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Flexible electronics integrated with stretchable/bendable structures and various microsensors that monitor the temperature,
pressure, sweat, bioelectricity, body hydration, etc., have a wide range of applications in the human healthcare sector. The science
underlying this technology draws from many research areas, such as information technology, materials science, and structural
mechanics, to efficiently and accurately monitor technology for various signals. In this paper, we make a classification and comb
to the designs, materials, structures and functions of numerous flexible electronics for signal monitoring in the human healthcare
sector. Some perspectives in this field are discussed in the concluding remarks.
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1 Introduction

Over the past two decades, intelligentization and in-
formatization have become increasingly popular in the de-
velopment of science and technology. A large number of
microsensors and actuators have been integrated into all
aspects of electronic devices. Microelectronics has become a
core sector in the development of information technology.
By achieving flexibility and stretchability, microelectronics
can greatly expand the current application scenarios.
Therefore, flexible electronics, which integrates electronics,
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materials science, mechanics, physics, and other such fields,
have immense potential in various applications, such as
electronic eye cameras [1,2], electronic skins [3,4], flexible
health monitors [5], and scalable ion batteries [6]. The main
advantage of flexible electronics is its ability to fit into a
variety of complex surfaces, such as the human skin, which
makes it possible to manufacture wearable devices for hu-
man healthcare. According to Transparency Market Re-
search, the global biosensors market was valued at $9.9
billion in 2011, and it is expected to reach as high as $18.9
billion by 2018 [7]. With potential thousands of new wear-
able devices being developed over the coming decade, both
academia and industry have invested a lot of resources in this
field. Research on flexible electronic devices in the field of
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healthcare includes two main aspects: (1) stretchability for
withstanding large deformations through mechanical ana-
lyses and designs and (2) accurate monitoring and feedback
of various physiological signals.

Two basic ideas underlie the design and fabrication of
stretchable electronic devices. The first exploits new mate-
rials that can withstand large deformations. This concept
promotes the investigation of organic electronics [8]. How-
ever, organic materials have lower electrical performance
and shorter service life [9]. To overcome these challenges,
another strategy to enhance the flexibility and stretchability
of inorganic electronics has been proposed by a series of
elaborate mechanical designs [10-13]. This approach com-
bines high-quality electronic materials, such as inorganic
semiconductor materials with the flexible substrates, to
achieve flexibility and stretchability for the entire device.
Despite considerable success in mechanical design, further
research is needed on the functional components of the
electronic devices for monitoring various signals, which will
help extend the application of flexible electronics in human
healthcare. The monitored signals are closely associated with
body conditions, such as the wrist pulse, heart rate, blood
glucose, and sweat/blood bioinformation. Stable and accu-
rate physiological signals are crucial in endowing healthcare
monitoring systems with real-time tracking capability. The
monitoring and analyzing of these physiological signals
provide a convenient and non-invasive way for disease di-
agnoses and health assessments.

The human body is a complex system where any pathology
can exhibit appropriate physiological signals. Physiological
measurements and stimulation techniques require electronic
devices that can conform to the curvilinear surfaces of bio-
logical tissues and accommodate their large deformations.
The skin is the largest organ in the human body. Changes in
the properties of human skin are of great interest in the
dermatology and cosmetic industries [14]. There are nu-
merous basic physiological indicators that can reflect the
physiological conditions of the human body. Figure 1 shows
the various physiological signals, including temperature,
pressure, sweat, bioelectricity, and hydration. The measure-
ments of various physiological signals, especially when
coupled with further analysis of the biomarkers, provide a
wide range of opportunities for future practical applications.

In this paper, we review the recent advances in flexible and
stretchable electronics that are currently used for electronic
skins and biological devices in human healthcare. We have
provided a detailed description of how various signals of the
human body are monitored. The materials, structures, and
functionalities of a variety of biological sensors are in-
troduced. It is expected that this discussion will provide
potential ideas for commercial applications. Some perspec-
tives on future research opportunities have also been in-
cluded.
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Figure 1 (Color online) Categories of commonly detectable physiologi-
cal signals.

2 Signal monitoring by flexible electronics

Flexible electronics provides circuits with the capacity to
withstand the strain of high level (>>1%) deformations
without fracture or significant degradation of their electronic
properties. Over the past several years, many impressive
potential applications of these electronic devices have
emerged, particularly in the area of biomedical and wearable
devices [15-17]. Furthermore, a large number of related
patents have been authorized. Signal monitoring is crucial
for different application scenarios of flexible electronic de-
vices. In this section, some examples of device-level de-
monstrations are provided by categorizing signals based on
human physiological indicators.

2.1 Temperature monitoring

Human body temperature is a basal index in physiology
because of its importance and close relationship with various
human body lesions. Long-term real-time monitoring of
temperature is of great significance in clinical medicine,
especially for tracking the healthcare quality of new-born
babies or patients under anesthesia. Over the past decades,
several types of temperature sensors have been reported [18-
20]. Figure 2(a) shows the different methods for measuring
temperature, including the contact and non-contact mea-
surement techniques. Traditionally, body temperature was
taken to be the axillary temperature measured by a mercury
thermometer. However, this method is not suitable or con-
venient for the babies or patients who are not able to keep
still. A method currently used to quickly and non-invasively
measure the body temperature is based on non-contacting
infrared thermometers [21]; however, such devices involve
high costs and cannot accurately monitor the local tem-
perature. A feasible and practical solution is flexible and
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Figure 2 (Color online) (a) Different methods of temperature measurement; (b) optical images of a sensor array integrated on a thin elastomeric substrate
[24]; (c) structure of an ultra-flexible temperature sensor on a breathable film [25].

wearable temperature equipment. The epidermal temperature
sensors can be conformably adhered to the skin and can
accurately measure the body temperature by minimizing the
environmental influences. Based on the aforementioned
concept of epidermal electronics, various wearable tem-
perature sensors have been developed [22,23]; these sensors
are expected to play an important role in disease diagnosis
and human healthcare.

The operating principle to prepare a temperature sensor is
to develop different thermo-sensitive materials. In most
cases, the temperature is deduced by measuring the re-
sistance changes of the sensor, which arise from temperature
variations. Sensors based on this principle have stable per-
formance and high reliability. An ultrathin and compliant
skin-like temperature sensor was introduced based on PIN
diodes made of silicon nanomembranes [24], as shown in
Figure 2(b). This epidermal sensor could provide continuous
and accurate thermal characterizations, including tempera-
ture contours. Chen et al. [25] fabricated a biocompatible
temperature sensor by integrating temperature-sensitive
materials with a semipermeable polyurethane film; this
sensor had excellent accuracy as compared with a mercury
thermometer. The elaborate structural design and material
selection enabled the device to be breathable for the user
when laminated onto the surface of the human skin (see
Figure 2(c)). The biocompatibility and safety of the device
have been further demonstrated by 24 h of wearing. Subse-
quently, Zhang et al. [26] proposed a noninvasive and con-
tinuous measurement of the core body temperature based on
the temperature sensor array; they established a theoretical
approach for multiple differential measurements from the
sensor array. Fundamental investigations on the sensitivity,

response time, and accuracy were also conducted via the
analytical, numerical, and experimental approaches. More
recently, a highly accurate temperature sensor based on
polysilicon thermistors has been developed for monitoring
brain temperature with high spatial resolution [27], and this
temperature sensor has a response time of 1.5 s and sensi-
tivity of —0.0031°C".

Besides the most popular resistive temperature sensors,
some other mechanisms have also attracted considerable
attention because of their rapid response speeds and high
resolutions. For example, a pyroelectric sensor element was
developed based on a composite foil of piezoelectric ceramic
lead titanate nanoparticles [28]; this element helped achieve
bifunctionality of temperature and pressure changes. Maha-
deva et al. [29] developed a flexible capacitive-type tem-
perature sensor by making cellulose-polypyrrole nanocom-
posite; they found that the capacitance of the device in-
creased linearly with increasing temperature. These tem-
perature sensors can be integrated into the flexible electronic
devices that monitor the continuous thermal characterization
of the human body. To improve the thermal sensibility of
conventional sensors, a graphene nanowall-based tempera-
ture sensor was fabricated by the plasma-enhanced chemical
vapor deposition technique and the polymer-assisted transfer
method [30]. The temperature coefficient of resistivity of this
device was as high as 0.214°C"', which was three times
higher than that of its conventional counterparts; this showed
that the device had fast response and recovery speed and
excellent long-term stability.

In addition, device-level flexible temperature electronics
have been widely proposed and fabricated. As illustrated in
Figure 3(a), a temperature-sensor array was fabricated by
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Figure 3 (Color online) (a) A temperature-sensor array and temperature distribution subjected to a heat source [31]; (b) temperature mapping of a fingertip
and a rat lung [32]; (c) ultrathin injectable thermal sensors and a device injected into the myocardial tissue [33]; (d) schematic diagram of a flexible
temperature sensor and the measured temperature distribution of the forehead [34].

dispensing a graphite-polydimethylsiloxane composite on
flexible polyimide films [31]. This device exhibited high
temperature sensitivity in a wide dynamic range from 30°C
to 110°C, and the temperature distributions under different
heat sources have also been measured. Subsequently, a
printable thermal sensor based on the composites of semi-
crystalline acrylate polymers and graphite was reported [32].
Using this device, the real-time measurement of temperature
distribution at the fingertip contact as well as the temperature
mapping of a rat lung was performed (see Figure 3(b)). Koh
et al. [33] introduced an injectable device platform that
supported precision sensors of temperature and thermal
transport properties, as shown in Figure 3(c). This flexible
system can be inserted into the myocardial tissue in a
minimally invasive manner, which provides improved in-
sights into lesion transmurality. Ren et al. [34] demonstrated
another temperature sensor array based on large-area flexible
organic field-effect transistors, as shown in Figure 3(d);
these arrays allowed temperature to change from 20°C to
100°C. The temperature distributions of different objects
were further measured to test the effectiveness of the in-
tegrated temperature-sensor array. Efforts are still being
made to develop various flexible temperature sensors and
devices because these devices have a wide range of appli-
cations in sectors, such as human health management, food
processing, and pharmaceutical industry.

2.2 Pressure monitoring

Flexible pressure sensors are becoming increasingly popular
because of their wide potential applications in areas such as
electronic skin systems [35] and diagnostics [36,37]. In
general, the pressure-sensing technology can be categorized
into three types: capacitive [38,39], piezoresistive [40-43],
and piezoelectric [44,45]. A disadvantage of these sensors is
that they generally suffer from high deformation [46] when
used for monitoring human health, especially when these are
directly laminated onto the skin surface. To mimic the tactile
sensing properties of natural skin, large arrays of pixel
pressure sensors on a flexible and stretchable substrate are
required [47]. Both the structural design and material se-
lection have been investigated over the past years to improve
the sensitivity of the mechanical sensors so that they better
emulate human activities and capture human motions more
precisely [48,49]. In the past, studies were mostly directed
toward developing pressure sensors based on either con-
ventional silicon or biocompatible materials [50,51]. Pres-
sure sensitivity has received substantial attention because it
determines the measurement accuracy and effectiveness of
the pressure sensors. Typically, capacitive pressure sensors
with excellent sensitivity and short response time have been
fabricated [52]; Figure 4(a) shows the device and its struc-
tural details. Dielectric elastomer polydimethylsiloxane
(PDMY) is the key material for fabricating pressure-sensitive
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Figure 4 (Color online) (a) Pressure-sensitive structured PDMS films and the microstructured details; (b) pressure-response curves for different types of
microstructured PDMS films [52]; (c) schematic of the fabrication of GO foam-based pressure sensor arrays; (d) pressure response of GO foams with

different densities [53].

thin films, which are integrated with the artificial skin.
However, PDMS thin films with a thickness of a few mi-
crometers undergo significant visco-elastic creep. To over-
come this, various voids have been introduced in the films to
enable the microstructure surfaces to deform elastically un-
der external pressure. The pressure response curves have
been tested, and the sensitivity has improved substantially, as
shown in Figure 4(b). More recently, a graphene oxide (GO)-
based capacitive pressure sensor has been proposed [53]; this
sensor exhibited good flexibility and robustness. The fabri-
cation procedure for this pressure sensor is presented in
Figure 4(c). The GO foam was fabricated into the sensor by
sandwiching the foam between polyethyleneterephthalate
(PET) sheets with patterned and reduced GO electrodes.
Figure 4(d) shows how the pressure-sensing properties of the
GO foam-based sensors with different GO densities were
investigated.

Besides the highly sensitive capacitive-type micro-
structured pressure sensors, the resistive-type sensors also
show tremendous promise for real applications because of
their simple device structure and easy fabrication process.
The performance of the resistive sensors could be based on
the changes in either the resistivity of the piezoresistive
materials or the contact resistance of the strain gauges upon
modulation of external pressures [54-56]. Particularly, a

flexible tactile sensor based on the microstructured graphene
arrays was devised by combining the advantages of both
graphene materials and the ordered microstructures [57], as
shown in Figure 5(a). The fatigue performance or the sta-
bility of the sensor has also been deeply investigated by
repeatedly applying and releasing a pressure of 100 Pa for
5000 cycles; this is shown in Figure 5(b). Subsequently, a
resistive pressure sensor based on the laser-scribed graphene
(LSG) has been developed [58], as shown in Figure 5(c); this
sensor had high sensitivity (0.96 kPa') in a wide pressure
range (0-50 kPa). An analytical model has also been estab-
lished to interpret the relationship between pressure and
conductivity. This further clarified the understanding of the
pressure sensor. In addition, piezoelectric pressure sensors
have also been fabricated by using a GaN-based field-effect
transistor [59], as shown in Figure 5(d). The pressure sensors
revealed a linear response current under pressures ranging
from 19.6 mN/mm” to 490 mN/mm’.

After years of extensive development, flexible pressure
sensor arrays are being widely applied in human healthcare
and medical diagnostics, such as blood pressure, intraocular
pressure, and pulse, which are significant health indicators.
These sensor arrays have high resolution and rapid response
beyond human perception. In particular, a stretchable pres-
sure sensor was fabricated by employing PDMS arrays with
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Figure 5 (Color online) (a) Photos of the PDMS films with (top right) and without (bottom left) graphene layers and the pattern arrays; (b) stability of the
sensor under loading cycles [57]; (c) cross-bar device structure of the pressure sensor based on the foam-like LSG [58]; (d) epitaxial structure, schematic
configuration of the pressure sensors and the SEM image of ZnO nanorod array [59].

spring-like compressible platforms [60]; the potential uses of
the sensor have been further demonstrated by measuring
blood pressure, as shown in Figure 6(a). A single-use bio-
degradable pressure sensor patch for cardiovascular mon-
itoring and fabrication of the sensor has been reported [61]
(see Figure 6(b)). The pressure sensor was attached to the
carotid artery of a human subject, the arterial pulse wave and
the electrocardiograph (ECG) were recorded. As shown in
Figure 6(c), a smart prosthetic skin instrumented with mul-
tiplexed sensors and actuators has been demonstrated [62];
this device showed highly localized mechanical and thermal
skin-like perceptions in response to various external stimuli.
Furthermore, the pulse-wave measurement [63], voice vi-
bration [64], and human activity [65] have also been mon-
itored by the devices with collective pressure sensors (see
Figure 6(d)-(f)). Figure 6(g) shows a portable sensor with a
wireless transmitter capable of measuring weak signals
stemming from the internal jugular vein lying deep inside the
neck muscles [66]. The test results suggested that the device
was able to detect the waveforms retrieved from a healthy
subject and could quickly diagnose cardiovascular and car-
diac illnesses.

2.3 Bioelectrical monitoring

Bioelectrical signals are now widely used for monitoring

medical diagnoses and human activities. The conventional
bioelectrical signals associated with the human body include
electrocardiograph (ECG), electroencephalogram (EEG),
electromyography (EMG), and electrooculogram (EOGQG).
ECG signal analysis is the most widely used strategy for the
continuous and non-invasive diagnosis of different cardiac
diseases and for assessing the physiological fitness of ath-
letes [67-69]. The conventional ECG signal acquisition
systems generally consist of multiple biopotential electrodes
that have extremely large contact impedances between the
electrodes and the body skin. In the past few years, special
attention has been paid to electrode improvements for ob-
taining better ECG signals [70-73]. Particularly, new mate-
rials and new structural designs are being developed rapidly
[74]. As shown in Figure 7(a), the conductive foam that was
coated with Ni/Cu reduced the surface resistance of elec-
trodes [75]. When micro-domes were introduced on a flex-
ible dry electrode, the impedance measurements showed that
this electrode had lower skin-electrode contact impedance
[76], as illustrated in Figure 7(b). Composite electrodes have
also been fabricated for long-term ECG measurements [77];
these electrodes consist of a polydimethylsiloxane base, a
silver nanowire layer (AgNW), and an adhesive layer, as
shown in Figure 7(c). Functionalized textiles and graphene
have also been used to develop graphene-clad, conductive
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textile electrodes for biosignal acquisition specifically in
cardiac monitoring [78], as shown in Figure 7(d). The device
with new graphene-clad textile electrodes has excellent
conformity as compared with conventional electrodes.
Commercial device-level flexible electronic devices have
also been proposed for ECG measurements. An epidermal
carbon nanotube electronic device was fabricated to robustly
record ECG signals [79], as shown in Figure 8(a). The self-
adhesive electrode of the device maintains an excellent
conformal contact even on wrinkled skin, and this electrode
can also be used to record various other bioelectrical signals
without damaging the skin. Despite significant progress in
the fabrication of flexible biosensors that naturally comply
with the epidermis, the rich chemical information has often
been neglected. As shown in Figure 8(b), researchers have
introduced a hybrid sensing system that offers simultaneous
real-time monitoring of the lactate and ECG signals [80].
The ECG signals were quite different between the cases with
and without sweat. Figure 8(c) shows a single wave recorded
in the apex cardiogram that identified various peaks [81].

The measurements showed excellent signal-to-noise ratio,
reproducibility, and stability. Furthermore, a wearable sensor
patch has been fabricated by using a process flow compatible
with the method of flexible printed circuit boards; this patch
consisted of inkjet-printed gold ECG electrodes and a sten-
cil-printed nickel oxide thermistor [82].

In addition to ECG monitoring, other bioelectrical signals,
such as EEG, EOG, and EMS, also play an important role in
medical diagnosis and daily health monitoring [83,84]. In
particular, researchers have reported an epidermal device
that can achieve conformal contact with the skin and adhere
well to the skin using only van der Waals interactions [85], as
shown in Figure 9(a); this epidermal device presents the
spectrogram of the alpha rhythm and the eye opening and
blinking using the EEG data. Recently, a patchable sensor
has been fabricated; it consists of three electrodes, including
a measurement electrode, a ground electrode, and a reference
electrode [86], as shown in Figure 9(b). This sensor records
the EOG signals of three types of eye movements: blinking,
looking upward, and looking downward. Moreover, certain
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studies have reported flexible electronic systems for mea-
suring the EMG signal. As shown in Figure 9(c), Xu et al.
[87] reported an EMG system that consisted of multiple
transcutaneous electrical stimulation electrodes integrated on

a common substrate. The evaluations of EMG signals under
four conditions were further carried out by this device. An-
other surface EMG sensor has also been reported [88] in
which the thickness of elastomer membrane substrates was
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Figure 9 (Color online) (a) EEG measurement corresponding to eye opening and blinking [85]; (b) flexible EOG systems and signals recording [86]; (c)
skin-like sensors and EMG signals [87]; (d) structure of the surface EMG sensor and the degree of conformal contact with different thicknesses of elastomers

[88].

systematically studied to assess the degree of conformal
contact, as shown in Figure 9(d).

2.4 Respiratory monitoring

In the past decade, various respiratory diseases, such as the
sleep apnea syndrome, asthma, and chronic obstructive
pulmonary diseases, have caused substantial problems to
human health. Most respiratory diseases are chronic in nature
and have a major impact on both the individual patients and
the community. Information about the respiratory state is of
great significance in several medical applications. In real life,
most respiratory monitoring devices are designed to achieve
long-term signal monitoring and disease diagnosis by in-
tegrating the various basic sensors mentioned above [89].
Many integrated electronic devices for respiratory mon-
itoring have also been reported [90-92]. In particular, a
flexible projected capacitive sensing mattress composed of a
multielectrode sensor array has been proposed for personal
health assessment [93], as shown in Figure 10(a). Compared
with the conventional respiratory monitoring system, this
device can identify human gestures and motions during
sleep. Respiratory flow is another physiological indicator
and is usually measured by using the nasal cannula. To

noninvasively monitor respiratory flow in real time, a flex-
ible flow sensor has been fabricated, which monolithically
integrates four resistors of a Wheatstone bridge [94] (see
Figure 10(b)). Experiments were further conducted to verify
the feasibility and effectiveness of monitoring and diagnos-
ing respiratory diseases. Recently, a wearable self-powered
active sensor based on a flexible piezoelectric nanogenerator
has been fabricated [95]; the structural details of this sensors
are given in Figure 10(c). The self-powered sensor can be
used to monitor human respiration, subtle muscle move-
ments, and voice recognition devices. The electrical output
signals exhibit good reliability and feasibility. Moreover, the
respiratory symptoms can also be monitored, such as airflow,
snoring, end-tidal CO,, esophageal pressure, and breathing
humidity [96,97]. It has become increasingly important to
have wireless, non-invasive flexible devices for monitoring
the real-time respiratory process; this provides sufficient
information for early detection and diagnosis of diseases [98-
100].

2.5 Hydration monitoring

Skin hydration, which is another important indicator for
analyzing diseases, can be characterized by measuring
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Figure 10 (Color online) Various respiratory monitoring devices and sensors. (a) Thoracic volume variation during respiration and gesture recognition
during sleep [93]; (b) schematic of the flow sensor and the simulated exhalation and inhalation processes [94]; (c) piezoelectric active sensor and the

measurement of respiration rate [95].

thermal conductivity [101,102], electrical impedance
[103,104], or millimeter wave reflection [105], as illustrated
in Figure 11. Traditional skin hydration sensors rely on ca-
pacitive measurements or impedance-based measurements in
which the mechanical force is generally applied to a rigid
electrode. The force compresses and deforms the skin
thereby altering the capacitive properties and the hydration
characteristics. To measure skin hydration, electrical im-
pedance provides the most reliable assessment. The basic
principle of the impedance method is to bridge the correla-
tions between the electrical parameters of biological tissues
and their water content [106]. For example, an embedded
piezoresistive microcantilever sensor has been developed to
measure the saliva osmolality and to provide the appropriate
hydration level in the human body [107]. The same mea-
surement principle was used subsequently in ref. [108].

Typical epidermal sensors for conformal skin hydration
monitoring are shown in Figure 12. Huang et al. [109] pre-
sented an epidermal sensor for conformal skin hydration
monitoring by performing impedance measurements, as il-
lustrated in Figure 12(a). Their skin hydration sensor con-
sisted of pairs of electrodes that formed eight measurement
channels. Four of them contacted the skin directly and
measured the skin impedance, and another four channels
were insulated by thin dielectric layers as the reference
electrodes. The reversible and soft contact of the device with
the skin ensured that the measurements were accurate and
repeatable. The epidermal electronic sensor adhered very
well to the various epidermises having different surface
morphologies by using only van der Waals forces. Zhou et al.
[110] fabricated a gold nanoparticle-based colorimetric
sensor to distinguish between dehydration and over-hydra-
tion using easily observable color changes, which were based
on the principle that the gold nanoparticles allow colori-
metric detection; the color of gold nanoparticles changes
because of colloidal stability.

Figure 12(b) shows a wireless hydration sensor relying on
passive inductive coupling proposed by ref. [111]. This
multimodal epidermal electronic sensor contains a minia-
turized array of impedance-measurement electrodes that
enable the calibrated conversion of electrical quantities to

hydration levels. The wireless methodology provides a
convenient strategy for epidermal sensing devices that do not
use power supplies or active components. Researchers have
fabricated and tested another wireless sensor in the form of a
capacitor [112], as shown in Figure 12(c). In ref. [112], the
capacitor component contains two parallel electrodes made
of silver nanowires in a polydimethylsiloxane matrix that
allows conformal contact with the skin. This hydration sen-
sor is insensitive to the external changes in humidity and
exhibits good stability in skin hydration monitoring. In ad-
dition, Krishnan et al. [113] fabricated a multimodal sensor
that integrated the thermal and electrical characterization
capabilities into a single platform; this sensor provided im-
proved insights into the state of hydration (see Figure 12(d)).
To better design and optimize the epidermal hydration sen-
sing system (Figure 12(e)), an analytical model for the
concentric coplanar capacitor was proposed to determine the
capacitance and impedance in terms of the material and
geometric parameters [114]. The systems mentioned above
can provide noninvasive, wearable, and wireless signal
monitoring and transmission, which have application po-
tentials in the evaluation of athletic performance, diagnosis
of skin diseases, and so on.

2.6 Sweat monitoring

To obtain more insightful information regarding human
physiological indicators, various conformal chemical bio-
sensors have been developed to noninvasively monitor bio-
markers in human body fluids [115-117]. Many types of fluid
biomarkers have been used as indicators for disease detec-
tion. For example, examining the cerebrospinal fluid [118]
can be useful for detecting the first onset of psychosis sig-
nature. Saliva [119,120] is a readily available medium to be
explored for health and disease surveillance. Scientific data
has established the diagnostic value of saliva to detect dis-
eases. However, persistent real-time disease surveillance
requires continuous access to body fluids. Sweat, which
contains tens to hundreds of compounds, plays a major role
in the analysis of specific electrolyte concentrations. Various
metal ions and biomolecules that accumulate inside the hu-
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Figure 12 (Color online) Typical epidermal sensors for conformal skin hydration monitoring. (a) Soft, releasable connectors between the hydration sensors
and the skin [109]; (b) a sensor integrated directly on the skin [111]; (c) photograph showing the AgNW sensor placed on the inner side of the forearm [112];
(d) sensor array for epidermal hydration mapping [113]; (e) optical micrograph of an epidermal hydration sensing system [114].

man body can be monitored in sweat, including sodium
[121,122], ammonium [123], lactate [124,125], chloride
[126], and glucose [127]; these molecules and ions are clo-
sely related to human health conditions. For instance, the
excessive loss of Na" or K' can result in hypokalemia, hy-
ponatremia, or muscle cramps, and the accumulation of ex-
cess copper can lead to Wilson’s disease and kidney failure
[128]. Sweat lactate has been reported to be metabolically
related to pressure ischaemia [129]. Despite all these, it is

still a great challenge to detect the heavy metals in sweat
because of their extremely low concentration of the order of
pg/L.

Numerous flexible platforms of sweat biosensors have
been proposed and developed based on different detection
strategies in the past decade, as illustrated in Figure 13.
Sweat analysis is commonly performed by using a sweat
collector that is directly attached to the human body during
physical exercise [130]. The sweat is then extracted from the
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collector and analyzed by various selective sensors. Device-
level demonstrations are provided by using various physio-
logical indicators, such as sweat loss, pH value, and sweat
rate, along with various biomarkers, such as lactate, glucose,
chloride, and creatinine. In particular, a soft wearable mi-
crofluidic system that enables precise and routine measure-
ments of secretory fluidic pressures has been fabricated
[131]; the magnitudes of these pressures can provide insights
into the physiological health and the psychological stress
factors. A soft and thin sweat monitoring device was also
designed to store sweat and calculate the sweat rate by in-
troducing a microfluidic network with capillary bursting
valves [132]. A wearable and non-toxic pH sensor has been
fabricated to bridge the connection between the sweat pH
and sodium concentration [133]; this was an optical pH
sensor having several advantages as compared with the
classical impedance-based sensors for sweat conductivity
monitoring [134]. Moreover, Lee et al. [135] fabricated a
graphene biochemical sensor with Ag/AgCl counter elec-
trodes; this sensor showed excellent sensitivity and se-
lectivity in monitoring the various biomarkers in human
sweat.

To obtain more insightful information regarding human
health conditions, different research groups tried to develop
multiplexed sensing in human sweat samples based on bio-
sensor arrays. As shown in Figure 14(a), Gao et al. [136]
developed a fully integrated wearable sensor array to mea-
sure the detailed sweat profile of human subjects. The skin-
conforming plastic-based device had high repeatability and
excellent stability for the selective detection of multiple
heavy metals, such as Zn, Cd, Pb, Cu, and Hg. The device
contained five sensors and more than ten chips (see Figure 14
(b)), which could measure and accurately assess multiplexed
signals in sweat via signal processing of the physiological
state of the human subjects. Another wearable sweat analysis
platform was developed to extract sufficient sweat for robust

Stretch (-20%)
iy y

Humidity,
glucose and

pH

monitoring using an electrochemically enhanced iontophor-
esis interface [137], as shown in Figure 14(c). This platform
enabled a real-time assessment of heavy metals present in
sweat, such as Zn, Cd, Pb, Cu, and Hg and gave early
warnings of heavy metal exposure. Furthermore, as shown in
Figure 14(d), Huang et al. [138] introduced a material and
design strategy to integrate flexible and stretchable wireless
sensors on the functional elastomeric substrates for the epi-
dermal analysis of sweat; the colorimetric responses to the
pH values and concentrations of various ions (OH , H", Cu’,
and Fe’") provided the capabilities relevant to sweat analysis.
This platform provides a strategy to develop sensors for
monitoring a range of parameters associated with sweat and
other human body fluids. From the above description, we can
see that sweat monitoring enables the real-time assessment
of the physiological state of subjects and can provide various
profiles of human subjects who are engaged in prolonged
outdoor and indoor activities.

2.7 Other multiplexed monitoring

Generally, human lesions are accompanied by changes in
multiple physiological indicators. To improve the accuracy
of human physiological signals, multisignal monitoring is
being developed. In addition to the physiological signal in-
dicators mentioned in the previous section, blood oxygen,
blood glucose, and pulse are also important signals. Using a
comprehensive analysis of different signals [139-141], we
can obtain more accurate physiological information. Re-
cently, a multimodal sweat-based glucose monitoring device
has been developed based on the integration of pH, tem-
perature, and humidity measurements; this maximized the
accuracy of the sensing [142], as shown in Figure 15(a). A
flexible microfluidic platform with fully integrated metabo-
lites, electrolytes, and temperature sensors has also been
reported [143]. This device provides continuous and si-
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Figure 14 (Color online) (a) Photograph of a wearable device integrating the multiplexed sensor array; (b) flattened flexible device and sensor array [136];
(c) schematic showing the simultaneous multiplexed monitoring of heavy metals [137]; (d) schematic illustration of a passive wireless capacitive sensor and

the series of pictures of a sensor doped with a pH indicator [138].

multaneous measurement of temperature and sweat meta-
bolites including lactate and sodium, and it transmits the
information wirelessly. The schematic of this platform as
well as the monitored signals is shown in Figure 15(b).
Material selection plays an important role in the prepara-
tion of multifunctional monitoring sensors. By integrating
the uniform free-standing ultrathin film of single-walled
carbon nanotubes, Wang et al. [144] fabricated flexible e-
skins that can simultaneously monitor wrist pulse and muscle
movement. This sensing device demonstrated high perfor-
mance with superior sensitivity and very low detectable
pressure limit. Furthermore, Gao et al. [145] fabricated a
liquid metal-based pressure sensor that achieved an excellent
pressure detection resolution (sub —100 Pa). This sensor
provided excellent thermal stability in the range of 20°C-50°C
through temperature self-compensation. As shown in
Figure 16 (a), the real-time monitoring of pulse and various
gestures, such as touching or holding objects, were also de-
monstrated by the multiple embedded sensors. Almost si-
multaneously, materials and device concepts for
multifunctional flexible platforms have been reported [146].
Wearable biosensors based on the optoelectronic function-
ality can emit infrared and red light and backscatter from or
transmit through living tissues. Multifunctional flexible
platforms provided wireless capture and transmission of

photoplethysmograms, including the information on blood
oxygenation, heart rate, and heat-rate variability, as shown in
Figure 16(b). In addition, a wearable multiplexed force touch
sensor array has been fabricated by using the epoxy-copper-
ITO multilayer electrodes [147], as illustrated in Figure 16(c).
Wireless drone control has also been performed by using
touch and pressure sensors.

Specially designed sensors can be integrated on a bio-ab-
sorbable substrate to produce transient electronics [148-150].
These electronic devices are of great significance for medical
implants and environmental monitors because they are de-
signed to be partially or fully dissolvable in ambient en-
vironment with controlled and predictable kinetics at
predefined time scales [151]. These implantable biomedical
components are always used within or on the body surface;
flexibility is very significant to avoid the discomfort caused
by incongruity with the deformation of the organ surface.
The tensile stiffness, bending stiffness, elongation, and other
mechanical properties of these devices need to be less than or
comparable to those of the human body organs. A series of in
vivo experiments further demonstrated that the transient
devices implanted in the subdermal region of mice can be
completely degraded after three weeks without inducing
significant inflammatory reactions. The most advanced
biocompatible devices use thin films of either zinc oxide
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Figure 15 (Color online) (a) Optical image of the wearable sweat analysis patch and the characterization of individual sensors [142]; (b) schematic of the
fabrication steps of the microfluidic chip and changes in location, temperature, pH, and sodium measurements [143].

(ZnO) [152] or single crystalline silicon nanomembranes
[153,154]. For conductors, metals and metal alloys [155] are
used; for substrates, polymers and metal foils are used. Using
a transient electronic device, the researchers integrated the
diagnostic and therapeutic stretchable sensor that could
measure and map the temperature and electrophysiological
signals [156]. Recently, another fully decomposable and
biocompatible semiconducting polymer and totally disin-
tegrable flexible circuit has been demonstrated [157] (see
Figure 16(d)). These multifunctional sensors were fabricated
on a thin and bioresorbable sheet of silk to achieve a transient
effect in the organism. The material layouts and mechanical
formats provide a wide range of design space and application
scenario for implantable biocompatible devices.
Multisensor-integrated flexible electronic devices are
gaining increasing importance in the human healthcare sec-
tor. It is very important to coordinate various functional
components for the acquisition of stable and reliable phy-
siology signals. The integration level of the sensors will
improve by including multiple-information fusion and sensor
standardization, which will significantly improve the con-
venience, dependability, and utility efficiency of the flexible

electronics used for healthcare monitoring.

3 Conclusion

Flexible electronics have great potential applications in the
human healthcare sector. Current studies have mostly in-
vestigated materials, fundamental mechanics, fabrication
technologies, electronic informatics, and the functional
components for signal monitoring. This paper reviews the
applications used for monitoring various signals for human
healthcare, including temperature, pressure, sweat, bioelec-
tricity, hydration, etc. Many of the devices remain effective
only in controlled, laboratory settings, and immediate in-
dustrial applications and some fundamental mechanisms are
still lacking. Numerous opportunities and challenges remain
for future research and development of high-performance
sensors in the field of human healthcare. Human tissue le-
sions are always accompanied by a variety of physiological
signal changes; therefore, high-precision multiplexed signal
monitoring and processing technologies have become ex-
tremely important in the design of biosensors. With an im-
proved understanding of biosensors and the architectures of
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flexible and stretchable electronic devices, it will be possible
to develop more functional and powerful integrated elec-
tronic systems. This will improve public health by bringing
about revolutionary changes in long-term health monitoring
devices.
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