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ABSTRACT

Humans are close to textiles more than anything, and certainly we carry it most, other than anything. The last
few decades have shown enormous growth in the development of wireless communication technologies, nano-
engineering, information technologies, and miniaturization of electronic devices. These developments draw the
attention of researchers to envisage the significant characteristics of these advancements to the belongings with
whom we are most close to. Researchers are now evaluating the new ideas and possibilities to functionalize this
‘natural necessity feature of human beings’ with emerging technologies into different arrays of human life
especially in the Medical and Healthcare management - as mobile monitoring of health care, protection from life
risk factors, life style management, rehabilitation and into other facilitation of our lives, by Hybridizing the
Smart or Intelligent Technology in Textiles. The aim of this paper is to describe the analysis on how ‘Smart’,
‘intelligent’ or ‘active’ materials and textiles are being incorporated in the healthcare sector to aid diagnostics,
recording and transmitting of bio-physiological signals or ambulatory tele-monitoring of the body vitals, by
encompassing the core concepts of smart materials under the light of the recent developments and projects.
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1. INTRODUCTION

The world is distinctly rising towards the new era, an era of smart and intelligent discoveries;
problem solving and creativity — the smart automobile vehicles (cars, metro system),
intelligent jets, smart homes [1-4] and amongst from many of such aristocratic paradigms, the
‘Smart and Intelligent Textiles’.

Before going further, a clarification of the term and definition of smart and intelligent textile
is essential. There is a substantive difference between the terms, ‘Smart’ and ‘Intelligent’ [5],
Smart materials or textiles can be defined as the materials and structures which have sense
or can sense the environmental conditions or stimuli [5,6], whereas intelligent textiles can be
defined as textile structures which not only can sense but can also react and respond to
environmental conditions or stimuli [5]. These stimuli as well as response [7], could be
thermal, chemical, mechanical, electric, magnetic or from other source [6]. According to the
manner of reaction, they can be divided into passive smart, active smart and very smart
materials: [6,7]

1. Passive smart materials can only sense the environmental conditions or stimuli; they
are sensors;

2. Active smart materials will sense and react to the conditions or stimuli, besides the

sensor function, they also have actuation characteristics;

Very smart materials can sense, react and adapt themselves accordingly;

4. An even higher level of intelligence can be achieved from those intelligent materials
and structures capable of responding or activated to perform a function in a manual or
pre-programmed manner.
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Since, this is a newly emergent field there is no one accepted definition [8] though. Yet, there
are number of other nomenclatures also being widely used as electronics and photonic
textiles [9], e-textiles/electronic fabrics [10], smart fabrics, intelligent textiles etc. Since,
missing an international consensus of the particular definition of these terms, we’d use the
term “SITS” ‘Smart Intelligent Textiles’ in this paper to adjudicate for referring the
aforementioned terms.

SITs is a hybrid research area crossing many disciplines, that having learnt from early
attempts at wearable computing, is moving into another generation of technologies which are
designed to solve specific problems in particular contexts may be for aeronautic / aerospace
applications, military, automotive, fashion, sports etc. This review does not, however, include
such discussion, but rather, focuses on ‘hybridization of smart technology in medical and
healthcare management’, which have opened up the floodgates for research, innovations and
developments to provide the cutting edge solutions and remedies to problems and scenarios
within the entire spectrum of medical applications [8].

2.SITs’SPOTENTIALS AND THEIR PROSPECTS IN MEDICAL AND
HEALTHCARE MANAGEMENT

With our own senses we can estimate only roughly if vital functions are performing
adequately or if they are deviating from the normal level [11]. Whilst the SITs’s functional
characteristics provide an opportunity for continuous measurement, processing and
communication of physiological and physical parameters from patients to service providers,
family and other support people. The appropriate design and integration of different kinds of
sensors, as well as the appropriate medical algorithms to process the data could offer new
possibilities [12] to clothing that makes us feel comfortable at all times - during any activity
and in any environmental conditions, a suit that protects and monitors, that warns in case of
danger and even helps to treat diseases and injuries. Such clothing could be used from the
moment we are born till the end of our life [13]

The prospects for SITs are rather good particularly for medical and healthcare applications
due to change in demographics towards the fast-growing, increasingly urbanized and ageing
population and the shift in consumer values; instead of wanting the finest natural materials,
people show more interest towards engineered functionality, innovative design and the
intelligent aspects of products [5].

3. THE PRINCIPLE: HOW SITs WORKS IN DIFFERENT HEALTHCARE
FOCUSED DISCIPLINES

The human body originates certain type of physiological or biomechanical signals which are
responsible in determining the state of the body functions or in determining the consistency
of organ functioning. Changes in the functioning of the organs can take place when there are
changes in the environmental conditions by triggering these signals (physiological signals /
biomechanical variables / reflexes). For example, if a person moves or deacclimates himself
from a temperate (moderate) to a hot, dry ambiance, changes occur in his cardiac rhythm and
body temperature such that in time he perspire less, and his perspiration contains less salt
[14]. Although at an altitude of 7600m [25,000 ft] most persons need to breathe high-pressure
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oxygen for survival, once they get used to it through gradual acclimatization, they may be
able to breathe unaided. [14]

Similarly, if you walk, eat, and talk there is an imperative change taking place in the
generation of these signals. Even human organs exhibit a response to the absence of natural
light. As with most life forms, humans normally function in what is called a circadian rhythm
(biological processes occurring at 24-hour intervals) corresponding to the length of the day.
Humans who have lived underground under experimental conditions continue to show
cyclical changes in physiology, demonstrating the existence of a natural biological clock. The
period dictated by this internal clock, however, is slightly longer than one day. [14]

Thus, the core principle of SITs, particularly for medical and healthcare applications, whether
in lifestyle management, diagnosis, protection from the life risk factors such as Alzheimer’s,
SIDS, cardiac problems, pregnancy or into any other facilitation of our lives is substantially
based on ‘reading and/or transmitting’ the ‘bio-physiological and/or bio-mechanical
signals and/or some other parameters such as kinesthesia (see Fig. 1). All these signals are
then carried forward for data processing to perform the specific job accordingly.

The set of components that are responsible to perform this whole mechanism in conjunction
with each other have been classified into five groups with respect to their functioning as
sensors, communication items, data processing items, actuation items and the energy source.
Further details on how smart, active or intelligent materials, structures or textiles detect, react
and respond to the body’s physiological/biomechanical signals or other parameters are
described in the following sections.

3.1 Physiological signals

Physiological signals are one of the fundamental indicators in providing the wellbeing or
other health factors of a person. The main physiological signals which include, cardiac
rhythm, respiration, and body temperature are discussed below:

3.1.1 Cardiac rhythm and ECG measurements

An electrocardiograph (ECG or EKG) records the electrical activity of the heart. Preceding
each contraction of the heart muscle is an electrical impulse generated in the sinoatrial node;
the waves displayed in an ECG trace the path of that impulse as it spreads through the heart.
Irregularities in an ECG reflect disorders in the muscle, blood supply, or neural control of the
heart [15]. Patients suffering from heart condition visit hospitals for routine check-ups. These
visits last not only days but weeks and even sometimes months. Moreover, these visits give
only a brief window about the patient [16] over his/her diagnosis variables, although, it is
known that variability in heart rate over a 24-hour period is an important indicator of disease
evolution and progression. A lack of diurnal heart rate variability is characteristic of patients
with congestive heart failure [CHF] and cardiomyopathy and is likely to be a result of the
profound abnormalities in autonomic function that characterize these patients [17].

Due to the efforts of recent research development it has become possible to successfully
embed the smart and intelligent technology into the ‘natural necessity of human beings’, thus,
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enabling the remote monitoring of the patients, resulting in more feedback that can be
acquired and interpreted in a lax, efficient and intelligent manner.
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Figure 1: A schematic model of SITs principle in medical and healthcare management. [5, 16, 18-25]

There are various examples of these types of clothing, such as Georgia Tech Wearable
Motherboard (GTWM) [26] or commercially called SmartShirt by Senasatex [27], LifeShirt
by Vivometrics a stretchable vest base ambulatory monitoring system [28],Wealthy by
Smartex (Fig. 2(c)) wearable healthcare system [29] VTAMN Project (French National
Funded-RNTS) a T-shirt base remote monitoring system [30], Health Gear by Microsoft
Research Corporation, wearable system for health monitoring [31], My Heart by Smartex-
Milior, a wearable health monitoring system [29,32], Sports bra by Numetrex heart rate
monitoring sports bra [33]. These are only a few examples in this context of multilateral
healthcare focused SITs disciplines. There are many which till remain un-highlighted.

However, the crux of the above interpretation is, whatsoever the smart/intelligent technology
has been conceived in these examples, the operational principle involves just one concept.
The concept of reading and/or transmitting the bio-physiological and/or bio-mechanical
signals and/or some other parameters such as kinesthesia and perform the task accordingly.
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Textile electrodes of metallic or non-metallic types can be used to measure the heart rate/
ECG. Textrodes made of knitted stainless steel fibers are used for the measurement of
electrocardiograms [34]. They can be used in direct contact with skin [7]. Conductive fabrics
made of steel threads wound round acrylic yarns are also used in detecting ECG and
electromyograms [EMG] [35]. In another practice, electro-conductive gels with conventional
electrodes is used in measuring ECG, but experiments show that the Textrodes are less
irritating to the skin [in contrast to the conventional gel electrodes, which may cause skin
irritation or allergic reaction]. The major drawback however of the Textrodes is their inherent
high skin-electrode impedance electrodes [36].

Non-metallic materials include several electro conductive polymers (ECP). However, most
ECP’s are currently not available in fibrous form [35]; this is because a polymer has to meet
certain requirements before it can be effectively and efficiently converted into a fibrous
product. Another novel approach is the ‘wearable cardio-respiratory signal sensor device’
[37] for monitoring sleep condition at home. It has been developed using a belt-type sensor
which is composed with a couple of conductive fabric sheets and a PVDF film. A USB
communication module is used to transmit the signal to computer for data display and
analysis [37].

3.1.2 Respiration

Respiration or breathing is a metabolic process whereby thoracic cage undergoes a rhythmic
movement and it can be measured by strain gauges or inductance plethysmograpgh [16]. A
SITs based respiration sensor ‘Respibelt’ [38] which is a knitted belt made from stainless
steel yarn when worn around the thorax, is able to measure thoracic changes in perimeter and
cross-section, through changes in inductance and resistance. Inductance analysis considers
the belt as a circular circuit which reacts to changes in cross-section within the belt, whereas
resistivity reacts to changes in circumference of the chest due to the breathing motion [38].

Another promising SITs base approach in this context is polypyrrole-coated polyurethane
foam [39] which exhibits a piezo-resistive reaction, when exposed to electrical current. The
experimental setup has been conducted to monitor the breathing as well as physical activity
and motion of body limbs such as shoulder movement, neck movement and shoulder blade
pressure [39]. Table 1 gives a brief overview of some of the other examples of potential SITs
in this context.

3.1.3 Temperature

In humans, body temperature ranges from 36.4° to 37.2° C. If body temperature is too high,
the functions of cells may become impaired or the cells themselves damaged; if too low, the
rate at which foodstuffs are metabolized decreases. Body temperature can be measured by
textile-embedded thermocouples [7] or thermistor-based sensors [16, 41].

The CMRI at University of Bolton is working on the development of a ‘smart bra’; an early
warning system for breast cancer using skin temperature sensor (STS) and internal
temperature sensor (ITS) based on microwave radiometry methodology (MRT) and infrared
thermography (IRT)[5]. MRT uses the non-invasive technique of measuring electromagnetic
thermal radiation while (IRT) accounts for the functional investigations of breast activity
[42].
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Table 1. The proposed Sensing devices with examples of potential smart and intelligent materials and its
implementation for monitoring fundamental body signals [22, 35, 40]:

Body signals or
Variables

Sensing devices/ Potential Smart and
Intelligent Textiles

Device
Implementation

Electrocardiogram
[ECG]/ Electromiogram
[EMG]

Respiration [respitrace]

Temperature

Articulation segments
position and movements

Skin electrical
impedance

Heart apex pulse
[ballistocardiogram]

Sound

Electrodes—Textrodes/ Gel electrodes/
Conducting Polymers, Poly N-
vinylpyrrolidone. Piezoresistive sensors —
Polyvinylidene flurodine [PVDF]

Strain gauges, Piezoresistive sensors,
Magnetometers — Conductor loaded rubber
[CLR]. Conducting Polymers [Polypyrrole,
Polyaniline, Polythiophene, Polyacetylene,
Pyrolized Polyacrylonitrile

Thermoelectric sensors, Thermoresistive
sensors, Bolometer — Thermistors or STS
skin temperature sensor, ITS Internal
temperature sensor, Poly(p-
phenylenevinylene

Bioelectrodes— PPy-coated polyurethane
foam as pressure sensitive material

Optical fibers

Piezoelectric sensors

Piezoelectric sensors

Woven or knitted
metallic electrodes and
EAP's electrodes

EAP based textile fibers
or small-size strips.
Polymers films or
coating.

EAP based textile fibers
or small-size strips

EAP based textile fibers
or small-size strips

Woven metal electrodes

EAP based textile fibers
or small-size strips

Microphones

4. BIOMECHANICAL VARIABLES

Biomechanical signals are varied in type and include, among others, joint motion, body and
foot pressure signals [16].

4.1 Joint motion

Four different approaches have been employed to-date for the kinematic analysis of joint
motion: attachment of discrete inertial sensors to the textile, inclusion of thin piezoelectric
films, manufacturing of piezoresistive fibres and coating of yarns and fibres with conductor
loaded rubber (CLR) [16].

4.2 Interface pressure

Pressure values between body and an interface (i.e. seats or beds) have been widely studied in
order to improve users’ comfort [16, 43] and reduce pain or sores in elderly patients. For this
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purpose, measuring devices integrated into a sandwich-like structure covered by textile layers
have been used in practice [16, 44]. Following this line of thought, many devices have been
patented to measure body position, breathing rate and heart rate using force sensitive
resistors, capacitive sensors, piezoelectric sensors and microphones, but in most cases, they
were expensive and wired to other devices [16, 45].

4.3 Foot pressure

Foot pressure is extremely important in patients with Diabetes Mellitus [DM] and other foot
pathologies. Diabetics are prone to foot ulcerations due to neurological and vascular
complications. Ulcers appear as a combination of physiological, structural and biomechanical
changes and several wearable piezoelectric insoles have been developed in order to study
how to reduce plantar pressure [16, 46].

5. CONCLUSION

An attempt has been made in this paper to reveal the operational and functional principle of
smart and intelligent textiles in healthcare applications. Yet, there are also some other body
parameters merely associated with both, body functioning and SITs, which are substantially
needed to be discussed for further acquisition of smart intelligence.

The impact and perspective of this smart hybridization is bound to enter the human’s
everyday life spectrum. However, before reaching such level of integration, a group of
challenges lie ahead and several problems have to be resolved. Some issues like
obtrusiveness of e-devices in textiles, networking, textile-based energy sourcing, conversion
of potential polymers into fibrous form, cost-effectiveness, durability, washability and most
importantly bringing a cluster of multidisciplinary experts to one platform.
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