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Abstract

Skin, the largest organ in the human body, is sensitive to external stimuli.

In recent years, an increasing number of skin-inspired electronics, including

wearable electronics, implantable electronics, and electronic skin, have been

developed because of their broad applications in healthcare and robotics.

Physical sensors are one of the key building blocks of skin-inspired electronics.

Typical physical sensors include mechanical sensors, temperature sensors,

humidity sensors, electrophysiological sensors, and so on. In this review, we

systematically review the latest advances of skin-inspired mechanical sensors,

temperature sensors, and humidity sensors. The working mechanisms, key

materials, device structures, and performance of various physical sensors are

summarized and discussed in detail. Their applications in health monitoring,

human disease diagnosis and treatment, and intelligent robots are reviewed.

In addition, several novel properties of skin-inspired physical sensors such as

versatility, self-healability, and implantability are introduced. Finally, the exis-

ting challenges and future perspectives of physical sensors for practical appli-

cations are discussed and proposed.
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1 | INTRODUCTION

Skin, the largest organ in the human body, plays important
roles such as protection, metabolism, regulation, and sensa-
tion. Particularly, there are seven types of receptors in the
skin for sensation, including pain receptors, two types of
temperature receptors, and four types of mechanical recep-
tors.1 External stimuli are converted into electrical signals
(action potentials) by the receptors, then the signals are
transmitted to the brain through the nerves. Finally, under

the processing and instruction of the brain, the human body
perceives and responds to the external stimuli.2-4 In recent
years, inspired by the skin, novel electronics, such as wear-
able devices, electronic skin, and implantable electronic
devices, have been widely studied, providing new opportu-
nities for health monitoring, human disease diagnosis and
treatment, and intelligent robots.3,5-9

Development of various flexible physical sensors, includ-
ing mechanical sensors, temperature sensors, humidity sen-
sors, electrophysiological sensors, with high sensitivity, fast
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response, and high-resolution is the prerequisite for realizing
the desired skin-mimic sensing functions.10 Mechanical
sensors (pressure sensors and strain sensors), the most
widely used physical sensors, can be applied to detect both
vigorous human motions such as joint motions and subtle
motions induced by blood pressure, pulse, breathing,
sound, and so on.11-19 Flexible temperature sensors can
monitor body temperature in real time and thus assist
with disease diagnosis and health monitoring.20-24 Humid-
ity sensors can quantitatively detect skin hydration and
environmental humidity.25-27 These kinds of physical
sensors will be discussed in detail in Sections 2-4.

Furthermore, electrophysiological sensors can record
important information about health by visualizing human
body electrical signals into diagrams, such as the electro-
cardiogram (ECG), electromyogram (EMG), and electroen-
cephalogram (EEG).28-36 Various flexible and conformable
electrophysiological sensors have been developed for long-
term monitoring electrophysiological signals. ECG is the
best way to measure heart rhythms and has been widely
used for diagnosing heart disease.37-40 EMG can record the
electrical activity produced by skeletal muscles, which can
be used to diagnose neuromuscular diseases and control
prosthetic devices.41-43 In addition, EEG can monitor the
electrical activity of the brain and can be used to diagnose
brain diseases (eg, epilepsy, sleep disorders).44-46

The signals accepted by the receptors in human skin
will be transmitted to the central nervous system through
neurons and synapses. Inspired by the sensory system,
researchers integrated flexible electronics to acquire the sig-
nals and transmitted the acquired signals to motor nerves
to actuate muscles.47 Intrinsically stretchable organic con-
ductors and semiconductors are highly desirable for appli-
cations in signals transmitting and processing.48-53 For
example, Wang et al demonstrated a stretchable transistor
array by using intrinsically stretchable conducting and
semiconducting polymers. Based on this platform, they fab-
ricated various intrinsically stretchable analog and digital
circuits and integrated them with mechanical sensors to
realize skin electronic systems.52

With the development of skin-inspired electronics,
higher demands are placed on flexible physical sensors.
Firstly, it is necessary to increase the sensitivity, reduce
the detection limit, and expand the monitoring range of
the sensors. Secondly, the long-term monitoring of physi-
cal signals in daily life is required, which places flexible
and stretchable demands for physical sensors. Moreover,
as mechanical damages may happen to skin-inspired
electronics due to wear or external forces, physical sen-
sors also need to be self-healable. Given the widespread
use of electronics, especially implantable electronics,
physical sensors should have better biocompatibility and
biodegradability.

In this study, we systematically review the latest
advances of skin-inspired mechanical sensors, tempera-
ture sensors, and humidity sensors. The working mecha-
nisms, materials, device structures, and performance of
various physical sensors are summarized and discussed
in detail. In addition, their applications for health moni-
toring, human disease diagnosis and treatment, and intel-
ligent robots are described. Furthermore, the novel
properties of skin-inspired physical sensors such as versa-
tility, self-healability, and implantability are introduced.
Finally, the existing challenges and future perspectives of
physical sensors for practical applications are discussed
and proposed.

2 | SKIN-INSPIRED MECHANICAL
SENSORS

Mechanical sensors are sensitive to mechanical stimuli,
which are commonly used to monitor body movements
and physiological activities such as pulse, breath, heart-
beat, and so on.54 Mechanical sensors can be integrated
into skin-inspired electronics, which can be applied in
various fields. For example, in the robotic field, such sen-
sors will allow robots to respond to external stimuli and
accomplish complicated tasks.11 In the medical field,
mechanical sensitive electronics can not only help ampu-
tees regain sensory functions but also can be used to con-
tinuously monitor physiological health.4,55

There are four kinds of mechanoreceptors in human
skin, two of which are slow adapting receptors, which
respond to static pressures.56,57 The rests belong to fast
adapting receptors, which respond to dynamic forces.57,58

These receptors can convert external mechanical stimuli
into electrical signals, the so-called action potentials,
which are then transmitted to the brain through nerves.
Based on this way, the skin can detect pressures greater
than 2000 Pa with a time delay of 20-40 ms and a spatial
resolution of 1 mm.2,59,60 With these four mechanorecep-
tors, human skin has a variety of mechanical sensing
functions, including normal/shear force sensing, vibra-
tion detection, and strain monitoring. In 2000, Lee et al
outlined ideal parameters for mechanical sensing skin-
inspired electronics that the mechanical sensors need to
be able to sense pressures greater than 1 g with a tempo-
ral resolution less than 10 ms and a spatial resolution less
than 2 mm.61 According to the working mechanisms,
mechanical sensors can be divided into several types,
such as resistive type,16 capacitive type,17 piezoelectric
type,18 triboelectric type,19 and other types (eg, optics
type,62 wireless type63). The details of skin-inspired
mechanical sensors with various working mechanisms
will be discussed in the following.
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2.1 | Resistive-type mechanical sensors

Resistive-type mechanical sensors are the earliest avail-
able commercial mechanical sensors. The working mech-
anism of resistive-type mechanical sensors is on the
change in the resistance of conductive materials during
deformation, which can be easily measured by electrical
measurement systems.64,65 The resistance (R) can be cal-
culated by R = ρl/A, where ρ is the material resistivity,
l is the length of the conductor, and A is the sectional
area. The change in resistance of some materials is
mainly ascribed to the intrinsic resistivity change upon
deformation, while that of other materials relies on the
change of geometrical parameters (l and A). Therefore,
the mechanism of the resistive-type mechanical sensors
can be summarized as follows: (a) changes in intrinsic
resistance; (b) changes in contact resistance (Rc).

The changes in the intrinsic resistance mainly originate
from the change of the electronic band structure during
deformation, which can be found in many materials such
as semiconductors (Si,66 Ge67), carbon nanotubes (CNTs),68

graphene,69 and metal-organic framework (MOF).70 Based
on the hole transfer and conduction mass shift due to stress,
the change in resistance of semiconductor has been widely
used in mechanical sensors.66,67 The structure of the mate-
rials can significantly affect their sensing performance. He
et al reported that the sensitivity of Si nanowires (NWs) is
37 times higher than that of bulk Si.71 Furthermore, unlike
bulk Ge, Ge NWs show an anomalous negative resistance
response (Figure 1A,B).72

In addition, the band structures of the carbon
nanomaterials (CNT, graphene) change along with

deformation. When deformed by an atomic force micro-
scope tip, the conductance of a single-wall CNT sample
reduced by two orders of magnitude, which provided the
sensing ability for a single CNT (Figure 1C,D).68 Bae et al
fabricated a transparent graphene mechanical sensor, the
resistance of which increased due to the change in the
C C bond length under tensile strain.69

MOF is a kind of nanoporous materials formed by self-
assembly of organic ligands and metal cations or clusters.
Under mechanical stimuli, the electronic band structure
and the intrinsic resistivity of MOFs can be changed due
to the changing of the pore size (Figure 1E-G). Based on
this, Pan et al reported the first MOF nanofilm-based
mechanical sensor, which met the ultrasensitive and anti-
jamming criteria for health monitoring and infrastructure
failure diagnosis.70

The changes in the contact resistance may originate
from changes in the density of the conductive material,
the contact area, and the conductive path induced by
deformation. The mechanism of the contact resistance-
based resistive-type mechanical sensors is shown in
Figure 2A. Under the mechanical stimuli, the Rc

changes more significantly than the intrinsic resistance
and thus dominates the sensitivity. Most contact
resistive-type mechanical sensors have a negative resis-
tive effect, which means that the resistance decreases as
the pressure increases.75 For example, Pan et al reported
an ultrasensitive resistive-type pressure sensor based on
an elastic hollow-sphere polypyrrole (PPy) film. As
shown in Figure 2B, the contact area between the con-
ductive materials increases along with the pressure,
leading to a decreased resistivity.73

FIGURE 1 Resistive-type mechanical sensors based on intrinsic resistance. A, Device for measuring the intrinsic conductance of Ge

nanowires. B, Resistivity of Ge change as a function of strain.72 Copyright 2012, American Chemical Society. C, Device for measuring the

intrinsic conductance of CNT. D, Simulated atomic configurations of the nanotube pushed to 7� and 15�.68 Copyright 2000, Springer
Nature. E, Evolution of I2@CuTCA MOF crystal structure. F, Local density of states of I2@CuTCA MOF under strain. G, Evolution of the

MOF device current as a function of strains.70 Copyright 2018, Springer Nature. CNT, carbon nanotube; MOF, metal-organic framework
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Contact resistive-type mechanical sensors with uncon-
ventional resistance changes draw much more attention.
Yun et al reported a liquid metal-filled elastomer for
mechanical sensors (Figure 2C).74 The resistance of this
sensor is maximum at its original state and decreases dra-
matically once deformed. As the Poisson ratio is 0.5, the
mechanical sensor will be compressed in a certain direc-
tion upon any deformation, which will provide more con-
ductive paths and induce decreasing of the resistivity.

The performance of resistive-type mechanical sensors is
closely related to their components and device structures.
Components used in the mechanical sensors can be divided
into active materials and supporting materials. Metal-based
materials (eg, liquid metals,74 metal particles,76 and NWs77),
carbon-based materials (eg, carbon black [CB],78 CNT,79,80

and graphene13,15), conductive polymers (eg, PPy,73,81 poly
(3,4-ethylene dioxythiophene):poly(styrene sulfonate)
[PEDOT:PSS],82 and hydrogel83), and other materials (eg,
MOF,70 MXene84-86) have been used as the active materials.

Most of mechanical sensors based on metals exhibit
excellent electrical conductivity, good mechanical proper-
ties, and long-term stability. For example, Fan et al devel-
oped a transparent Ag NW network electrode with
ultrahigh stability. The resistance of the electrode increased
by less than 1% after 3000 bending cycles (Figure 3A).77 As
another good alternative, carbon materials have been

extensively employed to fabricate the mechanical sensors.93

CB and graphite both present the possibility of industrial
production and large-scale application due to their
abundant source, low-cost, and facile preparation.78 As
novel carbon nanomaterials, graphene and CNT have been
extensively studied in recent years. They have excellent elec-
trical properties, superior stability, and can be easily
functionalized, which enables the construction of the versa-
tile mechanical sensors. For example, Xia et al reported
fingerprint-like patterned 3D graphene films directly grown
by chemical vapor deposition (Figure 3B), which can be
used for pressure sensors with ultrasensitive (100 kPa–1) and
fast response (<30 ms).15 In addition, biomass-derived car-
bon materials (such as from silk, cotton, mushrooms, and
corncobs), which have advantages of renewable sources,
mass production, and environmentally friendly, have also
been used in skin-inspired mechanical sensors.94-97

In addition, conductive polymers with better process-
ability and stretchability, have been widely used as active
materials for mechanical sensors. For example, He et al
reported a highly stretchable conductive network by inter-
penetrating PPy into polyurethane, which can be used to
prepare stretchable electronics with arbitrary shape and
size.81 PEDOT:PSS is another common conductive poly-
mer. You et al employed polyurethane microspheres
coated with PEDOT:PSS to fabricate a high-resolution

FIGURE 2 Resistive-type mechanical sensors based on contact resistance. A, Schematic diagram of contact resistance based resistive-

type mechanical sensors. B, Conventional resistive-type pressure sensor based on hollow-sphere PPy.73 Copyright 2014, Springer Nature. C,

Unconventional positive piezoconductive mechanical sensor based on liquid metal-filled elastomer.74 Copyright 2019, Springer Nature. PPy,

polypyrrole
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flexible mechanical sensor for Braille recognition
(Figure 3C).82 MXene, emerging recently, is a 2D-
layered nanomaterial with high conductivity and large
specific surface area. MXene has also been used for
flexible mechanical sensors. For example, a conduc-
tive, stretchable, and bendable MXene mechanical sen-
sor using the layer-by-layer assembly process has been
reported (Figure 3D).86 In addition, two or more kinds
of conductive fillers can be used synergistically to
achieve better performance. For example, Jian et al
prepared a CNT/graphene hybrid film and demon-
strated its superior performance in a highly sensitive
pressure sensor (Figure 3E).87 Due to their synergistic
effect, the pressure sensor showed a high sensitivity
(19.8 kPa−1) and ultralow detection limit (0.6 Pa).

Apart from activematerials, the supportingmaterials also
significantly influence the performance of mechanical sen-
sors. There are several kinds of commonly used supporting
materials in flexible mechanical sensors, such as polymers,
silicone (eg, polydimethylsiloxane [PDMS], Ecoflex),88,89

polyacrylic ester (PEA),98 and polyethylene naphthalate
(PEN)90), hydrogels (eg, polyvinyl alcohol (PVA),91 polyacryl-
amide99), and biomaterials (eg, fibroin92,100). Silicone is one
of the most widely used supporting materials due to its good

flexibility, high stretchability, and satisfying biocompatibility.
As a comparison, PDMS is more transparent, while Ecoflex
has a higher stretchability. For example, Ag nanoparticles
and graphene have been incorporated with PDMS for con-
structing of strain sensorswith high sensitivity andwidemea-
surement range. The PDMS provided good flexibility, high
strechability, and well durability to the sensor (Figure 3F).88

Zhang et al encapsulated carbonized plain cotton fabric in
Ecoflex and prepared a strain sensor with a large measure-
ment range (>140%) and a low detection limit (0.02%)
(Figure 3G).89 However, due to the viscoelasticity of the sili-
cone matrix, mechanical sensors using silicone as a packag-
ingmaterial usually exhibit inevitable hysteresis.

In addition to silicone, there are other good choices for
the supporting materials of mechanical sensors. Firstly,
transparent, flexible, stretchable, and corrosion-resistant
polymers (eg, PEA, PEN) have been used in mechanical
sensors. For example, Chun et al fabricated interlocked
indium tin oxide (ITO) nanosprings on PEN for a fast-
response (submillisecond) pressure sensor (Figure 3H).90

Also, hydrogels, showing good hydrophilicity, adjustable
mechanical properties, and excellent biocompatibility, are
widely used in biomedical fields. For example, Wang et al
fabricated a CNTs-polyamide nanofiber-based conductive

FIGURE 3 Various active materials and supporting materials used in resistive-type mechanical sensors. A, Metal materials (AgNWs).77

Copyright 2018, American Chemical Society. B, Carbon materials (graphene).15 Copyright 2018, Tsinghua University Press and Springer-

Verlag GmbH Germany. C, Conductive polymers (PEDOT:PSS).82 Copyright 2018, Wiley-VCH. D, Other materials (MXene).86 Copyright

2018, AAAS. E, Hybrid materials (CNT/graphene).87 Copyright 2017, Wiley-VCH. F, Silicone (PDMS).88 Copyright 2018, American Chemical

Society. G, Silicone (Ecoflex).89 Copyright 2017, Wiley-VCH. H, Polymer (PEN).90 Copyright 2018, Wiley-VCH. I, Hydrogel (PVA).91

Copyright 2017, Royal Society of Chemistry. J, Biomaterial (fibroin).92 Copyright 2018, American Chemical Society. CNT, carbon nanotube;

NW, nanowires; PDMS, polydimethylsiloxane; PEDOT:PSS, poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate); PEN, polyethylene

naphthalate; PVA, polyvinyl alcohol

LI ET AL. 5



composite for strain sensor.91 They chose PVA as the
matrix due to its high hydrophilicity and high film-
forming ability (Figure 3I). In addition, biomass materials,
which possess excellent biocompatibility and controllable
biodegradability can also be used as supporting materials in
mechanical sensors. For example, Jo et al reported a
protein-based electronic skin that combines Ag NWs and
silk fibroin. The silk fibroin substrate provided a biocompat-
ible and molecular permeable matrix, which allows the
electronic skin to be capable of sensing strain, electrochemi-
cal signal, and electrophysiological signal (Figure 3J).92

In addition to the selection of materials, the design of
device structures also has a tremendous influence on
the performance of mechanical sensors. For example,
mechanical sensors with structures such as waves, rib-
bons, serpents, 3D spirals, and meshes, which endow the
mechanical sensors with high stretchability, have been
developed.101

In addition, conductive fabric-based mechanical sen-
sors with unique hierarchical fiber networks have been
developed.102 One method to prepare a conductive fabrics
is coating conventional fabrics with conductive materials
(eg, CB,103 ZnO,104 and graphene105,106). Another method
is carbonizing fabrics which are mainly comprised of

cotton,89 silk,94,107 and so on. For example, Luo et al
reported a resistive-type sensor based on a CB-coated fab-
ric for blood pressure measurement (Figure 4A).103 The
sensitivity of the pressure sensor can be adjusted by tun-
ing the loading ratio of CB. Wang et al developed a strat-
egy for fabricating ultrastretchable strain sensors based
on carbonized silk fabrics, which showed high sensitivity
in a strain range up to 500% due to the unique woven
structures (Figure 4B).94 Fabric-based mechanical sensors
with different woven structures perform different electro-
mechanical responses. A strain sensor from carbonized
silk georgette, which is composed of twisted yarns in both
warp and weft directions, exhibited higher sensitivity
than sensors based on other silk fabrics (plain wave, satin
wave, twill wave).107 Also, fabrics with interlocking struc-
tures can show a negative electrical resistance response,
which means that the electrical resistance decreases
along with loading of stretching (Figure 4C).105 In addi-
tion, the interlocking microstructure can introduce high
elasticity, stretchability, sufficient roughness, and more
conductive pathway. Based on this, Yin et al fabricated a
graphene/polyamide interlocking pressure sensor with
high sensitivity (2.34 kPa−1), wide sensing range (up to
80 kPa), and low detection limit (<1.38 Pa).112

FIGURE 4 Structures of resistive-type mechanical sensors. A-C, Fabric-based mechanical sensors: A, coating fabric with CB,103

Copyright 2016, Wiley-VCH. B, Carbonized silk fabric.94 Copyright 2016, Wiley-VCH. C, Negative resistance response mechanical sensor

with interlocking structures.105 Copyright 2018, American Chemical Society. D-G, Microstructured surface by template transfer method: D,

pyramid-structured Si molds.108 Copyright 2014, Wiley-VCH. E, Leaves.15 Copyright 2018, Tsinghua University Press and Springer-Verlag

GmbH Germany. F, Silk.109 Copyright 2013, Wiley-VCH. G, Abrasive paper.110 Copyright 2018, American Chemical Society. H, Ag wrinkles

by polymer swelling.111 Copyright 2016, American Chemical Society. CB, carbon black
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In addition to the macrostructures, the microstruc-
tures of the supporting materials and active materials also
have a significant influence on the sensor's performance.
Human fingertip skin, where there are many epidermal
ridges to amplify external stimuli, has high sensitivity.
Therefore, mimicking human fingertip skin with a rough
surface is a potential way to obtain a highly sensitive
mechanical sensor. To this end, transferring active mate-
rials to a template with a rough surface, such as micro-
structured Si molds,108 leaves,15 silk,109 abrasive paper,110

and so on, is usually implemented (Figure 4D-G).
However, the transfer process is generally compli-

cated, costly, and time-consuming. Therefore, other facile
methods for obtaining microstructures are highly
demanded. The microstructured supporting materials
can also be realized by exploiting the mechanical imbal-
ance of heterostructures caused by external stimuli such
as heat treatment and swelling.111,113 As schematically
illustrated in Figure 5H, conductive Ag wrinkles can be
deposited on PDMS by polymer swelling.111

In conclusion, the performance of resistive-type
mechanical sensors is closely related to their components

and device structures. The details of main features of
skin-inspired resistive-type mechanical sensors based on
different materials and structures are summarized in
Table 1.

2.2 | Capacitive-type mechanical sensors

Capacitive-type mechanical sensors can convert mechan-
ical stimuli into capacitance changes. The working mech-
anism and some typical capacitive-type mechanical
sensors are shown in Figure 5A. The capacitance (C) of a
capacitor can be calculated by C = εrA/4πkd, where εr is
the relative permittivity, A is the effective overlap area,
k is the electrostatic constant, d is the distance between
electrodes. A is sensitive to shear forces and tensile strain,
while d is sensitive to normal forces.114,120 Based on this,
Boutry et al reported a capacitive-type mechanical sensor
that could measure both strain and pressure, which was
capable of detecting strains as small as 0.4% and pres-
sures less than 12 Pa (Figure 5B).114 Capacitive-type
mechanical sensors have advantages of high sensitivity,

FIGURE 5 Capacitive-type mechanical sensors. A, Schematic diagram showing the working mechanism of capacitive-type mechanical

sensors. B, A stretchable and biodegradable strain and pressure sensor for monitoring tendon healing.114 Copyright 2018, Springer Nature.

C-G, Capacitive-type mechanical sensors with microstructured dielectrics: C, pores,115 Copyright 2016, American Chemical Society. D,

Pyramids.116 Copyright 2017, American Chemical Society. E, Microcylinders.117 Copyright 2019, American Chemical Society. F,

Microspheres.118 Copyright 2016, Wiley-VCH. G, Beads.119 Copyright 2018, Wiley-VCH
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low power consumption, and better temperature inde-
pendence. However, the sensitivity of the capacitive-type
sensors is limited by A, and it is sharply reduced as the
size of the device decreases. Developing small area
capacitive-type mechanical sensor with high sensitivity
remains challenging.

Capacitive-type mechanical sensors generally consist
of a dielectric layer sandwiched by two flexible electrodes.
Low modulus dielectrics (eg, PDMS,26 Ecoflex,121 and
acrylic elastomer122) are often used to increase the sensi-
tivity of capacitive-type mechanical sensors due to their
larger deformation. However, due to the incompressible

TABLE 1 Summary of main features of skin-inspired resistive-type mechanical sensors

Active materials
Working
mode Working range Sensitivity

Response
time (ms) Stability References

CNTs/leather Pressure <100 kPa 32.42 kPa−1 below 200 Pa,
8.03 kPa−1 at 200-1000 Pa

40 8000 80

CNT/graphene Pressure 0.6 Pa to 6 kPa 19.8 kPa−1 below 0.3 kPa,
0.27 kPa−1 above 0.3 kPa

16.7 35 000 87

Carbonized silk
nanofiber membrane

Pressure 0.8 Pa to 5 kPa 34.47 kPa−1 at 0.8-400 Pa,
1.16 kPa−1 at 400-5000 Pa

16.7 10 000 14

Microstructured
graphene arrays

Pressure 1.5 Pa to 1400 Pa 5.53 kPa−1 below 100 Pa,
0.1 kPa−1 above 100 Pa

0.2 5000 108

Microstructured
CNT/PDMS

Pressure 0.6 Pa- to 1200 Pa 1.80 kPa−1 below 300 Pa 10 67 500 109

Microstructured
graphene

Pressure <40 kPa 25.1 kPa−1 below 2.6 kPa,
0.45 kPa−1 above 2.6 kPa

120/80 3000 110

Graphene coated
polyester fabric

Pressure <200 kPa 8.36 kPa−1 at 0-8 kPa,
0.028 kPa−1 at 30-200 kPa

159/87 500 106

PPy hollow-sphere Pressure <10 kPa 7.7-41.9 kPa−1 below 100 Pa,
<0.4 kPa−1 above 1 kPa

50 8000 73

PPy wrinkles Pressure 1 Pa to 2 kPa 19.32 kPa−1 below 0.25 kPa,
0.51 kPa−1 above 1 kPa

20/30 1000 113

MXene nanosheets Pressure 10.2 Pa to 30 kPa 0.55 kPa−1 at 23-982 Pa,
3.81 kPa−1 at 982-10 kPa,
2.52 kPa−1 at 10 to 30 kPa

11 10 000 84

Indium tin oxide Pressure 100 Pa to 18 kPa 3.1 kPa to 1 below 6 kPa,
15.4 kPa to 1 at 6-18 kPa

0.5 6000 90

Ag NWs/silk Strain <50% 1-15, tunable - - 92

Liquid metal/PDMS Strain <15% 15 - 100 74

Graphene/silk fibroin Strain <90% 4-34, 634-470 within strain of 0%-
70%, 70%-90%

- 10 000 100

Ag NPs/reduced
graphene oxide

Strain <14.5% 183, 475 within strain of 0%–8%,
8%-14.5%

- 500 88

Graphene coated
polyester

Strain <15% (x), <8% (y) 1.7 (x-direction), 26 (y-direction) - 500 105

Carbonized silk fabric Strain <500% 9.6, 37.5 within strain of 0%-
250%, 250%-500%

70 10 000 94

PPy/polyurethane Strain <1450% 0.1 500 - 81

Li+/agar/
polyacrylamide

Strain <1100% 1.8 - 100 83

MOF Strain 2.5%-3.3% 10 000 within strain of 2.5%-3.3% - 1000 70

MXene Strain <2.13% 180.1, 94.8 within strain of 0%-
0.11%, 0.11%-2.13%

30 4000 85

Abbreviations: CNT, carbon nanotube; MOF, metal-organic framework; NW, nanowire; PDMS, polydimethylsiloxane; PPy, polypyrrole; NPs, nano particles.
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and viscoelastic of the elastomeric dielectrics, the sen-
sitivity and response time of capacitive-type mechani-
cal sensors are still limited. To address this challenge,
researchers developed dielectric materials with microstruc-
tures (eg, pores,17,118,119 pyramids,121,123 microcylinders,117

microspheres,118 beads,119 and needles124) (Figure 5C-G).
As shown in Figure 5C, an ultralow limit (0.1 Pa) pressure
sensor based on a microporous dielectric elastomer was
reported.115 Even under very low pressure, it could still
produce a considerable deformation, enhancing the sensi-
tivity. In addition, natural materials (such as flowers and
leaves) have been directly used as the dielectric layer in
capacitive-type mechanical sensors.124 These natural mate-
rials typically possess microstructured surfaces, which can
improve sensitivity. They are rich in the source, low in
cost, nonpolluting, and can be used on a large scale, pro-
viding a new choice for dielectric elastomers. Meanwhile,

the conductive electrode significantly affects the flexibility
and stretchability of the capacitive-type mechanical sensor.
For example, Sun et al combined stretchable ionic conduc-
tor with a stretchable dielectric and obtained an extremely
stretchable mechanical sensor which could detect strains
up to 500%.122 In summary, the comparison of main fea-
tures between skin-inspired capacitive-type mechanical
sensors based on different materials and structures is sum-
marized in Table 2.

2.3 | Piezoelectric-type mechanical
sensors

Piezoelectric-type mechanical sensors can convert dynamic
pressures into electrical signals via piezoelectric materials
with the advantages of high sensitivity and fast response,

TABLE 2 Summary of main features of skin-inspired capacitive-type mechanical sensors

Active materials
Working
mode Working range Sensitivity

Response
time (ms) Stability References

Fingerprint-like
patterned 3D
graphene

Pressure 0.2 Pa to 75 kPa 110 kPa-1 below 0.2 kPa 30 10 000 15

CNT-polylactic acid Pressure 12 Pa to 430 kPa 0.7 kPa-1 under 1 kPa, 0.13 kPa-1

at 5-10 kPa
- 30 000 114

CNT/3D microporous
elastomer/CNT

Pressure 0.1 Pa to 130 kPa 0.601 kPa-1 under 5kPa, 0.077
kPa-1 at 30-130 kPa

- 1000 115

Au/polystyrene
microspheres/Au

Pressure 17.5 Pa to 500 kPa 0.815 kPa-1 38 - 118

Ag NW/flower/Ag NW Pressure 0.6 Pa to 115 kPa 1.54 kPa-1 under 1kPa, 0.068 kPa-
1 at 1-40 kPa, 0.014 kPa-1 above
40 kPa

- 5000 124

PEDOT:PSS/Nafion Pressure <30 kPa 5 kPa-1 below 5 kPa, 0.15 kPa-1 at
10-30 kPa

0.5 >10 000 17

PEDOT:PSS/SiO2 beads/
PEDOT:PSS

Pressure 2 Pa to 30 kPa 1.0 kPa-1 under 2kPa 140/110 1000 119

ITO/porous PDMS Pressure 90 kPa 0.63 kPa-1 under 1 kPa 40 10 000 125

ITO/micropatterned
pyramidal ionic gels

Pressure 10 Pa to 50 kPa 41.64 kPa-1 under 0.4 kPa 20 5000 116

polyethylene
terephthalate/
microconformal
graphene/
polyethylene
terephthalate

Pressure 44 mPa to 4 kPa 7.68 kPa-1 30 600 117

Nafion hydrogel Pressure 30 kPa 5 kPa-1 under 5kPa, 0.15 kPa-1 at
10-30kPa

0.5 10 000 17

CNT/polylactic acid Strain 0.4%-54% 3.33 - 20 000 114

Polyacrylamide hydrogel Strain 1%-500% - - 1000 122

Abbreviations: CNT, carbon nanotube; ITO, indium tin oxide; NW, nanowire; PEDOT:PSS, poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate); PDMS,
polydimethylsiloxane; PPy, polypyrrole; PET, polyethylene terephthalate.
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which are widely used in dynamic monitoring.126 Piezoelec-
tric effect refers to the spatial separation of positive and neg-
ative charges generated by an applied force, inducing by
rearrangement of dipoles (Figure 6A).129 The intensity of
the piezoelectric effect can be calculated by q = d33F, where
q is the amount of separated charge, d33 is the piezoelectric
strain constant, and F is the applied force. Compared with
capacitive-type and resistive-type sensors, piezoelectric-type
sensors are self-powered and have broader application pros-
pects. For example, Persano et al employed aligned arrays
of poly(vinylidenefluoride-co-trifluoroethylene) (P(VDF-
TrFE)) and fabricated a flexible, large area, and self-
powered mechanical sensor with ultrahigh sensitivity even
at exceptionally small pressure (0.1 Pa) (Figure 6B).127

However, as many piezoelectric materials have pyro-
electric effects, piezoelectric-type mechanical sensors need
to address the challenge of thermal interference. For
example, Wang et al demonstrated a new device structure
that comprises a single-electrode piezoelectric generator
and a capacitor, as shown in Figure 6C. The piezoelectric

signal was converted into a square wave by a capacitor,
which was distinguished from the pyroelectric pulse sig-
nal. Therefore, pressure and temperature stimuli could be
detected simultaneously.18

In addition, the piezoelectric-type mechanical sensors
are not suitable for static sensing because of the impulsive
output signal. Therefore, one challenge of piezoelectric-type
mechanical sensors is to realize static pressure measure-
ments in a simple way. For example, Chen et al developed
a mechanical sensor with NWs/graphene heterostructures
for static force sensing, which was based on the synergistic
effects between polarization charges in PbTiO3 NWs and
changes in carrier migration in graphene (Figure 6D).128

Compared with the conventional resistive-type and
piezoelectric-type mechanical sensors, this sensor can
measure both static and dynamic pressures with ultra-
high sensitivity (9.4 × 10−3 kPa−1) and ultrafast response
time (5-7 ms).

Commonly used piezoelectric materials can be divided
into two categories: inorganic (eg, lead zirconate titanate,130

FIGURE 6 Piezoelectric-type mechanical sensors. A, Schematic diagram of piezoelectric effects. B, A high performance piezoelectric-

type mechanical sensor based on aligned arrays of P(VDF-TrFE).127 Copyright 2013, Springer Nature. C, A single-electrode piezoelectric-type

mechanical sensor with a square wave electrical response.18 Copyright 2018, American Chemical Society. D, Performance comparisons of

PTNWs, graphene, and PTNWs/graphene pressure sensors.128 Copyright 2017, American Chemical Society. PTNWs, PbTiO3 nanowires;

P(VDF-TrFE), poly(vinylidenefluoride-co-trifluoroethylene)
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ZnO,131 and BaTiO3
132) and organic (eg, polyvinylidene

fluoride [PVDF],18 P(VDF-TrFE)127). Inorganic piezoelectric
materials exhibit high sensitivity but low flexibility. For
application in skin-inspired electronics, researchers typi-
cally disperse inorganic nanoparticles in a polymer matrix
to realize flexibility.133 In contrast, organic piezoelectric
materials have the advantages of flexibility, lightweight,
and ease of fabrication.134 However, they exhibit lower
sensitivity, so researchers often use additives to improve
their performance. For example, Baur et al doubled the
piezoelectric properties of PVDF by introducing carbon
nanomaterials (CNTs and C60).

135 Carbon nanomaterials
can introduce more charge and adjust the relative dielec-
tric constant of PVDF.

2.4 | Triboelectric-type mechanical
sensors

The triboelectric-type mechanical sensor is a kind of novel
self-powered sensor that converts a mechanical signal into
an electrical signal through triboelectric effects. It has been
intensively studied in recent years.136-138 As early as
2600 years ago, the triboelectric effect, known as contact
electrification, has been discovered. Charge transfer occurs
during frictional contact between different materials
(Figure 7A).136 The standard for measuring charge transfer
is called triboelectric order.141 Similar to piezoelectric-type

sensors, triboelectric-type mechanical sensors generate
electrical signals only at the moment of contact and sepa-
ration. Hence, most triboelectric-type mechanical sensors
are more suitable for dynamic sensing.

Triboelectric nanogenerators (TENG) are one of the
most widely studied triboelectric-type mechanical sensors
in recent years. Wang et al reported the first transparent
TENG for self-powered pressure sensor in 2012.142 TENG
can be divided into four working modes: (a) the vertical
contact-separation mode; (b) the lateral sliding mode;
(c) the single-electrode mode; and (d) the free-standing
mode.143 Among them, the vertical contact-separation
mode144-146 and the single-electrode mode147,148 are the
most common modes in mechanical sensors, as shown in
Figure 7B,C. The output performance of TENG is affected
by the magnitude and frequency of the mechanical stim-
uli.144,149 Through experimental measurements and theo-
retical calculations, it is found that the open-circuit
voltage (VOC) is linear with the applied pressure, and the
short-circuit current (ISC) has a linear relationship with
the frequency, which provides a theoretical basis for
triboelectric-type mechanical sensors.

Triboelectric-type mechanical sensors with special
structures and functions have been developed to improve
sensing performance. For example, Ha et al mimicked
human skin and developed an interlocked microstructured
composites with gradient stiffness for triboelectric-type
mechanical sensors (Figure 7D).145 Gradient stiffness

FIGURE 7 Triboelectric-type mechanical sensors. A, Schematic diagram of the triboelectric-type effect. B, Vertical contact-separation

mode. C, Single-electrode mode.136 Copyright 2018, Wiley-VCH. D, Triboelectric-type mechanical sensors with gradient stiffness.139 Copyright

2018, American Chemical Society. E, Triboelectric-type mechanical sensors with tiny burr interlocking structures.140 Copyright 2018, Wiley-VCH
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provided large contact areal differences and high com-
pressibility, resulting in higher sensitivity (0.55 V/kPa).
Ren et al developed a metal-free triboelectric-type sen-
sor with tiny burr interlocking structures to achieve
high sensitivity detection of normal force and shear
force (Figure 7E).140 In addition, encapsulated in PET
protective layers, the sensor achieved good waterproof-
ness and can sustain harsh environments such as rain
or underwater.146

2.5 | Other types of mechanical sensors

In addition to the above sensors, other types of mechani-
cal sensors have been investigated. Recently, optical-type
mechanical sensors have attracted interest because they
do not interfere with other electronic signals and have
the potential for large-area applications (Figure 8A).150 In
addition, stress can induce changes in the resonant fre-
quency. Based on this, Chen et al developed a wireless-
type pressure sensor with potential in the field of health
monitoring (Figure 8B).63 Also, conversion of mechanical
signals into visualized optical signals has attracted wide
attention. Combining electroluminescent materials or
aggregation-induced emission materials with mechanical
sensors, mechanical signals can be converted into
changes in electrical signals (eg, capacitance, 16,116,151

resistance,62) or concentration of materials,145 which can
further lead to changes in color (Figure 8C).

3 | SKIN-INSPIRED
TEMPERATURE SENSORS

Detecting temperature is another important function of
human skin, which can recognize temperature changes as
small as 0.02�C.151 Body temperature is a key indicator for
monitoring human activities and health. For example, an
abnormal increase in body temperature may be associated
with inflammation or fever. Therefore, body temperature
can be used as an auxiliary diagnostic basis for some dis-
eases (eg, cardiovascular disease, cancer).10 In addition, the
human body can adjust body temperature by regulating the
balance between heat generation and heat dissipation.

Inspired by human skin, researchers have developed
flexible, stretchable, and biocompatible temperature sen-
sors. According to the working mechanisms, temperature
sensors can be divided into resistance-type temperature
detectors (RTDs),152 thermistors,153 pyroelectric-type
temperature sensors,154 thermoelectric-type temperature
sensors,155 and so on. The details of skin-inspired temper-
ature sensors are reviewed in this section.

3.1 | Resistance-type temperature
detectors

RTDs are one kind of the most commonly used tempera-
ture sensors, which have high linearity, wide working
range, and high stability.156 The temperature signal is

FIGURE 8 Other types of mechanical sensors. A, Optical-type mechanical sensors.150 Copyright 2012, Wiley-VCH. B, Wireless-type

mechanical sensors.63 Copyright 2014, Springer Nature. C, Visualized (discoloration) mechanical sensors.62 Copyright 2015, Springer Nature
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converted into an electrical signal based on the depen-
dence of the resistance on the temperature. The tempera-
ture coefficient of resistance (TCR) is a key indicator for
evaluating the sensitivity of RTDs, which can be calculated
by TCR = (1/R0) � (ΔR/ΔT), where ΔR is the change of
the resistance, R0 is the original resistance, and ΔT is the
change of the temperature.

Metal materials (eg, Pt,23,157 Au, 20,159 Ag, 152,200,247 and
Mg158) are conventional active materials used in RTDs.
RTDs for medical monitoring have been paid more and
more attention. In order to achieve precise and continuous
thermal characterization of the human body, it is necessary
to develop ultrathin, conformal, and stretchable RTDs
(Figure 9A).20 Moreover, developing implantable tempera-
ture sensors is the next goal for electronic skin applications.
For example, researchers integrated an Au-based RTD with
semiconducting metal oxides and developed implantable
detector arrays that can detect heart temperature, strain,
and pH in real time (Figure 9B).159

3.2 | Thermistors

Thermistors are also a kind of commonly used tempera-
ture sensors that convert temperature changes into

resistance changes. Compared to the RTDs, the thermis-
tors have the advantages of high sensitivity and short
response time.164 The sensitivity index of thermistors is
defined by B = (Ea/2k), where B is thermal index, Ea is
activation energy, while k is Boltzmann constant. Thermis-
tors can be classified into two types: negative temperature
coefficient thermistors and positive temperature coefficient
(PTC) thermistors.

Transition metal oxide (eg, NiO, CoO, and MnO) semi-
conductors and perovskite crystals (eg, BaTiO3, SrTiO3, and
PbTiO3) are commonly used materials for thermistors.164,165

However, these materials are generally rigid, which limits
their applications in skin-inspired electronics. Therefore, it
is highly desired to develop flexible and stretchable thermis-
tors. Recently, flexible thermistors based on different kinds
of materials (eg, graphene,160,161,166 CNTs,40 conductive
polymers,21 and their composites153,162,163,167-170) have been
explored (Figure 9C-F). Generally, the sensitivity of thermis-
tors can be further improved by the synergistic effect of two
activity materials (eg, PEDOT:PSS/graphene,167 PEDOT:
PSS/CNTs,163 and graphene/PU170,171). For example, Jeon
et al developed Ni microparticle-filled binary polymer com-
posites as temperature sensors with ultrahigh sensitivity,
which are attributed to the transformation of the crystalline
phase to the amorphous phase.169 The phase transition

FIGURE 9 Resistance-type temperature detectors and thermistors. A, Ultrathin, conformal and stretchable Au-based RTDs.20

Copyright 2013, Springer Nature. B, Implantable RTD for spatiotemporal cardiac measurements, scale bar, 2 cm.159 Copyright 2014, Springer

Nature. C. Stretchable graphene thermistor.160 Copyright 2015, American Chemical Society. D, 3D printing GO fiber thermistor.161

Copyright 2018, Wiley-VCH. E, Ultrahigh sensitive PTC polymer thermistor.162 Copyright 2015, National Academy of Sciences. F, Adhesive

temperature sensor (mimicking octopus suction cups).163 Copyright 2018, American Chemical Society. GO, graphene oxide; PTC, positive

temperature coefficient; RTDs, resistance-type temperature detectors
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resulted in large volume expansion and the increased dis-
tance between the conductive particles.

Temperature sensors for health monitoring require
a high sensitivity within a temperature range to body
temperature. Yokota et al reported an ultraflexible
and printable temperature sensor based on acrylate
polymers and graphite, which exhibited changes in
resistivity by six orders of magnitude for a change in
temperature of only 5�C (Figure 10E).162 The most
sensitive temperature range was adjustable within
25�C to 50�C by changing the mixing ratio of the two
acrylate monomers, covering all physiological mean-
ingful temperature ranges. In addition, inspired by the
octopus tentacle structure, Oh et al developed a micro-
patterned temperature sensor with excellent adhesion
properties for medical and health care monitoring
(Figure 10F).163

3.3 | Pyroelectric-type temperature
sensors

Pyroelectric-type temperature sensors can convert a
temperature signal into a voltage signal.175,176 Unlike
resistive-type temperature sensors, they are self-powered.
The sensing capability of pyroelectric-type temperature
sensors originated from the pyroelectric effect, which
relates to the changes of polarization of a spontaneously
polarized crystal with temperature (Figure 10A).

Pyroelectric effects are widespread in ceramic crystals177,178

and polymers.179 The open-circuit voltage of pyroelectric-
type temperature sensors can be calculated by the formula:
Vpyro = k � p=εT33

� � �h �ΔT, where k is a constant, p is the
pyroelectric coefficient, εT33 is the permittivity, h is the
thickness, and ΔT is the change in temperature.6,180

Pyroelectric polymers (eg, PVDF,172 P(VDF-
TrFE)181) are widely used in skin-inspired electronics
due to their excellent flexibility and stability. Pyroelec-
tric polymers with a low crystallinity have negative
pyroelectricity, which originates from electric dipoles
oscillate within a larger degree at high temperature that
results in a decrease of the spontaneous polarization
strength.182 On the contrary, highly crystalline pyroelec-
tric polymers have positive pyroelectricity due to their
large residual polarization.183 Based on the pyroelectric
effect of PVDF, Xue et al prepared a self-powered tem-
perature sensor for respiratory monitoring (Figure 10B).172

In addition, researchers used the enhanced electrophysical
coupling effects of nanocomposites to improve the stability
and achieved multiple functions.154,173,184,185 For example,
Chen et al fabricated a pyroelectric temperature sensor
with micropatterned (1 − x)Pb(Mg,Nb)O3-xPbTiO3 (PMN-
PT) ribbons, which showed excellent piezoelectric and
pyroelectric properties (Figure 10C).173 Moreover, studies
have shown that the pyroelectric effect of nanocomposites
(P(VDF-TrFE)/BaTiO3) can be easily tuned by adjusting
the content, resulting in a controllable sensitivity of
pyroelectric-type temperature sensors.154

FIGURE 10 Pyroelectric-type and thermoelectric-type temperature sensors. A, Schematic diagram of pyroelectric effect. B, PVDF

pyroelectric-type temperature sensors for respiratory monitoring.172 Copyright 2017, Elsevier. C, PMN-PT ribbon-based piezoelectric-

pyroelectric temperature sensors.173 Copyright 2017, Wiley-VCH. D, Schematic diagram of thermoelectric effect. E, Illustrative schematic

and electrical properties of thermoelectric temperature sensors.174 Copyright 2015, Springer Nature. F, Paper-based thermoelectric-type

temperature sensors.155 Copyright 2017, American Chemical Society. PMN-PT, (1 − x)Pb(Mg,Nb)O3-xPbTiO3; PVDF, polyvinylidene fluoride
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3.4 | Thermoelectric-type temperature
sensors

Thermoelectric-type temperature sensors are another
kind of self-powered temperature sensors, which can con-
vert temperature signals into voltage signals based on the
thermoelectric effect.175,186,187 The thermoelectric effect
refers to a phenomenon in which current or charge is
generated when carriers (electrons and holes) move with
a temperature gradient (Figure 10D). The generated volt-
age is defined as Vtherm = Se � ΔT, where Se is the Seebeck
coefficient and ΔT is the difference in temperature.

The thermoelectric effect is widely present in semicon-
ductors188 and conductors,189 wherein the effect of semicon-
ductors is more pronounced. In recent years, some new
thermoelectric materials (eg, organic semiconductors, 174,248

conductive polymers,190-192 graphene,193 and CNTs194,195)
have received extensive attention. Based on organic thermo-
electric materials (PEDOT:PSS), Zhang reported a flexible
temperature sensor with an accurate resolution of 0.1 K
(Figure 10E).174 Furthermore, Hou et al developed an all-
graphene electronic skin based on thermoelectric effects of
graphene, which can monitor both temperature and
mechanical stimuli.196 Jung et al fabricated a paper-based
thermoelectric-type temperature sensor using PEDOT:PSS
and Ag nanoparticles, which exhibited temperature-sensing
capability over a wide range (20-150�C) (Figure 10F).155

Higher sensitivity and faster response can be achieved
through the coupling of two thermoelectric materials. For
example, Yang et al reported a temperature sensor based on
a graphene/CNT composite, which was highly responsive to
a subtle temperature gradient.197 In addition, the thermo-
electric materials can also supply power for other sensors in
the skin-inspired electronics.198

In addition to the above sensors, skin-inspired tempera-
ture sensors with novel structures or properties have been
reported. For example, temperature sensors with special
structures can exhibit special performance. Park et al mim-
icked the human fingertip and created interlocked micro-
structures in the temperature sensor to increase the TCR.185

Ota et al demonstrated a highly deformable liquid-state het-
erojunction temperature sensor, presenting a significant
advance in the development of liquid-state electronics.199

In conclusion, the comparison of main features between
skin-inspired temperature sensors based on different work-
ing mechanisms and materials are summarized in Table 3.

4 | SKIN-INSPIRED HUMIDITY
SENSORS

Humidity (environmental humidity, hydration of skin) is
also an extremely important indicator, which plays an

important role in human physiological activity. Monitoring
of skin hydration can be used to diagnose skin diseases and
measure treatment effects. Moreover, detecting environ-
mental humidity is also very important, people who work
or live in high-temperature and high-humidity environ-
ments are prone to heatstroke. Although it does not contain
a humidity detector, the skin can still respond to wetness
through mechanoreceptors and thermal receptors.201 In
addition, the skin can adjust its moisture by sweating to
ensure the normal progress of physiological activities.

Several sensors for measuring humidity have been
developed, which can sense humidity by measuring changes
in physical parameters.202,203 However, these sensors are
usually bulky and rigid, limiting their applications in moni-
toring skin humidity in real time. Therefore, there is an
urgent demand to develop lightweight, flexible, and
stretchable humidity sensors that can be integrated into
skin-inspired electronics. According to the working mech-
anism, humidity sensors can be divided into resistive-type
sensors, 27,207-210 capacitive-type sensors, 23,25,26,211,212

moisture-dependent power generators,204-209 and so on.
The details of humidity sensors for skin-inspired elec-
tronics are presented in this section.

Resistive-type humidity sensors are one kind of the
most commonly used humidity sensors for skin-inspired
electronics. The resistivity of an active material generally
changes with humidity. For example, the resistance of the
carbon nanocoils decreases as the humidity increases. Based
on this effect, Wu et al used carbon nanocoils to fabricate a
resistive-type humidity sensor with excellent sensing perfor-
mance, including a fast-response (1.9 seconds), wide relative
humidity (RH) broad range (4%-95%), highly sensitive (0.8%
RH), and remarkable stability (Figure 11A).210 Wang et al
demonstrated a reduced graphene oxide (rGO) film pre-
pared by an exfoliation method at the liquid/air interface,
which exhibited a negative resistance response. When
exposed to humid air, the rGO sheets will adsorb water
molecules and ionize hydronium ions (H3O

+), resulting in
a decrease in resistivity.212

Capacitive-type humidity sensors are also widely
studied in recent years, which convert humidity signals
into capacitance changes. Humidity can regulate the
capacitance by affecting the dielectric constant of the air.
Capacitive-type humidity sensors exhibit the advantages
of simple structure, high repeatability, and low require-
ments on active materials. The capacitance between the
GO sheets increases with the increasing humidity.26 As
shown in Figure 11B, Zhao et al prepared capacitive-type
humidity sensors using graphene woven fabrics and films
on different supporting materials (PDMS, cellulose ace-
tate butyrate), indicating that the state of graphene and
the type of supporting materials both influenced the
change of capacitance.211
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In addition to the above mechanisms, humidity has a
significant impact on the voltage signals generated by
TENG and piezoelectric generators. Based on this, several

self-powered humidity sensors have been developed. In dry
air, a voltage signal is generated when the piezoelectric
material is applied with bending. But in humid air, water

TABLE 3 Summary of main features of skin-inspired temperature sensors

Active materials Working mechanism Working range (�C) Sensitivity (�C−1) References

Au RTD 10-85 0.028% 20

Ag RTD 25-50 0.17% 200

Mg RTD 20-50 0.20% 158

Ag NWs/polyimide RTD −20-20 0.31% 152

Reduced graphene oxide RTD 0-100 0.55% 26

Graphene/silk fibroin RTD 20-50 2.09% 100

Graphene Thermistor 20-60 4.00% 166

Polyaniline Thermistor 15-45 1.00% 21

CNT/PEDOT:PSS Thermistor 25-40 2.60% 163

GO/polyurethane Thermistor 30-80 0.80% 171

CNT/V2O5/vanadium nitride Thermistor 30-80 1.95% 161

Graphite/acrylate Thermistor 29.8-37 105 162

Ni/polymers Thermistor 30-40 106-107 169

(1 − x)Pb(Mg,Nb)O3 − xPbTiO3 Pyroelectric 22-30 12.5 mV 173

CNT/polyaniline Thermoelectric −25-25 28.7 μV 194

CNT/graphene Thermoelectric 26-40 45.3 μV 197

CNT/PEDOT:PSS Thermoelectric 25-150 20 uV 155

PEDOT:PSS/poly(3-hexylthiophene)/
poly(2,5-bis(3-tetradecylthiophen-2-yl)
thieno[3,2-b]thiophene)

Thermoelectric 0-100 35.5 μV 174

Abbreviations: CNT, carbon nanotube; GO, graphene oxide; NW, nanowire; PEDOT:PSS, poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate); P3HT,
poly(3-hexylthiophene); PBTTT, poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene); RH, relative humidity; RTD, resistance-type temperature

detector; VN, vanadium nitride.

FIGURE 11 Humidity sensors. A, Resistive-type humidity sensor.210 Copyright 2019, American Chemical Society. B, Capacitive-type

humidity sensor.211 Copyright 2017, American Chemical Society. C, Moisture-dependent piezoelectric humidity sensor.206 Copyright 2017,

Elsevier. D, Moisture-electric power generator.208 Copyright 2018, Wiley-VCH
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molecules can be absorbed on the surface of piezoelectric
materials, which can lead to the piezoelectric polarization
charges and produce a low output voltage (Figure 11C).206

Furthermore, humidity can also generate electricity. For
example, Shen et al demonstrated a TiO2 NW humidity sen-
sor based on the generation of electricity from ambient
humidity.207 While diffusion along TiO2 nanochannels, the
water molecules ionized into H+ and OH−. The movement
of the OH− was hindered due to the negative charge of
TiO2, resulting in a separation of positive and negative char-
ges (Figure 11D). This process is correlated to ambient
humidity and thus can be used to monitor humidity.208 In
addition, GO with gradient oxygen-containing groups,
which can also generate electricity by absorbing water mole-
cules, has also been used in humidity sensors.209,213,214

Several methods, including moisture-electric annealing,
gradient laser reduction, and gradient thermal reduction,
have been developed for preparing GO with an oxygen-
containing group gradient.209,215-218

In general, high-performance humidity sensors require
sensing materials with large specific surface area and excel-
lent intrinsic properties, which requires that the active mate-
rial can interact with water molecules in short response time
and result in great changes in certain properties. Based on
this, a variety of new materials (eg, carbon dots,219 CNTs,220

graphene,221,227 transition metal dichalcogenides27,228

hydrogels,222 and polyelectrolytes223,224) have been explored
to improve the sensing performance of humidity sensors.
Low-dimensional material-based humidity sensors are
expected to have high sensitivity and fast response time due
to the exposure of most of their atoms to the surface. For
example, Zhao et al reported a single-layer molybdenum
disulfide humidity sensor with ultrahigh sensitivity of more
than 104.27 The presence of a large number of hydrophilic

groups on the active material made it easy to absorb water
molecules, resulting in low detection limit. Li et al prepared a
highly flexible porous ion membrane fabricated from
PVA/KOH polymer gel electrolyte, which exhibited a good
humidity response due to its rich hydrophilic group.222 Fur-
thermore, special structures have been developed to achieve
better humidity sensing performance. For example, Dai et al
synthesized the moisture-sensitive polyelectrolyte on the
PDMSby a thiol-ene click reaction.Due to the rigid hydropho-
bic framework and proper hydrophilic structure, this humid-
ity sensor exhibited an ultrafast response and high stability.224

In summarize, the comparison of main features
between skin-inspired humidity sensors based on different
working mechanisms and materials are shown in Table 4.

5 | NOVEL PROPERTIES OF SKIN-
INSPIRED PHYSICAL SENSORS

Practical applications put forward higher demands for
skin-inspired physical sensors, such as higher sensitivity,
lower detection limit, wider working range, and faster
response speed. In addition to the traditional performance
demands, physical sensors with novel properties, such as
versatility,226,231 self-healability,227,249 implantability,228

recyclability,200,250 and absorbability,229 are receiving more
and more attention.

5.1 | Multifunctional physical sensors

Human skin can detect a variety of external stimuli. It is
also necessary to develop physical sensors that are able to
simultaneously detect multiple signals.

TABLE 4 Summary of main features of skin-inspired humidity sensors

Active materials Working mechanism
Working
range (RH/%) Sensitivity (/%)

Response
time (s) References

Graphene/silk fibroin Resistive 10-85.1 0.03% 3/6 100

GO Resistive 4.3-75.7 0.07% 1.4/10 212

Carbon nanocoil Resistive 4–95 0.15% 1.9/1.5 210

Polyelectrolyte Resistive 10-95 100 0.29/0.47 224

Tungsten disulfide Resistive 20-90 332.9 5/6 225

Ionic membrane Resistive 6.3-95 0.79% 0.4/2.6 222

Graphene woven fabrics Capacitive 20–70 0.19% 120/100 211

GO Capacitive 20–90 39.23 - 26

GO Hydroelectric generator 20–80 2.67 mV 4.5/5.5 205

TiO2 Hydroelectric generator 15-80 9.23 mV - 208

TiO2 Hydroelectric generator 20–90 7 mV 4.5/2.8 207

Polytetrafluoroethylene Triboelectric nanogenerator 20–100 312.5 mV - 204

Abbreviations: GO, graphene oxide; NW, nanowire; RH, relative humidity.
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Skin-inspired multifunctional sensors, which can detect
various stimuli, have been reported. However, due to the
mutual interferences of different stimuli, it remains chal-
lenging to fabricate multifunctional skin-inspired physical
sensors. Wang et al assembled silk-derived mechanical sen-
sors and temperature sensors into dual-mode electronic
skin for the simultaneous detection of temperature and
mechanical signals (Figure 12A).230 Continuous carbonized
silk nanofiber membranes were used as active materials of
temperature sensors, while fractured carbonized silk
nanofiber membranes were used for mechanical sensors.
Based on these dual-mode physical sensors, it can be used
to detect and distinguish exhaling and finger pressing,
which is impossible with single-mode sensors. Zhang et al
reported an origami hierarchical sensor array written with
GO and dopamine ink (Figure 12B),231 which can simulta-
neously detect and distinguish complex stimuli, due to its
unique time-space-resolved properties.

In addition, skin-inspired multifunctional sensors,
which can simultaneously detect physical stimuli and
chemical stimuli, have also been studied. For example,
Nakata et al fabricated a multifunctional flexible sensor
array, which can be used to simultaneously monitor skin
temperature and sweat pH (Figure 12C).232 The tempera-
ture sensor can be used to compensate for temperature-
induced pH measurement errors.

5.2 | Self-healable physical sensors

Wearable physical sensors are suffering from mechanical
damage due to long-term corrosion, wear, and accidental
cutting, which can lead to device failure. In contrast,
human skin has a strong self-healing ability. After being
damaged, the skin can restore its original properties and
functions by itself. Mimicking human skin, researchers
have developed deviceswith self-healing capability to repair
mechanical damage and restore sensing functions.227 The
mechanisms of self-healing can be divided into two catego-
ries: self-healing by releasing healing agents (extrinsic self-
healing) and self-healing by the reorganization of matrix
and regeneration of dynamic chemical bonds (intrinsic self-
healing).233 However, the healing agent is limited and it
only allows limited cycles of healings in extrinsic self-
healing systems.234 Therefore, intrinsic self-healing sensors
have attracted significant attention.

Self-healable mechanical sensors have been widely
studied. In 2012, Tee et al first reported the repeatable
self-healable mechanical sensor based on a composite of
supramolecular and μ-Ni microparticles (Figure 13A).76

There were a large number of hydrogen bonds in the
composite system, and the sensor achieved self-healing
by the dynamic association and dissociation of these
hydrogen bonds. The system can achieve rapid electrical

FIGURE 12 Multifunctional skin-inspired sensors. A, Silk-derived mechanical and temperature dual-mode sensor.230 Copyright 2017,

American Chemical Society. B, Time-space-resolved origami hierarchical sensor array.231 Copyright 2019, Springer Nature. C, Temperature

sensor integrated with pH sensor.232 Copyright 2018, Springer Nature
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healing in 15 seconds, but if the fracture interfaces are
exposed to air (even less than a few minutes), the healing
behavior will be significantly affected. To address this
problem, Wang et al developed a self-healing material
with high mechanical properties and high stability based
on GO and hydrogen-bonded polymer, which could
maintain more than 90% self-healing efficiency after the
fracture interfaces exposed to air for 24 hours.237

However, as the self-healing materials mentioned
above are based on dynamic weak chemical bonds, they
generally have a lower elongation at break and fracture
toughness (100 J m−2). Therefore, Kang et al demonstrated
a self-healable polymer with extremely high stretchability
(1200%) and toughness (12 000 J m−2) by designing supra-
molecular polymers cross-linked with strong and weak
hydrogen bonds (Figure 13B).235 Additionally, the hydro-
phobicity of the polymer backbone (PDMS) imparted the
ability of self-healing in water or sweat. Based on this poly-
mer and liquid metal, they fabricated a self-healable
capacitive-type strain sensor. In addition, they embedded a
CNT network in a dynamic supramolecular cross-linked
polymer matrix to prepare wearable and self-healable
strain, ECG sensors, and light-emitting capacitors.16 In
order to achieve self-healing in complex environments
(water, salt, acid, and alkaline), Cao et al developed a
composite material of fluorocarbon elastomer and
fluorine-rich ionic liquid for mechanical sensors and
printed circuit boards. The self-healing property under
various conditions is due to the stability of the fluo-
ropolymer (Figure 13C).236

In addition to mechanical sensors, there are some
other self-healable physical sensors. For example, based
on thermal-sensitive fluids and supramolecular elasto-
mer, He et al fabricated a self-healable temperature
sensor.238 In addition, self-healable and multifunctional
physical sensors have been developed. Wang et al
reported a multifunctional and self-healable electronic
skin based on graphene and silk, which can sense vari-
ous physical signals such as tactile, temperature, and
humidity (Figure 13D).100

5.3 | Implantable physical sensors

Implantable physical sensors are a promising direction in
flexible electronics. Implantable sensors can directly mea-
sure the physiological activities of organs and tissues. The
primary requirement for implantable electronics is biocom-
patibility to avoid immune responses. They also require bio-
degradability or long-term stability under physiological
conditions for different purposes. Biodegradable implantable
electronic devices can reduce secondary damage of extrac-
tion surgery after the completion of medical function. In
addition, biodegradable electronic materials can significantly
reduce the environmental pollution of electronic waste.

Recently, various biocompatible materials have been
reported. Some synthetic polymers (eg, silicon, polylactic
acid, and PVA) and natural materials (eg, silk) are used
as insulating supporting materials or sacrificial layers.239

PDMS is used by the National Heart, Lung, and Blood

FIGURE 13 Self-healable skin-inspired physical sensors. A, Self-healable mechanical sensor (hydrogen bonds).76 Copyright 2012,

Springer Nature. B, Self-healable polymers with extremely high stretchability and toughness.235 Copyright 2018, Wiley-VCH. C, Self-healable

electronics under complex environments (water, salt, acid, and alkaline).236 Copyright 2019, Springer Nature. D, Self-healable

multifunctional electronic tattoo (mechanical, temperature, and humidity).100 Copyright 2019, Wiley-VCH
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Institute as the standard reference material for biocom-
patibility tests.240 In addition, Jo et al developed strain
and ECG sensors with excellent permeability and bio-
compatibility using silk proteins.92 In addition to the
supporting materials, the development of biocompatible
active materials is also essential. For example, Choi et al
reported a highly conductive and biocompatible Ag-Au
NW composite for implantable electrophysiological sen-
sors (Figure 14A).241

Biodegradable supporting materials have been studied
for years.228 Naturally derived materials (eg, cellulose,
protein, and chitosan) can be decomposed under the
catalysis of enzymes in the physiological environment. In
addition, some synthetic polymers with degradable chem-
ical bonds (eg, ester bonds, amide bonds, and acid anhy-
dride bonds) as biodegradable supporting materials have
been also reported.244 The degradation properties of syn-
thetic polymers can be chemically controlled by adjusting
the content of such chemical bonds.

Studies on degradable active substances is also very
important compared to supporting materials. Combing
active materials with degradable polymers is a common
method, but the obtained composites are generally unsta-
ble.245 Therefore, Lei et al fabricated a degradable semi-
conducting polymer based on reversible imine bonds and
building blocks, which can be decomposed within 30 days
under mildly acidic conditions (Figure 14B).242 Also, some
inorganic active materials (eg, Mg, Zn, Fe, and Si) can be
degraded under physiological conditions, which is also a

good choice for implantable physical sensors.246 For exam-
ple, using silicon nanomembrane as raw material, Kang
et al prepared a bioresorbable mechanical and tempera-
ture sensor for the brain (Figure 14C).243

6 | CONCLUSIONS AND OUTLOOK

In recent years, skin-inspired electronics have been widely
studied, providing new opportunities for health monitor-
ing, human disease diagnosis and treatment, and intelli-
gent robots. Physical sensors are one of the key building
blocks of skin-inspired electronics. In this article, we sum-
marize the recent advances in skin-inspired mechanical
sensors, temperature sensors, and humidity sensors. Mean-
while, the commonly used materials, device structures,
and the practical applications of skin-inspired physical
sensors are presented. In addition, several novel properties
of physical sensors, such as versatility, self-healability, and
implantability, are discussed.

Mechanical sensors can be divided into resistive, capaci-
tive, piezoelectric, and triboelectric types according to
working mechanisms. Among them, resistive- and
capacitive-type mechanical sensors require an external
power supply system, and they are more sensitive to static
stimuli. In contrast, piezoelectric- and triboelectric-type
mechanical sensors, which convert mechanical stimuli into
voltage signals, are self-powered and are more sensitive to
dynamic stimuli.

FIGURE 14 Biocompatible and biodegradable skin-inspired physical sensors. A, Biocompatible active material (Ag-Au nanowire) for

the implantable electrophysiological sensor (Scale bar, 1 cm).241 Copyright 2018, Springer Nature. B, Biodegradable semiconducting polymer

ultrathin transient electronics.242 Copyright 2017, National Academy of Sciences. C, Bioresorbable mechanical and temperature sensor for

the brain monitoring.243 Copyright 2016, Springer Nature
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Temperature sensors can be divided into resistance tem-
perature detectors, thermistors, and pyroelectric- and
thermoelectric-type temperature sensors according to differ-
ent conversion mechanisms. The resistance temperature
detector is one of the most commonly used temperature sen-
sors with higher linearity, wide working range and high sta-
bility, but with lower sensitivity. Thermistors also convert
temperature stimuli into resistance changes with higher sen-
sitivity and faster response. Pyroelectric- and thermoelectric-
type temperature sensors can convert the temperature signal
into a voltage signal and are self-powered temperature sen-
sors. However, the thermoelectric-type temperature sensor
requires a reference temperature during testing, which is
different from other types of temperature sensors.

Humidity sensors can be divided into resistive-type
sensors, capacitive-type sensors, and moisture-dependent
power generators. Humidity can affect the resistivity of
the active material and the capacitance of the dielectric
layer. Based on this effect, researchers have developed
resistive- and capacitive-type humidity sensors. In addi-
tion, humidity can generate electricity or significantly
affect the voltage generated by piezoelectric or triboelec-
tric sensors. The generated voltage can be used to detect
the humidity based on the quantitative relationship
between the generated voltage and humidity.

In addition, several novel properties of physical sensors,
such as versatility, self-healability, and implantability have
been studied. Multifunctional sensors, which can simulta-
neously detect various stimuli, provide new opportunities
for accurately health monitoring, human disease diagnosis,
and treatment. Furthermore, researchers have developed
self-healing sensors that can quickly repair mechanical dam-
age. In addition, implantable sensors, which can directly
measure the physiological activities of organs and tissues,
have also been developed.

However, the practical application of physical sensors
for skin-inspired electronics remains challenging. Versatile
sensors are required for different applying scenarios. For
example, monitoring motion at joints requires large stretch-
ability, while detecting blood pressure or sound requires
high sensitivity. Therefore, it is necessary to develop physi-
cal sensors with adjustable working range. In addition, most
of the reported sensors are suffered from interference from
other stimuli. For example, resistive mechanical sensors
have different electromechanical responses at different tem-
peratures and humidity. Solving interference between dif-
ferent signals is necessary for obtaining highly sensitive and
reliable physical sensors. Moreover, most physical sensors
require external energy systems, which severely limits their
development. Some self-powered physical sensors have low
power generation and are difficult to be practically used.
Therefore, the development of more efficient power supply
systems or self-powered physical sensors are demanded. In

addition, although integrated multi-functional sensors com-
posed of different physical sensors have been studied, the
integration of physical sensors with chemical sensors and
biosensors is still relatively rare. In addition, human-
machine interaction is a new hotspot of skin-inspired
electronics. Through effective human-machine interaction,
people can control the robotic arms with their minds,
which will expand the application field of skin-inspired
electronics. More efforts should be devoted to this area in
order to manifest the power of skin-inspired electronics in
modern human society. In summary, with the rapid and
further development of skin-inspired physical sensors, we
believe that they will finally benefit the development of
future health monitoring, human disease diagnosis and
treatment, and intelligent robots.
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