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1. INTRODUCTION

Chemical and biochemical sensors have experienced tremendous growth in the past
decade due to advances in material chemistry combined with the emergence of digital
communication technologies and wireless sensor networks (WSNs) [1]. The emergence of
wearable chemical and biochemical sensors is a relatively new concept that poses unique
challenges to the field of wearable sensing. This is because chemical sensors have a more
complex mode of operation, compared to physical transducers, in that they must interact
in some manner with specific molecular targets in the sample medium. To understand the
challenges in developing wearable chemical and biochemical sensors the traits of these
devices will be discussed in this introductory section. Following this the potential para-
meters of interest are presented and examples of wearable systems are discussed. A range
of sampling techniques and methods of chemical sensing are presented along with integra-
tion issues and design challenges. Finally, some of the main application areas of this novel
technology are discussed.

1.1 Chemical and Biochemical Sensors

Typically, a chemical or biochemical sensor consists of a recognition element (receptor)
coupled with a transduction element (Figure 1). In the receptor part, the chemical informa-
tion, e.g., the concentration of a given compound, pH, etc., is converted into a form of
energy that can be measured by a transducer. The function of the receptor is fulfilled in
many cases by a thin layer that is able to interact with the analyte molecules, catalyze a
reaction selectively, or participate in a chemical equilibrium together with the analyte [2].
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FIGURE 1 Schematic representation of the working principle of a chemical (biochemical) sensor. Some details
of a real sensor are indicated. As an example, a filter or membrane may be used to separate the analyte to be
detected from the interfering particles.

The transducer translates the chemical information about the sample into a useful analyti-
cal signal. The transduction element may be electrochemical, optical, electronic, or piezo-
electric in nature. In recent years, novel chemical and biochemical sensors have been
developed by scientific groups all over the world. This is evident by the growing number
of international scientific articles in this area.

In spite of the clear advances in sensing technologies and high number of laboratory
prototype sensors that appear every year, only a small fraction of these sensors reach com-
mercialization. Apart from the complexity of the receptor design, the main reason for this
is the incompatibility of the sensor platform with the real-world application. Sensors
exposed to real-life scenarios are subjected to many environmental effects that can affect
stability, reproducibility, and sensitivity. Effective sampling methods are crucial to avoid
contamination and ensure controlled delivery to the active sensor surface. For example, a
chemical sensor analyzing a body fluid such as sweat, blood, or tears must collect and
deliver a sample to the sensor’s active surface, whereupon a binding event happens and a
signal is generated [3]. Other issues relate to system integration, sensor miniaturization,
and low-power sensor interface circuitry design. One possible route toward the develop-
ment of new and improved chemical sensing technologies is the emergence of nanoscience,
related new nanostructured materials and multi-functional polymers. It is therefore not
surprising that the last decade has witnessed rapid development in the field of chemical
and biochemical sensors in parallel with the development of new materials [4].

Several chemical and biochemical wearable sensors have been developed in recent
years, and they include pH sensors for sweat, sensors for several electrolytes (sodium,
chloride, potassium) in sweat, the oximeter sensor, and others; however, most of them
require further optimization and assessment in clinical trials before exploitation and rou-
tine use can occur.
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1.2 Parameters of Interest

The gold-standard fluid for diagnostics is blood, however, blood analysis requires inva-
sive sampling, which is undesirable for long-term continuous use. In recent years, signifi-
cant effort has been focused on sampling and analysis of alternative body fluids, such as
interstitial fluid [5], tears [6], saliva [7], and sweat [8]. The transition from blood to other
body fluids provides a less invasive means of sampling, which in turn may provide a
route to facilitate longer-term continuous monitoring.

Sweat is probably the most accessible fluid to be collected by a garment [9]. Many rele-
vant physiological analytes such as sodium, chloride, potassium, calcium, ammonia, glu-
cose, and lactate are normally present in sweat. The sweat test of sodium and chloride
concentrations is the gold-standard technique for the diagnosis of cystic fibrosis [10].
Analysis of sweat loss and sweat composition can also offer valuable information regard-
ing hydration status and electrolyte balance, which can be especially important during
sports activities.

Saliva is another large accessible bodily fluid present in the oral cavity, in which it is
possible to get access to a large number of analytes and biomarkers. Saliva contains ions
such as sodium, potassium, chloride, bicarbonate, nitrates, urea, uric acid, creatinine, and
more than 400 types of proteins [11]. However, the use of saliva can be quite difficult due
to the presence of mucus and residual food and blood, which can interfere with sensor
operation.

Breath analysis can reveal a diverse signature of physiological processes that occur in
the body. Conventional methods of breath analysis typically involve gas chromatography
coupled with a form of mass spectroscopy [12]. These techniques require complex and
expensive equipment not conducive to wearable formats. Chemical sensor arrays or elec-
tronic noses (e-noses) are an alternative cheaper, portable, and faster approach that have
shown promising results in the fields of renal disease, lung cancer, and diabetes [13]. With
these methods breath analysis still has challenges regarding standardization of methods of
collection, treatment, and conditioning of samples.

Tears are another body fluid in which many proteins and electrolytes are normally pres-
ent [14]. Glucose is one of the most important biomarkers present in tears, and may be
useful in personal monitoring of diabetes. Recently, glucose in interstitial fluids also
gained much attention for the realization of wearable sensors, and in particular through
the use of microneedles, as discussed in more detail in section 2.12.

Wound exudate may be analyzed to monitor the healing process by monitoring differ-
ent cell types, growth factors, and nutritional factors. Temperature and pH of the wound
are also recognized to be critical for healing. For instance, Voirin et al. [15] realized an
optical-integrated wound sensor using pH responsive hydrogels to provide information
on the wound-healing process.

In addition to monitoring samples from the body, wearable chemical sensors may be
used to sense substances in the environment around the wearer and thereby warn of any
hazards that may be present. This has great implications for those working in challenging
or extreme conditions such as first responders and military personnel. Detection of gases
that are dangerous to health such as carbon monoxide or potential explosive agents can
obviously help to ensure safety.
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2. SYSTEM DESIGN

This section focuses on the components of a wearable chemical or biochemical sensor
system. A sample, either a body fluid or a gas, must be collected and delivered in the first
instance. Then a suitable sensing mechanism must be integrated within the sensing plat-
form also incorporating associated electronics and power supply. This overall system must
be designed so that it can be placed on the body in a suitable location for long-term use in
a reliable and comfortable manner.

2.1 Sample Handling

Micro-fluidics have significantly contributed to the development of personalized health-
care and point-of-care (POC) diagnostic devices. Micro-fluidic systems can deal with
micro-volumes of the target sample and generate exactly the same information as standard
analytic techniques [16]. This smaller sample volume of body fluid reduces the size and
improves the reliability of the fluid-handling system. Another advantage is the possibility
of integrating the active sensing area inside the micro-fluidic channel to minimize sample
dead-volume, and consequently also the delay between sampling and analysis. For a wear-
able configuration, textile compatible methods are preferable. One approach is to use low
or zero-power passive pumps based on capillary force driven micro-fluidics. This is dis-
cussed in the following section.

2.1.1 Transport of Fluids in a Textile

The wetting and wicking properties of natural and synthetic fibers can provide efficient
means for controlling fluid flows without the need for external pumps. A recent example
of a textile-based interfacial micro-fluidic platform was reported by Xing et al. [17], in
which a 3D micro-fluidic network was fabricated by “stereo-stitching” of cotton yarn on a
superhydrophobic textile. Taking advantage of the difference in wettability between the
cotton yarn (contact angle = 0°) and the superhydrophobic textile (contact angle = 140°), a
surface tension-driven micro-fluidic system was created in which the flow was inversely
proportional to the flow resistance of the hydrophilic yarn. Under these conditions, the
interfacial micro-fluidic can operate in two different regimes, the discrete transport mode
and the continuous transport mode (Figure 2).

Other interesting examples of fabric-based micro-fluidics presented by Nilghaz et al.
[18] were both two-dimensional and three-dimensional cloth-based devices achieved
through the deposition of hydrophobic wax, which confined the flow within the wax bor-
der in a similar manner to paper-based micro-fluidic technology. The patterned fabric is
capable of retaining its flexibility and mechanical strength, which in turn makes it
suitable for future use in wearable technologies. Other approaches using hydrophobic and
hydrophilic silk yarns have been proposed by Bhandari et al. [19]. They demonstrated the
use of a handloom machine, but with the potential to be scaled up for mass production as
it uses a well-established manufacturing technique within the textile industry.

A textile-based fluidic system was developed under the EU BIOTEX project to collect
and analyze sweat on the body in real-time [20]. The system employed a passive pumping
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FIGURE 3 Textile-based platform to collect and analyze sweat developed during EU BIOTEX project.

mechanism based on capillary action using a combination of moisture-wicking fabric and
a highly absorbent material. A fabric fluidic channel was formed by screenprinting a
hydrophobic material (polyurethane) on either side of a polyester/Lycra®™ blend. An
acquisition layer of fabric (Coolmax®) /polyester/polyester) was stitched at this inlet to
maximize sweat collection over a larger area (Figure 3). Sensing elements were placed in
contact with the sample in the channel, including a dye for colorimetric analysis of pH
and electrochemical sensors printed onto a Kapton film [21]. It was found that a priming
time of 10 to 20 minutes was needed for the pH sensor, and around 35 minutes for the
conductivity /sodium sensor due to the dead volume of the platform. A key goal in wear-
able chemical sensor platform design should therefore be to minimize dead volume and
thereby reduce the delay between sampling and analysis.

Further to the development of the BIOTEX platform, Curto et al. [22] developed a mini-
aturized flexible plastic micro-fluidic system based on the same principle. The micro-
fluidic device was capable of drawing fresh sweat from the skin surface to the detection
area using a cotton thread and superabsorbent inside a microfluidic channel. The authors
also demonstrated the use of this device coupled with a wireless platform for sweat pH
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monitoring over a period of 50 minutes during cycling activity. Parallel to this, an alterna-
tive approach was developed using an electronic-free visual device [23]. The device pre-
sents four different sensing areas made of an ionogel (ionic liquids encapsulated in a
cross-linked polymeric gel matrix) doped with four different pH dyes, forming a barcode-
type sensor array. Three colored reference patches (Red, Green, and Blue — RGB) were
incorporated at the top of the device to allow for automatic correction of ambient light
(Figure 4). The color change and pH can be estimated by eye, or more accurately, by using
a digital image or smartphone application.

These wearable sensors were mainly developed for single-use applications since inte-
gration of textile bio-chemical sensors into clothes that can be used multiple times and for
long periods of time is still very challenging. These sensors are subject to the same pro-
blems of other common physical sensors like environmental noise and motion artifacts,
but are also subject to additional constraints that come from the nature of the sensing
mechanism itself (chemical or biochemical reaction, changes in the sensor surface, contact
of sensor surface with analyte, etc.). In addition, for everyday use of the textile sensors,
external factors like sensor-surface contamination, which decreases the accuracy of the sen-
sor, need to be considered. Moreover, since the sensors are ideally integrated into clothes,
the possibility of washing the sensors needs to be taken into account; therefore the sensing
area needs to be somehow protected or the sensor has to be washing-compatible.

2.1.2 Microneedle Technology

Microneedle arrays offer a minimally invasive means of biosensing through highly inte-
grated biocompatible devices. There is the possibility of making them wearable through
small devices and patches directly in contact with the skin. The trend is to make these
arrays easy to fabricate on an industrial scale and at low cost.

The principal applications of these microneedle arrays involve fluid sampling [24] and
extraction [25] since they provide the opportunity to overcome the skin barrier and
thereby reach dermal biofluids, which are more reflective of systemic levels of key
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analytes. This novel technology can be used as a therapeutic tool for transdermal drug
delivery, including insulin, and more recently as a diagnostic tool for the analysis of the
biofluid contents. In this regard, glucose is being intensely investigated using micronee-
dles in interstitial fluid. For instance, Sakaguchi et al. [26] developed a sweat-monitoring
patch for measuring glucose using a minimally invasive interstitial fluid extraction tech-
nology based on microneedles. The advantage of this technique is that sweat contamina-
tion during interstitial fluid glucose extraction is avoided. Good correlations were found
between interstitial fluid and reference plasma glucose levels.

Other analytes measured using microneedle sampling were hydrogen peroxide and
ascorbic acid in which sampling was integrated with sensing via chemically modified car-
bon fiber bundles [27], and lactate, using carbon paste microneedle arrays. In the latter
case, the need for integrated microchannels was avoided and extraction of the interstitial
fluid was avoided, as the microneedles themselves were provided with inherent sensing
capabilities [28]. Highly linear lactate detection was achieved over the entire physiological
range, along with high selectivity, sensitivity, and stability of the carbon paste microneedle
array. Recently, Miller et al. [29] reported the use of similar microneedle configurations for
the simultaneous detection of multiple analytes in physiologically relevant tissue environ-
ments. The microneedles selectively detected changes in pH, lactate, and glucose, showing
their potential use for applications in sports science. Biopotential measurements were
demonstrated by OMahony et al. [30] using microneedles as dry electrodes for detecting
electrocardiography (ECG) and electromyography (EMG). The microneedle-based dry
electrodes compared to conventional wet electrodes are shown in Figure 5.

The fabrication of functional wearable devices that incorporate microneedle technology
is very challenging. Nowadays, micro-fluidics are becoming the most reliable approach to
control fluid transport in these sensors systems, where in many cases, only small sample
volumes may be available (e.g., interstitial fluid flow is lower than 10 uL h™"). In this
regard, Strambani et al. [31] developed a silicon microchip for transdermal injection/sam-
pling applications. The microneedles were connected with a number of independent reser-
voirs integrated in the back side of a silicon die. Flow rate through the needle array as a

FIGURE 5 (a) Traditional wet electrode (top left), assembled prototype electrodes (bottom left), and micronee-
dle arrays (right). (b) Microneedle-based dry electrode, illustrating an array of microneedles [30].
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function of the pressure drop applied to the chip for injection/drawing purposes was
investigated. Using an array with 38,000 active needles, the flow rate can be finely con-
trolled from a few mL min~' up to tens of mL min~'. Other considerations that need to be
taken into account when using microneedle arrays for in vivo sensing are the clogging of
the microneedles and the potential of structural deformation upon their insertion into the
skin, which may change the dynamics of the sampling and thereby introduce an
unpredictable delay from time of sampling to detection.

2.1.3 Sampling Gases

Gas sensors may be employed to monitor the air surrounding the wearer (e.g., to detect
dangerous levels of toxic gases). Delivery of the gas sample to the sensing surface can be
controlled by choosing a fabric of suitable permeability to encase the sensor. Such a textile
layer would also serve to protect the sensing surface against pollution and mechanical
damage. In addition to the choice of fabric, the location of wearable gas sensors on the
body needs careful consideration (e.g., depending on the density of the gas being detected
compared to air).

Another possible wearable gas sensor is a breath sensor. However, collection of breath
samples in a wearable system is challenging to do in an unobtrusive yet accurate manner.
An approach taken by the portable Lapka™ breath alcohol monitor [32] is to use a small
cylindrical device to collect the sample with the hand closed around it as a mouthpiece. The
device is a ceramic cylinder (57 mm x 23 mm) with embedded sensors, which are wirelessly
connected to a mobile device with an associated app. Perhaps in the future a headset-based
design with an app, similar to the one created by BreathResearch [33] for measuring breath
acoustics, capable of measuring chemical and biochemical parameters in breath, would be
feasible.

2.2 Types of Sensors

There are various sensing techniques that can be employed for producing wearable
chemical and biochemical sensors, and this influences the platform design and thus the
materials and electronics required for integration into a textile or wearable device.
Colorimetric and electrochemical sensing have both been demonstrated for wearable
chemical and biochemical sensing, and examples of each will be discussed in this section.

2.2.1 Wearable Colorimetric Sensing Platforms

Colorimetric sensors involve a color change at the active sensor surface, which can then
be measured using optical techniques. One way of combining sensing with a textile fluidic
system is to use colorimetric methods. Nilghaz et al. [34] have summarized recent progress
in the development of micro-fluidic devices based on multifilament threads and textiles
for clinical diagnostic and environmental sensing.

A colorimetric approach to pH measurement in sweat using pH sensitive dyes and sur-
face mount LEDs and photodiodes has been developed by the Adaptive Sensors Group at
Dublin City University, as discussed in section 2.1.1. Li et al. [35] first demonstrated the
application of thread-based micro-fluidic devices for the development of low-cost colori-
metric diagnostic sensors. The capillary wicking of a fabric remarkably improves fluid
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transport characteristics, and therefore such devices can be readily integrated into clothing
like T-shirts through the knitting of chemical-sensitive yarns within the fabric. In fact,
Reches et al. [36] further explored the concept of thread micro-fluidics, showing the possi-
bility of performing multiplexed colorimetric analysis through the use of a single thread
sewn through a wearable adhesive plaster. This has the potential for sensing a wide range
of analytes, such as proteins, ketones, and nitrates.

A wearable colorimetric biosensor within a contact lens has been developed to detect
glucose levels in tears. Badugu et al. [37] demonstrated the use of disposable contact lenses
embedded with boronic acid-based fluorophores for the colorimetric detection of glucose.
The contact lens changes color according to the amount of glucose in tears, and is moni-
tored by the wearer by simply looking into a mirror and comparing the color to a pre-
calibrated color strip (Figure 6).

2.2.2 Electrochemical

Electrochemical sensors involve using electrodes to measure the electrochemical
changes that occur when chemicals interact with a sensing surface. Recently, a great deal
of effort has been applied to the development of wearable electrochemical sensors through
the employment of novel materials, such as conductive polymers and carbon nanomater-
ials. For instance, carbon nanomaterials present excellent electrical and chemical proper-
ties, and they have been extensively explored for the realization of biosensors.

Guinovart et al. [38] developed potentiometric sensors for the detection of pH, potassium,
and ammonium levels in sweat using cotton yarns coated with single-walled carbon nano-
tubes (SWCNTSs). The sensors were realized by dip-coating the yarns inside a SWCNTSs aque-
ous solution used as ink, followed by further integration of the ion-selective membrane.
These devices exhibited reproducible responses over a period of two months, being used
once a week. The integration of the sensor into a band-aid for real-time detection of potassium
on a manikin was demonstrated, although, as the authors well highlighted, the incorporation
of the sensor into a truly wearable platform would require further investigation. Also using a
potentiometric sensor, Schazmann et al. [8] developed a wearable platform to perform real-
time measurements of sodium concentration in sweat. A liquid contact ion selective electrode
(ISE) was integrated within a sodium sensor belt (SSB), which was then applied to the com-
parison of sodium concentration in sweat emitted by healthy and cystic fibrosis-positive peo-
ple during exercise. However, for wearable potentiometric ISE sensors, solid contact ISE
(scISE) are preferable to classic liquid contact ISE. In fact, scISEs can be easily fabricated on

FIGURE 6 Continuous
\‘ tear glucose monitoring
- using bored doped contact
lenses (left). The hand held
device works by flashing a
light into the eye (Ex) and
measuring the emission
(Em) intensity. Schematic
representation of the tear
glucose-sensing device
Ex Ex (right). Adapted from [37].
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all-plastic flexible substrates, which in turn makes them more compatible with wearable tech-
nology, as they can be fabricated in a more conformal fashion. Following this approach,
Bandodkar et al. [39] demonstrated real-time epidermal pH monitoring via a tattoo-based
scISE. The sensor was fabricated using screen printing technology in the form of a “smiley
face,” in which the eyes are, respectively, the reference electrode and the scISE, the latter
incorporating a pH-sensitive layer made of polyaniline-conductive polymer. Interestingly, the
same concept can be readily expanded for the development of similar epidermal ISE tattoo-
sensors for the detection of other ionic species present in sweat, such as sodium, potassium,
chloride, and ammonium, through the use of appropriate selective membranes for the tar-
geted ionic analyte. Using a similar approach, Jia et al. [40] fabricated a flexible printed
temporary-transfer tattoo electrochemical biosensor that could be used for the real-time detec-
tion of lactate in human perspiration. The biosensor was tested when applied to the deltoid of
an athlete for real-time lactate monitoring during cycling, and showed good correlation with
parallel in vitro evaluation of sweat samples collected during the exercise. Khodagholy et al.
[41] also demonstrated a conformal organic electrochemical transistor (OECT) incorporating
an ionogel for the electrochemical determination of lactate in sweat. The use of OECTs for lac-
tate sensing represents an interesting and novel strategy for future integration of this biosen-
sor into a wearable platform. There are several advantages to the use of OECTs compared to
more conventional sensor platforms, such as easy integration into electronic circuits and oper-
ation at low applied bias compared to traditional field-effect transistors (FET). In addition to
this, OECTs can be entirely made of Poly(3,4-ethylenedioxythiophene) Polystyrene sulfonate
(PEDOT:PSS) conductive polymer, which makes them very low cost and compatible with
industrial stamping processes, such as roll-to-roll technology.

Yang et al. [42] demonstrated that electrochemical sensors could be printed onto cloth-
ing for the realization of wearable biosensors. Carbon strips were printed directly on the
elastic waistband of underwear, offering a tight and direct contact with the skin. The sen-
sors were capable of maintaining electrochemical behavior after several cycles of folding
or stretching of the supporting textile, indicating the potential application of this sensor
configuration for wearable electrochemical chemo-/biosensors on clothes.

Claramunt et al. [43] have developed a flexible sensor array using bare and
metal-decorated carbon nanofibers as an active layer for on-body gas sensing. Inkjet print-
ing was used to deposit four interdigited silver electrodes onto a Kapton film, and a heater
was printed onto the reverse side of the film. Inkjet printing has the advantage of being
non-contact and is suitable for many substrates. Metal-decorated carbon nanofibers were
spray coated onto the electrodes and the sensor response was characterized for ammonia
and nitrogen dioxide. Carbon nanotubes were also demonstrated for sensing gases and
biological molecules [44,45].

3. CHALLENGES IN CHEMICAL BIOCHEMICAL SENSING

3.1 Sensor Stability

Ideally, a wearable sensor should be autonomous and reliable over time. However,
long-term stability of chemical sensors and biosensors in autonomous operation remains a
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major issue. These sensors typically need an active (responsive) surface to operate, and
changes to this surface due to fouling or leaching of reagents can lead to baseline drift and
variations in sensitivity. There may also be a cross-response to interferents that may be
present in the sample. Therefore, there is a need for chemical and biochemical sensors to
be frequently calibrated, which requires liquid handling for sampling, reagents, and waste.
Consequently, systems must include pumps, valves, and liquid storage, which are clearly
impractical in terms of current technologies for autonomous wearable devices. This is one
of the main reasons that there are few practical systems at present. One approach is to
develop low-cost disposable sensors. In this way, part of the system may be reusable, e.g.,
control electronics for measurement, detection, and wireless capability, but the sensor sur-
face may be inserted/removed easily. For example, the removable/disposable element
may be a small micro-fluidic chip. This approach also provides an attractive cost model in
terms of commercialization of devices.

3.2 Interface with the Body

A recent survey on wearable biosensor systems for health showed that wearability was
a major issue because sensor, battery, and on-body hardware size tend to be too bulky.
Sensor systems rapidly become redundant if patients or clinicians do not want to work
with them. A review of patients’ and clinicians’ preferences for non-invasive, body-worn
sensor systems found that a body-worn sensor system should be compact, embedded, sim-
ple to operate, and should not affect daily behavior nor seek to directly replace a health-
care professional [46]. Therefore, wearable chemical sensors should be seen as an
additional tool to assist in healthcare delivery and to provide better continuity of care.

Ideally, the sensor should be flexible, comfortable to wear, and lightweight.
Miniaturization of sensors can help to reduce power requirements, and also makes the
device less obtrusive for the wearer. Through device miniaturization, we also reduce the
size of the sample needed for the sensor to operate.

In the case of sweat analysis, samples from a single site on the body may not give an
accurate representation of the total body sweat loss as there are regional variations in
sweat composition and volume. Therefore multiple sampling sites may be needed, and a
study by Patterson et al. [47] has identified four sampling regions (the chest, scapula, fore-
arm, and thigh) to estimate mean whole-body concentrations of electrolytes in sweat.

Technology is becoming more and more portable. Sensors, including imaging cameras,
GPS, and accelerometers, are being increasingly integrated into mobile phones. This is
stimulating the emergence of new apps for monitoring personal health. For example, pulse
oximetry apps are now available based on wearable Bluetooth-enabled optical sensors on
mobile phones, and research into colorimetric sensing is increasing. The smartphone may
become part of a wearable sensor system serving as the detection element, and also for
data management and communications. An example of the smartphone being used for col-
orimetric analysis is presented by Oncescu et al., in which sweat and saliva pH measure-
ments are taken using pH-sensitive paper inserted into a smartphone accessory [48]. An
example of the data management capability of smartphones is the iBGStar [49] by Sanofi
Diabetes, which allows users to track and manage their blood glucose levels by linking to
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an iPhone. Through mobile communications, this information can be shared by email,
websites, or text messages to facilitate a movement toward remote management of per-
sonal health.

Increasingly, the smart watch is being considered as an interface to the mobile phone,
and is facilitating integration of other wearable sensors. The great advantage of the watch
form is that it is something that people are familiar with and used to wearing. An example
of a wrist-worn device to monitor chemical parameters is a device for transdermal alcohol
sensing by Giner, Inc. The device known as WrisTAS™ (Wrist Transdermal Alcohol
Sensor) is a wrist-worn prototype to objectively track patterns of human alcohol consump-
tion [50].

Newly developed electronic “tattoo” technology discussed previously in section 2.2.2 is
a non-invasive means of producing conformal and mechanically stable sensors that can be
applied directly to the skin. These devices may be easily fabricated using well-established
printing technologies, and have great potential for providing access to multi-parameter
sensing platforms. For example, MC10 [51] is developing body-conformable electronics
that are stretchable and bendable. Figure 7 shows the biostamp technology that is capable
of measuring physiological signals such as body temperature and heart rate.

3.3 Textile Integration

Section 2.1.1 presented various approaches to handling body fluids using textile yarns
and fabrics. However, for textile-based chemical sensors to become a practical reality, their
incorporation must be compatible with traditional manufacturing techniques such as
weaving and lamination. For analysis of body fluids, the fluid-handling and sensing ele-
ments must both be compatible in order to create a real system that can be used on the
body and yield valid results for real-time measurements at an acceptable cost.

Two groups in Switzerland, Ecole Polytechnique Fédérale de Lausanne (EPFL) and
Eidgenoessiche Technische Hochschule Zurich (ETHZ), have demonstrated the

FIGURE 7 Biostamp technology developed by
MC10 Inc. (photo courtesy of mc10 Inc.)
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3 FIGURE 8 Sensing components on thin strips
Conduciye yarns of Kapton film woven into fabric (photo courtesy
of Ecole Polytechnique Fédérale de Lausanne,
EPFL).
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integration of gas sensors into a woven textile. Sensing components on thin strips
(25 mm) of Kapton film have been integrated into the weaving process as shown in
Figure 8. The sensing regions were well encapsulated and found to retain functionality
after weaving and repeated stress/strain testing [52]. The sensing element is an interdig-
ited thin-film capacitor coated with a humidity-sensitive polymer (cellulose acetate buty-
rate). Changes in ambient humidity caused changes in the capacitance of the sensing
layer. In principle, this humidity-sensitive polymer layer could be replaced by a gas-
sensitive polymer to target other analytes. Troester’s group in ETHZ has demonstrated
the use of carbon black/polymer sensors in a similar woven Kapton film configuration
to detect vapor such as acetone [53].

3.4 Power Requirements

Limited battery life, size, and weight are the most significant inconveniences for most
wearable electronic devices. Low-power device performance should be the first priority
through smart integration and miniaturization of the electronic components. To power
these devices using lightweight, comfortable components, flexible batteries, energy-
harvesting methods, or remote charging may be considered.

Practical miniature devices that can harvest sufficient kinetic energy from the human
body to power a wireless bio-sensor are still in their infancy. Energy-harvesting feasibility
depends mainly on four factors: the typical power consumption of the device; the use pat-
tern; the device size (and thus the acceptable harvester size); and the motion to which the
device is subjected. All these factors need to be considered in order to generate an autono-
mous, self-powering, wearable device for monitoring body parameters.

Chemical sensors based on RFID tags have been demonstrated as passive devices
requiring no power supply to be connected to the sensor. An RFID tag typically consists of
a microchip attached to a radio antenna. An RFID reader transmits signals to the RFID tag
and reads the signal sent back from the tag. By creating a sensing film on the antenna of
an RFID tag, the analyte-induced changes can affect the impedance of the antenna and
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hence the resonant frequencies. GE Global Research has demonstrated this principle and
performed RFID sensing in water to investigate the levels of ions and organic solvents,
and in gases to detect toluene and ammonia [54]. More recent work has involved the
development of self-correction methods against fluctuations in ambient temperature [55].
McAlpine’s group at Princeton University used an external radio transmitter to power
their tooth “tattoo” sensor used to monitor respiration and bacteria in saliva [56].
However, this sensing technology is still in its early stages as adhesion to the tooth, along
with sampling issues, still need to be investigated further.

4. APPLICATION AREAS

4.1 Personal Health

Wearable sensors are applicable for all stages of treatment in healthcare, including pre-
vention, immediate care, rehabilitation, and long-term support. If it is possible to find a
link between non-invasive or minimally invasive chemical/biochemical detection methods
and well-established but invasive blood testing, then a new range of tools may be created
for the healthcare industry.

Diabetes is a chronic condition that involves close monitoring of glucose levels, typi-
cally using finger-prick samples. Menarini Diagnostics have developed a continuous moni-
tor for blood glucose measurement called the GlucoDay™ S [57]. The device uses a
microdialysis probe inserted into the abdomen for continuous sampling of interstitial
fluid. The GlucoDay™ S is specifically for clinical use and is worn by the subject for a 48-
hour period. Such continuous monitoring can show general trends that may be missed by
single-point measurements. The data generated by the GlucoDay® S is the equivalent of
approximately 1,000 finger-prick glucose values. The main goal for the device is to chart
an individual’s daily glucose activity, especially during sleeping hours. With this informa-
tion the healthcare team and the patient can modify the insulin regimen in order to
achieve better control patterns.

Wearable chemical and biochemical sensors have the potential to improve the quality of
life in the healthcare arena through real-time assessment. In terms of market statistics, the
biggest market is for sensors that can “sense” and “monitor” key diagnostic and therapeu-
tic markers. In the U.S. alone, the Sensors Market in Healthcare Applications is expected
to Reach $13.11 billion by 2017 [58].

4.2 Sports Performance

Technology has a huge role to play in improving sports performance, from textiles to
simulate a shark’s skin gliding through the water for swimwear to moisture-wicking fab-
rics keeping athletes comfortable and cool. Physiological monitoring has helped our under-
standing of the body and its response to exercise, and through physiological measurement
individual training regimes can be planned and optimized. During prolonged periods of
training, diverse physiological conditions can be easily reached. The most commonly moni-
tored parameter in sports science is blood lactate, and while there are portable systems
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available for this measurement, it is still an invasive approach, giving point measurements
from blood samples. Continuous monitoring via a non-invasive approach would be far
more favorable. However, it will be necessary to investigate the correlations between the
levels of critical parameters in blood compared to other body fluids if this is to provide
useful information. In a review of several studies, the conclusion was that the relationship
between blood lactate and lactate in other body fluids is unclear [59].

Real-time sweat analysis during exercise could give valuable information on dehydra-
tion and changes in the amount of important biomolecules and ions. Dehydration
increases perceived effort, so if exercise feels hard, then people may be less inclined to par-
take in it. In the case of elite athletes, dehydration can greatly impact performance. Sweat
electrolyte concentration varies greatly between individuals, being affected by genetics,
sweat rate, type of training, degree of hydration, and the state of heat acclimatization. The
opportunity of gathering important information on the physical condition of athletes dur-
ing sport activities could potentially provide huge benefits, arising from personalized
training regimes and optimized rehydration/nutrition strategies.

4.3 Safety and Security

There are many scenarios in which personal safety could be supported through the use
of wearable sensors for continuous monitoring of external hazards. Some high-risk profes-
sions include first responders, construction workers, police, security, and military person-
nel. Wearable sensors for these applications must of course be lightweight, ergonomic,
robust, and accurate. Working in a demanding environment, they need to be easy to oper-
ate and ideally part of a wider sensor network. In addition to personal alerts, communica-
tion between team members is needed for management and localization of overall team
safety.

An EU project, ProeTEX, is focused on the safety of firefighters through the integra-
tion of toxic gas sensors among other sensing capabilities into protective clothing [60].
Carbon monoxide (CO) and carbon dioxide (CO,) sensors were integrated into the
jacket and boots of a firefighter’s uniform. Figure 9 shows a CO, sensor integrated into
the boot of a firefighter’s uniform and a CO sensor integrated close to the jacket collar.
The choice of placement was based on the densities of each gas. The CO and CO, gas
sensors already have an outer protective membrane built in to filter out small particles
(dust, soot, etc.). On the garment, the gas-sensing devices are further protected by full
encapsulation into a purposely designed pocket with a heat resistance, waterproof, air-
permeable membrane, hence protecting them from potential damage from heat, water,
and airborne particles.

Researchers at Arizona State University have developed a wearable sensor to monitor
air quality. The device communicates with a smartphone for user feedback and is
suitable for indoor and outdoor environmental personal exposure studies. In a recent
study [60] the device was used to test air quality in three scenarios: indoors after room
remodeling and painting, outdoors near a busy highway and, finally, outdoors in areas
affected by an oil spill. Such a sensor has the potential to greatly improve our knowledge
of personal exposures and to help protect human health as well as the environment.
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FIGURE 9 Wearable chemical sensing in ProeTEX project (a) Carbon dioxide sensor integrated into a firefigh-
ter’s boot and (b) carbon monoxide sensor integrated into a firefighter’s jacket.

5. CONCLUSIONS

Smart fabrics and interactive textiles are a relatively new area of research with many
potential applications in the field of biomedical engineering. The ability of smart textiles to
interact with the body provides a novel means to sense the wearer’s physiology and
respond to the needs of the wearer. The advantage of this technology relies on the integra-
tion of sensors in clothes that are worn on a daily basis, providing the capacity to continu-
ously monitor the wearer and his/her environment. To date, most of the research in the
field of wearable sensing has focused on physical sensors that respond to changes in their
immediate environmental proximity (e.g., electric fields, heat, and movement). Relatively
little has been done on the development of similar wearable sensors for real-time monitor-
ing of chemical and biological parameters of interest. The main reasons for this are due to
the fact that these sensors require an active surface at which a chemical reaction occurs,
which generates the observable signal. However, this surface is subjected to samples,
reagents, waste products, and contaminants from the environment that can affect its func-
tionality. Sample handling requires additional hardware such as fluidic systems with
valves and pumps, and for this requirement micro-fluidics could play an important role.
Furthermore, wearability is probably the most important requirement that these sensors
must fulfill without losing functionality and, above all, compromising the wearer’s com-
fort and/or safety.

It is clear that wearable chemical sensors have the potential to provide a means to con-
tinuously monitor the physiology of the wearer over extended periods of time, in an

WEARABLE SENSORS



REFERENCES 81

innocuous manner that does not interfere with the daily routines of wearers. Through this
technology, the wearer can be kept informed of his/her well-being in a dynamic manner,
and individuals can become actively involved in the management of their personal health,
making pHealth (pervasive health) a feasible goal. There is also great potential in the field
of sports science, particularly in the real-time analysis of sweat during exercise. The other
main application area of wearable chemical and biochemical sensors is in personal safety
in warning of hazardous chemicals in the environment, which is of particular importance
to first responders in disaster situations, and those involved in security and safety. This
chapter has detailed a summary of the state of the art while also highlighting the current
issues and challenges for the future of this exciting field of research.
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