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Smart textiles research represents a new model for generating creative and novel solutions for

integrating electronics into unusual environments and will result in new discoveries that push the

boundaries of science forward. A key driver for smart textiles research is the fact that both textile

and electronics fabrication processes are capable of functionalizing large-area surfaces at very high

speeds. In this article we review the history of smart textiles development, introducing the main

trends and technological challenges faced in this field. Then, we identify key challenges that are

the focus of ongoing research. We then proceed to discuss fundamentals of smart textiles: textile

fabrication methods and textile interconnect lines, textile sensor, and output device components

and integration of commercial components into textile architectures. Next we discuss

representative smart textile systems and finally provide our outlook over the field and a prediction

for the future. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4742728]
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I. INTRODUCTION TO SMART TEXTILES

Imagine a world in which electronics are freed from

their rigid, confining encapsulation, are intimately inte-

grated into the fiber of our daily lives, and distributed

throughout our ambient environment. This is impossible to

do using conventional electronic circuits, which are limited

by the maximum substrate size available for processing,

substrate rigidity, and fragility. Textiles represent an attrac-

tive medium for electronic integration as they have been a

fundamental and transformational component of our every-

day lives for hundreds of years. Smart textiles represent the

drive to integrate new sensing functionalities into hitherto

inaccessible surfaces and are a new step in the continuing

evolution of textiles.

A key driver for this research is the fact that textile fab-

rication processes are capable of automatically creating

large-area surfaces at very high speeds. For example, typical

industrial weaving machines as in Fig. 1(a) are capable of

fabricating more than 10� 106 square meters of textile per

year.1 Roll to roll printing methods used to fabricate flexible

electronics—as shown in Fig. 1(b)—are capable of printing

100–150 m/min. By combining complementary textile and

electronic fabrication technologies, we can achieve com-

pletely new functionalities. Smart textile applications range

from medical monitoring of physiological signals2 including

heart-rate,3 guided training and rehabilitation of athletes,4 as-

sistance to emergency first-responders,5 and commercial

applications where electronics including ipod controls, dis-

plays, and keyboards are integrated into every-day clothing.6

This paper is structured as follows:

(1) What are smart textiles and why do we need them?

(2) How did smart textiles develop?

(3) What are the challenges facing smart textiles develop-

ment related to technology development but also includ-

ing more general issues such as user acceptance and

market creation.

(4) How are textiles fabricated—specifically focusing on the

integration of “smart” components?

(5) Smart textiles from the bottom up (components ! cir-

cuits! systems! applications).

(6) Outlook for smart textiles.

A. Definition

Smart textiles—also known as intelligent textiles,

electro or e-textiles fall into the category of intelligent
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materials that sense and respond to environmental stimuli.7

Smart textiles are sometimes defined to include simpler func-

tional textiles (also referred to as “passive” smart textiles),

but this is technically incorrect. In contrast to smart textiles,

functional textiles are materials to which a specific function

is added by means of material, composition, construction,

and/or finishing (e.g., by applying additives or coatings).

Functional textiles can include traditional textile products

while smart textiles have intrinsic properties that are not nor-

mally associated with traditional textiles.

Sometimes smart textiles are also classified according to

the design paradigm chosen to integrate electronic functions

into the textile architecture. At the one extreme, one finds

smart textiles in which the textile simply acts as a substrate

for attachment of sensors, output devices, and printed circuit

boards (garment and fabric level integration). Such textiles

are similar to wearable computers (i.e., electronic systems

including sensors and computational components that is built

with standard off-the-shelf components that can be strapped

to the body),8 and there is very little integration of devices

into the textile. Subsequent development in this field has

seen a drive to integrate the desired functionalities

“disappearingly” inside the textile architecture.9,10 This

implies creating smart textiles in which the electronic/optical

sensors and output devices are introduced at the fiber level

(fiber level integration). Separating these two extremes are

various “hybrid” smart textile efforts that combine various

functional fibers (with differing degrees of complexity) with

attached integrated circuit components and off-the-shelf sen-

sors. Here the textile may often form a part of the textile

devices, e.g., forming electrodes in foam capacitors.11

These categories will be discussed in more detail in the

following section. It should be noted that there is no clear

consensus in the field on various smart textile categories;

those chosen in this paper represent the most common divi-

sions used in literature.

B. History of smart textile development

People have been investigating medical applications of

electricity in clothing such as corsets and belts as early as

the 1850 s,12 but the scientific community only became

interested in wearable electronic applications (specifically

wearable computing) fairly recently. The first wearable

computer was developed in 1955 by Edward Thorpe and

Claude Shannon.13 Wearable computers are distinguished

by the fact that there is no integration between the elec-

tronic systems and the clothing of the wearer. Smart tex-

tiles, in which electronic functions are integrated more

closely within the textile, evolved from wearable comput-

ing in the early 1990s. In this section we will discuss smart

textiles categories based on the level of integration of

“smart” components with the textile structure. It should be

stated that the classification of smart textiles into these cat-

egories does not mean that these examples were developed

in this order on a timeline.

The first category of smart textiles stayed close to the

vision of wearable computing—to design a fabric computing

platform. An important goal was to design easily reconfigur-

able interconnect technologies inside textiles using fibers

and yarns with a single functionality (e.g., electrical or opti-

cal conductivity). These interconnects were combined with

standard off-the-shelf components to achieve the designed

system performance. For example, the Georgia Tech Weara-

ble Motherboard (GTWM) in Fig. 2(a) was an early smart

textile which was developed from 1996 onwards.14 This was

followed by a second category of smart textiles that

exploited various new textile fabrication methods such as

embroidery to achieve hybrid smart textiles. In these smart

textiles, the fabric generally formed an essential part of the

textile device or circuit (i.e., it was more than simply a car-

rier for textile yarns and circuits). Smart textile design was

still approached from a traditional electronic system design

level, but more and more functions were achieved within the

textile itself. A new emphasis was also placed on merging

traditional textile fabrication methods (e.g., weaving or em-

broidery) with traditional electronic circuit fabrication meth-

ods such as printed circuit board design.15 Early examples in

this category include the quilted and embroidered keypads

and the firefly dress (Fig. 2(b)) developed by the MIT Media

Lab in 1997 and 1998.16 The first efforts to create more com-

plicated fiber-level electronics (category 3) started appear-

ing in the early 2000s. This field of research is also

sometimes referred to as “fibertronics.”17 The philosophy

behind these research efforts was to create devices and logic

circuits “below the device level,” i.e., to achieve higher order

electronic functions at the fiber level and implement more

sophisticated smart textiles from individual fibers. These

research efforts generally focus more on technology develop-

ment, and systems are built from the fiber upwards (in con-

trast to the more traditional top-down methods used in

previous categories). For example, fiber-level smart textiles

FIG. 1. (a) Industrial weaving machine

and (b) close up of a roll-to-roll printing

machine with a loaded substrate (image

provided by Margreet de Kok, from the

Holst Center).
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were introduced into woven textile inverter circuits using

flexible stripes with simple thin film transistor (TFT) cir-

cuits.18 Fig. 2 shows examples of different smart textile sys-

tems from categories 1-3. They are described in more detail

in Sec. IV C.

The general trend in this research field is to progres-

sively integrate more and more system components into

textile fibers, but most approaches use combinations of these

ideas. Future smart textiles may look completely different

to those existing today, and the most suitable approach

will be determined by the ultimate use of smart textiles in

commercial products. We will elaborate on this point when

discussing the outlook for smart textiles.

C. Challenges facing smart textile development

In this section we will discuss some of these challenges

facing smart textile designers. To understand the challenges

facing researchers who want to develop smart textiles, con-

sider some of the requirements textile circuits need to fulfill.

Circuits need to be extremely rugged as they will be

exposed to mechanically demanding environments during

fabrication and use of smart textile in daily life (for example

wearing the textiles in clothing). The comfort and washabil-

ity of the smart textile should not be affected by the presence

of the circuits, i.e., it should be rugged enough to survive

being used in daily life. Circuits require power supplies that

are light-weight and have a high capacity to ensure autono-

mous operation for several hours (or more depending on the

targeted end-user application). Commercial smart textiles

need to comply with requirements from both the textile and

electronics field. These specifications can often be very strin-

gent and may be contradictory. Here are some of the critical

challenges facing smart textile development:

• Mechanical environment: In comparison to flexible dis-

play applications that are intended to be rolled around cyl-

inders with diameters of a few cm, smart textile fibers

may be exposed to bending radii much smaller than 1 mm

(Refs. 22 and 23) and large tensile strains. The degree of

tensile strain that e-fibers are exposed to depends on the

textile architecture as well as the position on the body at

which the textile circuit is located. Textile fibers within

shirts and jackets experience the highest stress levels near

the upper back. Simulations of textiles have shown that

the strain in a shirt can be up to 20% at the shoulder

blades.24

• Washability: Early commercial smart textiles such as the

ICDþ textile coat developed by Phillips and Levi25

required the wearer to remove all electronic components

(including wiring) prior to washing. More recent smart

textile demonstrators (such as the Eleksen textile key-

board21 shown in Fig. 2(f)) rely on waterproof packaging

to protect sensitive electronics from damage during

washing.
• Power supplies: Most smart textiles are powered by

traditional rechargeable batteries, but these are large and

bulky and impossible to integrate fully with the textile

architecture. There is a strong drive to develop alternative

conformal and lightweight power generation and storage

devices. Examples include flexible26–29 or elastic30 bat-

teries, supercapacitors,31 and solar cells32,33 and energy

harvesting devices such as thermo and piezo genera-

tors.6,34,35 Unfortunately, none of these devices approach

traditional batteries in terms of capacity and maximum

current value.36 Urgent research is needed to improve the

performance of such textile-compatible power supplies for

future smart textiles applications.
• Product development and commercialization: The imbal-

anced contributions from electronic and clothing indus-

tries result in incompletely integrated applications. The

FIG. 2. (a) Georgia Tech Wearable Motherboard (GTWM)14 From S. Park

et al., “The wearable motherboard: A framework for personalized mobile in-

formation processing (PMIP),” Communications of the ACM 2002, Vol.

11:2. Copyright # 2002 by ACM, Inc. Reprinted with permission of ACM,

Inc. See http://dl.acm.org/citation.cfm?doid¼ 513918.513961. (b) Firefly

dress,16 reprinted by permission of Maggie Orth of International Fashion

Machines. (c) Pom-Pom light switch,19 reprinted by permission of Maggie

Orth of International Fashion Machines. (d) Textile capacitor array11 Copy-

right # 2006. From J. Meyer et al., “Textile pressure sensor for muscle ac-

tivity and motion detection,” in Proceedings of 10th IEEE International

Symposium on Wearable Computers, 2006, pp. 69–72. Reprinted with per-

mission from IEEE proceedings. (e) Laminated elastic circuit from the

STELLA project, image provided courtesy of Johan de Baets from IMEC.20

(f) Eleksen textile keyboard21 licensed under Creative Commons BY-NC-

SA 2.0. (g) a woven thin film temperature sensor on a fiber19 licensed under

Creative Commons BY-NC-SA 2.0.
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electronics field still dominates product development, and

consequently most research attempts focus on solving

technical problems such as integrating microchip and

computer systems into clothing or overcoming washability

issues. Application developments centered on the clothing

industry are still uncommon and do not take into consider-

ation or integrate the special product development and

processing techniques of this sector.37 Due to this imbal-

anced contribution, it is difficult to achieve full integration

of electronics and fashion and increases the difficulty that

smart textiles face to differentiate themselves both from

the conventional clothing and existing electronic devices.

Successful design and development requires a multidisci-

plinary team of professionals including textile scientists,

polymer chemists, physicists, bioengineers, software engi-

neers, consumer specialists, and fashion designers. Find-

ing a common meeting and sorting out the jargon

associated with each field can be challenging. Further-

more, there is a lack of a coherent vision for smart textile

development between different research laboratories and

universities. Product development can also be a costly and

often fruitless endeavor. For example, in 2004 alone Elek-

sen created 109 textile keyboard prototypes and landed

only three deals.21 Smart textiles can therefore also

become too expensive for the average consumer with

smart textile jackets retailing for as much as $3000.38

Attempts to integrate electronic devices within clothing

can result in safety concerns and lack of acceptance with

the target audience (e.g., elderly people). Finally, the field

at present lacks a clear “killer” application that can drive

development into a specific direction.

II. TEXTILE FABRICATION METHODS

Smart textiles can be fabricated using (1) textile fibers

that have additional functions (e.g., electrical or optical con-

ductivity), (2) attachment of commercial off-the-shelf com-

ponents5 such as integrated circuits or light emitting diodes

(LEDs) to the textile after fabrication, and (3) hybrid

approaches combining both commercial and textile function-

alities. In this section we discuss how “smart” functions are

integrated into textiles. Since interconnect lines based on

conductive yarns are critical for connecting various devices

into circuits, we first discuss conductive textile yarns and

how their structure impacts the textile fabrication process.

Next, we discuss the two most common large-area textile

fabrication methods: weaving and knitting. Finally, we dis-

cuss various methods to functionalize textiles following fab-

rication (i.e., textile finishing methods). These include

printing, stitching/embroidery, and gluing.

A. Conductive textile yarns

Yarns can be integrated into textiles architectures in vari-

ous ways. Possible methods include weaving, knitting,

embroidery, lamination, and stitching. All these methods have

been investigated for smart textile applications incorporating

various functionalized yarns (e.g., electrically or optically con-

ducting threads). Conductive wires are of particular interest

for textile integration since they form textile interconnect lines

for electrical circuits that are built subsequently using standard

electrical building blocks (e.g., sensors or LEDs). Examples

include the work published by Cottet,39 Locher,40 or Martin,41

who integrated an X-Y grid of copper wires into woven tex-

tiles to form interconnect lines. It is often necessary to make a

trade-off between resistance and processability when choosing

the conductive yarn for a smart textile process.

For smart fabrics, the targeted application plays a con-

siderable role in the required conductivity of the conductive

yarn. Some textile applications (e.g., lighting applications)

may require considerable current and low ohmic (high con-

ductivity) wires are preferred. Certain sensing or heating

applications on the other hand work better when using a yarn

with a lower conductivity. Conductive yarns are fabricated

using either metallic wires or metalized textile yarns. Yarns

can consist of a single fiber (monofilament) or can consist of

various thinner fibers that are twisted together to form a com-

posite fiber (multifilament). The conductivity of these yarns

ranges from about 0.5 X/m to several kX/m, depending on

the amount of metal used.42

The construction of a yarn or wire has large impact of

processability and suitability of the yarn for use in a specific

textile process. For instance, metal wires tend to break easily

during weaving and knitting, whereas multifilament yarns can

give rise to shorts when adjacent wires are too close. From a

processability point of view, low resistance metal wires have

limited elasticity and strength. This results in knots and breaks

in the wires. In addition, the conventional way of cutting the

fabric requires application of heat. This cutting method cannot

be used for textiles with conducting metal wires due to the

high thermal conductivity of the metal. In processes where the

conductive wire is applied after the fabric has been finished

(e.g., soutage, embroidery, and lamination), these challenges

do not exist as the wires are not subjected to high fabrication

forces but are merely “laid” down on the fabric and fixated.

Mechanical demands of the yarns will in these cases fully

depend on the intended use.

More complex conductive yarns with improved properties

have also been constructed, e.g., by wrapping, stranding, and

twisting metal fibers around a textile core or metallization of

polymer yarns. Fig. 3 shows examples of conductive wires.

The properties of the conductive wire can be further improved

by adding an insulation layer. This makes the wire more robust

and resistant when exposed to more challenging environments

(e.g., washing). Insulation can consist of a polymer coating or

by insulating yarns such as polyester that are wrapped around

the conductive core. However, component attachment to insu-

lated yarns and realization of electrical interconnections within

a textile is more difficult when using insulated yarns compared

to non-insulated yarns. This is because it is necessary to

locally remove the insulation for the required electrical con-

nection to be made.

B. Weaving and knitting

For smart textiles applications weaving and knitting

have received widespread interest since they can generate

large-area textile surfaces.
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Weaving is a process that interlaces two perpendicular

sets of yarns, called the weft and warp. During weaving,

some of the warp yarns are moved up and the rest are moved

down using a “harness,” and the opening created between

the up- and down-warp yarns is called the shed. The raising/

lowering sequence of warp yarns gives rise to many possible

weave structures. In comparison, the weft yarns are rolled

around several spools (known as bobbins) and inserted into

the textile architecture perpendicular to the warp yarns by a

device called a shuttle. Fig. 4(a) shows a close-up of the cen-

tral weaving region in a weaving machine, including the

warp and weft directions. Fig. 4(b) shows a standard band

weaving machine. The dotted circle indicates the weaving

region. Warp yarns are spanned parallel to each other on a

loom and “pulled” through the weaving machine at a con-

stant rate.

In addition to standard two-dimensional (2D) textiles, it

is also possible to weave more complicated composite three

dimensional (3D) textiles. In 3D-fabric structures, the thick-

ness (Z-axis) is considerable relative to planar (X-axis and

Y-axis) dimensions. Fibers or yarns are intertwined, inter-

laced, or intermeshed in the X (longitudinal), Y (cross), and Z

(vertical) directions. For 3D-structures, there may be an end-

less number of possibilities for yarn spacing in a 3-D space.

These types of 3D fabrics are woven on special looms with

multiple warp and/or weft layers. Fig. 4(c) shows an example

of a woven 3D fabric. However, it is possible to fabricate

more complex 3D fabrics using standard looms. For example,

the Georgia Tech Wearable Motherboard14 used a novel 3D

weaving process to produce a fully formed garment. Optical

fibers were spirally woven into the garment for uncut garment

manufacturing. This reduced the need to connect wires after

fabric production, pattern cutting and sewing.

Knitting is a method in which yarns are arranged into

consecutive loops (stitches) on a knitting needle. An assem-

bly of loops is called a row or “wale.” To create the next

row, a new section of the yarn is pulled through existing row

loops (usually in order) using a second knitting needle. By

adjusting the sequence of stitches or repeating individual

steps per loop, it is possible to adjust the knitted pattern and

thereby create more complex patterns in the fabric. It is pos-

sible to distinguish between warp and weft knitting methods

depending on the general direction of the row yarn in the

fabric as shown in Fig. 5(a). Knitting machines are also capa-

ble of weaving complex 2D and 3D structures (including

seamless tubes43 as shown in Fig. 5(b).

General properties of both knitted and woven textiles

are low weight, portability, and skin comfort (e.g., breath-

ability) when compared to standard electrical and optical

systems. Woven fabrics are durable and have a more stable

shape than knitted fabrics. This allows for more accurate

placement of individual yarns and more dense integration of

electronic and optical functionalities. Furthermore, woven

textiles are strong and deformation resistant. Knitted fabrics

are characterized by high elasticity and elongation, good

conformability in mechanically active environments (e.g.,

textiles used in clothing), as well as good air permeability,

thermal retention, and humidity transport properties.

C. Smart textiles: Finishing touches

After the textile has been fabricated, the fabric’s appear-

ance can be modified, and additional “smart” capabilities can

be added (e.g., by using embroidery, printing, gluing, or lam-

ination). The following are some examples.

A popular approach used to complete textile circuits is to

attach electronic devices to interconnect lines inside the tex-

tile. Here, the key step is deciding how to establish electrical

contacts between the fabric structure and the devices. Contacts

can be made by micro-contacting devices with conductive

adhesives and soldering or by mechanical methods (e.g.,

crimping). Fig. 6(a) shows a surface mount device light emit-

ting diode (SMD LED) which was glued to a woven fabric by

researchers from TU Braunschweig University, Germany. The

FIG. 4. (a) A close up of the main weav-

ing region, showing warp and weft yarns

on a weaving loom. (b) A standard band

weaving machine. The weaving region is

indicated by the dotted lines (c) An

example of a 3D fabric.

FIG. 3. Various types of conductive

yarns: (a) a fully metal, silver-plated

copper wire, (b) a silver-coated polyam-

ide multifilament yarn, and (c) a Kevlar

multifilament yarn wrapped with metal

foil.
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SMD LED was picked up by a vacuum gripper and placed

onto the fabric. A cannula and a precision dosing system were

used to apply the conductive adhesive.44 Another method of

integrating electronic devices into woven fabrics is shown in

Fig. 6(b). Here, a narrow fabric weaving loom was modified

so that electronic components could be placed into woven

pockets inside a textile.46 Alternatively, the textile surface can

be modified locally or globally. For example, galvanic

electro-plating can be used to make partially conductive tex-

tile structures for sensing applications.47 Printing techniques

can be used to coat textiles selectively with conductive poly-

mer materials such as poly(3,4-ethylenedioxythiophene)

(PEDOT)45 or chemically sensitive polymer materials (e.g.,

for use as temperature sensors48 or bio-sensors49). Fig. 6(c)

shows an example of a printed PEDOT line on a textile.

III. SMART TEXTILES SENSORS INPUT AND OUTPUT
DEVICES

Smart textile systems can be considered at a number of

levels. At the top system level we consider aspects such as

overall performance, power management, manufacturability,

cost, textile handle, and fault tolerance. One level down, smart

textile sub-systems include memory storage and transmission,

sensor processing, and control of input and output modalities

by top-level circuit and software design. Finally, at the com-

ponent level, we consider the various sensors and input and

output devices available for integration into textiles. For

example, a simple smart textile system could consist of sen-

sors connected to a data processor and memory storage unit

(powered using an on-board power supply) using textile-based

conductive yarns. The changes in the sensor signals caused by

environmental changes can be processed in the textile (i.e., by

attached processors) or transmitted to an external computer

for further analysis. Finally, the system could contain various

output devices that respond to signals sent to them by the data

processor or received via the wireless link (e.g., textile dis-

plays or status lights). Fig. 7 shows a schematic of a simple

smart textile system using the ETH backmanager4 as an exam-

ple to identify various hierarchical components.

In some special cases, smart textiles can contain compo-

nents that combine sensing and user feedback. These simple

systems do not have a computational element and instead

respond to environmental changes instantly by changes in

the textile appearance. For example, textiles can be coated

with inks or resins that change color at certain temperatures

and thereby provide colorimetric feedback on changes in the

ambient temperature.50 In a “traditional” smart textile system

this color change would be detected and used as input for a

software program. This program could then use this informa-

tion to provide feedback on the change in the environment

experienced by the textile. However, the visible change in

color can also provide quick feedback to an observer. The

disadvantage of such systems is that the type of feedback

that can be provided is limited, not very nuanced, transient,

and does not result in a very intelligent textile system. This

type of system can also not be used to provide other types of

feedback since the sensor is not coupled to a computational

element. The SWAY system is a commercial implementation

that consists of a multi-color fabric with 4 basic colors.

These colors are designed to reversibly change color

between 40 �C and 80 �C.50 Shape memory materials

(SMMs) are another category. These can be combined with

textiles to create fabrics that react to a change in temperature

by returning to a pre-programmed shape.51 Shape memory

materials also can be used to fabricate simple smart textiles.

These materials change their shape in response to an electri-

cal signal and have recently been used by Corpo Nove to cre-

ate a shirt which shortens its sleeves when the temperature

rises and does not require ironing.52

This section will present an overview of device-level

functionalities (sensors and output devices) that have been

FIG. 5. (a) Weft knitted (on left) and warp knitted (on right). The blue yarns

represent a particular row inside the fabric. (b) A fabric with knitted tubes.

FIG. 6. (a) Microcontacting an LED

using conductive adhesive, (b) func-

tional LEDs on a woven narrow fabric,

and (c) a printed PEDOT line on fabric

used in a strain sensor.
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used to generate textile systems, with an emphasis on new

functionalities that are unique to textile systems. In Sec. IV,

we will discuss higher-level textile systems and applications.

A. Sensors

A sensor is a device that measures a physical quantity

(light intensity, pressure, temperature, etc) and converts it

into a signal which can be stored and analyzed. In the context

of smart textiles, sensors integrated into smart clothing are

often tailored to measure physiological parameters in

humans (e.g., heart rate, body posture…) or to determine

changes in the ambient environment such as pressure distri-

bution changes when a person walks across a carpet or some-

one sits down on a sensorized chair. Many smart textiles

operate using traditional, silicon-based sensors, but new

sensing capabilities have been achieved within textiles using

novel functionalized fibers, specialized fabrics, and coatings,

and new textile integration methods such as sewing or knit-

ting. Fig. 8 shows a variety of the sensors described below.

Pressure sensors: Pressure sensors have been incorpo-

rated into mattresses for medical monitoring58 and have also

found various commercial applications, for example, to de-

velop textile keyboards and touch-pads used in sportswear,

interior fabrics, and street fashion.25 Various capacitive pres-

sure sensors have been developed using a spacer material

sandwiched between two conducting textile electrodes.11,21

The electrodes are fabricated by embroidering or coating tex-

tiles with conductive yarns or materials. Other pressure-

sensitive spacer alternatives are electro-active polymers.59,60

Heart rate sensors: Textile sensors exist for detecting

electrocardiogram (ECG) and respiratory activity, for exam-

ple, as reported in the MagIC system.61 In the NuMeTrex

line of fitness gear from Textronics, conducting transmission

lines and electrodes are knitted into the fabric that are able to

stretch and move with the user. This helps the electrodes to

maintain contact with the skin and sense the heart’s electrical

pulse. A small transmitter is snapped into a pocket in the

front of the garment where it instantaneously radios the heart

rate to a watch worn by the user or an exercise machine for

digital readout. By replacing the commonly used hard plastic

chest straps that rub and chafe against the skin, NuMetrex

offers a more comfortable alternative by combining heart-

rate sensing with form-fitting shirts and sports bras.62

Temperature sensors: Temperature changes can be ex-

trapolated from resistance changes in conductive coatings

printed onto textiles or metal fibers woven or knitted inside

the textile.36 Alternatively, flexible thin-film temperature

sensors on plastic stripes can be woven into textile.22

Strain sensors: Strains sensors in clothing can be used to

detect body posture and joint movements. This information

is useful to train athletes, for rehabilitation of patients, or to

support emergency first responders (e.g., firefighters) during

their work. Textile strain sensors have been integrated into

the fabric of mattresses and used as contactless sensor to

extract the heart rate, the respiration rate, and the movements

(activity) of a subject during sleep.63 Strain sensors have

been fabricated by incorporating piezoresistive64 or optical65

fibers into clothing to detect breathing rate or body positions4

by measuring fiber deformations. Piezoresistive films have

also been printed directly onto textile surfaces to form

sensors.45

Biological sensors: Chemical and humidity sensors have

been used in wearable applications to detect the presence

and composition of biological fluids. These sensors are cre-

ated by using sensing materials such as carbon nanotubes

embedded in polyelectrolytes that are either screen printed

onto textiles66 or coated onto individual textile fibers.67 The

EU project, BIOTEX, developed a range of textile sensors to

detect pH, sweat rate, and electrolyte concentration in

sweat.68 The pH sensors are used to monitor people suffering

from obesity and diabetes. Various smart textiles incorporate

knitted or woven metal fibers and electrodes that allow mea-

surement of physiological parameters such as electromyogra-

phy (EMG) and ECGmeasurements69,70 to support cardiac

health.

Optical sensors: Plastic optical fibers (POFs) have been

integrated into textiles and used in clothing for oximetry

monitoring71 or to develop pressure sensors72 that operate by

measuring changes in light intensity when the fiber is

deformed. In the case of chemical sensors, optical fibers are

generally coated with custom-designed cladding layer that

reacts with the specified reagent and changes the light trans-

mission within the fiber. Fiber optic sensors have been inte-

grated into soldier uniform to detect chemical and biological

warfare threats, above-normal field temperatures, and other

hazards on the battlefield.73 In the GTWM (Ref. 14), optical

fibers are used to detect damage to the fabric via broken light-

paths. This concept was commercialized by Sensatex to de-

velop the “LifeShirt”74 that uses woven optical fibers in the

fabric to measure the temperature and heart rate of the wearer.

Gas sensors: Recent methods of fabricating textiles with

gas sensing capabilities involve coating the textile with a gas

sensitive layer,75,76 weaving gas-sensitive nano-fibers into a

fabric,77 and integrating commercial gas sensors into stand-

ard items of clothing.78 ETHZ is currently leading a Swiss

federal funded project, TWIGS, to develop simple textile gas

sensors for air-conditioning systems.79

Input devices: Textile input devices are used by the user

to provide data to other devices within the textile system.

Input devices to interface to textile systems include keyboards

FIG. 7. Schematic of a smart textile hierarchy modeled on the ETH

“backmanager” reported in Ref. 4.
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and may include a wide variety of sensors that stimulate a

response within the system. All-textile “capacitive” keyboards

such as the Eleksen keyboard in Fig. 2(f) have been fabricated

using a variety of textile fabrication methods such as sewing

and quilting16 and have been commercialized.21

B. Output devices

Output devices are used to communicate changes in the

textile system with the outside world. Displays are the most

common type of textile output device. In many cases, smart

textiles are interfaced with traditional display devices such

as watches faces,83 colored LEDs,82 and optical fibers.84

Fig. 8(d) shows a textile display consisting of LEDs that are

driven by a woven grid of conductive yarns forming a pas-

sive matrix. These types of textile lighting surfaces have

been used in applications such as architectural and industrial

art projects, automotive lighting, and even integrated into

clothing.55 Color changing textiles can act as simple textile

displays. One example is the Mosaic Textile display that has

individual pixels which are controlled using conductive yarn

resistors that act as localized heating modules.85 More exotic

“vibro-active” displays provide a localized tactile stimulus to

the skin by generating vibrations. This can be done by

integrating smaller electro-motors into the textile.86 This

concept has been investigated at the prototype-level for

future commercial applications such as “emotion” generating

jackets for gaming or therapy applications by Philips

Research.56 Another approach carried out within the EU Pla-

ceIt project is to bond organic light-emitting diodes (OLEDs)

to textiles, as shown in Fig. 8(e).

In smart textiles, output devices can also be transistors.

Various efforts to integrate transistors into textile at the fiber

level are underway.10,17,18,80,81 Generally, however, smart

textile circuits including transistor circuits consist of off-

the-shelf or custom built integrated circuits that are attached

to interconnect lines inside the textile and used to control

the flow of information within the textile.82 “Artificial

muscles” is another example of textile output devices. These

are fabricated using materials such as electro-active poly-

mers (EAPs) that can be interfaced with electrical circuits to

control the shape of the actual textile surface.60

IV. TEXTILE SYSTEMS

In the previous section we discussed how various sensing

and actuation functions can be integrated into textiles. In this

FIG. 8. Various types of textile circuit

components: (a) An ionic sensors for fluid

collection inside a textile to monitor

sweat,53 image provided by Jean Luprano,

the coordinator of the Biotex EU project,

(b) a fabric with embedded conductive

yarns. These can be used as temperature

sensors, for example as shown in Ref. 54,

(c) a woven thin-film transistor on a fiber

(ETHZ, unpublished), (d) a textile display

LEDs attached to a woven passive matrix

using conductive yarns (Philips, unpub-

lished work), (e) an OLED bonded to tex-

tile, image provided by Marc Koetze and

Margreet de Kok from the Holst center,

and (f) a Lillypad Arduino microcontrol-

ler chip integrated into a textile.57 Figure

(f) is licensed under Creative Commons

BY-NC-SA 2.0.
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section we move up higher in the textile hierarchy (refer

Fig. 7) and discuss examples of textile sub-systems and sys-

tems. Finally, we conclude the section by discussing various

targeted application areas. While a full discussion of the vari-

ous ways to build smart textile systems is beyond the scope of

this paper we will use this section to provide a feeling of some

of the new application possibilities enabled by smart textiles.

A. The role of conventional electronics

A special mention needs to be made of the role of con-

ventional electronics in building smart textile systems. It is

possible to implement a large variety of sensing and actua-

tion functions at the device level using partial or fully

textile-based methods. Interconnections between sensors

and other system components can be created during textile

fabrication by integrating conductive yarns into the textile,

or following textile fabrication by printing or stitching.

However, more complicated electronic circuits and sub-

systems such as microcontrollers, memory units for data

storage, and wireless links need to be implemented using

conventional electronics. Therefore, conventional electron-

ics will always play an essential role in building complete

textile-based applications and systems for portable and

large-area 3D deformable electronics. In fact, specialized

integrated circuits have been designed to be washable and

easy to integrate into textiles by sewing.82 Fig. 8(f) shows

an example of a LilyPad Arduino57 chip integrated into an

embroidered textile surface.

For smart textiles systems, a promising area of research

involves the development of portable power supplies. This is

a growing research area, and recently many novel examples of

more textile energy harvesting and storage devices have been

presented. These include photovoltaic textile surfaces87 and

fibers88 to harvest sun energy, mechanical energy harvesting

devices built into shoes89 and a variety of light-weight flexi-

ble27–29 and elastic batteries30 that can be attached to textiles.

Furthermore, various parts of wireless links are being replaced

by textile components. Examples include textile antennas90

and transponders. Therefore, it is likely that more textile-

compatible power supplies (i.e., power supplies that can be

integrated into the structure easily during textile fabrication)

will be developed in the near future.

B. Textile system categories

As discussed in the previous sections, textiles systems

can also be distinguished by the method of integrating func-

tions into the textile (categories 1–3).

An early example of category 1 smart textiles, the

GTWM shown in Fig. 2(a) is a smart textile which was devel-

oped from 1996 onwards. The GTWM contained several wo-

ven or knitted optical fiber sensors and interconnect lines

(supplemented by commercial body-worn sensors) that were

used to monitor soldier vital signs during combat situations.14

Other examples in this category include the beam-forming

woven smart textiles from Virginia Tech91 and ETH Z€urich’s

SMASH shirt.92 An early commercial example of this type of

smart textile is the Industrial Clothing Design Plus ICDþ coat

developed in collaboration by Philips and Levi that incorpo-

rated a microphone, earphones, a remote control, a cell-phone,

and an MP3 player.25 Recently more sophisticated smart tex-

tile computing platforms have emerged that create symbioses

between large-area, conformable electronics, and textiles. The

Klight dress is another prominent example. It was developed

in 2009 within the European Union (EU) STELLA project

and integrates an elastic circuit board into a dress using lami-

nation methods.20 Fig. 2(e) shows a section of the elastic sub-

strate embedded in a textile carrier.

For category 2, various purely textile capacitors con-

sisting of insulating foam sheets placed between embroi-

dered electrodes have been developed to measure muscle

activity.11 An example of such a textile capacitor array is

shown in Fig. 2(d). The EU project BIOTEX developed

various biosensors to monitor parameters in human sweat

such as Ph level, electrolyte concentration, and sweat rate.

To guide sweat along channels towards the main sensing

region, textile “sweat pumps” were developed using combi-

nations of hydrophobic and hydrophilic textile fibers.71

International Fashion Machines commercialized a “plush

touch” sensing technology to develop textile dimmer light

switches with woven, sewn and embroidered electronic

yarns and materials within a fabric base. An example is

shown in Fig. 2(c). Here, stroking the fabric will dynami-

cally change the room lighting conditions.19 This technol-

ogy has also been exploited by Maggie Orth in 2008 to

create interactive art-works such as “Petal Pusher.”93 Other

commercial examples include the 100% textile Eleksen

keyboard94 shown in Fig. 2(f).

Efforts to develop fiber-level electronics have often

focused on integration of transistors. For example, textiles

with wire electro-chemical sensing transistors17 and “fiber-

computing” efforts to embed transistors into weavable poly-

mer fibers10 create TFTs from individual fibers,95 or shadow

mask organic transistors onto fibers using a shadow masking

process80 have received much interest in recent years. ETH

Z€urich has taken the “stripe” approach one step further by

weaving textiles with stripes supporting simple thin film cir-

cuits including thin film transistors, sensors, and attached

packaged miniaturized integrated circuits to create woven

arrays and bus structures within textile architectures.81 Fig.

2(g) shows an example of woven textile incorporating a thin

film temperature sensor stripe using this approach. Another

interesting effort in this area involves fabricating “solar-

powered” wires to incorporate photovoltaics into textiles.88

Commercially, Lumalive by Philips Research represents an

effort to weave fibers with LEDs into textiles.96

The examples listed in this section represent only a

fraction of ongoing smart textiles efforts. Smart textiles

research is ongoing across the globe—both at an academic

and industrial level. In the US, governmental organization

initiatives, particularly in the military field, are driven by

NASA in the USA and the Ministry of Defense in the UK.

In Europe, the European Union funds several international

smart textile-focused projects including PASTA and Place-

It. Many high-tech global companies conduct their own

research or carry out collaborative work with academic

institutes).
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C. Textile applications

The development of ambient computing as represented

by smart textiles has expanded the concept of computing

from desktop based applications to a growing “landscape” of

smart devices. Smart textile systems span the range of serious

applications2,4,5,14,70,71,97 (e.g., smart uniforms for emergency

workers exposed routinely to hazardous working conditions)

to commercial applications such as lighting in fashion20 and

even toys.98 Application areas include healthcare, fashion,

sports and wellness, safety and security, automotive and trans-

port construction, security, geo-textiles, lighting, industrial

applications, defence, agro-textiles, home and interior textiles,

packaging, architecture, energy, telecommunications, and dis-

plays. Here are some representative examples with a focus on

mature (i.e., commercial) applications.

Protective clothing: The PROeTEX suit99 developed at

the EU level includes an inner garment to monitor the wearer

physiological status (temperature, earth, and respiration rate,

blood O2 saturation, and dehydration) while the outer vest

and boot contain embedded sensors to monitor the aggres-

sive environmental conditions (e.g., temperature, position…)

and flexible batteries.

Healthcare: Smart textiles have been used to develop

textiles that monitor the health of infants,100 provide heal-

ing by light therapy, and detect physiological parameters

such as heart rate and respiration83 for long-term patient

health monitoring. Fig. 9(a) shows the Philips Baby blanket

which was developed to provide infants with light therapy.

Another example is the LifeShirt by Vivometrics. The Life-

Shirt System collects, analyses, and reports on the subject’s

pulmonary cardiac and posture data. It also correlates data

collected by optional peripheral devices that measure blood

pressure, blood oxygen saturation, EEG, EOG, periodic leg

movement, core body temperature, skin temperature, end

tidal CO2, and cough.101 The system gathers data during the

subject’s daily routine, providing pharmaceutical and aca-

demic researchers with a continuous “movie” of the sub-

ject’s health in real-life situations (work, school, exercise,

sleep, etc). The field of sports related healthcare has also

been very active and many global companies such as Adi-

das, O’Neill, Nike, and Polar have already introduced smart

textile products into the market. The Numetrex sports bra

represents a mature commercial application in which con-

ducting fibers are knitted directly into the fabric of a sports

bra to monitor heart rate. The textile sensor system is

capable of capturing comprehensive physiologic data on

the body and is designed to assist consumers in managing

wellness concerns such as weight loss, physical health and

energy level. The NuMetrex Heart Sensing Sports Bra was

named 2006 Sports Product of the Year by the Sporting

Goods Manufacturers Association.62

Interactive clothing: Smart textiles in the fashion indus-

try mainly use lighting effects to provide a new visual com-

ponent to garments. Lighting effects can be interactive such

as the firefly dress based on random events. The lighting

effects in the Klight dress (Fig. 2(e)) can even be pro-

grammed.20 Luminescent effects can also be used in home-

deco products such as curtains and furniture. Fig. 9(b) shows

an example of textile cube with integrated lighting intended

for interior decoration.102 Other functionalities such as tex-

tile keypads have also been commercialized. For example,

the KENPO jacket and the Ipods jeans by Levis25 contain

integrated MP3 players controlled by textile buttons.

Another benefit realized by smart textiles such as the Smart

Bra103 is increased wearer comfort. This bra, developed at

the University of Wollongong, tightens and loosens its straps

or stiffens and relaxes its cups to restrict breast motion, pre-

venting breast pain and sag. Other companies that have

released interactive clothing include Eleksen, Fibertronic,

and O’Neill.

Automotive smart textiles: Automotive smart textiles are

a promising application area for smart textiles since cars al-

ready contain a large variety of textile surfaces (e.g., in the

seat cover, carpets, roof, and door liners, tires, hoses, safety

belts, air bags, etc). So far, automotive smart textiles include

textiles providing heating in car seats, textile dashboard light-

ing being developed by the EU project PASTA and external

textile “skins” replacing standard car exteriors as used in

BMW’s concept car “Gina.”104 Fig. 9(c) shows an example

of textile switches integrated into a car steering wheel.

V. OUTLOOK

Smart textiles research has been ongoing for up to 20

years and yet few commercial products are on the market.

This is despite the fact that the market for smart textiles was

expected to grow by more than $300 billion dollars in

2012.105 Significant progress has been made in developing

smart textiles recently and this research area has widespread

support from both the research and commercial sectors. For

example, in Europe the European Union is funding smart

FIG. 9. (a) Baby blanket by Philips providing phototherapy, (b) “cuddly cube” textile design object (Philips), and (c) Textile switches integrated into a car

steering wheel (courtesy Holger Meinel from Daimler Chrysler).
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textiles research with up to more than e100 million, spread

over more than 30 R&D projects.106 Some of the information

on market trends in this section is taken from the SYSTEX

Vision paper.107 SYSTEX is a project funded by the EU that

collects technological and non technological information on

smart textiles projects along the whole textile value chain.

The goal is to identify the hurdles facing interdisciplinary

knowledge transfer and to initiate actions to overcome them.

At present, consumer goods account for a significant portion

of commercially available products, but growth in military,

biomedical, vehicle safety, and wellbeing applications is

expected to have a major impact on the market.107 Various

drivers support the further development of smart textile.

These include societal factors (e.g., the need to improve qual-

ity of lift of an aging population and increased consumer

demands for more and varied applications), business factors

(e.g., the trend towards increased diversification of businesses,

higher competition, and the need to develop new markets),

and sector driven factors (e.g., rejuvenation of established

industries and the emergence of specialized markets).

In the near term, the focus of commercial smart textiles

will be on sensing, heating, and lighting applications. Sens-

ing textiles will increasingly be used in sports and health

monitoring applications. As mentioned in previous sections,

the physiological monitoring of parameters such as heart rate

(ECG) is already available. Other sensing applications, such

as bio-chemical monitoring, may be added in the near future

for protective and military wear. Heating fabrics will find

increasing use in cars, driven by the introduction of electric

vehicles. Lighting fabrics will find more versatile use in

fashion, promotion and event wear, and light treatment. In

the future, combinations of these segments, e.g., sensing and

lighting, may result in unique applications.

Various issues need to be addressed to ensure that smart

textiles will successfully transition from research laborato-

ries to industrial applications. Barriers that have been identi-

fied include lack of standardization, lack of regulations for

new products, lack of coordination and collaboration among

the value chain partners, and financial constraints among

businesses to shoulder development costs. Ethical and social

issues including safety need to be addressed. Furthermore,

high production and selling costs and the need for increased

user acceptance also are important factors.

At present, commercial smart textiles still utilize com-

mercial sensors and integrated circuits to achieve their pur-

pose. In the future, more and more uniquely textile sensors

demonstrated by academic research labs need to be transi-

tioned to commercial products. This will result in a blurring

of electronic and textile properties to the point where elec-

tronics become fully integrated into the textile architecture.

As smart textile technologies become more mature, produc-

tion processes will need to become more automated and

large scale. These products require combinations of electron-

ics and textile manufacturing capabilities and at this scale

the full product can only be made by industries with access

to suitable technologies.

From a technology perspective, a key issue is that cloth-

ing fabrication is still a labor-intensive activity and remains

concentrated in countries where labor costs are low.106

Furthermore, the integration of electronics into textiles is far

from automated, and large-area, low-cost smart textiles will

only be achieved if large-area fabrication methods from the

electronic and textile industries are combined more seam-

lessly. Electronics and textile technologies have very differ-

ent characteristics and requirements; electronic processes are

expensive and precise, often requiring accuracy down to

sub-mm dimensions. In comparison, textile processes are

typically used to produce large textile surfaces at low cost,

but with less accurate requirements in terms of minimum

dimension and yarn placement. It is therefore likely that inte-

grators will play a role, to help combine and translate the

requirements from both industries into a complementary pro-

cess. Smart fabrics research will follow the above trends,

with a focus on integration, reliability, and product usability.

The latter is often forgotten in research projects but is

extremely important. The end-user should be involved in all

phases of the research, from design to validation, to guaran-

tee the usefulness of the proposition. Sustainability will

become an increasingly important research topic, leveraging

the efforts and knowledge existing in the textile industry.

Critically, more fundamental research is needed to enable

the next wave of smart fabrics products. We are still far from

fully utilizing the capabilities available from the textiles

industry within a smart textile environment. In particular, 3D

textiles promise new and hitherto unexplored opportunities.

Power and comfort, especially cooling, are important areas

where current smart textiles capabilities are insufficient. High

energy density thin film or fabric batteries and efficient solar

cells need to be developed that can be used to power portable

textile applications in a more comfortable way. Cooling mate-

rials such as phase-change materials should be developed fur-

ther to cool the body in hot environments, and to cool the

electronics worn close to the body.

From the discussion above it becomes clear that there

are many gaps that need to be filled before smart textiles

become a mainstream technology. However, this fact also

represents a unique opportunity to develop a new skill-set

and expand the knowledge available to engineers and scien-

tists. Smart textiles are unique in that they require the com-

bined experience from very different disciplines. Their

development will result in the formation of interdisciplinary

teams of people from materials science, physics, chemistry,

process engineering, and people from the textile and elec-

tronics manufacturing communities. Therefore, this type of

research will lead to increased dialogue between groups of

people that generally would not interact, and this in itself

may result in the discovery of new opportunities based on

combining their knowledge. Smart textiles research repre-

sents a new model for generating creative and novel solu-

tions for integrating electronics into unusual environments

and will certainly result in new discoveries that push the

boundaries of science forward.

1J. L. Dorrity and G. Vachtsevanos, “On-line defect detection for weaving

systems,” in Proceedings of IEEE 1996 Annual Textile, Fiber and Thin

Film Industry Technical Conference, 15–16 May 1996, pp. 1–6.
2R. Paradiso, G. Loriga, N. Taccini, A. Gemignani, and B. Ghelarducci,

“WEALTHY – A wearable healthcare system: New frontier on e-textile,”

J. Telecommun. Information Technol. 4, 105–113 (2005).

091301-11 K. H. Cherenack and L. van Pieterson J. Appl. Phys. 112, 091301 (2012)



3M.-H. Cheng, L.-C. Chen, Y.-C. Hung, and C. M. Yang, “A real-time

maximum-likelihood heart-rate estimator for wearable textile sensors,”

in EMBS 2008: Proceedings of 30th Annual IEEE EMBS conference,

20–25 August 2008, pp. 254–257.
4C. Mattman, O. Amft, H. Harms, G. Tr€oster, and F. Clemens,

“Recognizing upper body postures using textile strain sensors,” in Pro-

ceedings of 11th International Symposium on Wearable Computers

(ISWC 07), 11–13 October 2007, pp. 29–36.
5F. Axisa, A. Dittmar, and G. Delhomme, “Smart clothes for the monitor-

ing in real time and conditions of physiological, emotional and sensorial

reactions of human,” in Proceedings of the 25th Annual International

Conference of the IEEE EMBS, 17–21 September 2003, Vol. 4, pp.

3744–3747.
6S. Jung, C. Lauterbach, M. Strasser, and W. Weber, “Enabling technologies

for disappearing electronics in smart textiles,” in Proceedings of the 2003

IEEE International Solid-State Circuits Conference, 26–29 February 2003,

pp. 1–8.
7L. Van Langenhove and C. Hertleer, “Smart clothing: A new life,” Int. J.

Clothing Sci. Technol. 16, 63–72 (2004).
8D. Marculescu, R. Marculescu, N. H. Zamora, P. Stanley-Marbell, P. K.

Khosla, S. Park, S. Jayaraman, S. Jung, C. Lauterbach, W. Weber,

T. Kirstein, D. Cottet, J. Grzyb, G. Tr€oster, M. Jones, T. Martin, and

Z. Nakad, “Electronic textiles: A platform for pervasive computing,”

Proc. IEEE 91, 1995–2018 (2003).
9S. Wagner, E. Bonderover, W. B. Jordan, and J. C. Sturm,

“Electrotextiles: Concepts and challenges,” Int. J. High Speed Electron.

Syst. 12, 391–399 (2002).
10O. Cakmakci, M. Koyuncu, M. Eber-Koyuncu, and E. Duriau, “Fiber

computing,” in Proceedings of the Workshop on Distributed and Disap-

pearing User Interfaces in Ubiquitous Computing, Computer-Human

Interaction (CHI), 31 March–April 5 2001, pp. 1–7.
11J. Meyer, P. Lukowicz, and G. Tr€oster, “Textile pressure sensor for

muscle activity and motion detection,” in Proceedings 10th IEEE

International Symposium on Wearable Computers, 11–14 October 2006,

pp. 69–72.
12D. Fishlock, “Doctor volts [Electrotherapy],” IEEE Rev. 47, 23–28

(2001).
13E. O. Thorpe, “The invention of the first wearable computer,” in Proceed-

ings of 2nd International Symposium on Wearable Computers 1998.

Digest of Papers, 19–20 October 1998, pp. 4–8.
14S. Park, K. Mackenzie, and S. Jayaraman, “The wearable motherboard: A

framework for personalized mobile information processing (PMIP),” in

Proceedings of the 39th Annual Design Automation Conference (DAC

02), 2002, Vol. 11.2, pp. 170–174.
15G. F. Eichinger, K. Baumann, T. Martin, and M. Jones, “Using a PCB

layout tool to create embroidered circuits,” in Proceedings of the 11th

IEEE International Symposium on Wearable Computers (ISWC ‘07), 11–

13 October 2007, pp. 105–106.
16E. R. Post, M. Orth, P. R. Russo, and N. Gershenfeld, “E-broidery:

Design and fabrication of textile-based computing,” IBM Syst. J. 39,

840–860 (2000).
17M. Hamedi, R. Forchheimer, and O. Ingan€as, “Towards woven logic from

organic electronic fibers,” Nat. Mater. 6, 357–362 (2007).
18E. Bonderover and S. Wagner, “A woven inverter circuit for e-textile

applications,” IEEE Electron Device Lett. 25, 295–297 (2004).
19See http://www.ifmachines.com/ for “Amazing soft switches.”
20R. Vieroth, T. L€oher, M. Seckel, C. Dils, C. Kallmayer, A. Ostmann, and

H. Reichl, “Stretchable circuit board technology and application,” in Pro-

ceedings of 2009 International Symposium on Wearable Computers

(ISWC ‘09), 4–7 September 2009, pp. 33–36.
21See http://www.eleksen.com/assets/PDFs/nc_growingbusiness_Eleksen.pdf

for “Eleksen FUSE PR, Growing Business.”
22K. H. Cherenack, C. Zysset, T. Kinkeldei, N. M€unzenrieder, and G. Tr€oster,

“Woven electronic fibers with sensing and display functions for smart

textiles,” Adv. Mater. 22, 5178–5182 (2010).
23R. M. Crow and M. M. Dewar, “Stresses in clothing as related to seam

strength,” Textile Res. J. 56, 467–473 (1986).
24C. Mattman, T. Kirstein, and G. Tr€oster, “A method to measure elonga-

tions of clothing,” in Proceedings of the 1st International Conference on

Intelligent Ambience and Well-being (Ambience05), 19–20 September

2005, pp. 3719–3732.
25See http://extra.shu.ac.uk/dac/philips.pdf for “Philips smart connections

clothing.”

26S. Coyle, Y. Wu, K.-T. Lau, D. De Rossi, G. Wallace, and D. Diamond,

“Smart nanotextiles: A review of materials and applications,” MRS Bull.

32, 434–442 (2007).
27T. Suga, H. Konishi, and H. Nishide, “Photocrosslinked nitroxide poly-

mer cathode-active materials for application in an organic-based paper

battery,” Chem. Commun. 17, 1730–1732 (2007).
28V. L. Pushparaj, M. M. Shaijumon, A. Kumar, S. Murugesan, L. Ci,

R. Vajtai, R. J. Linhardt, O. Nalamasu, and P. M. Ajayan, “Flexible

energy storage devices based on nanocomposite paper,” Proc. Natl. Acad.

Sci. U.S.A. 104, 13574–13577 (2007).
29K. B. Lee, “Urine-activated paper batteries for biosystems,” J. Micro-

mech. Microeng. 15, S210–S214 (2005).
30M. Kaltenbrunner, G. Kettlgruber, C. Siket, R. Schw€odiauer, and S. Bauer,

“Arrays of ultracompliant electrochemical dry gel cells for stretchable

electronics,” Adv. Mater. 22, 2065–2067 (2010).
31D. N. Futaba, K. Hata, T. Yamada, T. Hiraoka, Y. Hayamizu, Y. Kakudate,

O. Tanaike, H. Hatori, M. Yumura, and S. Iijima, “Shape-engineerable and

highly densely packed single-walled carbon nanotubes and their application

as super-capacitor electrodes,” Nat. Mater. 5, 987–994 (2006).
32M. Pagliaro, R. Ciriminna, and G. Palmisano, “Flexible solar cells,”

ChemSusChem 1, 880–891 (2008).
33J. Yoon, A. J. Baca, S -Il. Park, P. Elvikis, J. B. Geddes, L. Li, R. H. Kim,

J. Xiao, S. Wang, T-H. Kim, M. J. Motala, B. Y. Ahn, E. B. Duoss, J. A.

Lewis, R. G. Nuzzo, P. M. Ferreira, Y. Huang, A. Rockett, and J. A. Rog-

ers, “Ultrathin silicon solar microcells for semitransparent, mechanically

flexible and microconcentrator module designs,” Nat. Mater. 7, 907–915

(2008).
34M. A. Hanson, H. C. Powell, A. T. Barth, K. Ringgenberg, B. H. Calhoun,

J. H. Aylor, and J. Lach, “Body area sensor networks: Challenges and

opportunities,” Computer 42, 58–65 (2009).
35J. P. Thomas, M. A. Qidwai, and J. C. Kellogg, “Energy scavenging for

small-scale unmanned systems,” J. Power Sources 159, 1494–1509 (2006).
36J. Zieba and M. Frydrysiak, “Textronics – Electrical and electronic tex-

tiles. Sensors for breathing frequency measurement,” Fibres Textiles

Eastern Europe 14, 43–48 (2006).
37B. Ariyatum and R. Holland, “A strategic approach to new product devel-

opment in smart clothing,” J. Asian Des. Int. Conf. 1, 70–80 (2003).
38See http://www.techexchange.com/thelibrary/smarttextiles.html for “Smart

textiles update.”
39D. Cottet, J. Grzyb, T. Kirstein, and G. Tr€oster, “Electrical characteriza-

tion of textile transmission lines,” IEEE Trans. Adv. Packag. 26, 182–190

(2003).
40I. Locher and G. Tr€oster, “Fundamental building blocks for circuits on

textiles,” IEEE Trans. Adv. Packag. 30, 541–550 (2007).
41T. Martin, M. Jones, J. Chong, M. Quirk, K. Baumann, and L. Passauer,

“Design and implementation of an electronic textile jumpsuit,” in Pro-

ceedings of the 2009 International Symposium on Wearable Computers

(ISWC ‘09), 4–7 September 2009, pp. 157–168.
42C. Randell, S. Baurley, M. Chalmers, and H. Muller, “Textile tools for

wearable computing,” in Proceedings of the 1st International Forum on
Applied Wearable Computing (IFAWC 2004), 30 August–1 September

2004.
43See http://www.oddknit.com/patterns/jewellery/seamlessbangle.html for

ODDknit, Seamless Bangle (R1).
44A. von Schilling, G. Hemken, and S. B€ohm, “Kontaktierung von Miko-

systemen auf Textilien durch isotrop elektrisch leitfahige Schmelzkleb-

stroffdispersionen (ICHMD),” in Proceedings of MikorSystemTechnik

Kongress, 12 October 2009, pp. 1–4.
45P. Calvert, P. Patra, T.-C. Lo, C. H. Chen, A. Sawhney, and A. Agrawal,

“Piezoresistive sensors for smart textiles,” in Proc. SPIE 6524, 65241I.1–

65241I.8 (2007).
46G. Hoffmann, C. Cherif, A. Mountasir, K. Grossmann, A. M€uhl, and

M. L€oser, “Machine design for the integral manufacture of textile struc-

tures at the ITM,” in Proceedings of 4th Aachen-Dresden Intermational

Textile Conference, 25–26 November 2010, p. 74.
47S. Gimpel, U. Mohring, H. Muller, A. Neudeck, and W. Scheibner,

“Textile-based electronic substrate technology,” J. Ind. Textiles 33, 179–

189 (2004).
48S. Bielska, M. Sibinski, and A. Lukasik, “Polymer temperature sensor for

textronic applications,” Mater. Sci. Eng. B 165, 50–52 (2009).
49C. R. Merritt, “Electronic textile-based sensors and systems for long-term

health monitoring,” Ph.D. dissertation (North Carolina State University,

2008).

091301-12 K. H. Cherenack and L. van Pieterson J. Appl. Phys. 112, 091301 (2012)

http://dx.doi.org/10.1108/09556220410520360
http://dx.doi.org/10.1108/09556220410520360
http://dx.doi.org/10.1109/JPROC.2003.819612
http://dx.doi.org/10.1142/S0129156402001186
http://dx.doi.org/10.1142/S0129156402001186
http://dx.doi.org/10.1049/ir:20010304
http://dx.doi.org/10.1147/sj.393.0840
http://dx.doi.org/10.1038/nmat1884
http://dx.doi.org/10.1109/LED.2004.826537
http://dl.acm.org/citation.cfm?doid&hx2009;&hx003D;&hx2009;513918.513961
http://www.eleksen.com/assets/PDFs/nc_growingbusiness_Eleksen.pdf
http://dx.doi.org/10.1002/adma.201002159
http://dx.doi.org/10.1177/004051758605600801
http://extra.shu.ac.uk/dac/philips.pdf
http://dx.doi.org/10.1557/mrs2007.67
http://dx.doi.org/10.1039/b618710b
http://dx.doi.org/10.1073/pnas.0706508104
http://dx.doi.org/10.1073/pnas.0706508104
http://dx.doi.org/10.1088/0960-1317/15/9/S06
http://dx.doi.org/10.1088/0960-1317/15/9/S06
http://dx.doi.org/10.1002/adma.200904068
http://dx.doi.org/10.1038/nmat1782
http://dx.doi.org/10.1002/cssc.200800127
http://dx.doi.org/10.1038/nmat2287
http://dx.doi.org/10.1109/MC.2009.5
http://dx.doi.org/10.1016/j.jpowsour.2005.12.084
http://www.techexchange.com/thelibrary/smarttextiles.html
http://dx.doi.org/10.1109/TADVP.2003.817329
http://dx.doi.org/10.1109/TADVP.2007.898636
http://www.oddknit.com/patterns/jewellery/seamlessbangle.html
http://dx.doi.org/10.1117/12.715740
http://dx.doi.org/10.1177/1528083704039828
http://dx.doi.org/10.1016/j.mseb.2009.07.014


50See http://www.fibre2fashion.com/industry-article/32/3148/smarttextile-

s1.asp for “Smart textiles.”
51Y. Y. F. C. Vili, “Investigating smart textiles based on shape memory

materials,” Textile Res. J. 77, 290–300 (2007).
52BBC News, “Smart shirt rolls up its sleeves,” see http://news.bbc.co.uk/2/

hi/europe/1458231.stm.
53See http://www.biotex-eu.com for “BIOTEX Bio-sensing textile for

health management.”
54I. Locher, T. Kirstein, and G. Tr€oster, “Temperature profile estimation

with smart textiles,” in Proceedings of 1st International Scientific Confer-

ence Ambience 05, 19–20 September 2005, pp. 1–8.
55V. Koncar, “Optical fiber fabric displays,” Opt. Photonics News 16, 40–

44 (2005).
56P. Lemmens, F. Crompvoets, D. Brokken, J. van den Eerenbeemd, and

G.-J. de Vries, “A body-conforming tactile jacket to enrich movie

viewing,” in Proceedings of the Third Joint EuroHaptics Conference

2009 and Symposium on Haptic Interfaces for Virtual Environment

and Teleoperator Systems (World Haptics 2009), 18–20 March 2009,

pp. 7–12.
57See http://www.flickr.com/photos/bekathwia/2425646723/ for Crafting

Flickr site.
58M. Engin, A. Demirel, E. Z. Engin, and M. Fedakar, “Recent developments

and trends in biomedical sensors,” Measurement 37, 173–188 (2005).
59See http://www.ivt.ntnu.no/ipd/fag/PD9/2003/artikkel/Norstebo.pdf for

“Intelligent textiles, soft products.”
60F. Carpi and D. De Rossi, “Electroactive polymer-based devices for

e-textiles in biomedicine,” IEEE Trans. Inf. Technol. Biomed. 9, 295–

318 (2005).
61M. Di Rienzo, T. Rizzo, G. Parati, G. Brambilla, M. Ferratinig, and

P. Castiglioni, “MagIC system: A new textile-based wearable device for

biological signal monitoring. applicability in daily life and clinical

setting,” in Proceedings of the IEEE Engineering in Medicine and Biol-

ogy Society (EMBS) 2005, 23–24 June 2005, pp. 7167–7169.
62S. H. Slater, “New technology sensor fabrics to monitor health data,”

Home Healthcare Manage. Pract. 19, 480–481 (2007).
63S. Mondal, “Phase change materials for smart textiles – An overview,”

Appl. Therm. Eng. 28, 1536–1550 (2008).
64See http://www.hitech-projects.com/euprojects/myheart/ for “MyHeart

project – IST 507816.”
65M. Di Rienzo, F. Rizzo, G. Parati, G. Brambilla, M. Ferratini, and P. Cas-

tiglioni, “MagIC system: A new textile-based wearable device for biolog-

ical signal monitoring. Applicability in daily life and clinical setting,” in

Proceedings of 27th Annual International Conference IEEE EMBS, 1–4

September 2005, Vol. 7, pp. 7167–7169.
66Y.-L. Yang, M.-C. Chuang, S.-L. Lou, and J. Wang, “Thick-film textile-

based amperometric sensors and biosensors,” Analyst 135, 1230–1234

(2010).
67B. S. Shim, W. Chen, C. Doty, C. Xu, and N. A. Kotov, “Smart electronic

yarns and wearable fabrics for human biomonitoring made by carbon

nanotube coating with polyelectrolytes,” Nano Lett. 8, 4151–4157

(2008).
68See http://www.biotex-eu.com for “BIOTEX Bio-sensing textile for

health management.”
69J. Coosemans, B. Hermans, and R. Puers, “Integrating wireless ECG

monitoring in textiles,” Sens. Output Devices A: Phys. 130–131, 48–53

(2006).
70T. Pola and J. Vanhala, “Textile electrodes in ECG measurement,” in The

3rd International Conference on Intelligent Sensors, Sensor Networks and

Information, 2007. ISSNIP 2007, 3–6 December 2007, pp. 635–639.
71J. Luprano, “Bio-sensing textile for medical monitoring applications,”

Adv. Sci. Technol. 57, 257–265 (2008).
72M. Rothmaier, M. P. Luong, and F. Clemens, “Textile pressure sensor

made of flexible plastic optical fibers,” Sensors 8, 4318–4329 (2008).
73M. A. El-Sherif, J. Yuan, and A. Macdiarmid, “Fiber optic sensors

and smart fabrics,” J. Intell. Mater. Syst. Struct. 11, 407–414

(2000).
74H. Wang, D. Peng, W. Wang, H. Sharif, H.-H. Chen, and A. Khoynezhad,

“Resource-aware secure ECG healthcare monitoring through body sensor

networks,” IEEE Wireless Commun. 17, 12–19 (2010).
75D. Kincal, A. Kumar, A. D. Child, and J. R. Reynolds, “Conductivity

switching in polypyrrole-coated textile fabrics as gas sensors,” Synth.

Met. 92, 53–56 (1998).
76G. E. Collins and L. J. Buckley, “Conductive polymer-coated fabrics for

chemical sensing,” Synth. Mater. 78, 93–101 (1996).

77B. Ding, M. Wang, J. Yu, and G. Sun, “Gas sensors based on electrospun

nanofibers,” Sensors 9, 1609–1624 (2009).
78T. Radu, C. Fay, K.-T. Lau, R. Waite, and D. Diamond, “Wearable sens-

ing application – Carbon dioxide monitoring for emergency personnel

using wearable sensors,” in Proceedings of ICSE 2009 – International

Conference on Environmental Systems Engineering, 16–24 May 2009.
79See http://www.nano-tera.ch/projects/308.php for “TWIGS: Textiles with

integrated gas sensors.”
80J. B. Lee and V. Subramanian, “Weave patterned organic transistors on

fiber for e-textiles,” IEEE Trans. Electron Devices 52, 269–275

(2005).
81K. H. Cherenack, T. Kinkeldei, C. Zysset, and G. Tr€oster, “Woven

thin-film metal interconnects,” Electron Device Lett. 31, 740–742

(2010).
82L. Buechley, M. Eisenberg, J. Catchen, and A. Crockett, “The LilyPad

Arduino: Using computational textiles to investigate engagement, aes-

thetics and diversity in computer science education,” in Proceedings of

the Twenty-Sixth SIGCHI Conference on Human Factors in Computing

Systems (CHI 2008), 5–10 April 2008, pp. 423–432.
83Y.-T. Zhang, C. Y. Poon, C.-H. Chan, M. W. W. Tsang, and K.-F. Wu,

“A health-shirt using e-textile materials for the continuous and cuffless

monitoring of arterial blood pressure,” in Proceedings of the 3rd IEEE/

EMBS International Summer School on Medical Devices and Biosensors,

4–6 September 2006, pp. 86–89.
84A. Harlin, M. M€akinen, and A. Vuorivirta, “Development of poylmeric

optical fibre fabrics as illumination elements and textile displays,”

AUTEX Res. J. 3, 1–8 (2003).
85A. Wakita and M. Shibutani, “Mosaic textile: Wearable ambient display

with non-emissive color-changing modules,” in Proceedings of the 2006

ACM SIGCHI International Conference on Advances in Computer Enter-

tainment Technology ACE’06, 14–16 June 2006, Vol. 48, pp. 1–7.
86A. Toney, L. Dunne, B. H. Thomas, and S. P. Ashdown, “A shoulder

pad insert vibrotactile display,” in Proceedings of the Seventh IEEE

International Symposium on Wearable Computers (ISWC’03), 18–21 Oc-

tober 2005, pp. 35–44.
87A. C. Bedeloglu, R. Koeppe, A. Demir, Y. Bozkurt, and N. S. Sariciftci,

“Development of energy generating photovoltaic textile structures for

smart applications,” Fibers Polym. 11, 378–383 (2010).
88M. R. Lee, R. D. Eckert, K. Forberich, G. Dennler, C. J. Brabec, and

R. A. Gaudiana, “Solar power wires based on organic photovoltaic mate-

rials,” Science 324, 232–235 (2009).
89D. Jia and J. Liu, “Human power-based energy harvesting strategies

for mobile electronic devices,” Fron. Energy Power Eng. China 3, 27–46

(2009).
90I. Locher, M. Klemm, T. Kirstein, and G. Tr€oster, “Design and characteri-

zation of purely textile patch antennas,” IEEE Trans. Adv. Packag. 29,

777–788 (2006).
91Z. Nakad, M. Jones, and T. Martin, “Communications in electronic textile

systems,” in Proceedings of the 2003 International Conference on Com-

munications in Computing (CIC 2003), 23–26 June 2003, pp. 37–43.
92H. Harms, O. Amft, D. Roggen, and G. Tr€oster, “SMASH: A distributed

sensing and processing garment for the classification of upper body pos-

tures,” in Proceedings of the third International Conference on Body Area

Networks (Bodynets 2008), 17 March 2008, pp. 1–8.
93See http://www.maggieorth.com/ for “Maggie Orth, PhD Art, Technol-

ogy, Design.”
94See http://www.eleksen.com for ELEKSEN company.
95A. Bonfiglio, D. De Rossi, T. Kirstein, I. R. Locher, F. Mameli,

R. Paradiso, and G. Vozzi, “Organic field effect transistors for textile

applications,” IEEE Trans. Inf. Technol. Biomed. 9, 319–324 (2005).
96See http://www.lumalive.philips.com/ for Philips Lighting Luminous

Textile webpage.
97See http://www.media.mit.edu/wearables/mithril/ for MITHRIL

homepage.
98L. Berglin, “Spookies: Combining smart materials and information

technology in an interactive toy,” Interact. Des. Child. 6, 17–23

(2005).
99See http://www.proetex.org/ for “PROETEX Advanced e-textiles for fire-

fighter and civilian victims.”
100A. Lymberis and S. Olsson, “Intelligent biomedical clothing for personal

health and disease management: State of the art and future vision,” Tel-

emed. J. e-Health 9, 379–386 (2003).
101F. Axisa, P. M. Schmitt, C. Gehin, G. Delhomme, E. McAdams, and A.

Dittmar, “Flexible technologies and smart clothing for citizen medicine,

091301-13 K. H. Cherenack and L. van Pieterson J. Appl. Phys. 112, 091301 (2012)

http://www.fibre2fashion.com/industry-article/32/3148/smarttextiles1.asp
http://www.fibre2fashion.com/industry-article/32/3148/smarttextiles1.asp
http://dx.doi.org/10.1177/0040517507078794
http://news.bbc.co.uk/2/hi/europe/1458231.stm
http://news.bbc.co.uk/2/hi/europe/1458231.stm
http://www.biotex-eu.com
http://dx.doi.org/10.1364/OPN.16.4.000040
http://www.flickr.com/photos/bekathwia/2425646723/
http://dx.doi.org/10.1016/j.measurement.2004.11.002
http://www.ivt.ntnu.no/ipd/fag/PD9/2003/artikkel/Norstebo.pdf
http://dx.doi.org/10.1109/TITB.2005.854514
http://dx.doi.org/10.1177/1084822307304252
http://dx.doi.org/10.1016/j.applthermaleng.2007.08.009
http://www.hitech-projects.com/euprojects/myheart/
http://dx.doi.org/10.1039/b926339j
http://dx.doi.org/10.1021/nl801495p
http://www.biotex-eu.com
http://dx.doi.org/10.1016/j.sna.2005.10.052
http://dx.doi.org/10.4028/www.scientific.net/AST.57.257
http://dx.doi.org/10.3390/s8074318
http://dx.doi.org/10.1106/MKNK-E482-GWUG-0HE7
http://dx.doi.org/10.1109/MWC.2010.5416345
http://dx.doi.org/10.1016/S0379-6779(98)80022-2
http://dx.doi.org/10.1016/S0379-6779(98)80022-2
http://dx.doi.org/10.1016/0379-6779(96)80108-1
http://dx.doi.org/10.3390/s90301609
http://www.nano-tera.ch/projects/308.php
http://dx.doi.org/10.1109/TED.2004.841331
http://dx.doi.org/10.1109/LED.2010.2048993
http://dx.doi.org/10.1007/s12221-010-0378-0
http://dx.doi.org/10.1126/science.1168539
http://dx.doi.org/10.1007/s11708-009-0002-4
http://dx.doi.org/10.1109/TADVP.2006.884780
http://www.maggieorth.com/
http://www.eleksen.com
http://dx.doi.org/10.1109/TITB.2005.854515
http://www.lumalive.philips.com/
http://www.media.mit.edu/wearables/mithril/
http://dx.doi.org/10.1145/1109540.1109543
http://www.proetex.org/
http://dx.doi.org/10.1089/153056203772744716
http://dx.doi.org/10.1089/153056203772744716


home healthcare, and disease prevention,” IEEE Trans. Inf. Technol.

Biomed. 9, 325–336 (2005).
102See http://www.mateo.ntc.zcu.cz/doc/state.doc for “TeTRInno SmarTex.”
103B. Quinn, Futures: Fashion, Design and Technology (Berg, 2010).
104BMW USA, GINA Light Visionary Model. See http://www.bmwusa.-

com/standard/content/allbmws/conceptvehicles/gina/.

105See http://www.icis.com/Articles/2008/09/01/9151558/smart-textiles-come-

to-market.html for “Smart textiles come to market.”
106J. de Coster, “Special report: European textile research needs a quantum

leap,” Textile Asia 2, 9–10 (2009).
107See http://www.systex.org/papers for “SYSTEX Database, Systex Plat-

form for Smart Textiles and Wearable Microsystems.”

091301-14 K. H. Cherenack and L. van Pieterson J. Appl. Phys. 112, 091301 (2012)

http://dx.doi.org/10.1109/TITB.2005.854505
http://dx.doi.org/10.1109/TITB.2005.854505
http://www.mateo.ntc.zcu.cz/doc/state.doc
http://www.bmwusa.com/standard/content/allbmws/conceptvehicles/gina/
http://www.bmwusa.com/standard/content/allbmws/conceptvehicles/gina/
http://www.icis.com/Articles/2008/09/01/9151558/smart-textiles-come- to-market.html
http://www.icis.com/Articles/2008/09/01/9151558/smart-textiles-come- to-market.html
http://www.systex.org/papers


Journal of Applied Physics is copyrighted by the American Institute of Physics (AIP).  Redistribution of journal

material is subject to the AIP online journal license and/or AIP copyright.  For more information, see

http://ojps.aip.org/japo/japcr/jsp


