation system was partially automated. A prototype automated encapsulation
unit was designed in which the electronic components to be encapsulated were moved into a mold,
a pre-determined quantity of resin was dispensed, the resin was UV-cured, and the micro-pod was
removed from the mold (completing the encapsulation process). The design illustrated in this paper
is based on experimental work in which several designs were investigated. The focus is placed on
the design that gave the most consistent results. A schematic of the automated process is shown in
Figure 5.

To allow for automation, the location of the soldered die needed to be determined to ensure
that resin would only be dispensed once the die was in the correct location. A transmissive fiber
sensor unit, FU-58, was used with an amplifier, FS-N11MN (both from Keyence; Milton Keyence, UK).
This fiber optic sensor detected changes in light intensity. When the light intensity dropped due to a
die arriving between the two parts of the fiber optic sensor, the voltage dropped, so a signal was sent
to the encapsulation unit. The signal was interpreted using a LabView program (Version 14; National
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Instruments, Newbury, UK). The sensor detected the soldered die inside the transparent mold tube,
at the point at which encapsulation took place. The minimum detectable object was 0.005 mm2, which
was adequate for all package die sizes of interest at this time.

Figure 5. Schematic illustration of the automated encapsulation unit, showing die detection before
entering the silicone mold; and a completed micro-pod surrounding an encapsulated die about to exit
from the mold.

Computer controlled elements were used to automate the encapsulation process. The resin
dispenser unit was mounted onto a motorized linear translation stage with an integrated controller
(LTS 15; Thorlabs, Ely, UK). This enabled the resin dispenser to be moved vertically to a specific
encapsulation point. The linear translation stage provided 150 mm of linear travel with a maximum
vertical velocity of 3 mms−1. The force applied by the stepper motor ensured that the linear translation
stage remained fixed when no power was supplied, so that a brake did not need to be employed to keep
the stage in position. This would not have been the case if a DC (direct current) servo motor was used.
The linear translation stage featured an integrated electronic controller that could be controlled using a
PC or manually. The stage was calibrated by the manufacturer, giving a typical error of ±4.0 μm when
moving over ±20.0 μm travel.

A second set of motors was used to move the copper wire (with attached, soldered electronic
components). A stepper motor (ISM 7411E; National Instruments Corporation (U.K.) Ltd., Newbury,
UK) was chosen to drive the soldered component to a specific point where the encapsulation process
could take place. This stepper drive motor had micro-step emulation and an integrated encoder,
and was chosen as it could give a feedback signal to the driving software and therefore increase the
accuracy of the movement. An Ethernet communication port controlled the motor via LabVIEW.
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Process Control

The automated encapsulation process was controlled and monitored by a LabView program,
which controlled the sequence task as illustrated in the flow chart in Figure 6. The process consisted
of the following steps: Following detection of the die, once the electronic component arrived at the
encapsulation point in the mold, the stepper motor stopped and the linear stage moved the dispenser
until the dispenser tip reached the encapsulation point where the soldered die was located. Resin was
then dispensed. The linear stage was used to move the dispenser up again to avoid curing the resin
within the dispenser’s tip. The LED UV light source was used to cure the dispensed resin in the mold.
The process was then repeated to encapsulate the next die.

Figure 6. Flowchart illustrating the sequence of logic steps followed by the LabView program to enable
the automated encapsulation of components.
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2.8. Tensile Testing

The solder joints created in the first stage of production were expected to be the weakest point
in the ensemble. The encapsulation process was expected to substantially increase the soldered
joint strength against mechanical stresses. Tensile tests were carried out to establish the changes
in tensile strength of the construction at each stage of production. The zwickiLine tensile tester
was used, working to standard ASTM E8 [28], which related to ‘Standard Test Methods for Tension
Testing of Metallic Materials’. The test speed was reduced to 50 mm min−1 to enable testing of the
solder joints included within the E-yarn. Five samples were measured from each stage of the E-yarn
production process:

• Bare semiconductor dies soldered to copper wire;
• Encapsulated dies, with carrier yarn included within the encapsulation;
• Completed E-yarn, with a textile outer covering around an encapsulated die.

The tensile forces required to break each sample were compared.

3. Results

A method was developed to encapsulate package dies on flexible wire, with the process automated
using the machinery shown in Figure 7. This shows copper wire and carrier yarn being fed through
a sensor and into the bottom of the mold, in which the encapsulation is carried out. The system for
injecting resin is directly above the mold, and the UV light guide points to the mold. It was found
that a dispensed micro-dot of resin could flow into the tube that formed the mold, rather than being
retained where the dispenser injected it. The requirement for resin to flow into the tube, but not fall
straight through, also placed a maximum limitation on the diameter of the mold, which was required
to hold the liquid resin inside until curing was complete. The chosen electronic components, such as
package LEDs and thermistors, were small enough (1.0 × 0.5 × 0.5 mm) to be encapsulated within a
1.27 mm internal-diameter mold.

Figure 7. A photograph of the encapsulation system. The main components are labelled, and the large,
green arrows show the direction of travel through the system of the copper wire with attached sensors.

39



Fibers 2019, 7, 12

The method of detecting the presence of a package die to initiate the encapsulation process was
achieved with an accuracy of 98% for thermistors and 87% for LEDs. The sensitivity and accuracy of
the process depended on the color, reflectivity, size, and shape of the component. The transparent
lenses of the LEDs made detection by changes in light intensity more difficult. The angle at which
the die arrived at the sensor also affected the detection ability. The front or back of the die facing the
sensor was likely to lead to detection, whilst the side of a die was less likely to be detected.

3.1. Fourier Transform Infra-Red (FTIR) Analysis of UV Curing Times

Fourier transform infra-red (FTIR) analysis was performed on sample micro-pods that had been
cured for 10 s, 20 s, 30 s, and 50 s by exposure to the 385 nm UV light source. Figure 8 shows
transmission spectra for the samples cured for 10 s and 50 s. The curves for the samples cured for
20 s and 30 s were very similar to that for the sample cured for 10 s, so are omitted from Figure 8
for clarity. The peaks of all the analyzed samples are similar to spectra found in the literature for
acrylated urethane resins [29]. The spectra in Figure 8 are all similar, implying that full curing of the
resin had occurred in all cases. It was therefore acceptable to use a 10 s curing time for a sample of
this size, and possibly shorter exposure times may also be appropriate. It was interesting to note that
for 50 s of curing (the green line on the graph), there was some reduction in the trough at 1722 cm−1.
This indicated over-curing as the literature states that the number of double bonds (C=C) at 1635 cm−1

and 810 cm−1 decrease when over-curing occurs [29]. Over-curing of the resin can affect the structural
and optical properties of the resin. Over-curing is to be avoided, as this may change the mechanical
properties and optical characteristics of the resin, for example, by causing yellowing. Minimizing
the UV curing time for encapsulation had two advantages: Increased speed of encapsulation and
prevention of UV degradation of the micro-pods.

Figure 8. FTIR results from resin samples cured for 10 and 50 s.

3.2. Force Required to Extract Micro-pods from the Mold

Two mold materials were explored in this work (silicone and PTFE), with the internal surfaces of
both materials assessed using a scanning electron microscope. Figure 9 shows the internal surfaces
of the tubing made from (a) PTFE and (b) silicone. There are clear structural differences between
the two surfaces, with the surface of the PTFE tube appearing much rougher than that of silicone at
10,000 times magnification. It was undesirable for the resin to stick within the mold, as this would
increase the tension required to remove the micro-pod after curing, increasing the likelihood of a
breakage occurring. Both mold materials were tested for ease of removal of a micro-pod from a mold.
It was found that the carrier yarn stuck to the wall of the silicone tube during molding, rather than
staying within the encapsulant. It was possible that the rougher surface of the PTFE could provide less
points of contact area for the cured resin micro-pod to contact, especially if the resin shrank on curing.
PTFE was therefore chosen as the mold material, despite its rougher appearance.
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Figure 9. SEM images of the inner surface of the encapsulation mold materials at 10,000 times
magnification: (a) PTFE (polytetrafluoroethylene) tube. (b) Silicone tube.

The force required to pull micro-pods from the PTFE mold was subsequently assessed using
tensile testing. Figure 10 shows the force required to extract micro-pods from the mold after curing
the resin inside a 1.27 mm PTFE tube. The increasing values of tensile force in Figure 10 shows that
increasing volumes of resin, which led to increased micro-pod lengths (from 3.9 to 15.8 mm), and
therefore contact area, required an increased force to be applied to remove the cured resin from the
PTFE tube. The tensile force should not exceed the breaking force of the carrier yarn, which was
known to be between 26.2 and 27.6 N [21]. The graph in Figure 10 shows that all micro-pods under
investigation could be removed from the mold tube by exerting forces below these values, but further
increases in the volume of resin or the diameter of the tube could lead to the force required to remove
the micro-pod from the mold exceeding the carrier yarn strength. The results also indicated that the
main force required to remove the micro-pod from the tube was a static force: The force required to
initiate motion [30]. Little kinetic force [30] was required to maintain motion after this.

Figure 10. Tensile forces required to pull a micro-pod from a mold as a function of the quantity of resin
used to encapsulate a semiconductor in a 1.27 mm-diameter PTFE tube.
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3.3. Tensile Testing of E-yarn Components

As a final validation of the influence of the encapsulation process, the tensile properties of the
encapsulated yarn were compared with those of soldered, un-encapsulated components. Tensile
tests were performed on five samples of un-encapsulated dies; five encapsulated dies; as well as five
completed E-yarns containing encapsulated dies with carrier yarn, within knitted sleeves. The results
are shown in Figure 11. The solid lines at the base of the graph show that un-encapsulated dies soldered
onto wire had a low tensile strength with maxima between 2.72 and 3.21 N. Two of the five specimens
broke after elongation of the copper wire rather than by fracture of the solder joints between the die
and the wire. This is shown by the solid lines that extend along the x-axis of the graph, as the ductile
copper extended before breaking. Encapsulating the dies within micro-pods increased the tensile
strength to 15.01 to 23.94 N, as shown by the dashed lines on the graph. Encapsulation of the soldered
joints, as well as carrier yarns included within the micro-pods, increased the tensile strength of these
specimens. The completed E-yarn had a much greater tensile strength, as indicated by the dotted lines
on the graph, showing initial breaking forces from 54.93–67.46 N. The use of both the carrier yarn
and an outer, knitted sleeve greatly increased the breaking strength of the construction. The E-yarn
sleeve was manufactured from eight individual polyester yarns plus packing yarns. The jagged pattern
of breakage is likely due to fiber-fiber friction between the packing yarns within the construction.
The knitting process brought these yarns together, creating a structure with greater tensile strength
than that of the individual textile yarns that made up the construction. The single strands of copper
and Vectran™ at the core of the E-yarn had a lower tensile strength. (Vectran™ yarn has been shown
previously to have a tensile strength of 23–28 N [21].) The function of the micro-pod was not to provide
additional tensile strength, but to protect the die and solder joints against impact and moisture ingress,
so the outer sleeve was important in increasing the overall tensile strength.

Figure 11. Tensile test results for samples of soldered dies; encapsulated dies with carrier yarn;
and E-yarn with a knitted sheath surrounding encapsulated dies with carrier yarn and packing fibers.
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4. Discussion

Ultimately, an encapsulation unit was designed and constructed, suitable for automated
encapsulation of semiconductor dies that had been soldered to wire. This enabled fast, repeated
encapsulation of dies soldered to copper wire. The design of the mold in which the micro-pod
was formed was key to this process. The design was optimized for 0402 metric package dies
measuring 0.5 × 0.5 × 1.0 mm, for which a 1.27 mm internal diameter tube was used as a mold.
Since the diameter of the tube was fixed, the volume of resin dispensed, in addition to the size of
the component, determined the finished length of the encapsulation. One method of incorporating
complex electronic circuits into a yarn is to use flexible Kapton strips as a substrate (as recently reported
in the literature [31,32]). This would require micro-pods with lengths from 10 mm up to at least 50 mm.
The removal of longer micro-pods from the mold requires tensile forces that exceed the strength of the
carrier yarn, so further development of the methodology is required. Further work is also required to
investigate the effects of altered mold sizes for smaller and larger dies. The use of a thinner tube to
encapsulate dies smaller than the 0402 metric package size used in this work may affect the flow of
resin. Larger dies, requiring greater tube diameters, may require alterations to the design to prevent
resin from flowing out of the tube before curing.

The prototype automated encapsulation unit described in this work offered a substantial
improvement over the manual process previously used to fabricate E-yarns, substantially increasing
the speed of the process. This technology is suitable for encapsulation of small electronic dies, such as
0402 metric package dies. This will help lead the way towards larger volume production of E-yarn,
which is a critical step towards future commercialization and a greater uptake of the technology.

The E-yarns produced using the encapsulation process were designed to be incorporated into
fabric using knitting and weaving machinery. The feasibility of this was demonstrated by inserting
E-yarns containing thermistors into knitted textile thermographs [33], and by weaving, using E-yarns
containing photodiodes in the weft of woven structures [34]. An important function of the micro-pods
formed using the encapsulation unit was to protect the package dies from moisture ingress. Wash trials
involving machine washing and tumble drying were carried out on five LED-yarns [35], and on
photodiode yarns [34]. Both tests demonstrated that micro-pods formed during the encapsulation
process can protect the enclosed package dies from moisture ingress that would lead to failure. Failures
were observed at the interface between the copper wire and the micro-pod [34].

5. Conclusions

The manufacture of E-yarn requires the creation of resin micro-pods. These surround package
dies that have been soldered to copper wire, protecting the die and solder joints against abrasion and
moisture ingress. A prototype, automated encapsulation unit was developed. This included a mold
with an inner PTFE tube, in which micro-pods were formed and underwent UV-curing. The materials
and construction of the mold were chosen to enable formation, curing, and removal of the resin
micro-pod. A Vectran™ carrier yarn with a high tensile strength was placed alongside the copper
wire, with a portion of the yarn included within the micro-pod. This added tensile strength to the
construction, including when pulling the micro-pod out of the mold. Experiments showed that the force
required to pull the micro-pod from the mold was proportional to the volume of resin used to make the
micro-pod, with 15 N required to pull a 15 μL micro-pod from a 1.27 mm-diameter mold. FTIR analysis
was used to assess whether the resin within the micro-pod was completely cured. This showed
that a 10 s cure time was adequate for a cylindrical micro-pod made in a 1.27 mm-diameter mold.
Automation of the encapsulation process enabled repeated encapsulation of dies previously soldered
to copper wire. Incoming dies were detected 87% to 98% of the time. This process improved the ability
to produce the amounts of E-yarn required for further creation of prototype electronic textiles.
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Abstract: A goal in the field of wearable technology is to blend electronics with textile fibers to
create garments that drape and conform as normal, with additional functionality provided by the
embedded electronics. This can be achieved with electronic yarns (E-yarns), in which electronics
are integrated within the fibers of a yarn. A challenge is incorporating non-stretch E-yarns with
stretch fabric that is desirable for some applications. To address this challenge, E-yarns containing
LEDs were embroidered onto the stretch fabric of a unitard used as part of a carnival costume.
A zig-zag pattern of attachment of E-yarns was developed. Tensile testing showed this pattern was
successful in preventing breakages within the E-yarns. Use in performance demonstrated that a
dancer was unimpeded by the presence of the E-yarns within the unitard, but also a weakness in the
junctions between E-yarns was observed, requiring further design work and reinforcement. The level
of visibility of the chosen red LEDs within black E-yarns was low. The project demonstrated the
feasibility of using E-yarns with stretch fabrics. This will be particularly useful in applications where
E-yarns containing sensors are required in close contact with skin to provide meaningful on-body
readings, without impeding the wearer.

Keywords: electronic yarn; E-yarn; LED-yarn; LED; stretch fabric; illuminated textiles; electronic
textiles; E-textiles

1. Introduction

Incorporation of electronics within textiles offers an opportunity to integrate lighting into clothing
and to monitor health through sensors embedded within clothing. The growing market for electronic
textiles (E-textiles) demonstrates the high level of interest in this areas [1]. Thus, the need exists
for further development of nonintrusive electronics that do not impede the wearer. Ideally, clothing
incorporating electronics would have normal drape, conformability, and stretch. This is a challenge due
to the considerable difference in material properties between textile fibers and electronics. One solution
is to use electronic yarn (E-yarn) [2], which omits the circuit board substrate that forms a part of many
electronic circuits. Instead, package dyes are attached onto a flexible copper wire to create what is
effectively an electronic fiber, which is then contained within textile fibers. This creates an E-yarn
with a textile feel and drape similar to that of other fibers within garments [3]. Development of a
semi-automated process has led to the ability to produce E-yarns relatively easily and quickly [4].
Previously, E-yarns had been produced by a craft process [5], with six or fewer being used in most
garments [6]. There was a need to demonstrate the feasibility of attaching tens of E-yarns onto one
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garment, illustrating how electronics could become a significant and integral part of clothing. Finding
a method of attaching E-yarns to stretch fabric is also important. E-yarns are non-stretch due to
the central, non-stretch copper wire, but integration with stretch fabrics would enable the use of
sensors within E-yarns to take measurements of the human body from as close to the skin surface as
possible. This would be especially useful in obtaining meaningful readings from sensors included
within E-yarns by increasing the number and type of garments into which this technology could
usefully be incorporated.

E-yarns are designed to be unobtrusive within textiles. In the project described in this paper,
we investigated the use of the E-yarns in stretch fabrics and tested their functionality. This was
achieved through use of E-yarns containing LEDs (LED-yarns), as shown in Figure 1. The illumination
of the LEDs enabled the quick assessment of the functionality of the E-yarns. The chosen project
was the design of an illuminated carnival costume for use in a competition to be held in a theatre [7].
This provided a time-delimited project for which funding was available, so that a garment containing
multiple LED-yarns could be designed and made. This provided an ideal platform for testing methods
of attaching LED-yarns onto stretch fabric that was placed next to the skin of a dancer wearing the
costume. This provided a rigorous test of the durability of the E-yarns and their connections in a
relevant operational environment, so that any subsequent recommendations for the use of E-yarn on
stretch fabric could be considered with this as a benchmark. Displaying the costume in carnivals and
other performances could achieve an additional aim of ensuring that the E-yarns were viewed by a
large audience, increasing the visibility of this technology.

 

Figure 1. Illuminated light emitting diode (LED)-yarn shown next to a 30 mm long pin.

The initial brief for the project required the use of illuminated E-yarns, other methods for
incorporating E-textile lighting exist and have been gradually developed [8,9]. The earliest example
is the lighting worn by dancers in the ballet La Farandole in 1884 [10], showing use of filament
lightbulbs in costume lighting applications. Electronic textiles for lighting typically use one of four
main methods: fiber optics [11,12], LED strips [13], electroluminescent wires [14], and lasers [15].
Electroluminescent wires, fiber optics, and the use of lasers generate sufficient light to be clearly visible
during theatre or outdoor night-time performances, but also restrict the flexibility and conformability
of a garment. Similarly, the direct attachment of LEDs onto a costume using strips of LEDs or sewing
individual LEDs into holders is non-ideal as it affects the textile material properties. Examples of
costumes incorporating these elements include Bono’s “laser suit” [16], and the Slovakian Tron Dance
that incorporate LED-covered suits [13]. Fiber optics have been included within costumes that can
accommodate the limited flexibility of the fiber optic elements, such as the Scottish Opera’s Queen of
the Night costume [12]. The lack of flexibility and conformity has limited the use of E-textiles within
performance. Wider adoption of E-textiles has also likely been limited in part by cost and by the
infancy of design philosophies and practices when using E-textiles [17].
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Smaller and cheaper microelectronics have allowed some electronic garments and wearable
accessories to enter the marketplace, with aesthetics being the primary function. These have principally
been featured in the clubbing scene, with an example being the Sound Activated T-shirt [18]. High-end
alternatives also exist, such as the K-Dress from CuteCircuit, which contains LEDs [19]. The formation
of companies focused on using electronic textiles as a craft skill to create bespoke garments has also
resulted in a more general adoption of E-textile technology [20]. LED-yarns were used in the research
described in this paper. This was a development on the history of inclusion of lighting within costumes
for use in performance.

The aim of this research was to demonstrate the feasibility of attaching multiple LED E-yarns onto
a stretch garment for use in performance. This showed the viability of fabricating clothing containing
many electronic components held close to the skin of the wearer without impeding the wearer’s ability
to dance. Details are provided of a zig-zag E-yarn shape developed to accommodate the non-stretch
E-yarn on stretch fabric. The design of the junctions between the E-yarns was found to be important,
and development of these is discussed.

2. Materials and Methods

The choice of a carnival costume and competition, plus the aims described above, created
a framework for the design process. The costume design focused around the use of E-yarns,
with the method of attachment of numerous E-yarns onto the costume being key. The carnival
“King” competition, and subsequent carnivals in which the costume was displayed, required large,
eye-catching costumes in which a dancer can move fluidly, unrestricted by weight or bulk. For this
large-scale carnival costume, much of the dancer’s body would be covered, so that fabric next to the
skin could not easily be seen in many areas of the costume. The LED-yarns were therefore included
within the legs of the costume, as the legs would be moving and simultaneously visible to the audience
during dancing.

The carnival costume involved two distinct parts: a unitard onto which the E-yarns were
embroidered, and a frame worn by a dancer, to which many of the other parts of the costume were
attached. The incorporation of LED-yarn into the legs of the costume was the focus of the research
described in this paper. A decision was made to use a unitard onto which the LED-yarns would be
attached as this provided a skin-tight, stretch platform for attachment of the LED-yarns. A black
stretch unitard was chosen (Capezio® Men’s Footless Tank Unitard in Black, Capezio®, Norwich, UK).
Placing the LED-yarns on the legs of the costume ensured that they were visible and subjected to
movement during dancing, testing the ability of the E-yarn to withstand movement while attached to
a stretch fabric. A flame theme was chosen for the costume, providing the opportunity to use curved
and illuminated flame-like patterns. The chosen pattern contained E-yarns in horizontal bands around
the unitard legs, with interconnecting LED-yarns between parallel E-yarns that were connected to a
battery in a pocket on the back of the unitard. The E-yarn was non-stretch due to the central strand
of conductive copper within. A curving pattern was chosen for the E-yarns to allow the underlying
fabric to stretch without breaking the E-yarn.

2.1. E-Yarn Attachment to Stretch Fabric

Initial test attachments of the E-yarn to stretch fabric were performed by hand, using a blind
stitch (Figure 2a). The initial zig-zag design was slightly less controlled, but a zig-zag pattern with
a more ordered structure was chosen for the final design as we believed that this would be easier to
implement using an embroidery machine. We assumed that machine embroidery would form a strong
attachment between E-yarns and fabric to withstand the stretch and movement of the fabric during
performance. A sewing machine (Bernina 1000 Special, Steckborn, Switzerland) was used, with the
E-yarn fed through a cording foot to create a wide zig-zag stitch to keep the yarn in place on the fabric
surface. Figure 2b shows a sample of the stretch fabric with E-yarns machine embroidered into place
in the chosen zig-zag pattern.
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Figure 2. Zig-zag attachment pattern of electronic yarns (E-yarns) to stretch fabric: (a) Initial design,
and (b) Final, more-ordered design.

2.2. Connecting E-Yarns

Connections between E-yarns, and between E-yarns and LED-yarns, were required to create
an electrical circuit on the surface of the unitard. These were created by twisting together the
copper wires protruding from the end of each E-yarn. These connections were then soldered together.
Dymax 9001-E-V3.5 resin (Dymax Corporation, Torrington, CT, USA) was used to cover and reinforce
the soldered joints. This was cured under UV light for 180 s using a Dymax Bluewave 50 Light Curing
System (Dymax Corporation, Torrington, CT, USA). The connections were manually stitched into place
on the fabric surface using a satin stitch to provide protection from external abrasion.

2.3. Tensile Testing of the E-Yarn Attachment to Stretch Fabric

Tensile testing was used to determine whether the curved pattern of the E-yarn attachment to the
fabric surface was sufficient to prevent E-yarn breakage. Samples of stretch fabric (210 × 60 mm) were
cut from a unitard identical to the one used to make the costume. Four of each sample were made,
with the E-yarn embroidered onto the surface of the fabric in the following pattern:

• In a straight line.
• In a curved pattern.
• In a curved pattern, with a connection between the two E-yarns used to create the pattern.

The testing standard ASTM E8 [21] was the basis for tests on a zwickiLine tensile tester (Z2.5,
Zwick/Roell, Ulm, Germany), using six testing cycles with a 30 s hold on the last cycle. The samples
were taken to 50% strain, which was assumed to exceed the level of stretch to be experienced by
the unitard to which E-yarns were attached. At this strain, the fabric was permanently damaged.
Continuity testing was performed on each sample before and after tensile testing to find if the central
conductive element of the E-yarn remained intact.

2.4. Circuitry

A circuit was required to power the LED-yarns. This is shown in the diagram in Figure 3.
The periphery of the diagram shows long lengths of black E-yarn connected to a lithium polymer
battery. Short lengths of LED-yarn were connected in parallel into this main circuit. The diagram shows
connections to two lengths of LED-yarn, each containing 12 LEDs. Each LED (KPHHS-1005SURCK,
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Kingbright, Taipei, Taiwan) required 2 V, so each section containing 12 LEDs required 24 V to be
supplied by the battery. The LED-yarns were connected to short lengths of red E-yarn that added
colorful detail to the costume. These E-yarns were then connected to the black E-yarns of the main
circuit that ran down the outside of the costume legs.

Figure 3. Diagram showing part of the circuitry attached to the costume: LED-yarns, each containing
12 LEDs attached in parallel between black E-yarns that form the main circuit on the costume.
Red E-yarns connect the LED-yarns to this main circuit that is connected to a battery.

A section of the fabricated circuit is shown in Figure 4. This shows the zig-zag attachment pattern
of the E-yarns and LED-yarns. A section of black LED-yarn containing 12 LEDs is highlighted in
yellow. Each end of this highlighted LED-yarn was connected to a red E-yarn. The red E-yarns were
placed above and below the LED-yarn to form a pattern on the costume. Three zig-zag lines of LEDs
were included on the front of the costume legs. Ultimately, 144 LEDs were used, with two lengths of
LED-yarn each containing 12 LEDs, placed at three levels on each leg.

 

Figure 4. Circuitry on the costume: The LED-yarn is highlighted in green. Each LED-yarn contained
12 LEDs and was connected to two red E-yarns: One red E-yarn was connected to the positive terminal
of a battery, and the other to the negative terminal.
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The circuit was designed to incorporate the LED-yarns, with additional E-yarns connecting
these to a battery placed on the center back of the unitard. The circuit was fabricated by placing the
unitard on a mannequin to ensure that the costume legs would conform to the dancer’s legs once the
E-yarn was embroidered onto the fabric surface. Having placed the E-yarns in the desired positions,
the circuit was created. Each positive and negative end of LED-yarn was connected to the E-yarns
that were connected to the positive and negative battery terminals. The connections were soldered,
coated with resin, and then embroidered into place as described in Section 2.2. The remaining lengths
of E-yarn were machine stitched onto the unitard fabric using a zig-zag stitch. The machine sewing
process proved to be too harsh, with almost half of the connections between the E-yarns breaking
during the process. The broken connections were re-soldered and covered with resin. Sweat would
possibly impact the performance of the E-yarns, causing conduction of electricity away from the
lighting circuit. A resistor was included within the electrical circuit to ensure that no large power
leakages could be experienced by the dancer. No current leakage was experienced by the dancer,
but recommendations for further costume designs include use of insulated copper wire to minimise
the possibility of current leakage.

2.5. Costume Frame

A carnival “King” costume must fill a large area to create an impact in competition and in
parades [22], so the unitard with attached LED-yarns was worn underneath a backpack or frame,
as shown in Figure 5. This was an aluminum structure to which rods were attached that held wings,
flame shapes, extra LED lighting, and a “tail” of flexible rods. These radiated out from the center
of the costume. The frame was made by an artisan specializing in large scale costume design [23].
Despite the costume size, the weight was reduced to a minimum through use of light, yet resilient,
materials within and attached to the frame: composite rods, aluminum, lightweight fabrics, and foam
sheet. The backpack was designed to make allowances for the placement of E-yarns and battery
packs on the costume, without interfering with the LEDs’ performance within the E-yarns, or with the
electrical connections.

 

Figure 5. Completed frame to be worn over the unitard. The frame is shown supported on a stand.
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3. Results

The carnival costume was successfully displayed in competition. The final costume design is
shown in Figure 6a, with a detail of the illumination from the LED-yarns on the leggings in Figure 6b.
A central design aim was to ensure that the performer was able to move and dance unimpeded and
with confidence. This was achieved as the flexibility of the costume elements, including the E-yarns,
allowed the whole costume to move smoothly as part of the choreography. Another design intention
was that the LED-yarns should be visible. The level of illumination from the red LEDs on the unitard
was minimal, with not all of the lines of the 12 LEDs illuminating. The E-yarns formed a very subtle
detail amongst the overall impact of the costume, with higher levels of illumination from LED strips
along the costume wings dominating.

 

Figure 6. The completed costume. (a) The full costume incorporating the unitard, worn by Gil Santos.
(b) A detail of the LED-yarns on the unitard legs, shown on a mannequin.

3.1. E-Yarn Connection Breakages

Tensile testing was performed to assess whether use of a curved E-yarn pattern of attachment
to stretch fabric prevented breakage within the E-yarns. Examples of the tested samples are shown
in Figure 7, and the results of tensile testing are provided in Figure 8. Each sample was tested over
six cycles of increasing and decreasing strain. Breakages occurred during the first cycle of testing,
so results from the first cycles of each test are displayed in Figure 8. The graph and continuity tests
showed breakages in all of the samples containing a straight length of E-yarn. The samples containing a
single length of curved E-yarn all remained intact, demonstrating that the curved placement of E-yarn
on stretch fabric was effective at preventing E-yarn breakage. Ruptures occurred in all of the samples
that incorporated a connection between two pieces of E-yarn. These breakages occurred at between
39% and 49% strain, as shown by the notches in the curves in Figure 8. The maximum stretchability of
the fabric with attached, connected LED-yarns was therefore considered to be just below the lower
measured strain value of 39%. This strain was considered to be well over the limit of strain to which the
10% Lycra® fabric would be subjected during performance. We therefore considered that the chosen
methods of E-yarn placement, embroidery, and E-yarn connection were sufficient to ensure that the
E-yarn circuitry remained intact.
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Figure 7. Samples of stretch fabric with attached E-yarns as prepared for tensile testing. From left:
(a) Straight E-yarn; (b) Curved E-yarn; (c) Two curved E-yarns with a connection covered by a
satin stitch.

Figure 8. Results from the first cycles of cyclic tensile testing of the E-yarns attached to stretch fabric:
(a) Notches near the top of the dotted curves show failure of straight E-yarns attached to stretch
fabric; (b) The dashed lines in this detail from (a) show how E-yarns attached to the samples in a
curved pattern remained intact. Notches in the solid lines show breakages in connections between
curved E-yarns.
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During performance, the E-yarns themselves remained intact, but many connections between
E-yarns broke, causing the loss of illumination from some lines of LEDs that was apparent during
the dance performance. We believed that these breakages happened when the unitard was pulled
on by the performer, as the unitard underwent the greatest level of stretching during this process.
The breakages occurred despite the assessment after tensile testing that connections between E-yarns
would remain intact until beyond the level of strain at which the fabric would be permanently damaged.
These breakages of connections also occurred despite the earlier work to reinforce the junctions between
E-yarns after breakages occurred during attachment of E-yarns to the unitard.

The connections between the E-yarns were uncovered to check where the breakages had occurred
and the weakest links were found to be the solder joints between wires. These areas were not completely
covered with resin. This discovery was further confirmed after inspecting the broken links using a
microscope (Keyence VHX-5000 Digital Microscope, Keyence (UK) Ltd., Milton Keynes, UK) as shown
in Figure 9a. To correct this, the connections were re-soldered and then covered with a higher-viscosity
resin (Dymax 9001-E-V3.7, Dymax Corporation, Torrington, CT, USA), ensuring that each solder joint
was completely covered with resin.

Small areas of fabric were possibly subjected to high levels of strain at points where the E-yarn
connections were embroidered into place. To prevent excess tension at the connecting points between
E-yarns, we determined that longer lengths of E-yarn should be used to form zig-zags between
connections. Extra lengths of black E-yarn were added in zig-zag patterns adjacent to connection
points, as shown in Figure 9b.

 

Figure 9. Breakage analysis of the E-yarns. (a) Connection between two copper wires magnified
100 times. The arrow indicates an area that is not covered by resin. (b) The arrow indicates a zig-zag
connection between black LED-yarn and red E-yarn. This was added to reduce further breakages.

3.2. Washability

This prototype costume was not designed to be washed, but E-yarns in general are designed to be
washable. Since creating the costume, initial wash tests have been completed. Five LED-yarns attached
to clothing were machine washed and tumble dried. The LED-yarns still functioned after 7–25 washes,
after which the test was stopped. Less aggressive methods of washing and drying, such as hand
washing and line drying, are expected to lead to even greater longevity of LED-yarns. Future costumes
containing E-yarns worn next to the skin can therefore be designed to be washable.

4. Discussion

This project demonstrated the flexibility of E-yarns, including the ability to attach E-yarns to
skin-tight clothing without impeding the movement of a dance performer. The main hurdle for the use
of numerous E-yarns on stretch fabric was found to be the creation of strong connections between the
E-yarns. The method of forming the connections was improved during the fabrication of the costume,
and afterward, but the process was time consuming. Each connection required soldering, application
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of resin, and couching in place while ensuring sufficient slack was left in the E-yarn on either side
of the connection point. This was still not always sufficient to ensure that the connections remained
unbroken during use. Ideally, the E-yarns themselves would be extendable, so that straight E-yarns
could be attached to stretch fabric, without the need to zig-zag the E-yarn across the fabric surface.
Further work is required to find a method of easily joining E-yarns easily to create robust junctions
between flexible E-yarns, which can be relied upon to remain intact during use. This development will
help ensure the feasibility and more widespread use of E-yarns.

LED Illumination

The illumination from the LEDs within the E-yarns was low, especially in contrast with the
other LED lighting systems used on the upper parts of the costume, causing difficulties for audience
members to see the LED-yarns that were key to the costume design. Ideally, the design would have
been revised before the final assembly of the costume with white or lighter colored LEDs and a lighter
or transparent textile on the outside of the E-yarns, resulting in more brightly-illuminated E-yarns.
The preparation of the costume for a specific competition within the project timeframe did not allow
for this modification. LEDs are best at visually demonstrating that E-yarns contain electronics, so a
design containing brighter LEDs could be useful in demonstrating the existence of E-yarns.

The potential for much greater use of E-yarns lies in the range of electronic dyes and circuitry
that can be incorporated within the E-yarns. LEDs provide a visible method of demonstrating this
capability, so LED-yarns are important for their ability to catch the eye, drawing viewers in for further
discussion about the technology.

5. Conclusions

The design of a carnival costume and its use in performance showed that electronic yarns
(E-yarns) could be attached to stretch fabric for use in dance without impeding the movements of
the dancer. This was the primary aim of our project. The LEDs within the LED-yarns functioned
on the costume, although some electrical connections broke, resulting in a lack of illumination from
some parts of the circuit. The low visibility of the red LEDs within the LED-yarns, plus the loss of
some connections between the E-yarns, meant that a secondary design aim of demonstrating the
existence of E-yarns to a wide audience was not completely fulfilled. Further work is required to
create robust connections between E-yarns to ensure that the stretching of underlying fabric does not
result in ruptured connections. Brighter LEDs within light-colored or clear LED-yarn would be more
appropriate for use in a costume where higher visibility of the LEDs is required.

The design, fabrication, and testing in performance of this costume illustrate the potential for
incorporating lighting into applications where flexibility is required, with the lighting as an integral
part of a textile that does not impede the movement of the wearer. E-yarns can be designed to include
many types of sensor, as well as LEDs, so the potential for integration of sensors into many types of
stretchable clothing is illustrated.
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Abstract: Embedding temperature sensors within textiles provides an easy method for measuring
skin temperature. Skin temperature measurements are an important parameter for a variety of health
monitoring applications, where changes in temperature can indicate changes in health. This work
uses a temperature sensing yarn, which was fully characterized in previous work, to create a series
of temperature sensing garments: armbands, a glove, and a sock. The purpose of this work was to
develop the design rules for creating temperature sensing garments and to understand the limitations
of these devices. Detailed design considerations for all three devices are provided. Experiments were
conducted to examine the effects of contact pressure on skin contact temperature measurements
using textile-based temperature sensors. The temperature sensing sock was used for a short user trial
where the foot skin temperature of five healthy volunteers was monitored under different conditions
to identify the limitations of recording textile-based foot skin temperature measurements. The fit
of the sock significantly affected the measurements. In some cases, wearing a shoe or walking also
heavily influenced the temperature measurements. These variations show that textile-based foot skin
temperature measurements may be problematic for applications where small temperature differences
need to be measured.

Keywords: wearable electronics; wearables; smart textiles; electronic textiles; E-textile; digital medicine;
temperature; thermistor; wound management; sensor network

1. Introduction

This work considers some of the practical aspects of on-body temperature measurements, with a
focus on the creation of innovative temperature sensing garments. The use of textile temperature
sensors allows for comfortable on-body temperature measurement, which is desirable for certain
telemedicine and health monitoring applications. This work also presents a preliminary trial
demonstrating a temperature sensing sock that was previously presented [1]. This trial creates new
knowledge regarding skin temperature measurement of the foot using a textile-based temperature
sensing garment.

Skin temperature is an important indicator of pathology and is one of the most commonly
measured vital statistics in both infants [2] and adults [3]. Continuous temperature monitoring of the
skin can provide clinicians with useful information when investigating a variety of conditions, such as
non-freezing cold injuries [4,5], the early detection of foot ulcers [6,7], or Raynaud’s disease [8].

Continuous remote temperature measurements can be provided through the use of wearable
temperature monitoring devices. However, many wearable temperature monitoring devices are not
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easily concealed [9–11]. Patients prefer wearables that seamlessly integrate into their day-to-day lives
while remaining hidden from view, as highlighted in recent studies [12].

Interest in electronic textiles has grown [13]. An electronic textile integrated with sensors is an
ideal solution to provide truly discrete sensing by adding comfort and normalcy to the wearable device.
A variety of temperature sensing textiles have been developed [14–17]; however, many are unable
to provide localized (point) temperature measurements. The variation in skin temperature between
certain points of skin is vital when monitoring conditions such as Raynaud’s disease [8] and the early
detection of foot ulcers [6,18,19].

Some textile solutions that allow for localized temperature measurements have been reported
in the literature [20], including temperature sensing yarns fabricated using Electronic Yarn (E-yarn)
technology [21,22].

This work focuses on using temperature sensing yarns, designed and characterized in earlier
work [1,23–25], to create a series of innovative textile sensing garments. A key component of this
work was to conceptualize and identify the feasibility of developing temperature sensing textiles
using temperature sensing yarns. In order to integrate these temperature sensing yarns into garments,
new knitting techniques had to be developed, creating important new knowledge. In addition to
providing further details on the production of the temperature sensing sock [1], this work introduces a
temperature sensing glove that could be used to create a temperature regulated glove for people with
Raynaud’s disease or those working in cold environments, and a temperature sensing armband for
fever detection. The prototypes provide a fully textile-based solution to provide remote and continuous
temperature measurements.

Full details are provided regarding the creation of the three prototype device types, including the
knitting details and information about the associated interface hardware. The use of temperature
sensing yarns for skin temperature measurements has been investigated. A temperature sensing yarn
is initially used to measure the temperature at different points on a hand to better understand the
nuances of recording skin contact temperature measurements with the yarns. A detailed experiment
is then conducted to identify the effects of contact pressure on the temperature sensing yarn and
how this affected the skin-based temperature measurements. The knowledge generated in this work
will be useful for other textile-based temperature sensors. A preliminary trial is presented using
the temperature sensing socks. This provided useful information about factors affecting this type of
textile-based temperature measurement of the foot.

2. Materials and Methods

2.1. Temperature Sensing Yarn Fabrication

Temperature sensing yarns were produced using a method similar to that described
previously [1,23–25]. To produce the yarns Murata 10 kΩ Negative Temperature Coefficient (NTC)
thermistors (NCP15XH103F03RC; Murata, Kyoto, Japan) were soldered onto fine copper wires.
The thermistor and interconnects were then encapsulated using an ultraviolet (UV) curable polymer
resin with high thermal conductivity (Dymax 9-20801, Dymax Corporation, Torrington, CT, USA) to
form a cylindrical micro-pod with a diameter of 0.87 mm and a length of 2.17 mm. The micro-pod was
then covered with packing fibers and a warp knitted tube to create the temperature sensing yarns.

Previous work showed that the accuracy of the temperature-sensing yarns was ±0.5 ◦C 63% of
the time, or ±1 ◦C 89% of the time [1]. This was regarded as acceptable since the accuracy of the
thermistor specified by the manufacturer for the inspected range (22.25–62.15 ◦C) was ±1.37 ◦C.

2.2. Prototype Temperature Sensing Armbands

Temperature sensing yarns were initially used to produce the armbands. The armband was
chosen due to its tubular structure. The human body consists of structures with approximately circular
cross-sections, hence it was important to identify if the temperature sensing yarn could be used to
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develop a tubular wearable device. Additionally, these armbands could be further developed into a
fever detection device.

Three prototype armbands were produced, and for each of the prototypes, four temperature
sensing yarns were used. The developmental process between each iteration of the armband is shown
for completeness and to highlight the practical considerations for creating a monitoring device of
this type. During development, the supporting hardware used to record measurements from the
yarns was changed for each armband. Additionally, the connection method between the temperature
sensing yarn and the hardware was altered in each iteration. For all prototypes, LabVIEW (National
Instruments, Austin, TX, USA) was used to present the data captured. Figure 1 shows annotated
photographs of each of the three armband prototypes.

 

Figure 1. Annotated photographs of the three prototype armbands where (a) first armband prototype,
(b) second armband prototype and (c) third armband prototype. The armbands were knitted with
tubes to incorporate the temperature sensing yarns.

All armbands were knitted using a computerised flat-bed knitting machine, Stoll CMS 822HP
E16 (Stoll, Reutlingen, Germany). A flat-bed knitting machine has precisely engineered needle beds
composed of flat hardened steel plates. In industrial flat-bed knitting machines, a minimum of two
such needle beds are arranged in an inverted V-form. In the needle beds, generally latch needles are
placed inside needle tricks (open rectangular grooves precisely cut to accommodate needles) on the
top surface of the needle bed. The above assembly guarantees the movement of needles individually
and axially during the knitting process. A system of linear cams moves the needles between two dead
centers in order to form stitches. The use of the needle-latch to open and close the needle hook area of
a latch needle simplifies the stitch formation process.

Modern computerised flat-bed knitting machines are equipped with an electromagnetic system
to facilitate the selection of individual needles during the knitting process. This combination of
needle tricks, latch needles, and independent needle selection enables the creation of complex
three-dimensional (3D) knitted structures on these machines. The use of two needle beds also provides
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the two needle systems with freedom of movement in two independent planes, thus forming the basis
for forming stiches in 3D space.

As such, this technology was used to produce samples with temperature sensing yarns using two
basic knitted structures integrated within the same knitted textile: the plain knitted structure and the
interlock knitted structure.

2.2.1. First Armband Prototype

The first prototype (Figure 1a) was knitted using a double covered yarn made of 44F13 dtex lycra
yarn that was covered with two yellow 78F46 dtex PA66, yarns (Wykes International Ltd., Leicester,
UK). The double covered yarn was used due to its elasticity, ensuring that the final armband provided a
snug fit. The base fabric was knitted in interlock and four 2 mm diameter tubes were knitted using the
plain knitted structure. Four temperature sensing yarns were manually inserted into the plain knitted
tube structures using a folded steel guide wire (diameter of 0.49 ± 0.01 mm). This yarn insertion
technique was used to insert the temperature sensing yarns into all the prototype garments described
in this paper. This manual technique was used due to the difficulty of manufacturing temperature
sensing yarns in bulk quantities. Dias et al. have now semi-automated the manufacturing process
for these E-yarns [26] so these yarns can be knitted using the Stoll flat-bed knitting machine. In the
fabric produced for the first armband, the knitted channels were spaced 10 mm apart to accommodate
temperature sensing yarns.

The temperature sensing yarns were connected to the interface hardware using a press-stud
connection (press-stud diameter 7.53 mm) as these have been used in several electronic textile
applications to form electrical connections [27,28] and create a strong mechanical and electrical
connection. The temperature sensing yarns were soldered onto the female part of the metal press-studs
as shown in Figure 1a. Thereafter, wires were soldered onto the male part of the press-stud, with the
wires leading into a potential divider circuit, which contained 10 kΩ resistors that acted as the second
resistors. The exact value of the second resistor was determined with a digital multimeter (Agilent
34410A, Agilent Technologies, Santa Clara, CA, USA) to a precision of 0.01%. The potential divider
circuit was then connected to a data acquisition unit (NI DAQ USB 6008). Data were collected and
interpreted using a bespoke LabVIEW script.

The main limitation when using this approach was the size of the NI DAQ USB 6008 unit
(84.98 × 64.01 × 23.19 mm), which caused connection failures at the press-studs due to its weight.
Another issue was caused by the large size of the press-studs, which prevented the temperature
sensing yarns from being positioned in close proximity to each other in a fabric.

2.2.2. Second Armband Prototype

For the second armband (Figure 1b), the temperature sensing yarns were positioned 60 mm apart.
For this prototype press-studs were not used. Instead, the temperature sensing yarns were soldered
directly onto 20-mm-long male flat header connectors with a pitch of 2 mm. The solder joints were
then encased within 2.4-mm-diameter heat shrinkable sleeves (Stock No. 397-4263, RS) to enhance
the mechanical strength of the connection. An Arduino Nano v3.0 (Arduino, Turin, Italy) was used as
the microcontroller instead of the NI DAQ USB 6008 unit due to its smaller size (43.18 × 18.54 mm).
The Arduino Nano was then wired into a computer via a mini-B USB cable. The LabVIEW program
was modified in order to read the data from the Arduino Nano.

2.2.3. Third Armband Prototype

The third armband (Figure 1c) was knitted using the technique described earlier; however,
this design included an integrated pocket. As shown in Figure 1c, the third armband was knitted using
two different types of yarns. The base fabric structure (shown by label 2 in Figure 1c) was knitted
using a non-elastic 2/32 tex orange Merino wool yarn (Yeoman Yarns, Leicester, UK). The structure
also contained four plain knitted tubes for the temperature sensing yarns. Two of the four plain knitted
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tubes were positioned 40 mm apart above the pocket and the remaining two were positioned 40 mm
apart below the pocket. Non-elastic yarn was used to identify if this yarn would influence the snug
fit of the armband and in turn, whether the fitting would affect the contact between the temperature
sensing yarns and the skin. The sides of the prototype armband and the integrated pocket (labelled
1 in Figure 1c) were knitted using an interlock structure and a double covered yarn made of 44F13 dtex
lycra yarn covered with two black 78F46 dtex PA66 yarns (Wykes International Ltd., Leicester, UK).
This ensured that the sides of the armband could stretch to fit the wearer’s arm.

This prototype armband could be connected to a PC wirelessly, with the interface hardware
included in the knitted pocket of the armband. An Arduino Pro Mini (Arduino, Turin, Italy) was
used as the microcontroller due to its small size (17 × 33 mm) and this was connected to a Bluetooth
module from Sparkfun Bluetooth Mate Silver (SparkFun Electronics, Boulder, CO, USA) to provide
wireless connectivity. This Bluetooth module was chosen due to its low power consumption; however,
this also limited its transmission range (the Sparkfun Bluetooth Mate Silver used a RN-42 class
2 Bluetooth module).

The main problem experienced when using the third prototype armband to obtain temperature
measurements was the random drop in the Bluetooth signal. It was also observed that the Merino
wool yarn failed to provide proper contact between the temperature sensing yarns and the skin;
the inadequate stretch properties of Merino wool meant that the armband fitted loosely on the arm.

The experience of creating the temperature sensing armbands and their performance informed
the design of two further prototypes: the temperature sensing glove and temperature sensing
sock. Therefore, details of the armbands are included in this work for completeness only.
Additional experimental work was not conducted using the armband designs presented here.

2.3. Prototype Temeprature Sensing Glove

The prototype temperature sensing glove was developed using the Stoll computerised flat-bed
knitting machine described earlier. The prototype was knitted as a seamless glove with integrated
tubes for inserting the temperature sensing yarns using double covered yarn composed of 44F13 dtex
lycra yarn covered with two black PA66, 78F46 dtex PA66 yarns.

The glove was created by forming successive courses (rows of loops) parallel to the main glove
axis along the line of the middle finger. The first row of stitches was formed along the line of the
smallest finger, with the process continuing to successively form the four fingers and the thumb
with the core section (body of the glove). Each finger was knitted from its distal to its proximal end,
with the proximal ends then linked to form a core section. The fingers were knitted using a “C-knitting”
process. The thumb was knitted with the core section merging with the proximal end of the thumb,
which was continued to complete the glove. By using the C-knitting process for the thumb in this
method, the overall shape of the glove could be adapted to the natural shape of the human hand.
The fingers were finished by binding the last rows of knitting on the two needle beds together in order
to create a seamless glove with a better fit.

Five tubular channels were integrated within the knitted glove structure to accommodate the
temperature sensing yarns and to ensure that they remained hidden. This guaranteed the aesthetics
of the glove were not affected by the temperature sensing yarns. After knitting, the five temperature
sensing yarns were incorporated into the tubular channels with the sensing elements (thermistors) of
the temperature sensing yarns positioned at the tips of the five fingers.

The interface hardware design used for Armband Prototype 3 (Figure 1c) was also used for the
glove. However, instead of the Sparkfun Bluetooth Mate Silver, a Sparkfun Bluetooth Mate gold
module was used, which increased the range of transmission at the cost of consuming more power.
The interface hardware was powered using two coin CR2025 3V Lithium Coin Cell (Maplin Electronics,
Rotherham, UK). The batteries, the Arduino Pro Mini, and Sparkfun Bluetooth Mate gold module
were stacked on top of each other and positioned at the back of the wrist.
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A bespoke LabVIEW script was used to provide the user interface. A picture of a hand was
included on the front panel of the program with colored boxes placed on each finger at the position
of the five thermistors in the glove. This allowed the user to set temperature limits so that once the
temperature went above the set limit, the box turned red, or when it went below, the box turned blue;
otherwise, the box remained green. The user interface for the glove and the prototype glove are shown
in Figure 2.

 

Figure 2. Prototype temperature sensing glove. (a) The LabVIEW software user interface for the glove.
(b) A photograph of the prototype glove.

2.4. Prototype Temeprature Sensing Sock

The experience gained by producing the temperature sensing armbands and temperature sensing
glove was used to improve the design of a temperature sensing sock. Five temperature sensing
yarns were used to produce a sock that could detect temperature at five different points on a foot.
The sock was previously and briefly described elsewhere in the literature [1]. The sock was produced
using a computerized flat-bed seamless knitting machine (Model SWG 091N3, E15, Shima Seiki,
Sakata Wakayama, Japan). The knitted structure had five tubular channels to incorporate the
temperature sensing yarns, similar to the technique described in the previous section. A 100% combed
black 3/42 tex cotton yarn (Yeoman yarns, Leicester, UK) was used to manufacture the sock. Cotton was
chosen as it is one of the most commonly used materials in the manufacture of socks and would
therefore add normalcy to the final prototype.

As with all knitted materials, the knitted structure relaxes and shrinks in size after manufacturing
and may stretch when worn. Therefore, to ensure that the sensing elements of the temperature sensing
yarn were positioned correctly when the sock was worn, a simulated foot was created using plaster
(Gypsum). The five positions chosen were the big toe, heel, and three points on the metatarsal head to
provide a good indication of the temperature across it. Metal studs were integrated onto the plaster
at the five chosen locations to help position the sensing elements of the temperature sensing yarns
at the desired locations on the foot. After knitting the sock, the sock was placed onto the simulated
foot and the sensing elements of the temperature sensing yarns were positioned to the precise location
indicated by the metal studs.

The temperature sensing yarns were connected to a potential divider circuit as discussed earlier.
The potential divider circuit was then connected to a USB 6008 DAQ unit that was interfaced to a
computer using a USB 2.0 cable (type A to B, National Instruments). The computer provided the power
required for the USB 6008 DAQ. The LabVIEW software developed for the glove was modified to be
used with the sock. On the front panel, instead of having an image of a hand, an image of a foot was
used as previously shown [1]. At the location of each of the sensors in the knitted sock, intensity graphs
were positioned as indicators on the foot image. Intensity graphs were used instead of color boxes as
this provided a gradual change in color with the change in temperature, providing more information
to the end user.
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2.5. Measuring Skin Temperature of the Hand Using a Temperature Sensing Yarn

It was important to understand the behavior of the temperature sensing yarn when taking
skin contact temperature measurements and to validate that the temperature sensing yarn still
operated correctly. Therefore, a preliminary experiment was performed using healthy volunteers
from the research team to observe the effects of using the temperature sensing yarn for temperature
measurements at different points on the hand.

The temperature sensing yarn was placed at different positions on the hand (side, palm, back) as
shown in Figure 3. Two 100 g weights were attached to the temperature sensing yarn to create uniform
tension. The resulting tension on the yarn (Thold) can be calculated using the Capstan equation [29]:

Tload = Tholdeμβ (1)

where Tload is the tension applied by the weights, μ is the coefficient of friction between the temperature
sensing yarn and the skin, and β is the total angle swept by all turns of the temperature sensing yarn.

 

Figure 3. Positioning the temperature sensing yarn: (a) side, (b) palm, and (c) back of the hand.

Three positions on the hand were investigated, with each of these positions providing different
contact surfaces for the temperature sensing yarn. In order to validate the measurements, two k-type
thermocouples (Pico Technology, St Neots, UK) were positioned on the skin at either side of the
temperature sensing yarn. Additionally, a Raytek Raynger MX Infrared Thermometer (Raytek® Fluke
Process Instruments, Santa Cruz, CA, USA) was also used to obtain non-contact temperature
measurements. This system had an accuracy of ±1 ◦C.

Experiments were conducted on three separate healthy volunteers from the research team.
For each volunteer, measurements were recorded using three different temperature sensing yarns,
with each yarn placed at the three positions on the hand, as shown in Figure 3. The temperature
sensing yarn was maintained in each position for two minutes (44 measurements were obtained
each minute) and the average temperature measurements during the last 30 s were used as the final
temperature. This was done to ensure that a steady state was reached before the measurements
were taken. Previous work has shown that a temperature sensing yarn has a step-response time of
0.17 ± 0.07 s while heating [1].
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To record the temperature measurements, the temperature sensing yarns were connected to
a potential divider circuit as described earlier, which was then connected to a data acquisition
system (NI DAQ USB 6008, National Instruments). The resistance values recorded using the DAQ
were converted to temperature values using the conversion equation provided by the thermistor
manufacturer. The thermocouples were connected to a thermocouple data logger (PICO-TC08,
Pico Technology, St Neots, UK). LabVIEW was used to capture the temperature from the temperature
sensing yarns and the thermocouples.

2.5.1. Effects of Increasing Contact Pressure on Measurements Recorded Using the Temperature
Sensing Yarns

The temperature sensing yarn and the hand are both 3D structures that deform under pressure.
Therefore, identifying the effects of contact pressure on measurements recorded using the temperature
sensing yarns was important. In order to achieve this, the same experimental procedure mentioned
above was used. However, the temperature sensing yarn was only positioned at the side of the
hand (as shown in Figure 3a) and the two weights attached to the temperature sensing yarn were
varied (10, 20, 40, 100, 200, and 400 g), changing the contact pressure between the yarn and the hand.
Readings from the temperature sensing yarns, the thermocouples measuring skin temperature, and a
thermocouple measuring room temperature were recorded, as previously discussed.

The data are presented as a measurement error. The measurement error is the difference between
the surface temperature and the temperature indicated by the sensor. For these experiments, the true
surface temperature was assumed to be the temperature captured by the thermocouples positioned
on either side of the hand. The relationship between the true surface temperature and the indicated
temperature can be defined using Equation (2) [30]:

Z =
(Ts − Ti)

(Ts − Ta)
(2)

where Z is the measurement error, Ts is the true surface temperature, Ti is the indicated temperature,
and Ta is the room temperature.

2.5.2. Measuring the Temperature of a Rigid Surface Using the Temperature Sensing Yarn

It was crucial to identify the effects of contact pressure on the temperature sensing yarn
measurements when it was used to measure a rigid surface as, unlike the hand, the rigid surface does
not deform with increasing contact pressure. The following experiments were conducted using the
temperature sensing yarns and a Weller WS 81 (Mfr. Part No. T0053250699N, Weller®, Besigheim,
Germany) soldering station. The temperature sensing yarn was placed over the shaft containing
the solder tip (henceforth referred to as the shaft; diameter 6.77 mm) of the soldering iron with the
soldering tip removed. Two weights were hung from either end of the temperature sensing yarn.
The soldering iron was set to 150 ◦C with the shaft temperature at the point of measurement being
recorded at 65.32 ± 3.80 ◦C using a k-type thermocouple (Pico Technology). Six weights (10, 20, 40,
100, 200, and 400 g) were used for these experiments. A k-type thermocouple (Pico Technology) was
held onto the shaft using 3M™ Temflex™ 1300 vinyl electrical tape (3M, Maplewood, MN, USA),
which was positioned about 1 mm away from the temperature sensing yarn. The room temperature
was obtained using another k-type thermocouple (Pico Technology). Temperatures were captured and
recorded using the method discussed in Section 2.5.

2.6. Preliminary User Trials Conducted on the Prototype Temperature Sensing Sock

In order to test the prototype temperature sensing sock, it was decided to evaluate how the
temperature measurement from the sock varied under different operational conditions. When the
sock was not worn, the sock was worn, when a shoe is put on, and when stepping while wearing a
shoe were all investigated. These tests were conducted using five healthy volunteers from within the
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research team. Initially the socks were put on to the simulated foot for five minutes. This ensured that
all five temperature sensing yarns were placed in the same environmental conditions and enabled a
baseline reading to be recorded. Thereafter, the socks were worn by the volunteers and the temperature
measurements were obtained over a period of five minutes. Next, a shoe was worn by the user and the
temperature was obtained for another five minutes. Finally, the two feet were moved up and down on
a step to simulate the effects of walking, during which time temperature measurements were recorded.
Images of the shoes worn by the volunteers are shown in Figure 4.

 

Figure 4. The shoes worn by the five volunteers for the trial. Different types of common footwear
were used. The shoes worn by (a) Volunteer 1, (b) Volunteer 2, (c) Volunteer 3, (d) Volunteer 4 and
(e) Volunteer 5.

An additional experiment was conducted on Volunteer 5, where a second cotton sock that was
made using the same material as the first sock was worn on top of the sock containing temperature
sensing yarns. This was done to better understand if an additional sock would enhance the contact
between the temperature sensing sock and the skin, or if the additional layer of insulation would
dramatically affect the results. Initially, measurements for when the temperature sensing sock was
worn were captured. Then temperature measurements after the additional sock was worn on top of it
were recorded.

3. Results and Discussion

3.1. Hand Temperature Sensing Yarn Measurements

Experiments were initially performed to validate the use of the temperature sensing yarns
for skin contact measurements. Measurements were recorded with three volunteers using three
different temperature sensing yarns at three different positions on the hand: side, palm, and back.
The measurements from the three temperature sensing yarns were averaged and the standard deviation
was calculated at each position for each of the volunteers. The average temperature measurements
captured by the thermocouples and the infrared thermometer were also recorded. The difference
between the thermocouple temperature measurements and that of the temperature sensing yarns were
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calculated and are shown in Figure 5. The recorded room temperatures (the room temperature was
recorded using another k-type thermocouple) are also presented.

Figure 5. The measurements from the temperature sensing yarn, thermocouple, and infrared
thermometer at different positions on the hand for the three different volunteers. The room temperature
and difference between the thermocouple and yarn measurements are also presented. (Top) On the
palm. (Middle) On the back of the hand. (Bottom) On the side of the hand.

67



Fibers 2018, 6, 46

From the results shown in Figure 5, the average temperature difference between the temperature
sensing yarn measurements and the thermocouple measurements for each position from all of the three
volunteers were observed to be 2.1, 1.6, and 1.0 ◦C for the palm, back, and side of the hand, respectively.
These results illustrated that the difference between the temperature sensing yarn measurements and
the thermocouple measurements were the largest when the temperature sensing yarns were positioned
on the palm of the hand. This difference was minimized when the temperature sensing yarns were
positioned on the side of the hand. This was potentially due to the lower radius of curvature at the
side of the hand when compared with the other positions, which provided a higher surface contact
pressure between the temperature sensing yarn and skin. According to the Laplace pressure equation
in Equation (3) [31], when taking temperature measurements:

p = 2σ/r (3)

where p is the pressure, σ is the surface tension, and r is the radius of curvature.
The temperature sensing yarn had a minimal contact pressure with the skin when it was placed

on the palm of the hand, since the palm had the largest radius of curvature, which produced the largest
difference in temperature readings as expected.

3.1.1. Effects on Measurements by the Temperature Sensing Yarn with Changing Contact Pressure

Temperature measurements of the hand were recorded for different contact pressure between the
yarn and the hand. This was achieved by changing the weights attached to the yarn. The yarn was
positioned on the side of the hand (as shown in Figure 3a) for all experiments. The measurement error
was calculated between the surface contact temperature measurement using thermocouples and the
temperature sensing yarn, as shown in Figure 6.

Figure 6. The change in the measurement error between the surface skin temperature and temperature
sensing yarn when different weights were attached to the temperature sensing yarn, varying the contact
pressure between the yarn and the hand.

As illustrated in Figure 6, the measurement error decreased with increasing weight and therefore
the contact pressure. Relatively high experimental errors were observed mainly due to the difficulty of
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repositioning the yarns on the hand between experiments. The decrease in measurement error with an
increase in contact pressure was due to the contact pressure deforming the 3D shape of the hand as
well as the temperature sensing yarn. We also observed in the experiment where the 200 g and 400 g
weights were used that the measurement error became negative (−0.047 and −0.090, respectively).
Notably, the true surface temperature was obtained using the thermocouples that were just positioned
on the surface of the skin. When the weight on the temperature sensing yarn was increased, the yarn
began to sink into the skin. This increased the contact surface area between the skin and the yarn,
which would increase heat transfer from the hand and restrict heat flow out of the yarn.

As the effect of contact pressure instigated the deformation of both the yarn and the hand,
additional experiments were conducted using a rigid surface to better understand the effects of contact
pressure on only the yarn.

3.1.2. Effects of Contact Pressure on the Measurements when Measuring a Rigid Surface

A measurement error was calculated between the surface contact temperature measurement of a
rigid object (soldering iron shaft) and the temperature sensing yarn. Measurements were recorded for
different weights attached to the temperature sensing yarn, varying the contact pressure between the
yarn and the shaft, as shown in Figure 7.

Figure 7. The change in the measurement error between the rigid surface (soldering iron shaft)
temperature and the temperature sensing yarn when different weights were attached to the temperature
sensing yarn, varying the contact pressure between the yarn and the shaft.

From Figure 7, increasing the weight (and therefore contact pressure) decreased the measurement
error between the soldering iron shaft’s surface temperature measured using a thermocouple and the
temperature sensing yarn reading. However, unlike the previous experiment (Figure 6), the values
did not become negative. This was a result of the hard metal surface of the shaft not deforming as a
consequence of the increasing contact pressure. The decrease in the measurement error with increasing
weights was likely due to the compression of the packing fibers and the fibers of the warp knitted
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tube with the increase in contact pressure. This would expel the air in the gaps between the knitted
loops and increase the heat transfer from the soldering iron shaft and the temperature sensing yarn.
The sensing element in the temperature sensing yarn would also be positioned closer to the shaft
surface, further increasing heat transfer.

3.1.3. Discussion

Investigating temperature measurements using a temperature sensing yarn on the hand showed
that the contact pressure had an effect on the measurements. When the temperature sensing yarn
was used to capture temperature, contact pressure and the radius of curvature would be important
factors in some cases. It is highly unlikely that these temperature sensing yarns would be used on their
own to measure temperature; they would be inserted into a textile garment and then used as a tool
to measure temperature. In certain situations, the effects of contact pressure would be less relevant.
If the temperature sensing yarns were used as a tool to compare the skin temperature at discrete points
on two different feet, for example, the radius of curvature would most likely remain similar. Hence,
this effect could be ignored. In other cases, the garment and the fabric could be engineered to control
the radius of curvature or to generate a known pressure, further minimizing this effect. Once these
fabrics are engineered, a larger user trial should be conducted on these fabrics to understand the effects
of contact pressure.

3.2. Measurements with the Prototype Temperature Sensing Sock

Experiments were conducted with the temperature sensing sock on five volunteers in three
different scenarios: worn, worn under a shoe, and worn under a shoe while walking. The sock was also
tested on a simulated foot before the experiments. An additional condition was also evaluated
on Volunteer 5, where a second cotton sock was worn on top of the temperature sensing sock.
These experiments were completed to understand the limitations of obtaining foot skin temperature
measurements with a textile-based temperature sensors. Results from each of the test conditions are
detailed below.

3.2.1. Sock Worn on the Simulated Foot

The results for when the sock was not worn by the volunteers but instead worn on a simulated
foot are presented in Figure 8. Capturing and presenting the ambient temperature was essential,
since ambient temperature has an impact on skin contact temperature measurements as shown in the
literature [32]. These experiments were not conducted in a climate controlled room and therefore daily
variations had to be understood when comparing volunteer data.

Figure 8. Temperature measurements from the temperature sensing sock when the sock was not worn
by a volunteer. Temperatures were recorded prior to testing on all the volunteers.
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Figure 8 shows the minor variations of >1 ◦C between the temperature measurements of the
five temperature sensing yarns. This variation falls within the ±1.37 ◦C accuracy of the thermistor,
which has been specified by the thermistor manufacturer. Notably, the user trials were not performed
on the same day; therefore, as seen in Figure 8, the ambient temperatures recorded prior to testing
on each volunteer were different. Regardless, in the cases of the second, third, and fourth volunteers,
the ambient temperatures captured were within a ±1 ◦C and this provided similar test conditions for
these three volunteers.

3.2.2. Sock When Worn by Volunteers

Trials were subsequently performed with the temperature sensing sock worn by volunteers.
The temperatures captured by the temperature sensing yarns in the sock when the sock was worn by
each of the volunteers are presented in Figure 9.

Figure 9. Temperature measurements from the temperature sensing sock when the sock was worn by
each of the volunteers.

From Figure 9, when the sock was worn, the temperature increased for all the volunteers. For all
volunteers except for Volunteer 1, the foot temperature measurements gradually decreased with time,
which may have been caused due to cooling bought about by the room temperature.

For the first two volunteers, the temperature measurements were below 28 ◦C, which was
outside of the standard deviation of the mean measured foot temperatures presented in the literature
(30.6 ± 2.6 ◦C) [33]. This may have been due to poor contact between the sock and the foot. The socks
were made for a UK size 9 foot but the feet size of the first two volunteers were size 7 and 5,
respectively. The temperature recorded from the next two volunteers were within the mean measured
foot temperatures presented in the literature. This was most likely due to the sock fitting well on the
wearer’s feet. The foot size of the third and fourth volunteers were 8.5 and 9, respectively. For the
fourth volunteer, the heel temperature (T3) was notably lower during the first three minutes compared
with the other temperature sensing yarns. This may have been caused by improper contact between the
temperature sensing yarn and the heel. We also observed a significant fall in the temperature readings
after the first three minutes for the fourth volunteer. This might have been due to the volunteer
changing the position of their foot during the experiment.

The fifth volunteer had size 11 feet, implying that the temperature sensing sock would have
had a close fit. The temperatures obtained from the fifth volunteer were not within the expected
range (30.6 ± 2.6 ◦C). The fit of the sock might have affected the positioning of the thermistors in the
temperature sensing yarns (especially in the cases of T1 and T2) and this could have led to improper
contact between the foot and the temperature sensing yarns. The lower ambient temperature observed
in the case of the fifth volunteer (Figure 8) would have also lowered the temperatures captured by the
temperature sensing yarns in the sock.
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Therefore, in order to obtain highly accurate or relative measurements, the socks have to be well
fitted to the wearer’s feet.

3.2.3. Sock Worn with a Shoe

Temperature measurements recorded by the temperature sensing yarns from all the volunteers
when a shoe was worn on top of the sock are provided in Figure 10.

Figure 10. Temperature measurement from the temperature sensing sock when the sock was worn
under a shoe for all of the volunteers.

The temperatures recorded increased for all the volunteers when a shoe was worn with the sock.
The shoes provided insulation against the lower ambient temperature and reduced the heat flow from
the foot to the atmosphere. The most significant rise in the temperature measurements was observed in
the fourth volunteer who wore a boot, where the temperature rose by 1.5 ◦C in four of the five sensors
(T1, T2, T4, and T5). This may have been caused by the extra insulation provided by the boot.

The data clearly showed that the shoe anatomy also impacted the temperatures captured by the
temperature sensing yarns in the sock. Therefore, it can be concluded that wearing a shoe over the
sock alters the temperature measurements captured by the sock and that the anatomy of the shoe may
also have an impact on the measurements.

3.2.4. Shoe and Sock Worn While Walking

The results from walking while wearing the temperature sensing sock and a shoe for all the
volunteers is presented in Figure 11.

Figure 11. Temperature measurement from the temperature sensing sock when the sock worn under a
shoe while walking for all the volunteers.
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As illustrated in Figure 11, walking caused dissimilar changes in the temperatures recorded for
each of the volunteers. For Volunteer 1, the temperature measurements were the same when the feet
were moving compared to when they were stationary. For Volunteer 2, a minimal increase occurred
in the temperature recorded by four temperature sensing yarns (T1, T2, T4, and T5) when the user
started walking. The temperature of the foot rose the most for Volunteer 3. This may have been due
to the fact that the volunteer moved their feet faster than the rest of the volunteers. This resulted in
a difference up to 3 ◦C compared to when only the sock was worn (i.e., no movement and no shoe
worn). In the case of Volunteer 4, motion resulted in a small increase in temperature. For Volunteer 5,
the temperature recorded by four of the temperature sensing yarns (except for the sensor on the big toe,
T5) increased slightly. Therefore it was concluded that walking with these temperature sensing socks
caused changes in the temperatures recorded. The changes in temperature depend on the individual
wearing the sock as well as the walking speed; however, further experiments are needed to fully
quantify this effect.

3.2.5. Wearing an Additional Sock over the Temperature Sensing Sock

The results for when Volunteer 5 wore the temperature sensing sock and when an additional sock
was worn on top of the temperature sensing sock were recorded and are shown in Figure 12.

Figure 12. Temperature captured when the temperature sensing sock was worn (presented in the 1st
minute) and when an additional sock was worn on top of it (presented in the 2nd minute).

Figure 12 shows that wearing another sock on top of the temperature sensing sock reduced the
difference between the temperature captured by the five temperature sensing yarns significantly.
Wearing an additional sock provided insulation to external environmental conditions and also
enhanced the contact between the skin and the temperature sensing sock.

3.2.6. Discussion

Foot temperature measurements were successfully captured for all the volunteers at five points
on the feet. It was observed that the temperatures captured from the first two volunteers were
significantly lower than for the last three volunteers. This could be a result of the socks being too
large for the feet of the first two volunteers, leading to poor contact between the sock and the skin.
The temperature readings from Volunteers 1 and 2 were outside the expected range for foot skin
temperature, whereas the temperature readings from the last three volunteers were closer to this value.
This proved that the fit of the sock is critical to obtaining meaningful and realistic absolute temperature
measurements. This supports the earlier experiments in this paper showing the importance of contact
pressure between the temperature sensing yarn and the skin. Therefore, to ensure that the temperature
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sensing yarn provides precise temperature measurements, the socks should be made to fit the users’
feet, guaranteeing good contact between the sock and the skin surface.

It was also observed that critical factors external to the sock, such as the type of footwear worn or
movement of the feet, had an effect on the absolute temperature readings. Work by Reddy et al. showed
that walking increases the foot temperature and highlighted the importance of creating evidence-based
healthcare guidelines for managing diabetic foot ulcerations [34].

The temperature changes recorded in this paper were not necessarily relative. For example, in the
case of Volunteer 3, walking induce a –1 ◦C between points T3 and T4, when they had been in agreement
when the foot was static. This would have also had an effect on relative temperature measurements.

For the last three volunteers (Volunteers 3, 4, and 5), the measurements demonstrated that the
temperatures recorded for the five temperature sensing yarns varied compared with each other by
about ± 2 ◦C when the socks were worn.

Wearing another sock on top of the temperature sensing sock enhanced the contact between
the temperature sensing sock and the skin, acting as an insulating layer between the sock and the
external environment. The results showed that the additional sock reduced the recorded temperature
differences between points on the foot. The differences between the points were still present when a
shoe was worn, which would have provided some degree of thermal insulation. Therefore, the change
was likely due to better contact between the foot and the thermistors in the sock. This again highlighted
the importance of the fit of the sock on the viability of obtaining foot skin temperature measurements.

Ultimately, highly accurate temperature measurements were only achieved when the sock had a
very close fit to the foot. Wearing a shoe and walking also caused dissimilar changes in the temperature
measurements from the volunteers (this resulted in an average change of 1.23 ◦C in the five temperature
sensing yarns in Volunteer 3). To obtain highly accurate and statistically relevant measurements,
the socks have to be well fitted and calibrated depending on the individual and anatomy of the
wearer’s shoe. The fit of the sock could be improved by custom knitting socks using scan-to-knit
technology [35].

For applications such as non-freezing cold injury detection, where large temperature changes may
be observed, and the exposure time to the lower temperatures is regarded important [4], these socks
may provide an ideal solution. Currently, no tools are available that are capable of remotely monitoring
foot temperature over a prolonged period of time in operational conditions. These socks would provide
a powerful tool for the UK military to monitor, record, and analyze the development of non-freezing
cold injury in soldiers.

4. Conclusions

Temperature sensing yarns have been successfully used to create a number of temperature
sensing garments. The temperature sensing yarns did not impact the textile characteristics of the
garments to bend, sheer, and drape. The packing fibers and the warp knitted tube that covered the
micro-pod in the temperature sensing yarn ensured that the electronics remained invisible to the
wearer and did not affect the feel of the textile garment. Details for producing these garments have
been provided along with thorough design considerations. The experiments conducted on hands
and a rigid surface showed that contact pressure affects the measurements taken by the temperature
sensing yarn due to the deformation of the yarn structure. In terms of the temperature sensing yarn,
this is an important result since other temperature sensors that are not textile-based do not deform
in this fashion. The experiments highlighted an important limitation in temperature sensing yarn
technology; therefore, any fabric made using these yarns would have to be engineered with regard to
the contact pressure at the point of the temperature measurement. Once these fabrics are engineered,
user trials need to be conducted on a larger scale and this will be completed in the future. This will
also be an important design consideration that would have to be taken into account when developing
other textile-based temperature sensors.
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A trial was conducted with the temperature sensing sock. It was observed that the accuracy of
the temperature measurements were heavily dependent on the fit of the sock. Although this might be
acceptable for some applications (e.g., non-freezing cold injury), for applications where highly accurate
measurements are required, a close fitting of the sock is necessary. This would ensure proper contact
between the temperature sensing yarns and the feet of the user. It was also demonstrated that wearing
a shoe and an additional sock created a microclimate, which changed the recorded temperature
measurements. To better classify the operational limitations of obtaining foot skin temperature
measurements with a textile sensor, larger user trials would have to be completed. Identifying the best
textile structure to ensure contact between the temperature sensing yarns and the skin is also required.
Compression socks, which have already been used for other medical conditions [36], may prove to be
an appropriate solution and this will be explored in future work.
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