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Address correspondence to E-mail: wang.lei@siat.ac.cn; huilil@siat.ac.cn

https://doi.org/10.1007 /s10853-018-3171-x @ Springer


http://orcid.org/0000-0001-6819-5981
http://orcid.org/0000-0002-9593-1865
http://orcid.org/0000-0002-7366-118X
http://orcid.org/0000-0002-9740-5471
http://orcid.org/0000-0001-7397-0647
http://orcid.org/0000-0002-7033-9806
http://orcid.org/0000-0002-7245-9609
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-018-3171-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-018-3171-x&amp;domain=pdf
https://doi.org/10.1007/s10853-018-3171-x

5188

Introduction

Since their introduction in the early twenty-first
century [1], stretchable sensors have attracted sub-
stantial attention due to their unique characteristics,
such as low modulus, light weight, high flexibility,
and stretchability [2]. In addition to these character-
istics, stretchable sensors easily flag certain diseases
without requiring medical workers to connect to
smart devices, thereby not only simplifying diag-
nostic procedures but also providing health infor-
mation by monitoring body conditions. Meanwhile,
advances in wireless technologies, low-power elec-
tronics, and the digital health domain are driving
innovations in stretchable sensors for wearable
biomedical applications at a tremendous pace. Dur-
ing recent years, stretchable electronic devices for
wearable biomedical applications have seen many
remarkable achievements, such as the creation of the
e-skin [3, 4]. In terms of statistics, the wearable device
market reached US$5 billion in 2015 and is predicted
to reach US$20.6 billion in 2018.

The main objective of a highly stretchable super-
sensitive sensor is to measure and quantify physio-
logical signals that are generated by biological
activities to provide feedback about physical condi-
tion. To carry out its function, a stretchable sensor is
generally fixed on the skin surface. Hence, given their
nature as interfaces between the skin and the envi-
ronment, some stretchable sensors also undertake
environmental monitoring around a biological sur-
face, such as monitoring the humidity around a
wound. The quality of the bio-adhesion between the
sensor and skin is the determining factor in achieving
signal acquisition results and thus has become a
critical issue given that the human epidermal struc-
ture is complicated, not flat, and constantly moving.

Generally, electrodes are used to overcome this
issue by facilitating attachment to skin via a
mechanical clamp, adhesive tape, gel, straps, or
penetrating needles. These methods have limitations
in terms of comfort, ease of use, long-term wear, and
accuracy of health monitoring. Only by possessing
the characteristics of high stretchability, flexibility,
sensitivity, durability, and fast response/recovery
speeds are sensors be suitable for wearable human
motion detection, especially for detecting a large
range of motion such as that involved in joint
movement, which usually results in more than 50%
stretchability deformation [5]. However, traditional
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metallic and semiconducting sensors only withstand
very limited stretchability before fracture. Thus, they
are not suitable for stretchable applications [6-8].
Continued rapid progress with diverse flexible and
stretchable substrates [9, 10], novel mechanically
durable materials [11-13], deformable electrodes and
novel processing technology [14-16] is promising for
the development of stretchable sensors in the near
future.

In recent years, the rapid development of new
materials and structures [17-20] has resulted in sig-
nificant progress in the achievement of highly
stretchable supersensitive sensors for wearable
biomedical applications. Stretchable sensors have
proven to be an important step in achieving a major
breakthrough in intelligent healthcare [21, 22]. Highly
stretchable supersensitive sensors have been widely
used for many wearable biomedical applications,
such as human body motion detection [23, 24],
human body sign monitoring [25-28], and environ-
mental monitoring around biological surfaces [29].
Taken a step further, stretchable sensors protect
human health in a real-time, safe, and comfort-
able manner. With the development of materials and
processing technology, stretchable sensor technology
will become more mature. Undoubtedly, monitoring
human health and the environments around biolog-
ical surfaces will facilitate a healthier lifestyle.

Given the efforts of an increasing number of
researchers, there have been many research achieve-
ments with stretchable sensors for wearable
biomedical applications. The large number of
research achievements brings a certain degree of
inconvenience for researchers in the process of
acquiring relevant information. Several excellent
overviews of recent achievements with flexible and
stretchable sensors are available [3]. However, a
detailed overview of recent progress with highly
stretchable supersensitive sensors for wearable
biomedical applications has not been reported. Thus,
this review focuses on recent developments regard-
ing highly stretchable supersensitive sensors for
functional applications and considerations in
achieving stretchability. The first section introduces
the functions of stretchable sensors, especially recent
achievements. In the second section, we review the
latest successful examples that have solved the
problem of large-range stretchability with techno-
logical innovations and material renewal. The third
section gives a detailed overview of recent progress
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regarding processing technology for human activity
monitoring and personal health care. Problems and
future development trends in the field of stretchable
sensors for wearable biomedical applications are
discussed in the final section.

Functions of stretchable sensors

To satisfy the requirements of various individuals,
the functions of stretchable sensors have gradually
trended toward diversification, including body tem-
perature detection [30], heart rate monitoring [31],
and muscle movement monitoring [32]. These func-
tions help people fully understand their own physical
condition in real time and identify the initial symp-
toms of diseases in a timely manner to avoid missing
optimal treatment windows. In this paper, the func-
tions of stretchable sensors are divided into three
categories: human body motion detection, vital sign
monitoring, and environmental monitoring around
biological surfaces (Fig. 1). Table 1 provides a list of
several stretchable sensors attached or laminated to
various positions of the human body, along with
their corresponding monitored electrophysiological
activity and acute physiological responses to improve
our understanding of physical condition.

Stretchable sensors for human body motion
detection

Movement is an essential part of people’s daily lives.
However, some bad habits have a substantial influ-
ence on health. For example, smartphones provide a
new approach to studying and entertainment. How-
ever, their use has resulted in a high incidence of
phubbing, which is a type of spinal cord injury. There
is no doubt that human health will improve if such
problems are solved properly, and stretchable sen-
sors provide a ray of hope. Moreover, as their
application evolves, stretchable sensors will provide
people with more quality products and better
services.

The measurement mechanism used by stretchable
sensors for movement monitoring is based on chan-
ges in voltage/current/resistance upon stretching, as
shown in Fig. 2. In the context of people’s daily lives,
movements are classified into two categories: large-
scale motions, which include bending movements of
the joints, waist and spine [40], and small-scale
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motions, which include subtle movements of the face,
chest, and neck during emotional expression, swal-
lowing, and speaking. Aiming to monitor motions
with different scales, the requirements of stretchable
sensors change as different scales of strain are
detected. In contrast to large-scale-motion monitoring
sensors, small-scale-motion monitoring sensors not
only must have sufficiently high sensitivity to detect
variations in strain of a few percentage points or less
but also must be stretchable to make conformal con-
tact with the skin with high signal quality. Lan Liu
fabricated a graphene/silver nanoparticle (NP) syn-
ergic sensor with extremely high sensitivity and a
detection limit of 0.5%. To solve the problem arising
from the addition of rigid fillers into the matrix,
which leads to an increase in the stiffness of the
composite [41], this sensor employed a sandwich
structure that contains two conductive layers on the
top and bottom and graphene/sliver nanoparticle/
thermoplastic polyurethane as an insulating layer in
the middle, ensuring both initial conductivity and
stretchability. This sensor accurately captures extre-
mely small strain from muscle motion during speech,
and the relative resistance change is presented in
Fig. 2b. Lee [35] made progress on a small-strain
sensor that detects small strains on the skin of a
human face that are induced by the minute move-
ments of muscles related to facial expressions in
response to emotions and eyeball movements
(Fig. 2¢). Experiment showed that the stability of
sensor responses was primarily affected by single-
wall carbon nanotubes (SWNCTs), and the sensitivity
of the stacked nanohybrid strain sensor was primar-
ily determined by the formation of electrical junctions
between SWNCTs and PEDOT phases in the poly-
urethane-poly(3,4-ethylenedioxythiophene)
polystyrenesulfonate (PU-PEDOT:PSS) composite.
Hence, the PU-PEDOT:PSS (bottom)/SWNCT /PU-
PEDOT:PSS (top) structure was selected to guarantee
the high sensitivity and stability of the sensor.

For large-scale movement monitoring sensors,
large-scale stretchability, and fast response/recovery
speeds are expected. Some remarkable sensors with
large-scale stretchability were developed by explor-
ing new materials and novel technologies [42]. Gao
[8] fabricated a large-scale strain sensor that easily
records and discriminates various knee-related
motions, including knee flexing/extending, walking,
jogging, jumping, and squatting-jumping, by virtue
of the distinctly differentiated patterns of response
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Figure 1 Functional recently developed
stretchable sensors for wearable biomedical applications.
Stretchable sensors for human body motion detection: a voice
monitoring [33], b monitoring shoulder movement [34],
¢ monitoring human emotion [35], d monitoring joint movement
[10]. Stretchable sensors for environmental monitoring:
curves (Fig. 2d, e). However, attaining the combina-
tion of high sensitivity to tiny deformations and
broad sensing range is a large obstacle. Stretchable
sensors have overcome this obstacle through techni-
cal progress. Yamada [42] introduced a new type of
stretchable electric nanomaterial that consists of
aligned single-walled carbon nanotube thin film that
deforms when stretched in a manner that is similar to
the structural deformation of string cheese when
peeled. This stretchable sensor is used not only to
precisely monitor large-scale and rapid human
motion (Fig. 2f) but also to detect typing and
phonation (Fig. 2g). Such progress facilitates the
fabrication of a stretchable sensor that realizes the
detection of a full range of human activities, from

single functions to complex human body movements
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e monitoring humidity [29], £ monitoring perspiration [36],
g monitoring gas [37]. Stretchable sensors for personal
healthcare: h core body temperature detection [28], i heart pulse
monitoring [4], j blood vessel monitoring [38], k pulse monitoring
[39].

that involve tensile strain, bending, and twisting.
Meanwhile, stretchable sensors for human body
motion detection are undergoing constant improve-
ment. The functions of stretchable sensors for human
body motion detection play an important role in
diagnosing damaged vocal cords, monitoring
Parkinson’s disease, determining the degree of
change in spinal posture, analyzing facial expression
changes, and detecting posture and movement.
Meanwhile, some wearable biomedical sensors
about tracking patients with Parkinson’s, epilepsy as
well as detecting sudden falls have acquired some
outstanding achievements. Son [56] developed a
wearable sensor for the Parkinson’s (Fig. 3a—c); this
device can measure tremors using silicon
nanomembrane strain sensors when Parkinson’s
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Table 1 Comparison of wearable stretchable sensors in personal health care
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Purpose

Position of human body

Type of sensor

Material

Limitation

Body motion

Temperature

Heart rate

Respiration
rate

Blood pressure

Pulse

oxygenation

Blood glucose

Gas

Humidity

Joint, wrist, spine, face,
chest, neck

All body

Wrist, neck, chest

Nose, mouth, chest

Wrist, neck

Finger, earlobe, forehead,

wrist

Skin, eye

Mouth

Wound

Resistance [42]
Tremors [56]
Accelerometer sensor [177]

Pyroelectric temperature
detectors [45]

Resistive temperature detectors

[46]
Thermistors temperature
detectors [47]
Piezoresistance [62]

Humidity sensor [64]

Tunneling piezoresistance [66]

Volume sensor [71]
Capacitive [38]
Piezoelectric [80]
Piezoresistive [81]
Optical detection [82]

Noninvasive glucose sensor

[84]

Invasive glucose sensor [89]

Conductivity sensor [93]
Chemical gas sensor [94]
Humidity-sensitive resistor

Single-walled CNT
Silicon nanomembrane

PDMS-CNT/P(VDF-
TrFE)/graphene
Cr/Au

Graphene/silver nanowires/
PDMS
Polymer transistor

WS,

CNT/PDMS

PPy/PU

Graphene

PZT/MOSFET
PEDOT:PSS/PUD/PDMS
OLEDs/OPD

Ag/AgCl/Prussian Blue

Ti/Pd/Pt

Graphene oxides
PANI/AgNWSs/PET
WS,

Large-scale
stretchability, fast
response/recovery
speeds, sensitivity

Response and
relaxation times

Adhesiveness, signal
transmission stability
adhesiveness

Esthetics, comfortable

Sensitivity

Near-infrared OLEDs
stability, overall
efficiencies

Enzymatic stability

Response time

Responsivity, response

[64]

Humidity-sensitive capacitor

[107]

time, relaxation time,

Graphene oxide and stability

disease patient wears the current multifunctional
devices. And then the tremors data will be analyzed
and categorized into specific disease mode, and the
corresponding feedback therapy, namely drug
delivery from mesoporous-silica nanoparticles will
proceed transdermally at optimized rates through
thermal stimuli (heater). The skin temperature will be
simultaneously monitored (temperature sensor) to
prevent skin burns during thermal control of the
drug delivery rate. Burns [177] wused triaxial
accelerometer-based fall sensor can accurately sense
the movement of the patient’s hands and feet. The
specially developed quantitative evaluation algo-
rithm analyzes the severity of the symptoms such as
tremor and bradykinesia in real time. It is said that
the biggest feature of Parkinson’s disease is the

appearance of gait and movement disorders. People
will experience dizziness, inability to walk normally,
and changes in speech sounds, and these characteri-
zations can be received by sensors such as gyro-
scopes. So it is very suitable for detection with
wearable devices.

Guan [178] used the principle of short-chain IL
species, and small fiber gaps/liquid volume could
yield stretchable liquid bridges with stable TCL,
making a wearable stretchable sensors by the way of
stretchable conductors attached to curved, textured
surfaces of human body and in clothes for strains of
muscles and skins to monitor the muscle movement
driven (Fig. 3d—f). Sungmook [179] showed wearable
fall detector using integrated sensors and energy
devices (Fig. 3g—i); this device improves stretchable
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Figure 2 Applications of wearable sensors for human body
motion detection. a A small-scale strain sensor is attached to the
human neck to monitor muscle motion during speech;
b responsive resistance-time curve for the strain sensor under
voices saying “Hi, how are you” [33]; c¢ the acquired time-
dependent AR/R, responses of laughing and crying detected via
small-scale sensors with high sensitivity, which are attached to the
forehead and the skin near the mouth [35]; d digital photograph of

energy harvesting and storage units based on
requirement of integrated systems. The integrated
system successfully detects a fall from normal daily
motions and sends an immediate alarm wirelessly.
Xie [180] reported a wireless ECoG recording system
with a flexible and biocompatible electrode device
with an array of 32-microelectrodes (Fig. 3j). Based
on some epilepsy treatment experiments, ECoG sys-
tem can record brain activity and perform electric
stimulation wirelessly, demonstrating its potential for
broad applications.

Stretchable sensors for vital sign monitoring

Vital signs are crucial parameters for evaluating
human health [43]. Consider the example of tem-
perature: abnormal body temperature indicates that
some system of human body is work improperly
because of increased heart burden, physical over-
draft, loss of consciousness, and other reasons.
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a large-scale sensor that is attached to the human knee to monitor
motions; e the relative curves for large-scale strain sensors in
response to flexing/extending, walking, jogging, jumping, and
squatting-jumping motions [8]; f photographs of a bandage strain
sensor that is attached onto the knee to monitor large-scale
movements; g a bandage strain sensor is applied to monitor small-
scale motions, including breathing and phonation [42].

Therefore, it is essential to establish an effective sys-
tem for vital sign monitoring to provide timely
information to a doctor and avoid sudden incidents.
It is well known that the optimal cure times for var-
ious diseases are different, representing a great
challenge in the practice of traditional medicine. For
example, the optimal rescue time for heart disease
patients is 4-6 min. If a patient does not receive
treatment within 1 h, they will face serious hazards.
However, despite the urgent need, there remains a
significant challenge in providing treatment to
patients within the confines of traditional medical
practice in such a short period of time. Fortunately,
stretchable sensors for vital sign monitoring are
easily worn by patients for long-term monitoring
while remaining comfortable and maintaining high
accuracy in real time. In addition, elderly people
suffer from a high incidence of disease but dislike
medical equipment with complex operations.
Stretchable sensors, which are characterized by their
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simplicity of use, are highly suitable for elderly
people. The major monitoring objects of stretchable
sensors are body temperature, heart rate, respiration
rate, blood pressure, pulse oxygenation, and blood
glucose [44]. Vital signs do not include pulse oxy-
genation and blood glucose, but these parameters are
widely used in medical diagnosis. Therefore, pulse
oxygenation and blood glucose will also be discussed
in this section.

Temperature

Temperature, the first vital sign, provides important
information about human health. Flexible and
stretchable temperature-monitoring sensors are
attracting increased attention for biomedical appli-
cations because they provide real-time monitoring in
a comfortable manner on wrinkled and stretchable
skin. Usually, body temperature is measured via
pyroelectric temperature detectors [45], resistive
temperature detectors (RTD) [46], and thermistors
temperature detectors [47], which are shown in
Fig. 4. The measurement mechanism of pyroelectric
temperature detectors is as follows: two different
components of the conductor are inserted into the
circuit at both ends of the circuit, and electromotive
force is produced in the loop when their tempera-
tures at the joint point are different. This electromo-
tive force, which 1is called the thermoelectric
potential, along with generated thermoelectricity is
used to measure the temperature. Making use of this
measurement mechanism, pyroelectric devices with a
metal /insulator/metal (MIM) structure based on
poly(vinylidene fluoride) (PVDF) or poly(vinyli-
denefluoride-co-trifluoroethylene) (P(VDE-TrFE))
have been developed in recent decades. However,
these devices are fabricated on rigid substrates and
thus do not meet the requirements for a high degree
of comfort. Sang-Woo Kim [45] fabricated a highly
stretchable hybrid nanogenerator that includes three
layers: PDMS-CNT acts as the bottom electrode,
P(VDF-TrFE) as the piezoelectric and pyroelectric
material, and graphene as the top electrode (Fig. 4a).
The hybrid device is designed with a microline pat-
terning architecture to increase the flexibility,
stretchability, stability, durability, and robustness of
the pyroelectric temperature detectors. The materials
and structure that are used to construct the pyro-
electric temperature sensor to avoid the metal elec-
trodes have very low stretchability/flexibility. The
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working mechanism was discussed in which a heat-
ing process is applied to the device, thereby leading
to decreases in the electric dipoles and voltage
(Fig. 4c—e). The remarkable robustness of this device,
even after stretching, is demonstrated by the experi-
mental results (Fig. 4f).

The RTD senses the change in electrical resistance
of the conductive metal as the temperature changes.
Several common pure metal materials are applied
during the construction of the RTD, including cop-
per, platinum, and nickel [46]. John A. Roger [46]
introduced a precision RTD with an ultra-thin, com-
pliant, skin-like array, which is pliably laminated
onto the epidermis to provide continuous, accurate
thermal characterizations. This device is mounted
directly onto the skin and follows skin deformations.
High flexibility and stretchability are essential fea-
tures of this device. To achieve these features, Cr and
Au, with thicknesses of 5 nm and 50 nm, respec-
tively, were selected together as the resistive material
of the noninvasive RTD sensor. The resistive material
was designed as a filamentary serpentine mesh to
improve flexibility and stretchability (Fig. 4g, h). The
precision of this device was explored by comparing
different numbers of devices. Experimental results
show that when the number of devices was 222 and
50, the corresponding precision was 12 Mk and 8 Mk,
respectively, demonstrating that the precision of this
device was dependent on the number of devices. A
4 x 4 RTD sensor array was applied on the palm to
explore the relationship between the distribution of
skin temperature of the human body and men-
tal/physical stimuli (Fig. 4i). Figure 4j, k shows the
variations in skin temperature during the application
of mental and physical stimuli. Based on Fig. 4j, k, the
results obtained with this device are nearly identical
to the averaged data from a neighboring region in the
infrared image. The results proved that an RTD
sensor array with high precision and mapping
capability was capable of monitoring of cardiovas-
cular health, cognitive state, malignancy, and many
other important aspects of human physiology.

The thermistor temperature detector is similar to
RTD: the sensing mechanism of the thermistor is also
based on the change in the electrical resistance of the
sensing material with temperature. However, a
thermistor is a semiconductor material, which usu-
ally has a negative temperature coefficient; that is to
say, the resistance decreases with increasing tem-
perature. Lee [47] fabricated a stretchable graphene

@ Springer
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<«Figure 3 Applications of wearable sensors. a Wearable memory
array consisting of a TiO, NM—Au NPs-TiO, NM switching layer
and Al electrodes (top left inset: layer information). The memory
array was transfer-printed on the bottom side of an elastomeric
hydrocolloid skin patch. The electroresistive heater/temperature
sensor was fabricated on the top-side of the patch, with the Si
strain sensor on the opposite side. The m-silica NP array was
transfer-printed on the hydrocolloid side of the patch; b, ¢ strain
sensor is attached to the human skin with stretching and folding
[56]; d schematic illustration of a Parkinson’s patients with
shaking in the wrists and/or difficulty in walking. e By sewing the
two fibers into the routine wrist support, stretching of skins and
muscles associated with routine human motions could be
monitored in real time and in situ. f The plot of the resistance
of IL/fibers as a function of time [178]. g The single pouch cell.
h Pictures of wristband-type LIB before (bottom) and after
~ 100% stretching (top). i Temporal changes of the vector sum
during various movements of the subject. j A photograph of the
ECoG electrode device, clearly showing its flexibility.

thermistor temperature sensor using a lithographic
filtration method. Three-dimensional (3D) crumpled
graphene was used for the thermal detection chan-
nels, and highly conductive silver nanowires were
used as electrodes (Fig. 41, m). To achieve stretcha-
bility, all electrodes and detection channels with
serpentine were fully embedded inside a poly-
dimethylsiloxane (PDMS) matrix, and this device
maintained thermal sensing properties when the
stretchable strain reached 50% (Fig. 4n). In addition,
the stretchable sensors demonstrated mechanical
robustness and strain-dependent resistance (Fig. 40—
q). Nickel oxide and nickel microparticles also have
been demonstrated to qualify as thermistor materials
[48].

In summary, flexible and stretchable body tem-
perature sensors have been investigated by
researchers all over the world, and many achieve-
ments have been made in this field. Undeniably,
certain urgent problems remain to be solved to meet
the requirements of high accuracy and timeliness for
body temperature monitoring. These problems
include the response and relaxation times of pyro-
electric temperature detectors, the large-scale
stretchability of the RTD, and the strain dependence
of thermistor temperature detectors. In addition to
temperature sensors used for the three applications
described methods, there are other temperature sen-
sors with high sensitivity, such as the diode
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temperature sensor and the polar groups of the
dielectric-induced charge-trapping temperature sen-
sor [49].

Body temperature sensors are usually positioned
on the arm and chest. Hence, there is a gap between
the recorded temperature and the body-core tem-
perature because body surface temperature changes
with the temperature of the environment. For exam-
ple, the body-core temperature is approximately
37 °C under normal conditions, while the body sur-
face temperature is only 32 °C in a room with a
temperature of 25 °C. Therefore, in the field of tem-
perature research, measurement and monitoring of
body-core temperature are prioritized. Rogers [28]
proposed a method based on a theoretical approach
together with a modeling algorithm, yielding a core
body temperature from multiple differential mea-
surements from temperature sensors that are sepa-
rated by different effective distances from the skin.
This method greatly contributes to the determination
of body-core temperature using flexible sensors and
provides potential future research areas.

Heart rate

Heart rate (HR) or pulse is defined as the frequency
of the cardiac cycle and is expressed in beats per
minute (b.p.m.). HR is a necessary item in physical
examinations, and its importance is self-evident
because abnormal HR indicates that something is
wrong with the human body, such as heart disease or
myocardial infarction. Therefore, there is an urgent
need to fabricate a wearable heart monitoring sensor
that monitors HR accurately and in a timely manner.
The measurement part of a stretchable sensor is
normally fixed on the radial artery at the wrist or
carotid artery at the neck or chest. Electrocardiogra-
phy (ECG) [50-53], a conventional method for mea-
suring HR, has been applied widely. As a key bio-
signal, ECG requires constant monitoring via a con-
nection with a bioelectrode that consists of a durable
skin adhesive and a stretchable circuit [54-56]. In
general, the bioelectrode that is connected to the ECG
device to monitor HR is a gel-type silver/silver
chloride (Ag/AgCl) electrode. While Ag/AgCl elec-
trodes have been widely used, their use has been
limited by skin irritations such as itching or ery-
thema. Moreover, people only feel comfortable with
human motion in daily life at a bioelectrode defor-
mation of less than 30% [42]. Hence, the Ag/AgCl
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<«Figure 4 Stretchable temperature Pyroelectric
temperature detectors: a schematic illustration of the device,
which includes three layers (from top to bottom): the graphene
layer, the P(VDF-TrFE) layer, and the PDMS-CNT layer.
b Schematic diagram of the pyroelectric process under a thermal

SEnsor.

gradient. ¢ Responsive voltage-time curve under a thermal
gradient (heating and cooling). d, e Schematic illustration of
electric signal under the application of release and a heating
gradient due to dipole movement from the equilibrium position,
with the application of heating and compressive strain due to
dipole fluctuations from the equilibrium position. f Simulation
results of temperature fluctuation for the original-state device and
a 30%-strained device [45]. Resistive temperature detectors: g,
h Schematic illustration of a 4 x 4 RTD sensor array with a
serpentine that is laminated on human skin under relaxation and
deformation states. i Infrared image of a 4 x 4 RTD sensor array
that is adhered to the palm. j, k The temperature changes of the
palm were measured using an infrared camera (blue) and a sensor
array (red) under applied mental (j) and physical stimuli (k) [46].
Thermistor temperature detectors: 1, m schematic illustration of
stretchable graphene thermistors under relaxed and twisted states.
n Optical images of a stretchable graphene thermistor under
applied 0% and 50% strains. o Responsive voltage—current
relationship of the thermistor under a relaxed state in the
temperature range of 30-100 °C. p Resistance variation with
temperature, which shows a nonlinear relationship. q Dependence
of In(R) on 1000/T, which shows a linear relationship [47].

electrode does not satisfy the requirements for long-
term wear. The Ag/AgCl electrode also dries over
time, resulting in a sharp drop in signal quality. To
overcome this problem, Jeon [57] fabricated a single
stretchable and conductive dry adhesive to replace
the Ag/AgCl electrode, which combines a gecko-in-
spired hierarchical structure and an elastomeric car-
bon nanocomposite. The conductive dry adhesive
pad also employs gecko-inspired structures that
consist of micro- and nanopillars (Fig. 5a) to repeat-
edly adhere to and detach from the rough surface of
human skin (Fig. 5b). Then, a 1D-2D carbon hybrid
filler system is introduced to enhance the electrical
percolation. Figure 4c shows that the conductive dry
adhesive pad is highly stretchable and bendable due
to the conductive elastomer, which is composed of
carbon nanofillers and PDMS. Unlike the conven-
tional ECG electrode, this electrode is self-cleaning,
which makes it semipermanently reusable by simply
washing off the dust on its surface without pattern
damage. Figure 5d—f shows the obtained ECG signals
under different conditions and movement states
using this electrode to connect to the ECG device. Lee
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[58] fabricated a carbon nanotube (CNT)/poly-
dimethylsiloxane (PDMS) composite-based dry ECG
electrode that is readily connected to conventional
ECG devices and demonstrated its long-term wear-
able monitoring capability. The effects of the mixing
ratio of CNT and PDMS, diameter and thickness were
investigated to achieve CNT/PDMS prepolymer
dispersion with excellent properties. This group
demonstrated that a larger electrode measured ECG
signals better than a smaller electrode. Unlike the
significant effects of CNT wt% and diameter, the
effects of thickness were low, which is consistent with
the conductivity tests (Fig. 5f). In addition to the
CNT/PDMS composite-based dry ECG electrode,
other similar wearable ECG configurations have been
used with flexible capacitive electrodes [59], metal
ink electrodes [53], and embroidered textile elec-
trodes to solve the problems of the gel-type Ag/AgCl
electrode in terms of skin irritation and inaccuracy
after drying.

In the above ECG monitoring system, the sensors
are only flexible and stretchable in the electrode
section, and flexibility and stretchability of the entire
system is not achieved. Due to great advances in
flexible and stretchable materials and technology, an
ECG monitoring system with flexibility and stretch-
ability has been successfully developed. Rogers [60]
fabricated an ECG system composed of electrodes,
circuits, and radios for wireless communication in a
soft microfluidic assembly. This complete ECG sys-
tem consists of a novel structure in which all com-
ponents are connected by serpentine-shaped metal
(Fig. 6d) and suspended in the surrounding fluid.
Due to this structure, the complete system is flexible
and stretchable (Fig. 6a—c). This device measured the
ECG signal that is shown in Fig. 6e, f.

Plethysmography is another effective method for
monitoring HR and has the advantages of simplicity,
reliability, and low cost. Plethysmography methods
include photoplethysmography (PPG) [61] and the
piezoelectric effect [62]. The principle of PPG is to
optically detect changes in the blood flow volume in
the microvascular bed of tissue via reflection from or
transmission through the tissue. Techniques for PPG
require hard photoelectric modules, which are tightly
attached to the skin, e.g.,, on the fingers, with a
specified penetration depth. For reasons that are
stated above, this HR monitoring system is not
appropriate for long-term ordinary daily use due to
the inconvenience of the user experience, especially
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Figure 5 Flexible and stretchable dry electrodes, connected to
ECG. a Photograph illustration of the gecko-inspired hierarchical
structure of the conductive dry adhesive and its application to ECG
electrodes. b Digital image of a conductive dry adhesive with high
adhesion that handles 1 kg of weight. ¢ Digital images of
conductive dry adhesives with high stretchability and
bendability. d ECG signals using conductive dry adhesives
under normal conditions and an immersed condition (red box
inset: magnified view of the measured ECG wave, with the P,

at night. Some researchers revealed that the principle
of plethysmography applies equally well to stretch-
able pressure sensors [62]. The principle underlying
the use of pressure sensors to monitor HR is that the
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QRS, and T waves identified). e Series of ECG signals obtained
using conductive dry adhesives under various movement
conditions (i.e., wrist curl, squat, and writing) [57]. f ECG
signals that were measured using 36 types of CNT/PDMS
electrodes. The control parameter is CNT concentration: 1.0, 1.5,
2.0, and 4.5 wt%. For each case, the thickness and the diameter of
the CNT/PDMS electrodes were modulated as follows: thickness
(1, 2, and 3 mm) and diameter (20, 30, and 40 mm) [58].

pressure sensor records the waveform of blood
pressure when it is attached on the radial artery or
carotid artery, and HR is calculated from the number
of signal periods. Unlike PPG, a hard photoelectric
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Figure 6 Flexible and stretchable complete ECG system. a Image
of'a complete ECG system with colored dashed boxes that identify
various subsystems. b, ¢ Images of this system under b stretched
and c twisted conditions. d Image of the serpentine-shaped metal

module is not essential for pressure sensors. Pressure
sensors are tightly attached to the skin in a flexible
and stretchable manner for HR monitoring. Bao [62]
used a pressure-sensitive polymer transistor as a
stretchable pressure sensor to continuously monitor
the radial artery pulse wave (Fig. 7a—c). The HR is
determined from the calculated pulse waveform.
Similarly, Pan [63] presented a novel droplet-based
pressure sensor that uses elastic and capacitive elec-
trode-electrolyte interfaces to record the blood pres-
sure wave of the carotid artery under the application
of a gentle contact force (Fig. 7d, e). In addition to
recording the blood pressure waveform, the pressure
sensor is attached to the chest to record the pressure
waveform of the heartbeat. Sun [8] developed a gra-
phene-based composite fiber with a “compression
spring” architecture to capture the heart beat signal
(Fig. 71, h).

Respiration rate

Respiration is defined as the process of gas exchange
between the body and the external environment.
During the process of respiration, oxygen is inhaled
and carbon dioxide is released. The optimum fre-
quency of respiration of an adult is approximately

Time (s)

10 15 20 19 192 194 196 198 20
Time (s)

that is used to connect all subsystems. e, f ECG signal that was
acquired using a device mounted on the sternum. The graph on the
right provides a detailed view that shows the expected Q, R, and
S waveforms [60].

6.4 s during relaxation. The respiration rate during
exercise is accelerated to a variable extent, and the
respiration intensity is increased compared the res-
piration rate during relaxation. An abnormal respi-
ration rate may indicate that the human body is
sickened by respiratory disease, coronary heart dis-
ease, myocarditis, or pericarditis. The sensors are
placed next to the nose or mouth to detect the res-
piratory airflow signal. Then, the respiration rate is
determined based on changes in air temperature,
humidity, airflow pressure, or carbon dioxide con-
centration during respiration [64, 65]. Li [64] used a
stretchable humidity sensor that is based on a large-
area polycrystalline few-layer WS2 film, which was
synthesized by metal sulfurization, to monitor
human respiration in real time. This device efficiently
followed relatively fast (~ 1s) or slow (~ 55)
breathing (Fig. 8b), which suggests its potential
application for mask-free monitoring of the respira-
tion rate. Ko [66] designed flexible electronic skins
that are based on composite elastomer films that
contain interlocked microdome arrays and display
very large tunneling piezoresistance (Fig. 8c). This
electronic device, which demonstrates high sensitiv-
ity to pressure, sensitively monitors airflow pressure
during breathing. Figure 8d shows that this
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based ultra-high-sensitivity sensor attached to the carotid artery.
e The waveform signal from a real-time transient of the carotid
artery [63]. f Wearable sensor attached to the chest to monitor HR.
h Response curves of a wearable sensor on the chest under
relaxation and exercise conditions [8].
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Figure 8 Sensors placed near the mouth for monitoring
respiration rate. a Sensor is attached under the nose to monitor
respiration by detecting moisture in the breath. b Sensor responses
to relatively slow and fast respiration rates of the volunteer when
the device is attached under the volunteer’s nose [64]. ¢ Schematic

diagram of the working principle of respiration monitoring. When

@ Springer

e e R s P

~

v

Time (s)

air flows through the surface of the sensor, the external pressure
concentrates stress at the contact spots, thereby deforming the
microdomes, which in turn causes increases in the contact area and
the tunneling currents. d Image of the sensor attached to the front
of a volunteer’s nostrils to monitor HR. e Response curves of
resistance from human breathing [66].
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electronic device was attached to the front of the
nostrils, and periodic breathing generated reliable
and stable changes in resistance (Fig. 8e). Although
these sensors accurately measure respiration rate
when placed near the nose and mouth, they are
limited by being conspicuous and less comfortable. In
general, few people are willing to use these sensors to
monitor their respiration rate for a long period of
time.

To investigate a comfortable method to monitor
respiration rate, researchers focused the placement of
the sensor on the torso rather than the face. An
important feature of respiration is the expansion and
contraction of the chest and abdomen (Fig. 9a)
[67, 68], which provides a means for the change in
volume to be transduced into an electrical signal.
Based on the periodic deformations of the chest wall
during the physiological movements of respiration,
Khine [69] presented a wrinkled platinum strain
sensor with tunable strain sensitivity (Fig. 9b). The
possibility of using such a sensor for real-time res-
piratory monitoring by measuring chest wall dis-
placement and correlating it with lung volume has
been demonstrated (Fig. 9¢, d). Wang [70] reported a
new membrane-based triboelectric sensor (M-TES) as
a self-powered approach. This sensor generates a
voltage that is induced by surface triboelectric char-
ges in response to air pressure changes. This system,
which includes a wireless security system, is built by
integrating an M-TES, an air bag, and a processing
circuit (Fig. 9e). The air bag is placed on the abdo-
men. The M-TES checks the air pressure change in
the air that follows the expansion and contraction of
the abdomen and obtains respiration rate signals in
real time, as shown in Fig. 8f, g. Wang [71] fabricated
a belt that embedded a stretchable conductive poly-
pyrrole/polyurethane (PPy/PU) elastomer. The con-
ductivity of this elastomer changes when stretched.
Abdominal expansion and contraction during respi-
ratory activity results in PPy/PU elastomer elonga-
tion. When being stretched, the conductivity of this
elastomer changes. Hence, the respiration rate is
determined from the resistive change waveform. The
elongation and sensitivity of the waistband-like
human breath detection sensor are shown in Fig. 8i.
In addition to volume changes of the chest or abdo-
men, changes in the trachea during respiration have
attracted attention. Lee [72] developed a new type of
transparent, stretchable, and ultrasensitive strain
sensor that is based on a AgNW/PEDOT:PSS/PU
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nanocomposite. This sensor is placed on the neck to
detect changes in the trachea (Fig. 9j). There were
significant differences between the signals that were
generated during inhalation and exhalation, as
shown in Fig. 9k. These sensors are attached on the
body directly. Hence, the comfort of the wearable
device is crucially important for users.

Based on the volume changes in the chest and
abdomen during breathing, many respiration rate
sensors take advantage of conductive textile tech-
nology to build the sensing elements directly into the
textile. Kennon [73] used a textile-based strain sensor
to create a respiration belt. This device was realized
by bringing together a knitted sensor and a relatively
inelastic textile strap. As the textile is stretched, the
contact area between the conductive fibers is
reduced, and the resistance increases. Figure 10a
shows knitted loops of conductive fibers and high-
lights the contact areas, and Fig. 10b shows a belt that
contains the resistive sensor. The changes in resis-
tance during respiration are shown in Fig. 10c. Zhu
[23] fabricated electronic skin, which was constructed
from graphene woven fabrics, PDMS, and medical
tape. This device, which is highly sensitive, detects
weak respiratory activity (Fig. 10d). Moreover, the
device is sufficiently wearable and biomedically
compatible for placement inside clothing around
human skin without causing any irritation. Guo [74]
designed a garment-based sensing system for the
long-term monitoring of breathing rhythm (Fig. 10e).
To overcome posture artifacts, this garment was
integrated with two piezoresistive sensors placed on
two different moving parts of the body. Figure 10f
shows the respiration waveform. Tao [75] fabricated
notched POF fabric strain sensors and integrated
them into a belt for respiration monitoring (Fig. 10g).
Min [67] proposed a simplified structural textile
capacitive respiration sensor for a respiration moni-
toring system, which was composed of conductive
textile and polyester (Fig. 10h, i). Figure 10j shows
the experimental setup. During the monitoring pro-
cess, respiration rate is determined by the distance
changes between two textile plates in the TCRS,
which measures the force from abdominal diameter
changes with respiratory movement. The obtained
breathing signals are shown in Fig. 10k. This textile
sensor achieves excellent performance for monitoring
respiration rate. However, some problems persist,
such as cleaning methods and manufacturing for
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Figure 9 Respiration rate monitoring sensors based on volume
changes: a Image of volume changes in the chest and abdomen in
response to inhalation and exhalation [67]. b Flexible wPt sensor
attached to the intercostal muscles to measure chest wall
displacement caused by respiration. ¢ The sensor signal that is
generated by chest wall displacement during respiration.
d Comparison of sensor data to spirometer reading; the
similarity reaches 95% [69]. e A complete system for respiration
monitoring, which includes a processing circuit, an alarm
apparatus, the M-TES and an air bag. f An image of respiration

different people. However, we believe that these
problems will be properly addressed in the future.

Blood pressure

Blood pressure is one of the most important health
indices of the human body. The normal range for
systolic pressure is between 90 and 140 mmHg, and
the normal range for diastolic pressure is between 60
and 90 mmHg. Blood pressure is inherently variable,
and ambulatory measurement of blood pressure is
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detection by utilizing the M-TES. g Output voltage signals of the
M-TES at a breathing rate of 32 breaths per minute [70].
h Schematic diagram of the waistband-like human breath detection
sensor, which was built from the PPy/PU elastomer. i Elongation
and sensitivity of the waistband-like human breath detection sensor
[71]. j Stretchable and transparent strain sensor for monitoring
breathing via attachment to the neck. k Resistance change (AR/R)
from the nanocomposite strain sensor during inhalation and
exhalation [72].

the best way to predict clinical outcomes, especially
during the night. Sphygmomanometers cannot be
carried by people. Thus, they do not meet the
requirements for ambulatory measurement. A pres-
sure sensor is placed on the artery via the finger to
measure the blood pressure, and the measurement
result is displayed as a waveform. Peak and trough
values correspond to systolic and diastolic pressures,
respectively. Another function of the complete pulse
pressure waveform of blood pressure is that it



J Mater Sci (2019) 54:5187-5223

Buttons / “‘ “‘ [
’»‘J \ - \ {
= ] (‘ \
i 4
mﬂ‘ Attachable Box

(2

@

Capacitance
Measurement Circuit

5203

" 0.9 omf
el
¢ ) s
06{ ” : Som N
|
'S IH""}::Asnr
= i ] | Time ()
& 031 L ‘““‘l'?{"”w”“‘u‘w"'ﬂ‘H““‘”f‘ “w'ﬂ""\l“}ly'wu“n"’ht mim
g B ML R VT
~ Breathing rate recovery
0.0
Normal breathing rate
0.3
T v T v v T T
0 20 40 60 80 100 120
Time (s)
T
\/
t ¥ +
| \ /) N\
{ ¥ = + +
al 4 4 " 4 4
Top \ ““
T t u
>0
L |
L) E] 0 o ©

AMAMAMAMAMAMALMAMN

Figure 10 Textile respiration rate sensors: a Photograph of a
sensor, which shows the geometry of the conductive yarn. b Image
of a subject wearing a respiration belt to detect volume changes in
the abdomen. ¢ Signal waveform from a sensor in the following
respiration scenarios: normal breathing, low-rate breathing, high-
rate breathing, and apnea [73]. d Relative changes in the resistance
of a respiratory sensor that is attached to the chest under a relaxed
state and an exercise state [23]. e Photograph of a prototype
garment for an electronic unit that is used to monitor breathing.
f The recorded breathing signal from a normal young subject.
From top to bottom: signal from the reference belt; signals from
sensors that are placed in the chest and abdominal positions, and

(d)

T

(U]

the difference between the signals [74]. g Human respiration
monitoring system detecting volume changes in the chest [75].
h Fabricated BCTFS with snap button. i Plating structure of the
electro-conductive fabric. From top to bottom: polyester, Ni, Cu,
and Ni. j Textile experimental setup for respiration monitoring.
k Comparison of measured respiratory signals. From top to
bottom: measured respiration from nasal thermocouple and
measured respiration from BTCRS; moving-average-filtered
nasal thermocouple signal and moving-average-filtered BTCRS
signal; results of inflection-point detection (nasal), and results of
inflection-point detection (BTCRS) [67].
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provides valuable information for the diagnostics
and therapy of cardiovascular diseases such as arte-
riosclerosis, hypertension, and left ventricular sys-
tolic dysfunction [76, 77]. A sensor with high
stretchability is necessary since it will be deformed
and wrinkled with the skin. Many breakthroughs
have been made regarding highly stretchable sensors
for monitoring blood pressure with ease, and new
milestones are reached as new materials are devel-
oped. Some achievements have been made with high-
sensitivity capacitive [77], piezoelectric [78], and
piezoresistive [79] sensors. For capacitive pressure
sensors, compressible capacitive strain sensors are
constructed by sandwiching a robust dielectric
material between two flexible electrodes. When the
dielectric is compressed from externally applied
pressure, the capacitance of the device changes
accordingly. Sang Ouk Kim fabricated a capacitive
pressure sensor with a thin, stretchable, and skin-
conformal sensor array, in which microtopography-
guided, graphene-based, conductive patterns are
embedded without any complicated processes [38].
This sensor is capable of creating an intimate rela-
tionship between the rough skin and the device via a
structure-assisted approach (Fig. 11a). The measured
pulse pressure waveform is shown in Fig. 11b. When
pressure is applied to the piezoelectric material, the
voltage signal changes. This sensing mechanism is in
line with the development and utilization of the
pressure sensor. Based on this mechanism, Rogers
[80] presented a noninvasive sensor for measuring
subtle changes in arterial pressure. This sensor con-
sists of PZT and MOSFET. The piezoelectric voltage
response of the PZT is converted to a current output
via capacitance coupling. Figure 1le-g shows the
measured position and pulse pressure waveform.
Choong [81] fabricated a novel stretchable resistive
pressure sensor. To enhance the pressure sensitivity,
this sensor employs micro-pyramid PDMS arrays
with spring-like compressible platforms that are
deposited to form a base for a conductive electrode,
which has a sensitivity of up to 10.3 kPa~'. This
sensor is attached on the radial artery to demonstrate
its bio-monitoring capabilities, and a monitored
blood pressure waveform is shown in Fig. 11g, h.

Pulse oxygenation

Oxygen saturation is the percentage of oxygen-bound
oxygenated hemoglobin in the blood relative to the
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total amount of hemoglobin. In other words, oxygen
saturation is the concentration of blood oxygen in the
blood, which is an important physiological parameter
of the respiratory cycle. In a healthy adult, pulse
oxygenation should be maintained at 98%, and vein
oxygenation should be maintained at 75%. Abnormal
oxygen saturation is one important factor that hin-
ders proper organ function. Therefore, monitoring
oxygen saturation is important for protecting human
health. Using two different wavelengths of LED
lights as the incident light source, the intensity of the
light through the tissue bed is measured to calculate
the oxygen saturation. In general, the sensors are
mounted on the finger, earlobe, forehead, or wrist.
Conventional pulse oximeters are limited by their
bulk, rigidity, and area-scaling complexity. Ana C.
Arias introduced a pulse oximeter sensor that is
composed of organic LEDs (OLEDs) and a flexible
organic polymer photodiode (OPD) [82] (Fig. 12).
Unlike commercially available inorganic oximetry
sensors, this device uses red (532 nm) and green
(626 nm) organic light-emitting diodes. The main
reason for this is that oxy-hemoglobin and deoxy-
hemoglobin have different absorptivities at red and
green wavelengths (Fig. 12c). Moreover, green
OLEDs overcome the disadvantages of instability and
lower overall efficiencies of near-infrared OLEDs.
These results demonstrate the use of organic sensors
to measure pulse rate and oxygenation with high
accuracy.

Blood glucose

The rising incidence of diabetes all over the world is
attributed to unhealthy lifestyles. Daily glucose
monitoring in diabetes is vital for maintaining health
and quality of life. Blood glucose is determined by
the glucose levels in the blood. The traditional blood
glucose measurement method causes substantial
distress to diabetics because of painful blood sam-
pling from the fingertip. Moreover, blood glucose is
inherently variable, and a difference between fasting
and postprandial levels is observed. Therefore, there
is an urgent need to fabricate a noninvasive stretch-
able sensor that is capable of monitoring variations in
blood glucose in real time. Available noninvasive
glucose sensors main rely on optical, spectroscopic,
ultrasound, heat, electrical, or electrochemical tech-
niques [83]. Among these, electrochemical techniques
have been shown to possess great potential for
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Figure 11 Stretchable pressure sensor for blood pressure
monitoring. a Schematic illustration of a capacitive pressure
sensor with microlines for monitoring blood pressure signals. A
cross-sectional diagram shows that the microstructured sensor,
with high conformity, tightly attaches on the surface near the blood
vessel. b A signal waveform of blood pressure from the radial
artery [38]. ¢ A photograph of the flexible and stretchable

piezoelectric sensor, mounted on the wrist, for measuring fast

monitoring blood glucose. Wang [84] presented a
proof-of-concept demonstration of an all-printed
temporary-tattoo-based glucose sensor for noninva-
sive glycemic monitoring. The tattoo-based platform
for noninvasive glucose sensing is composed of tat-
too-based paper, Ag/AgCl electrodes, Prussian Blue
electrodes, a transparent insulating layer and
hydrogel (Fig. 13a). The stretchability and flexibility
of this sensor are the same as those of the tattoo
(Fig. 13b). To measure glucose levels, reverse ion-
tophoresis is performed, which involves applying a

transient changes in the pressure, which are associated with the
flow of blood through near-surface arteries. d I DS—time wave
curves from a pressure sensor that is placed on the wrist. e I DS—
time plot for data in the region that is indicated by the dashed box
in (d) [80]. f Demonstration of blood pressure monitoring using a
pressure-resistive sensor. g A plot of eleven real-time arterial pulse
waves, which were captured within 10 s. h The plot shows distinct
systolic and diastolic peaks for each pulse [81].

mild current to the epidermis, thereby causing ions to
transport interstitial glucose from the skin to the
electrodes. Then, ISF glucose is detected via an
enzymatic electrochemical glucose sensor (Fig. 13¢).
Based on this approach, post-meal and pre-meal
blood glucose measurements are obtained, as shown
in Fig. 12d. Seo [85] fabricated a flexible glucose
sensor using a CVD-grown graphene-based field-ef-
fect transistor (FET). The function of CVD-grown
graphene is to immobilize the enzymes that induce
the catalytic response of glucose. Glucose sensing is
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Figure 12 Stretchable sensor for monitoring pulse oxygenation.
a Pulse oximetry sensor composed of two OPDs and two OLED
arrays. b A schematic illustration of a model for the pulse
oximeter’s light transmission path through pulsating arterial blood,
non-pulsating arterial blood, venous blood, and other tissues over
several cardiac cycles. ¢ Orange solid line and blue dashed line
represent the absorptivities of oxygenated and deoxygenated
hemoglobin in arterial blood, which are functions of the

achieved through that reaction, which produces
gluconic acid and H,O,. Then, H,O; reacts with the
graphene channel of the FET, thereby changing its
conductance (Fig. 13e), which results in the shifting
of the Dirac point of the graphene. Although glucose
oxidase has made substantial achievements as an
enzyme-based electrochemical sensor, the long-term
stability of the enzyme has always been a challenge.
To solve this problem, Pak [86] presented a CVD
graphene FET enzymatic glucose biosensor that uti-
lizes silk protein as both a device substrate and for
enzyme immobilization (Fig. 13f, g). The CVD gra-
phene FET structure is built by depositing Au/Ti
(500 nm/100 nm) at the two opposite ends of the
graphene channel to fabricate source (S) and drain
(D) electrodes. The glucose oxidase (GOx) enzyme is
attached to the graphene channels on the silk sub-
strates. The subsequent reaction is the same as that
described in the above example. There are also cer-
tain methods for maintaining enzyme stability; these
include covalent attachment to sensing surfaces [87]
and physical entrapment in a porous material matrix
[88]. However, although these methods improve
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Wavelength (nm)

wavelength. The wavelengths that correspond to the peak OLED
electroluminescence (EL) spectra are highlighted to show that
there is a difference in the deoxy- and oxy-hemoglobin
absorptivities at the wavelengths of interest. d The black dashed
line represents OPD EQE at the short circuit, and the red solid line
and green dashed line represent the EL spectra of red and green
OLEDs, respectively [82].

enzyme stability to some extent, there is a long way
to go before solving this problem completely.

In addition to sensors that are attached to the skin,
Liao [89] fabricated an enzyme sensor that directly
accesses tear fluid to monitor glucose levels. Wireless
health monitoring is achieved using an active contact
lens. This system includes a glucose sensor, an
antenna, a communication interface, and readout
circuitry on a polymer lens substrate. The glucose
sensor is composed of working, counter and refer-
ence electrodes. The working and counter electrodes
are fabricated as concentric rings (Fig. 13h), and the
Ti/Pd /Pt reference electrode is obtained by evapo-
ration. The exposed Ti/Pd /Pt sensor surface is used
to immobilize GOD, and it is handled with a GOD/
titania sol-gel membrane. To prevent the interference
of ascorbic acid, lactate, and urea, Nafion is applied
to promote random protein absorption [90]. The
glucose level is measured based on the current that is
generated in the glucose solution when the working
and reference electrodes apply a voltage, and the
measurement result is shown in Fig. 13i.
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Figure 13 Flexible monitoring blood glucose.
a Schematic diagram of the printable iontophoretic-sensing
system, including the Ag/AgCl electrodes (silver), tattoo-based
paper (purple), Prussian Blue electrodes (black), transparent
insulating layer (green), and hydrogel layer (blue). b Photograph
of a glucose iontophoretic-sensing tattoo device placed on the
surface of the skin. ¢ Schematic diagram of the time frame of a
typical on-body study and the different processes that are involved
in each phase. d Post-meal and pre-meal blood glucose
Stretchable sensor for environmental
monitoring around a biological surface

As an interface between the environment and the
body, stretchable sensors analyze the surface envi-
ronment and offer constructive guidance to maintain
people in a healthy condition. Due to the joint efforts
of certain researchers, many studies have obtained
results on wearable medical devices that contribute to
healthier lives, such as a stretchable gas sensor
[91-94] and a stretchable humidity sensor [29, 64, 95].
The stretchable gas sensor has two functions: to
monitor harmful gasses in the environment and
avoid injuries inflicted by noxious gasses to humans,
especially colorless and tasteless harmful gasses, and
to detect the gas content of the body, which will help
people fully understand their health. The gas sensor
absorbs gas molecules, leading to changes in its
electrical conductivity, which are attributed to chan-
ges in the local carrier concentration that is induced
by the surface adsorbates. Different materials have
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measurements by the printable iontophoretic-sensing system
[84]. e Schematic diagram of the solution-gated CVD graphene
sensor [85]. f Image of silk-based graphene FET biosensors
applied on the wrist. g Magnified view of the schematic illustration
of the silk-based graphene FET biosensors, from top to bottom:
silk film, drains, graphene channels, silk/GOx film, and gates [86].
h Photograph of working and counter electrodes of the glucose
sensor with concentric rings. i Measured sensor response to
continuous glucose flow [89].

different electrical conductivities and surface func-
tional groups, which are utilized by a gas-sensing
mechanism for gas detection. Before the development
of nanotechnology, gas sensors suffered from prob-
lems with long-term stability and limited measure-
ment. With the development of nanotechnology,
especially the appearance of graphene, gas sensors
have made many critical breakthroughs, such as
ultra-high sensitivity at extremely low concentra-
tions, high specificity, fast response and recovery,
low power consumption, room-temperature opera-
tion, and good reversibility, by employing novel
nanostructures as sensing elements. Hyung-Kun Lee
fabricated bendable and washable electronic textile
gas sensors with high mechanical strength, flexibility,
and fast response, which are composed of reduced
graphene oxides using commercially available yarn
and molecular glue through electrostatic self-assem-
bly [93]. Sun [94] fabricated a transparent chemical
gas sensor with highly sensitivity. This device is
assembled from a transparent conducting film of
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hierarchically nanostructured polyaniline (PANI)
networks, which are fabricated on a flexible PET
substrate by coating silver nanowires (AgNWs), fol-
lowed by the in situ polymerization of aniline near
the sacrificial AgNW template. This sensor provides a
potential method to detect disease using exhaled
breath samples [96]. At present, diseases that are
detected from breath samples include cancer, multi-
ple sclerosis, Parkinson’s disease, tuberculosis, and
diabetes. However, some techniques for detecting
volatile organic compounds in exhaled breath, such
as gas chromatography [97], mass chromatography
[98], ion mobility spectrometry [99], and selected ion
flow tube mass spectrometry [100], are not widely
used due to the large size of the required equipment,
the complexity of operation and the high cost. A
stretchable gas sensor that is comfortable and easy to
use has gradually emerged. Detecting exhaled breath
using a gas sensor involves a complex multistep
process [101]. Figure 14a shows the process for breath
testing. The process includes sample collection,
measurement, and data analysis. IL-Doo Kim [102]
fabricated a gas sensor for detecting exhaled breath
that has a superior detection capacity and an appre-
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characteristics of dense and porous SnO; fibers, this
sensor significantly increases the accessibility of all
sensing layers to exhaled breath gas (Fig. 14b, c). In
addition, catalytic Pt NP decoration enhances the
sensor’s ability to sense acetone and toluene in
exhaled breath. Figure 14d shows the detection
results.

Stretchable humidity sensors are typically used to
determine the amount of water vapor that is present
in a gas or mixture of gases. Such sensors have been
increasingly applied in the environmental control
and medical fields. For example, a humidity sensor
that is used to monitor the moisture level on a wound
would also provide information on wound healing
[103, 104]. In the past several years, stretchable
humidity sensors, which were crippled by difficulties
associated with performance (e.g., in terms of
responsivity, response time, relaxation time, and
stability) and materials, have not demonstrated out-
standing achievements. To address these problems,
several transduction mechanisms, such as a humid-
ity-sensitive resistor [105, 106] and a humidity-sen-
sitive capacitor [107], have been explored to improve
the performance of stretchable humidity sensors. The
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Figure 14 Stretchable sensor for gas monitoring. a Schematic
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diagram of the processes that are involved in breath testing,
including exhaled breath, sample collection, measurement, data
analysis, and prediction [101]. b Schematic illustration of the
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that respond to water vapor variations by changing
their resistivity, while the humidity-sensitive capaci-
tor senses variations in the dielectric constant of the
polymer dielectrics and, therefore, changes in
capacitance. Many different properties were explored
as outputs, such as optical and electrical characteris-
tics (resistance, capacitance, the gate effect in field-
effect transistors, and small mass changes). Similarly,
to improve the performance of stretchable humidity
sensors, numerous materials have been employed as
active components, such as carbon-based materials,
polymers and composites. Stretchable humidity sen-
sors have already demonstrated some achievements
by positively exploiting the transduction mechanism
and materials. Chun Li presented an e-skin-compat-
ible resistor humidity sensor that is based on a large-
area polycrystalline few-layer WS2 film, which is
synthesized by metal sulfurization [64]. The water
molecules that are adsorbed onto the WS2 induce
changes in concavity; then, the resistor also changes.
Meanwhile, patterned graphene was used for the
electrodes, and a thinner PDMS membrane was used
as a substrate to obtain the stretchable sensor. This
sensor not only has a rapid response time of a few
seconds but also a sensitivity of up to 2357 (for 90%
humidity). Bi [107] fabricated a microscale capacitive
humidity sensor that uses graphene oxide (GO) films
as humidity-sensing materials. Water molecules are
attached to the surface of the GO film via double
hydrogen bonding to form a physical adsorption
layer of water. The hopping transfer of protons
between adjacent hydroxyl groups in the physical
adsorption layer of water requires substantial energy
due to the strength of double hydrogen bonding. In
this scenario, GO films exhibit strong electrical
resistance. The protons in GO films are minimal in
quantity and restricted by discontinuous mobile
layers. These characteristics are crucial for leak con-
duction, which essentially increases the capacitance
at low RH.

Design considerations for stretchable
sensors

Stretchable sensors are mainly placed on non-planar
skin or clothing. Due to the unevenness, a stretchable
sensor must satisfy many requirements, such as ultra-
thinness, low modulus, high transparency, high
durability, light weight, high flexibility, and high
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stretchability. Among these requirements, stretcha-
bility is a crucial factor in monitoring human body
motion (especially large-scale body motion), the
environment, and vital signs. Researchers have done
substantial work with stretchable sensors and made
some achievements in terms of materials and strate-
gies. The following section will discuss some of the
materials and strategies that are frequently used to
satisfy these requirements.

Materials

To achieve a highly stretchable supersensitive sensor
for wearable biomedical applications, the choice of
materials is critical. Technological advancements in
stretchable sensors have been made largely via the
development of new materials for the fabrication of
stretchable devices. Generally, the materials that are
used to fabricate stretchable sensors fall into three
categories according to the function of the stretchable
sensor: substrate materials, nanocomposite materials,
and liquid metal materials. Below, several of the most
commonly used materials for the fabrication of
stretchable sensors are investigated.

Materials for flexible substrates

Substrates play an important role in stretchable sen-
sors because the stretchability of the vast majority of
sensors is achieved by embedding, depositing, and
printing the conductive material and the substrate.
For stretchable materials, adhesion and radius of
curvature are regarded as the most important factors.
Various materials are used for stretchable sensors.
Polydimethylsiloxane (PDMS) [64, 108-110] has been
widely applied for the fabrication of stretchable sen-
sors since it is generally considered to be transparent,
chemically inert, nonflammable, and non-toxic.
Moreover, it has variable mechanical properties, is of
low cost, and has outstanding adhesion with silicon
wafers, which is important for bonding electronic
materials to its surface. However, PDMS has a large
coefficient of thermal expansion and a low Young’s
modulus, thus resulting in poor thermal and
mechanical stability. When a metal film is sputtered
or thermally evaporated on the PDMS surface, the
metal film is subjected to thermal stress, which pro-
duces wrinkles or cracks [111]. To solve this problem,
some NPs are doped into PDMS to enhance the
mechanical, thermal, and thermal expansion
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coefficients [112]. Polyurethane (PU) [113-115] is
another popular substrate that has been used in many
applications, such as stretchable printed circuit board
technologies [116]. PU possesses many advantages,
including high mechanical strength, excellent wear-
ability, and long life. In addition, there are also cer-
tain flexible and stretchable substrates, such as poly
ethylene terephthalate (PET) [117, 118], polyimide
(PI) [119, 120], and Ecoflex [121, 122]. These sub-
strates have gradually received recognition due to
their outstanding mechanical properties, good flexi-
bility, and high stretchability.

Graphene-based active materials

Graphene is film with a honeycomb structure that
consists of an atomically thin layer of sp*-hybridized
carbon atoms, which is a quasi-2D material with a
thickness of only one atomic layer. It was discovered
by Andre Geim and Konstantin Novoselov and was
successfully separated from graphite by micro-me-
chanical stripping. The main preparation methods
include bulk growth with CVD [123] and chemical
exfoliation [124] from bulk graphite. Graphene is
regarded as an outstanding material that is used as
an active material in stretchable sensors because of its
high mechanical strength, high electrical conductiv-
ity, high specific surface area, low Johnson noise, and
low number of defects for low 1/f noise [125].
Although graphene possesses many advantages, it
might not suitable for stretchable sensors. For exam-
ple, the stretchability of a graphene-based strain
sensor is less than 5% because of the brittleness of
graphene sheets. Some highly sensitive stretchable
sensors have been fabricated by using graphene
sheets on flexible substrates to achieve stretchability
[121, 126, 127]. To improve the tensile properties of
graphene, researchers have employed various meth-
ods, including the use of graphene sheets of giant
sizes, optimization of the spinning process, and the
introduction of divalent ion cross-linking [128, 129].
However, when stretchability is increased by using
the above methods, new problems arise. For example,
graphene fibers in spiral form achieve stretchability
to some extent but are limited by low electrical con-
ductivity (4.1 x 10*S/m) due to their structural
defects and the oxygen-containing groups in the
constituent CRG sheets [130, 131]. Hence, further
work is required before graphene is used to obtain
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stretchable materials for various stretchable sensor
applications.

Carbon nanotube (CNT)-based active materials

CNTs [132, 133], as a 1D nanomaterial, have unique
characteristics, such as light weight, perfectly
hexagonal connectivity, an exceptionally high aspect
ratio (> 10°), Young’s modulus (~ 1 TPa), tensile
strength (~ 100 GPa), current carrying ability
10° A/ cmz), and thermal conductivity (3500 W/Mk)
[132]. Sumio lijima developed CNTs from the carbon
fiber that is produced by the arc discharge method
using high-resolution transmission electron micro-
scopy in January 1991 [134, 135]. In addition to arc
discharge [136], there are high-volume, low-purity
techniques for producing CNTs, such as laser abla-
tion [137] and chemical vapor deposition [138]. For
wearable stretchable sensors, a reliable and scalable
facile fabrication technique is of the utmost impor-
tance. CNTs are directly deposited onto flexible or
stretchable substrates to acquire stretchability via
vacuum filtration [139], spin-coating [140], spray-
coating [141], or inkjet printing [142]. Selecting the
appropriate structure for CNT, such as yarn or a
sheet, is another effective method for achieving
stretchability. For example, Nae-eung Lee reported
the construction of transparent, stretchable, ultra-
sensitive, and tunable strain sensors from a novel
stacked nanohybrid structure of single-wall CNTs
and a conductive elastomer consisting of poly and a
polyurethane dispersion [35].

Nanowire (NW)-based materials

Among metal nanostructures, metallic NWs are very
promising candidates for stretchable sensors [143].
A NW is defined as a 1D structural material with a
width of 100 nm in the transverse direction and
unlimited width in the portrait direction. There are
many types of NW materials, some of which are well
suited to be active materials of stretchable sensors,
such as Si, zinc oxide (ZnO), gallium arsenide (GaAs),
and selenide (CdSe). AgNW, as one of the most
important conductive materials, has attracted sub-
stantial attention for its potential application as
transparent and flexible electrodes. Stretchable sen-
sors with AgNWs are made through the lithographic
deposition of electrodes. However, negative charac-
teristics of AgNWs seriously affect the stretchable



] Mater Sci (2019) 54:5187-5223

sensor, including weak adhesion of AgNWs on flex-
ible polymer substrates and surface buckling/wrin-
kling of the AgNW thin film on the substrate, which
leads to a permanent loss of contact between adjacent
AgNWs [144]. To solve these problems, AgNW
stretchable sensors have adopted a novel structure
and new technology [145]. Other NWs have acquired
excellent results for stretchable sensors. To meet the
requirements of highly stretchable sensors, some
noble metal NWs have been designed; these NWs
change the architecture of the Pt-coated polymeric
nanofiber interlocking structure [79]. However,
problems such as complex processes or high cost may
be encountered during the fabrication of these
structures. These problems will be solved in the near
future.

NP-based materials

The application of stretchable sensors relies on NPs
with diameters that range from 10 to 100 nm and
diverse shapes, including sphere, rectangle, hexagon,
cube, triangle, star, and branch-like outlines. It is
feasible to synthesize nearly any type of NP. Control
NP types include pure metals (e.g., Au, Ag, Ni, Co,
Pt, Pd, Cu, Al), metal alloys (e.g., Au/Ag, Au/Cu,
Au/Ag/Cu, Au/Pt, Au/Pd, and Au/Ag/Cu/Pd,
PtRh, Ni-Co, Pt-Ni-Fe), metal oxides, and semicon-
ducting materials (e.g., Si, Ge) [146]. This is quite
helpful for stretchable sensors in terms of material
selection. Another possibility is to cap the NPs with a
wide variety of molecular ligands and prepare NP
films with controllable porous properties, which will
improve the sensitivity of the stretchable sensor.
Stretchable NP sensors facilitate easier and more
affordable fabrication compared to other stretchable
sensors requiring complicated and multistep pro-
cesses. Various combinations of NP methods and
flexible substrates are possible. For example, NPs
may be deposited on flexible substrates and inte-
grated into the composite of a flexible material [147].
NPs are excellent materials that solve the problem
that arises when incorporating 1D materials into the
polymer matrix, which increases the stiffness and
decreases the stretchability of the resultant composite
[33]. These advantages have attracted substantial
attention. However, NPs are still limited by their
small gauge factor, which makes them unsuitable for
sensing small strains. Hence, stretchable NP sensors
cannot currently be used in industrial applications.
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Liquid metal material

In recent years, researchers have invested significant
effort into increasing composite material strength.
However, material delamination and/or local frac-
ture in rigid electronic components is frequently
observed in stretchable sensors. The main reason for
the poor durability is that there is an intrinsic dif-
ference in the Young's modulus between the rigid
conductors and the soft support material. To solve
the problem of Young’s modulus mismatch, many
materials have been explored. Liquid conductors
have attracted substantial attention, due to their
advantages of low Young’'s modulus and high dura-
bility, which are maintained even under a large
strain. Awareness has grown among researchers that
using softer liquid materials to generate stretchable
conductors is a promising method to fabricate high-
performance stretchable sensors. Wenlong Cheng
fabricated reliable and long-term stretchable sensors
using ionic liquids, which overcome the mechanical
mismatch problem [148]. Meanwhile, the method of
injecting liquid metal into the flexible substrate has
drawbacks. For example, significant hysteresis has
been observed. The main reasons for this hysteresis
are the viscoelastic characteristics and the retarded
reaggregation between filler—filler bonds under a
relaxed state [16]. Hence, large-scale hysteresis is
inevitable. Hye Moon Lee found that ionic liquid-
based wavy sensors have the ability to improve
hysteresis performance compared to normal ionic
liquid-based flat strain sensors. These devices are
based on an ionic liquid consisting of ethylene glycol
and sodium chloride, which is encapsulated within a
symmetric wavy channel [13]. In addition, masked
deposition, direct nozzle writing, and vacuum-in-
duced patterning were applied and yielded out-
standing effects [149-152].

The performances of stretchable sensors according
to their sensing materials and sensing mechanisms
are listed in Table 2.

Strategies for achieving stretchability

An important characteristic of a stretchable sensor is
its ability to stretch with bodily movements without
incurring damage, especially when monitoring large-
scale movements. That is, it is essential to fabricate a
strain sensor with high stretchability (~ 50% strain)
and high sensitivity (a gauge factor of above 100). The
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Table 2 Summary of the performances of stretchable sensors

J Mater Sci (2019) 54:5187-5223

Active material Minimum detection (%) Maximal sensing range (%) GF Response References
Graphene-based composite fiber 0.2 100 - 100 ms [8]
Graphene/TPU 0.5 1000 7 [33]
WS, - 40 2357 <10s [64]
AgNPs 1 20 2.05 - [147]
CNTs - 280 - 14 ms [42]
MWCNTs - 200 10 15 ms [153]
MWCNTs/graphene 8.3 620 43 - [154]
Graphene woven fabric 0.2 10 108 - [155]
AgNWs composite 5 70 14 - [145]
AgNWs/Ecoflex - 50 0.7 40 ms [156]
CNTs/PDMS/CNTs 300 0.97 100 ms [157]
AgNP/CNTs - 95.8 39.8 0.55 mms [158]
ILs 0.05 600 - - [159]
CVD graphene 0.015 7.1 14 - [160]

problem of sensor stretchability has been addressed
by investigating shape design. We will introduce the
latest research results and disadvantages in detail in
the following section of this article.

Geometric structuring

Plane shape design is an important pathway for
achieving stretchability of a stretchable sensor. To
improve large-scale stretchability such that a sensor
more closely fits on the skin, many types of patterns
have been designed by researchers. These patterned
electrodes adhere to a compliant substrate to promote
continuous plastic deformation. As described above,
stretchability is an important factor when monitoring
human body signals. Another factor, conductivity,
also plays an indispensable role in the process. The
final effects of these methods depend on the pattern
geometry and material properties to a large extent.
Lee [46] fabricated a serpentine stretchable sensor,
which stretches to strains of up to 50% before crack-
ing (Fig. 15a). Wei [161] demonstrated that CNT
mesh with a macroscopic grid and a microscopic
network structure achieves large-scale stretchability
(Fig. 15b). Although a stiff-island sensor fabricated
by Rogers [80] with small-scale stretchability was
used to evaluate subtle motions of the throat that are
associated with speech, it stretches up to 30%
(Fig. 15¢). The feasibility of achieving stretchability
by geometric structuring has been demonstrated.
Hence, investigators have invested a great deal of
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effort in optimizing geometric structure to achieve
better performance. Horseshoes (Fig. 15d, e), which
are serpentine microstructures that were originally
developed for interconnections in stretchable elec-
tronics, exhibit a wide range of desired mechanical
responses [18].

3D structuring

Buckling is an outstanding 3D method that absorbs
most of tensile strain that is produced by the com-
pression-relaxation of the substrate. The generation
of stress that is focused on the interface of the elastic
and non-elastic materials causes the surface to frac-
ture under large-scale stretchability conditions due to
the Young’s modulus mismatch, which has always
been a challenge. As previously stated, buckling
provides a suitable mechanism for solving the prob-
lem of fracture. In some cases, to achieve remarkable
stretchability, the stretchable substrate is prestretched
to a strain of 50%, and the stretched substrate is
coated with conductivity-active materials in the pro-
cess of fabricating the stretchable sensor [162]. The
bucking will appear on the substrate when the sub-
strate is in the relaxed state, which is called the pre-
stretching process. Another simple fabrication
method is called the self-assembly texturing process,
which generates a periodically wrinkled structure
that is supported by microstructured elastomeric
substrates and provides excellent stretchability.
Multiaxial thermal prestrain leads to the formation of
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Figure 15 Various methods
for imparting stretchability at
different length scales using
in-plane films. a Serpentine
[46]; b optical images of a
stretchable CNTM strain
sensor at strains of 0% (up)
and 30% (down) [161]; c stiff
island [80]; d schematic
illustration of a wavy network
that was constructed from a
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wavy buckles [163] (Fig. 16a), while uniaxial pre-
strain results in a linear bucking pattern (Fig. 16b)
[164]. Chou demonstrated that simply straining and
releasing a film of CNT electrochemical deposition
onto elastomeric substrates results in the formation of
buckles (Fig. 16¢) [162]. Pop-up structures are created
using lithographically patterned surface chemistry to
provide adhesion sites to the substrate. The unad-
hered sections of the film that are far away from the
substrate obey the predefined wavelength (Fig. 16d)
[165].

In general, some metal springs suffer large-scale
stretchability without fracture in daily life. Similarly,
nanocomposite springs, which have the same func-
tion, have recently stimulated tremendous interest.
CNT yarns that are made by solution extrusion or
twist spinning processes have many attractive prop-
erties, including a high strength-to-weight ratio, high
flexibility, unlimited yarn length, and high electrical
conductivity that are superior to those of conven-
tional fibers and rubber-like materials. However,
CNT yarns undergo an intrinsically irreversible
deformation process under large-scale tension, which

Strain 36%

is a major factor in failure. To address this problem,
Anyuan Cao reported a stretchable sensor with yarn-
derived spring-like CNT rope consisting of uniform,
neat loops with perfect arrangement over a long
distance (Fig. 16e). These CNT ropes elegantly solve
the problem of stretchability and handle stretchabil-
ity strains of up to 285% [166]. Based on the CNT
spring, Cao [167] also reported the use of graphene
oxide fibers to fabricate stretchable sensors with a
spring shape. He successfully encoded uniformly
arranged GO loops along the entire length of the fiber
by using a humidity-assisted freestanding strip-
scrolling process.

Production process for stretchable sensors

Recent advances in the production process for
stretchable sensors will be introduced in this sec-
tion. Parts of the production process that involve
composite materials have already been introduced in
the first section of this paper; we will not repeat them
here. With the development of stretchable sensors,
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Figure 16 Buckling and
spring methods for imparting
stretchability in electronic
devices. a 2D wavy layouts on
thermally prestrained
clastomeric substrates [163].

b Tilted-view (45°) SEM
image of a gold sample at
107% uniaxial strain along the
y-direction [164]. ¢ SEM
images of irregularly buckled
structures in CNT films under
omnidirectional prestrain,
which were formed by
stretching and releasing the
film [162]. d Pop-up buckles
in Si nanoribbons, which were

(a) Au(50 nm)

formed by chemically
patterning a PDMS substrate
with UV light [165].

e Photograph of a 3-cm-long
as-spun CNT rope, which was
placed on a planar substrate in
a naturally relaxed state. SEM
images show the loop structure
in indicated places [166].

MM

200 um
o

the production process has made qualitative leaps
every few years. The advancement of research has led
to a trend in the production of stretchable sensors
toward large-scale, low-cost, simple, efficient, and
clean processes in recent years. To solve the stretch-
ability problem, fabricated sensors are integrated
onto a wearable substrate such as a textile, elastomer,
or patch. The main step in fabricating a stretchable
sensor is to combine the substrate and electrode
material effectively. The use of patterned electrodes is
a powerful strategy for achieving stretchability.
Fabricating patterned electrodes can involve many
methods, one of which is planar printing. Various
printing methods have been employed for the fabri-
cation of a variety of stretchable circuits, including
screen printing [168], direct nozzle writing [150],
mask-assisted spraying [169, 170], and inkjet printing
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[171] (Fig. 17). While those methods are effective at
creating stretchable sensors, problems such as strict
requirements for ink formulation [168] have pre-
vented their widespread adoption. Other methods,
such as photolithography [172], vacuum filtration
[47] and micro-channel molding, filling, and lamina-
tion [173], are more effective. However, these meth-
ods are also largely limited by the complicated
pretreatment or post-treatment of substrates
[169, 170, 174], high processing costs, and huge
amount of material waste. Furthermore, the prepa-
ration of highly conductive stretchable patterns
remains challenging.

3D printing technology 3D printing is a technology
that fabricates structures with arbitrary geometries
and heterogeneous material properties [175]. The
appearance of 3D printing technology has rapidly
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Figure 17 Planar printing technology for fabricating a stretchable
sensor. a A micrograph of printed elastic conductors, which are
patterned by screen printing [168]. b Direct writing system,
including photographs of a direct writing system, serpentine

attracted substantial attention, as it is capable of rapid
and on-demand production of mechanically sophis-
ticated and personalized objects with efficient use of
materials. The fabrication processes for 3D printing
are diverse and include sheet lamination, vat pho-
topolymerization, powder bed fusion, directed
energy deposition, material extrusion, material jet-
ting, and binder jetting. Each process creates parts
layer by layer and offers multiple options in terms of
cost, level of feature detail, and materials. For fabri-
cation by 3D printing, design concepts are translated
into products through direct digital manufacturing,
thereby removing the restrictions of molds. Thus, 3D

pattern and cross section [150]. ¢ Schematic illustration of the
fabrication of a stretchable SWCNT-inlaid PDMS conductor
though mask-assisted spraying [170]. d Galinstan line, which is
formed on normal A4 paper through inkjet printing [171].

printing allows the creation of complex geometric
shapes. 3D printing plays an important role in the
fabrication of stretchable sensors, with extremely
diverse applications. For example, Robert ]J. Wood
fabricated a 3D printing sensor within stretchable
elastomers through the embedded 3D printing
method, which allows soft sensors to be created in
nearly arbitrary planar and 3D motifs in a highly
programmable and seamless manner. With the
development of electrode patterning, Ali Javey fab-
ricated a base substrate that contained microchannels
and slots for integrated components with a 3D prin-
ter. Then, the microchannels were injected with

@ Springer



5216

liquid metal to form the liquid-based circuit compo-
nents, devices, and interconnects. Direct writing is
also regarded as an effective method for electrode
patterning.

Although standard 3D printing technologies have
advanced to the point that it is now possible to print
with a wide range of materials, including metals,
ceramics, and polymers, the resulting structures are
generally limited to a single material, or, at best, a
limited number of compatible materials. This chal-
lenge has been overcome to a certain extent. McAl-
pine achieved seamless integration of diverse
materials with 3D printing [176]. This represents a
good starting point for the fabrication of multifunc-
tional devices with optoelectronic functionality.

Summary and prospects

With the development of smart devices, highly
stretchable supersensitive sensors for wearable
biomedical applications have ushered in new market
prospects. This paper reviewed specific research
results for stretchable sensors in terms of function,
design considerations, and the production process.
This paper identifies certain key problems and pos-
sible approaches to resolve these issues in order to
supply information for further research on stretch-
able sensors. It is estimated that the functions of
stretchable sensors for wearable biomedical applica-
tions will greatly affect people’s lives, especially in
terms of medical monitoring. In the first part of this
paper, we introduce the following functions of
stretchable sensors: human body motion detection,
vital sign monitoring, and environmental monitoring.
The existing functions of stretchable sensors meet
people’s needs. However, multifunctional integration
and complex environmental analysis of stretchable
sensors that are sufficiently stable and efficient for
practical use have not yet been realized. A trend in
future sensors will be to integrate the attributes of
flexibility and stretchability to realize multifunc-
tional, soft, and human-friendly devices. Achieving
all functions of human skin is a performance bench-
mark for the development of stretchable sensors.
Current stretchable sensors are far from achieving
this goal. The main requirements include high sen-
sitivity, fast response time, large detection range,
integration, and multi-analysis. These requirements,
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although seemingly simple, will require substantial
advances in materials and the production process.
Thus, in the next section of this paper, we introduce
design considerations and production processes.
Researchers have been struggling to improve the
performance of the materials of stretchable sensors
since the appearance of metal, inorganic semicon-
ductors, and nanomaterials. The need to discover
new materials for stretchable sensors is urgent; when
this occurs, stretchable sensors for wearable
biomedical applications will achieve another quali-
tative leap. Given further research and its highly
interdisciplinary nature, more materials that possess
the features of high mechanical strength and satis-
factory electrical conductivity will be introduced or
developed, thus expanding the range of choices for
stretchable sensors. Moreover, great achievements
have also been made in terms of production pro-
cesses, thereby providing more methods for fabri-
cating  stretchable However, these
production processes have certain shortcomings; for
example, photolithography has the disadvantages of
high processing costs, complex processes, and high
material waste. Therefore, these methods may not
conform to development trends and direction. Since
the appearance of 3D printing, printing technologies
have rapidly gained acceptance because of their
unique characteristics, such as material universality,
flexibility of substrate applicability, convenient cus-
tomization, large-scale continuous production, effi-
ciency and environmental friendliness. Several
excellent reviews describe a trend in production
processes toward large-scale, low-cost, efficient and
clean manufacturing. The rapid pace of progress in
stretchable sensor technology suggests that the fab-
rication of more complex stretchable sensors with
properties that far surpass those of their skin equiv-
alents will be soon be possible.

SEeNsors.

Acknowledgements

This research was partially supported by National
Natural Science Foundation of China (61803364,
U1713219), Shenzhen Fundamental Research Project
(JCYJ20170307165039508), the Key Deployment Pro-
ject of Chinese Academy of Sciences (Grant No.
KFZD-SW-214), and SIAT Innovation Program for
Excellent Young Researchers (Grant No. 2016053).



] Mater Sci (2019) 54:5187-5223

Compliance with ethical standards

Conflict of interest The authors declare that they
have no conflict of interest.

References

(1]

(7]

[11]

Lacour SP, Wagner S, Huang Z, Suo Z (2003) Stretchable
gold conductors on elastomeric substrates. Appl Phys Lett
82(15):2404-2406

Trung TQ, Lee NE (2016) Flexible and stretchable physical
sensor integrated platforms for wearable human—activity
monitoring and personal healthcare. Adv  Mater
28(22):4338-4372

Hammock ML, Chortos A, Tee BC, Tok JB, Bao Z (2013)
25th anniversary article: the evolution of electronic skin (e-
skin): a brief history, design considerations, and recent
progress. Adv Mater 25(42):5997-6038

You I, Kim B, Park J, Koh K, Shin S, Jung S, Jeong U
(2016) Stretchable E-skin apexcardiogram sensor. Adv
Mater 28(30):6359-6364

Tang Y, Zhao Z, Hu H, Liu Y, Wang X, Zhou S, Qiu J
(2015) Highly stretchable and ultrasensitive strain sensor
based on reduced graphene oxide microtubes-elastomer
composite. ACS Appl Mater Interfaces 7(49):27432-27439
Zhou J, Gu Y, Fei P, Mai W, Gao Y, Yang R, Bao G, Wang
ZL (2008) Flexible piezotronic strain sensor. Nano Lett
8(9):3035-3040

Zhang W, Zhu R, Nguyen V, Yang R (2014) Highly sen-
sitive and flexible strain sensors based on vertical zinc
oxide nanowire arrays. Sens Actuators, A 205(2):164-169
Cheng Y, Wang R, Sun J, Gao L (2016) A stretchable and
highly sensitive graphene-based fiber for sensing tensile
strain, bending, and torsion. Adv Mater 27(45):7365-7371
Larmagnac A, Eggenberger S, Janossy H, Vords J (2014)
Stretchable electronics based on Ag-PDMS composites. Sci
Rep 4:7254

Choi DY, Kim MH, Oh YS, Jung SH, Jung JH, Sung HJ,
Lee HW, Lee HM (2017) Highly stretchable, hysteresis-free
ionic liquid-based strain sensor for precise human motion
monitoring. ACS Appl Mater Interfaces 9(2):1770-1780
Nam I, Bae S, Park S, Yoo YG, Lee JM, Han JW, Yi J
(2015) Omnidirectionally stretchable, high performance
supercapacitors based on a graphene—carbon-nanotube
layered structure. Nano Energy 15:33-42

Lee MS, Lee K, Kim SY, Lee H, Park J, Choi KH, Kim
HK, Kim DG, Lee DY, Nam SW (2013) High-performance,
transparent, and stretchable electrodes using graphene-

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

[23]

[24]

5217

metal  nanowire structures. Nano  Lett
13(6):2814-2821
Liang J, Li L, Tong K, Ren Z, Hu W, Niu X, Chen Y, Pei Q

(2014) Silver nanowire percolation network soldered with

hybrid

graphene oxide at room temperature and its application for
fully stretchable polymer light-emitting diodes. ACS Nano
8(2):1590-1600

Coskun MB, Akbari A, Lai D, Neild A, Majumder M, Alan
T (2016) Ultrasensitive strain sensor produced by direct
patterning of liquid crystals of graphene oxide on a flexible
substrate. ACS Appl Mater Interfaces 8(34):22501-22505
Park SJ, Kim DW, Jang SW, Jin ML, Kim SJ, Ok JM, Kim
JS, Jung HT (2016) Fabrication of graphite grids via stencil
lithography for highly sensitive motion sensors. Carbon
96:491-496

Muth JT, Vogt DM, Truby RL, Mengii¢ Y, Kolesky DB,
Wood RJ, Lewis JA (2014) 3D printing: embedded 3D
printing of strain sensors within highly stretchable elas-
tomers. Adv Mater 26(36):6307-6312

Lee CH, Ma Y, Jang KI, Banks A, Pan T, Feng X, Kim JS,
Kang D, Raj MS, Mcgrane BL (2015) Soft core/shell
packages for stretchable electronics. Adv Func Mater
25(24):3698-3704

Jang KI, Chung HU, Sheng X, Chi HL, Luan H, Jeong J,
Cheng H, Kim GT, Sang YH, Lee JW (2015) Soft network
composite materials with deterministic and bio-inspired
designs. Nat Commun 6:6566

Matsuzaki R, Tabayashi K (2015) Highly stretchable, glo-
bal, and distributed local strain sensing line using GalnSn
electrodes for wearable electronics. Adv Func Mater
25(25):3806-3813

Yoon SG, Koo HJ, Chang ST (2015) Highly stretchable and
transparent microfluidic strain sensors for monitoring
human body motions. ACS Appl Mater Interfaces
7(49):27562-27570

Lee SP, Klinker LE, Ptaszek L, Work J, Liu C, Quivara F,
Webb C, Dagdeviren C, Wright JA, Ruskin JN (2015)
Catheter-based systems with integrated stretchable sensors
and conductors in cardiac electrophysiology. Proc IEEE
103(4):682-689

Rogers E, Polygerinos P, Walsh C, Goldfield E (2015)
Smart and connected actuated mobile and sensing suit to
encourage motion in developmentally delayed infants 1.
J Med Devices 9(3):030914

Wang Y, Wang L, Yang T, Li X, Zang X, Zhu M, Wang K,
Wu D, Zhu H (2014) Wearable and highly sensitive gra-
phene strain sensors for human motion monitoring. Adv
Func Mater 24(29):4666—4670

Park JJ, Hyun WJ, Mun SC, Park YT, Park OO (2015)
Highly stretchable and wearable graphene strain sensors

@ Springer



5218

[25]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

J Mater Sci (2019) 54:5187-5223

with controllable sensitivity for human motion monitoring.
ACS Appl Mater Interfaces 7(11):6317-6324

Rodgers MM, Pai VM, Conroy RS (2015) Recent advances
in wearable sensors for health monitoring. Sens J IEEE
15(6):3119-3126

Jang KI, Han SY, Xu S, Mathewson KE, Zhang Y, Jeong
JW, Kim GT, Webb RC, Lee JW, Dawidczyk TJ (2014)
Rugged and breathable forms of stretchable electronics
with adherent composite substrates for transcutaneous
monitoring. Nat Commun 5(5):4779

Rosset S, Niklaus M, Dubois P, Shea HR (2008)
Mechanical characterization of a dielectric elastomer
microactuator with ion-implanted electrodes. Sens Actua-
tors, A 144(1):185-193

Zhang Y, Chad Webb R, Luo H, Xue Y, Kurniawan J, Cho
NH, Krishnan S, Li Y, Huang Y, Rogers JA (2016) Flexible
electronics: theoretical and experimental studies of epider-
mal heat flux sensors for measurements of core body
temperature. Adv Healthcare Mater 5(1):119-127

Trung TQ, Ramasundaram S, Lee NE (2017) Transparent,
stretchable, and rapid-response humidity sensor for body-
attachable wearable
10(6):2021-2033

Liao X, Liao Q, Zhang Z, Yan X, Liang Q, Wang Q, Li M,
Zhang Y (2016) A highly stretchable ZnO@Fiber-based
multifunctional nanosensor for strain/temperature/UV
detection. Adv Func Mater 26(18):3074-3081

Ho MD, Ling Y, Yap LW, Wang Y, Dong D, Zhao Y, Cheng
W (2017) Percolating network of ultrathin gold nanowires

electronics. Nanoresearch

and silver nanowires toward “invisible” wearable sensors
for detecting emotional expression and apexcardiogram.
Adv Func Mater 27(25):1700845

Nam SH, Jeon PJ, Min SW, Lee YT, Park EY, Im S (2014)
Highly sensitive non-classical strain gauge using organic
heptazole thin-film transistor circuit on a flexible substrate.
Adv Func Mater 24(28):4413-4419

Chen S, Wei Y, Yuan X, Lin Y, Liu L (2016) A highly
stretchable strain sensor based on a graphene/silver
nanoparticle synergic conductive network and a sandwich
structure. J Mater Chem C 4(19):4304-4311

Lee H, Cho J, Kim J (2016) Printable skin adhesive stretch
sensor for measuring multi-axis human joint angles. In:
2016 IEEE international conference on robotics and
automation (ICRA). IEEE, pp 4975-4980

Roh E, Hwang BU, Kim D, Kim BY, Lee NE (2015)
Stretchable, transparent, ultra-sensitive and patchable strain
sensor for human-machine interfaces comprising a
nanohybrid of carbon nanotubes and conductive elas-
tomers. ACS Nano 9(6):6252—-6261

@ Springer

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Gao W, Emaminejad S, Nyein HYY, Challa S, Chen K,
Peck A, Fahad HM, Ota H, Shiraki H, Kiriya D (2016)
Fully integrated wearable sensor arrays for multiplexed
in situ perspiration analysis. Nature 529(7587):509-514
Park J, Kim J, Kim K, Kim SY, Cheong WH, Park K, Song
JH, Namgoong G, Kim JJ, Heo J (2016) Wearable, wireless
gas sensors using highly stretchable and transparent struc-
tures of  nanowires
8(20):10591-10597
Park Y, Shim J, Jeong S, Yi GR, Chae H, Bae JW, Kim SO,
Pang C (2017) Microtopography-guided conductive pat-

and  graphene.  Nanoscale

terns of liquid-driven graphene nanoplatelet networks for
stretchable and skin-conformal sensor array. Adv Mater
29(21):1606453

Wu X, Han Y, Zhang X, Lu C (2016) Highly sensitive,
stretchable, and wash-durable strain sensor based on
ultrathin conductive layer@polyurethane yarn for tiny
motion monitoring. ACS Appl Mater Interfaces
8(15):9936-9945

Lu C, Park S, Richner TJ, Derry A, Brown I, Hou C, Rao S,
Kang J, Moritz CT, Fink Y (2017) Flexible and stretchable
nanowire-coated fibers for optoelectronic probing of spinal
cord circuits. Sci Adv 3(3):e1600955

Ki H, Jang J, Jo Y, Kim DY, Chee SS, Oh BY, Song C, Sun
SL, Choi S, Choi Y (2015) Chemically driven, water-sol-
uble composites of carbon nanotubes and silver nanopar-
ticles as stretchable conductors. ACS Macro Lett
4(7):769-773

Yamada T, Hayamizu Y, Yamamoto Y, Yomogida Y, Izadi-
Najafabadi A, Futaba DN, Hata K (2011) A stretchable
carbon nanotube strain sensor for human-motion detection.
Nat Nanotechnol 6(5):296-301

Khan Y, Ostfeld AE, Lochner CM, Pierre A, Arias AC
(2016) Monitoring of vital signs with flexible and wearable
medical devices. Adv Mater 28(22):4373-4395

He W, Sun Y, Xi J, Abdurhman AA, Ren J, Duan H (2016)
Printing graphene-carbon nanotube-ionic liquid gel on
graphene paper: towards flexible electrodes with efficient
loading of PtAu alloy nanoparticles for electrochemical
sensing of blood glucose. Anal Chim Acta 903:61-68
Lee JH, Lee KY, Gupta MK, Kim TY, Lee DY, Oh J, Ryu
C, Yoo WJ, Kang CY, Yoon SJ (2014) Highly stretchable
piezoelectric—pyroelectric hybrid nanogenerator. Adv Mater
26(5):765-769

Webb RC, Bonifas AP, Behnaz A, Zhang Y, Yu KJ, Cheng
H, Shi M, Bian Z, Liu Z, Kim YS, Yeo WH (2013)
Ultrathin conformal devices for precise and continuous
thermal characterization of human skin. Nat Mater
12(10):938-944



] Mater Sci (2019) 54:5187-5223

[47]

[49]

[50]

[51]

[52]

[53]

[54]

(53]

[56]

[57]

[58]

Yan C, Wang J, Lee PS (2014) Stretchable graphene ther-
mistor  with ACS Nano
9(2):2130-2137

JinJ, Lee HBR, Bao Z (2013) Flexible wireless temperature
sensors based on Ni microparticle-filled binary polymer
composites. Adv Mater 25(6):850-855

Wu X, Ma Y, Zhang G, Chu Y, Du J, Zhang Y, Li Z, Duan
Y, Fan Z, Huang J (2015) Thermally stable, biocompatible,

and flexible organic field-effect transistors and their appli-

tunable thermal index.

cation in temperature sensing arrays for artificial skin. Adv
Func Mater 25(14):2138-2146

Lee JS, Heo J, Lee WK, Yong GL, Kim YH, Park KS
(2014) Flexible capacitive electrodes for minimizing
motion artifacts in ambulatory electrocardiograms. Sensors
14(8):14732-14743

Nemati E, Deen MJ, Mondal T (2012) A wireless wearable
ECG sensor for long-term applications. IEEE Commun
Mag 50(1):36-43

Yi S, Cheng L, Zhe W, Mi W, Li Y, Ren TL (2015) A
Pressure sensing system for heart rate monitoring with
polymer-based pressure sensors and an anti-interference
post processing circuit. Sensors 15(2):3224-3235

Yu Y, Zhang J, Liu J (2013) Biomedical implementation of
liquid metal ink as drawable ECG electrode and skin cir-
cuit. PLoS ONE 8(3):e58771

Hwang SW, Lee CH, Cheng H, Jeong JW, Kang SK, Kim
JH, Shin J, Yang J, Liu Z, Ameer GA (2015) Biodegradable
elastomers and silicon nanomembranes/nanoribbons for
stretchable, transient electronics, and biosensors. Nano Lett
15(5):2801-2808

Yeo WH, Kim YS, Lee J, Ameen A, Shi L, Li M, Wang S,
Ma R, Jin SH, Kang Z (2013) Multifunctional epidermal
electronics printed directly onto the skin. Adv Mater
25(20):2773-2778

Son D, Lee J, Qiao S, Ghaffari R, Kim J, Lee JE, Song C,
Kim SJ, Lee DJ, Jun SW (2014) Multifunctional wearable
devices for diagnosis and therapy of movement disorders.
Nat Nanotechnol 9(5):397-404

Kim T, Park J, Sohn J, Cho D, Jeon S (2016) Bioinspired,
highly stretchable, and conductive dry adhesives based on
1D-2D hybrid carbon nanocomposites for all-in-one ECG
electrodes. ACS Nano 10(4):4770-4778

Jung HC, Moon JH, Baek DH, Lee JH, Choi YY, Hong JS,
Lee SH (2012) CNT/PDMS composite flexible dry elec-
trodesfor long-term ECG monitoring. IEEE Trans Biomed
Eng 59(5):1472-1479

Wang LF, Liu JQ, Peng HL, Yang B (2013) MEMS-based
flexible capacitive electrode for ECG measurement. Elec-
tron Lett 49(12):739-740

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(711

[72]

5219

Xu S, Zhang Y, Jia L, Mathewson KE, Jang KI, Kim J, Fu
H, Huang X, Chava P, Wang R, Bhole S, Wang L, Na Y],
Guan Y, Flavin M, Han Z, Huang Y, Rogers JA (2014) Soft
microfluidic assemblies of sensors, circuits, and radios for
the skin. Science 344(6179):70-74

Tamura T, Maeda Y, Sekine M, Yoshida M (2014) Wear-
able photoplethysmographic sensors—past and present.
Electronics 3(2):282-302

Schwartz G, Tee BC, Mei J, Appleton AL, Kim DH, Wang
H, Bao Z (2013) Flexible polymer transistors with high
pressure sensitivity for application in electronic skin and
health monitoring. Nat Commun 4(5):1859

Nie B, Xing S, Brandt JD, Pan T (2012) Droplet-based
interfacial capacitive sensing. Lab Chip 12(6):1110-1118
Guo H, Lan C, Zhou Z, Sun P, Wei D, Li C (2017)
Transparent, flexible, and stretchable WS2 based humidity
sensors for electronic skin. Nanoscale 9(19):6246-6253
Hedrich F, Kliche K, Storz M, Billat S, Ashauer M, Zen-
gerle R (2010) Thermal flow sensors for MEMS spiro-
metric devices. Sens Actuators, A 162(2):373-378

Park J, Lee Y, Hong J, Ha M, Jung YD, Lim H, Kim SY,
Ko H (2014) Giant tunneling piezoresistance of composite
elastomers with interlocked microdome arrays for ultra-
sensitive and multimodal electronic skins. ACS Nano
8(5):4689-4697

Min SD, Yun Y, Shin H (2014) Simplified structural textile
respiration sensor based on capacitive pressure sensing
method. IEEE Sens J 14(9):3245-3251

Boland CS, Khan U, Backes C, O’Neill A, Mccauley J,
Duane S, Shanker R, Liu Y, Jurewicz I, Dalton AB (2014)
Sensitive, high-strain, high-rate bodily motion sensors
based on graphene-rubber ACS Nano
8(9):8819-8830

Pegan JD, Zhang J, Chu M, Nguyen T, Park SJ, Paul A,
Kim J, Bachman M, Khine M (2016) Skin-mount-
able stretch sensor for wearable health monitoring.
Nanoscale 8(39):17295-17303

Bai P, Zhu G, Jing Q, Yang J, Chen J, Su Y, Ma J, Zhang G,
Wang ZL (2015) Membrane-based self-powered triboelec-

tric sensors for pressure change detection and its uses in

composites.

security surveillance and healthcare monitoring. Adv Func
Mater 24(37):5807-5813

Li M, Li H, Zhong W, Zhao Q, Dong W (2014) Stretchable
conductive polypyrrole/polyurethane (PPy/PU) strain sen-
sor with netlike microcracks for human breath detection.
ACS Appl Mater Interfaces 6(2):1313-1319

Hwang BU, Lee JH, Trung TQ, Roh E, Kim DI, Kim SW,
Lee NE (2015) Transparent stretchable self-powered
patchable sensor platform with ultrasensitive recognition of
human activities. ACS Nano 9(9):8801-8810

@ Springer



5220

[75]

[76]

[77]

[78]

[79]

(80]

(81]

[83]

J Mater Sci (2019) 54:5187-5223

Atalay O, Kennon WR, Demirok E (2015) Weft-knitted
strain sensor for monitoring respiratory rate and its electro-
mechanical modeling. Sens J IEEE 15(1):110-122

Guo L, Berglin L, Wiklund U (2015) Design of a garment-
based sensing system for breathing monitoring. Text Res J
83(5):499-509

Zheng W, Tao X, Zhu B, Wang G, Hui C (2014) Fabrica-
tion and evaluation of a notched polymer optical fiber fabric
strain sensor and its application in human respiration
monitoring. Text Res J 84(17):1791-1802

Denardo SJ, Nandyala R, Freeman GL, Pierce GL, Nichols
WW (2010) Pulse wave analysis of the aortic pressure
waveform in severe left ventricular systolic dysfunction.
Circ Heart Fail 3(1):149-156

Tee BCK, Chortos A, Dunn RR, Schwartz G, Eason E, Bao
Z (2015) Tunable
microstructured elastomer geometries for intuitive elec-
tronics. Adv Func Mater 24(34):5427-5434

Persano L, Dagdeviren C, Su Y, Zhang Y, Girardo S,
Pisignano D, Huang Y, Rogers JA (2013) High perfor-
mance piezoelectric devices based on aligned arrays of

flexible pressure sensors using

nanofibers of poly(vinylidenefluoride-co-trifluoroethylene).
Nat Commun 4(3):1633

Pang C, Lee GY, Kim TI, Kim SM, Kim HN, Ahn SH, Suh
KY (2012) A flexible and highly sensitive strain-gauge
sensor using reversible interlocking of nanofibres. Nat
Mater 11(9):795-801

Dagdeviren C, Su 'Y, Joe P, Yona R, Liu Y, Kim YS, Huang
Y, Damadoran AR, Xia J, Martin LW (2014) Conformable
amplified lead zirconate titanate sensors with enhanced
piezoelectric response for cutaneous pressure monitoring.
Nat Commun 5(7697):4496

Choong CL, Shim MB, Lee BS, Jeon S, Ko DS, Kang TH,
Bae J, Lee SH, Byun KE, Im J (2014) Highly stretchable
resistive pressure sensors using a conductive elastomeric
composite on a micropyramid Mater
26(21):3451-3458

Lochner CM, Khan Y, Pierre A, Arias AC (2014) All-or-
ganic optoelectronic sensor for pulse oximetry. Nat Com-
mun 5:5745

Vashist SK (2012) Non-invasive glucose monitoring tech-

array. Adv

nology in diabetes management: a review. Anal Chim Acta
750(11):16-27

Bandodkar AJ, Jia W, Yardimc1 C, Wang X, Ramirez J,
Wang J, Chem A (2014) Tattoo-based noninvasive glucose
monitoring: a proof-of-concept study. Anal Chem
87(1):394-398

Kwak YH, Dong SC, Ye NK, Kim H, Yoon DH, Ahn SS,
Yang JW, Yang WS, Seo S (2012) Flexible glucose sensor

@ Springer

[86]

[87]

[88]

(89]

[90]

[o1]

[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

using CVD-grown graphene-based field effect transistor.
Biosens Bioelectron 37(1):82-87

You X, Pak JJ (2014) Graphene-based field effect transistor
enzymatic glucose biosensor using silk protein for enzyme
immobilization and device substrate. Sens Actuators B
Chem 202(4):1357-1365

Liu 'Y, Yu D, Zeng C, Miao Z, Dai L (2010) Biocompatible
graphene oxide-based glucose biosensors.
26(9):6158-6160

You X, Pikul JH, King WP, Pak JJ (2013) Zinc oxide
Appl Phys Lett

Langmuir

inverse opal enzymatic biosensor.
102(25):253103-1-253103-5

Liao Y-T, Yao H, Lingley A, Parviz B, Otis BP (2012) A
3-uW CMOS glucose sensor for wireless contact-lens tear
glucose monitoring. IEEE J Solid-State Circuits
47(1):335-344

Yao H, Shum AJ, Cowan M, Lihdesmaiki I, Parviz BA
(2011) A contact lens with embedded sensor for monitoring
tear glucose level. Biosens Bioelectron 26(7):3290-3296
Varghese SS, Lonkar S, Singh KK, Swaminathan S, Abdala
A (2015) Recent advances in graphene based gas sensors.
Sens Actuators B Chem 218:160-183

Liu X, Cheng S, Liu H, Hu S, Zhang D, Ning H (2012) A
survey on gas sensing  technology.  Sensors
12(7):9635-9665

Yun YJ, Hong WG, Choi NJ, Kim BH, Jun Y, Lee HK
(2015) Ultrasensitive and highly selective graphene-based
single yarn for use in wearable gas sensor. Sci Rep
5(10904):10904

Bai S, Sun C, Wan P, Wang C, Luo R, Li Y, Liu J, Sun X
(2015) Transparent conducting films of hierarchically
nanostructured polyaniline networks on flexible substrates
for high-performance gas sensors. Small 11(3):306-310
Ryu H, Cho SJ, Kim B, Lim G (2014) A stretchable
humidity sensor based on a wrinkled polyaniline nanos-
tructure. RSC Adv 4(75):39767-39770

Boots AW, van Berkel JJ, Dallinga JW, Smolinska A,
Wouters EF, van Schooten FJ (2012) The versatile use of
exhaled volatile organic compounds in human health and
disease. J Breath Res 6(2):027108

And JMS, Sacks RD (2003) GC analysis of human breath
with a series-coupled column ensemble and a multibed
sorption trap. Anal Chem 75(10):2231-2236
Mukhopadhyay R (2004) Don’t waste your breath. Anal
Chem 76(15):273A-276A

Lord H, Yu Y, Segal A, Pawliszyn J (2002) Breath analysis
and monitoring by membrane extraction with sorbent

interface. Anal Chem 74(21):5650-5657



] Mater Sci (2019) 54:5187-5223

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

Smith D, Spanel P (2010) Selected ion flow tube mass
spectrometry (SIFT-MS) for on-line trace gas analysis.
Mass Spectrom Rev 24(5):661-700

Konvalina G, Haick H (2013) Sensors for breath testing:
from nanomaterials to comprehensive disease detection.
Acc Chem Res 47(1):66-76

Shin J, Choi SJ, Lee I, Youn DY, Chong OP, Lee JH, Tuller
HL, Kim ID (2013) Thin-wall assembled SnO, fibers
functionalized by catalytic Pt nanoparticles and their
superior exhaled-breath-sensing properties for the diagnosis
of diabetes. Adv Func Mater 23(19):2357-2367

Milne SD, Seoudi I, Al Hamad H, Talal TK, Anoop AA,
Allahverdi N, Zakaria Z, Menzies R, Connolly P (2016) A
wearable wound moisture sensor as an indicator for wound
dressing change: an observational study of wound moisture
and status. Int Wound J 13(6):1309—-1314

Mehmood N, Hariz A, Templeton S, Voelcker NH (2015) A
flexible and low power telemetric sensing and monitoring
system for chronic wound diagnostics. BioMed Eng Online
14(1):17

Garde AS (2014) Humidity sensing properties of WO3
thick film resistor prepared by screen printing technique.
J Alloy Compd 617:367-373

Kim HS, Park JS, Jeong HK, Son KS, Kim TS, Seon JB,
Lee E, Chung JG, Kim DH, Ryu M (2012) Density of
states-based design of metal oxide thin-film transistors for
high mobility and superior photostability. ACS Appl Mater
Interfaces 4(10):5416-5421

Bi H, Yin K, Xie X, Ji J, Wan S, Sun L, Terrones M,
Dresselhaus MS (2013) Ultrahigh humidity sensitivity of
graphene oxide. Sci Rep 3(9):2714

Lee JH, Yang D, Kim S, Park I (2013) Stretchable strain
sensor based on metal nanoparticle thin film for human
motion detection & flexible pressure sensing devices. In:
2013 Transducers & Eurosensors XXVII: the 17th inter-
national conference on solid-state sensors, actuators and
microsystems. IEEE, pp 2624-2627

Zhang X, Wang W, Li F, Voiculescu I (2017) Stretchable
impedance sensor for mammalian cell proliferation mea-
surements. Lab Chip 17(12):2054-2066

Melzer M, Karnaushenko D, Lin G, Baunack S, Makarov
D, Schmidt OG (2015) Stretchable electronics: direct
transfer of magnetic sensor devices to elastomeric supports
for stretchable electronics. Adv Mater 27(8):1333-1338
Chou N, Jeong J, Kim S (2013) Crack-free and reliable
lithographical patterning methods on PDMS substrate.
J Micromech Microeng 23(12):5035

Guo L, Deweerth SP (2010) An effective lift-off method for
patterning high-density gold interconnects on an elas-
tomeric substrate. Small 6(24):2847-2852

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

5221

Yang Y, Ding S, Araki T, Jiu J, Sugahara T, Wang J,
Vanfleteren J, Sekitani T, Suganuma K (2016) Facile fab-
rication of stretchable Ag nanowire/polyurethane electrodes
using  high light. Nanoresearch
9(2):401-414

Trung TQ, Ramasundaram S, Hwang BU, Lee NE (2016)

An all-elastomeric transparent and stretchable temperature

intensity  pulsed

sensor for body-attachable wearable electronics. Adv Mater
28(3):502-509

Wan S, Li Y, Peng J, Hu H, Cheng Q, Jiang L (2015)
Synergistic toughening of graphene oxide-molybdenum
disulfide-thermoplastic ~ polyurethane
nacre. ACS Nano 9(1):708-714
Adler M, Bieringer R, Schauber T, Giinther J (2012)
Materials for stretchable electronics compliant with printed

ternary artificial

circuit board fabrication. Wiley, Weinheim

Burgess SK, Leisen JE, Kraftschik BE, Mubarak CR,
Kriegel RM, Koros WJ (2014) Chain mobility, thermal, and
mechanical properties of poly(ethylene furanoate) com-
pared to poly(ethylene terephthalate). Macromolecules
47(4):1383-1391

Yan C, Cho JH, Ahn JH (2012) Graphene-based flexible
and  stretchable thin
4(16):4870-4882

Park G, Chung HJ, Kim K, Lim SA, Kim J, Kim YS, Liu Y,
Yeo WH, Kim RH, Kim SS (2014) Immunologic and tissue
biocompatibility of flexible/stretchable electronics and
optoelectronics. Adv Healthcare Mater 3(4):515-525

Ruh D, Reith P, Sherman S, Theodor M, Ruhhammer J,
Seifert A, Zappe H (2014) Stretchable optoelectronic cir-
cuits embedded in a polymer network. Adv Mater
26(11):1706-1710

Yun J, Lim Y, Jang GN, Kim D, Lee SJ, Park H, Hong SY,
Lee G, Zi G, Ha JS (2016) Stretchable patterned graphene
gas sensor driven by integrated micro-supercapacitor array.
Nano Energy 19:401-414

Amjadi M, Yoon YJ, Park I (2015) Ultra-stretchable and

skin-mountable strain sensors using carbon nanotubes-

film transistors. Nanoscale

ecoflex nanocomposites. Nanotechnology 26(37):375501
Kim KS, Zhao Y, Jang H, Lee SY, Kim JM, Kim KS, Ahn
JH, Kim P, Choi JY, Hong BH (2009) Large-scale pattern
growth of graphene films for stretchable transparent elec-
trodes. Nature 457(7230):706

Zhang L, Liang J, Huang Y, Ma Y, Wang Y, Chen Y (2009)
Size-controlled synthesis of graphene oxide sheets on a
large scale using chemical exfoliation. Carbon
47(14):3365-3368

Xie H, Wang K, Zhang Z, Zhao X, Liu F, Mu H (2015)
Temperature and thickness dependence of the sensitivity of

nitrogen dioxide graphene gas sensors modified by the

@ Springer



5222

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

J Mater Sci (2019) 54:5187-5223

atomic layer deposited Zinc Oxide films. RSC Adv
5(36):28030-28037

Shi G, Zhao Z, Pai JH, Lee I, Zhang L, Stevenson C, Ishara
K, Zhang R, Zhu H, Ma J (2016) Highly sensitive, wear-
able, durable strain sensors and stretchable conductors
using graphene/silicon rubber composites. Adv Func Mater
26(42):7614-7625

Lin Y, Liu S, Chen S, Wei Y, Dong X, Liu L (2016) A
highly stretchable and sensitive strain sensor based on
graphene—elastomer composites with a novel double-inter-
connected network. J Mater Chem C 4(26):6345-6352
Dong Z, Jiang C, Cheng H, Yang Z, Shi G, Lan J, Qu L
(2012) Facile fabrication of light, flexible and multifunc-
tional graphene fibers. Adv Mater 24(14):1856-1861

Xu Z, Sun H, Zhao X, Gao C (2013) Ultrastrong fibers
assembled from giant graphene oxide sheets. Adv Mater
25(2):188-193

Huang X, Qi X, Boey F, Zhang H (2012) Graphene-based
composites. Chem Soc Rev 41(2):666—-686

Bai H, Li C, Shi G (2011) Functional composite materials
based on chemically converted graphene. Adv Mater
23(9):1089-1115

De Volder MF, Tawfick SH, Baughman RH, Hart AJ (2013)
Carbon nanotubes: present and future commercial applica-
tions. Science 339(6119):535-539

Park S, Vosguerichian M, Bao Z (2013) A review of fab-
rication and applications of carbon nanotube film-based
flexible electronics. Nanoscale 5(5):1727-1752

Iijima S, Ichihashi T (1993) Single-shell carbon nanotubes
of 1-nm diameter. Nature 364(6439):737

Iijima S (1991) Helical microtubules of graphitic carbon.
Nature 354(6348):56-58

Ebbesen TW, Ajayan PM, Hiura H, Tanigaki K (1994)
Purification of nanotubes. Nature 367(6463):519

Guo T, Nikolaev P, Rinzler AG, Tomanek D, Colbert DT,
Smalley RE (1995) Self-assembly of tubular fullerenes.
J Phys Chem 99(27):10694-10697

Colomer JF, Willems I, Konya Z, Fonseca A, Nagy JB,
Tendeloo GV (1999) Synthesis of single-wall carbon nan-
otubesby catalytic decomposition of hydrocarbons. Chem
Commun 14(14):1343-1344

Xiao X, Peng X, Jin H, Li T, Zhang C, Gao B, Hu B, Huo
K, Zhou J (2013) Freestanding mesoporous VN/CNT
hybrid electrodes for flexible all-solid-state supercapacitors.
Adv Mater 25(36):5091-5097

Kim SH, Song W, Jung MW, Kang MA, Kim K, Chang SJ,
Lee SS, Lim J, Hwang J, Myung S (2014) Carbon nanotube
and graphene hybrid thin film for transparent electrodes and
field effect transistors. Adv Mater 26(25):4247-4252

@ Springer

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

Lipomi DJ, Vosgueritchian M, Tee BC, Hellstrom SL, Lee
JA, Fox CH, Bao Z (2011) Skin-like pressure and strain
sensors based on transparent elastic films of carbon nan-
otubes. Nat Nanotechnol 6(12):788-792

Ko H, Lee J, Kim Y, Lee B, Jung CH, Choi JH, Kwon OS,
Shin K (2014) Active digital microfluidic paper chips with
inkjet-printed  patterned  electrodes. @ Adv ~ Mater
26(15):2335-2340

Lee P, Lee J, Lee H, Yeo J, Hong S, Nam KH, Lee D, Lee
SS, Ko SH (2012) Flexible electronics: highly stretchable
and highly conductive metal electrode by very long metal
nanowire percolation network. Adv Mater
24(25):3326-3332

Bjornetun Haugen A, Forrester JS, Damjanovic D, Li B,
Bowman KJ, Jones JL (2013) Structure and phase transi-
tions in 0.5(Ba0.7Ca0.3Ti03)-0.5(BaZr0.2Ti0.803) from
— 100°C to 150°C. J Appl Phys 113(1):257602

Amjadi M, Pichitpajongkit A, Lee S, Ryu S, Park 1 (2014)
Highly stretchable and sensitive strain sensor based on
silver nanowire-elastomer nanocomposite. ACS Nano
8(5):5154-5163

Segevbar M, Haick H (2013) Flexible sensors based on
nanoparticles. ACS Nano 7(10):8366-8378

Lee J, Kim S, Lee J, Yang D, Park BC, Ryu S, Park I (2014)
A stretchable strain sensor based on a metal nanoparticle
thin film for human motion detection.
6(20):11932-11939

Nassar JM, Rojas JP, Hussain AM, Hussain MM (2016)
From stretchable to reconfigurable inorganic electronics.
Extreme Mech Lett 9:245-268

Kramer RK, Majidi C, Wood RJ (2013) Masked deposition
of gallium—indium alloys for liquid-embedded elastomer
conductors. Adv Func Mater 23(42):5292-5296

Boley JW, White EL, Chiu GTC, Kramer RK (2014) Direct
writing of gallium—indium alloy for stretchable electronics.
Adv Func Mater 24(23):3501-3507

Cumby BL, Hayes GJ, Dickey MD, Justice RS, Tabor CE,
Heikenfeld JC (2012) Reconfigurable liquid metal circuits
Appl Phys Lett

Nanoscale

by Laplace pressure
101(17):277-303

Park J, Wang S, Li M, Ahn C, Hyun JK, Kim DS, Kim K,
Rogers JA, Huang Y, Jeon S (2012) Three-dimensional
nanonetworks for giant stretchability in dielectrics and
conductors. Nat Commun 3(2):916

Suzuki K, Yataka K, Okumiya Y, Sakakibara S, Sako K,
Mimura H, Inoue Y (2016) Rapid-response, widely

shaping.

stretchable sensor of aligned MWCNT/elastomer compos-
ites for human motion detection. ACS Sens 1(6):817-825
Tadakaluru S, Thongsuwan W, Singjai P (2014) Stretchable
and flexible high-strain sensors made using carbon



J Mater Sci (2019) 54:5187-5223

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

nanotubes and graphite films on natural rubber. Sensors
14(1):868-876

Xiao L, Zhang R, Yu W, Wang K, Wei J, Wu D, Cao A, Li
Z, Yao C, Zheng Q (2012) Stretchable and highly sensitive
graphene-on-polymer strain sensors. Sci Rep 2(6109):870
Yao S, Zhu Y (2014) Wearable multifunctional sensors
using printed stretchable conductors made of silver nano-
wires. Nanoscale 6(4):2345-2352

Cai L, Song L, Luan P, Zhang Q, Zhang N, Gao Q, Zhao D,
Zhang X, Tu M, Yang F (2013) Super-stretchable, trans-
parent carbon nanotube-based capacitive strain sensors for
human motion detection. Sci Rep 3(6157):3048

Zhang S, Zhang H, Yao G, Liao F, Gao M, Huang Z, Li K,
Lin Y (2015) Highly stretchable, sensitive, and flexible
strain sensors based on silver nanoparticles/carbon nan-
otubes composites. J Alloy Compd 652:48-54

Ma Z, Su B, Gong S, Wang Y, Yap LW, Simon GP, Cheng
W (2016) Liquid-wetting-solid
stretchable sensors for human-motion detection. ACS Sens
1(3):303-311

Bae S-H, Lee Y, Sharma BK, Lee H-J, Kim J-H, Ahn J-H
(2013) Graphene-based transparent strain sensor. Carbon
51(1):236-242

Sun M, Liu H, Liu Y, Qu J, Li J (2015) Graphene-based
transition metal oxide nanocomposites for the oxygen
reduction reaction. Nanoscale 7(4):1250-1269

Yu J, Lu W, Pei S, Gong K, Wang L, Meng L, Huang Y,
Smith JP, Booksh KS, Li Q (2016) Omnidirectionally
stretchable high-performance supercapacitor based on iso-
ACS Nano

strategy to fabricate

tropic buckled carbon nanotube films.
10(5):5204-5211

Hafeez H, Zou Z, Kim DH, Shin JY, Song M, Kim CS,
Choi WJ, Song J, Xiao J, Ryu SY (2017) Multiaxial wavy

top-emission organic light-emitting diodes on thermally

prestrained  elastomeric  substrates. Org  Electron
48:314-322
Gao L, Zhang Y, Zhang H, Doshay S, Xie X, Luo H, Shah

D, Shi Y, Xu S, Fang H, Fan JA (2015) Optics and non-
linear buckling mechanics in large-area, highly stretchable
arrays of plasmonic  nanostructures. ACS Nano
9(6):5968-5975

Sun Y, Choi WM, Jiang H, Huang YY, Rogers JA (2006)
Controlled buckling of semiconductor nanoribbons for
stretchable electronics. Nat Nanotechnol 1(3):201-207
Shang Y, He X, Li Y, Zhang L, Li Z, Ji C, Shi E, Li P, Zhu
K, Peng Q (2012) Super-stretchable spring-like carbon

nanotube ropes. Adv Mater 24(21):2896-2900

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

' 5223

Hua C, Shang Y, Li X, Hu X, Wang Y, Wang X, Zhang Y,
Li X, Duan H, Cao A (2016) Helical graphene oxide fibers
as a stretchable sensor and an electrocapillary sucker.
Nanoscale 8(20):10659-10668

Sekitani T, Nakajima H, Maeda H, Fukushima T, Aida T,
Hata K, Someya T (2009) Stretchable active-matrix organic
light-emitting diode display using printable elastic con-
ductors. Nat Mater 8(6):494-499

Park M, Im J, Shin M, Min Y, Park J, Cho H, Park S, Shim
MB, Jeon S, Chung DY (2012) Highly stretchable electric
circuits from a composite material of silver nanoparticles
and elastomeric fibres. Nat Nanotechnol 7(12):803-809
Wang X, Li T, Adams J, Yang J (2013) Transparent,
stretchable, carbon-nanotube-inlaid conductors enabled by
standard replication technology for capacitive pressure,
strain and touch sensors. J Mater Chem A 1(11):3580-3586
Li G, Wu X, Lee DW (2016) A galinstan-based inkjet
printing system for highly stretchable electronics with self-
healing capability. Lab Chip 16(8):1366—1373

Lu T, Finkenauer L, Wissman J, Majidi C (2014) Rapid
prototyping for soft-matter electronics. Adv Func Mater
24(22):3351-3356

Vogt DM, Park YL, Wood RJ (2013) Design and charac-
terization of a soft multi-axis force sensor using embedded
microfluidic channels. IEEE Sens J 13(10):4056—4064
Vural M, Behrens AM, Ayyub OB, Ayoub JJ, Kofinas P
(2015) Sprayable elastic conductors based on block
copolymer silver nanoparticle composites. ACS Nano
9(1):336-344

Mosadegh B, Xiong G, Dunham S, Min JK (2015) Current
progress in 3D printing for cardiovascular tissue engineer-
ing. Biomed Mater 10(3):034002

Kong YL, Tamargo 1A, Kim H, Johnson BN, Gupta MK,
Koh TW, Chin HA, Steingart DA, Rand BP, McAlpine MC
(2014) 3D printed quantum dot light-emitting diodes. Nano
Lett 14(12):7017-7023

Burns A, Greene BR, McGrath MJ et al (2010) SHIM-
MER™ —a wireless sensor platform for noninvasive
biomedical research. IEEE Sens J 10(9):1527-1534

Guan L, Nilghaz A, Su B et al (2016) Stretchable-fiber-
confined wetting conductive liquids as wearable human
health monitors. Adv Func Mater 26(25):4511-4517

Jung S, Hong S, Kim J et al (2015) Wearable fall detector
using integrated sensors and energy devices. Sci Rep
5:17081

Xie K, Zhang S, Dong S et al (2017) Portable wireless
electrocorticography system with a flexible microelectrodes
array for epilepsy treatment. Sci Rep 7(1):7808

@ Springer



	Highly stretchable sensors for wearable biomedical applications
	Abstract
	Introduction
	Functions of stretchable sensors
	Stretchable sensors for human body motion detection
	Stretchable sensors for vital sign monitoring
	Temperature
	Heart rate
	Respiration rate
	Blood pressure
	Pulse oxygenation
	Blood glucose

	Stretchable sensor for environmental monitoring around a biological surface

	Design considerations for stretchable sensors
	Materials
	Materials for flexible substrates
	Graphene-based active materials
	Carbon nanotube (CNT)-based active materials
	Nanowire (NW)-based materials
	NP-based materials
	Liquid metal material

	Strategies for achieving stretchability
	Geometric structuring
	3D structuring


	Production process for stretchable sensors
	Summary and prospects
	Acknowledgements
	References




