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Abstract: Recently, owing to their excellent flexibility and adaptability, skin-like pressure and strain
sensors integrated with the human body have the potential for great prospects in healthcare. This
review mainly focuses on the representative advances of the flexible pressure and strain sensors
for health monitoring in recent years. The review consists of five sections. Firstly, we give a brief
introduction of flexible skin-like sensors and their primary demands, and we comprehensively outline
the two categories of design strategies for flexible sensors. Secondly, combining the typical sensor
structures and their applications in human body monitoring, we summarize the recent development
of flexible pressure sensors based on perceptual mechanism, the sensing component, elastic substrate,
sensitivity and detection range. Thirdly, the main structure principles and performance characteristic
parameters of noteworthy flexible strain sensors are summed up, namely the sensing mechanism,
sensitive element, substrate, gauge factor, stretchability, and representative applications for human
monitoring. Furthermore, the representations of flexible sensors with the favorable biocompatibility
and self-driven properties are introduced. Finally, in conclusion, besides continuously researching
how to enhance the flexibility and sensitivity of flexible sensors, their biocompatibility, versatility
and durability should also be given sufficient attention, especially for implantable bioelectronics.
In addition, the discussion emphasizes the challenges and opportunities of the above highlighted
characteristics of novel flexible skin-like sensors.

Keywords: flexible sensors; electronic skin; human monitoring; wearable electronic; pressure and
strain; structure characteristic

1. Introduction

Due to the favorable flexibility and adaptability, flexible wearable electronics have
exhibited enormous potential in broad prospects, and consequently, they have become one
of the most attractive and rapidly growing areas of novel interdisciplinary research. As the
core components of flexible electronics, the excellent flexibility and outstanding sensing per-
formance of flexible skin-like sensors are important guarantees for these flexible wearable
electronics, which have become the focus of domestic and international research. Recently,
flexible sensors integrated with the human body can provide powerfully diagnostic and
therapeutic capabilities. A flexible sensor worn on the throat can continuously measure and
interpret the coughing and breathing rates of people with COVID-19 [1]. Actually, due to
their excellent flexibility and adaptability, flexible sensors are both remarkably interesting
and potentially useful in a broad range of application fields [2], such as healthcare [3–9],
human–machine interface [10–12], robotics [13–15], sensors [16–18] and actuators [19],
bioelectronics [20,21].

It is well known that all kinds of organisms can adapt to their living environment
through their unique shapes and functions, and humankind has been trying to devise
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structures or devices with similar biological functions by mimicking the functions and
behaviors of biological systems. The advancement of science is inseparable from the
learning of nature, and many researchers have attempted to simulate the complex tactile
perceptual functions of the skin surface. The human epidermis is our largest and oldest
sensory organ, which possess a large number of tactile receivers, including the perception
of various external stimuli such as pressure, strain, temperature, humidity, vibration, and
sliding. However, the unique and various tactile perception mechanisms of the skin are
not yet fully understood and even poorly comprehended.

As an important medium for connecting us to the world around us, the skin not only
protects us from harm but also allows us to perceive our surroundings and the properties
of the objects around us. The tactile interactions of human skin are both real and imme-
diate feeling; nevertheless, there is an underlying complex mechanism of the simple and
natural skin. In addition, traditional electronic devices cannot achieve the imitation of
comprehensive mechanical properties and perceptual properties of the skin. With the rapid
development of flexible electronics and bionics, electronic skin based on flexible substrate
materials to mimic real skin to perceive external stimuli has become a research hotspot
at home and abroad, and the use of flexible electronic devices to reshape the properties
of skin may have far-reaching effects on prosthetics and medicine. Consequently, flexible
electronic skin has exhibited favorable application prospects in the fields of biomedicine,
human–machine interface, bionic machinery, artificial intelligence, etc. With the continuous
pursuit of electronic skin [22–24], novel materials and structural innovations with mechan-
ical flexibility have been devised and manufactured to imitate the unique properties of
human skin, including satisfactory stretchability and mechanical durability, biodegradabil-
ity [25], and the paramount ability to perceive a variety of complex stimuli in large areas.
Electronic skin sensors can be used for haptic sensing in wearable consumer electronics,
healthcare, and robotics. Skin-like tactile sensing enables the detection of various stimuli
such as pressure, strain, temperature, vibration, and sliding, and it can be used to monitor
physical activity and position, or to detect vital signs, such as blood pressure [26] and
respiratory rate.

Owing to their deformability, lightness, portability, and adaptability, flexible skin-like
sensors have achieved many functions that were previously unattainable for traditional
sensors. Flexible skin-like sensors can be classified into four main categories based on the
quantities they measure, including physical, chemical, physiological, and multifunctional
flexible skin-like sensors. Here, physical sensors are made using some physical property
of the substances, which are sensitive to the measured quantities. Chemical sensors are
made of sensitive elements that convert chemical quantities such as the composition and
concentration of chemical substances into electrical quantities. Physiological sensors are
sensors that use various biological and physiological characteristics or the properties of
biological substances to detect and identify biological and physiological characteristics or
chemical components in living organisms. Thereinto, pressure [27], strain, and temperature
are the typical three main physical quantities that can be detected by flexible skin-like
physical sensors, which can convert external physical stimulus signals such as pressure,
strain, and temperature into electrical signals, thus complete the sensing function of the
skin. Multifunctional sensors [28–30] are the integration of several different types of sensors
into one unit together, which can realise the detection and testing of several variables at the
same time. For example, it has been reported that the multifunctional electronic skin can
achieve pressure, strain, and temperature detection simultaneously. Due to the wide range
of types and applications of flexible sensors, international research on them has been very
developing rapidly in recent years. Figure 1 illustrates typical applications of pressure,
strain, temperature, and multifunctional flexible physical sensors.
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Figure 1. Representations of flexible physical sensors and typical applications: (a) A model hand with pressure sensor on the
fingertips (Reprinted with permission from ref. [31]. Copyright 2015, American Association for the Advancement of Science);
(b) Pressure–sensor integration attached to the surface of a soft balloon (Reprinted with permission from ref. [32]. Copyright
2019 Royal Society of Chemistry); (c) Leather-based e-skin with sensing capability by merging the sophisticated hierarchical
structure of leather (Reprinted with permission from ref. [33]. 2018 The Authors); (d) Pulse signals measured by a stretchable
strain sensor (Reprinted with permission from ref. [34]. Copyright 2018 Springer Nature); (e) Sensor for sensing the pulse
on a human wrist (Reprinted with permission from ref. [35]. Copyright 2019, The Authors); (f) Skin-like stretchable strain
sensor by poking with a plastic bar (Reprinted with permission from ref. [36]. Copyright 2019 The Authors); (g) Flexible
multimodal sensor wrapped onto a finger of a robotic hand (Reprinted with permission from ref. [37]. Copyright 2016
American Association for the Advancement of Science); (h) The malleable e-skin can be comfortably mounted onto a human
arm (Reprinted with permission from ref. [38]. Copyright The Authors); (i) Textile-based sensor-integrated sleeve for hand
motion detection (Reprinted with permission from ref. [39]. Copyright 2020 The Authors); (j) Temperature sensor mounted
on an arm for real-time body temperature monitoring (Reprinted with permission from ref. [40]. Copyright 2020 The
Authors); (k) Stretchable integrated circuit for strain-independent temperature sensing (Reprinted with permission from
ref. [41] Copyright 2018 The Authors); (l) Flexible temperature sensor attached to fingers of the hand for temperature sensing
(Reprinted with permission from ref. [42]. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany).

Notably, mechanical sensing is a key functionality of flexible sensors which can be
applied in health monitoring and human–machine interaction. Measuring small pressure
and strain is essential to accurately evaluating external stimuli in curvilinear and dynamic
surfaces. Monitoring the responses of pressure and strain can provide valuable biological
information for healthcare. In recent years, numerous flexible pressure and strain sensors
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for human health monitoring have appeared. However, there are different types of sensors,
and their performance characteristics vary greatly, and to date, there are few systematic
classification summaries or comparative analyses of their applications.

Strain and pressure sensors are the most widely used for human body detection. The
field is rapidly developing and flourishing with numerous articles. During the last three
years, there have been numerous innovative studies in this field. Pressure and strain sensors
vary greatly in terms of their mechanism, structural compositions, performance characteris-
tics, and applications. Although there are some reviews related to stress and strain sensors,
some of them mainly focus on the materials or structural preparation processes, while in
other reviews, the sensing mechanisms are not systematic, and their main applications are
limited. In addition, due to rapid and prosperous development, the timeliness of these
reviews is poor and relatively obsolete. In general, there is a lack of systematic summary
of pressure and stress sensors and their applications in human motion detection in the
last three years, especially for a comprehensive evaluation of structural performance from
multiple perspectives, such as sensing mechanisms, sensing elements, substrate materials,
measurement ranges, and representative applications. This paper focuses on a systematic
summary of the structural properties and typical applications of stress and strain sensors
for human motion detection, including the four sensing mechanisms, sensitive element,
substrate materials, and main performance index. The review criteria are that most of the
selected papers are distinguished in representation, originality, and innovation. In addition,
the majority of these papers are of high academic level and have been published in the last
three years.

This paper provides an overview of the key requirement backgrounds of various flexi-
ble sensors for numerous applications, including healthcare, wearable electronics, robotic
sensing, and human body integration. The paper mainly focuses on the most widely used
physical sensors for human body detection, such as skin-like pressure and strain sensors,
which are classified and compared according to sensing mechanisms, structure principles,
and performance characteristics. The four main sensing mechanisms and representative
sensors are introduced. In addition, we show the device structure components and appli-
cation scenarios of these typical flexible sensors as well as list and contrast the sensitive
elements and performance characteristics of different sensors. The device constituents
and performance characteristics are also compared, such as sensitive elements, substrate
materials, sensitivity and measurement range. The aim of this paper is to present some of
the most representative structural features and device performances of flexible pressure
and strain sensors, especially those used in wearable devices for human body detections.
It is expected that the reader will accquire a basic understanding and appreciation of
flexible pressure and strain sensors for human monitoring. However, not limited to the
above, the review is also an important reference, especially for the sensors’ structural
compositions, performance parameters, and numerous representative applications, such
as medical health, bioelectronics, consumer electronics, human–machine integration and
intelligent robotics.

2. The Demands and Strategies for Flexible Sensors
2.1. Demand for Flexible Sensors

Nowadays, people can effectively monitor the internal state of the human body
through wearable devices such as smart watches and electronic vests. Apple and Sam-
sung’s smart wearable devices are highly popular, and smart wearable devices from manu-
facturers such as Huawei, Xiaomi, and Royole corporations have also greatly enhanced the
haptic experience for mobile phone users, giving consumers the pleasure that comes from
the sense of touch. Strategies to reconstruct and restore the sense of touch via e-skin sensors
are needed for a wide range of areas, such as consumer electronics, human perception, and
robotic manipulation. One example is integrating nanowire transistor arrays into active
matrices and sensitive rubber, which is based on the mechanism of capacitive change or
piezoelectric detection to achieve tactile pressure similar to human skin and is integrated
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with organic light-emitting diodes to visualize transient pressure and enhance user interac-
tion. However, most of the existing wearable products are based on hard semiconductor
processes, which are not yet well suited to complex human surfaces, and they consequently
bring on an uncomfortable wearing experience and make it difficult to obtain accurate
data due to poor sensing accuracy. Existing wearable devices have poor wearing comfort
in the event of human movement, slow response time, or make it challenging to achieve
multiple functions. Moreover, during human–computer interaction of these wearable
consumer electronics, the real and intimate haptic perception is profoundly dependent on
the guarantee of skin-like sensors with good deformation capabilities. However, due to
the non-stretchable nature of most traditional electronic materials, existing rigid and bulky
electronics limit their sensing capabilities, especially for humankind, machines, and soft
robots, whose activities are associated with large mechanical deformation and strain. In a
word, a flexible e-skin sensor needs to conformably adhere to irregular-shaped bodies.

Nevertheless, traditional sensors are mostly based on metal and semiconductor mate-
rials, which are insufficiently flexible, portable, biocompatible, inconvenient, and comfort-
able, so it is difficult to adapt to the high requirements of sensors for the new generation of
intelligent sensing devices. In the future, electronic sensors will become smaller, lighter,
and more versatile. In the face of the increasing number of special signals to be measured
and more complex environments, new materials and processes are being developed and
new types of sensors are being devised and prepared. At the same time, it is urgently
required that sensors will also be transparent, flexible, ductile, freely bendable, and even
foldable, portable, and wearable.

In recent years, there has been rapid development of wearable interfaces/interfaces,
such as wearable electronics, electronic skin sensors [43], flexible displays, intelligent robots,
and implantable medical devices. Most of these products are flexible, portable, versatile,
and easy to operate due to their unique structure, and they can even be directly adhered
to human skin. Figure 2 demonstrates some flexible skin-like sensors for monitoring the
movements and physiological signals of the human body [44–49]. They can be integrated
into our clothes or on our skin to detect health conditions and human motions without
interfering with normal human movements.

In the current rapidly developing world, personal health is gradually becoming
the focus of attention. Simple, fast, and convenient monitoring of human physiological
conditions in real time is an important guide for stress-related health management for
individuals. However, human organs have complex and variable geometric surfaces, and
the human body is always in motion. The seamless integration of electronic devices into
complex curved surfaces requires a high flexibility of the sensor structures. Wearable
medical devices that monitor a wide range of physiological signals require flexible sensors
with excellent performances. However, existing rigid and fragile conventional sensors
are incapable of achieving the above functions and purposes. Hence, it is urgently and
importantly necessary to obtain flexible skin-like sensors that are equipped with multiple
perception capabilities and can be in close contact with various complex surfaces for long
periods of time.

Moreover, with the rapid development of artificial intelligence and the internet of
things, next-generation intelligent robots are also in urgent need of skin-like tactile sensors
that can sense various external physical stimuli and adhere well to the complex surfaces
of objects. Sensor technology is an important driver for the continuous development of
robotics. For robots, body position perception or motion perception are important features
for proper robot operations. Especially for soft robots, monitoring proprioception is partic-
ularly challenging because their shapes are easily deformed under external loads. With
the development of robotics facing more and more complex signals and working environ-
ments, higher requirements are put forward for various sensing, and it is also hoped that
sensors can also be transparent, flexible, ductile, freely bendable or even foldable, portable,
wearable, etc. With the development of flexible substrate materials, flexible sensors that
meet the characteristics of the above trends have emerged on this basis. Furthermore, touch
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sensing in human–robot interaction is critical for robots to deftly manipulate objects and
safely interact with humans, such as sensing the shape, hardness, texture, and sliding of
flexible sensors during robotic manipulations. These applications require sensors that are
highly adaptable to complex surfaces and have favorable perception capabilities, which
have stimulated research interest in electronic skin sensors. In conclusion, haptic sensing
capabilities, such as pressure, strain, displacement, and temperature detection, are impor-
tant for wearable medical devices, human–robot interaction, and robotic detection of the
surrounding environment and object manipulation. Undoubtedly, the flexible skin-like
sensor is an essential factor for realizing the next generation of multifunctional intelligent
sensing electronics.
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Figure 2. Flexible skin-like sensors for the human body. (a) An implantable and versatile piezoresistive sensor and
application in the monitoring of human–machine interfacing (Reprinted with permission from ref. [44]. Copyright 2019
Royal Society of Chemistry); (b) The prospects of future e-skins powered by body heat (Reprinted with permission from
ref. [45]. Copyright 2019 Elsevier); (c) Strain detection by SnS2-based sensor used for human body motion (Reprinted
with permission from ref. [46]. Copyright 2021 The Authors); (d) Wearable transient pressure sensor for human−machine
interfacing (Reprinted with permission from ref. [47]. Copyright 2019 American Chemical Society); (e) Flexible pressure
sensor for health detection (Reprinted with permission from ref. [48]. Copyright 2020 Elsevier); (f) Multiple battery-free
sensor nodes mounted on the skin and interconnected to a wireless reader through the near-field-enabled clothing (Reprinted
with permission from ref. [49]. Copyright 2020 The Authors).

Furthermore, with the rapid development and application of graphene, carbon nan-
otubes (CNTs) [50], and other special materials with excellent characteristics, such as
ultra-thin, tough, and having small resistivity, high-sensitivity electronic skin made of
CNTs sensors can sense the tiny pressure of 20 mg such as ants on the skin. Advances in
organic–inorganic hybrid electronics have enabled materials with simultaneous mechanical
flexibility, hybrid ion/electron conduction, enhanced biocompatibility, and multifunction-
ality. Takao Someya [51] introduced an ultra-lightweight design based on a prestrained
polymer elastomer for imperceptible plastic electronic that can be crumpled similarly to
paper and stretched up to 230%; it could also be matrix-addressed to tactile sensors foils for
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health monitoring. Flexible sensors can be prepared using the inherent properties of soft
polymers and organics for plastic electronic [52] due to the stretchability and mechanically
adaptability, which are important qualities for interacting with biological systems, and
they can be easily integrated with biological systems to form wearable and implantable
devices for the interactive transfer of information between human and machine. Someya
demonstrated the great potential for the brain research and treating related pathologies by
novel devices for recording and stimulating neurons. Obviously, flexible skin-like sensors
have become a focus of research in industry and academia due to their numerous advan-
tages such as remarkable bendability, thinness, adaptability, and durability. To overcome
the limitations of traditional rigid sensors and to improve the flexibility and adaptability
of sensor structures, scientists have begun to use flexible electronic materials to prepare
large-area, low-cost, and printable sensors. These skin-like sensors with flexible structures
were initially called sensitive skins because of the First Symposium on Sensitive Skins,
and there has been a great deal of interest in electronic skins for a variety of applications,
from robotics to healthcare. V. J. Lumelsky summarized the concept and application areas
of electronic-skins (E-skin) and pointed out that the E-skin is a large-area, flexible sensor
array with data processing capabilities that can be used to cover the entire surface of
a machine or even part of the human body, and it could also percept its surroundings
through proximity, touch, pressure, temperature, chemical/biological, or other sensors.
Recreating the properties of skin via electronics has profound applications in mediating our
interactions with the world in a similar manner to humankind skin. Rivnay [53] described
the next-generation probes, particles, and proteins for two-way communication neural
interfacing for diagnosis and therapy. Obviously, it is necessary for electronic skin flexible
sensors to both monitor the state of the brain and repair sensory cells.

E-skin is actually a flexible wearable bionic haptic sensor that enables smart devices to
have haptic sensing capabilities via a simple primary structure, nice mechanical flexibility,
and suitability for large-area fabrication. E-skin sensors are equipped with the ability to
conform to a variety of complex surfaces and shapes, and they also have the ability to attach
to the surfaces of smart devices similar to a straitjacket and thus help smart devices sense
some basic properties of the object. However, to achieve electronic skin imitation, restore,
or even replace human skin, the most important thing is to have a variety of different
tactile functions at the same time; that is, human skin can sense different external pressure,
temperature, humidity, and other environmental information. For example, E-skin can be
used to detect the blood pressure of a sick person, breathing rate, and other physiological
signals or monitor fitness, posture, gait abnormalities and other human movements. In
recent years, there has been a great deal of interest in the potential of soft electronic skin-
based sensors for medical and health applications. Wearable devices using flexible sensors
made from soft elastic materials that are snugly attached to the human skin can detect a
range of important health information, such as wrist pulse, body temperature, and blood
glucose. The common force sensors, temperature sensors, physiological and biochemical
sensors, and multifunctional sensors are widely used in wearable electronic devices for
human health monitoring [54]. Electronic skins are used in medical and robotic applications
and can help patients or robots have the ability to sense the external physical environment,
besides enabling humans or robots to monitor proprioception and take appropriate action
to the external environment. E-skin can mimic the various properties of human skin via
the combination of new materials with excellent performance and new structural designs.
Furthermore, it can also identify the geometry, spatial location, texture, and hardness of
the object being touched, and it can sense strain, force, shear, twist, bending, and vibration
through E-skin and thus possess sensing capability about the environment. Wang et al. [55]
described the advances in skin-like sensors for robotics, human–machine interfaces, and
the Internet of Things. Electronic skin sensor arrays have been made possible due to
various mechanisms, innovative materials, structural designs, and advanced fabrication
techniques, which have far-reaching significance for human monitoring, intelligent robotics,
and human–machine interface technology.
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2.2. Trategies for Flexible Sensors

Flexible sensor research is an important direction in the field of flexible electronics,
which typically contains several key components, including the active layer, the substrate,
and the interface layer. In recent years, scientists have continued to develop new materials
and manufacturing strategies [56] to create skin-like wearable devices with excellent
mechanical flexibility and multiple sensory functions, as well as human–machine fusion
devices, which can bilaterally transmit and exchange human physiological signals. Flexible
sensors can be widely used in healthcare, smart robotics, wearable devices, etc.

Currently, there are two main strategies being used to achieve structural flexibility
in electronic devices: (1) inherently flexible material innovation by preparing mechan-
ically intrinsic stretchability with favorable deformation capabilities; and (2) structural
mechanics design by special mechanical structures to obtain flexibility. Even brittle or non-
deformable materials have made full use of the large deformation of the structure design
to absorb the stress and strain of the devices, thus avoiding damaging the material itself.
Someya et al. [57] were the first to apply traditional electronic components to a robotic elec-
tronic skin, which was prepared via multiple layers of high-performance pressure-sensitive
polyimide plastic and pentacene organic semiconductor. The flexible electronic skin was
spined on a relatively rigid polyimide polymer into a web-like structure that achieved the
ability to obtain pressure perception. John Rogers prepared submicron-scale ultra-thin
strips of rigid inorganic materials such as single-crystal silicon and then bonded them
to a pre-stretched rubber-like polydimethylsiloxane (PDMS) substrate. After the tension
is released, the silicon deformed into waves. Thus, it ingenuously achieved structural
flexibility via the organic–inorganic hybrid method. Cambridge researchers transferred
stretchable circuitry to a flexible silicone substrate, giving the electronic skin similar physi-
cal properties to human skin, which can be well wrapped around the extremities and arms
and is expected to be used in the field of skin transplantation in the future. The printed
and transferred active materials have shown great promise for physical sensing. These
flexible sensors based on printing have been applied to wearable electronics to monitor
pressure, strain, temperature, and so on. Due to its variable shape and the advantages
of force transfer and structural support, the traditional art of origami [58] can be used to
build complex three-dimensional (3D) structures with good ductility. Moreover, the strate-
gical combination of semiconducting and dielectric materials can reduce the fabrication
complexity and enables the sensor to possess mechanical excellence and high and reliable
performance. Park [59] placed MoS2 between Al2O3 dielectric sandwich layers to achieve
the MoS2-based back-plane circuitry and sensor, which showed excellent linearity and
response time as well as potential in sensing multi touch accurately and detecting object
by grasping.

In addition, the pursuit of flexible e-skin sensors has inspired innovations in materials
to imitate human skin’s unique characteristics. Microtubes can be used in novel bionic and
biomedical applications such as bionic microelectronics and self-driven micro autonomous
systems. Oliver G. Schmidt [15] has proposed the use of cellular robots for targeted drug
delivery and reproduction by designing reconfigurable kinematic microelectronic systems.
New materials and structure strategies [24] are being investigated to obtain compliant
and multifunctional skin-like sensors to enable transmission signals from the body. This
introduced the materials and devices designed for mimicking the skin’s ability to sense
biomimetic signals. In the field of micro-nano-technology, unique 3D microstructures
and nanostructures can be formed by transferring thin flexible nanomembranes, which
can be used in a variety of application scenarios including flexible electronic skins and
unique 3D microsystems on chips, and rolling up nanomembranes into micro-cylindrical
tubes has good potential for applications in 3D electronics and photonics, sensors, and
energy storages.

Moreover, numerous materials with excellent performance have now been used to
prepare highly sensitive and flexible sensors due to their excellent mechanical and electrical
properties, including ZnO, carbon black (CB), graphene oxide (GO), single-walled car-



Micromachines 2021, 12, 695 9 of 30

bon nanotubes (SWCNTs), multi-walled carbon nanotubes (MWCNTs), metal nanowires,
graphene nanostructures, and other conductive nanomaterials. Kausik Manna et al. [60]
achieved good exfoliation and high yield preparation of graphene nanosheet lamellar struc-
tures by using a solvent mixture of N-methylpyrrolidinone (NMP) and water, and they
successfully prepared highly sensitive and reliable flexible paper-based stress sensors using
graphene ink formed from graphene nanosheets in a solvent controllable deoxidation–
nitridation strategy. Moreover, metallic two-dimensional conductive nanomaterials are
extensively employed in flexible sensors, which are promising applications ranging from
health monitoring to human–machine interfaces. Nevertheless, limited to materials avail-
able and sensing abilities, Wei Huang’s team reported a controllable deoxidation and
nitridation strategy [10] via the pyrolysis of an amine nitrogen source to synthesize oxygen-
doped vanadium nitride (VNO) nanosheets with high conductivity.

Furthermore, as the mechanical support for materials and devices, flexible substrates
play an important role in flexible electronics. Flexible skin-like sensors usually have flexi-
ble metal foils or non-metallic substrates, which include polydimethylsiloxane (PDMS),
polyethylene terephthalate (PET), polyurethane (PU), polyimide (PI), polyethylene naph-
thalate (PEN), polyethylene oxide (PEO), polystyrene sulfonate (PEDOT: PSS), Ecoflex, and
other materials. Various polymers were suitable to employ as flexible substrates to prepare
flexible devices. In addition, MXene-based hybrid materials [61] with excellent features
have great potential in next-generation pressure sensors for a variety of applications. The
rapid development of graphene and other 2D material synthesis and new manufacturing
methods for functional devices have overcome some conventional materials problems
and facilitated the applications of emerging wearable flexible electronics and complex
functional products. Someya et al. [62] introduced the chemical structures and properties of
representative biopolymers, summarized the design and fabrication strategies for biocom-
patible conductors based on these biopolymers, and highlighted the fabrication techniques
for various biocompatible conductors for flexible bioelectronics. Chen [63] discussed the
advantages, mechanisms, and limitations of different types of stretchable conductors, both
in terms of material and structural design, and they also analyzed the suitability of dif-
ferent types of stretchable conductors for the fabrication of flexible stretchable electronic
devices. Ahn et al. [64] made the utmost of unique geometry and structural design to
enable conventional materials and conventional devices to easily achieve flexibility. They
also demonstrated that 2D semiconductor/semi-metallic materials can be used in complex
mechanical assemblies to achieve flexible and wearable electronic devices, with typical
applications including wearable haptic sensors and 3D structured photodetectors. Notably,
biocompatible conductors based on natural biopolymers including proteins, peptides, and
polysaccharides can be used for flexible sensor preparations.

3. Pressure Sensors

Humankind has always been pursuing the realization of sensors with the same ideal
multi-signal perception capabilities of human skin. Flexible skin-like sensors are expected
to be widely used in many areas such as healthcare, human–machine interaction, and
robotics. However, subjected to the traditional sensor materials, structures, manufacturing
processes, and other technical bottlenecks, there are certain difficulties for the mimicking
of human haptics. Hence, it is urgently needed for high-resolution, highly sensitive,
widely adapted flexible haptic sensors. In recent years, with the rapid emergence of smart
medicine and health monitoring, skin-like electronic devices based on flexible sensors
have received a great deal of attention. Flexible sensors can detect physical quantities,
which can use certain physical effects to convert the physical quantity being measured
into a signal that can be easily processed. The most common approach in current E-skin
applications is generally to convert external mechanical stimuli into signal changes such
as capacitance, resistance, voltage, and optics. These sensors can transform non-electric
changes into electrical changes, and they can be divided into pressure sensors, strain
sensors, temperature sensors, sound sensors, and acceleration sensors depending on the
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non-electricity of the conversion. Notably, measuring small pressure and strain are key
functionalities of flexible sensors application in health monitoring. Strain and pressure
sensors can provide valuable biological information regarding health conditions. Flexible
pressure sensors can be used for non-invasive, high-fidelity, continuous radial artery pulse
wave monitoring, which is of great significance for mobile health monitoring and remote
diagnosis in cardiovascular medicine.

3.1. Sensing Mechanism

In fact, as shown in Figure 3, there are four different methods of pressure sensing
mechanism, including piezoresistive, capacitive [65], piezoelectric [66], and iontronic [67],
which can be utilized to detect the magnitude of force, and each of them are relying on the
respective physical effects. Figure 4 demonstrates several typical piezoresistive, capacitive,
piezoelectric, and ionization pressure sensor structures [68–73]. As shown in Figure 4,
there are several typical pressure sensor structures: (a) biocomposite film-based flexible
piezoresistive pressure sensor; (b) piezoresistive pressure sensor with pyramid-structure;
(c) piezoresistive pressure sensor with sandwich layers; (d) conductive leather piezoresis-
tive pressure sensor; (e) ultra-sensitive piezoresistive pressure sensor using nanoparticle
films; (f) the wrinkled capacitive pressure sensors; (g) capacitive pressure integrating mi-
crostructure semiconductor transistor; (h) flexible piezoelectric pressure sensors composed
of PVDF/PEDOT; (i) piezoelectric senor based on Van der Waals materials; (j) flexible
iontronic sensor combining traditional paper; and (k) GIA-based iontronic pressure sensor
architecture. Table 1 summarizes the sensitive element materials, substrate, sensing mecha-
nisms, sensitivities, and representative applications of several wearable skin-like pressure
sensors [74–88].
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Figure 3. Four typical pressure sensing mechanism. (a) Piezoresistive (Reprinted with permission
from ref. [65]. Copyright 2015 John Wiley and Sons); (b) Capacitive (Reprinted with permission from
ref. [65]. Copyright 2015 John Wiley and Sons); (c) Piezoelectric (Reprinted with permission from
ref. [66]. Copyright 2018 American Chemical Society); (d) Ionization (Reprinted with permission
from ref. [67]. Copyright 2020, The Authors).

Piezoresistive and capacitive sensors [89] capture changes in resistance and capac-
itance caused by geometric deformation due to external forces or strain. Piezoresistive
sensors [90] convert external physical stimuli into changes in the conductive paths between
conductive materials, and through the changes in resistance can easily be used to indirectly
detect changes in pressure and strain by electrical test systems. Capacitance sensors detect
pressure and strain by varying the frontal area and the parallel plate spacing. The detec-
tion principle is based on the change in capacitance due to the deformation/bending of
pressure-sensitive mechanical elements, which changes the separation gap of the capacitor.
Capacitive sensors [91] are highly sensitive, but their favorable performance is limited by
parasitic noise originating from the environments.
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tive pressure sensor (Reprinted with permission from ref. [48]. Copyright 2020 Elsevier); (b) Piezoresistive pressure sensor
composed of a conducting pyramid structure (Reprinted with permission from ref. [68]. Copyright 2018 The American
Association for the Advancement of Science); (c) Piezoresistive pressure sensor with sandwich layers (Reprinted with
permission from ref. [59]. Copyright 2019 American Chemical Society); (d) Conductive leather with CNT for piezoresistive
pressure sensor (Reprinted with permission from ref. [33]. 2018 The Authors); (e) Strain-based ultra-sensitive piezoresistive
pressure sensor using closely spaced nanoparticle films (Reprinted with permission from ref. [69]. Copyright 2019 The
Authors); (f) Schematic illustration of the wrinkled capacitive pressure sensors (Reprinted with permission from ref. [70].
Copyright 2017 Royal Society of Chemistry); (g) Capacitive pressure detection integrating conductive microstructure air-gap
gate with two-dimensional semiconductor transistor (Reprinted with permission from ref. [71]. Copyright 2020 Springer
Nature); (h) Flexible piezoelectric pressure sensors composed of PVDF/PEDOT (Reprinted with permission from ref. [72].
Copyright 2018 The Authors); (i) Piezoelectric senor based on Van der Waals materials (Reprinted with permission from
ref. [46]. Copyright 2021 The Authors); (j) Flexible iontronic sensor combining traditional paper with ion sensitive materials
(Reprinted with permission from ref. [73]. Copyright 2019 John Wiley and Sons); (k) GIA-based iontronic pressure sensor
with graded intrafillable architecture between the dielectric layers (Reprinted with permission from ref. [67] Copyright 2020
The Authors).

Piezoelectric materials [92] can be deformed under mechanical pressure while simul-
taneously generating an electric charge, which is a piezoelectric characteristic that is the
electric dipole moment resulting from the deformation of a non-centrosymmetric crystal
structure. Piezoelectric sensors use the piezoelectric effect of piezoelectric materials to
detect external stimuli, and highly sensitive, fast-responding and high-voltage piezoelectric
materials are widely used in sensors that convert pressure into electrical signals. Hereinto,
p-based lanthanum-doped zirconate titanates (PZT) and polyvinylidene fluoride (PVDF)
are now very important piezoelectric materials in flexible sensor and other electronics.
Wang [19] designed a highly sensitive piezoelectric acoustic sensor (PMAS) using this ultra-
thin film for bionic band control, the piezoelectric voltage increased from 11 mV to 0.43 V
at pressure between 0.03 and 20.4 Pa. The linear behavior of PMAS exhibits the resonant
capability in the wide acoustic pressure range for microphone. Finally, based on machine
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learning algorithms, PMAS was carried out using biometric testing and training to reduce
the error rate. Future human–computer interaction can be achieved by voice, of which
flexible resonant acoustic sensors as an important component have attracted widespread
attention, but the limitations of controlling multiple frequency bands and broadening the
resonance spectrum do not allow comprehensive coverage of speech frequencies. The
resonant bandwidth of the piezoelectric film can be broadened by employing a PZT film
on an ultra-thin polymer to cover the entire speech.

Table 1. Summary of main characteristic parameters of pressure sensors based on sensing elements and elastic substrates.

Sensing Element Substrate Mechanism Sensitivity Detection Limitation References

CNTs/leather Leather Piezoresistive 8.03 kPa−1–32.42
kPa−1 50 kPa [33]

MXene/Ti3C2Tx Paper Piezoresistive 3.81 kPa−1 23 Pa−30 kPa [47]
SF@MXene PET Piezoresistive 25.5 kPa−1 0.1 kPa–20 kPa [48]
AM/MoS2/Al2O3 Microchem SU8 Piezoresistive 0.011 kPa−1 1–120 kPa [59]
CNT and Au Elastomer Piezoresistive / 1–80 kPa [68]
Nanoparticles PET Piezoresistive 0.13 kPa−1 0.5 Pa [69]
Graphene oxide Ecoflex/PDMS Piezoresistive 0.0338 kPa−1 7 mN [74]
CB and NaCl PDMS Piezoresistive 5.54 kPa −1 10 Pa–800 kPa [75]
Graphene oxide PDMS Piezoresistive 25.1 kPa –1 0–2.6 kPa [76]
Graphene PDMS Piezoresistive 1.2 kPa −1 5 Pa–25 kPa [77]
Graphene/Ag Sea sponge Piezoresistive 0.016 kPa −1 0–40 kPa [78]
Carbon/MXene PET Piezoresistive 12.5 kPa−1 0–10 kPa [79]
Ti3C2Tx MXenes PU sponge Piezoresistive 0.01 kPa−1 9 Pa–245.7 kPa [80]
PEDOT:PSS Paper Piezoresistive 1.14 kPa−1 300 Kpa [81]
CB/AP Paper Piezoresistive 51.23 kPa−1 1 Pa [82]
MXene/PVDF PDMS Capacitive 0.51 kPa−1 0–400 kPa [4]
Ferrite Fabric Capacitive 0.19 kPa−1 0–20 kPa [12]
Silicone/Gold PDMS Capacitive 0.001–0.01 kPa−1 5–405 kPa [65]
MoS2/WSe2 PET Capacitive 44 kPa−1 0–5 kPa [71]
ZnO PDMS Piezoelectric 84.2–104.4 meV/MPa 0–1 Mpa [66]
PVDF-HFP/PEDOT PET Piezoelectric 13.5 kPa−1 1 Pa–30 kPa [72]
ZnO Cr/Au Piezoelectric 1448–1677 meV/MPa 24.84–152.88 kPa [83]
ZnO Cr/Au Piezoelectric 60.97–78.23 meV/MPa 2 kPa–3.64 MPa [84]
PbTiO3/Graphene PDMS Piezoelectric 9.4 × 10−3 kPa−1 0–1.5 kPa [85]
PVDF PEN Piezoelectric 25 kPa−1 0.025–1.5 MPa [86]
Conductive fiber Paper Iontronic 1.0 nF/kPa/cm2 5.12 Pa–200 kPa [58]
PVA/H3PO4 PI Iontronic 220 kPa−1 0.08 Pa–360 kPa [67]
Cellulose fiber Paper Iontronic 10 nF/kPa/cm2 6.25 Pa [73]
Emim TCM PET Iontronic 0.43 nF/kPa/cm2 33 Pa [87]
Emim TCM PET Iontronic 29.8 nF/kPa/cm2 100 mN [88]

Abbreviations: Airlaid paper (AP); Active-matrix (AM); Silk fibroin@Ti3C2Tx MXene (SF@MXene); Poly(vinylidene fluoride-co-
hexafluoropropene) (PVDF-HFP), Poly(3,4-ethylene-dioxythiophene) (PEDOT), (PVDF-HFP/PEDOT); Polyvinyl alcohol (PVA); 1-ethyl-3-
methylimidazolium tricyanomethanide (Emim TCM).

Furthermore, the iontronic sensors are based on the ion-electric induction mechanism:
Ionization sensing [87] use ion-selective electrodes to convert the amount of ions sensed
into a usable output signal. The iontronic sensors [93] use the double-layer structure of
the supercapacitor platform to create a double layer of charge on its surface; then, the
interaction of the embedded electro-gel with the electrodes leads to the capacitance change
of electrode as a result of squeezing the electrogel.

3.2. Piezoresistive Sensor

Piezoresistive pressure sensors use the principle of the piezoresistive effect of strain
on the material: when the pressure changes, the strain resistance produces a change
proportional to the measured pressure, and the corresponding voltage output signal is
obtained from the bridge circuit. Several representative piezoresistive sensor structures
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and their applications are shown in Figure 5. Notably, piezoresistive sensors are ideal
in biomedical applications such as cardiovascular, intracranial, urethral, and intraocular
pressure measurement.
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Figure 5. Several representative piezoresistive sensors and their applications. (a) Pressure sensor for artificial afferent
nerve (Reprinted with permission from ref. [68] Copyright 2018 The American Association for the Advancement of Science;
(b) Hybrid reflex arc made of an artificial afferent nerve and a biological efferent nerve (Reprinted with permission from
ref. [68]. Copyright 2018 The American Association for the Advancement of Science); (c) The sensor attached to the wrist
to monitor the pulse (Reprinted with permission from ref. [82]. Copyright 2019 American Chemical Society); (d) Flexible
piezoresistive pressure sensor array for static and dynamic pressure mapping (Reprinted with permission from ref. [77].
Copyright 2018 John Wiley and Sons); (e) MoS2-based back-plane circuitry and sensor for detecting objects by grasping
(Reprinted with permission from ref. [59]. Copyright 2019 American Chemical Society); (f) The pressure sensor consisting
of the actuation layer and PET membrane (Reprinted with permission from ref. [69]. Copyright 2019 The Authors);
(g) MXene/tissue-paper-based sensors with a size of 4 pixels × 4 pixels (Reprinted with permission from ref. [47]. Copyright
2019 American Chemical Society); (h) GO nanosuspension liquid-based flexible microfluidic tactile sensor (Reprinted with
permission from ref. [74]. Copyright 2016 John Wiley and Sons); (i) Flexible piezoresistive pressure sensors for breathing
sensing (Reprinted with permission from ref. [80]. Copyright 2019 Elsevier).

In order to enable the electronic skin to connect with the human brain nerves, Prof.
Bao’s team designed a pressure sensor [68], which was composed of a conducting pyramid-
structured elastomer, CNTs, and Au electrodes. An augment in pressure increases the
contact area; therefore, it decreases the resistance between the CNTs electrode and the
Au electrode. Based on the flexible sensor, they constructed a hybrid bioelectronics re-
flex arc to actuate muscles, which is expected to be applied in the fields of intelligent
robotics and neuroprosthetics. Furthermore, good flexibility and adhesion are essential
for sensors to conformably adhere to the skin. Such flexible sensors can be applied to the
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human epidermis for long periods of time to collect daily physiological data, such as pulse
monitoring [86], which can be used for real-time monitoring and medical diagnosis.

An artificial afferent nerve using flexible organic electronics to mimic the functions of
a sensory nerve [68] can collect pressure information (1 to 80 kilopascals) from clusters of
pressure sensors; it converts the pressure information into potentials (0 to 100 hertz) by
using ring oscillators and integrates the action potentials from multiple ring oscillators
with a synaptic transistor. Based on the ability of animals such as chameleons in nature
to change skin color, Bao’s team designed a stretchable electrochromic active e-skin with
tactile sensory control by integrating a stretchable resistive pressure sensor and an organic
electrochromic device, which controls the e-skin color by varying the applied pressure and
the duration of the pressure.

3.3. Capacitive Sensor

In addition, the human–computer interaction of consumer smart electronic devices
such as mobile phones, iTouch devices, and iPads needs to be achieved through sensors;
these touch screen and fingerprint sensors are currently basically capacitive sensors. The
main advantage of capacitive sensors is their high sensitivity to force, which enables the
detection of small static forces with low energy consumption. Flexible capacitive pressure
sensors based on various inorganic/organic materials have greatly extended the field of
application of flexible wearable electronics. Some representative pressure sensors based on
capacitive principle and their applications are presented in Figure 6.

Nowadays, flexible pressure sensors play a vital role in realizing lightweight, portable,
and comfortable wearables for healthcare monitoring and intelligent robotics. Hence, the
urgent demand for high deformability and sensibility flexible pressure will undoubtedly
rise worldwide. Researchers have been trying to imitate the human sense of touch through
paper-thin and ultra-sensitive artificial skin. Prof. Zhenan Bao invented a tactile-like
pressure capacitive sensor made of carbon nanotubes [94], and the sensor was said to
be able to clearly perceive the tactile sensation caused by a fly or butterfly resting on its
surface. Then, the myriad of highly sensitive sensors can be linked together to imitate a
similar function of human skin; the pressure signal will be changed into an electrical signal
via flexible electronic circuits and transmitted to the brain. Noteworthily, the increasing
demand for wearable devices has led to the development of highly flexible pressure sensors
for monitoring various physical parameters. As one of the earliest research teams in the
field of electronic skin, Bao’s team has prepared a flexible capacitive pressure sensor
using microstructured polydimethylsiloxane film, which enables high sensitivity and fast
response, and it can also be used for tiny object sensing and human physiological signal
detection. In order to obtain sensitive pressure sensing ability similar to human skin,
Bao’s team invented a highly sensitive flexible plastic film material that can mimic human
skin. A portable flexible pressure sensor based on the PDMS micro-hair structure [95] was
developed by Bao’s team. The team’s research electronic skin can sense the weight of a
butterfly and develop electronic skin that can realize self-powered electricity as well as
soft and transparent electronic skin to mimic different skin tones of human beings. The
sensor can be attached to complex-shaped epidermis to increase the effective attachment
area, thus achieving 12 times the signal-to-noise ratio for pressure sensing and wireless
transmission. The sensor maximizes signal amplification by effective contact with complex-
shaped epidermis, which has obvious advantages and can be widely used in biomedicine,
smart robotics, wearable devices, etc.

Flexible pressure sensors can be attached to human skin to capture various human
vital signs efficiently and transform human physiological parameters into electronic signals
for human health monitoring. Some researchers have used capacitive textile pressure
sensors to monitor pressure distribution at soft interfaces or sewn them into gloves to
detect finger movements for better control. Nie et al. [12] proposed a textile-based flexible
wireless pressure sensor, which has a sensitivity of 0.19 kPa−1 in the pressure range of
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0–20 kPa, a high quality factor (QF > 35), high interference immunity, and good signal
reproducibility after up to 20,000 cycles.
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ref. [71]. Copyright 2020 The Authors); (f) Textile glove with capacitive pressure sensors (Reprinted with permission from
ref. [65]. Copyright 2015 John Wiley and Sons).

Today, it is still challenging to achieve sensors with high sensitivity, low cost, excellent
mechanical stability, and ultra-low detection limits simultaneously. It is noteworthy that
a capacitive pressure sensor [4] that is highly sensitive and reliable for monitoring weak
physiological signals of the human body was devised, which was fabricated by a sandwich
structure composed of MXene (Ti3C2Tx)/PVDF composite nanofibers, ethylene sulfonate,
and polydimethylsiloxane electrodes. The sensor achieved linear sensing over a wide
pressure range (0–400 kPa), and it exhibited a high sensitivity of 0.51 kPa−1 and a minimum
detection of 1.5 Pa. It can be used for monitoring weak physiological signals such as pulse
and respiration through physiological signals as well as a human–machine interface.

3.4. Piezoelectric Sensor

Furthermore, piezoelectric materials can convert external pressure into a correspond-
ing potential difference and thus can be used to measure high-frequency dynamic signals
quickly and effectively. Figure 7 shows representative piezoelectric pressure sensors and
applications. Among the commonly used piezoelectric materials, PVDF is now one of
the most commonly used materials for flexible piezoelectric sensors due to its excellent
properties such as good mechanical flexibility, good stability, large piezoelectric coefficient,
and simple manufacturing process. It is reported [54] that flexible piezoelectric sensors
based on the PVDF fiber array are prepared by electrospinning, and the excellent sensing
capability enables the detection of tiny pressure of 0.1 Pa. However, piezoelectric sensors
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are very effective in detecting dynamic physical stimuli, but they usually perform poorly
when measuring static signals. To address this problem of poor performance at static
signals, Chen et al. [85] proposed a flexible piezoelectric pressure sensor based on a PbTiO3
nanowires (PTNWs)/graphene heterostructure. The polarized charges in the PTNWs in the
sensor increased the scattering of carriers in graphene, which leaded to a decrease in carrier
mobility. This heterostructured sensor has higher sensitivity than the intrinsic Chemical
Vapor Deposition (CVD) grown graphene pressure sensor and is capable of measuring
static mechanical signals. Such flexible piezoelectric sensors will have great potential for
applications in human motion monitoring and robotics.
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Figure 7. Some representative piezoelectric pressure sensors and applications. (a) Skin-compatible adhesive wireless
sensing patch (upper) with vital sensor for pulse wave and a measuring wireless sensing system (Bottom) (Reprinted with
permission from ref. [86]. Copyright 2014 Royal Society of Chemistry); (b) A prototype blood pressure sensor embedded in
a wrist band (upper) for diagnostic and display (Bottom) (Reprinted with permission from ref. [72]. Copyright 2018 The
Authors); (c) A flexible piezoelectric pressure sensor (upper) for the measurement of wrist pulses in 20 s real-time record
(Bottom) (Reprinted with permission from ref. [85]. Copyright 2017 American Chemical Society); (d) A flexible smart patch
sensor (left) with heterostructure (right) for the hemodynamics parameter monitoring (Reprinted with permission from
ref. [96]. Copyright 2019 The Authors); (e) The integrated glove (left) with a sensor and actuator and actual operation (right)
(Reprinted with permission from ref. [97]. Copyright 2019 The Authors).

Human skin can sense pressure, deformation, temperature, and humidity. The flexible
sensor with skin-like sensory functions can be attached to the human skin to monitor subtle
changes in vital and arterial signals, which is important for detecting various health condi-
tions such as cardiovascular disease. Young Kweon [72] proposed a facile means of fabricat-
ing flexible pressure sensors composed of poly(vinylidene fluoride-co-hexafluoropropene)
(PVDF-HFP)/poly (3,4-ethylenedioxythiophene) (PEDOT). The 16 × 10 multiarray highly
sensitive (13.5 kPa−1), large-area (8 cm × 6 cm), spatiotemporal mapping pressure sensor
is based on three-dimensional electrospun conductive nanofiber, and it is available for a
wireless blood pressure monitoring band. Tomohito Sekine et al. used an approximately
7.0 µC/cm2 polarized polyvinylidene fluoride-co-trifluoroe (PVDF-TrFE) as the pressure
detection layer and designed a highly sensitive and stable flexible wearable human pulse
sensor [86]. The flexible sensor with only 3 µm thickness is enough to adhere well to the
skin, with a pressure sensitivity of 0.025 MPa and a response time of 0.2 s, and it can be
used for continuous wireless pulse wave/rate monitoring, enabling the development of
novel health monitoring medical devices.
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3.5. Iontronic Sensors

However, existing resistive and capacitive sensors are not very highly sensitive and
linear, and they have poor properties related to time response, anti-noise, and electrostatic.
Several representative ionic sensors and their applications are introduced in Figure 8. Due
to the development of semiconductor integration technology, based on the ion-electric
induction mechanism, iontronic sensors [98] are also moving toward diversification and
intelligent telemetry, and they have great expectations in the application of clinical ex-
amination and vivo embedded. These ionization sensors utilize the double layer of a
supercapacitor platform in which an embedded electrogel interacts with the electrodes to
form a double layer of charge on the surface whose capacitance magnitude changes due to
the electrode squeezing the electrogel. Compared to the sensing mechanisms described
above, ionic conductor sensors [99] via a hybrid circuit of mobile ions and mobile electrons
can transmit electrical signals of high frequency over long distance.
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Figure 8. Several representative ionic sensors and their applications. (a) Flexible GIA-based micro-sensor arrays (left) with
circular sensing pixels (Reprinted with permission from ref. [67]. Copyright 2020 The Authors); (b) A wearable sensor
mounted on a fingertip (left) and 3D microfluidic sensing structure (right) for simultaneous tracking of the normal and
shear force loads (Reprinted with permission from ref. [88]. Copyright 2014 Royal Society of Chemistry); (c) Pressure
sensor mounted onto the cheek for real-time sensing of occlusion (Reprinted with permission from ref. [47]. Copyright 2019
American Chemical Society); (d) Pressure sensors (ionic skin) attached to the back of the hand (Reprinted with permission
from ref. [100]. Copyright 2018 Macmillan Publishers Limited, part of Springer Nature); (e) Handwriting iontronic pressure
sensing origami (Reprinted with permission from ref. [58]. Copyright 2019 American Chemical Society); (f) Wearable
origami bracelet for pulse monitoring (Reprinted with permission from ref. [73]. Copyright 2019 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim, Germany).

Hydrogels are stretchable, transparent, ionic conductors that can transmit electrical
signals; the artificial skin sensor based on hydrogel can sense pressure and deformation
with many distributed sensors. Prof. Zhigang Suo [100] presented an artificial skin consist-
ing of an elastomer sandwiched between two layers of hydrogel, which was connected to
a capacitance meter via two metal wires. When the artificial skin is pressed or stretched,
the elastomer shape and capacitance changes for pressure sensing, and this array of pres-
sure sensors (ionic skin) can be attached to the back of the hand. Li et al. introduced a
high-performance flexible ion pressure sensor [58] via combining an iontronic sensing
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mechanism, the traditional origami structures, and handwriting processes. The handwrit-
ten ion-sensing origami sensor has a high sensitivity of 1.0 nF/kPa/cm2, a detection limit
of 5.12 Pa, fast mechanical response and reset, and highly repeatable 3D sensing capabil-
ity, and it is also simple, efficient, low cost, and easy to manufacture, making it highly
advantageous for personalized electronics and human–machine interface applications. A
novel flexible sensor with an ionic sensing mechanism [73], combining traditional paper
with ion sensitive materials, successfully assigns both ionic and conductive properties to
paper fibers and forms a ductile structure using a paper folding process, and it possesses a
sensitivity of up to 10 nF/kPa/cm2, a high linearity, and resolution of 6.2 Pa.

3.6. Sensitivity

Sensitivity is a key parameter for flexible E-skins sensors; however, existing capacitive
and transistor-based pressure sensors have limitations in terms of sensitivity, response
speed, stability, and power consumption. In recent years, scientists have taken advan-
tage of the fact that the tunneling conductivity between arrays of nanoparticles is ex-
tremely sensitive to the spacing of the nanoparticles to create some ultra-sensitive sensors.
Chen et al. [69] prepared a piezoresistive strain-based ultra-sensitive pressure sensor using
closely spaced nanoparticle films deposited on flexible membranes, using the principle
that the tunneling conductance between nanoparticle arrays is extremely sensitive to the
spacing of nanoparticles, and its unique quantum transport mechanism resulted in a sensor
with greatly reduced thermal noise, up to 0.5 Pa resolution and up to 0.13 kPa−1 sensitivity.
The excellent responsiveness of the sensor allows it to be used in barometric altimeters
with a resolution of up to 1 m, and it has important applications in various applications,
such as consumer electronics and robotics.

Furthermore, research has shown that the sensitivity of flexible E-skin sensors can
be effectively improved by introducing microstructures such as miniature pyramids.
Bai et al. [67] introduced a design based on the principles of graded intrafillable archi-
tecture (GIA) for the sensing mechanism, and they used graded fillable microstructures
to effectively improve the compressibility and pressure response range of the structure.
The microstructures can significantly improve sensitivity and extend the pressure re-
sponse range, and they exhibit high sensitivity in excess of 220 kPa−1 over a wide range
(0.08 Pa–360 kPa), with 18 Pa or 0.0056% ultra-high-pressure resolution and excellent me-
chanical stability. A high-sensitivity flexible sensor for the fast detection of small pressure
changes is of great value in medical monitoring and robotics devices. Huang et al. [71]
achieved highly sensitive, fast-response, stable, and low-power pressure sensing by inte-
grating a conductive microstructure air-gap gate with a two-dimensional semiconductor
transistor for static pressure detection, pulse measurement, acoustic wave detection, and
remote pressure monitoring. The sensor has adjustable sensitivity and pressure sensing
range, with an average sensitivity of 44 kPa−1 in the 0–5 kPa range and a maximum peak
sensitivity of 770 kPa−1. In addition, by using the air-gap gate as a pressure-sensitive gate
for the semiconductor transistor, the pressure sensitivity of the device can be amplified to
103–107 kPa−1 at 1.5 kPa.

4. Strain Sensor

Strain sensor [101,102] is a kind of sensor based on measuring the strain generated
by the deformation of an object, which has high resolution and can measure very small
strains such as 1–2 micro-strain with low error, small size, and light weight, and they
can be used to measure force, moment, pressure, acceleration, etc. There is an emergent
demand for high flexibility and sensitivity capable of sensing small deformations in rather
broad fields, including wearable healthcare, soft robots, human–machine interaction, and
so on. Table 2 summarizes the main characteristic parameters of strain sensors based on the
sensing element, elastic substrate, mechanism, sensitivity, stretchability, and applications.
An extremely elastic wearable strain sensor via aligned carbon nanotube fibers can be used
for monitoring human motion. Sang-Gook Kim [103] designed a highly elastic stress sensor
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based on carbon nanotube fibers grown on a flexible substrate (Ecoflex), which induced
a constant decrease in the conductive pathways and contact areas between nanotubes
depending on the stretching distance. The sensor can stretch over 900% while maintaining
high sensitivity, responsiveness, and durability. The biaxially oriented CNT fibers enables
multi-axis strain detection and have great potential for some applications, such as strain
gauge as well as single and multiaxial detection of human motion.

Table 2. Summary of main characteristic parameters of strain sensors based on sensing element and elastic substrates.

Sensing Material Substrate Mechanism Gauge Factors Stretchability References

SnS2 PDMS Piezoelectric 23–3933 1.4% [46]
CB Ecoflex Capacitive 0.83–0.98 50%–500% [91]
Ag/PU PDMS Capacitive 12 0–40% [102]
VNO PDMS Piezoresistive 2667 0–100% [10]
PDMS-PDCA SEBS Piezoresistive 5.75 × 105 100% [36]
SWCNTs PDMS Piezoresistive 2 60% [50]
GO/AgNWs Sponge Piezoresistive 1.5 0–60% [78]
CNT Ecoflex Piezoresistive 0.54–64 900% [103]
SWCNTs PDMS Piezoresistive 20.1 10%–100% [104]
Si rubber PDMS Piezoresistive 166.6 0.7% [105]
MWCNTs TPU Piezoresistive 1.5–3 50% [106]
EGaIn Silicone Piezoresistive 2.5 0–100% [107]
MWCNTs PDMS Piezoresistive 7.22 40% [108]
SACNT PDMS Piezoresistive 0.1 400% [109]
Carbon black Paper Piezoresistive 4.3 0.6% [110]
GO Paper Piezoresistive 66.6 6% [111]
Carbonized paper Paper Piezoresistive 0.14–10.1 5% [112]
CB/CNT Paper Piezoresistive 7.5 0.7% [113]
MCG Paper Piezoresistive 73 0.25% [114]

Abbreviations: Poly(dimethylsiloxane-alt-2,6-pyridinedicarbozamine) (PDMS-PDCA); Polystyrene-block-poly(ethylene-ran-butylene)-
block-polystyrene (SEBS); Thermoplastic polyurethane (TPU); Eutectic gallium–indium (EGaIn); Super aligned CNT (SACNT); Vanadium
nitride (VNO); Molybdenum carbide-graphene (MCG); Gauge factors (GF).

4.1. Sensor with Conventional Polymer Substrate

Nowadays, the increasing demand for monitoring various physical parameters has
led to the development of flexible strain sensors, which is one of essential factors for flexible
electronics. Figure 9 shows the structures and applications of flexible strain sensors based
on some common polymer substrates, including (a) a CNT-fibers-based strain sensor for
monitoring human motion; (b) an intelligent glove integrating five independently operated
sensors, in which the sensor structure consists of electrode layers and dielectric layers; (c) a
fiber strain sensor for a wireless strain-sensing system, and fiber strain sensors with various
hollow-core diameters; (d) a glove soft sensor on a hand mock-up; (e) smart gloves with
the strain sensors attached on the finger for wireless human–machine manipulation; and
(f) mechanically tunable strain sensors based on SWCNT/PDMS.

In order to achieve good ductility and adaptability adhered to a complex surface,
flexible polymer substrates as well as ductile metal substrates are used for substrates of
flexible sensors, such as common PDMS [108], PET, TPU [106], PEDOT:PSS, ECOFLEX,
and other materials. Due to the advantages including easy availability, chemical stability,
good transparency and thermal stability, low Young’s modulus, close to the skin to the
touch, and good bonding to electronic materials, PDMS is now the preferred choice. Highly
flexible and transparent strain sensors are fabricated on PDMS substrates [109], which
have a favorable high sensing range of 400%, and a low creep of 4% at 400% strain.
Implantable sensors can be used to continuously monitor strain information in living
organisms. However, before they can be used in clinical practice, structural mismatches
between weaves or organs and practical suture attachment processes, as well as wireless
readout capabilities, need to be addressed. Lee at al. presented a wireless and stitchable
fiber strain sensing system [102] that has been created by combining a capacitive fiber
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strain sensor with an inductive coil to enable wireless readout. The sensor consists of two
stretchable conductive fibers in a double helix configuration with a hollow core and has
a sensitivity of approximate 12, allowing effective measurement of strain in tendons and
knee ligaments based on their capacitance and validation in vivo and in vitro in pack pigs.
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for monitoring human motion (Reprinted with permission from ref. [103]. Copyright 2015 American Chemical Society);
(b) An intelligent glove (left) integrating five independently operated sensors, the sensor structure (right) consists of
electrode layers and dielectric layers (Reprinted with permission from ref. [91]. Copyright 2017 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim, Germany); (c) A fiber strain sensor for wireless strain-sensing system (left), fiber strain sensors with
various hollow-core diameters (right) (Reprinted with permission from ref. [102]. Copyright 2021 The Authors); (d) A glove
soft sensor on a hand mock-up (Reprinted with permission from ref. [107]. Copyright 2018 Mary Ann Liebert Inc); (e) Smart
gloves with the strain sensors attached on the finger for wireless human–machine manipulation (Reprinted with permission
from ref. [10]. Copyright 2021 WILEY-VCH GmbH); (f) Mechanically tunable strain sensor based on SWCNT/PDMS
(Reprinted with permission from ref. [104]. Copyright 2019 American Chemical Society).

4.2. Sensor with Biological Substrate

Conventional substrates such as PET and PDMS are widely used in flexible sensors.
However, the abundant and sustainable commercially available crepe paper substrate is a
different substrate from above, and it is also facile, low-cost, and scalable. Figure 10 shows
the structure and application of flexible strain sensors on biological substrates.

Saha [111] proposed a paper substrate wearable sensor, which was fabricated from
reduced GO via desktop digital craft cutters for the masking layer. The sensor was highly
sensitive to various deformations and capable of measuring as small as 0.1◦, and it ex-
hibited the applicability of detecting pulse and the motion of fingers, which were used
to control a robotic hand. Furthermore, the preparation of low-cost, highly flexible elec-
tronic devices from degradable materials remains a challenge. Liu [110] designed a flexible
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biodegradable strain sensor by dip-coating in an aqueous suspension of carbon black (CB)
and carboxymethyl cellulose (CMC). Then, the sensor was obtained by assembling the
paper coated with silver paste and the wire. The relative resistance changed as a function
of the tension strain in 0–0.6%. The sensor had a gauge factor of 4.3 and a response time of
approximately 240 ms, it can be used to monitor various human movements, and it can be
degraded soon under gentle rubbing in wet state. Inheriting from the crepe paper’s unique
anisotropic structure, a high flexibility strain sensor [112] based on carbonized crepe paper
can be converted into a conductive network by carbonization, the sensors perpendicular
and parallel to the fibers direction exhibited gauge factors of 10.10 and 0.14, respectively.
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Figure 10. Representative of flexible strain sensors with biological substrate. (a) Flexible and degradable paper-based
strain sensor (Reprinted with permission from ref. [110]. Copyright 2017 American Chemical Society; (b) Flexible and
anisotropic strain sensor based on carbonized crepe paper for monitoring human wrist bending (Reprinted with permission
from ref. (Reprinted with permission from ref. [112]. Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim,
Germany); (c) Strain sensor was applied to monitor drinking water (Reprinted with permission from ref. [113]. Copyright
2019 American Chemical Society); (d) Paper sensors for detecting eye blinking motions (Reprinted with permission from
ref. [114]. Copyright 2019 Elsevier; (e) Foldable paper sensors based on reduced graphene oxide for control of a robotic
hand (Reprinted with permission from ref. [111]. Copyright 2017 American Chemical Society).

However, the practical applications of paper-based strain sensors are still challenging
due to the paper swelling and degrading after absorbing water. Recently, the problem was
successively settled by an ultra-sensitive strain sensor with a superhydrophobic conductive
paper substrate [113], which was fabricated by simply dip-coating printed paper into a
suspension of carbon black (CB), carbon nanotubes (CNT), and a hydrophobic fumed
silica (Hf-SiO2). The micro-crack structures in the conductive CB/CNT layer enabled the
sensor to detect ultra-low strains down to 0.1%, and exhibited a sensitivity of 7.5 in the
strain range of 0–0.7%. A paper-based strain sensor [114] was fabricated by molybdenum
carbide–graphene (MCG) composites with porous and stacking micro-structures, which
can detect both the amplitude and the direction deformation, and the gauge factors for
tensile and compressive strain are 73 and 43, respectively.
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4.3. Gauge Factors

Implantable flexible strain sensors can be used to monitor the movements of organ-
isms continuously. Lee [102] reported a saturable fiber strain-sensing system created by
combining a capacitive fiber strain sensor with an inductive coil for wireless readout. The
sensor is composed of two stretchable conductive fibers organized in a double helical
structure with an empty core, and the sensitivity is 12. Meanwhile, most of the gauge
factors of strain sensors remain typically below 300. There is an emergent demand for high
flexibility, high sensitivity, and low-power strain gauges that are capable of sensing small
deformations in extreme conditions. The sensing abilities of metallic two-dimensional con-
ductive nanomaterials need to be strengthened. Enhancing the gauge factor remains one
of the greatest challenges for strain sensors. Wei Huang [10] introduced stretchable strain
sensors via high VNO nanosheets, which had metallic characteristics and low dimension-
ality, together with layer-to-layer slippage, which was particularly suitable for capturing
various physiological signals. The sensor is remarkable in performance, including hav-
ing a maximum gauge factor of 2667, wide detection range of 0–100%, and 44 ms rapid
response. However, the challenges related to enhancing the gauge factor and eliminating
the structural mismatch between the sensors and the object still need to be addressed
before they can be of use in practice. Yan [46] reported a strategy to enhance the gauge
factor based on Van der Waals materials by tuning the carrier mobility and concentration
through an interplay of piezoelectric and photoelectric effects. The gauge factor of the
SnS2 sensor is up to 3933, and it can be tuned from 23 to 3933, which is demonstrated in
detecting vibrations caused by sound and capturing body movements. Bao’s team intro-
duced a manufacturing process to improve the high yield and uniformity of stretchable
e-polymers, which is promising for the fabrication of next-generation stretchable skin. In
order to meet the demands for future electronic skin applications, a skin-like sensor should
be highly stretchable and self-healable. Recent notable advances have been made in the
skin-inspired active-matrix transistor sensor array, which is capable of detecting strain
distribution through surface deformation.

Jin Young Oh [36] designed a stretchable strain-sensitive and self-healable semicon-
ducting film achieved by blending a polymer semiconductor, self-healable elastomer, and
SEBS. The blend film is highly stretchable (>1300%) and self-healable at room tempera-
ture; besides, the gauge factor of the sensor reaches up to 5.75 × 105 at 100% strain via
controlling the percolation threshold of the polymer semiconductor. Measuring the change
in contractile force of cardiomyocytes is crucial for assessing drug-induced cardiac toxicity
However, most existing sensors are severely limited in their real-time applications due to
low sensitivity and time-consuming processes. A cantilevered crack sensor [105], made
by depositing a SiO2 adhesion layer on Pt and chemically bondable to a thin layer of soft
PDMS, has been designed for the measurement of cardiac contraction force. The sensor has
a high sensitivity of 9 × 106 at 1% strain, enabling continuous measurement of myocardial
contractility over a period of up to 26 days (>5 million heartbeats) while maintaining
sensitivity, and the significantly flexible substrate significantly improves the reliability
of the sensor compared to the absence of a PDMS layer, while allowing monitoring of
drug-induced changes in contractility.

5. Biocompatibility and Self-Driven Capability
5.1. Biocompatibility

Nowadays, flexible electronics have considerably stimulated the ever-increasing de-
mand for high performance and biocompatibility flexible sensors, which play a crucial role
in the monitoring of diverse physiological signals for wearable electronics. Real-time moni-
toring of mechanical forces and strains on human tissues after surgical repair is required
in order to develop individualized rehabilitation programs; however, existing sensors
have been constrained by limitations on biocompatibility [115] and structural flexibility
to meet the requirements. Nevertheless, Boutry reported an implantable pressure sensor
made entirely from biodegradable elastomers [29] that degraded at the end of its useful
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life, eliminating secondary surgical injury. The excellent biocompatibility and detection
capabilities demonstrated in rat tests indicates the great potential of the device for real-
time monitoring of human tissue healing. Highly sensitive flexible and biocompatible
pressure sensors have attracted significant research attention in the fields of wearable
E-skin electronics [116]. Notably, biocompatible and thin organic electronic materials are
considered to be ideal carriers for electronic skins. Much research attention has focused
on biocompatible conductors, which are important components for soft flexible sensors;
textile-based pressure sensors have been proposed for a variety of applications.

In recent years, textile-based, ultra-soft, wear-resistant, and easily integrated pressure
sensors [117] have been widely used for wearable health monitoring, diagnostics, and
human motion detection. Taking full advantage of the properties of fabric, Nie et al. [12]
proposed a textile-based flexible wireless pressure sensor array, of which each sensing unit
had a layer of soft fabric spacer sandwiched between an antenna and a ferrite film, and
it enabled integration with wristbands, belts, and smart wireless insoles and application.
The sensor is conducive to wearable medical and motion detection, and it can be used for
remote real-time measurement of human–computer interaction pressure distribution for
various soft interfaces in the future. Furthermore, compared with other polymers, natural
biopolymers [118] have unique features including favorable biocompatibility, biodegrad-
ability [119], sustainability, and they are promising in various functional material properties.
Recently, smart fabrics with sensing functions are the result of further integration of the
traditional textile industry with sensor technology, Internet of Things technology, and other
emerging technologies. Smart sensing fabrics offer potential applications as self-powered
active motion sensors due to their breathability, high sensitivity, fast response time, and
stable output performance, as well as simple large-scale integration that can sensitively
and actively monitor human motion. Wei Huang et al. [33] combined a natural leather
multi-level structure with nanomaterials to design a wearable and comfortable electronic
skin with pressure-sensing capability, which can be used for the continuous monitoring of
the human wrist pulse, and it can also be used for the integration of functional devices such
as a back electrode display of display devices and visualization of information when the
user interacts with the device. The e-skin preparation method is simple and versatile, can
be combined with traditional leather processes, is conducive to low-cost scale production,
and has good potential for future use in medical health and intelligent robotics. Wang [48]
demonstrated a flexible pressure sensor with a 3D cross-link structure that was composed
of silk fibroin@Ti3C2Tx MXene (SF@MXene) biocomposite films by natural silk fibroin (SF)
and an MXene nanosheets wave-shaped lamellar macrostructure. The sensor with good
elastic and biocompatibility exhibited a desirable sensitivity (25.5 kPa−1), fast response,
and subtle pressure detection of limit (9.8 Pa).

5.2. Self-Driven Capability

With the rapid development of the Internet of Things and smart devices, the problems
of traditional sensor power supply methods are becoming more and more prominent;
therefore, self-powered sensors [120,121] have a very wide range of application prospects,
and they are currently a hot spot for research at home and abroad. Currently, most
electronic skin sensors are mainly based on external power to achieve the digital sensing
of physical quantities such as pressure and position. However, Prof. Zhang [122] has
developed a novel self-driven flexible and transparent multifunctional electronic skin,
which used PDMS with a microstructured surface and modified fluorocarbon polymer
as the friction surface, and it achieves fully self-driven sensing and 1.9 mm positioning
accuracy by using the frictional charge generated by the contact between the target object
and the surface of the electronic skin, and it is able to sense the pressure of a bee limb
(≈0.16 g) falling on the e-skin. The team proposes a novel self-driven sensing mechanism
for the energy supply [123] problem that has long bound the development of electronic
skin, and they systematically summarize the progress of the design and application of new
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bionic electronic skin based on friction nanogenerators in recent years, which provides the
possibility of energy supply for electronic skin.

Currently, most flexible sensor devices based on capacitive, piezoresistive, and opto-
electronics require an external power supply, while friction nanogenerators (TENG) can be
self-driven and have the advantages of flexible design, low cost, stable output performance,
etc. The use of flexible sensors in friction nanogenerator yards can achieve the detection
of static processes and dynamic processes. Jiang et al. designed a self-powered hybrid
sensing system integrated with flexible pressure sensors and a TENG matrix [124], which
enabled the rapid detection and visualization of pressure information with sensitivity up to
190 kPa−1 and 500 microns resolution for multi-touch sensing. The visualized flexible pres-
sure sensors are promising for use in motion monitoring, instantaneous pressure detection,
and mapping of real-time pressure distribution, and they have potential for stress/strain
sensing of smart sensor networks for wireless detection and communication in human–
machine interfaces. Embedded flexible sensors are the key to safe and dexterous gripping
by soft robot grippers. A self-powered, flexible multifunctional sensor [13] is composed
of PVDF and a microstructured jamming layer, and it is fabricated by a multimaterial 3D
printing. The sensor built into the soft finger can detect the curvature and hardness of ob-
jects with a sensitivity of 0.55 × 10−3 V·m and 0.09 V·m/N, respectively, and the hardness
of the finger can be adjusted without affecting the robot’s motion performance. The tactile
sensor significantly improves the way the robot interacts with the manipulated object.

6. Conclusions and Outlook

In this review, firstly, we briefly introduce the concepts, key demands, and preparation
strategies of flexible skin-like sensors. Secondly, flexible pressure and strain sensors for
human monitoring are summarized respectively, including sensing mechanisms, sensing
elements, flexible substrates, sensitivity, measurement ranges, and representative appli-
cations. In addition, pressure and strain sensors with excellent biocompatibility and
self-driven capability are introduced. Finally, the article concludes with the challenges and
opportunities in sensitivity, biocompatibility, versatility, and durability for flexible skin-like
sensors. The majority of current research has continuously researched on how to enhance
the flexibility and sensitivity of flexible pressure and strain sensors; however, biocompat-
ibility, versatility and durability should also be given sufficient attention, especially for
implantable medical devices, human–machine integration, and bioelectronics.

At present, most research of flexible pressure and strain sensors aims at improving
flexibility and adaptability to make the electronic–human body interface as seamless as
possible. The ultimate goals of flexible sensors are seamless and 3D curved attachment,
dynamical multipoint and multimodal sensing, as well as bidirectional interfaces. In terms
of flexible sensors, the ability to detect touch, stretch and bend has been achieved, but to
differentiate them between multiple actions at the same time remains a challenge. The
development of heterogeneous structures used in flexible electronics presents an interesting
set of challenges, and further research is still urgently needed to explore how to realize all
these materials integrating and working together, as well as managing interface and me-
chanical property mismatches between soft and hard materials. The cost-effective sensing
systems have great potential in human–machine interfaces, virtual reality manipulation,
robotics automation, healthcare, and other areas. However, most soft robots generally use
elastomers, which possess nonlinear, hysteretic and viscoelastic properties, which conse-
quently make monitoring proprioception more difficult. There has been a lot of research
on flexible skin-like pressure and strain sensors in recent years, most of which focuses on
how to improve the performance of the sensors in flexibility and sensitivity. However,
different definitions of sensors’ sensitivity have been reported in the previous literature;
there is no clear and unified standard of the definition of sensitivity for flexible sensors.
Furthermore, the broad ranges and varying criterias of sensitivities result in difficulties for
the comprehensive evaluations of their performances.
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In addition, advances in the internet of things, big data, and digital healthcare will
drive innovations in high performance wearable and smart sensors. Diversified sensors are
the mainstream technology to realize human–machine interfaces and automation controls.
Numerous studies have investigated multifunctional sensing, which can be integrated
with many different measurement quantities and sensing mechanisms of multifunctional
sensors. Nevertheless, multiple sensors also bring about redundant and even contradictory
informations. Therefore, in order to achieve a consistent interpretation and description of
the environment, the informations collected from the various sensors and their monitoring
must be combined according to certain optimization criterias. The multifunctional sensors
urgently require the further processing of information fusion via multilevel, multifaceted
and multilayered processing of data to obtain a comprehensive and better estimate. How-
ever, there are still many areas that need to be further explored regarding high sensitivity,
adaptability and reliability. As soon as these issues are resolved, the sensors can work
independently and effectively in the measurement of different types of signals simulta-
neously without affecting each other. The majority of the literature reports on essentially
contact sensors, but non-contact sensors possess more advantageous than contact sensing
in cases such as COVID-19. The different types of non-contact have their own advantages;
capacitive sensing is more commonly reported, but magnetic and frictional sensing are
relatively rare.

Furthermore, textile-based flexible sensors also have key issues to address in biomedi-
cal and robotic fields such as wiring complexity, poor resilience, and signal fluctuations
due to environmental changes. For practical applications, there is still much further work
to be done. Such sensing systems can be made from bio-absorbable materials to avoid
the secondary damage of removal surgery, and can achieve better biocompatibility and
wearable reading systems that can continuously read response signals in real time. Flexible
sensors will be exposed to a variety of prolonged stresses under various loads in practical
applications, and they need to be adhered consistently to irregularly shaped surfaces dur-
ing the operations. However, these flexible sensors may fail due to the fatigue, corrosion or
damage of the device under a long lifetime of service. Similar to biological systems with
strong self-healing capabilities, future electronic skin sensors for human skin can achieve
autonomous healing capability to restore its mechanical and electrical properties. The
preparations of self-healing soft electronic materials, self-healing electronic devices, and
their potential new functions will become scientific problems to be solved urgently.

Finally, due to the superior mechanical properties such as bendability and stretchabil-
ity, stretchable flexible skin-like sensors have broad prospects in health, medical, artificial
skin, human–machine interfaces, and the internet of things. However, it remains challeng-
ing to confer these desired functionalities to an active semiconductor. Wearable electronic
devices still face great challenges in terms of flexibility, light weight, and breathability. On
the other hand, smart touch sensing systems are crucial for human–machine interfaces,
and although artificial skin sensors have the advantages of high sensitivity and shaped
adaptabilitiy, they still need significant improvements in skin-friendliness, breathability
and comfortability. With the perfect combination of flexible sensor and smart watches,
wristbands and other wearable devices, it is only necessary to analyze the electrical signal
output from the electronic skin to realize the “intelligent pulse”. Wireless-controlled and
powered skin-integrated virtual reality (VR) systems will make it possible to feel the hug
of a friend or relative real when talking to them visually, which could soon be a reality.
Scientists have continued to develop new human–machine fusion device and multiple
sensory functions, which can bilaterally transmit and exchange human physiological sig-
nals. As one of the currently most important scientific and technological representations,
brain–machine interfaces are promising to promote the distinct mechanism of how the
brain works and provides new tools to diagnose and treat various diseases, but they are still
somewhat limited by organic materials, which integrate with tissues and transmit signals
at the biotic/non-biotic interface. The ultimate goals for future electronic skin should be to
mimic or even surpass the properties of human skin, and can be integrated with electronic
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devices or actuators that have sensory feedback, just as human skin can quickly respond
to environmental stimuli while transmitting the corresponding signals to the brain and
guiding muscles to take responsive actions.

In conclusion, the recent surge of interests in flexible sensor researches are significant
for promoting further explorations. Only when electronic skins truly improve the lives of
humankind, will they generate strong impetus for fundamental researches with the invest-
ment of more research resources. Besides the most basic capabilities of structural flexibility
and perception, multifunctional sensing, biocompatibility, self-healing and biodegradabil-
ity will become more crucial to smart wearable e-skin sensors. Furthermore, with the rapid
advance of flexible electronics, artificial intelligence, big data and other related technologies,
flexible wearable skin-like sensors will certainly give birth to abundant intelligent wearable
devices and bionic robots with powerful haptic sensing functions. These flexible skin-like
sensing systems will profoundly affect the future technological world, thus human daily
life will be much more intelligent and humanized with multiple sensing functions.

Author Contributions: Conceptualization, X.L. and Y.Q.; investigation, X.L. and Y.W.; writing—
original draft preparation, X.L.; writing—review and editing, X.L., Y.W. and Y.Q.; All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant num-
ber 11802219.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Sanderson, K. Electronic skin from flexibility to a sense of touch. Nature 2021, 591, 685–687. [CrossRef] [PubMed]
2. Yang, J.C.; Mun, J.; Kwon, S.Y.; Park, S.; Bao, Z.; Park, S. Electronic Skin: Recent Progress and Future Prospects for Skin-Attachable

Devices for Health Monitoring, Robotics, and Prosthetics. Adv. Mater. 2019, 31, 1904765. [CrossRef] [PubMed]
3. Yang, Y.; Pan, H.; Xie, G.; Jiang, Y.; Chen, C.; Su, Y.; Wang, Y.; Tai, H. Flexible piezoelectric pressure sensor based on polydopamine-

modified BaTiO3/PVDF composite film for human motion monitoring. Sens. Actuators A Phys. 2020, 301, 111789. [CrossRef]
4. Sharma, S.; Chhetry, A.; Sharifuzzaman, M.; Yoon, H.; Park, J.Y. Wearable Capacitive Pressure Sensor Based on MXene Composite

Nanofibrous Scaffolds for Reliable Human Physiological Signal Acquisition. ACS Appl. Mater. Interfaces 2020, 12, 22212–22224.
[CrossRef]

5. Lin, Y.A.; Zhao, Y.; Wang, L.; Park, Y.; Yeh, Y.J.; Chiang, W.H.; Loh, K.J. Graphene K-Tape Meshes for Densely Distributed Human
Motion Monitoring. Adv. Mater. Technol. 2020, 6, 2000861. [CrossRef]

6. Kim, K.; Kim, B.; Lee, C.H. Printing Flexible and Hybrid Electronics for Human Skin and Eye-Interfaced Health Monitoring
Systems. Adv. Mater. 2020, 32, 1902051. [CrossRef]

7. Zhang, Y.; Tao, T.H. Skin-Friendly Electronics for Acquiring Human Physiological Signatures. Adv. Mater. 2019, 31, 1905767.
[CrossRef]

8. Zhang, J.; Wang, X.X.; Zhang, B.; Ramakrishna, S.; Yu, M.; Ma, J.W.; Long, Y.Z. In Situ Assembly of Well-Dispersed Ag
Nanoparticles throughout Electrospun Alginate Nanofibers for Monitoring Human Breath–Smart Fabrics. ACS Appl. Mater.
Interfaces 2018, 10, 19863–19870. [CrossRef]

9. Tian, L.; Li, Y.; Webb, R.C.; Krishnan, S.; Bian, Z.; Song, J.; Ning, X.; Crawford, K.; Kurniawan, J.; Bonifas, A. Flexible and
Stretchable 3ω Sensors for Thermal Characterization of Human Skin. Adv. Funct. Mater. 2017, 27, 1701282. [CrossRef]

10. Zhang, H.; Han, W.; Xu, K.; Lin, H.; Lu, Y.; Liu, H.; Li, R.; Du, Y.; Nie, Z.; Xu, F.; et al. Stretchable and Ultrasensitive Intelligent
Sensors for Wireless Human–Machine Manipulation. Adv. Funct. Mater. 2021, 31, 2009466. [CrossRef]

11. Makushko, P.; Oliveros Mata, E.S.; Cañón Bermúdez, G.S.; Hassan, M.; Laureti, S.; Rinaldi, C.; Fagiani, F.; Barucca, G.; Schmidt,
N.; Zabila, Y.; et al. Flexible Magnetoreceptor with Tunable Intrinsic Logic for On-Skin Touchless Human-Machine Interfaces.
Adv. Funct. Mater. 2021, 2101089. [CrossRef]

12. Nie, B.; Huang, R.; Yao, T.; Zhang, Y.; Miao, Y.; Liu, C.; Liu, J.; Chen, X. Textile-Based Wireless Pressure Sensor Array for
Human-Interactive Sensing. Adv. Funct. Mater. 2019, 29, 1808786. [CrossRef]

13. Xie, M.; Zhu, M.; Yang, Z.; Okada, S.; Kawamura, S. Flexible self-powered multifunctional sensor for stiffness-tunable soft robotic
gripper by multimaterial 3D printing. Nano Energy 2021, 79, 105438. [CrossRef]

14. Hsiao, L.Y.; Jing, L.; Li, K.; Yang, H.; Li, Y.; Chen, P.Y. Carbon Nanotube-Integrated Conductive Hydrogels as Multifunctional
Robotic Skin. Carbon 2020, 161, 784–793. [CrossRef]

http://doi.org/10.1038/d41586-021-00739-z
http://www.ncbi.nlm.nih.gov/pubmed/33758405
http://doi.org/10.1002/adma.201904765
http://www.ncbi.nlm.nih.gov/pubmed/31538370
http://doi.org/10.1016/j.sna.2019.111789
http://doi.org/10.1021/acsami.0c05819
http://doi.org/10.1002/admt.202000861
http://doi.org/10.1002/adma.201902051
http://doi.org/10.1002/adma.201905767
http://doi.org/10.1021/acsami.8b01718
http://doi.org/10.1002/adfm.201701282
http://doi.org/10.1002/adfm.202009466
http://doi.org/10.1002/adfm.202101089
http://doi.org/10.1002/adfm.201808786
http://doi.org/10.1016/j.nanoen.2020.105438
http://doi.org/10.1016/j.carbon.2020.01.109


Micromachines 2021, 12, 695 27 of 30

15. Schmidt, O.G. Nanomembranes: From E-Skin Technologies to Reconfigurable Microrobotics. In Proceedings of the 2nd Interna-
tional Conference on Flexible Electronics (ICFE 2019), Hangzhou, China, 13–14 July 2019.

16. Zhu, M.; Sun, Z.; Chen, T.; Lee, C. Low cost exoskeleton manipulator using bidirectional triboelectric sensors enhanced multiple
degree of freedom sensory system. Nat. Commun. 2021, 12, 2692. [CrossRef]

17. Shrivas, K.; Ghosale, A.; Bajpai, P.K.; Kant, T.; Dewangan, K.; Shankar, R. Advances in flexible electronics and electrochemical
sensors using conducting nanomaterials: A review. Microchem. J. 2020, 156, 104944. [CrossRef]

18. Cui, C.; Fu, Q.; Meng, L.; Hao, S.; Dai, R.; Yang, J. Recent Progress in Natural Biopolymers Conductive Hydrogels for Flexible
Wearable Sensors and Energy Devices: Materials, Structures, and Performance. ACS Appl. Bio Mater. 2020. [CrossRef]

19. Wang, H.S.; Hong, S.K.; Han, J.H.; Jung, Y.H.; Jeong, H.K.; Im, T.H.; Jeong, C.K.; Lee, B.Y.; Kim, G.; Yoo, C.D.; et al. Biomimetic
and flexible piezoelectric mobile acoustic sensors with multiresonant ultrathin structures for machine learning biometrics. Sci.
Adv. 2021, 7, eabe5683. [CrossRef]

20. Kim, J.; Campbell, A.S.; de Ávila, B.E.; Wang, J. Wearable biosensors for healthcare monitoring. Nat. Biotechnol. 2019, 37, 389–406.
[CrossRef]

21. Suginta, W.; Khunkaewla, P.; Schulte, A. Electrochemical Biosensor Applications of Polysaccharides Chitin and Chitosan. Chem.
Rev. 2013, 113, 5458–5479. [CrossRef]

22. Zhang, Y.; Haghighi, P.D.; Burstein, F.; Yap, L.W.; Cheng, W.; Yao, L.; Cicuttini, F. Electronic Skin Wearable Sensors for Detecting
Lumbar-Pelvic Movements. Sensors 2020, 20, 1510. [CrossRef]

23. Ge, J.; Wang, X.; Drack, M.; Volkov, O.; Liang, M.; Bermúdez, G.S.C.; Illing, R.; Wang, C.; Zhou, S.; Fassbender, J.; et al. A bimodal
soft electronic skin for tactile and touchless interaction in real time. Nat. Commun. 2018, 10, 4405. [CrossRef] [PubMed]

24. Chortos, A.; Liu, J.; Bao, Z. Pursuing prosthetic electronic skin. Nat. Mater. 2016, 15, 937–950. [CrossRef] [PubMed]
25. Chang, J.K.; Chang, H.P.; Guo, Q.; Koo, J.; Wu, C.I.; Rogers, J.A. Biodegradable Electronic Systems in 3D, Heterogeneously

Integrated Formats. Adv. Mater. 2018, 30, 1704955. [CrossRef]
26. Boutry, C.M.; Beker, L.; Kaizawa, Y.; Vassos, C.; Tran, H.; Hinckley, A.C.; Pfattner, R.; Niu, S.; Li, J.; Claverie, J.; et al. Biodegradable

and flexible arterial-pulse sensor for the wireless monitoring of blood flow. Nat. Biomed. Eng. 2019, 3, 47–57. [CrossRef]
27. Kim, S.; Amjadi, M.; Lee, T.I.; Jeong, Y.; Kwon, D.; Kim, M.S.; Kim, K.; Kim, T.S.; Oh, Y.S.; Park, I. Wearable, Ultrawide-Range,

and Bending-Insensitive Pressure Sensor Based on Carbon Nanotube Network-Coated Porous Elastomer Sponges for Human
Interface and Healthcare Devices. ACS Appl. Mater. Interfaces 2019, 11, 23639–23648. [CrossRef]

28. Yu, X.; Xie, Z.; Yu, Y.; Lee, J.; Vazquez-Guardado, A.; Luan, H.; Ruban, J.; Ning, X.; Akhtar, A.; Li, D.; et al. Skin-integrated
wireless haptic interfaces for virtual and augmented reality. Nature 2019, 575, 473–479. [CrossRef]

29. Boutry, C.M.; Kaizawa, Y.; Schroeder, B.C.; Chortos, A.; Legrand, A.; Wang, Z.; Chang, J.; Fox, P.; Bao, Z. A stretchable and
biodegradable strain and pressure sensor for orthopaedic application. Nat. Electron. 2018, 1, 314–321. [CrossRef]

30. Yamamoto, Y.; Harada, S.; Yamamoto, D.; Honda, W.; Arie, T.; Akita, S.; Takei, K. Printed multifunctional flexible device with an
integrated motion sensor for health care monitoring. Sci. Adv. 2016, 2, e1601473. [CrossRef]

31. Tee, B.C.; Chortos, A.; Berndt, A.; Nguyen, A.K.; Tom, A.; McGuire, A.; Lin, Z.C.; Tien, K.; Bae, W.G.; Wang, H.; et al. A
skin-inspired organic digital mechanoreceptor. Science 2015, 350, 313–316. [CrossRef]

32. Lee, S.; Reuveny, A.; Reeder, J.; Lee, S.; Jin, H.; Liu, Q.; Yokota, T.; Sekitani, T.; Isoyama, T.; Abe, Y.; et al. A transparent
bending-insensitive pressure sensor. Nat. Nanotechnol. 2016, 11, 472–478. [CrossRef] [PubMed]

33. Zou, B.; Chen, Y.; Liu, Y.; Xie, R.; Du, Q.; Zhang, T.; Shen, Y.; Zheng, B.; Li, S.; Wu, J.; et al. Repurposed Leather with Sensing
Capabilities for Multifunctional Electronic Skin. Adv. Sci. 2019, 6, 1801283. [CrossRef] [PubMed]

34. Wang, S.; Xu, J.; Wang, W.; Wang, G.J.; Rastak, R.; Molina-Lopez, F.; Chung, J.W.; Niu, S.; Feig, V.R.; Lopez, J.; et al. Skin electronics
from scalable fabrication of an intrinsically stretchable transistor array. Nature 2018, 555, 83–88. [CrossRef] [PubMed]

35. Niu, S.; Matsuhisa, N.; Beker, L.; Li, J.; Wang, S.; Wang, J.; Jiang, Y.; Yan, X.; Yun, Y.; Burnett, W.; et al. A wireless body area sensor
network based on stretchable passive tags. Nat. Electron. 2019, 2, 361–368. [CrossRef]

36. Oh, J.Y.; Son, D.; Katsumata, T.; Lee, Y.; Kim, Y.; Lopez, J.; Wu, H.C.; Kang, J.; Park, J.; Gu, X.; et al. Stretchable self-healable
semiconducting polymer film for active-matrix strain-sensing array. Sci. Adv. 2019, 5, eaav3097. [CrossRef]

37. Lee, W.W.; Tan, Y.J.; Yao, H.; Li, S.; See, H.H.; Hon, M.; Ng, K.A.; Xiong, B.; Ho, J.S.; Tee, B.C. A neuro-inspired artificial peripheral
nervous system for scalable electronic skins. Sci. Robot. 2019, 4, eaax2198. [CrossRef]

38. Zou, Z.; Zhu, C.; Li, Y.; Lei, X.; Zhang, W.; Xiao, J. Rehealable, fully recyclable, and malleable electronic skin enabled by dynamic
covalent thermoset nanocomposite. Sci. Adv. 2018, 4, eaaq0508. [CrossRef]

39. Araromi, O.A.; Graule, M.A.; Dorsey, K.L.; Castellanos, S.; Foster, J.R.; Hsu, W.H.; Passy, A.E.; Vlassak, J.J.; Weaver, J.C.; Walsh,
C.J.; et al. Ultra-sensitive and resilient compliant strain gauges for soft machines. Nature 2020, 587, 219–224. [CrossRef]

40. Wang, Y.F.; Sekine, T.; Takeda, Y.; Yokosawa, K.; Matsui, H.; Kumaki, D.; Shiba, T.; Nishikawa, T.; Tokito, S. Fully Printed PEDOT:
PSS-based Temperature Sensor with High Humidity Stability for Wireless Healthcare Monitoring. Sci. Rep. 2020, 10, 2467.
[CrossRef]

41. Zhu, C.; Chortos, A.; Wang, Y.; Pfattner, R.; Lei, T.; Hinckley, A.C.; Pochorovski, I.; Yan, X.; To, J.W.; Oh, J.Y.; et al. Stretchable
temperature-sensing circuits with strain suppression based on carbon nanotube transistors. Nat. Electron. 2018, 1, 183–190.
[CrossRef]

42. Gong, M.; Wan, P.; Ma, D.; Zhong, M.; Liao, M.; Ye, J.; Shi, R.; Zhang, L. Flexible Breathable Nanomesh Electronic Devices for
On-Demand Therapy. Adv. Funct. Mater. 2019, 29, 1902127. [CrossRef]

http://doi.org/10.1038/s41467-021-23020-3
http://doi.org/10.1016/j.microc.2020.104944
http://doi.org/10.1021/acsabm.0c00807
http://doi.org/10.1126/sciadv.abe5683
http://doi.org/10.1038/s41587-019-0045-y
http://doi.org/10.1021/cr300325r
http://doi.org/10.3390/s20051510
http://doi.org/10.1038/s41467-019-12303-5
http://www.ncbi.nlm.nih.gov/pubmed/31562319
http://doi.org/10.1038/nmat4671
http://www.ncbi.nlm.nih.gov/pubmed/27376685
http://doi.org/10.1002/adma.201704955
http://doi.org/10.1038/s41551-018-0336-5
http://doi.org/10.1021/acsami.9b07636
http://doi.org/10.1038/s41586-019-1687-0
http://doi.org/10.1038/s41928-018-0071-7
http://doi.org/10.1126/sciadv.1601473
http://doi.org/10.1126/science.aaa9306
http://doi.org/10.1038/nnano.2015.324
http://www.ncbi.nlm.nih.gov/pubmed/26809055
http://doi.org/10.1002/advs.201801283
http://www.ncbi.nlm.nih.gov/pubmed/30775226
http://doi.org/10.1038/nature25494
http://www.ncbi.nlm.nih.gov/pubmed/29466334
http://doi.org/10.1038/s41928-019-0286-2
http://doi.org/10.1126/sciadv.aav3097
http://doi.org/10.1126/scirobotics.aax2198
http://doi.org/10.1126/sciadv.aaq0508
http://doi.org/10.1038/s41586-020-2892-6
http://doi.org/10.1038/s41598-020-59432-2
http://doi.org/10.1038/s41928-018-0041-0
http://doi.org/10.1002/adfm.201902127


Micromachines 2021, 12, 695 28 of 30

43. Wang, S.; Oh, J.Y.; Xu, J.; Tran, H.; Bao, Z. Skin-Inspired Electronics: An Emerging Paradigm. Acc. Chem. Res. 2018, 51, 1033–1045.
[CrossRef]

44. Wu, P.; Xiao, A.; Zhao, Y.; Chen, F.; Ke, M.; Zhang, Q.; Zhang, J.; Shi, X.; He, X.; Chen, Y. An implantable and versatile
piezoresistive sensor for the monitoring of human–machine interface interactions and the dynamical process of nerve repair.
Nanoscale 2019, 11, 21103–21118. [CrossRef]

45. Tian, R.; Liu, Y.; Koumoto, K.; Chen, J. Body Heat Powers Future Electronic Skins. Joule 2019, 3, 1399–1403. [CrossRef]
46. Yan, W.; Fuh, H.R.; Lv, Y.; Chen, K.Q.; Tsai, T.Y.; Wu, Y.-R.; Shieh, T.H.; Hung, K.M.; Li, J.; Zhang, D.; et al. Giant gauge factor of

Van der Waals material based strain sensors. Nat. Commun. 2021, 12, 2018. [CrossRef]
47. Guo, Y.; Zhong, M.; Fang, Z.; Wan, P.; Yu, G. A Wearable Transient Pressure Sensor Made with MXene Nanosheets for Sensitive

Broad-Range Human–Machine Interfacing. Nano Lett. 2019, 19, 1143–1150. [CrossRef]
48. Wang, D.; Wang, L.; Lou, Z.; Zheng, Y.; Wang, K.; Zhao, L.; Han, W.; Jiang, K.; Shen, G. Biomimetic, biocompatible and robust silk

Fibroin-MXene film with stable 3D cross-link structure for flexible pressure sensors. Nano Energy 2020, 78, 105252. [CrossRef]
49. Lin, R.; Kim, H.; Achavananthadith, S.; Kurt, S.A.; Tan, S.C.C.; Yao, H.; Tee, B.C.K.; Lee, J.K.W.; Ho, J. Wireless battery-free body

sensor networks using near-field-enabled clothing. Nat. Commun. 2020, 11, 444. [CrossRef]
50. Jin, L.; Chortos, A.; Lian, F.; Pop, E.; Linder, C.; Bao, Z.; Cai, W. Microstructural origin of resistance-strain hysteresis in carbon

nanotube thin film conductors. Proc. Natl. Acad. Sci. USA 2018, 115, 1986–1991. [CrossRef]
51. Kaltenbrunner, M.; Sekitani, T.; Reeder, J.; Yokota, T.; Kuribara, K.; Tokuhara, T.; Drack, M.; Schwodiauer, R.; Graz, I.; Bauer-

Gogonea, S.; et al. An ultra-lightweight design for imperceptible plastic electronics. Nature 2013, 499, 458–463. [CrossRef]
52. Lim, H.R.; Kim, H.S.; Qazi, R.; Kwon, Y.T.; Jeong, J.W.; Yeo, W.H. Advanced Soft Materials, Sensor Integrations, and Applications

of Wearable Flexible Hybrid Electronics in Healthcare, Energy, and Environment. Adv. Mater. 2020, 1901924. [CrossRef]
53. Rivnay, J.; Wang, H.; Fenno, L.; Deisseroth, K.; Malliaras, G.G. Next-Generation Probes, Particles, and Proteins for Neural

Interfacing. Sci. Adv. 2017, 3, e1601649. [CrossRef]
54. Gu, Y.; Zhang, T.; Chen, H.; Wang, F.; Pu, Y.; Gao, C.; Li, S. Mini Review on Flexible and Wearable Electronics for Monitoring

Human Health Information. Nanoscale Res. Lett. 2019, 14, 263. [CrossRef]
55. Wang, C.; Pan, C.; Wang, Z. Electronic Skin for Closed-Loop Systems. ACS Nano 2019, 13, 12287–12293. [CrossRef]
56. Ma, Y.; Pharr, M.; Wang, L.; Kim, J.; Liu, Y.; Xue, Y.; Ning, R.; Wang, X.; Chung, H.U.; Feng, X.; et al. Soft Elastomers with Ionic

Liquid-Filled Cavities as Strain Isolating Substrates for Wearable Electronics. Small 2017, 13, 1602954. [CrossRef]
57. Someya, T.; Bao, Z.; Malliaras, G.G. The rise of plastic bioelectronics. Nature 2016, 540, 379–385. [CrossRef]
58. Li, S.; Chu, J.; Li, B.; Chang, Y.; Pan, T. Handwriting Iontronic Pressure Sensing Origami. ACS Appl. Mater. Interfaces 2019, 11,

46157–46164. [CrossRef]
59. Park, Y.J.; Sharma, B.K.; Shinde, S.M.; Kim, M.S.; Jang, B.; Kim, J.H.; Ahn, J.H. All MoS(2)-Based Large Area, Skin-Attachable

Active-Matrix Tactile Sensor. ACS Nano 2019, 13, 3023–3030. [CrossRef]
60. Manna, K.; Wang, L.; Loh, K.J.; Chiang, W.H. Printed Strain Sensors Using Graphene Nanosheets Prepared by Water-Assisted

Liquid Phase. Adv. Mater. Interfaces 2019, 6, 1900034. [CrossRef]
61. Lei, D.; Liu, N.; Su, T.; Wang, L.; Su, J.; Zhang, Z.; Gao, Y. Research progress of MXenes-based wearable pressure sensors. APL

Mater. 2020, 8, 110702. [CrossRef]
62. Wang, C.; Yokota, T.; Someya, T. Natural Biopolymer-Based Biocompatible Conductors for Stretchable Bioelectronics. Chem. Rev.

2021, 121, 2109–2146. [CrossRef] [PubMed]
63. Matsuhisa, N.; Chen, X.; Bao, Z.; Someya, T. Materials and Structural Designs of Stretchable Conductors. Chem. Soc. Rev. 2019, 48,

2946–2966. [CrossRef] [PubMed]
64. Lee, W.; Liu, Y.; Lee, Y.; Sharma, B.K.; Shinde, S.M.; Kim, S.D.; Nan, K.; Yan, Z.; Han, M.; Huang, Y.; et al. Two-dimensional

materials in functional three-dimensional architectures with applications in photodetection and imaging. Nat. Commun. 2018,
9, 1417. [CrossRef] [PubMed]

65. Gerratt, A.P.; Michaud, H.O.; Lacour, S.P. Elastomeric Electronic Skin for Prosthetic Tactile Sensation. Adv. Funct. Mater. 2015, 25,
2287–2295. [CrossRef]

66. Liu, S.; Wang, L.; Wang, Z.; Cai, Y.; Feng, X.; Qin, Y.; Wang, Z.L. Double-Channel Piezotronic Transistors for Highly Sensitive
Pressure Sensing. ACS Nano 2018, 12, 1732–1738. [CrossRef]

67. Bai, N.; Wang, L.; Wang, Q.; Deng, J.; Wang, Y.; Lu, P.; Huang, J.; Li, G.; Zhang, Y.; Yang, J.; et al. Graded intrafillable
architecture-based iontronic pressure sensor with ultra-broad-range high sensitivity. Nat. Commun. 2020, 11, 209. [CrossRef]

68. Kim, Y.; Chortos, A.; Xu, W.; Liu, Y.; Oh, J.Y.; Son, D.; Kang, J.; Foudeh, A.M.; Zhu, C.; Lee, Y.; et al. A bioinspired flexible organic
artificial afferent nerve. Science 2018, 360, 998–1003. [CrossRef]

69. Chen, M.; Luo, W.; Xu, Z.; Zhang, X.; Xie, B.; Wang, G.; Han, M. An ultrahigh resolution pressure sensor based on percolative
metal nanoparticle arrays. Nat. Commun. 2019, 10, 4024. [CrossRef]

70. Baek, S.; Jang, H.; Kim, S.Y.; Jeong, H.; Han, S.; Jang, Y.; Kim, D.H.; Lee, H.S. Flexible piezocapacitive sensors based on wrinkled
microstructures: Toward low-cost fabrication of pressure sensors over large areas. RSC Adv. 2017, 7, 39420–39426. [CrossRef]

71. Huang, Y.C.; Liu, Y.; Ma, C.; Cheng, H.C.; He, Q.; Wu, H.; Wang, C.; Lin, C.Y.; Huang, Y.; Duan, X. Sensitive pressure sensors
based on conductive microstructured air-gap gates and two-dimensional semiconductor transistors. Nat. Electron. 2020, 3, 59–69.
[CrossRef]

http://doi.org/10.1021/acs.accounts.8b00015
http://doi.org/10.1039/C9NR03925B
http://doi.org/10.1016/j.joule.2019.03.011
http://doi.org/10.1038/s41467-021-22316-8
http://doi.org/10.1021/acs.nanolett.8b04514
http://doi.org/10.1016/j.nanoen.2020.105252
http://doi.org/10.1038/s41467-020-14311-2
http://doi.org/10.1073/pnas.1717217115
http://doi.org/10.1038/nature12314
http://doi.org/10.1002/adma.201901924
http://doi.org/10.1126/sciadv.1601649
http://doi.org/10.1186/s11671-019-3084-x
http://doi.org/10.1021/acsnano.9b06576
http://doi.org/10.1002/smll.201602954
http://doi.org/10.1038/nature21004
http://doi.org/10.1021/acsami.9b16780
http://doi.org/10.1021/acsnano.8b07995
http://doi.org/10.1002/admi.201900034
http://doi.org/10.1063/5.0026984
http://doi.org/10.1021/acs.chemrev.0c00897
http://www.ncbi.nlm.nih.gov/pubmed/33460327
http://doi.org/10.1039/C8CS00814K
http://www.ncbi.nlm.nih.gov/pubmed/31073551
http://doi.org/10.1038/s41467-018-03870-0
http://www.ncbi.nlm.nih.gov/pubmed/29650957
http://doi.org/10.1002/adfm.201404365
http://doi.org/10.1021/acsnano.7b08447
http://doi.org/10.1038/s41467-019-14054-9
http://doi.org/10.1126/science.aao0098
http://doi.org/10.1038/s41467-019-12030-x
http://doi.org/10.1039/C7RA06997A
http://doi.org/10.1038/s41928-019-0356-5


Micromachines 2021, 12, 695 29 of 30

72. Kweon, O.Y.; Lee, S.J.; Oh, J.H. Wearable high-performance pressure sensors based on three-dimensional electrospun conductive
nanofibers. NPG Asia Mater. 2018, 10, 540–551. [CrossRef]

73. Li, S.; Pan, N.; Zhu, Z.; Li, R.; Li, B.; Chu, J.; Li, G.; Chang, Y.; Pan, T. All-in-One Iontronic Sensing Paper. Adv. Funct. Mater. 2019,
29, 1807343. [CrossRef]

74. Yeo, J.C.; Yu, J.; Shang, M.; Loh, K.P.; Lim, C.T. Highly Flexible Graphene Oxide Nanosuspension Liquid-Based Microfluidic
Tactile Sensor. Small 2016, 12, 1593–1604.

75. Wang, Z.; Guan, X.; Huang, H.; Wang, H.; Lin, W.; Peng, Z. Full 3D Printing of Stretchable Piezoresistive Sensor with Hierarchical
Porosity and Multimodulus Architecture. Adv. Funct. Mater. 2019, 29, 1807569. [CrossRef]

76. Pang, Y.; Zhang, K.; Yang, Z.; Jiang, S.; Ju, Z.; Li, Y.; Wang, X.; Wang, D.; Jian, M.; Zhang, Y.; et al. Epidermis Microstructure
Inspired Graphene Pressure Sensor with Random Distributed Spinosum for High Sensitivity and Large Linearity. ACS Nano 2018,
12, 2346–2354. [CrossRef]

77. Shi, J.; Wang, L.; Dai, Z.; Zhao, L.; Du, M.; Li, H.; Fang, Y. Multiscale Hierarchical Design of a Flexible Piezoresistive Pressure
Sensor with High Sensitivity and Wide Linearity Range. Small 2018, 14, 1800819. [CrossRef]

78. Dong, X.; Wei, Y.; Chen, S.; Lin, Y.; Liu, L.; Li, J. A linear and large-range pressure sensor based on a graphene/silver nanowires
nanobiocomposites network and a hierarchical structural sponge. Compos. Sci. Technol. 2018, 155, 108–116. [CrossRef]

79. Chen, Z.; Hu, Y.; Zhuo, H.; Liu, L.; Jing, S.; Zhong, L.; Peng, X.; Sun, R.C. Compressible, Elastic, and Pressure-Sensitive Carbon
Aerogels Derived from 2D Titanium Carbide Nanosheets and Bacterial Cellulose for Wearable Sensors. Chem. Mater. 2019, 31,
3301–3312. [CrossRef]

80. Li, X.P.; Li, Y.; Li, X.; Song, D.; Min, P.; Hu, C.; Zhang, H.B.; Koratkar, N.; Yu, Z.Z. Highly sensitive, reliable and flexible
piezoresistive pressure sensors featuring polyurethane sponge coated with MXene sheets. J. Colloid Interface Sci. 2019, 542, 54–62.
[CrossRef]

81. Yang, T.; Mativetsky, J.M. Paper-Based Mechanical Sensors Enabled by Folding and Stacking. ACS Appl. Mater. Interfaces 2019, 11,
26339–26345. [CrossRef]

82. Han, Z.; Li, H.; Xiao, J.; Song, H.; Li, B.; Cai, S.; Chen, Y.; Ma, Y.; Feng, X. Ultralow-Cost, Highly Sensitive, and Flexible Pressure
Sensors Based on Carbon Black and Airlaid Paper for Wearable Electronics. ACS Appl. Mater. Interfaces 2019, 11, 33370–33379.
[CrossRef]

83. Wang, L.; Liu, S.; Feng, X.; Xu, Q.; Bai, S.; Zhu, L.; Chen, L.; Qin, Y.; Wang, Z.L. Ultrasensitive Vertical Piezotronic Transistor
Based on ZnO Twin Nanoplatelet. ACS Nano 2017, 11, 4859–4865. [CrossRef]

84. Liu, S.; Wang, L.; Feng, X.; Wang, Z.; Xu, Q.; Bai, S.; Qin, Y.; Wang, Z.L. Ultrasensitive 2D ZnO Piezotronic Transistor Array for
High Resolution Tactile Imaging. Adv. Mater. 2017, 29, 1606346. [CrossRef]

85. Chen, Z.; Wang, Z.; Li, X.; Lin, Y.; Luo, N.; Long, M.; Zhao, N.; Xu, J.B. Flexible Piezoelectric-Induced Pressure Sensors for Static
Measurements Based on Nanowires/Graphene Heterostructures. ACS Nano 2017, 11, 4507–4513. [CrossRef]

86. Sekine, T.; Sugano, R.; Tashiro, T.; Sato, J.; Takeda, Y.; Matsui, H.; Kumaki, D.; Dos Santos, F.D.; Miyabo, A.; Tokito, S. Fully
Printed Wearable Vital Sensor for Human Pulse Rate Monitoring using Ferroelectric Polymer. Sci. Rep. 2018, 8, 4442. [CrossRef]
[PubMed]

87. Nie, B.; Li, R.; Brandt, J.D.; Pan, T. Iontronic microdroplet array for flexible ultrasensitive tactile sensing. Lab Chip 2014, 14,
1107–1116. [CrossRef] [PubMed]

88. Nie, B.; Li, R.; Brandt, J.D.; Pan, T. Microfluidic tactile sensors for three-dimensional contact force measurements. Lab Chip 2014,
14, 4344–4353. [CrossRef]

89. Chen, W.; Yan, X. Progress in achieving high-performance piezoresistive and capacitive flexible pressure sensors: A review. J.
Mater. Sci. Technol. 2020, 43, 175–188. [CrossRef]

90. Abolpour Moshizi, S.; Azadi, S.; Belford, A.; Razmjou, A.; Wu, S.; Han, Z.J.; Asadnia, M. Development of an Ultra-Sensitive and
Flexible Piezoresistive Flow Sensor Using Vertical Graphene Nanosheets. Nano Micro Lett. 2020, 12, 109. [CrossRef]

91. Shintake, J.; Piskarev, E.; Jeong, S.H.; Floreano, D. Ultrastretchable Strain Sensors Using Carbon Black-Filled Elastomer Composites
and Comparison of Capacitive Versus Resistive Sensors. Adv. Mater. Technol. 2018, 3, 1700284. [CrossRef]

92. Chamankar, N.; Khajavi, R.; Yousefi, A.A.; Rashidi, A.; Golestanifard, F. A flexible piezoelectric pressure sensor based on PVDF
nanocomposite fibers doped with PZT particles for energy harvesting applications. Ceram. Int. 2020, 46, 19669–19681. [CrossRef]

93. Lee, E.K.; Kim, M.K.; Lee, C.H. Skin-Mountable Biosensors and Therapeutics: A Review. Annu. Rev. Biomed. Eng. 2019, 21,
299–323. [CrossRef]

94. Lipomi, D.J.; Vosgueritchian, M.; Tee, B.C.; Hellstrom, S.L.; Lee, J.A.; Fox, C.H.; Bao, Z. Skin-Like Pressure and Strain Sensors
Based on Transparent Elastic Films of Carbon Nanotubes. Nat. Nanotechnol. 2011, 6, 788–792. [CrossRef]

95. Pang, C.; Koo, J.H.; Nguyen, A.; Caves, J.M.; Kim, M.G.; Chortos, A.; Kim, K.; Wang, P.J.; Tok, J.B.; Bao, Z. Highly skin-conformal
microhairy sensor for pulse signal amplification. Adv. Mater. 2015, 27, 634–640. [CrossRef]

96. Natta, L.; Mastronardi, V.M.; Guido, F.; Algieri, L.; Puce, S.; Pisano, F.; Rizzi, F.; Pulli, R.; Qualtieri, A.; De Vittorio, M. Soft and
flexible piezoelectric smart patch for vascular graft monitoring based on Aluminum Nitride thin film. Sci. Rep. 2019, 9, 8392.
[CrossRef]

97. Song, K.; Kim, S.H.; Jin, S.; Kim, S.; Lee, S.; Kim, J.S.; Park, J.M.; Cha, Y. Pneumatic actuator and flexible piezoelectric sensor for
soft virtual reality glove system. Sci. Rep. 2019, 9, 8988. [CrossRef]

http://doi.org/10.1038/s41427-018-0041-6
http://doi.org/10.1002/adfm.201807343
http://doi.org/10.1002/adfm.201807569
http://doi.org/10.1021/acsnano.7b07613
http://doi.org/10.1002/smll.201800819
http://doi.org/10.1016/j.compscitech.2017.11.028
http://doi.org/10.1021/acs.chemmater.9b00259
http://doi.org/10.1016/j.jcis.2019.01.123
http://doi.org/10.1021/acsami.9b06071
http://doi.org/10.1021/acsami.9b12929
http://doi.org/10.1021/acsnano.7b01374
http://doi.org/10.1002/adma.201606346
http://doi.org/10.1021/acsnano.6b08027
http://doi.org/10.1038/s41598-018-22746-3
http://www.ncbi.nlm.nih.gov/pubmed/29535351
http://doi.org/10.1039/c3lc50994j
http://www.ncbi.nlm.nih.gov/pubmed/24480933
http://doi.org/10.1039/C4LC00746H
http://doi.org/10.1016/j.jmst.2019.11.010
http://doi.org/10.1007/s40820-020-00446-w
http://doi.org/10.1002/admt.201700284
http://doi.org/10.1016/j.ceramint.2020.03.210
http://doi.org/10.1146/annurev-bioeng-060418-052315
http://doi.org/10.1038/nnano.2011.184
http://doi.org/10.1002/adma.201403807
http://doi.org/10.1038/s41598-019-44784-1
http://doi.org/10.1038/s41598-019-45422-6


Micromachines 2021, 12, 695 30 of 30

98. Zhang, X.; Sheng, N.; Wang, L.; Tan, Y.; Liu, C.; Xia, Y.; Nie, Z.; Sui, K. Supramolecular Nanofibrillar Hydrogels as Highly
Stretchable, Elastic and Sensitive Ionic Sensors. Mater. Horiz. 2019, 6, 326–333. [CrossRef]

99. Qiao, H.; Qi, P.; Zhang, X.; Wang, L.; Tan, Y.; Luan, Z.; Xia, Y.; Li, Y.; Sui, K. Multiple Weak H-bonds Lead to Highly Sensitive,
Stretchable, Self-Adhesive, and Self-Healing Ionic Sensors. ACS Appl. Mater. Interfaces 2019, 11, 7755–7763. [CrossRef]

100. Yang, C.; Suo, Z. Hydrogel ionotronics.pdf. Nat. Rev. Mater. 2018, 3, 125–142. [CrossRef]
101. Wu, S.; Peng, S.; Yu, Y.; Wang, C.H. Strategies for Designing Stretchable Strain Sensors and Conductors. Adv. Mater. Technol. 2020,

5, 1900908. [CrossRef]
102. Lee, J.; Ihle, S.J.; Pellegrino, G.S.; Kim, H.; Yea, J.; Jeon, C.Y.; Son, H.C.; Jin, C.; Eberli, D.; Schmid, F.; et al. Stretchable and

suturable fibre sensors for wireless monitoring of connective tissue strain. Nat. Electron. 2021, 4, 291–301. [CrossRef]
103. Seongwoo, R. Extremely Elastic Wearable Carbon Nanotube Fiber Strain Sensor for Monitoring of Human Motion. ACS Nano

2015, 9, 5929–5936.
104. Gilshteyn, E.P.; Romanov, S.A.; Kopylova, D.S.; Savostyanov, G.V.; Anisimov, A.S.; Glukhova, O.E.; Nasibulin, A.G. Mechanically

Tunable Single-Walled Carbon Nanotube Films as a Universal Material for Transparent and Stretchable Electronics. ACS Appl.
Mater. Interfaces 2019, 11, 27327–27334. [CrossRef]

105. Kim, D.S.; Choi, Y.W.; Shanmugasundaram, A.; Jeong, Y.J.; Park, J.; Oyunbaatar, N.E.; Kim, E.S.; Choi, M.; Lee, D.W. Highly
durable crack sensor integrated with silicone rubber cantilever for measuring cardiac contractility. Nat. Commun. 2020, 11, 535.
[CrossRef] [PubMed]

106. Christ, J.F.; Aliheidari, N.; Potschke, P.; Ameli, A. Bidirectional and Stretchable Piezoresistive Sensors Enabled by Multimaterial
3D Printing of Carbon Nanotube/Thermoplastic Polyurethane Nanocomposites. Polymers 2018, 11, 11. [CrossRef]

107. Kim, S.; Oh, J.; Jeong, D.; Park, W.; Bae, J. Consistent and Reproducible Direct Ink Writing of Eutectic Gallium-Indium for
High-Quality Soft Sensors. Soft Robot. 2018, 5, 601–612. [CrossRef] [PubMed]

108. Li, T.; Li, J.; Zhong, A.; Han, F.; Sun, R.; Wong, C.P.; Niu, F.; Zhang, G.; Jin, Y. A flexible strain sensor based on CNTs/PDMS
microspheres for human motion detection. Sens. Actuators A Phys. 2020, 306, 111959. [CrossRef]

109. Yu, Y.; Luo, Y.; Guo, A.; Yan, L.; Wu, Y.; Jiang, K.; Li, Q.; Fan, S.; Wang, J. Flexible and Transparent Strain Sensors Based on
Super-aligned Carbon Nanotube Films. Nanoscale 2017, 9, 6716–6723. [CrossRef]

110. Liu, H.; Jiang, H.; Du, F.; Zhang, D.; Li, Z.; Zhou, H. Flexible and Degradable Paper-Based Strain Sensor with Low Cost. ACS
Sustain. Chem. Eng. 2017, 5, 10538–10543. [CrossRef]

111. Saha, B.; Baek, S.; Lee, J. Highly Sensitive Bendable and Foldable Paper Sensors Based on Reduced Graphene Oxide. ACS Appl.
Mater. Interfaces 2017, 9, 4658–4666. [CrossRef]

112. Chen, S.; Song, Y.; Ding, D.; Ling, Z.; Xu, F. Flexible and Anisotropic Strain Sensor Based on Carbonized Crepe Paper with
Aligned Cellulose Fibers. Adv. Funct. Mater. 2018, 28, 1802547. [CrossRef]

113. Li, Q.; Liu, H.; Zhang, S.; Zhang, D.; Liu, X.; He, Y.; Mi, L.; Zhang, J.; Liu, C.; Shen, C.; et al. Superhydrophobic Electrically
Conductive Paper for Ultrasensitive Strain Sensor with Excellent Anticorrosion and Self-Cleaning Property. ACS Appl. Mater.
Interfaces 2019, 11, 21904–21914. [CrossRef] [PubMed]

114. Long, Y.; He, P.; Xu, R.; Hayasaka, T.; Shao, Z.; Zhong, J.; Lin, L. Molybdenum-carbide-graphene composites for paper-based
strain and acoustic pressure sensors. Carbon 2020, 157, 594–601. [CrossRef]

115. La Mattina, A.A.; Mariani, S.; Barillaro, G. Bioresorbable Materials on The Rise: From Electronic Components and Physical
Sensors to in Vivo Monitoring Systems. Adv. Sci. 2020, 7, 1902872. [CrossRef]

116. Kang, J.; Tok, J.B.; Bao, Z. Self-healing soft electronics. Nat. Electron. 2019, 2, 144–150. [CrossRef]
117. Zhang, Z.; Yap, L.W.; Dong, D.; Shi, Q.; Wang, Y.; Cheng, W.; Han, X. Cat-Tail-Like Mesostructured Silica Fibers Decorated

with Gold Nanowires: Synthesis, Characterization, and Application as Stretchable Sensors. ChemPlusChem 2019, 84, 1031–1038.
[CrossRef]

118. He, F.; You, X.; Gong, H.; Yang, Y.; Bai, T.; Wang, W.; Guo, W.; Liu, X.; Ye, M. Stretchable, Biocompatible, and Multifunctional Silk
Fibroin-Based Hydrogels toward Wearable Strain/Pressure Sensors and Triboelectric Nanogenerators. ACS Appl. Mater. Interfaces
2020, 12, 6442–6450. [CrossRef]

119. Shin, J.; Yan, Y.; Bai, W.; Xue, Y.; Gamble, P.; Tian, L.; Kandela, I.; Haney, C.R.; Spees, W.; Lee, Y. Bioresorbable Pressure Sensors
Protected with Thermally Grown Silicon Dioxide for The Monitoring of Chronic Diseases and Healing Processes. Nat. Biomed.
Eng. 2019, 3, 37–46. [CrossRef]

120. Hu, K.; Xiong, R.; Guo, H.; Ma, R.; Zhang, S.; Wang, Z.L.; Tsukruk, V.V. Self-Powered Electronic Skin with Biotactile Selectivity.
Adv. Mater. 2016, 28, 3549–3556. [CrossRef]

121. Wang, J.; Tang, F.; Wang, Y.; Lu, Q.; Liu, S.; Li, L. Self-Healing and Highly Stretchable Gelatin Hydrogel for Self-Powered Strain
Sensor. ACS Appl. Mater. Interfaces 2020, 12, 1558–1566. [CrossRef]

122. Shi, M.; Zhang, J.; Chen, H.; Han, M.; Shankaregowda, S.A.; Su, Z.; Meng, B.; Cheng, X.; Zhang, H. Self-Powered Analogue Smart
Skin. ACS Nano 2016, 10, 4083–4091. [CrossRef]

123. Xu, C.; Song, Y.; Han, M.; Zhang, H. Portable and wearable self-powered systems based on emerging energy harvesting technology.
Microsyst. Nanoeng. 2021, 7, 25. [CrossRef]

124. Su, L.; Jiang, Z.; Tian, Z.; Wang, H.; Wang, H.; Zi, Y. Self-powered, ultrasensitive, and high-resolution visualized flexible pressure
sensor based on color-tunable triboelectrification-induced electroluminescence. Nano Energy 2021, 79, 105431. [CrossRef]

http://doi.org/10.1039/C8MH01188E
http://doi.org/10.1021/acsami.8b20380
http://doi.org/10.1038/s41578-018-0018-7
http://doi.org/10.1002/admt.201900908
http://doi.org/10.1038/s41928-021-00557-1
http://doi.org/10.1021/acsami.9b07578
http://doi.org/10.1038/s41467-019-14019-y
http://www.ncbi.nlm.nih.gov/pubmed/31988308
http://doi.org/10.3390/polym11010011
http://doi.org/10.1089/soro.2017.0103
http://www.ncbi.nlm.nih.gov/pubmed/29975584
http://doi.org/10.1016/j.sna.2020.111959
http://doi.org/10.1039/C6NR09961K
http://doi.org/10.1021/acssuschemeng.7b02540
http://doi.org/10.1021/acsami.6b10484
http://doi.org/10.1002/adfm.201802547
http://doi.org/10.1021/acsami.9b03421
http://www.ncbi.nlm.nih.gov/pubmed/31124646
http://doi.org/10.1016/j.carbon.2019.10.083
http://doi.org/10.1002/advs.201902872
http://doi.org/10.1038/s41928-019-0235-0
http://doi.org/10.1002/cplu.201900043
http://doi.org/10.1021/acsami.9b19721
http://doi.org/10.1038/s41551-018-0300-4
http://doi.org/10.1002/adma.201506187
http://doi.org/10.1021/acsami.9b18646
http://doi.org/10.1021/acsnano.5b07074
http://doi.org/10.1038/s41378-021-00248-z
http://doi.org/10.1016/j.nanoen.2020.105431

	Introduction 
	The Demands and Strategies for Flexible Sensors 
	Demand for Flexible Sensors 
	Trategies for Flexible Sensors 

	Pressure Sensors 
	Sensing Mechanism 
	Piezoresistive Sensor 
	Capacitive Sensor 
	Piezoelectric Sensor 
	Iontronic Sensors 
	Sensitivity 

	Strain Sensor 
	Sensor with Conventional Polymer Substrate 
	Sensor with Biological Substrate 
	Gauge Factors 

	Biocompatibility and Self-Driven Capability 
	Biocompatibility 
	Self-Driven Capability 

	Conclusions and Outlook 
	References

