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ABSTRACT

Wearable sensors provide a means of continuoushjtaring a
person in a natural setting. These sensors caik ‘in” by
monitoring the wearer's health through physiologica
measurements and also by detecting their activitigdther
sensors can be used to “look out” from the weanéo the
environment through which he/she is moving, whichyrserve
to detect any potential hazards or provide conhihformation
about the wearer’s lifestyle. Wearable sensorsbeaharnessed
to give immediate feedback to the wearer while @saviding
an archive of physiological data which can be lagged
assessed over days, months or years. This has many
applications in the field of healthcare, rehahiita and sports
performance. Here we present a number of caseiestud
involving “smart” garments which have been devetbpe
monitor the well-being of the wearer and to asgesformance
and progress, for example in training or rehahittascenarios.
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1. INTRODUCTION

Wearable sensors integrated into garments are gddaw
functionality to today’s fashion. Smart garmenaséithe ability
to sense the wearer and also the environment swiiogl the
wearer. The advantage of using textiles as a mibdbr sensor
integration is that they are ubiquitous. Textilsged in garments
we wear are in intimate contact with the body, alst form the
interface between us and our environment. In additextiles
exist in our surroundings e.g. home textiles sichuatains and
upholstery. Therefore by developing textile basedsors there
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are many parameters that can be measured relatihg person
and their environment. Wearable sensors to moaitperson’s
health give rise to a concept of personal healtbHealth. This
concept means that the person can be more awadheiofown
well-being and can take a more active role in thealth by
managing their lifestyle to prevent illness. Théeplth concept
emerged as a response to the unsustainable inciease
healthcare costs world-wide due mainly to an epidevh‘life-
style’ diseases arising from unhealthy diet andt laicexercise,
such as obesity, cardiovascular disease, diabetgsclronic
respiratory disease. The current global demograpsimw an
increase in the aging population which also putthér burden
on the healthcare sector. Wearable sensors maysdx as a
tool to gather information about the person’s Ireahd lifestyle
to give a more complete picture. By continuousliynitoring
the wearer over time an archive of their persomallth can be
created which is far more desirable than the srapishages
that are currently attained with occasional clihigsits.

Sensors “looking in” to the body may be used to itaordaily
activity. A simple approach is a pedometer to ¢dbha number
of steps that a person has taken in a day. Thishmaised as a
crude indicator of their level of physical activity More
sophisticated sensors can measure specific jointements,
position and speed that can be used to develop delmaf
kinematic movements. This may be used to asseastwie of
movements the person is undertaking and how welptrson is
performing an exercise. Sensors that measure badgments
can be used for home rehabilitation based on pbestr
physiotherapy exercises.

Physiological measurements are also possible wigarable
sensors. Textile electrodes to measure electrimeaaphs have
been developed and shown to perform well compavegdotd
standard methods [1]. Shirts capable of monitpriital signs
have recently appeared on the market such as themétics
Lifeshirt [2]. Sensors pertaining to physiologicakasurement
may be used to assess chronic illnesses such @isvascular
disease. In others they may be used to help datbction and
prevention of iliness where conventional clinicaite can only
provide a brief window on the physiology of the ipat.
Exercise is of huge importance in underpinning althg
lifestyle, and providing incentives for people taeecise is



essential for maintenance of personal health. $herts
industry has identified a huge emerging market i@arable
devices. The world of professional sports andegittd has seen
dramatic changes in performance largely due to iplogical
testing and a better understanding of the effeétslifferent
training techniques on the body. Physiologicatitgsensures
athletes stay healthy and develop personalizedingitrategies
to keep the fine balance between over-training esathing
peak performance. At present, the vast majorithisftesting is
done in laboratory settings, yet wearable sensovs mave the
potential to allow physiological testing to be éadrout in the
natural setting, on the track, pitch or court. Heer it is not
just elite athletes who are interested in theifqyarance - the
amateur athlete and occasional gym attendee ofteriswio get
the most from their work-out and achieve their opersonal
fitness goals. Products are already appearing tdrget this
emerging market. For example, the Polar heart mataitor
helps people to train at the right intensity depegdn their
training plan [3]. Polar also offer the service dg#veloping
personal training plans based on the data gathekditlas have

rate data and suggests various plans to help peaogtain for
their specific goals e.g. to lose weight, run aerate-stress or
run faster. Nike and Apple have developed a sgattahich
measures speed and distance while walking or rgnnifihe
data can then be downloaded onto a personalizecerege.
Not only does this allow the user to assess thein o
performance but it has led to a web community wivsers can
compete against and challenge each other in addit®m
discussing training and related issues. This hdgdea virtual
running community with close to 2 million membeH.[ The
advantage of this system is that it avails of appand a
wearable/portable device that runners are alreadygu In this
way it requires little or no extra effort on therpaf the user.
This type of strategy is ideal for all wearable sirg i.e. to
customize apparel and on-body devices that peoplinely use
and augment their functionality. In this way, alyrinnocuous
means of sensing can be achieved that needs ndicaddli
appliances. To do this it is necessary to integsansors into
textiles so that they are comfortable to wear. sTh a
challenging task considering the rigor that ourttds go
through day to day. Sensors must be robust amblkelbeing
able to withstand stretch, pressure and varyingpézatures,
environmental conditions and ideally the washingimze. In
this paper we present a number of prototype systeinich use
textile based sensors to monitor the wearer. Tits¢ dises a
glove that has been developed for a clinical stirdystroke
rehabilitation. The second uses a shirt to monkiceathing
patterns. This is used to provide feedback on thireg
technique and encourage patients to perform thesatbing
exercises. The third is a smart insole which ispeleveloped
to investigate running technique. Before presentitite
individual prototypes an overview of the textile nser
integration strategies is given in the next section

2. FUNCTIONALISED FABRICS

In order to monitor the body in a natural way thisra need for
integrated sensors that are comfortable, wearabhel

straightforward to use. A complete system thabiporates
wearable sensors and body sensor networks withémntée will

require a number of functionalities to be addedh® textile

structure, including conductivity, sensing, actoafi data
transmission and computation. Data transmissiomsksential
between components and also wireless connectigitpfien

desirable. This is possible in a garment throutgxibile

polymer or textile antennas. [6, 7] Conductivitay be added
through conductive threads, fibres or coatingsin&ss steel or
silver threads are available in different thickmsssboth as
100% metallic fibres, or blended with other texilsuch as
nylon, giving rise to a variety of yarns with diféat properties.
[8] There are also polymers which have inhereatigductive
properties which can be coated onto yarns or fabrighese
materials can be used to create sensors with pesstive
properties. Coating a stretchable fabric with adieting

polymer converts the fabric into a strain gaugehasresistance
depends on the degree to which it is stretched ¢®@jting a
compressible textile such as polyurethane foamh game
manner produces a pressure sensor [10]. In theses dhe
textile itself becomes the sensor — thereby makisg of the
structures/materials that are already in place,ilproving on

them by giving additional functionality. Idealhhé sensor
should retain its sensitivity over the lifetimetbe garment and
through numerous wash cycles. Making the faligelfi the

sensor can augment garment functionality whilé stdintaining

the normal tactile properties of the garment. ilexbased
sensors which are compatible with textile manufactu
processes are essential for such technology to nieco
accessible. This may involve screen printing @rttochromic
dyes, knitting conductive yarns or weaving of ptasiptical
fibres [11]. The interconnection of the sensors o
microcontroller or wireless device still remains iague as it is
at this point where a textile sensor must be cateaeto more
conventional electronics. Flexible circuit boardsd ebatteries
[12, 13] are a possible solution and a sewable aoantroller
(Lilypad Arduino) has recently been developed whalows
conductive threads to be stitched to the pins oé th
microcontroller [14]. Recent studies have repottedile based
transistors using organic field effect transistarsich would
allow fully computational electronic textiles [7,5L Smart
nanotextiles are being developed to overcome tbeimings
of interconnections with conventional silicon andetai
components which are incompatible with the softtiliex
substrate[16]. By integrating technology at theaszale level
the tactile and mechanical properties of the textitay be

preserved, retaining the wearable flexible necgssar

characteristics that we expect from our clothing@hrough
nanoscale manipulation intelligent textiles are egivnew
functionalities including self-cleaning, sensingtumting and
communication [16]. Nanotechnology allows the inpmation
of new functionalities at various stages of prodwct at fiber
spinning level, during yarn/fabric formations orthe finishing
stage. Nanocoatings are being widely applied esgnt by the
textile industry to improve textile performance kadding
antimicrobial and self-cleaning effects. Otherplagations
under development involve the use of conductiveenas such

as graphite nanofibers and carbon nanotubes tog brin

conductivity and anti-static behaviour to the texflL7].

The prototypes presented in the following sectiorake use of
piezoresistive textile sensors. The glove and shiet use a
carbon-loaded elastomer which can be coated ortitete The
insole makes use of a conducting polymer basedvfalth acts



as a pressure sensor. Bekinox stainless steeldthseused to
connect the sensors while conventional componemtd a
microcontrollers are used for signal conditioningdadata
acquisition.

3. CASE STUDIES
3.1 Rehabilitation Glove

Lilypad
protoboard

Serial connection
to PC

Figure 1 Sensorised glovefor strokerehabilitation

A sensorised glove has been developed for releatimlit
applications to monitor the ability of patientsgerform finger
extension movements during stroke rehabilitatickn oedema
glove, which is typically worn by patients follovgra stroke to
reduce swelling of the hand, has been modifiedntegrate
bend/stretch sensors to measure finger movemersh@sn in
Figure 1. The glove is made from a lycra and spandaterial,
which fits to the hand closely with light compressi
Movement of the fingers causes the fabric to dtrated regions
of the finger and thumb of the glove have beenexbatith a
sensing element , a carbon-loaded elastomer whih
commercially available from WACKER Ltd (ElastosiRL3162
A/B). This approach has been demonstrated in thedtsity of
Pisa for measuring body kinematics [18]. This gldwes been
developed for rehabilitation applications basedtio@ Fugel-
Meyer Assessment of motor recovery after strokbis @ssesses
various motor functions and scores them based dorpence
where 0 = cannot perform, 1 = performs partially; Berforms
fully. The advantage of this sensor is that itégnfortable to
wear and is integrated into a garment that is djréeeing used
by many patients. It is important that the sendoes not
constrain or enhance the natural movement of thesjo The
sensor's performance has been compared to a comaineead
sensor (Spectra symbol Flex sensof’véhich is a more rigid
structure. The two sensors are shown side byisidiégure 2.
However, the CE sensor has the advantage of beuratp mmore
flexible and can be made in any dimension or formlevthe
flex sensor is available at a specific length. uFég3 shows the
response of the sensors positioned on the fingkrs glove
during three stages of finger extension. Both senachieve a
similar response although there is some latench wie CE
sensor due to the nature of the material.

The elastomer is a two part compound that is mitaerbther
thoroughly before being cured. The substance wated onto
the fingers and thumb of an oedema glove. Theegleas then
placed in an oven at 80°C for 2 hours. Conductivead was
used to connect the sensors to a Lilypad protoboartis is a
circular prototype board (2cm diameter) which alow
interconnection by embroidering with thread andb addlows
wires and components to be soldered. An ArduinaiMi
microcontroller is used to collect the data usingaaalog input,
sampled at 10Hz. This microcontroller has been ehder its
small size. While it does not have wireless cotivigg built in,

it is possible to connect a BlueSMiRF modem whidrks as a
(RX/TX) pipe through which a serial data stream barpassed
seamlessly at baud rate of 9600bps to a laptop @pm away.

Figure2 (top) CE sensor coated onto stretch knit fabric,
(bottom) commer cial bend sensor
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Figure 3 Performance of CE sensor compared to a
commercial bend sensor during finger flexion/extension
movements

Monitoring joint flexion as demonstrated here withe
rehabilitation glove has the potential to autonaljcassess the
patient’s performance. A user interface desigreechbme use
on the home PC is currently being developed tordete the
position of the user’s hand and to present thissasl feedback
to the user. The program saves this in an animdiiomat
which can then be sent to the therapist who cay ipdek and
assess the patient’'s performance remotely. Figuiltugtrates
the application of this system in a clinical conteXhe system
will be evaluated in forthcoming clinical trials thi stroke
patients.
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Figure 4 System architecture of the stroke rehabilitation
process using a sensorised glove

3.2 Breathing Feedback System

Breathing affects virtually every part of the body.oxygenates
the body, revitalizing organs, cells and tissudBreathing is
controlled by the autonomic nervous system anchique as it
is both a voluntary and involuntary process. Gooeéathing
technique can have a profound effect on overafopmance as
athletes, singers, and yoga practitioners knowthln case of
conditions such as asthma or cystic fibrosis iimgortant for
patients to regularly exercise their lungs and wowpr their
breathing technique.  Exercising respiratory musclean
increase exercise capacity and reduce the aspetts o
breathlessness.

Figure5 Carbon-elastomer sensors coated on stretch fabric
connected by conductive threads. Resistor pinshave been
bent to allow connection by embroidery of conductive
thread.

One exercise that is widely accepted is known asAbtive
Cycle of Breathing which uses breathing exercigesetnove
phlegm from the lungs. Clearing secretions fromigteral

airways is the most important defence mechanismthef
respiratory system. The technique involves taking deep
breaths with holding periods in-between to allow & be

transported behind obstructed areas in the lungg. [t is

important that the patient breathes from the diaghr and not
just the thorax for the technique to be effectiieor patients
with cystic fibrosis this may need to be carried thuee times a
day. It would be of great use to develop an imfira system
which would help children with cystic fibrosis t@enfform these
exercises correctly, and to provide an incentivgpddform the
tasks regularly. Therefore we have developed tesysvhich

uses a wearable sensor to detect breathing pattecwrds the
signals and provides immediate feedback to the. uger with

the stroke rehabilitation example (above), thisteaysmay be
used at home, while also facilitating remote sujgesa by a
trained therapist who can provide regular assessupetates.

Breathing rates can be measured by detecting th&nsion and
contraction of the ribcage, and fabric strain cgssure sensors
can be used to measure this movement. Carbondoade
elastomer sensors, as shown in Figure 5, have bsed to
develop a shirt to measure the expansion of the
thoracic/abdominal cavity. The advantage of usthgse
sensors is that they can be applied in any dimantoany
desired position on the fabric. In order to maxinthe signal
quality, the sensors need to be coupled closelig e body
movements, and therefore the garment needs tbditwearer
well. For greater flexibility a number or chestagts have also
been developed for a universal fit during clinitiédls. Data is
collected using an Arduino Mini microcontroller ased for the
glove discussed in Section 3.1.

The signal is filtered using a low-pass Butterwdiltier and the
filtered signal is cross-correlated with a refeeersignal to
assess the performance of the user. A Flash apiplicis used
to present feedback to the user in a graphicaldarithe use of
a Flash application makes the software easily addesand
means that the system has the potential of beiogsaed online
where the results can be automatically logged twisar’s

webpage and also accessed by the therapist. Thentedace
presents an avatar in a picturesque setting asrshokigure 6.

Figure 6 Graphical User interface, Avatar givesinstruction
and real-time feedback to the user



Step 1-Record
Prescribedbreathing exercise carried
outwith a therapist
- saved asreference signal

v

Step 2 — Perform Exercise
Visualinstruction by avatar
Playback based on reference signal
Real-time visual feedback

¥

Step 3 - Feedback
Scoring systembased on
performance duringwhole exercise
Option to repeat

Figure 7 Breathing feedback system operation

The avatar serves to instruct the user while algogreal-time
feedback of progress. The mouth of the avatar rdpand
contracts as the user breathes in and out. Anlayvghost
image of the mouth represents the user’s breathiftgerefore
as they perform the exercise they must try to Wllthe
breathing sequence as instructed by the avatartlzer@fore
synchronise the “ghost” mouth and avatar's mousim overall
assessment of their performance throughout theiseeis given
on completion of the exercise. Rather than giangumerical
score three, four or five stars are given. Theidethat the
feedback should be rewarding and encourage thetadezep
performing the exercises regularly.

The sequence of the program operation is display&igure 7.
The first time that the exercise is performed thegna is
recorded as a reference. This is designed to tierped under
the supervision of the therapist so that the compeacedure is
followed. The avatar is not displayed during thisg, but the
signal is graphed to show that everything is cotete@nd
working correctly. After this, patients may repetyeperform
the exercise in their own time.

To test the effectiveness of the avatar a breathiggcise was
performed involving slow deep breathing at a rate 8o
breaths/min for 2 minutes. Breathing patterns wewrded
using Sensormedics Vmax as a reference in additicsignals
measured at the chest and abdomen using the textilsors.
Figure 8 and Figure 9 show the effect of the biiegtlexercise
under the avatar’s instruction. The breathing ragasured by
the Sensormedics system changes from a range of B3t
breaths per minute to a constant 7-8 breaths pautemonce the
exercise is started. Figure 9 shows an increasenplitude in
the abdominal breathing signal during the exeragsthe subject
is taking deep breaths and using the full lung cipa

Start of breathing
exercise

Breathing rate (breaths/min)
S

0 50 100 150 200 250 300 350

Time(s)

Figure 8 Breathing patterns measured using Sensormedics
Vmax before and during breathing exer cises using avatar
instruction
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Figure 9 Breathing patterns measured from textile sensors
placed at the chest and abdomen a) before breathing exercise

b) during breathing exercise

3.3 Smartinsole
A smart insole has been developed to detect fdetthiring
walking or running. The sensor used is a pieztivesifelt

produced by Eeonyx (a non-woven textile coated with

conducting polymer) whose resistance depends orappéed

pressure. .The insole has been made by sandwicthisg
piezoresistive material at various locations betwbeo layers
of neoprene that have been cut into the shape odhswoie.

Figure 10 shows either side of one of the neopieyers.

Connection to the sensor is made using condudtinead. This
is placed in the bottom bobbin case of a sewinghmacwhile

non-conductive thread is used as the upper thr&&e. purple,
outer side of the insole has non-conductive thrstithing

while the conductive thread is on the inside intaotwith the
sensor material. Sensors are placed at the he¢barahd at the
left and right forefoot. Heel and toe sensorsiamgortant for

investigating foot contact times while the forefa®nsors at
each side help to determine the roll of the fo@ften runners
are subject to injuries based on supination or @ion of the



Figure 10 Neopreneinsolewith conductive stitching for the
placement of four pressure sensors

foot when the foot rolls to the outside or the d@es{20]. The
insole may be used for various applications to sssehletic
performance. It may be used to look at how foattact time
changes throughout a track race or during longdés events.
It can be used to build an archive of running histnd follow
the effects of different training regimes on rurgntechnique. It
allows every footfall to be captured and recordedkeep track
of training achieved and to help devise futurenireg strategies.
It may be used to prevent or detect injuries itlansual pattern
emerges.

Apart from sports applications, this type of wedeatevice may
prove useful as a tool for gait analysis in rehtdtibn, such as
monitoring of the progression of Parkinson’s diggas activity
monitoring in the elderly. The insole is comfotwabo wear and
can be inserted into any type of shoe. The planermed
number of sensors can be adapted to the partinekds of the
application.

Training log
Foot contact
time

Wireless smart gf‘ce
insole antar
pressure

Figure 11 Smart insoleto monitor running technique
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Figure 12 Response of the smart insole during walking

Data is acquired using an Xbee module (1mW chigrard).
This offers improved data acquisition performancerothe
Arduino platform used in the previous two examplése Xbee
is held in position by a neoprene ankle strap h#dcto the
insole. The Xbee has 6 channels which can be tiondd as
analog or digital inputs. Sampling rates up to Zlddross all
channels is possible. For the insole with four eenseach
channel has been set to sample at a rate of 200z Xbee
regulated USB module (Sparkfun Electronics) is usetbnnect
a base-station receiver Xbee to a laptop whichtgrdpe data in
real-time and stores the data for analysis.

The response of the insole is shown in Figure 1findu
walking. From this it is clear about the timing esch part of
the foot strikes the ground. Time between steps bea
estimated by measuring the time between heel strikEoot
contact time can be estimated by measuring the tieteeen
heel strike and toe off.

4. DISCUSSION/CONCLUSIONS

Fully integrated wearable sensing technologies Ishbe based
on materials that are soft, flexible and washabdemeet the
requirements of normal clothing manufacturing.  @at
transmission must be wireless to allow free movenuérthe
wearer, and ideally make use of technology thatrisady being
carried or worn by the wearer if it is not autoroaliy built into
the garment. Clearly sensor integration and sigmatessing
are significant challenges, but one of the biggpsgstions is
what to do with the information that is gatherddneeds to be
presented to the user in a suitable feedback appreg. visual,
tactile or auditory and the timing and frequencyti$ feedback
is critical. This is largely application dependamid dynamic in
nature, and context awareness is therefore a trigziture in
generating user feedback. The feedback should hative,
without overloading the wearer with too much unmsseey
information. Put simply, the right information nee be given
to the wearer, at the right time. Wearable sensars help to
achieve a better understanding of personal phygjoland,
combined with contextual information, they can hilreate a
more complete archive of a person’s lifestyle.

Three different systems involving textile based nabe sensors
to detect body movements have been presented snptper.
Using such wearable devices, it is possible to aequ
information about the person in a natural settinghout
intruding on their daily life. This is made podsibby



augmenting the functionality of the type of clothithat is
commonly in use for each application. In this vitag possible
to build an archive of personalized information atbdhe

wearer’s activities, for example, to track prograsprescribed
rehabilitation exercises or fitness training plary extracting
digital information from the threads of our clotbiit is possible
to build a digital archive relating to our own béglphysiology.
The coming decade will clearly see a rapid expansinthe
numbers of people using wearable sensors for mapljcations
in Health and Exercise. The availability of data drchived
databases opens the way to comparing activitiggeople on a
global scale, as has been seen with the Nike pisiera where
thousands of people are collectively running milicof miles.
It also allows for personalization of systems indiidn to

giving us a better understanding of our persorfaktyle and
health, and how we compare to others. While thidoubtedly
have many benefits in highlighting global trende bwnership
of this type of data still needs to be regulated e privacy of
individuals must be respected. Novel sensing tecymes

enable us to harvest large volumes of sensed irfitomwhich
must be used carefully and productively to bengf@é whole
population.
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