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Abstract: Electronic Textiles (e-textiles) are fabrics thafeature electronics and
interconnections woven into therpresentingphysical flexibility andtypical size that
cannot be achieved witbther existing electronic manufacturing techniques. Components
and interconnections are intrinsic to the fabric and thus are less visible and not susceptible
of becoming tangled or snagged by surrounddbgects E-textiles can also more easily
adapt tofast changes in the computational and sensing requirements yoks@etific
application,this one representing useful feature for power management and context
awareness. The vision behind wearable compudtrgseeduture electronic systems to be
an integral part of our everyday ouwfitSuch electronic devices have to meet special
requirements concerning weaility. Wearable systemsvill be characterized by their
ability to automatically recognize the activity and theahadral status ofheir ownuser as
well as of the situation arourtterhim, and to use this information to adjust the systems
configuration and functionalityThis review focuse®n recent advances in the field of
Smart Textilesand pays particular attentionto the materials andheir manufacturing
processEach technique slws advantages and disadvantageslour aim is tohighlight a
possibletradeoff betweenflexibility, ergonomics, low power consumption, integoat
and eventualhaubnomy
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1. Introduction

The ter mlexfi€sbmar ¢ f er s t o studes and pmbducts itratl extena the
functionality and usefulness obmmonfabrics.Smart Textilesare defined as textile products such as
fibersand filaments, yarns together with woven, knitted or-wowen structures, which can interact
with the environmeritiser The convergence of textiles and electrorfestextiles)can be relevarfor
the develpment ofsmartmateriaé that are capable of accomplishing a wide spectrum of functions,
found in rigid andhonflexible electronic productesowadaysSmart Textileswill serve as a mearof
increagng social welfareand they might lead to important savsngnwelfarebudget.Theyintegratea
high level of intelligence and can be divided into three subgroups:

1 Passivesmart textilesonly able tosense the environmeuaser based orsensors

1 Active smart textilesreactivesengng to stimuli from theenvironmentjntegratingan actuator
functionand a sensing device

1 Very smartextiles:able tosensereactand adapt theibehaviorto the given circumstances

Sensors provide @enoussystem to detect signals, thus in a passive smart material, the existence of
sensors is essential. The actuators act upon the detected signahitimemousliyor from a central
control unit[1]; together with the sensors, they are the essential eldoreattive smart materials.
Fabricbased sensing has been a large field of research in the biomedical and safety con@junities
The fabric sensors can be used for electrocardiogram (E&G3lectromyographyEMG) [4], and
electroencephalograph¥eEG) [5,6] sensing;fabrics incorporating thermocouples can be used for
sensing temperatury]; luminescent elements integrated in fabrics could be used for biophotonic
sensing[8]; shapesensitive fabrics can sense movement, and can be combined with EMG sensing to
derive muscle fitnesqd9]. Carbon electrodes integrated into fabrics can be used to detect specific
environmental or biomedical features such as oxygen, salinity, mgistucontaminantsl0,11].

Active functionality could include power generation or storddg® human interface elements3],
radio frequency (RF) functionality, or assistive technolpl§f. All electronic devices require power,
and this is a significardesign challenge for Smart Fabrics. Power generation can be achieved through
piezoelectric[15] elements that harvest energy from motion or photovoltaic elemg&gitsHuman
interfaces to active systems can be roughly grouped into two categories: mndaesdand
annunciation or display devices. Input devices can include capacitive patches that function as
pushbuttong17], or shapesensitive fabricd18] that can record motion or flexing, pressure, and
stretching or compression. Annunciation and displiyices may include fabric speakdis/],
electroluminescent yarrfd9], or yarns that are processed to contain arrays of organic light emitting
diodes (OLEDSs)[20]. Fabrics can also include elements that provigefeedback[21] or simply
vibrate. Fabribased antennas are a relatively simple application of Smart Fabrics. Simple fabric
antennas are merely conductive yarns of specific lengths that can be stitchedreor wim
nortconducting fabric$22].

A study about intelliget textiles isat hisfirst stage reduced to a study smart materials. In a
second phase, it is to be considered in which way these smart materials can be processed into a texti
material. These smart materials are incorporated into the textile sérumtudifferent technologies
(Figure 3. Among thosewe may listembroidering[23], sewing nonwoven textile, knitting [24],
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weaving [25], making aspinning [26], braiding [27], coatinglaminating [28], printing [29] and
chemicaltreatment$30] that providespecificfeaturessuch as controlled hydrophobic behavior

Figure 1. Different kinds of textile/fabric manufacturing and treatméa}. Embroidery
(b) sewing (c) weaving (d) nonwoven (e) knitting; (f) spinning (g) breading
(h) coating/laminating(i) printing and ) chemical treatment.

Innumerable combinations of these source materials result into a whole range of textiles but
sometimes thecommercial output is represented byarments that contain conventional cables,
miniaturized electronic components and special connectors. As humans prefer to wear comfortable
textiles rather than hard, rigid boxes, first efforts have been made to use the textieshtbs for
electronic function$31].

Smart Textilespresent a challenge in several fields suchthes medical, sport,and artistic
communitiesthemi | i t ary and aerospace. Tth and & dramework Eu r o
programsprovided significant research and development funding for personal health monitoring
through smart wearable systems and for projects targeting the integration of sensors, energy source:
processing, and communicatiarside theclothing. The list below showshe projects funded by the
EuropeanCommissio® $th and 7th Fameworkprogramsthat have focused on smart fabrics and
interactive textilegTable 1)[32,33)].

Particular attention in this review evotedto describingthe materials and methodologies to
develgp smart textiles. Each scientific approach will be followedabyeview of therelated work
carried out by companies, universitiegesearchnstitutes.
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Table 1. Smart Textiles mpjecd EU FP6 and FP7

Project Title Description
WEALTHY Sept 2002Feb2005 Pioneering research to develop and test comfortable srbadsa
http://www.wealthyist.com/ for biological monitorinfECG and respiration.

MyHeartJan 20040ct 2007
http://www.hitech
projects.com/euprojects/myheart/

Development of Intelligent Biomedical Garments for monitorin
diagnosing and treatment of medical conditions

Sought to develop biochemies¢nsing techniques that could
integrate into textiles. Projeaimed to develop textile sensing
patches to target bodily fluid sensing.

Developed smart wearable garments for emergency disaster
intervention personnel to improve safety, coordination, and

BIOTEX Oct 2005 Feb 2008
http://www.biotexeu.com/

PROETEXFeb 2008Jan 2010
http://www.proetex.org/

efficiency.
STELLA Feb 2006Jan 2010 Sought to develop flexible and stretchable textile substrates w
http://www.stellaproject.de/ electrical interconnects.

Focused on how silica and polymer optical fibexs be used for
sensing vital parameters while being compatible with a textile
manufacturing process.

CONTEXT Jan 20086Jun 2008 Focused on development of contactless sensors in textiles for
http://www.contexiproject.org/ monitoring ECG and EMG.

Aimed to prove the applicability of computer systems integrate
to clothes, creating wearable interfaces for various industrial
environments.

Development of flexible materials in the form of high added ve
smart fabrics/textiles which are able to sense stimuli and reac
adapt to them in a predetermined way.

DEPHOTEXNov 2008 Oct 2011 Research and gelopment offlexible photovoltaic textiles based

OFSETHMar 2003 Jun 2009
http://www.ofseth.org/

WearlT@WorkJun 2004Nov 2008
http://www.wearitatwork.com/

MICROFLEX May 2008 May 2012
http://microflex.ecsa@ton.ac.uk/

http://www.dephotex.com/ on novel fibers
PLACE-it Feb 2010Jun 2013 Development of a technology platform for lightweight, thin anc
http://www.placeit-project.eu/ conformable opteelectronic systems interconnect technology

2. Fabrication Techniques

Over the pastlecade many techniques and materials have been used in ordenlipe smart
textiles In the following section, together with metodologies, the relative progeetalso presented

2.1.Conductive Fibers

Initially, conductivethreadswere mainly used in technical areatean room garments, military
apparel, medical application and electronics manufacturB#j. [Textile structures that exhibit
conductivity or serve an electronic or computational function are caléetrotextiles[35]. They can
have a variety of functions, like antistatic applicati¢B6], electromagnetiénterferenceshielding
(EMI) [37], electronic applications, infrared absorption or protective clothing in explosive[88pas

The conventionlgporocess to produce mefabersis wire drawing, a mechanical production process.
This process igharacterizedy its various drawing steps, called coarse, medium, fine and carding
train (Figure2).
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Figure 2. (a) Metal coated wire combined in iron tyl{e) Several diameter reductions of
tube (c) Bundling of tubes(d) Leaching, realizing fibers.

e )

(b) (©)

Li

(d)

The drawing die, used to draw tfieer, consists of a steel mount with a core out of ceramics,
carbide or diamond. The initial diameter of the metal wirdegadepending on the material. For
copper, for instance, it is usually is8m, while for iron it is 5mm. After drawing, the wire is
annealed at temperatures ranging between 600 an@.980bsequently, they are quenched. The fine
metal wire is themvrapped onto a revolving wire drawing cylinda#).

RelatedWorks

The Swiss company Elektrisola Feindraht A@&scholzmatt Switzerland produces metal
monofilaments that can be blended with all sorts of fibers or that can be directly used in weaving and
knitting. Importantly, according to the material used, there are different electrical properties (see
Table 3. The products range fronopper (Cu) and silveplated copper (Cu/Ag) filaments, brass (Ms)
and silverplated brass (Ms/Ag) filamentaJuminum(Al) filaments tocopperclad aluminum (CCA)
filaments §Q].

Table 2. Electrical properties of metal monofilaments fibers

Electrical Properties
Thermal Coefficient of Resistance

Metal Conductivity  Resistivity

——— A, [10°°K'"]
[SA/mm?) [ mm] Min Typ Max
Cu 585 0.0171 3900 3930 4000
Cu/Ag 585 0.0171 3900 4100 4300
Ag 99% 625 0.0160 3800 3950 4100
Ms* 70 160 0.0625 1400 1500 1600
Ms/Ag 160 0.0625 1400 1500 1600
AgCu 575 0.0174 3800 3950 4100
Bronze 75 0.1333 600 650 700
Steel 304 14 0.7300 1020
Steel 316L 13 0.7500 1020
*German Milbed enomi nati on, where fAMs0O is accompanied by a

respect to a Zn complement to 100%.
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The company SwisShield® (Flums Switzerland specialize in producing metal monofilaments
which are incorporated into base yatik® cotton, polyester, polyamides and aramides. The metal
monofilaments are made out of copper, brass, bronze, silver, gold, almmiou instance. The
following Figure 3shows a typical conductive yarn with base ffidoand a metal monofilament twisted
around theni41].

Figure 3. Scheméc of conductive fiber twisted with the normal fibers.

————~ i

2

[ 1 Spun-in metallic filament |

2 Basc matcrial — ¢ g cotton, polyester cte

2.2 TreatedConductive Fibes

Instead of attaching electronics to textile substrates, the yarns of the textile can be functionalized
with electronicsElectrically conductivdiberscan also be produced by coating fiberswith metals,
galvanic substances or metallic salts. Coatings can be applied to the suffibeesoyarns, or even
fabrics to create electrically conductive textiles. Common &exgtlating processes include electroless
plating, evaportive deposition, sputteringpating the textile with a conductive polynjég].

In [43] a method to fabricate fibers with different material layers araderial structuringis
presentedThe fabricabn process is based on the conventional prefoased fibeprocessingeasily
yielding kilometers of functional fibeduringthe process

Another relevant work is to use the crossing yarns in a textile to fabricate a trajsigté). A
schematic of a yarbased transistor is shown kgure 4. The resulting transistor shows an -aff
current ratio of more than 1000, operated with a gate voltage of 1.5 V.

Figure 4. Yarn-based transistor

Drain

.
PEDOT:PSS

A
Electrolyte —

Figure 3representswo yarnscoated withPEDOTPSS, one serving as the gate contact for the
transistor while the second serves as drain and source contact. At the crossing of the two yarns, al
electrolyte is placed. A redox process at the interface between electrolyte and PEDOT:PSS turns the
trarsistor on and off44].
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RelatedWorks

The Textile Research Institute of Thuringfagtland (TITV, Greiz, Germany hassucceeded in
producing conductive threads by coating a conventional yarn with metal layers, called ELMHeY
used ShieldeXylon 66 threads that are coated with a thin silver layer as base material. \Métifac s
conductivity of about 2 x 10° S&m' %, the threads have a specifesistance of about® Qkm?/m.
Hence, the resistivity is tdughto conduct currer46].

2.3. Conductive Fabrics

There are different ways to produce electrically conductive fabrics. One method is to integrate
conductive yarns in a textile structure, elyy. weaving. However, the integration of conductive yarns
in a structure is a complex asdldom a uniform process as it needs to be ensured that the electrically
conductive fabric is comfortable to wear or soft in touch rather than hard anddagiductivity can
be established with different thread tygEggure 5:

Figure 5. (a) Twisted metal wire: The metal wire is twisted around the polymer ;yarn
(b) Metal coating: The polymer yarn is physically/chemically coated with a thin metal
layer, (c) Metal fibers: The conductive yarn consists of metal multifilamets [
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However, woven fabric structuresin provide a complex network that can be used as elaborated
electrical circuits with numerous electrically conducting and-ecmmducting constituents, and be
structured to have multiple layers and spaces to accommodettemrie devices.

Figure 6. (a) Standard design of copper yarn twisted with polyester fijiey$?ETEX

—_—
:
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Researchers at the Electronics Department and the Wearable Computing Laboratory at the ETH in
Zirich produced a plain woven textitructure consisting of polyester yarns that are twisted with one
copper thread. Initially, they started with a standard destggufe &), then the researchers design a
hybrid fabric called PETEXFigure @) [47]. It consists of woven polyester monofilant yarn (PET)
with diameterof 42e m and copper all oyxt8wimr € AWEi 416 19 i a mat
wire itself is coadd with a polyurethane varnish as electrical insulation. The copper wire grid in the
textile features a spacing of 520m ( maaurst im warp and in weft is 15 cm ).

With the PETEX the ETH researchers introduced a new apprma@mart Textiles and in
particular a new manufacturing method. The aim was the possibility to realize a custom textile circuit
(Figure 3. The wiring streture among circuit componenis established by connectirthe fabric
embedded copper wires. Cuts must be placed at specific locatidhe wiring in order to avoid
shortcircuits between copper wirds. particularthe procedure is as follovj47):

i coating removal on copper wires at definetisections with laser ablation;
1 cutting the wires avoidinthe signaleakagewith laser

i creating the interconnection withdaop of conductive adhesive

1 adding mechanical and electrical protection with an gpgesin deposition

Figure 7. Approach to integrate circuits in a fabric with wire grid.

[ I | | | |
1 Wire grid T

Interconnect 11111
[ I I A |||||

RelatedWorks

The British company Baltefllkeston,UK) uses the knitting technology to incorporate metal wires
in textile structures. Their fabrics, which they commercialize under the name Beietache used
mainly for two purposes, namely heatable textiles and eletaignetic shielding materiald§).

The American company Thremshield LL@liagara FallsNY, USA) produces metallized woven
nylon fabrics in different shapes and profiles. The metals they use are silver, copper or a combination
of copper and nickelp).

The Danish company Chr. Dalsgadpdoject Developmen{Aarhus Denmark)works with the
development of weaving electronics into fabrics, electronic conductors in clothing, operating panels in
textiles (soft keyboards, displgystc) and micresensors. The conductive yarn they use topper
thread, plated with a silver layer and coated with polyeS@}r [
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Another possibility to achieve a conductive fabric is to attach a conductive structure to a ground
structure by using the embroidery technique. In 2a06, Massachusetts Institutd Technology
Media Laboratory researches were the first to propose a way of stitching patterns that can define
circuit traces, component connection pads, or sensing surfaces designed with traditional CAD tools for
circuit layout(Figure § [31].

Figure 8. (a) Musical Jacket comprising a fabric keypad on one side, a MIDI synthesizer
on the other side, speakers behind speaker grills in the pockets and fabric buses visible
inside the jacket(b) Thefabric keypad with the circuit board placed behind it.

2.4. Conductive Inks

Interactive electronic textiles can also be produced by using conductivé&irgtof all conductive
inks must contain an appropriate highly conductive metal precursor such as Ag, Cu, and Au NPs and ¢
carrier vehicle. Mostof them are water based: water is the main ink component and to limit
contaminants, it must be as pure as possiblese specialized inks can be printed onto various
materials, among them textiles, to create electrically active patterns. Screen pristingnakes
integration with planar electronics simpler than with conductive yarn systems.

There are several technologies that can print conductive material on different substrateaSitet
inkjet and screen printing are best for lealume, highprecisian work.

Inkjets are flexible and versatile, and can be set up with relatively low ¢¥trt Inkjets offer
lower throughputof around 100 fih and lower resolutioncé. 50 pm). It is well suited for
low-viscosity, soluble materials like organic semiconductors. With -higtosity materials, like
organic dielectrics, and dispersed particles, like inorganic metal inks, difficulties due to nozzle
clogging occurBecause ink is deposited via dropletsgkhiess and dispersion homogeneity is reduced.
Simultaneously using many nozzles and -girecturing the substrate allows improvements in
productivity and resolution, respectivgh?).

Forinkjet printing, the inks shouldespecthe following requiremerg [53]:

A high electrical conductivity

A resistance to oxidation

A dry outwithout clogging the nozzl@uring printing;
A good adhesion to the substrate
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A lower particle aggregation
A suitable viscosity and surface tension

Inks may also contain additiveghich are used to tune ink properties or to add specific properties
thus increasing its performanfi).

After inkjet printing of a metal Nased ink, in order to form a conductive printed pattern,
particles must be sintered to create continuous connectigtween them and obtain electrical
percolation. Sintering is the process of welding particles together at temperatures below the
corresponding bulk metal melting point, involving surface diffusion phenomena rather than phase
change between the solid arteliquid [55]. For instance, with inks based on gold NBS nm
diameter), the melting temperature was experimentally found to be as low & ,3808ile for inks
based on silver NPs (15 to 20 nm in diameter), a complete sintering can be obtained down to
180 € [54,56].

Screen printing is appropriate for fabricating electrics and electronics due to its ability to produce
patterned, thick layers dm pastdike materials. The screen printing procedure, a stencil process,
comprises the printing of a viscous paste through a patterned fabric screen and is usually followed by &
drying process. The method can be applied to flat or cylindrical subsaj@snding on the substrate
materials and the requirements for the printed structures, a high temperature densification can also b
necessary (organic substrate& I50€C. Glass, ceramic and metal substrate 500€C) [ 57].

This method can produce comding lines from inorganic materials (g.¢or circuit boards and
antennas), but also insulating and passivating layers. Generaltiirdlnghputis about 50 néh with a
resolution lower than 100 pm. By optimizing of the process condition and mategiaésolution may
decrease to 30 microns line/space on thin flexible subsi{&fes

This versatile and comparatively simple method is used mainly doductive and dielectric
layers[59], but also organic semiconductors can be printed, fergOPVCsandOFETs[60].

Recently the researchers of University of Southampédh havedeveloped an innovative screen
printed network of electrodes and associated conductive tracks on textiles for medical applications
(Figure 9. A polyurethane paste is screennfed on to a woven textile toreate a smooth, high
surface energy interface layer and a silver paste is subsequently printed on top of this interface layer tc
provide a conductive tracKilver pastes have been printed on to-m@mven textiles to creatsearable
health monitoringlevices

Figure 9. Screen printing fabrication for conductive tracks.

Conductive Layer

Encapsulation
Layer

-

Interface ;;;;;i\\\\\\\\\\\\\\\

The researchers developed different -patential sensing systemwith dry electrode and
conductive ink for signal traces in order to demonstrate that this technology could be used for
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biomedical application. In particular the application tests wef@G, facial EMG (Figure 10 and
forearmEMG.
Figure 10. Textile headband fdiacial EMG.

Connections to External Connections to External

Electronics Electrodes Electronics

Hook and Loop
Textile

RelatedWorks

The National Textile Center of the North Carolina State Unive(Rialeigh NC, USA)is currently
working on a project dealingWwvéeh B&brinhts$dgu&/d
a prototype for a physiological monitoring garment that measures ECG;réeartespiration and
temperature. In the scope of the project tweyk together with conductive ink manufacturers. For
their experimental investigations and to succeed in producing samples of antennas printed on
nonwoven textile structures, they used EvSldry Freudenberg K@Weinheim Germany, Tyvek®
by DuPonft (Wilmington, DE, USA) FiberWeb Resolutidn Print Media by BBA Fiberweb
(Old Hickory, TN USA) as well as conductive inks made by Precisia L({QTark, NJ, USA) and
Creative Materials InqAyer, MA, USA) [62]. TableBs hows t he i nkés sheet r

Table 3. Electrical propertiesf inks.

Inks ShegtResistivity
(Y /sg/mil)
CMI 112-15 0.010
DuPont 5025 0.010'0.012
DuPont5096 <0.010

A group of researchers of Istituto Italiano di Tecnoldég@enter for Space Human Robotics,
Politecnico diTorinod Applied Science and Technology Department, in collaboration with ao$pin
company, Politronica Inkjet Printing S.r(ITorino, Italy), developed EMG sensor matrices by inkjet
printing a silver nanoparticlbased ink on a polyimide flexible patcResults indicate excellent
behavior with respect to traditional bulk silver systems and a base conductivity of 35% with respect to
bulk silver B3].

2.5. Conductive Materials as Sensors

Conductive textiles that change their electrical properties as a céghk environmental impact
can be used as sensors. Typical examples are textiles that react to defsrewtioras pressure
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sensors, stretch sensors and breathing sensors. On the other hand, with smart textiles we have tf
further possibilityto makebio-potential sensors.

2.5.1 StretchSensors

Stretch sensors are predominantly used for sensing and monitoring body parameters, as the textile i
in contact with the skin over a large body area. This means that monitoring can take place at severa
locations on the body. For instance, these sensors can be usddtymining heart rate, respiration,
movement and pressure blopd¥]. A specific structure of textile sensors ikat integratingfibers
featuringpiezoresistive propertieenabling their usas strain or deformation sensor.

Figure1llDat aGl oveE VRLOGI C with flex sel

A first approach to integrate electronics into textile strustuvas certainly achieved by gloves
wired to the computer that allows it to take input from ésband gestures. Sensors in the glove detect
(Figure 1) the wearer's hand movements. Four wires were used for each finger or tube to build up a
circuit. The voltages coming out are varying depending on the fpagation[65].

RelatedWorks

A Flemish consortium of universities and companies, among them the textile department of Ghent
University, developed a prototype suit called Intellitex. It is a biomedical suit meant for the long term
monitoring of heart rate and respiration of children s tospital. To measure the ECG, a
threeelectrode configuration is used. Two measurement electrodes are placed on a horizontal line on
the thorax, a third one, acting as a reference (Right Drive Leg, RDL), is placed on the lower part of the
abdomen§6].

Philips Research Laborato(Redhill, UK), developed a stretch sensor integrated into a garment.
The stretch sensor, which is produced out of conductive and elastic yarns knitted together, is based ol
the fact that the electrical resistance changes when stretching the sensing material. dimbg, itsed
to control the volume of music or changing treeck[67].

2.5.2 Pressuré&ensors

Pressure sensors are commonly used either as switches and interfaces with electronic devices c
also to monitor vital signs of the user.
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Several technologiefs8,69], have been developed to manufacture plane pressure sensors. The
operatingprincipleis thatof changsin piezoelectric resonance frequency with the applied pressure or
capacitance variations caused by an elastic foam overlaid with a matrix of ceadhcdadsFor
capacitive sensorsa chang in parasitic capacitance and resistance can be compensated by the
electronics, thereforiewiring has a marginal influence on the sensed sijal

The Wearable Computing Lab of ETH Zuritlas developed a mek with several capacitive
pressure sensors for integration intpiece ofclothing (Figure 13. With this method thegreable to
measurgressure o human body and detect muscle activity on the upper arm. Applyinghtirsx
on different body area#t,can provide more detaifer motion trackingor for the detection of physical
state of the musclg9].

Figure 12. Scheme of sensor with an array of textile capacitors

Pressure

__~Shield

Back Electrode
Shield

A

| Non conductive textile

0 conductive textile

RelatedWorks

The British company Eleksen Limited, formerly Electrotexti{@snstall UK), commercializes a
soft and flexible textile based sensory fabric under the tradename EfeRieart Fabric Interfaces. It
is a combination of conductive fibers and nylon. This combination results into a durable, reasonably
priced, washable aheven wearable 3D structur&])].

The Americarbased company Logitech In¢lLe Lieu, Switzerland manufactures a sefouch
KeyCaseTM keyboard that can wrap around a personal digital assistant (PDA) for storage and
protection. The keyboard is lightweiglntd made out of textilgr1].

The U.S.company Pressure Profile Systems, Ifims Angeles, CAUSA) designs, develops and
manufactures high performance mudtement pressure and tactile sensing systems, called Tactarray
and ConTactsHigure13a) [72].

The team of the Design for Life Centre at Brunel University in Suiué§) has developed a fabric
(the Sensory Fabric) that can be used by handicapped children to make themselves understoo
(Figure13b). The Sensory Fabric consists of two layerglettrically conductive textile, divided by a
layer of norconductive mesh. When the textile is pressurized, one conductive layer comes into contact
with the other, as a result of which an electric stream can 8}y [

The team of the Center for Mici®io Robotics of Istituto Italiano di Tecnologi@isa Italy)
produced a composite capacitive theegal sensor based entirely on commercial conductive fabrics,
demonstrating its high compliance and stability under manipulaiigjn [
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Figure 13. (a) Scheme of capacitor sensor developedthi®y U.S. Company Pressure
Profile Systems, Inc. antb) Design for Life Centre at Brunel University in Surrey

- ——

: [ —

Owvedapping Capactors Formed
Elecrodes at Overlap Points

) (b)
2.5.3 Electrochemical Sensors

Recent insights into novel fabrication methodologies eladtrochemical techniques have resulted
in the demonstration of chemical sensors able to augment conventional physical measurements (
heart rate, EEG, EC@fc) [75]. Recent insights have resulted in the development of a new generation
of textile-based chemical sensors that are able to improve conventional physical sensors with more
information. Flexible and textieased screen printed electrochemical sensors may be candidates for
noninvasive monitoring, but these devices cannot easily be attachted body and in particular to
the skin.

RelatedWorks

The researchers of National Centre for Sensor Research, Dublin City Uniyeedand) present
examples of wearable chemical sensors that monitor the person and also their environment. In
particular the chemical sensor was able to measure and analyze sweattimeeah the body. They
have developed a microchip version of the platform to measure changes in the pH of sweat
(Figures 13a andl4a). The color change of the pH sensitive fabric wasaletl by placing a surface
mount (SMT) LED and photodiode module on either side of the chip, aligned with the pH sensitive
fabric. The final device (180 em.thick) is fl e

Figure 14. (a) Scheme of electrochemical sen&orpH analysis andb the system application.
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— g N
l L
T SMTLED '\ ;
inlet N .
pH indicator

p-LEDs and photodiodes

(@ (b)




Sensor014 14 11971

2.5.4 Textile Energy Harveting andPortablePower Supplysystem

Power supply technologies provide the electrical power for activating the components integrated in
the electronic textilethis is still a critical issue in the field of wearable electroniédthough
considerable progresses have been seen for wearable electronics, lithium rechargeable batteries, ti
power sources of the devicdsmve not keppace withthis progress due ttheir tenuous mechanical
stability, causing them to remain as the limiting elements in the entire technpi@gyFor these
reasons, the aim is to develop wearable systems capable of accumulating energy dissipated b
the body.

The supply of energy bythes er 6 s body during everyday acti
heat is also exploited by other research teams. For example, Infineon is currently trying, to recover
energy by body movements to feddp3 players integrated in a jackaising piezoelectric
materials[78]. In the UK the University of Bolton has developed a novel technology that integrates
piezoelectric polymer substrate and photovoltaic coating system to create a film or fibre structure that
is capable of harvesting energy from nature, indgdun, rain, wind, wave and tiffé9].

In a project funded by the Engineering and Physical Sciences Research Council (EPSRC),
Researchers at the University of Southampton's School of Electronics and Computer @&S)ce
are developing an energy haregtfilm in textiles using a rapid printing processes and active printed
inks [80,81].

Georgia Tech researchers led by matessalsence professor Zhong Lin Wang, have made a flexible
fiber coated with zinc oxide nanowires that can convert mechanical yeirdny electricity. The
researchers say the fibers should be able to harvest any kind of vibration or motion for electric current.
Gold-plated zinc oxide nanowires, each about 3.5 micrometers tall, are grown on a flexible polymer
fiber and these nanowirdsush against untreated nanowires, which flex and generate current. Yarn
spun from the fibers could lead to fabrics that convert body movements into electric [@#fent

Another technology igepresented byhe solar clothingin which the solar energy is harvested
through new generation diexible solar cells[83,84]. Integration of flexible solar cells into clothing
can provide power for portable electronic devid¢dsotovoltaias the most advanced way of providing
electriaty far from any mains supply, although it suffers from the limits of ambient light intensity.
Neverthelesshe energy demand of portable devices is now low enough that clatibéggated solar
cells are able to power most mobile electrop8ss.

RelatedWorks

The ILLUM jacket fFigure 19 is based on technologies including printed electroluminescent ink
and printed photovoltaic technology. The functional parts are placed outside the jacket and into several
ergonomic panels, while at the front and the photovoltaic source at the shouldetspaof the
back B6].

Thermotron of UNITIKA (Osaka Japai is a particular fabric able to converts sun light into
thermal energy while storing heat without wasting it. Inside the Thermotron there are microparticles of
zirconium carbide which allow thdabric to absorb and filter sunlight. The inner layer of the fabric
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withholds the heat generated and prevents it from becoming lost, thus providing a salutary effect on
the human bodyd7].

An example of a battery capable of providing electrical poweinteractive electronic textiles was
recently developed by a German research team led by The Fraunhofer Institute for Reliability and
Micro-integration (FN@ZM, Berlin, Germany. This research team developed a small battery that can
be printed on a substeaand fabricated at high production speeds in btdized or coirtype format
at a cost below one USD. The battery is fabricated by screen printing a thick layer of-axsdeer
based paste, then applying a thin sealing layer. The final result idila sibstrate with a printed
120 & m t-BN battery. Algpge batteries can be printed on a variety of subsg8@tes [

Figure 15. ILLUM jacket layout
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2.6. Planar Fashionable Circuit Board FCB)

The RFCB is one of the new technologies allogzimplementation of aircuit board ona plain
fabric patch for wearable electronics applicationsfelitures asoft and flexibleimpressionjust as
normalclothes.

Figure 16. (a) Singlelayered PFCB system manufacturing procesgb) Implementation
of multi-layer connection using eyelet.

Eyelet
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The RFCB substrate is fabricated using woven fabrics. The planar electrodes are deposited on the
fabric patch directly by silk screening of conducting epoxy or by gold sputtering. First, the circuit
boardis silkscreen prirgd on the fabric patcihen the IC is placed on the fabric and wianded to
the patterned electrodes. Finally, the IC is molded withcunductive epoxyFigure 1) [89].

With these techniques, KAIST researcheaso developeda multilayer circuit Figure 1®). The
previous researchighlight how electrical and mechanical characteristics aalliable system design
parameters are obtaineslich agnaximum power consumption, maximum currdensity, crosstalk
between neighboring twines, anddurability [90].

2.7. Wearable Antenna

Thanks to the rapid progress on the fabrication of conductive textiles, a significant development of
wearable antennas has begun, exploiting new flexible and conformable smart str@djures [

An antennas essential, if the purpose is to develop a wearable and autonomous system. It allows
oneto transfer information from the sensors hosted inside the garmarmotatrol unit or to monitor
other electronic parameters.

A wearable antenna is thus the bdhdt integrates clothes into the communication system, making
electronic devices less obtrusive. To achieve good results, wearable antennas have to be thin
lightweight, low maintenance, robust, inexpensive and easily integrated in radio frequency (RF)
circuits. Planar structures, flexible conductive and dielectric materials are specific requirements for
wearable antenna8%,93].

Several properties of the materials influence the behavior of the antenna. For instance, the
bandwidth and the efficiency of a planar microstrip antenna are mainly determined by the permittivity
and the thickness of the substraid,95|

In general, textés present a very low dielectric constant that reduces the surface wave losses and
increases the impedance bandwidth of the antenna. Therefore it is important to know how these
characteristics influence the behavior of the antenna in order to minimizeteohvedfects.

Another issue regards the movement of the body that can deform the spatial geometry of the
antenna and affect its performance. When the textile fabric adapts to the surface topology it bends anc
deforms, causing changes to its electromagnptigperties and thus influencing the antenna
performance 96]. Thus, a wearable FM antenna should be designed so as to be wider than the FM
broadcast band (abouti8130 MHz) not to suffer from the detuning caused by the human 8afly [

To summarize, theuwydelines for a correct antenna project are shown below:

choosing the correct positioning of the textile antel9&9p);

the textile antenna must be made with an accurate thickness stacking the differentdgbrics [

the geometrical dimensions of thatch must remain stabl&(Q;

the connections between the layers must not affect the electrical properties and the connections
with othegapmentssofhdee t a0LA0E. st abl e and ro

If some of these points are not followed, undesirdéces mayoccu to the functioning of
the device.
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RelatedWorks

Researchers at Katholieke Universiteit Leuven and Univeviiaysia Perlis were the first to
develop a fully textile waveguide antenna using a material inspired unit cell that is also used in
composite right/lethanded transmission lines. The antenna is compact, robust and can be used for
2.45 and 5.4 GHz duddand WLAN applications104].

Patria (Halli, Finland) is a companywith expertise in textile antenna design. It develops textile
antennas composed by conventional or industrial fabrics, and typically conductive antenna parts are
made out of modern conduati fibers [L05.

Textiles RFID is a particular solution of antenna. In this sector TexWe&cé-rick, Switzerland
provides the manufacturing line as well as the components for industhatuge production of woven
RFID labels. Integrate RFID and theb& will provide added value from garment manufacturing
through logistics to sales and afsales managemerit(g. 2.8 Stretchable Interconnection

Deformable electronic circuits, in particular in fedical application, are neededidktiles are
the candidate technology for this scope but an important aspect regards the interconnections betweel
components and devices. In most cases the approach used is to develop sinuous electroplated metall
wires in a stretchable substrate matedal].

Figure ’/pr esents a stretchable interconnecshamedd;
is able to accommodate large deformation in response to a mechanical stress, preserving the electric:
properties 10§.

Indeed, with higkhrequency signalhte interconnection have to be stretchable and therefore the
substrate and the conductors have to be stretchable as well. Usually, a polymeric material is chosen &
encapsulating substrate, because it can be stretched and also because it ragrbpatilbe [109.

Interconnections made with these techniques coupled with conductive yarns can go beyond actua
issues regarding the lack of robustnesstiextiles circuit.

Figure 17. (a) Notable measures of a horseshoe design: inner réiupihing angle(d)
and width of the metal tracknf; (b) Horseshoe metal interconnects embedded into a
Sylgard 186 PDMS matrix.
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3. Discussion

The methods presented in the previous sectiorgaite different and eaclone has very specific
feature such as conductivity, flexibility, biocompatibility, mechanical resistance and washability.
However, only a few approaches are able to satfiffhese requirementat the same timeThe
section below has the aim ¢tarify some features about the madésiand methods.

3.1 Conductivewires

Especially for clothing, tactile properties such as stretch, recovery, drape, shear and hapade are
important. For this reasahefibers that are used should be fine and fabrics should have a low weight
per unit area (not more than 30@n7). These demands are inconsistent with the materials and
geometries that are needed forremsonableelectrical conductivity, because the incorporation of
elements such as metal wires within textiles increases stiffnesedunks elasticitjl11q.

Often in literature no distinction is made between metal wires and fiile¢as However, the
company Sprint Metal[Hemer Germany)defined metafibers and wires according to their diameter.
While a fine wire las a diameter bete e n 3 0.4 mmm a medafiber possesses a diameter of 2 to
40e m11p.

The advantages of metéibers are their strengthcomposition,biological inertness and ready
availability in textile form at low costs. Due to its inertness it is not sensitiw&ashing or sweating.

However, they cannot provide uniform heating and their brittle characteristics can damage spinning
machinery over time. Additionally, they are heavier than most tefiik¥s making homogeneous
blends difficult to producelfl?.

Using the O6conductive threadd approach, no
required to establish conductivity. Tleenductivity of these conductive threads lies in the range of
10i500q / M13.

For instance, Figure 4shows the coper wire twisted around the yarn and thieications are not
precisely defined within the fabric because ofirthieelical path around the yarfiil4. The
conductancef a wire in the fabric features about87 q./ m

3.2 TreatedCoatings

The advantage of ctiags is that they are suitable for mafiyers types and they produce good
conductivity without significantly altering existiriey substrate properties such as density, flexibility
and handle. Nevertheless adhesion between the metal afilubtis@s wel ascorrosion resistance can
lead to problems.

It is possible to make a conductive fabric through a coating treatevent thoughthe main
applicationsfor these textiles are protection against static electricity charge and electromagnetic
interference (EMI). Theurfaceresistivity (Rs) of normal textilegjoes frommore than @° g /sqdown
to antistatially finished textilesand conductive textiles for EMI and dteng applicabns where B
can be lower than 00q /sq It is usual to incorporate or imggeate organic antistatic agens]
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At present the mosmportant ways of producing conductive fibare:

9 incorporationof conductive fillers (carbon blacknetal wires graphiteand metal powder or
flakes of Al, Cu, Ni, Ag).

9 blendedfabrics using conductive metallic or polymefilzers (such as polypyrrel polyaniline)
(Figures 16b andl8a) [115.

However, the stiace resistance of polypyrret®ated(Cpyiroile) polyester fabrics is another method
to functionalize the textilesRs decreasednarginally from 106 q/sq to 103q/sqg with increasng
pyrrole concentration within 0.2 mgluntil the concentration reached a value of about 0.4ning/
above which the rate afecrease diminished. The decrease in surface resistance is due to the increase
in the thicknessfahe conducting polymer lay¢t14].

Figure 18 SEM image of the polypyrrole coated textilg,ffsie = 0.8 mg/nL), (a) 100um

\\ \\\\

scale andb) 10 um scale.
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The main advantage of functionalized yarns is that the textile properties of the yarns are preserved,
in particular they remain flexible.

3.3 Conductive Fabric PETEX

Normally, a fabric made with conductive fibdras a structureaccording td~igure 19 If the aim is
to exploit the conductive fibers to create an electrical circuit, we must take into account the irregular
shape of the fabric. It is not possible to obtain a geometric repeatability of the position of the contact
points between theonductive fibers.

Figure 19. Misalignment of the contact points
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The solution adopted by the ETH researchers is to develop a synthetic fabric and it consists of
woven polyester monofilament yarn (PET) with diametee42 and copper aneteroy w
50£t8em ( AWG461) . Each c c¢pwte a pojirethane vamisheak électiical ¢
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insulation. The wires in warp direction possess a higher tensile strength compared to the wires in weft
direction. These differences support a reliableufi@cturing process and minimize breakage.

Figures 18b and20a below, show the differences between a normal electronigléestructure and
PETEX[47].

Figure 20. SEM image of fabric with copper fibes)(and PETEX).
/A

Copper wire

3.4 MIT CAD Embroidery

This technique allows precisely specifying the circuit layout and stitching pattern in a
computeraided design (CAD) environment, from which any number of articles can be sewn under
machine control. This process also allows control and integrati yarns with different electrical
properties, for instance, different resistances. Embroidery offers advantages over knitting or weaving.
Conductive thread and yarn embroidery can be accomplished on single or multiple layers of fabric or
can be appliedn various types of textile and apparel products in one/38p

3.5. Conductive Inks

Direct printing of conductive tracks on a fabric is a versatile technique but sometimes shows its
limits. Most conductive inks and pastes are based on silver filkbrsaffer from brittlenesDuring
printing, one of the limits of the silver paste is the thickness. For instance, several passes are needed t
achieve a layethick 40e m and t he el ectrical resi s tapphed e de
(Figure 2.

Figure 21. Sheet resistanoes printing passes
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Another problems the mechanical resistance. If you createmdition as showm Figure 22, the
risk is to have a break in the conductivilty.particular the electrical conductivity changes both for the
number of passes and for the numbecreasing interactiongigure 2d) [47].

Figure 22. (a) Creasing of the fabric with printed transmission lingg DC resistance
changews.number of creasing iterations
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The researchers of North Carolina Instituteyeloped a new method to control the durability of the
printed circuits, which includes coating of the printed linBlse viscosity of the ink dictated the
performanceof the printed media during washing trials

The results showed that higher viscosity inks stay on the surface, resulting in bettéeramort
results.(Figure 23 The ink used waproduced byCreative Materialeandshowed rather a smooth and
lower impedance profile than other commercial conductive ifki ink is based orsilver particles
and the lines printed oBvolor® show42 times higher resistivitthan standard PCBs.BD o /m).
However Evolor? like structures with the highest viscosity irépresenthe best solution in terms of
durability and conductivityalso after washingThis substraténk combination protected by a TPU
showsthe best compromis® becomea low-cost electronic take solution for wearable computing
interconnect$117).

Figure 23. Evolon impedence profile before five washes. The three lines show the
comparison between different conductive inks (Dupont 5025, Dupont 5096, Creative
Materials 11215).
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3.6. Stretclable Sensors

Usually, extile materials composed of fibers form complex networks of conducting parts that make
multiple contacts. During deformation a number of mechanisms take place:

w thenumber of contact points changes
w fibersare extended
w fibercrosssection is decreased

These factors listed above may compromise dtretch sensors qualitigd18. Polymers are
interesting when developing strain sensors with large stddinThe stretch sensor developed by
Mattmannet al.[119 consists of a miure of 50wt-% thermoplastic elastomer (TPE) and\B0%
carbon black particles and idérshaped with a diameter of315mm. This sensor configuration was
characterized using a strain tester and measuring the resistance (extetnaaion cycles)it showed
a linear resistance response to strain, a small hysteresis, no ageing effects and a small dependence
the strain elocity. The attachment of the sensor to the textile is realized using a silicone film.

Figure 24. (a) Typical response of sensor to a@n strain (sensor lengthcn) waiting
time 2 min;(b) waiting time 10 s
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Figure 25. Typical response of sensor tgigen strain.
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The graphsKigure 24 below show the behavior of the sensor and the typical resistantse
plot. The sensor was cycled between 0% and 80% strain at a speed of 200 mm/min and waiting times
at minimal and maximal strain of 2 min. the lower plot the measured resistance is shown which
vayingb et weean@8 kligste&ddrigure 25shows a linear rise in resistance whapplying
strain and only a small hysteresis.

Commercially available strain gauges reach a higher than 80% linearity but at a reduced working
range of less than 1%he sensor presented above has a high sensitivitbki /mm with a stable
sensor properties while in continuous usdgethermorehe sensor isvashable.

A similar approach is that used by Slkeyral, in whichthey developed three different geometries of
a strainresistance sensors using Lycra fiber and carbon coated polymide fiber: flat, tubular and belt
webbings. It was found thaensile hysteresis and contact resistance significantly influence the tensile
elasticity and the resistance sensitivity of the webbings, respectively. Their results showed that all the
webbings had a good linear elasticity relationship between tenadealod strain when stretched with
the aim to reduce the tensile hysteresis, decreasing the friction among the conductiy&lyhribe
stability of resistance sensitivity and the elasticity are two relevant propertieseidiles when used
as a strai-resistance sensor.

3.7. Pressuresensors

The pressure sensor developed by Megteal. [9] has a spatial resolution of 22 cm and an
average error below%4 within the measurement range 0 to 10 Nictnis a pressure sensor based on
capacitivebehavior. The measured capacitance of a single electrode of the prototype with the textile
spacer varies from 3.5 pF uncompressed to 5.8 pF at a pressure of’5d/te textile spacer ith
6 mm thicknessFigure 26shows the capacitanes pressure wh a hysteresis up to 30%. The high
value of hysteresis is due to the dielectric material interposed between the two conductive faces capacitor.

Figure 26. Hysteresis of a singular pressure electrode
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An ideal pressure sensor must ensure repeatabssures over time with a low hysteresis value.
Therefore, the textile pressure sensors are applicable in areas where high accuracy is not required.

3.8 Electrochemicalensors

One of the common disadvantages of chemical/biochemical sensors is the roadibrate the
responserom time to time due to either small changes in the activity of the sensor itself and/or the
contamination of the sensor surface during operation. This has seriously limited the application of these
sensors in continuous monitorisgenarios for long time. The major obstacles still remaevening
the realization of practical, robust wearable sensors suitable for routine use by the general population.

Among these limitationswe havethe lack of appropriate methods to seamlesslggrate
electronics and wireless transmitters into the sensor packagegraph belowFigure 23 shows the
performance of the wearable sweat sensor during an exercise trial. Reference pH measurements al
taken along with heart rate and breathing rate.dThe analysis were taken by placing the electrode on
a reference fabric patch, as performed in previous st{itix€k

Figure 27. Wearable swa sensors performance
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3.9. Power Supply

In the following Table 4 an overview of different possible energy sources and the amount of
energy that they can generate is gij/&20121].

Table 4. Comparison of different energy source and their energy capability

Energy Source Available Amount of Energy Remarks
Primarybatteries (Li) 400 Wh/kg, B0 WhL
Secondary batteries dlon) 75 Wh/kg, 200 WH. Lifetime: 2000 cycles
Si solar cells 20 Wint Light source needed
Recovery of body heat 0.01 W/nt
Power harvesting from breathing 04 W Uncomfortable for wearer
Powerharvesting from walking 0.25W Continuous walking necessary

Microcombustion 10i 50 Wicn? Fuel needed
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From these data, we can assume that the energy harvestimgy from our body is very small
although it is always present. If the wearable techneswill take advantage of these energy sources,
theymustfeaturea low electricalconsumption and high efficiercy harvesting system.

3.10. Planar Fashionable Circuit Board (FCB)

The measured sheet resistance of the conducting film onfE@&BHs 44m q h, as determined by
the fourpoint probe method. Although no noticeable degradation has been observedfteven
50 laundry cycles, more durability examinations will be required with an automatic testing system.

The resistance measurement ressoitthe proposed via and coodtive adhesivand bandwidth of
a RFCB transmission line 1&mlongand 1mm wide arshown inFigures 26b and28a. Its bandwidth
is 80 MHz, and this is sufficient to deal with BB@mnal processingrhe analysis werperformedwith
a vector network analyzgri22.. To get an average value, as many as 100 connedatienesformed
and measured. The resistances of the proposed via and conductive adhesive reaéluvednd
0.34W, respectivelyj123.

Figure 28. (a) Measurement resuttf the proposed via and conductive adhesive resistance
(b) Bandwidth of a FFCB transmission line (15 cm long, 1 mm wide)

(@) (b)

Mechanical strength of the IFCB was tested through washing tests; after 5§¢les the electrical
characteristics changesas negligible [L23. As a result, the monitoring shirt can be easily made at low
cost, and the wearability and flexibility are improved.

3.11 Wearable Antenna

Antennas for wearable applications need to be comfortable to wear and traditional technology with
rigid substrates is not well suited to this.

In this sector the dielectric properties of the material that make up the antenna are more relevant. A
wrong chace of material would compromise the performance of the device.

The constitutive parameter of dielectrics is
usually expressed by Equation (1) below:
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