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Objective: Extensive efforts have been made in both academia and industry in the research and develop-
ment of smart wearable systems (SWS) for health monitoring (HM). Primarily influenced by skyrocketing
healthcare costs and supported by recent technological advances in micro- and nanotechnologies, minia-
turisation of sensors, and smart fabrics, the continuous advances in SWS will progressively change the
landscape of healthcare by allowing individual management and continuous monitoring of a patient’s
health status. Consisting of various components and devices, ranging from sensors and actuators to mul-
timedia devices, these systems support complex healthcare applications and enable low-cost wearable,
non-invasive alternatives for continuous 24-h monitoring of health, activity, mobility, and mental status,
both indoors and outdoors. Our objective has been to examine the current research in wearable to serve
as references for researchers and provide perspectives for future research.
Methods: Herein, we review the current research and development of and the challenges facing SWS for
HM, focusing on multi-parameter physiological sensor systems and activity and mobility measurement

system designs that reliably measure mobility or vital signs and integrate real-time decision support
processing for disease prevention, symptom detection, and diagnosis. For this literature review, we have
chosen specific selection criteria to include papers in which wearable systems or devices are covered.
Results: We describe the state of the art in SWS and provide a survey of recent implementations of
wearable health-care systems. We describe current issues, challenges, and prospects of SWS.
Conclusion: We conclude by identifying the future challenges facing SWS for HM.
. Introduction

Efforts to research and develop smart wearable systems (SWS)
ave been increasing in both academia and industry [1–3]. The
orld population is ageing, and the proportion of young workers

n developed countries has been shrinking [4,5]. Elderly people
ave a greater level of disability due to age-related diseases, a
reater need for care and assistance, and are more likely to be
dmitted to a hospital or nursing home. Permanent admission to
care home is an expensive way of providing care for elderly,
ost of whom would prefer to remain in their own home [6–8].

urrently, between 2 and 5% of elderly people reside in nursing
omes [9]. Data on health from 30 countries of the Organization for
conomic Cooperation and Development (OECD) show that health

are expenditures as a proportion of gross domestic product (GDP)
re at an all-time high, due to both increased expenditures and
o a general economic slow-down [10]. France spent 11.8% of its

∗ Corresponding author at: Laboratory for Analysis and Architecture of Sys-
ems, National Center for Scientific Research, 7 avenue du Colonel Roche, F-31400
oulouse, France. Tel.: +33 5 61 33 69 51; fax: +33 5 61 33 62 08.

E-mail address: chan@laas.fr (M. Chan).

933-3657/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.artmed.2012.09.003
© 2012 Elsevier B.V. All rights reserved.

GDP on healthcare delivery in 2009 according to OECD statistics.
France was second among the OECD countries, behind the USA
(17.4%), Germany (11.6%), Canada (11.4%), Switzerland (11.4%) and
Austria (11. 0%) [11]. Telecare, telehealth and telemedicine are
new models of care already in use, bringing solutions to healthcare
issues [12,13]. A large variety of laboratory prototypes, test beds
and industrial products have already been produced. The role of
SWS is to match the living environment with the physical and cog-
nitive abilities and limitations of those suffering from disabilities
or diseases, thereby enhancing performance and minimising the
risk of illness, injury, and inconvenience. These systems support
independent living for the elderly, postoperative rehabilitation for
patients to expedite recovery, and assessment or enhancement of
individual sportive or technical abilities [14,15].

For monitoring heath, an SWS may include a wide range of
wearable or implantable devices, including sensors, actuators,
smart fabrics, power supplies, wireless communication networks
(WCNs), processing units, multimedia devices, user interfaces, soft-
ware, and algorithms for data capture, processing, and decision

support. These systems are able to measure vital signs, such as body
and skin temperature, heart rate, arterial blood pressure, blood
oxygen saturation (SpO2), electrocardiograms (ECGs), electroen-

dx.doi.org/10.1016/j.artmed.2012.09.003
http://www.sciencedirect.com/science/journal/09333657
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ephalograms (EEGs), and respiration rate. The measurements are
orwarded via a wireless sensor network (WSN) either to a cen-
ral connection node, such as a personal digital assistant (PDA),
r directly to a medical centre. A physician can then manage the
atient based on the transmitted data. An increasingly important
ype of wearable system is an intelligent medical monitoring device
apable of providing real-time processing and feedback to medical
taff, patients, athletes, and healthy subjects. A subject can wear the
evice during normal daily life while medical professionals mon-

tor the patient in real-time for longer periods than are possible
uring a hospital stay or a visit to a physician’s office. The system
an even issue alerts in the event of an emergency. For example,
hen a subject living alone suffers a stroke, an ambulance can be

ent as soon as the stroke occurs. Advances in the field of micro-
lectromechanical systems (MEMS) have addressed a number of
linical indications, such as drug release [16] and biosensors for
oint-of-care testing [17]. Electrical stimulation by implantable or
ranscutaneous electronic devices or electrodes is often used for

otor and sensory function recovery in the treatment of patients
uring the acute and subacute phase of paralysis induced by a cen-
ral nervous system lesion [18]. However, there are a number of
bstacles that must be overcome to fully implement the use of SWS,
ncluding high costs, size and weight limitations, energy consump-
ion, sensor implementation and connectivity, ethics, laws, privacy,
reedom, autonomy, reliability, security, and service issues [19–21].

This paper provides a review of SWS, describing the current sta-
us of research and development of wearable systems for HM by
eporting the salient characteristics of the most promising projects
eing developed and the future challenges in this area. The paper

s organised as follows. Section 2 describes the common materials
nd methods used in SWS, and Section 3 describes the current fea-
ures of wearable systems, the sensor technologies, the wearable
ystems developed in academia and industry and our own on-going
aboratory research in the field. Section 4 presents current issues
urrounding SWS, and Section 5 discusses the challenges and the
utures perspectives. Section 6 draws the review to a close.

. Materials and methods

SWS have the potential to monitor and respond to both the
atient and the patient’s environment, and the advances in the
echnology behind the development of SWS are steadily increas-
ng. SWS are commonly recognised as one of the technological
ornerstones for HM. Intelligent, low-cost, ultra-low-power sensor
etworks are designed to help provide services to dependent
ersons and can collect a huge amount of biomedical information
rom dependent individuals [22]. They offer new resources and
ring new challenges as a result of the data that they provide
apidly, dependably, and safely. As wireless technologies and
biquitous and pervasive computing [23] continue to develop,
o will wireless network sensors [24], mobile devices, intelligent
earable devices [25–27], SWS, and data communication networks

28]. These technologies will create an intelligent environment
nd help with long-distance health care [26,27]. Their current
bilities include physiological, biochemical, and motion sensing.
WS are used in areas ranging from ‘telehealth’, ‘telehealthcare’,

telemedicine’, ‘telecare’, ‘telehomecare’, ‘e-health’, ‘p-health’, ‘m-
ealth’, ‘assistive technology’, or ‘gerontechnology’. Issues related
o connectivity have introduced terms such as ‘WSN’, ‘body area
etwork (BAN)’, ‘body sensor network (BSN)’, ‘wide area network

WAN)’, and ‘personal area network (PAN)’. Important concerns
nclude ‘user needs’, ‘user acceptance’, ‘privacy’, ‘ethics’, ‘legality’,
effectiveness’, ‘cost’, ‘psychological and social issues’, ‘hardware
nd software’, ‘implantation site’, and ‘unobtrusiveness’. For this
n Medicine 56 (2012) 137–156

literature review, we have chosen specific selection criteria to
include papers in which wearable systems or devices are covered.

2.1. Inclusion criteria for wearable systems search

1. Most research projects in SWS have focused on smart devices
and intelligent environments that encompass wearable comput-
ing, which displace the interface for computational surroundings
from the home (the smart home) onto our bodies (implantable,
swallowable) [29] and into our clothes (smart clothing) [30] and
by extension as portable accessories (jewelry), in patch form, etc.
Systems that have the following features are included:
- Wearable, portable, implantable, swallowable capsule, in vivo.
- ‘Patch’, ‘biosensor’, ‘sensor’.
- ‘Fabric’, ‘clothing’, ‘textile’, ‘fibre’.
- Mobile, stationary, ambulatory, at home, at work.

2. Recent developments in micro- and nanotechnology, the use
of lightweight devices, WSNs, and data processing have led to
the resurgence of noninvasive SWS that improve HM systems
[3]. SWS detect the state of the user in his or her vicinity.
Projects in SWS concentrate on detecting the physical state of
the user (physiological parameters, activity, mobility, location)
[25]. Driven by fast progress in mobile sensing and comput-
ing, wearable computing has developed powerful methods to
recognise, classify, and label human health states, actions, and
behaviours automatically [31]. SWS have monitoring as well as
diagnostic applications. Systems that are intelligent, ubiquitous,
and pervasive or context-aware are included.

3. Automatic integration of collected data and user input into
research databases can provide the medical community or the
formal or informal caregiver with an opportunity to search for
personalised trends, enabling insights into illness evolution, the
effects of drug therapy, the rehabilitation process, and support
for people with disabilities. Systems may either require user
intervention or may not rely on the active participation of the
user; empowered patients suffering chronic disease are more
likely to feel in control of their health [32–35].

4. Advances in wireless sensor networking and ubiquitous com-
puting have paved the way for new possibilities in health-care
systems. In the home, pervasive networks can assist residents
by providing memory support, remote control of household
appliances, medical data look-up, automatic medication dis-
pensing, and emergency communications and services. It is time
to break through the physical boundaries of hospitals and to
take health-care facilities into the home. In nursing homes and
hospitals, SWS and ubiquitous computing for nursing and med-
ical staff constitute a solution both for reducing medical costs
and for enhancing patient safety while better supporting clini-
cal processes [36,37]. Projects that involve SWS and ubiquitous
computing in the home, in nursing homes, or in hospitals are
included.

5. Recent technological advances in integration and miniaturisa-
tion of sensors, embedded microcontrollers, and radio interfaces
on a single chip and in wireless networks have led to a new gen-
eration of WSNs for HM. A number of physiological sensors that
supervise vital signs, environmental sensors (temperature, light,
humidity), and a location sensor can all be inserted into a WSN,
BAN, BSN, WAN, or PAN. Descriptions of networks that include
the words WSN, BAN, BSN, WAN, or PAN are included.

2.2. Inclusion criteria for study area search
We included projects, pilot studies, case studies, prototypes,
test beds, test sites, and research conducted in nursing homes, lab-
oratories, health care settings, e-health care settings, or systems
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Table 1
Keywords used for the literature search.

Assistive technology Smart home
E-health Smart textile
Home healthcare Socio-economic impact
Implantable device Telecare
In vivo device Telehealth
M-health Patch Telemedicine
Obtrusiveness Telemonitoring
Patch User acceptance
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Table 2
Number of hits in the smart wearable systems research area.

Scopus PubMed PubMedCentral

SWS 454 540 80
Telemedicine 15,116 13,462 2148
Telehealth 1981 1194 624
Telecare 1981 331 228
Telemonitoring 1063 432 253
e-Health 2221 936 1069
M-health 176 862 1063
Telemedicine and wearable 256 140 49
User needs 77,409 3414 18,908
User needs and wearable 241 11 116
Medicine skin patch 455 1346 107
Implantable device 11,115 18,306 3083
Smart fabrics 1010 68 46
Smart clothing 491 88 416
User acceptance 8724 1244 4888
User acceptance wearable 43 10 30
Efficiency wearable 311 36 114
Obtrusive wearable 20 10 7
Rehabilitation wearable 409 231 128
Electrical stimulation wearable 40 28 34
Socio-economic and wearable 2 0 6
Wireless sensor network 44,389 167 232
Wireless sensor network 577 34 68
Body area network 4945 1195 31,366
Body area network wearable 270 21 93
BSN 2484 119 3227
BSN wearable 417 24 78
Personal area network 6760 1001 16,922
Portable User needs
Smart clothing User satisfaction
Smart fabric Wearable

nvolving healthcare stakeholders, providers, caregivers, and end
sers.

.3. Search methods and strategy

This literature review is not a systematic review and does not
eport an exhaustive search of scientific publications. Rather, cited
eports are intended to give some illustrative examples of SWS.
ur study includes published works that have undergone peer

eview. Our search was limited to papers in journals, chapters of
eriodicals and congress proceedings written between 1993 and
012. Some web sites describing systems, devices, prototypes, and
rojects were included when the published literature did not offer
dequate presentations of the projects. Searches using keywords
ere conducted either in Scopus, Elsevier, IEEE Xplore, Springer,

ubMed, PubMed Central or using the Google search engine.

.4. Results

Scopus gives hits from the period between 2007 and 2012. In this
nitial search, we attempted to find articles and abstracts, websites

ith the keywords listed in Table 1. The keywords are used alone or
n combination and/or. The article should report a clear description
f the systems, the recipients or the users in need of those systems,
nd the issues related to the SWS, including measured parame-
ers, WSN, user needs, and user acceptance. Because of the large
umber of papers and abstracts retrieved, a decision was made to

nclude only papers published after 1989. Since this review is not an
xhaustive presentation of the scientific literature of the SWS field,
nly some representative SWS research and development projects
r products from academia or industry are presented.

The number of hits in the SWS research area is shown in Table 2.

. Current features of wearable systems

Non-invasive sensor systems allow monitoring of physiologi-
al functions, daily activities, and individual behaviours. Wearable
M systems may include various types of miniature wearable,

mplantable or in vivo sensors. These biosensors can measure phys-
ological parameters such as body and skin temperature, heart rate,
CGs, EEGs, electromyograms (EMGs), or SpO2. Smart devices can
rovide real-time processing. Data transmission via wireless body
ommunication networks enable patient monitoring by healthcare
roviders that can be alerted as soon as a dangerous event occurs.
he aim of this section is to review wearable systems capable of
onitoring individuals such as the elderly, the handicapped, those

uffering from chronic diseases, and the injured with special needs.

.1. Assessable parameters and users of SWS
.1.1. When, where and how SWS can be used
There is a growing interest in finding new healthcare solutions

o provide care, or manage and support patients or individuals
Personal area network wearable 116 8 74
Economic analyse telemedicine 5 7 31

anywhere at any time. Innovative portable and wearable systems
offer solutions to accessible and good quality individualised HM
services.

- SWS are used to monitor patients 24 h a day, in their own home
and outdoors, according to preventive medicine protocols. The
monitoring system is connected to an assistance centre where the
measured parameters are continuously or intermittently trans-
mitted. The centre can also provide help if needed. The activities
or motions of elderly individuals can be monitored, and when
their life habits suddenly change, such as the propensity to remain
at home or reduction of mobility, appetite, and social activities,
these dangerous conditions can be foreseen based on analysis of
the activities of daily living. During extreme climatic conditions
(excessively cold or hot weather), elderly people are more prone
to lung infections, dehydration, or other diseases [38]. This can be
avoided if the changes in the patient’s behaviour as a result of dis-
ease, infection, or dehydration are collected early and adequate
therapy or rehydration is initiated before the situation becomes
dangerous.

- Recent studies have developed diagnostic devices for point-of-
care testing. Easy-to-use features of point-of-care diagnostics
allow patient-side clinical analysis (e.g., outside of the hospi-
tal, in the field). Enabled by microfabrication and microfluidics, a
wide variety of medical situations using point-of-care diagnostics
have been explored, including disease markers, assessing thera-
pies, detecting chemical and biological hazards, and identifying
infectious people during pandemics. Microfluidic devices are able
to electrochemically analyse a wide variety of biochemical com-
pounds, such as glucose, cholesterol, lactate and alcohol [39,40].

- MEMS devices, including microreservoir drug depots, microp-
umps, valves, and sensors, have been developed for the delivery

of microgram quantities of drugs. The usefulness of MEMS for
biomedical applications lies in their ability to behave in a contin-
uous or discrete fashion which may mimic the metastability of a
living organ. A microchip for drug delivery is capable of releasing
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Table 3
List of vital parameters assessed using wearable systems.

Type of vital signals Type of sensor Signal source

Electromyogram
(EMG)

Skin electrodes Electrical activity of a muscle

Electroencephalogram
(EEG)

Scalp-placed
electrodes

Electrical activity of brain,
Brain potentials

Activity, mobility, fall Accelerometer Gesture posture/limb
movements

Respiration rate Piezoelectric/
piezoresistive sensor

Inspiration and expiration
per unit time

Heart sounds Phonograph Record of heart sounds, with
a microphone

Blood glucose Glucose meter Assessment of the amount of
glucose in blood

Oxygen saturation Pulse oximeter Oxy-hemoglobin in blood
Body or skin

temperature
Temperature probe
or skin patch

Body or skin
40 M. Chan et al. / Artificial Intellig

drugs by opening various reservoirs on command. Pulsing or dis-
continuous performance may also be achieved in an MEMS using
components such as valves or pumps. Adding hydrogels, biosen-
sors, and other features that are responsive to the local device
environment can enable an MEMS to function in an integrated
manner with its biological surroundings. Combining new disci-
plines such as biomimetics and new biocompatible polymeric
materials into microfabricated devices for tissue engineering and
drug delivery and new techniques for patterning living cells may
lead to fully integrated smart MEMS-based devices. These devices
could replace entire biological systems and be responsible for
delivering the right stimulus, such as a drug or an electrical
impulse, at the right time [41].
Capsule endoscopy, involving a miniaturised video-camera,
represents an appealing alternative to traditional techniques. Tra-
ditional clinical products are passive devices whose locomotion is
driven by natural peristalsis, which has the drawback of failing to
collect images from important regions of the gastrointestinal tract
because the physician is unable to control the capsule’s motion
and orientation. Active locomotion devices could enable capsule
endoscopy to be performed in a totally controlled manner. The
physician would be able to steer the capsule towards interest-
ing pathological areas and to accomplish medical tasks. Capsule
endoscopy offers new possibilities for screening, diagnostic, and
therapeutic endoscopic procedures [29].
Progress in sensor technologies and innovation in wearable com-
puting have spawned numerous new devices which are now
ready to revolutionise medical and professional applications,
including diagnostics, surgery, remote patient monitoring, and
indoor and outdoor positioning. Wireless medical instruments
provide new dimensions for these applications. Biosensors com-
bined with wireless devices in a ‘smart instrument’ can remotely
monitor an elderly person at home or a patient in the operating
room. Multiple pieces of medical equipment can be controlled
and monitored wirelessly by a single device for each patient dur-
ing and after surgical operations [42] or childbirth or during their
transport to a hospital. In nursing homes or geriatric home-care
facilities, SWS can improve residents’ quality of life [37]. An indi-
vidual injured during a catastrophic event (e.g., a plane or car
crash, a natural disaster) can be supervised during transport or
at the hospital and tethered to wearable devices or systems. The
monitoring can range from intensive (every 15 min or less) to dis-
continuously invasive or non-invasive. In disaster situations (e.g.,
fire, earthquake), SWS can protect workers [43,44]. In extreme
working conditions, for example for difficult mass transportation
in dangerous sectors such as mines or oil platforms [45,46] or dur-
ing catastrophic events (bus, plane, or boating accidents), SWS can
send an alarm to a management centre.

The vital parameters that can be monitored by SWS are listed in
able 3.

.1.2. Diseases, handicaps or disabilities that can be monitored by
WS

Ongoing cutting-edge multidisciplinary research in micro- and
anotechnologies, biosensors, and wireless and mobile information
ommunication technologies has given rise to multi-parameter
ital sign monitoring:

Cardiovascular diseases – heart disease has become one of the
leading causes of death world-wide. The World Health Organi-
zation (WHO) states that cardiovascular diseases are the world’s

greatest killers, claiming 17.3 million lives a year in events like
heart attack and stroke [47]. Angina, atherosclerosis, cardiac dys-
rhythmia, congestive heart failure, coronary artery disease, heart
attack, and tachycardia are the main cardiovascular diseases.
Galvanic skin
response

Woven metal
electrodes

Skin electrical conductivity

These can be diagnosed by analysing changes in ECG patterns
[48–50].

- Diabetes mellitus is a disorder of glucose metabolism and one
of the most challenging diseases both from a medical and an
economic perspective. Patients suffering from the disease can
benefit from frequent, even continuous, monitoring of their blood
glucose concentration to receive the right quantity of insulin to
prevent hypoglycaemia complications [51]. The development of
an ‘artificial pancreas’ may be one of the solutions for better
management and monitoring of glucose level and the infusion
of insulin [52].

- Renal diseases – patients suffering kidney failure depend on dial-
ysis treatments. Ideally, the wearable artificial kidney (WAK)
would closely approximate the function of a real kidney by
providing round-the-clock dialysis. However, despite years of
research, a WAK hemodialysis system remains elusive [53].
Recent advances in MEMS-based membrane technology promise
to enable the development of continuous implantable renal
replacement therapy [54].

- Respiratory diseases – patients suffering from dyspnea, sleep
apnea syndrome, chronic obstructive pulmonary disease, or
asthma can be monitored for early detection of symptoms and
administration of treatments [55]. Respiration-rate assessment
for children suffering pulmonary disease can be undertaken using
textile sensors and electronics for interfacing, data handling, stor-
age, and transmission. Such a system would enable continuous,
long-term monitoring of children in a hospital environment [56]

- Cancer is a leading cause of death worldwide and accounted
for 7.6 million deaths (approximately 13% of all deaths) in 2008
according to the WHO [47]. Some cancer tumours can be detected
by WNS by studying the blood flow in the area surrounding a
tumour using sensors placed on a needle (because cancer cells
exude nitric oxide), enabling physicians to diagnose tumours
without performing a biopsy [57]. Patients suffering from cancer
are monitored to support their wellness [58].

- Posture, motion control – particularly interesting for those who
have undergone hip surgeries. A wearable accelerometer embed-
ded in a waist belt and attached to the lumbo-sacral region
could enable assessment of motor recovery and of physical
effectiveness therapy for post-stroke hemiplegic patients [59].
Postures and gestures can be monitored using accelerometers
and magnetometer-based devices which can be micro-electro-
mechanical or textile-based transducers [60]. A gyroscope,

compass, accelerometer [61], magnetometer, piezoelectric sen-
sor, and GPS in miniaturised and wearable forms can be combined
to detect complex movement patterns [62].
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Neurological disorders and brain stimulation – epilepsy is a neu-
rological disorder characterised by spontaneous seizures. Over
one-third of patients receive insufficient oral anti-epileptic drug
(AED) and experience seizures while on medication. New gen-
erations of AED are delivered directly to the seizure focus in
the brain to provide more effective doses while by-passing
the remainder of the brain and body to prevent side effects.
The devices are polymer-based implants loaded with AED to
achieve gradual, continuous release of AED directly into the brain
region responsible for seizures [63,64]. Recent advances in nano-
technology have provided promising solutions for the effective
non-invasive treatment of central nervous system (CNS) diseases.
Many nanomedicines can be transported across various in vitro
and in vivo blood–brain barrier models by endocytosis, transcyto-
sis, or both and have demonstrated early pre-clinical success for
the management of CNS conditions such as brain tumours, HIV
encephalopathy, Alzheimer’s disease, and acute ischemic stroke
[65].
Rehabilitation – movement and muscle activity pattern recor-
dings can be associated with a given set of functional motor tasks
and muscle stimulation [66]. In the case of post-stroke rehabil-
itation, upper-limb kinematic variables can be assessed using
sensor-equipped garments. Using this technology, both sensors
and interconnection wires can be deposited in a single printing
and manufacturing process. The patients benefit from the comfort
provided by the device because no metallic wires are necessary to
connect them to the electronic data acquisition system. No rigid
constraints are present in the wearable system, and movements
are unrestricted [67].
Parkinson’s disease, quadriplegia, and paralysis – Parkinson’s dis-
ease is a neuro-degenerative disorder that induces characteristics
motor symptoms: rigidity, tremor, bradykinesia, and hypokine-
sia. A quantifiable, objective, continuous data acquisition system
providing information on the characteristic movement disorders
for evaluation of the disease could improve diagnosis and moni-
toring. A ‘bionic glove’ can be used to provide functional electrical
stimulation of muscles, either to produce a hand-grasp motion
or to open the hand. The glove is designed to improve the func-
tion of the paralyzed hand after spinal-cord injury or stroke
[68–70]. Implantable devices can restore function after paraly-
sis by by-passing damaged regions of the nervous system, giving
the patients the ability to live with greater independence and
enhancing their quality of life [71].
In sport sciences – in the context of highly competitive teams,
the discrepancy in performance among competitive athletes is
becoming smaller and smaller. Wearing high-tech textiles in
the form of compression garments, smart textiles, and wearable
technologies could help to achieve an advantage over competi-
tors [72]. Wearable sensors could enable coaches and athletes to
assess physiological signs and body kinematics during exercise
performance, to understand how an athlete’s body responds to
exercise, and to track improvements in sport performance or how
a race car driver responds during simulated conditions [73,74]. As
for bodily fluids such as tears, sweat, urine, and blood, wearable
chemical sensors have been developed for real-time ambula-
tory monitoring of sweat. This has enormous implications for the
field of sports and human performance and opens a new field of
research in the clinical setting [75]. Measuring sweat makes it
possible to collect rich information about the physiological con-
dition of the subject because sweat contains a matrix of essential
ions and molecules. Sweat analysis is known to be used to identify
pathological disorders such as cystic fibrosis [76].

Stress is a leading cause of illness and disease and is so perva-
sive that there is an inherent need to be able to supervise stress
in real time over long periods. A real-time personal stress moni-
tor could provide subjects with continuous feedback about their
n Medicine 56 (2012) 137–156 141

stress levels. Their physicians could thus objectively evaluate
stress exposure between visits. The system could be used as part
of a psycho-physiological evaluation of members of the military
undergoing intense training. The system uses measures of heart-
rate variability to quantify stress levels before and during training
as well as to predict stress resistance [77].

- The ability to recognize emotions is one of the characteristics of
emotional intelligence, which is an important aspect of human
intelligence. It is well known that too much emotion is bad for
rational thinking; much less well known is that neuro-scientific
studies of patients who have essentially had their emotions dis-
connected reveal that these patients have strong impairments in
intelligent day-to-day functioning, suggesting that too little emo-
tion can impair rational thinking and behaviour. Emotional data
are collected using sensors of physiological signs (facial muscle
tension, blood volume pressure, skin conductance which meas-
ures electro-dermal activity, Hall effect respiration) to enable
classification of affect [78].

- Sudden infant death syndrome (SIDS) is a phenomenon in which
apparently healthy new-borns die during sleep in their cradles.
The exact cause is not yet fully understood, whence the term syn-
drome. However, various symptoms can be identified that show
an elevated high risk for SIDS. The physiological signs include ECG,
oxygen saturation in the blood, temperature, breathing rhythm,
and blood pressure and should be monitored for risky new-born
patients. For a great number of new-borns, evaluation of the
patient’s risk for SIDS is performed using a polysomnographic test
(PSG) in a dedicated sleep clinic. This test, however, has poor reli-
ability. A textile-integrated system monitoring vital signs after
childbirth would provide a low-cost, reliable, and easy-to-use
early alert for potential SIDS as well as recognition of the devel-
opment or progression of diseases at an early stage [79]. A ‘BBA
bootee’ has been developed to supervise vital signs in infants
at special risk due to factors such as prematurity, chronic lung
diseases, and malformation syndromes [80].

3.2. Location of sensing technology systems

The sensing systems can be:

- Worn by an individual as an accessory:
◦ Piece of jewelry, wristwatch [81], wristband measuring pulse,

body temperature, galvanic skin response (GSR), and EMG data
[82], or ring [83]. These can also be a necklace, brooch, pin,
earring, or belt buckle.

◦ Electronic patch [84] or skin [85].
◦ Armband worn on the back of the upper arm with sensors that

assess movement, heat flow, near-body ambient temperature,
heart rate, skin temperature, and GSR [86].

◦ Chest belt or shirt for measuring vital signs [87].
◦ Pyjamas and shoes for detection of sudden infant death syn-

drome [79,80].
◦ Shoes for monitoring motion or analysing gait [88].
◦ Glasses with mountable microphones or video cameras that

can function as augmented reality glasses for navigation. The
glasses wirelessly provide virtual information to the user,
describing local cultural interests, shops, restaurants, and con-
venient transportation near the wearer’s location, while also
providing regular optical correction [89].

◦ Gloves for recording hand posture while individuals perform
activities such as eating, dressing, or while they manipulate

objects [90].

- Implantable, in vivo:
◦ Miniaturised video camera [91], pills, gastric pressure measure-

ment [92], gastric pH measurement.
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◦ Continuous glucose-monitoring biosensors [93],
◦ Continuous implantable renal replacement therapy [54],
◦ Gradual, continuous-release implantable devices for drug deliv-

ery [63,64],
◦ Implantable devices for functional electrical stimulation of

muscles [66],
◦ Capsule for endoscopy [29].
Portable:
◦ Multimedia devices or systems,
◦ video camera,
◦ microphone,
◦ PDA.
Embedded in the user’s outfit as part of clothing [94]:
◦ Passive smart textiles act as sensors,
◦ Active smart textiles sense and also react to stimuli from the

environment, exhibiting both sensor and actuator functions,
◦ Very smart textiles adapt their behaviour to particular circum-

stances.
Embedded in pieces of object, furniture, or the floor of a
house:
◦ Several applications use contextual information derived from

load-sensing techniques. The weight of a subject, object posi-
tion, and interaction events on a given surface can be obtained
[95],

◦ RFID tags deployed on an item such as a cup could detect when
an individual is close to the cup [96]. Such a system could assess
how many times an individual uses his or her preferred items.
These habits could provide a good measure of the patient’s
activities.

◦ A reminder system deployed on an item could remind
elderly people to take their medication. Pill-bottle caps
could change colour to indicate that a medication should
be taken and could be equipped with ambient technology
[97].

.3. Sensor system networks

With the recent progress in network infrastructure, wireless
ystems have supplanted wired systems, whereas past sensors
ad to be directly connected to a wearable computer by cables.
esearchers have developed WSNs to embed sensors in cloth-

ng or to allow sensors to be worn as accessories by the user.
wo networks are deployed with the objective of monitoring, for
xample, vital signs that produce an alert for centralised medical
onitoring services. The first is a wireless body area network (BAN)

hat is deployed on the body of the patient. This system includes all
he wearable sensors and a PDA as a wearable computer [98]. The
econd network, the personal area network (PAN) platform, com-
letes the first system wireless body area network (WBAN) and can

nclude a smart phone sensor, video sensor, and environmental sen-
ors. A gateway operates via a wireless wide area network (WAN)
nd connects a distant end-user to a healthcare-monitoring centre
o manage all of the assistive services. A wide variety of available
ireless technologies allow data transmission or long-range infor-
ation communication between the SWS and the assistance centre.

hese technologies include WLAN, GSM, GPRS, UMTS, and WIMAX
hat can provide extensive network access. Fourth-generation (LTE-
dvanced) are expected to be operational soon [99]. M-health

s the term used to define ‘unwired e-med’, introducing ‘mobile
omputing, medical sensors, and communication technologies for
ealthcare’ [100]. In future cities, satellite networks and ultra-

obile devices could be deployed and lead to access of ubiquitous

roadband connections, individual mobility and could be used as
he main platform for personal e-health applications and services
101].
n Medicine 56 (2012) 137–156

3.4. Smart biomedical wearable systems: current status and
ongoing research

The diversity of applicable fields for SWS corresponds with the
various system architectures and components, from wristwatches
[102] to smart clothing for professionals [43,44]. We have selected
representative SWS that have been developed in academia or
industry or that have been commercialised. The SWS are presented
according to their main features (e.g., electronic components, smart
fabric, implantable).

3.4.1. Research prototypes
3.4.1.1. Based on microcontroller or other electronic device platforms.
Amon [81] is a wearable monitor developed under grants from
the European Union FP5 IST program. The wearable monitor con-
sists of a wrist-worn device, which measures skin temperature,
blood pressure, SpO2, and one-lead ECG. A two-axis accelerom-
eter correlates user mobility with the measured vital signs. In a
supervision centre, a physician can analyse data transmitted from
the wrist-worn device thanks to a GSM-based cellular communi-
cation link. The aim of the wearable Amon is to enable high-risk
cardiac/respiratory patients to live independently. Data are classi-
fied according to the risk for serious cardiac/respiratory problems
and appropriate actions are taken by the device, such as initiali-
sation of additional measurements, risk alerts, or transmission of
information to an assistance centre.

The Lifeguard system has been developed by a team of
researchers at NASA and Stanford for extreme environments, space
and terrestrial conditions. It includes physiological sensors (e.g.,
ECG/respiration electrode patch via impedance plethysmography,
heart rate, SpO2, body temperature, blood pressure monitor and
body movement), a wearable box the size of a cigarette pack, and
a base station where data are sent via Bluetooth. The authors con-
ducted a series of validation tests in extreme environments, and
the results for data transmitted to remote locations with satellite
connection were acceptably accurate [103].

LiveNet has been developed by the MIT Media Lab for long-term
HM. It is composed of three major components, a PDA based on a
mobile wearable platform, a software network and resource discov-
ery application program interface (API), and a real-time machine
learning inference architecture. The platform is composed of a 3-D
accelerometer, ECG, EMG, and galvanic skin conductance sensors
which can interface with a wide range of commercially available
sensors. A three-layer software architecture allows communica-
tion between the applications, the distribution and processing of
digital signals, and the implementation of real-time classifiers for
wearable applications [104].

A portable wireless system capable of measuring phonocar-
diography (PCG), electrocardiography, and body temperature has
been developed in Tainan, Taiwan. The proposed prototype sys-
tem successfully uses Bluetooth technology to invisibly transmit
and receive physical signals through the air. The system consists
of a capacitor-type microphone inserted on a stethoscope for PCG
detection, a three-lead ECG, a temperature sensor, a measuring
board including a CPU, a Bluetooth transceiver, an A/D module and
a PDA with an external memory unit. The PDA controls the system
by issuing commands to the measuring circuit [105].

A shoe has been developed to identify the characteristics of
human gait. The system consists of force-sensitive resistors (FSR),
accelerometers and gyroscopes. The raw sensor data are processed
by data fusion algorithms within a microprocessor [106].

Auranet is the University of Oregon’s Wearable Computing

group’s implementation of a wearable community. The Auranet
is the network of computing devices that exists in a person’s
social space or “Aura”. The Auranet is where people and their per-
sonal computing devices have face-to-face encounters. Developing
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wearable assistant for those with cognitive impairments (e.g.,
raumatic brain injury, dementia), the assistant will have access
o GPS information to track a user’s location. It will have Internet
ccess to alert a caregiver when help is needed. Finally, it will be
ble to establish point-to-point connections with local good Samar-
tans for assistance [107].

The INTREPID project has the objective of developing a
ulti-sensor context-aware wearable for the treatment of anxiety-

elated disorders and testing its clinical efficacy in reducing
nxiety-related symptoms. The system uses biofeedback-enhanced
irtual reality to facilitate the relaxation process. The virtual reality
elaxation experience is strengthened by the use of a mobile phone
apable of tracking and visualising the outpatient setting. The phys-
ological data of the patient are recorded by biosensors so that
hey can control clinical protocols for the treatment of generalised
nxiety disorder and during rest conditions [108].

The Aubade project is a wearable platform designed to ana-
yse emotional states in real time, using signals obtained from
he face. Aubade uses a variety of healthcare-related applications

ainly from the fields of neurology and psychology. Those include
acial pain, facial muscle disorders, speech disorders, depression
nd stress assessment. The wearable platform includes a mask that
irelessly collects and transmits signals (e.g., EMG, heart rate, skin

onductivity and respiration rate) obtained from appropriate sen-
ors placed on the face of the user to centralised systems. It uses
fficient methods to process multisensorial signals based on sen-
or management and data fusion techniques. Clinical trials have
een conducted to study the validity of the wearable platform
109].

A portable long-term physiological signal recorder has been
eveloped at the University of Technology, Tampere, Finland.
he system includes a bio-impedance block, an electrocardiogra-
hy block, an acceleration sensor, a control and storage device,
radio communication interface, a rechargeable battery and a

ser interface. The system measures bio-impedance, ECG and the
ser’s activity. The bio-impedance measures dynamic changes in

mpedance, the main application being to monitor a user’s respi-
ation. Activity is assessed with a three-axis acceleration sensor.
pecial attention has been paid to the power consumption of the
evice, with the system functioning 24 h a day. The system has been
roven to be operational with both commercial Ag/AgCl gel-paste
lectrodes and custom-made textile electrodes [110].

.4.1.2. Systems based on smart clothes. MyHeart is a personal
ealth assistant developed within the framework of the European
ommission Research Program. The system aims to detect early
trial fibrillation, enabling prevention and immediate treatment
ith medication. The sensing modules are either integrated into

he garment or simply embedded on a piece of clothing. The under-
ying concept relies on the use of tiny conductive wires knitted
ike normal yarn, which increases the comfort of the wearable sys-
em. The size of the overall system is decreased, the sensors (ECG
nd activity) do not need wireless modules and the system relies
n a centralised wearable power supply. One main device controls
he on-garment bus and is responsible for the synchronisation and
he power supply for all of the wearable components. Associated
oftware has been developed to classify activity into resting, lying
own, walking, running, and going up or downstairs with very high
ccuracy. The MyHeart project developed heart belts as well, that
ould be worn across the chest or attached to a standard bra or to
he waistband of standard underwear [111].

The MagIC project has been developed in Milan, Italy, using

textile-based system for the unobtrusive measurement of vital

igns. A washable, sensorised vest incorporates fully woven tex-
ile sensors for monitoring ECG and respiration rate and a portable
lectronic board, which measures the user’s motion level and is
n Medicine 56 (2012) 137–156 143

responsible for signal pre-processing and information transmis-
sion through Bluetooth to a local PC or PDA. The system includes
skin temperature measurements for elderly or cardiac patients at
home for daily life HM. The data gathered from the evaluation
tests showed very good acquired signal quality except in cases
of maximal physical activity and that the system is also capable
of identifying atrial fibrillation episodes and atrial and ventricular
ectopic beats [112].

The Biotex is an EU-funded project that aims to develop textile
sensors to measure physiological signs and the chemical compo-
sition of body fluids, with a particular focus on sweat. A wearable
sensing system has been developed that integrates a textile-based
fluid handling system for sample collection and transport with a
number of sensors including sodium, conductivity, and pH sensors.
Sensors for sweat rate, ECG, respiration, and blood oxygenation
have also been developed. With the current design, the sensors
respond well provided that there is an adequate supply of sweat
[75].

The ProeTEX project financed by the European Commission, a
consortium of 23 European universities, research institutions, and
organisations in the field of emergency management, has devel-
oped a new generation of ‘smart’ garments for emergency-disaster
personnel. ProeTEX Garments include portable sensors and devices
in order to continuously monitor risks endangering the lives of
rescuers. The smart system allows detection of a wearer’s vital signs
(e.g., heart rate, breathing rate, body temperature, SpO2, position,
activity, and posture) and environmental parameters (e.g., presence
of toxic gases, such as carbon monoxide and carbon dioxide (CO2),
external temperature, and heat flux passing through the garments),
to process data and remotely transmit useful data to the opera-
tion manger. Three ProeTEX prototypes have been built according
to specific requirements for law enforcement officers as well as
urban and forest fire-fighters. The core system is an electronic box
that collects data from the sensors and sends the data to a local
operation coordinator by means of a remote transmission system
with a Wi-Fi protocol. Software running on the local coordinator’s
workstation visualises the data extracted from information in real-
time and automatically activates alarms when dangerous events
are detected. The results obtained using ProeTEX systems show the
potential of smart garments developed by the consortium in order
to monitor the vital signs of rescuers and environmental variables
(e.g., external temperature, presence of toxic gases, and heat flux
passing through the garments) [43,44].

Mermoth, the Medical Remote Monitoring of Clothes is a Euro-
pean IST FP6 project and part of six other European projects
involved in the development of smart fabrics and interactive tex-
tiles. The garment includes conductive and electrostrictive fabrics
and yarn and dry electrodes, enabling the measurement of ECG,
respiratory inductance plethysmography, skin temperature and
activity through accelerometers. A PDA is connected to a microcon-
troller which is used as an interface for the sensors on the garment,
and provides an RF link to a local PC for display and assessment of
data [113].

The VTAM project aims at developing generic clothing technol-
ogy, embedding fabric biosensors and bio actuators. The garment
includes smooth, dry ECG electrodes, a GPS receiver, and several
sensors (e.g., shock/fall, breathing-rate, temperatures) [114].

The US Army is working on developing the Land Warrior System
that enables soldiers to view computer generated graphical data
and maps, engages targets at night without exposing soldiers to
hostile fire, shares intelligence information and video images, and
coordinates and synchronises actions with peer groups via mobile

networks [115].

SensVest was designed for use in the Lab of Tomorrow project.
The system has been developed for use by sciences teachers and
students elaborating on the users’ requirements that needed to be
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et. It measures, records, and transmits vital signs such as move-
ent, energy expenditure, heart rate, and body temperature. The

rials carried out by students using SensVest proved the wearable
ystem to be promising. They were able to carry out activities with
o apparent inhibition to movement and little discomfort, and the
ata were reliable [116].

The Smart-Clothing project combines research in textiles, wire-
ess sensors, and actuator networks in the context of human body

onitoring with statistical methods for data analysis and treat-
ent. The project aims to aid in the monitoring of foetal movement

n the last 4 weeks of pregnancy [117].
Mithrill is a next-generation research platform aiming to

evelop context-aware wearable computing projects at the MIT
edia Lab. The Mithrill architecture includes a multi-protocol body

us and body network, integrating a range of sensors, interfaces,
nd computing cores. The aim of Mithrill has been to develop
wearable system using context aware applications, supporting

aily use functions such as recording grocery lists and movie rec-
mmendations, conversational note taking, messaging and e-mail
118].

Smart Vest has been developed in Bangalore, India. The system is
ble to monitor a number of vital signs, such as ECG, photoplethys-
ogram (PPG), heart rate, systolic and diastolic blood pressure;

ody temperature and GSR, in a single device without the atten-
ion of the wearer. The physiological information is transmitted
sing a RF link to a remote monitoring and analysis station along
ith the geo-location of the user where analysis of all the measure-
ents are carried out in real time and presented in an appropriate

orm for transmission. Smart vest prototypes with varying degrees
f success were obtained through clinical validation involving 25
ealthy subjects [119].

.4.1.3. Mote-based body area network. A wide range of projects
re involved in the use of motes, or wireless-enabled tiny nodes,
o constitute a body area network. CodeBlue is a project at Harvard
niversity. A sensor network platform for multipatient monitor-

ng environments has been developed based on Zigbee compatible
icaZ and Telos motes, including sensors for pulse oximetry, three-

ead ECG, EMG, and mobility activity. The project enables data
ommunication between medical sensors, receivers (e.g., PDAs
arried by nurses and physicians). Software allows end users to
ynamically request information from a specified network node.
n RF-based localisation system tracks the location of patients and
aregivers. The system was validated in a 30-node test bed [120].

A u-healthcare system has also been developed. u-Healthcare
ursues new types of solutions, to effect changes in prevention and
o develop more focused medical care systems, centering on indi-
iduals and the concept of well-being. The communication layer
erforms bi-directional data or command exchange via 802.15.04
etwork and code division multiple access (CDMA) to connect ECG
nd blood pressure sensors to a basic mobile phone device for
nformation display and signal feature extraction. As a result, only
bnormal vital signs (ECG, blood pressure patterns) are transmit-
ed to the hospital. This is achieved by first extracting simple ECG
eatures, such as QRS duration, RR interval, or R magnitude, and
hen making a decision based on pre-specified criteria. Blood pres-
ure measurements are obtained from chest belt and wrist band
evices. The project includes the use of accelerometers and SpO2
ensors [121].

BASUMA systems have been developed to measure ECGs, air and
lood content of the thorax (i.e., thoracic impedance), body temper-
ture, respiration rate and cough control, blood pressure, pulse rate,

pO2, lung functions, reactive oxygen species (ROS) (i.e., exhaled
2O2), and lactate in breath condensate. The project uses sensors
quipped with the ZigBee compliant Philips AquisGrain platform.
t aims for long-term monitoring of chronically ill patients [122].
n Medicine 56 (2012) 137–156

A MicaZ mote-based platform has been developed at the Univer-
sity of New South Wales, Sydney, Australia. The project investigates
the opportunities and challenges in the use of dynamic radio trans-
mit power control for prolonging the life time of body-wearable
sensor devices used in continuous HM. MicaZ motes from Crossbow
Technologies have been tested using the device strapped around a
patient’s chest, simulating monitoring of heartbeat and ECG. The
authors conducted several experiments in which the device was
strapped around a patient’s arm (i.e., for monitoring blood pH and
glucose). Several applications have been tested, including walking
back and forth in a room for a few minutes at a normal walking pace
or slow walking, as in the case of an elderly or disabled person with
restricted mobility, and resting. The system shows the potential
benefits and limitations of adaptive radio transmit power control
as a means of saving energy in body-wearable sensor devices used
for healthcare [123].

A BSN-based vital signs routine monitoring system has been
developed at the National University of Singapore. The system com-
prises a wireless mote, amplifier circuit board and arterial SpO2
probe. It is able to measure physiological signs in real time with
only minimal disturbance to quality of life. The device is easy to
wear and convenient to use. Using a dock with a ZigBee adapter, a
PDA phone can communicate with the mote and then display the
ECG/PPG data as well as the heart rate, SpO2 value and the systolic
blood pressure [124].

Patients recovering from surgery are at risk of complications due
to reduced mobility as a result of postoperative pain. Continuous
monitoring of these patients has encouraged research on wireless
medical monitoring solutions that realise the vision of a wireless
hospital. A patient station consists of a mote device that receives
data from the sensors recording the vital signs (e.g., ECG, respira-
tion and activity level) and is responsible for the first stage of data
processing. The received signals are sent to a central server for anal-
ysis. This analysis is done using moteView software and generates
alerts for medical professionals, caretakers and emergency medical
department personnel [125].

3.4.1.4. Implantable devices. A wide range of devices can be used
to identify people and to provide personal information. One of the
most well-known is an implantable identification device (IID), a
RFID tag developed by VeriChip Corp. that was approved for human
implantation by the U.S. Food and Drug Administration in 2004. The
VeriChip is usually implanted in the upper arm. Authorised medi-
cal professionals can use the serial number emitted by a VeriChip
to access a patient’s medical information in a database called Ver-
iMed. This enables rapid retrieval of vital data even if the patient
is unconscious or unresponsive during a medical emergency. The
aim of VeriChip is to access medical records, but it can have other
healthcare applications as well. Physicians and other medical pro-
fessionals can use it to access sensitive hospital areas or certain
patient records. The system may be used to verify a patient’s iden-
tity before performing a surgical operation or administering a drug
[126].

Other systems enable patients suffering chronic diseases to live
independently. An implantable kidney has been developed jointly
in Ohio and California, USA. The system uses highly efficient mem-
branes and cell-based bioreactors. The authors have used MEMS
to create biocompatible silicon membranes with nanometer-sized
pores that can mimic the filtering capacity of the human kidney
through cloning. Between the conventional thrice-weekly and the
quotidian dialysis, this is a third alternative to dialysis and trans-

plantation based on demonstrated technologies, sound science, and
measurable milestones [54].

Other classes of implantable devices include sensors for nerve
stimulation capable of alleviating acute pain in patients suffering
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rom cancer or trembling caused by Parkinson’s disease, and to
estore the grasp function in tetraplegic patients [127].

An implantable telemetry platform system allows in vivo mon-
toring of physiological parameters. The small size of the electronic
ircuit makes the system suitable for minimally invasive diagnostic
ests, e.g., for gastro-oesophageal pressure, pH, glucose monitoring,
ccording to the different sensor used [128].

A capsule endoscopy system allows patients to be examined
rom data collected by the camera. The system is composed of
he capsule itself, a portable image receiver/recorder unit and
attery pack, and a computer workstation. The patients under-
oing capsule endoscopy wear an antenna array including eight
eads that are connected by wires to the recording unit, worn
n standard locations over the abdomen. The recording device to

hich the leads are attached is able to record the images trans-
itted by the camera in the capsule and received by the antenna

rray. The capsule system is useful for diagnosing gastrointestinal
leeding, inflammatory bowel diseases, taking small bowel radio-
raphy and monitoring postsurgical small bowel transplantation
129].

A robust and precise medical device has been developed for reg-
lating blood glucose. It is composed of four subsystems: sensors,
pump, a controller and a power system. An insulin controller is

uggested for the prototype device as well as a proportional deriva-
ive (PD) controller of insulin secretion by the pancreas. The authors
emonstrated through results of their preliminary experiments the
otential to achieve robust regulation of blood glucose using the
rtificial pancreas. Further improvements on control algorithms
nd electromechanical hardware are needed for a clinically viable
olution [52].

.4.1.5. Skin devices. Glucowatch Biographer is a minimally inva-
ive self-monitoring system to measure blood glucose levels
hrough extraction of transdermal fluid. The watch uses reverse
ontophoresis to non-invasively extract glucose across the skin.
he device has to be calibrated with an invasive “finger-stick”,
nd this has been perceived as a disadvantage. The urea com-
onent was extracted simultaneously in an attempt to render
he technique completely non-invasive. As a result, the extrac-
ion flux and concentration of urea both remained relatively
onstant, but the normalised, transdermal, iontophoretic flux of
lucose showed inter-individual variability due to mechanisms
hat were not entirely governed by electrotransport. More specifi-
ally, despite good qualitative tracking of blood levels, biochemical
nd metabolic factors, as well as contamination, affect the quan-
itative results. Due to complaints that the device provoked skin
llergies, the US Food and Drug Administration has since banned
he use of the device [130].

A microwave sensor has been developed as a non-invasive mon-
tor of blood glucose levels. The sensor is based on the microstrip
ing-resonator. The sensor output is an amplitude measurement of
he standing wave versus frequency sampled at a fixed point on an
pen-terminated spiral-shaped microstrip line. The patient presses
is thumb against the line and applies contact pressure that falls
ithin a narrow pressure range. A single-spiral microstrip sensor
as been shown to exhibit significant changes in its response corre-
ponding to changes in the measured blood glucose level of several
est subjects. Microwave sensors are robust and economical and
re elegant solutions to the problem of non-invasive glucose test-
ng [131]. After being used in hospitals, glucose sensors are now
ffered to patients for ambulatory use. The patient, however, must

e taught how to use the glucose sensor properly and wear the
evice regularly. An insulin pump with an integrated continuous
ubcutaneous glucose monitoring device improves the patient’s
herapeutic management.
n Medicine 56 (2012) 137–156 145

A Danish laboratory has developed a textile-based, wearable
electronic patch that can assess vital signs (e.g., EMG, SpO2, ECG,
body temperature) [84].

‘Electronic second skin’ has been developed at the University
of Wisconsin. This electronic skin consists of pressure-sensing
materials and associated electronic devices for pressure readings.
The electronic skin uses thin single-crystal silicon that has supe-
rior flexibility and mobility properties. Using a printing method
called ‘inking and printing’, a thin silicon layer is bonded to a sil-
icon dioxide release layer. The silicon layer is cut into a lattice of
micrometer-scale “chiplets”, and a transfer stamp layer is attached
to the top of the divided silicon. The transfer layer and “chiplets” are
then lifted and transferred to a flexible substrate. The support layer
of the electronic skin is elastomeric polyester. The circuitry part
consists of two protection layers that sandwich a multifunctional
middle layer. The middle layer consists of the metal, semicon-
ductor, and insulator components needed for sensors, electronics,
power supplies, and light-emitting components, all of which are in
serpentine shapes comprising a stretchable net. The system can be
simply mounted onto or peeled off natural skin like bandage tape.
Vital signs from heart, brain, and skeletal muscles similar to those
measure using bulky electrodes and hardware have been obtained
using the electronic skin. Other forms of physiological data can also
be collected using this skin. The system has proved to be viable and
inexpensive [85].

3.4.1.6. Other wearable devices or biosensors. Nanowires and nano-
tubes have been used for analytical applications. The most common
use is in the modification of a bulk electrode such as gold or glassy
carbon electrode with nanowires. They are able to detect biochemi-
cal components, viruses, etc. in body fluids. Carbon nanotube (CNT)
arrays have been utilised to develop advanced nano- and microde-
vices. A novel type of cupric oxide (CuO) nanoparticle-modified
multi-walled CNT array electrode for sensitive nonenzymatic glu-
cose detection has been developed. CNTs have been used as
electrode material due to their high surface area, unique structures,
excellent electrical conductivity, ultra-strong mechanical proper-
ties and high stability. The electrode is used to analyse glucose
concentration in human serum samples, and is promising for the
development of nonenzymatic glucose sensors [132].

CNT-based sensors have been used to detect viruses. The
CNT biosensors were assembled using a layer-by-layer technique
exploiting the chemical functionalisation on nanotubes to tai-
lor their interactions with viruses and antiviral antibodies [133].
At Toyohashi University of Technology in Japan, a penetrating Si
microprobe array, with each probe only a few microns in diam-
eter, has been developed. Development of the microprobe array
employed a standard integrated circuit process followed by selec-
tive growth of silicon (Si) probes based on vapour-liquid-solid
growth. The device is used for neural recordings as well as neuronal
stimulation [134].

An enzyme-free glucose sensor prepared by the electrodepo-
sition of gold nanowires within an anodic alumina oxide (AAO)
template and subsequent transfer of the obtained array onto a
glass substrate has been developed at Sungkyunkwan University
in Korea. Electrochemical oxidation of glucose in 0.1 M NaOH solu-
tion was investigated using cyclic voltammetry. The voltammetry
and amperometric detection of glucose was explored [135].

An alternative non-contact method to collect cardiopulmonary
signs, including respiration and heartbeat signals, is via Doppler
radar. However, the heartbeat signal cannot be distinguished when
the subject does not hold his or her breath. To resolve the problem,

adaptive noise cancellation based on a recursive-least squares algo-
rithm showed that the heartbeat signal can be extracted and that
the heart rate is strongly correlated with that derived from the ECG
[136,137].
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Advances in low-power and high-performance readout circuit
esign for the acquisition of biopotential signals enable the imple-
entation of miniaturised and comfortable systems for acquisition

f biopotential signals, such as EEGs, ECGs, and EMGs in the case of
earable and implantable systems [138]

Measuring pulse oximetry is based on spectral analysis, the
etection and quantification of components in solution by their
nique light absorption characteristics. A two-LED pulse oxime-
er is able to isolate the absorbance of arterial blood components
rom that of venous blood, connective tissue and other absorbers
139,140].

Sudden cardiac death is a public health issue. A wearable defi-
rillator or automatic external defibrillator is frequently used in
ases of sudden cardiac death. Both devices are able to restore sinus
hythms in patients with ventricular tachyarrhythmia [141].

.4.2. Ongoing research on smart biomedical wearable systems in
ur laboratory

LAAS-CNRS has been conducting research on elderly monitoring
ystems since 1990 [142,143] and has followed the evolution of the
evelopment of elderly monitoring systems. Initially, in the 1990s,
ne of the important features in the concept of people-monitoring
ystems was the study of elderly behaviour and activity using mon-
toring systems and electronic devices embedded in their homes.
he development of monitoring systems was based on a home
nvironment where sensors collected spatiotemporal information
bout human activity [144]. A multisensory monitoring platform
ncluded the use of satellite communication to link the medical cen-
re to a rural institution for retired individuals within the Ourses
roject [145]. This supervision system operates whenever the sub-

ect is alone in his or her home:

1) As soon as there are several people in the apartment or in the
hallways and living rooms of the environment, continuous data
gathering is corrupted or interrupted. In new projects (Home-
care and BéA), wearable identification and location systems
have been chosen to ensure continuous data collection and thus
achieve 24-h monitoring of elderly people [146,147]. These sys-
tems include identification and location devices in a body area
sensor network. In Homecare, a wearable electronic tag, such as
those developed in a study by Haahr et al. [84] is used to identify
and locate the subject. For the BéA project, a geographic track-
ing instrument worn by the individuals (e.g., elderly suffering
from dementia, handicapped people) allows data collection and
communication with a centre to detect and report cases of prob-
able dangerous events. The system is composed of a waist belt
connected to a wearable PDA that includes GPS, Wi-Fi location
devices and software to detect safe areas or deviations from
usual displacement trajectories for the subject. In the Respect
project, the sole of a shoe, as shown in [88], is under develop-
ment. The system includes identification and location functions
in a body sensor area network. Using the Zigbee standard for
wireless communication systems enables data transmission to
a service centre that can provide assistance to the wearer.

2) Chronic mental stress is perceived as a risk factor for car-
diovascular diseases [148]. Thus, it can be considered as one
element determining an individual’s health and self-esteem.
Cardiac frequency may be one parameter related to stress. The
objective is to find states far from equilibrium and to clas-
sify them as stress indicators. Heart rate variability (HRV) is
a non-invasive method for measuring and detecting changes in
cardiac frequency. Moreover, HRV serves as a marker of sym-

pathovagal balance of the autonomic nervous system (ANS).
In fact, perceived mental stress strongly affects ANS homeo-
stasis [149]. There are numerous papers reporting changes in
HRV due to mental stress [150]. Mainly low frequency and high
n Medicine 56 (2012) 137–156

frequency components of HRV (LF/HF), standard deviation of
all normal heart periods (SDNN) and root mean square succes-
sive difference in a heart period series (RMSSD) are significantly
affected. Unfortunately, these investigations provide only ten-
dencies, rather than threshold values for stress assessment. Our
goal is to create a method that enables us to perform broad time-
domain analysis, which, unlike standard HRV methods, will
provide an insight into the evolution of the signal. The method
permits us to establish symptoms of stress and finally create
a SCORE stress index. We have actually introduced two sta-
tistical parameters that satisfy our criteria. We have also used
microtechnologies to create a non-invasive ECG analyser com-
bining a programmable analogue chip and accelerometer to
measure ECG and human activities. We have used inexpensive
commercially available off-the-shelf (COTS) accelerometers
driven by microcontrollers with embedded signal processing
algorithms and a smart power management system. The system
uses on/off power consumption and is under patent, ADXL330
accelerometers from Analog Devices and LIS3DN accelerome-
ters from STMicroelectronics are also used. We have developed
ECG sensors where the electrodes are in kapton with Au deposit
and the system is based on an amplifier designed in our labo-
ratory. The system communicates with a microcontroller PIC
from Microchip and has been developed under soft electronics
technology.

Current LAAS-CNRS research is shown in Fig. 1.

3.4.3. Commercial products
Bodymedia health wear armband is worn on the back of

the upper right arm. This device is an armband composed of
polyurethane with an accelerometer, a thermal conductivity sen-
sor, a skin and ambient temperature sensor and a skin electrical
conductivity sensor. It can also be connected to a wireless heart-
rate sensor. The system focuses on weight management and
assesses movement, heat flux, skin temperature, and GSR, allowing
accurate measurements of energy expenditure. It can be connected
wirelessly to external sensors based on a GSM transceiver. A PC con-
nected to the transceiver records the raw data and transmits it to a
help centre [151].

Vivago WristCare is a wireless wellness monitor which aims to
support ubiquitous computing applications for wellness manage-
ment and home automation. A wrist-worn device monitors skin
temperature, skin conductivity and movement [102].

Vivometrics developed a LifeShirt System to continuously mea-
sure pulmonary, cardiac, and other vital signs. Accelerometers and
sensors for respiratory measurement are embedded in an under-
shirt garment; an external PDA stores the data and extracts the vital
signs [152].

Micropaq Monitor has been developed by WelchAllyn. The sys-
tem is a wearable device worn in a carrying pouch. It assesses pulse
oximetry and up to five-lead ECG [153]. The SmartShirt developed
by Sensatex is designed to measure ECG, respiration rate, and blood
pressure. It is based on conductive smartfibres and nanotechnolo-
gies [154].

Cardionet is a mobile cardiac patient telemetry system. It moni-
tors ECG and helps physicians diagnose and support patients
suffering from arrhythmias [155].

Medtronic’s CGMS® and Guardian® systems are ‘minimally
invasive’ continuous blood glucose-level monitoring systems. A
disposable bio-sensor needle is inserted under the skin of the
abdomen and the blood glucose level is assessed from the inter-

stitial tissue fluid [156].

A. Menarini Diagnostics’s Glucoday® is a portable instrument
provided with a micropump and a biosensor, coupled to a micro-
dialysis system capable of recording the subcutaneous glucose
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Fig. 1. Wearable system

evel every 3 min [157,158]. Abbott Diabetes care’s FreeStyle
avigator® uses a glucose oxidase-based electrochemical sensor

hat is inserted subcutaneously and measures interstitial glucose
n a range of 20–500 mg/dL every 1 min (or 1440 readings a day)
159].

A list of wearable systems with the authors, the system descrip-
ions and their applications is presented in Table 4.

. Current issues with wearable systems

.1. User needs, perception and acceptance

User preferences for use of SWS in their daily life need to be stud-
ed before actual use of these devices becomes more widespread. In
rder to explore the relationship between the perceived emotions
actor and the use of science technology, Davis [160] developed
he Technology Acceptance Model (TAM) that shows how users
ome to accept and use a technology, which is based on impor-
ant features related to the perceptions, concerns and attitudes
f elderly individuals towards SWS and their independence. In
n Australian research study, the authors claim that any system
r technology that can prolong independence tends to be highly
onsidered and accepted. Their findings indicate that participants’
ttitudes towards the idea of WSN for HM are generally positive.
oreover, the WSN-based systems (i.e., mote systems having the

apability to facilitate the gathering of a range of environmental
nd structural sensory data such as weight, blood sugar, blood oxy-
en level, ECG information, EEG information, sound, temperature,
umidity, light-intensity, vibration and acceleration) are still under
evelopment, and most elderly participants have difficulty fully
nderstanding the benefits that motes can provide. The authors
onclude that current acceptance models such as TAM or UTAUT
ay need to be extended or modified due to the uniqueness of a
SN-based healthcare system designed for elderly users. Further-
ore, their study is limited to the area of Sydney, Australia [161]. In
37], researchers found that 93% of patients in a geriatric care facil-
ty accepted a wearable system, because it was minimally invasive
nd did not interfere with their normal daily life. The EPSRC SMART
onsortium presented a study in which user feedback was used to
loped at our laboratory.

change the design of their devices. User preferences were mon-
itored to improve prototype devices for training stroke patients.
New user issues were identified as the system was being devel-
oped. Changing a wired version to an unwired one created more
complex system management and upkeep from the user. It was
also noted that user tolerance of certain systems was reduced when
their confidence in the devices decreased, with a key confidence
factor being the correct use of the equipment. Data output were
affected, and compliance and confidence levels were reduced when
patients were unsure how to use the system correctly. Problems
were raised in initial and second prototypes, such as correct gar-
ment placement. The Consortium discovered the properties of their
equipment that needed to be taken into account; namely, com-
pact size, simple to operate and maintain, and usable by stroke
patients preferably without the help of the caregiver. The users
preferred to receive encouraging feedback data, from the health
professionals and quantifiable, objective data about their perfor-
mance, instead of praise from a physiotherapist [162,163]. Both
patients and practitioners using ECG devices were aware of usabil-
ity and performances issues, including stigmatisation, size and
weight of the system, altering normal functional performance, sen-
sors becoming unattached from the patient, and the number of
related hospital visits that were needed [164]. In the case of a glove
providing functional electrical stimulation of muscles controlling
the fingers, the users identified reliability, difficulty in manipulat-
ing and placing the electrodes, as well as drying out of electrodes
as issues. Some patients found it difficult to set stimulus parame-
ters on the device. Users who were more familiar with consumer
electronic devices seemed to have less trouble setting the param-
eters. Other issues concerned the fit of the device on the arm, and
the weight and the size of the system which could limit the type of
clothing that the user could wear over the glove [68–70]. In [165],
the authors study all questions related to improving the quality of
life using wearable systems. They concluded that more investiga-
tions with interviews, questionnaires and experiments are needed
and that prototypes should be developed with industrial partners
and tested in real-world, everyday life settings. Easy-to-use and

unobtrusive wearable systems could more easily contribute to user
acceptance of these devices in their daily life [166].
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Table 4
List of wearable systems.

Author System description Applications

Santini et al. [41] Microchip Autonomous controlled release implant (‘Pharmacy-on-a-chip’) or
controllable tablet (‘smart tablet’) for oral drug delivery

Curone et al. [43,44] ‘ProeTEX’ smart garment Health-state parameters, environmental variables
Kario et al. [45] Multifunctional device Heart rate, physical activity
Gómez et al. [52] Pumping, controller and power system Insulin controller to achieve regulation of blood glucose
Fissel et al. [54] Unique technology toolkit, MEMS system Membrane prototyped for renal replacement
Okubo et al. [55] Home care sensor system Respiratory diseases
Islam et al. [58] Wellness monitor Wellness for patients suffering cancer
Akay et al. [59] Accelerometer unit Body motion in healthy subjects, patients with Parkinson’s disease and

post stroke hemiplegic patients
Prochazka et al. [68] Electrical stimulator garment (glove) Controlled grasp and hand opening in quadriplegia
Lorussi et al. [69] Strain sensors integrated in garments (gloves, leotards etc.) Hand posture and gesture monitoring
Niazmand et al. [70] Sensor based smart glove Parkinson’s disease evaluation
Coyle et al. [73] Textile-based sensor (‘Biotex’) Measuring sweat
Katsis et al. [74] ‘Aubade’ sensor system EMG, ECG, respiration, skin conductivity (EDR)
Jovanov et al. [77] Wireless intelligent sensor system Heart rate variability for stress measuring
Jourand et al. [79] Wearable textile garment Sudden infant death syndrome
Rimet et al. [80] Bootee Wearable multiparameter monitor
Anliker et al. [81] ‘Amon’ portable telemedical monitor High-risk cardiac/respiratory patients
Wu et al. [83] RFID ring-type pulse sensor, optical sensor Pulse and temperature signals, heart rate measures
Haar et al. [84] Electronic patch EMG, arterial oxygen saturation
Ma et al. [85] Electronic second skin Antenna, LED, strain gauge, temperature sensor, ECG, EMG, Wireless

power coil, RF coil, RF diode
Miwa et al. [86] Wearable sensor Roll-over detection, sleep quality
Lanatà et al. [87] Wearable system Several vital signs and physiological variables to determine the

cardiopulmonary activity during emergencies
Bamberg et al. [88] Shoe Gait analysis
Simone et al. [90] Glove Monitoring and functional hand assessment
Beach et al. [91] In vivo telemetry system Improvement of the function of an implant evaluated in situ, in blood

vessel growth (angiogenesis), reduced inflammation, reduction of
foreign body encapsulation

Maqbool et al. [92] Smart pill Monitoring system with scintigraphy for measuring whole gut transit
Chaudhary et al. [93] Biosensor Glucose measures
Giorgino et al. [94] Sensorized cloth Remote monitoring and control of motor rehabilitation
Vivago [102] ‘Vivago’ (Wellness monitoring) Vital signs
Lifeguard [103] ‘Lifeguard’ cigarette pack size box Physiological signs
Sung et al. [104] ‘LiveNet’ mobile platform Accelerometer, ECG, EMG, galvanic skin conductance
Chang et al. [105] Portable system PCG, electrocardiography, body temperature, Bluetooth
Jagos et al. [106] Shoe Human gait
Auranet [107] ‘Auranet’ personal computing devices Cognitive impairments
Riva et al. [108] ‘Intrepid’ multi-sensor context-aware wearable Anxiety
Vuorela et al. [110] Portable signal recorder Electrocardiography, bioimpedance and user’s activity
MyHeart [111] ‘MyHeart’ clothing Atrial fibrillation, ECG, activity
Di Rienzo et al. [112] ‘MagIC’ vest Atrial fibrillation, atrial and ventricular ectopic beat, ECG, respiration

rate, skin temperature
Luprano et al. [113] ‘Mermoth’ clothes ECG, respiratory inductance plethysmography, skin, temperature,

activity
Weber et al. [114] VTAM clothing ECG, GPS, biosensors and bioactuators
Warrior garment [115] Warrior garment Vital signs
Knight et al. [116] ‘SensVest’ Vital signs: movement, energy expenditure, heart rate, body temperature
Borges et al. [117] ‘Smart-Clothing’ Fetal movement in the last 4 weeks of the pregnancy
Mithrill [118] ‘Mithrill’ Supporting daily use functions: grocery list, messaging, e-mail,

conversational note taking, and movie recommendations
Pandian et al. [119] ‘Smart Vest’ ECG, PPG, heart rate, systolic and diastolic blood pressure,
Shnayder et al. [120] CodeBlue’ mote based system Pulse oximetry, ECG, EMG, mobility activity
Chung et al. [121] A u-healthcare system ECG, blood pressure patterns transmitted to the hospital
Loew et al. [122] ‘BASUMA’ Chronically ill patients
Xiao et al. [123] ‘MicaZ’ mote based system Heartbeat, ECG, blood pH, glucose, mobility, walking
Guo et al. [124] BSN based system Vital signs
Oliver et al. [125] Wireless medical monitoring system Surgery recovering patients
Verichip [126] ‘Verichip’ Patient identity
Schneider et al. [127] Implantable sensor Nerve stimulation capable of alleviating acute pain in patients suffering

cancer or Parkinson’s disease
Valdastri et al. [128] Implantable telemetry platform system Gastro oesophagus pressure, pH, glucose monitoring
Adler et al. [129] Wireless capsule Endoscopy
Sieg et al. [130] ‘Glucowatch Biographer’ Blood glucose measure
Jean et al. [131] Microwave sensor Blood glucose measure
Jiang et al. [132] Carbon nanotube electrode Glucose concentration in human serum
Bhattacharya et al. [133] Carbon nanotube based sensor Detection of viruses
Kawano et al. [134] Si microprobe electrode Neural recording, stimulation of neurons
Cherevko et al. [135] Gold nanowire array electrode Glucose detection
Lu et al. [136] Doppler radar system Heartbeat measures
Morgan et al. [137] Doppler radar system Cardiopulmonary sensing
Yazicioglu et al. [138] Ultra-low-power biopotential interfaces EEG measure
Hayes et al. [140] Probe Pulse oximetry, Photoplethysmographic signal or blood volume pulse
Lee et al. [141] Wearable or automatic defibrillator Sudden cardiac death
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Table 4 (Continued)

Author System description Applications

Bourennane et al. [147] Identification, location Dangerous events detection
Bodymedia [151] ‘Bodymedia’ health wear armband Vital signs
Vivometrics [152] ‘LifeShirt’ Vital signs
WelchAllyn [153] ‘Micropaq’ wearable device worn in a carrying pouch Pulse oximetry, ECG
Sensatex [154] ‘SmartShirt’ Vital signs
Cardionet [155] ‘Cardionet’ Cardiac patient telemetry system
Medtronic [156] ‘CGMS’ Glucose concentration variation

‘Guardian’ Hypo and hyper glucose concentration measurement
Poscia et al. [157,158] ‘Glucoday’ Subcutaneous glucose level measurements
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DirecNet [159] ‘FreeStyle Navigator’

.2. Effectiveness

In terms of medical issues and therapeutic effectiveness, there is
ome evidence regarding telemonitoring using WHMS. In [35], the
uthors claim that home telemonitoring requires the active par-
icipation of the patients. It allows for closer monitoring of each
atient’s health condition, as well as early detection of warning
igns that a patient’s health is deteriorating. Their findings suggest
hat better glycaemic, asthma, and blood pressure control are pos-
ible. However, larger randomised trials are needed to confirm the
enefits regarding hospitalisations, quality of life, functional capac-

ty, self-monitoring ability and to thoroughly test the efficacy of this
echnology in home monitoring in the context of patients suffer-
ng heart failure. In [48], the authors include therapeutic effects,
ncreased efficiencies in health services, and technical usability. In
he case of implantable biosensors, the reliability is often under-

ined by factors like bio-fouling, material-tissue interaction that
esults from sensor implantation that is one of the major obstacles
n developing viable, long-term implantable biosensors [167,168],
nd foreign body response [169] in addition to sensor drifts and lack
f temporal resolution [170]. Sensors provide excellent temporal
nd spatial resolution for in vivo monitoring. Advances in applica-
ions to measure catecholamines, indoleamines, and amino acids
ave been important. Improvements in stability, sensitivity, and
electivity of the sensors have been of paramount interest [171].
everal types of interventions were found to be therapeutically
ffective in programmes for patients suffering from chronic heart
ailure [172], those needing control of respiratory conditions [173],
nd patients with diabetes, heart diseases and chronic obstructive
ulmonary disease [174]. Both wearable defibrillators and exter-
al automatic defibrillators have been shown in a small series of
rials to be highly effective at restoring sinus rhythms in patients
ith ventricular tachyarrhythmia. Most patients enrolled in a trial
ith pre-specified safety and effectiveness guidelines had been
et, with 75% of defibrillation attempts being successful. Only a

ew inappropriate shock episodes occurred and few deaths (12)
ccurred during the study, none of these patients died while cor-
ectly wearing the device (6 nonsudden deaths, 5 sudden deaths
ccurred in patients not wearing the device and 1 sudden death
ccurred in a patient who reversed the leads [175].

.3. Interoperability

Wearable medical devices such as blood pressure monitors,
lucose meters, pulse oximeters, ECG monitors, and implantable
ardiovascular electronic devices are essential to healthcare. Inter-
st in these devices will increase if clinical software applications

an seamlessly collect the medical data. Industry has already
ecognised a viable format for clinical applications. The solution
roposed involves bilateral mappings from the ISO/IEEE 11073
omain Information Model (DIM) to HL7 Personal Health Monitoring
Interstitial glucose measurements

Report (PHMR) document format [176]. Some wearable prototypes
have begun to use PHMR draft standard to store and transmit train-
ing data to health professionals and to maximise interoperability
with their information systems [177].

4.4. Hardware and software

The weight of wearable devices is one of the causes of discomfort
for users [178]. Other discomfort could be caused by displacement
and interruption of monitoring systems due to electrodes using gel-
coated adhesive pads. The patients have to wear a bulky monitor
for prolonged periods to collect the rare abnormal cardiac events.
Moreover, individuals with sensitive skin may develop rashes. The
contact resistance between electrodes and skin also changes with
time, thereby degrading the quality of the signal collected [119].
Some data are difficult to process due to the devices used. In the case
of monitoring user location using infrared sensors, the location data
collected are noisy, which affects accuracy [142]. In physiological
measurement devices, using textile electrodes does not guarantee
that they stay in place firmly during a user’s movements. An elas-
tic band and Velcro allow proper pressure between the electrode
and the skin so that the impedance block remains stable and low
enough to measure bio-impedance [110]. Using Doppler radar sig-
nals, estimation of respiration and heart rates is possible when the
subject is at rest. However, with dynamic movements, such as when
the subject is walking or jogging, the large body movements over-
whelm the small respiration and heartbeat signals, making reliable
estimation of rates extremely difficult [136,137]. The limitations
of the device range from calibration assumptions, optical interfer-
ence, and signal artefacts which are essentially due to movement of
the oximeter probe in relation to the skin. Other sources of errors,
such as anaemia or skin pigmentation, are also possible [139]. A new
approach for pulse oximetry has been developed to be less sensitive
to motion artefacts. The artefacts in the underlying photoplethys-
mographic signals are reduced in real time, using an electronic
processing methodology that is based on inversion of a physical
artefact model. The approach provides uninterrupted output and
superior accuracy under conditions of sustained subject motion,
and widens the clinical scope of the measurement [140]. Wearable
devices or systems have to be calibrated and maintained. During the
maintenance phase, it is important to properly calibrate the devices
or systems. This phase may affect device or system safety and per-
formance. External factors such as energy supply failure, failures
due to medical gas and vacuum supplies, environmental param-
eters (e.g., temperature, humidity, and light) and radio frequency
interference can also affect safety. Potential sources of error in the
lifecycle of a medical device include pre-purchase evaluation, poor

incident reporting, lack of incident investigation, accident investi-
gation, lack or incomplete training, inappropriate use of wearable
devices, and improper cleaning, re-use errors (poor sterilization,
poor maintenance) [179].
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.5. Medical, wellness, quality of life benefits

The use of intelligent biomedical clothing could reduce the
ncidence of cardiac diseases by predicting the acute phase of
he disease with long-term trend analysis; this can overcome
nfrequent clinical visits that may fail to detect transient events
oreseeing dangerous future events. Early diagnosis through long-
erm trend analysis reduces the potential severity of a disease.
hese analyses could provide instant diagnosis of acute events,
ssue alerts to health care professionals and reduce the time to
ntervention by telediagnosis and teletherapy. Elderly people can
ive at home safely. Rehabilitation at home could also be sup-
orted [180]. Rehabilitation wearable systems have the potential
o monitor the recovery process and to detect improvements or
omplications as they arise. Patients suffering diabetes could be
etter managed by continuous non-invasive blood glucose moni-
oring and insulin delivery [181,182]. Individuals suffering kidney
ailure need to undergo dialysis in a specialised centre for 3–5 h,
hree times a week, and exhibit a propensity for cardiovascular dis-
ase and infections. Alternatively, they could receive treatment for
–8 h every day with better outcomes, but this would overwhelm
he dialysis centre and severely limit patient activity and mobil-
ty. With recent advances in membrane and MEMS technology,
atients could benefit from implantable dialysis systems. Wearable
nd portable artificial kidneys allow patients to have a better qual-
ty of life [183]. Patients suffering from respiratory diseases, such
s asthma, dyspnea, sleep apnea syndrome, or chronic obstructive
ulmonary disease could be monitored for early signs of danger-
us symptoms and be treated with mild medicines [55]. The next
eneration of drug delivery systems is expected to be ‘intelligent’
nd allow therapies that are responsive to specific patient needs.
ontrolled delivery of appropriate and effective amounts of a drug
ight be calculated and released or manufactured at an appropriate

ime [184]. SWS enable individuals suffering from chronic diseases
o live at home instead of a nursing home or hospital, satisfying
major desire of elderly people. Healthcare costs are also lower

han those accrued by staying in a hospital, institution, or nursing
ome. Furthermore, it is more practical to measure physiological
igns with wearable miniaturised systems during normal life, such
s during rest, when sleeping, or during daily activities.

.6. Cost, psycho-, socio-economic barriers

Wireless pendants, bracelets, or other pieces of jewellery that
onnect an elderly person to formal or informal caregivers or a call
entre, which then can notify ambulance services in the case of an
mergency, are affordable and disposable. The technology has been
vailable for 30 years, yet despite its affordability [185], adoption
n nearly every country is minimal. Wearing permanent healthcare

obile devices and systems have psychological effects on patients.
ignificant barriers limit the widespread use of these systems due
o lack of studies on smart wearable system tests by end-users
roviding their feedback and preferences [186]. The high cost of
urrent wearable system services limits their expansion. Wireless
etworking is another barrier to the deployment of such technol-
gy. In France for example, high-speed networks are not available
verywhere, and many consumers do not have access to broad-
and Internet. Therefore, accessing services via the Internet is not
commodity that is always available. Individuals suffering from

iseases or injuries could experience problems finding adequate
earable devices and services to support their treatment and heal-

ng. Economic and social issues also have to be addressed to ensure

he opening of the market to these new technological systems to
upport people in their efforts to overcome their functional limita-
ions. Some studies provide rough estimates, such as references to
he participation of business or to an expected large market for the
n Medicine 56 (2012) 137–156

systems [187]. A robust analysis of the costs and benefits of wear-
able systems has not been conducted. Some projects only mention
the costs of system components, claiming that a regular widespread
operation would shift the costs [188]. The science of sociotechnical
design should be taken into consideration so that health care will
meet the needs of society. Ultimately, the author in [189] argues
that it is our culture’s beliefs and values that shape what we will
create and what we will dream. Four rules govern the design of
health services: (1) Technical systems have strong social conse-
quences. (2) Social systems have technical consequences. (3) We do
not design technology; designing sociotechnical systems does not
signify designing technology only. (4) The design of sociotechnical
systems must consider how individuals and technologies interact.

4.7. Privacy, ethics, and legal barriers

Informational privacy is connected with the confidentiality of
patient data, which means that this aspect is going to take on
increasing importance in the future with the on-going growth
of data processing. The main areas of privacy concern in health-
care delivery are related to data protection and the prevention of
information inaccuracies, with people not necessarily having much
confidence in the current system [190]. Moreover, records of con-
versations, location tracking, and monitoring aspects of SWS could
have a negative effect on the privacy of the user. The provision
of personal communication and security or healthcare assistance
through telematic or wearable systems is frequently accompa-
nied by a reduction of direct contact with family members, friends
and care personnel. For instance, the provision of remote ser-
vices via wearable systems and devices could lead to situations
of social exclusion of the user if he is prevented or discouraged
from performing activities such as work or shopping, because
similar activities could be performed in other ways, i.e., remote
health assistance, telework, or shopping via the Internet. Ethical
considerations have been identified as a major barrier to the deliv-
ery of remote healthcare and it is suggested that clear guidelines
are needed for providing the privacy, confidentiality and proper
user of electronic medical information. Similar issues arise when a
large range of wearable system implants and prostheses are used
to detect, monitor, and stimulate physiological parameters (e.g.,
electric brain signals, blood pressure, blood glucose, heart rate, pul-
monary rate). They could limit the freedom of the user who might
find it difficult to decide what data he or she wants to give to the
machine in charge of the monitoring [191]. In [192], the author
observes that with a densely populated world of smart and intel-
ligent but invisible communication and computation devices, no
single part of our lives will be able to seclude itself from digitisa-
tion. Everything we say, do, or even feel, could be digitised, stored,
and retrieved anytime later. Smart devices have the alleged ability
to create a Big Brother society in which every individual activ-
ity is memorised and smart devices attempt to anticipate human
thought. The task of lawmakers should be to facilitate and develop
approaches that do not obstruct what telemedicine, robotics [193],
and SWS have to offer. The authors in [193] claim that working
across jurisdictional boundaries can afford the best of diagnostic,
therapeutic and surgical treatments to patients in the most remote
locations. Without leaving their own workplaces, physicians can
make their skills available in other countries and continents. The
European Union has harmonised laws in matters of trade in goods
and services. From this perspective, ‘Rome II’ in the same spirit of
‘The Rome Convention’ promotes the free movement of persons,
goods and services [193]. In [194], the authors give an overview

of legal and ethico-legal issues in e-healthcare research projects
in the UK. They provide data concerning legal hurdles and issues
faced by the analysed projects and consider some of the propo-
sals put forward to overcome them. In [195], the authors consider
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hat the barriers greatly impeding the potential of eHealth to help
olve the healthcare crisis can only be removed in a timely man-
er by a comprehensive national framework. In this way, the legal,
perational, and economic landscape for eHealth is reshaped. The
ailure of the health information technology market is preventing
.S. health care from delivering high quality care to all Americans
t reasonable cost [196]. Judicious and gently applied government
ntervention can give the extra assistance needed to boost HIT
doption nationwide [197].

.8. Impact of wearable systems on society

Wearable health systems are thought to have the potential to
mprove health in a cost-efficient manner. Research on the use of

earable health care systems has recognised several functional and
echnological requirements, but relatively little is known about fac-
ors that affect their commercialisation, market penetration, and
doption by users. Little has been done in clinical validation and
n thorough analysis of user requirements of wearable systems
hat may have a significant impact on user acceptance, on health
rofessionals’ community, and on the decision makers. Personal
onitoring systems on the market today provide mainly instan-

aneous single-parameter assessment and transmission. Wearable
ystems capable of continuously monitoring vital signs are limited
‘Lifeshirt’ [152], ‘Vivago WristCare’ [102]) or under development
i.e., ‘Biotex’ [75], ‘ProeTEX’ [43,44]). There is currently no smart
earable system on the market integrating several biosensors,

ntelligent processing and alerts to support medical applications
hile interacting with health providers. In the case of dialysis, the
se of a wearable artificial kidney may decrease the expense of
raemia therapy [198]. The impact on societies such as China of
sing wearable systems and body area networks may contribute
o lower healthcare costs by introducing preventive healthcare
trategies, developing advanced technologies to cut equipment and
abour costs, inventing new techniques for precise diagnosis and
argeted therapy, streamlining diagnostic procedures, introducing

balanced contribution system for relevant parties, and elimi-
ating unnecessary health services [199]. An important feature
f wearable systems is the enhancement of the quality of life of
he elderly, handicapped, or those suffering from chronic diseases
200]. Expected economic benefits from the implementation of
earable and pervasive health care systems have been predicted

hat would have a considerable impact on the finances of soci-
ties with a shortage of personnel for taking care of the elderly
r chronically ill [201]. Authors in [202] claim that telehome-
are may improve patients outcomes through timely intervention
nd health crises prevention, thus cutting visits to physicians’
ffices and hospitals. However, better understanding of the con-
itions for their integration, wide spread and judicious adoption

nto existing practices are needed. The success of implementing
elehomecare depends on local context in which the technology
merges.

. Challenges and future perspectives

To fully realise the health and wellness benefits of smart wear-
ble technologies, researchers and providers have to work towards
doption of these technologies by studying user requirements and
eveloping a comprehensive approach to health and wellness ser-
ices, instead of devices and applications that monitor only single
iseases. At the same time, researchers and providers have to

eliver health services using a wide variety of sources from tra-
itional health providers to commercial providers in close contact
ith users. Wireless, phone, and cable providers, and other commu-
ications companies could provide access to the home and provide
n Medicine 56 (2012) 137–156 151

billing for services (e.g., social alarms, HM or other distant care
giving services). Employers could become potential financial part-
ners for SWS as they face increasing employee absences to care for
elderly family members. In Europe, the United States, and Japan,
people are more aware of their wellness and vitality. Product offers
and user demands are low for devices promoting disease preven-
tion, and consequently, penetration into the public market is low.
Developing an integrated architecture of intelligent home services
with wearable systems and devices for home comfort, health and
wellness are without a doubt one of the key solutions to maintain
and boost research and development [89]. Academic research must
tackle issues such as:

- System efficiency, reliability, and unobtrusiveness: These are
essential for the widespread use of devices and technologies.
Wearable systems and devices must have efficient software and
hardware and be unobtrusive [203].

- User needs and privacy: At times, there is tension between
assistance and autonomy, or privacy and independence that char-
acterises the individual’s judgment in using telehealth technology
[204].

- User perception and acceptance: Elderly users perceive indepen-
dence and autonomy as crucial for their everyday life, so that any
systems or technology that can prolong that independence tends
to be highly considered, and the privacy of WSN health data might
not be as important as typically understood [161].

- Legislation [193]: Complex situations may occur in telehealth
practice when health care professionals begin to render services
through electronic technology, such as over the Internet; the
impact of those services may be felt in whatever state or country
the individual resides. The regulation affects the health care pro-
fessional and the recipient of the services. The situation becomes
more complex when those individuals do not live in the same
country, for example; licensure, certification, and protection must
be standardised in terms of laws inside the European Communi-
ties [205].

- Interoperability: As health care develops from an organisation-
centred via service-centred towards an individual-centred
system, information systems involved must be semantically
interoperable, process-related, decision-supportive, context-
sensitive, user-oriented, and trustworthy [206].

- Services: Integrating sustainable and beneficial telehomecare ser-
vices require key internal and external stakeholders involved in
the beginning of the project of the delivery of services to the
elderly [207].

- Reimbursement or cost: This may be the most prominent deter-
minant influencing elderly acceptance of technology, such as
telemedicine that has been available for 30 years [208]. Private
insurance companies may partially support health care costs. As
in the case of telemedicine, economic evaluation of wearable sys-
tems still has room for improvement [209].

- End-user training to use wearable systems: As in Telemedicine,
addressing technological barriers is one of the necessary condi-
tions for its diffusion [210].

- Social inclusion: The authors in [211] consider that telecare
introduces risks of increased isolation of users and healthcare pro-
fessionals and providers through decreased physical face-to-face
interaction with caregivers and physicians.

- Ethical issues: Overcoming the barriers will be difficult and could
require subsidies and performance incentives by payers (i.e., pur-
chasers including physicians, health plans, employers) and the

government (national social insurance program) [212].

- Technological capabilities of wearable systems: They must meet
healthcare professionals and end-users requirements in disease
management and general remote HM.
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Fig. 2. Key technologies for organization of healthcare in a city.

Interactive relationship: Research focusing on relationship
between patients, professionals and healthcare providers are
needed [202].
Wearable system market penetration: The government may need
to intervene to address the failure of the health information tech-
nology market [213].
The global vision of key technologies for healthcare organisation
for elderly and handicapped people in a universal city is shown
in Fig. 2.

Wireless networks are now available in most urban areas. Every
uilding, from a school to a coffee house now has an antenna, even
ost children have a cell phone to keep in touch with their family. In
digital city, with the advances in MEMS devices, smart phones and
mart wearable health systems, an individual living at home would
e surrounded by a lot of information to be shared, have access to
sable information, and could be monitored and be rescued in case
f health emergencies [214].

. Conclusions

The aim of this study was to provide an overview of the cur-
ent status and future perspectives in research and development of
earable systems related to healthcare. For this goal, it was nec-

ssary to define the field of wearable systems. These systems may
nclude anything from monitoring the elderly or patients under-
oing surgical operations to advanced sensor supervision in the
ase of infant respiratory disorders or soldiers on the battlefield.
harmaceutical companies are now undergoing a sort of revolution
f their practice. In the past, they used to produce revolutionary
olecules to treat diseases (i.e., cardiovascular disease, diabetes,

espiratory diseases, and renal diseases). With recent advances
n new materials (i.e., membrane, textile, fabrics), electronics and
elecommunication information technology, treatment with phar-

aceutical products has become more accurate with continuous
utomatic processes to dispense an effective dose of drug to treat
isease or in vivo, implantable wearable devices to replace defec-
ive organs. Wearable systems feature a broad and heterogeneous
ange of devices, WSN standards, applications, and involve the
fforts or numerable researchers, developers and users. Due to its

nterdisciplinary nature, a number of applications related to health
are integrate biomedical engineering and medical informatics.
ther knowledge in the fields of medicine, social sciences, psychol-
gy, economics, ethics, and law must be taken into account and
n Medicine 56 (2012) 137–156

be integrated into the development and deployment of wearable
healthcare systems. Most systems are still in their prototype stages,
and developers have not yet faced deployment issues. Information
technology and electronics are mature fields and can provide viable,
disposable, and affordable wearable systems. Identifying the lack
of deployment issues such as service organisation, privacy, user
needs, acceptance, system security and safety, and economic and
financial issues presents the paramount research focus over the
next few decades. Systematic evaluations of the effectiveness and
efficiency of wearable health care systems are considered crucial
to ensure potential user acceptance. Along with these perspec-
tives, several technical as well as medical issues have to be solved
before definite clinical trials can be conducted. The most important
challenges are the development of smart signal processing, data
analysis and interpretation, communication standards interoper-
ability, electronic components efficiency, and energy supply.
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