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ABSTRACT: The basic materials, designs, and integration strategies have accelerated the
significant development of electronic skins (E-skins). E-skins can transform skin-like
sensory stimulations into various types of information. They have been utilized for
wearable devices, robotics, human−machine interfaces, and prosthetics. However, there
are still challenges for E-skins to support complex and subtle recognition. This review
discusses the materials, structural designs, and integrated techniques for E-skins. We first
introduce the common materials to fabricate E-skins. Then, we discuss the sensing
mechanisms and structural engineering to establish a tactile sensor. An emphasis on how
to optimize the performance is also discussed. Following that, we introduce representative
progress in E-skins and focus on their integration strategies and applications. Future
challenges and possible opportunities in the E-skins are discussed in the conclusion.
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1. INTRODUCTION

With the development of electronic science and technology,
flexible and portable electronics have become indispensable
tools of social life.1−4 Researchers try to find better solutions to
establish a new combination of people, data, processes, and all.
These factors make connections more relevant and valuable in
the new area of Internet of Things (IOTs).5−7 The basic
materials, designs, and integration techniques of electronic
devices have accelerated considerable development in IOTs,
mainly because of nanomaterials and flexible electronics.6,8−14

As one of the essential flexible electronics, E-skin can transfer
the skin-like sensory stimulation and information to
machines.15−18 By recognizing the information from environ-
ments and humans themselves, E-skins will bring richer
experiences to satisfy daily and industrial requirements.
The skin is the largest organ in the human body and

possesses various excellent properties, including stretchability,
toughness, self-healing, tactile sensation, and other sensing
capabilities. E-skins mimic human skins to accept and transfer
sensory stimulation information. They have been in the fields
of wearable devices, robotics, human-machine interfaces
(HMIs), and prosthetics. However, there are still challenges
in achieving stable, comfortable, and multifunctional E-skins to
support complex and subtle recognition.19−22 Furthermore,
when connecting to surroundings, machines rely on con-
venient, low-cost, and sensitive E-skins to provide senses.
The flexible and stretchable strategies for E-skins are

discussed in this review. There are three parts to introduce
flexible materials, structural designs, and integration, mainly on

the necessary techniques and achieved developments. This
review aims to discover universal methods for fabricating
flexible and stretchable E-skins and serves as a basis for further
improvements. In Figure 1, we have summarized the
framework of this review and listed the contents for each
section. In the brief introduction, flexible materials are the
foundation of E-skins, including substrates and conductors.
Structural designs and integration are necessary steps for the
practical applications of E-skins.
In detail, E-skins mimic and function like human skins.

Hence, an essential property of E-skins is to satisfy the
requirements of flexibility and stretchability. First of all, E-skins
are on flexible substrates. E-skins are usually attached to
moving and complex surfaces, which undergo stretching,
compressing, bending, and twisting. Under these conditions, E-
skins need to fit the deformation and adhere to the supporting
body and decrease the risk of delamination from the moving
surface. In this way, E-skins maintain their functions and
sensitivity to environmental variations. From this point,
flexibility and stretchability are the properties that need to be
considered in the substrate, conducting materials, and
structural designs. Recent studies choose polymers as insulated
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substrates, which can bear frequent mechanical toughness and
microengineering processes. Some polymers can stably support
circuits and active parts of the device.23,24 The conducting
materials include metals, carbon-based materials, conductive
polymers, and their composites. They constitute conductive
pathways with appropriate layouts on the substrate that can
connect the functional components. Even the rigid inorganic
materials can provide stretchable interconnections for E-skins.
By combining a flexible substrate and circuits, E-skins can be
structurally or intrinsically stretchable.
Besides stretchability, the working conditions determine the

corresponding structure of E-skins. E-skins must obtain
complex information from physical variables and fluctuations
for robots and prosthetics to handle tasks. Tactile sensing is the
most important, such as detecting static pressure, strain,
dynamic shear, and slip motion. Resistive, capacitive, and self-
powered sensors are introduced in this review for tactile E-
skins. We will discuss their differences in sensing mechanisms,

features, geometric designs, and fabrication processes. More-
over, we evaluate the essential parameters, such as the
sensitivity, detection limit, linearity, response time, and
resolution.
Design and integration toward flexible and stretchable E-

skins systems are in the next section. This section reviews the
latest research and tries to discover new directions in
developing a sensing system. The contents include the sensing
array, multifunctional platforms, HMIs, self-powered devices,
and integrated modules. Some representative works are
emphatically introduced in this section.
In this review, we summarize the flexible and stretchable

strategies of E-skins. Section 2 introduces the flexible and
stretchable materials and their composites to fabricate E-skins.
In section 3, we discuss the sensing mechanisms and structural
engineering to establish a tactile E-skin device. An emphasis on
how to optimize the parameters of sensors to improve the
performance is also in this section. Section 4 introduces recent

Figure 1. Summary of the review. (i) Flexible materials for E-skins. “Textile”, reproduced with permission from ref 25. Copyright 2017, Wiley.
“Polymer”, reproduced with permission from ref 26. Copyright 2020, Wiley. “Elastomer”, reproduced with permission from ref 27. Copyright 2020,
Wiley. “Metal nanomaterials”, reproduced with permission from ref 28. Copyright 2010, American Chemical Society. “Hydrogel”, reproduced with
permission from ref 29. Copyright 2019, American Chemical Society. “Graphene”, reproduced with permission from ref 30. Copyright 2016, Wiley.
(ii) Structure and mechanism for E-skins. “Capacitive”, reproduced with permission from ref 31. Copyright 2019, American Chemical Society.
“Resistive”, reproduced with permission from ref 32. Copyright 2018, Elsevier. “Self-powered”, reproduced with permission from ref 33. Copyright
2017, American Chemical Society. “Microengineering”, reproduced with permission from ref 34. Copyright 2019, American Chemical Society.
“Stretchability”, reproduced with permission from ref 35. Copyright 2017, Springer Nature. (iii) Integration and applications of E-skins. “Sensors
array”, reproduced with permission from ref 36. Copyright 2017, Wiley. “Human−machine interaction”, reproduced with permission from ref 37.
Copyright 2019, Springer Nature. “Integrating modules”, reproduced with permission from ref 38. Copyright 2019, Elsevier. “Sensor platform”,
reproduced with permission from ref 39. Copyright 2018, Springer Nature.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Review

https://doi.org/10.1021/acsaelm.1c00025
ACS Appl. Electron. Mater. 2022, 4, 1−26

2

https://pubs.acs.org/doi/10.1021/acsaelm.1c00025?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00025?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00025?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00025?fig=fig1&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.1c00025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


progress in tactile E-skins and focuses on integration and
application. The conclusion and perspective are in the final
section.

2. FLEXIBLE AND STRETCHABLE MATERIALS AND
E-SKINS

There are structurally and intrinsically deformable methods to obtain
flexible tactile E-skins. The structurally deformable design is to
rationally arrange rigid and active components supported by the
flexible substrates. On the other hand, the intrinsically deformable
design utilizes flexible and stretchable materials to maintain
mechanical and electrical stability under severe deformations. Various
materials have participated in the E-skins, which mainly include three
categories for substrates and three kinds of conductive materials.
2.1. Flexible and Stretchable Substrates. An essential

characteristic of the tactile E-skins is deformable conformability.
Unlike silicon and ceramics, E-skins utilize polymers or other flexible
materials as the substrate, which overcomes the fragility and satisfies
the mechanical requirements. Polyethylene terephthalate (PET),
polyethylene (PEN), polyimide (PI), and polycarbonate (PC) are
common substrates to fabricate E-skins.26,33,40,41 These polymer films
have superior deformability, mechanical toughness, easy plasticity,
excellent insulation, and fitness to most physical, chemical processes.
However, these polymers vary in treatment temperature under actual

conditions. For PET and PC, the heat temperature should be less than
100 °C without double-sided hardening treatment. PEN can sustain a
higher temperature of around 200 °C and possesses excellent
transparency. The glass-transition temperature (Tg) of PI is between
360 and 410 °C. Some PI films can even bear a high temperature of
500 °C for a relatively long time to complete the growth of inorganic
materials.42,43 All of the above flexible films can be made into thin
electronics to decrease the dislocation from the moving body.

Another type of substrate is intrinsically stretchable material.
Polyurethane (PU) has a large elastic modulus. And cross-linked
elastomers are more common in this field, especially silicone
elastomers, such as commercial polydimethylsiloxane (PDMS, Dow-
Corning 184) and silicone rubbers (Ecoflex, Dragonskin, Smooth-
on).44−46 The silicone elastomers take advantage of simple precursors,
high stretchability, thermal stability, low toxicity after curing, and easy
modification to improve the properties. Benefitting from the
adjustable and fluid precursors, silicone elastomers have been made
into active structures to enhance the performance of tactile sensors.
Some researchers also utilized PDMS to fabricate PDMS-based
composites and optoelectronics, which offer the combined properties
of light and pressure for E-skins.47 The silicone elastomers maintain a
low elastic modulus to adhere to complex and moving surfaces. They
can be used for epidermal electronics.48 All of the above advantages
broaden its applicability as a flexible substrate for E-skins.

Figure 2. Silver nanomaterials and their devices. (a) Schematic illustration of the UV reduction for silver nanofibers. (b) The corresponding SEM
images of the nanofibers covered with silver nanoparticles. Reproduced with permission from ref 72. Copyright 2017, Wiley. (c, d) Schematic
illustration (c) and TEM images of silver particles exfoliated from silver flakes (d). Reproduced with permission from ref 84. Copyright 2017,
Springer Nature. (e, f) Silver nanoparticles on the conductive and stretchable textiles. Reproduced with permission from ref 64. Copyright 2017,
Wiley. (g) Schematic illustration of silver nanowires spreading on the PDMS that was patterned by the steel mold. Reproduced with permission
from ref 85. Copyright 2017, Royal Society of Chemistry.
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Besides the materials described in the previous part, there have
been fabric textiles and fiber-based substrates, according to whether
they are orderly or randomly fabricated.49,50 Textile electronics have
been developing as a rising type of flexible electronics because they
can work as a part of clothes and naturally fit human skins.51,52

Because of the flexibility and structural stretchability, textiles are close-
at-hand substrates for flexible E-skins. In addition to artificial plastics,
some researchers seek naturally friendly materials to fabricate E-skins,
such as silk and cellulose, to achieve comfort and daily uses.53,54 Paper
is also a low-cost and widely available substrate for E-skins. It is
composed of abundant microfibers and is supportable for most
flexible conducting materials. With rational manufacturing technolo-
gies and tailorable properties, paper is convenient to make desirable
shapes, further fabricated as low-cost and sensitive E-skins.55,56

2.2. Flexible and Stretchable Conductive Materials. Human
skins provide distinguished functions, such as sensation, mechanical
protection, and self-healing. E-skins have stratified and interconnected
components compared to human skins, while conducting circuits
provide the electrical connections. Flexible conducting materials are
essential for the E-skins to possess elongation or compression
properties to sustain sensing performance. They need to bear surface
moving, pressure loading, substrate bending, and external rubbing.
This section summarizes the materials that fabricate conductors and
their properties, including nanoscale metals, metal oxides, carbon
materials of nanotubes, and graphene, conducting polymers, and
hydrogels.
2.2.1. Metallic Nanomaterials: Silver, Gold, and Copper. Metal is

widely used as a conductive material. Conventional inorganic metals
in flexible and stretchable electronics usually appear in microscale or
nanoscale forms.57,58 The metal electrodes rely on engineering
approaches to achieve structural mechanics and overcome their rigid
and brittle properties. Researchers reported that microstructural
metallic films could be thin as tens and several hundreds of
nanometers in thickness.59 This nanomembrane is flexible due to
the large ratio of bending stiffness scaling with film thickness,
compared to bulk metal.
Silver is one of the most conventional conducting metals in flexible

electronics due to its high conductance, easy access, and low cost.
Silver has a bulk conductivity of 6.3 × 105 S cm−1 and is resistant to
oxidation at room temperature.60 Silver-based nanomaterials contain
0D particles,61 1D nanofibers,62 nanowires,63 and 2D flakes.64 Silver
nanomaterials have been synthesized through chemical and other
approaches to control the growth with few defects. Methods of
synthesizing silver nanomaterials include polyol approaches, hydro-
thermal synthesis, electrochemical deposition, and UV-induced
reduction.65,66 In most chemical synthesis methods, AgNO3 is the
precursor of the silver source. For instance, in polyol synthesis
methods, the reduction of AgNO3 is due to the ethylene glycol (EG),
with an appropriate capping agent such as polyvinylpyrrolidone
(PVP).
PVP enables the synthesis of silver nanostructures for particles,

nanowires, and nanosheets through controlling the temperature,
concentration, and other parameters.67−71 But in the UV-induced
reduction method, the reduction can be induced by UV light at
relatively low temperatures and even solid-state conditions, as shown
in Figure 2a,b.72 Ligands and additions adjust the methodologies and
concentration of silver nanomaterials in chemical reactions. However,
they remain as the residual purities.73,74 So silver composites possess
different performances in conductivity as electrodes. Other deposition
methods can fabricate silver electrodes, including physical vapor
deposition, aerosol spraying, and electroless plating approaches.75

Silver can be deposited on the substrate with the lift-off process to
achieve nanoscale and elaborate patterns according to the designed
mask. In fact, despite the enormous progress achieved so far, there are
still challenges in producing large-scale metal electrodes with extreme
deformability, especially on substrates with different textures and
complex curvilinear surfaces. Compared with the rigid substrates, the
preparation and working conditions of electrodes on the flexible
substrates are complicated. The performance of metal electrodes is
more susceptible to substrate strains, which results in stress

concentration, unevenness, and instability. Mainly, it has a bad
influence on electronic skins that require high sensitivity and
consistency. Therefore, for flexible substrates with nonflat surfaces
such as fibers, it is necessary to study the appropriate methods to
obtain stable metallic electrodes on the substrates. Even more,
nonuniformity with low aspect ratios, highly resistive cross-junctions,
and assembly setups are problems that remain to be solved. The
challenge in utilizing metallic nanomaterials, such as nanowires and
nanoparticles, is that the insulated additions or ligands used for the
synthesis and solution dispersion remain with the metallic nanoma-
terials. These defects decrease the conductivity and introduce
mechanical instability for the conductive networks. Various methods
have been used to improve the performance, including increasing the
aspect ratios of nanowires,76 optical or heat annealing of the cross-
junction,77,78 utilizing near-field jet printing, and combining with
another material.79 The improvement in the conductive performance
of the electrodes will further promote the development of flexible
electronics.

Solution-synthesized silver nanomaterials are naturally dispersed
and appropriate for conductive inks. There have been many
commercially available silver-based conductive inks used for printed
electronics.80−82 However, to achieve a higher conductance and stable
connections under large strains, researchers have made contributions
to improving the fabrication process.83 Matsuhisa et al. realized
printable silver nanoparticles for flexible electrodes and sensing
applications in Figure 2c.84 They reported an in situ preparation for
silver nanoparticles based on a mixed ink comprising fluorine rubber,
fluorine surfactant, and Ag micro flakes in the methyl isobutyl ketone
(MIBK). The halfway reaction in the process was captured by TEM
in Figure 2d, displaying that the nanoparticles mixed with the flakes.
The mixed ink was printable for fabricating conductive routines after
drying and heating. Moreover, the optimal process of forming
nanoparticles has been made to improve the conductivity under
strains. The stretchable conductive lines displayed up to 4900 S cm−1

in the original length and 700 S cm−1 with 300% elongation. The
authors also fabricated stretchable pressure and temperature sensors
by printing, with the silver interconnections to demonstrate the
performance. The results show that the sensors remained functional at
a strain of 120%.

Silver nanowires and PDMS substrates often appear in pairs for
fabricating stretchable strain sensors. The conductive network of silver
nanowires deforms with the elongation and compression of PDMS.
Liao et al. exhibited a microcrack strain sensor which achieved a
tremendous gauge factor (GF) of 150 000 within 60% strain.85 The
authors utilized a steel net to fabricate uniform micropatterns on the
PDMS substrate in the experiment, as shown in Figure 2g. The steel
mold provided controllable channels for conductive ink of silver
nanowires to spread, which could rapidly establish conductive
channels. With the help of prestretching, the silver nanowires filled
the microcracks and surface of stretched PDMS. The results showed
that the microcracks of conductors expanded to maintain the
connections under stretching. The micropatterned PDMS remained
a lower resistance than that of flat PDMS under 60% elongation while
achieving a much higher sensitivity. Furthermore, the strain sensor
displayed a fast response and excellent stability.

Silver flakes were also used for conductive electrodes. They can be
attached to the textile substrates for detecting human biomechanical
signals. Jin et al. reported a conductive knitted fabric infiltrated by
silver flakes ink in Figure 2e.64 The ink consisted of P(VDF-HFP), 2-
(2-butoxyethoxy) ethyl acetate, and silver flakes in a weight ratio of
1:2.45:4. Then the silver flakes ink was printed on the textile
repeatedly to confirm that the solution was absorbed into the interior
of the fabric, followed by drying and hot-press treatment. The images
in Figure 2f demonstrated that the silver flakes filled the surfaces and
small gaps of the knitted fabrics, which realized complete conductive
pathways along the fibers. The conductive fabric sheet resistance was
0.06 Ω sq−1 at the initial stage and only increased by about 70 times
after 450% stretching. The conductive fabric lit a LED under the
strain of 400% and maintained its performance. The authors built an
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electromyography (EMG) monitoring system based on this printed
textile circuit to sense the muscle motions and corresponding signals.
Similar to silver, gold nanomaterials include 0D nanoparticles, 1D

nanowires/rods/belts, and 2D flakes/sheets.86 Gold is a widely used
conductive material due to its corrosion resistance and excellent bulk
conductance (σ = 4.10 × 105 S cm−1). It was stable in many chemical
conditions and resistant to oxidization at high temperatures. Gold
nanoparticles can be from reducing chloroauric acid (H[AuCl]4) in a
solution. The reducing agents are generally citrate, tannic acid,
sodium borohydride, and hydroquinone. Moreover, oleylamine could
be a stabilizer when synthesizing gold nanowires in a similar chemical
method.87,88 Gold nanoflakes could be obtained through controlling
the reaction environments and parameters.89−91 Other physical means
are also accessible to synthesize the gold nanoparticles, such as PVD
and ELD processes.
Highly stretchable and ultrathin gold nanomesh based on the

nanofibers was used to achieve air-permeable and lightweight E-skins.
Miyamoto et al. reported a method of fabricating gold nanomesh by
sacrificing poly(vinyl alcohol) (PVA) nanofibers in Figure 3a−c.92
The experiment deposited 85 nm gold film on the PVA nanofibers
through thermal deposition, followed by dissolving the PVA
nanofibers with spraying water. In this way, the gold nanomesh
could attach to the human skin for a period, leaving a conductive
electrode for E-skins. The diameters of PVA were around 300−500
nm, which mold the shape of gold nanomesh. The SEM images in
Figure 3b show that the nanomesh was attached and fit the ridges on
the fingertip. So as thin as the nanomesh was, the conductive stripe
could open voids under the strains of skins. The authors tested the
conductance of the gold nanomesh under different stretchable
deformations. The initial conductance was 2.9 × 10−3 S. Then, an
elongation of 40% decreased the conductance to 7.1 × 10−4 S.
Repeated test of stretching showed that the conductance was
reversible. The authors used the gold nanomesh to fabricate touch,

pressure, and temperature sensors for the on-skin wireless systems to
demonstrate the conductivity. The results showed that the
conductance of the nanomesh stripes changed with pressure and
temperature, which achieved an excellent response to external
stimulations.

General conductive inks mix with a binder to guarantee attachment
on the substrates. But some types of binders are hard or brittle after
curing, which might be harmful to the flexibility. For instance, the ink
possibly permeates the gaps and voids in the knitted fabric to rigidify
the structure. Wu et al. uniformly covered the fibers with gold
particles, leaving enough space for the movements.93 In the
experiment, electroless nickel immersion gold (ENIG) was used for
the core−shell fabric, as shown in Figure 3d,e. This method coated
the fibers with Ni and Au in sequence to obtain a low sheet resistance
of 1.07 and 3.33 Ω sq−1 in the course and wale directions. Figure 3f,g
shows the optical images of the fiber architecture, where there was an
approximately 80 nm gold layer outside the fiber. The fabric was used
to assemble an electroluminescent device. The fabricated device gave
out blue and uniform emission with increasing strains, demonstrating
the stable conductance of the fibers.

Combining the properties of silver and gold can achieve an
enhancement in conductivity. Kim et al. synthesized gold-coated silver
nanowires in Figure 3h.94 As-fabricated silver nanowires were as long
as 100 μm. The SEM and TEM images of the nanowires are shown in
Figure 3i,j. The shell layer of gold was in situ formed on the silver
nanowires through the reduction of HAuCl4. After mixing Au@
AgNWs with the SBS precursor in an appreciated proportion, the
mixture was cured to obtain conductive elastomer composites. The
composite (60:40 in weight) retained a conductance of 104 S cm−1

under an elongation of 150%. However, the high concentration of
nanowires might reduce the stretchability. Because of the fluid
mixtures, the composites were easily cast into patterns and assembled
into conducting circuits for a multifunctional E-skin device, as shown

Figure 3. Gold nanomaterials and their devices. (a) Schematic image of the gold nanomesh conductor. (b) SEM images of the nanomesh during
and after strain. (c) The photo of nanomesh on the finger. Reproduced with permission from ref 92. Copyright 2017, Springer Nature. (d, e)
Illustrations of stretchable textiles in the course (d) and wale directions (e). Optical images of stretched gold textiles in the course (f) and wale
directions (g). Reproduced with permission from ref 93. Copyright 2018, Wiley. (h) Schematic image of the gold-coated silver nanowires in SBS. (i,
j) SEM and TEM images of the nanowires. (k) Photo of conducting circuits based on the composites of conductive nanowires and SBS.
Reproduced with permission from ref 94. Copyright 2018, Springer Nature.
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in Figure 3k. The conductive composites could measure electro-
physiological signals and support electrical and thermal stimulations
under strains.
Different from the precious metals of silver and gold, copper is

abundant in the natural environment and has more potential in
commercial applications. Copper reserves may be 1000 times that of
silver. Copper nanomaterials might benefit from the cost to fabricate
flexible and stretchable conductive circuits in the E-skins. Using
nanowires has been one of the most convenient choices to build
flexible electronics based on copper nanostructures.95,96 Copper
nanowires were synthesized by solution methods such as the
reduction method.74,97,98 And additions such as hydroxypropyl
cellulose to the solution will improve the homogeneous and well-
dispersed properties.99 However, copper nanomaterials are susceptible
to oxidization without proper protection. Cu nanomaterials easily
react with oxygen under air-ambient conditions and become
nonconductive. Moreover, increasing the temperature can accelerate
oxidization. So the protection of Cu nanomaterials from corrosion has
been essential for conductive performance. Coating with conductive
oxides, Zn, Ni, and graphene as the passivation layer could be an
effective solution.100−103

2.2.2. Carbon Nanotubes (CNTs) and Graphene. One-dimen-
sional nanotubes and 2D graphene have been widely studied to realize
flexible and stretchable E-skins. CNTs include two kinds of single-
walled CNTs (SWCNTs) and multiwalled CNTs (MWCNTs), and
three armchair, zigzag, and chiral structural forms. They are
semiconductive or metallic due to the chirality of CNTs. Recent
research has explored the solutions of achieving a large aspect ratio,
dispersing in polar solvents, decreasing defects in the carbon walls,
and purifying. Moreover, researchers have developed laser ablation,
arc discharge, and chemical vapor deposition (CVD) methods to
synthesize large-area and low-cost CNTs.104−106 Nowadays, the
length of CNTs could reach half a meter by controlling CVD growth
parameters.107 And the same group’s further work retained the level of
centimeters and displayed ultrahigh fatigue resistance by decreasing
the defects.108 The improvements achieved in chirality control,
purification, and functionalization enhance the properties and expand
the potential applications of CNTs. For E-skins, high-aspect-ratio
CNTs can establish highly stretchable and conductive networks. They
can be assembled on or into the elastomer substrate to provide the
conductive pathways under large deformation.109,110 Also, CNTs
electrodes can be directly deposited onto the flexible substrates by
solution spraying, spinning coating, ink-printing, and vacuum
filtration.111,112 And CNTs can be distributed locally as channels of

thin-film transistors (TFTs) for stretchable E-skins to fit complex and
deformable tactile conditions.

Some other research focused on utilizing CNTs to fabricate 3D
conductive patterns or networks. CNTs were mixed with PDMS
precursors. Then the mixture was cast on a micropatterned silicon
mold to form a conductive and pressure-sensitive composite. There
were many microdomes on the surface of the cured composite film,
which enlarged the strains under vertical pressure. The pressure
sensor can achieve a high sensitivity of 15 kPa−1 in the vertical
direction by interlocking two micropatterned composite films. Similar
to microdome composite films, a porous CNTs/PDMS composite
was also used for sensing tactile pressure. Porous structures were more
deformable than the compact bulks because only thin walls between
the pores could share the internal stress. The voids in the structure
decreased the compressive modulus of the overall structure and
increased the strains under pressure. Kim et al. fabricated porous
CNTs/PDMS composite films as the resistive pressure sensors in
Figure 4a−c. The applied pressure significantly changed the
conductivity to realize high tactile sensing sensitivity.113 Capacitive
sensing was also achieved based on porous CNTs/PDMS
composites.112 Moreover, CNTs in the composite film could repair
mechanical damages. Dynamic reconstruction of a conducting
network showed that the reorganization of CNTs contributed to
the self-healing process of polymers and finally recovered the
conductance and mechanical properties of the flexible film.114

Graphene has been coupled with elastomers to fabricate flexible
and stretchable sensors. It has many characteristics, such as excellent
mechanical properties, high transport carrier mobility, and optical
transparency.115 Usually, graphene is divided into four kinds of
graphene sheets (GS), graphene ribbons (GR), graphene oxide (GO),
and reduced graphene oxide (rGO). They are determined according
to the surface modification and geometric structure of the
materials.116−119 Among them, GS and rGO possess superior
conductivity than the others, which are more common in flexible
electronics as physical sensors.

There have been developments of two fabricating top-down and
bottom-up approaches for graphene.120 The top-down approach is
exfoliating graphene from graphite and CNT with mechanical,
solution, and chemical ways. These techniques are probably low-
cost and large scale. However, they produce a large ratio of carbon
flakes in the process and decrease graphene purity. Moreover,
quantitative defects remain in the graphene sheets. The bottom-up
approach assembles carbon atoms into graphene through CVD,
epitaxial growth, and organic synthesis. Compared to the top-down
approach, the bottom-up approach can produce graphene with higher

Figure 4. Carbon-based nanomaterials and their devices. (a) Schematic illustration of fabricating porous PDMS. (b) The SEM and optical images
of the porous PDMS. (c) The composite of CNTs and porous PDMS. Reproduced with permission from ref 113. Copyright 2019, American
Chemical Society. (d−f) The working schematic of the PVDF@rGO-based pressure sensor. Reproduced with permission from ref 141. Copyright
2016, Elsevier. (g) The schematic illustration of fabricating the pressure sensor with interlocking rGO/PDMS films. Reproduced with permission
from ref 142. Copyright 2018, American Chemical Society.
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purity and fewer defects. However, its expensive cost limits potential
applications in large-scale production.
After synthesizing graphene, establishing a macroscopic and

conductive electrode is essential for E-skins. There have been several
approaches to assemble flexible and stretchable graphene devices so
far, such as the template method, self-assembly method, coating
method, and 2D and 3D printing method. The coating and 2D
printing methods are carried out similarly to metal nanomaterials and
CNTs in the previous sections. Graphene can be dispersed in inks and
utilized to form conductive films by dipping, spinning, spraying, and
printing approaches.121−124 The graphene ink is patterned into
specific routines by masks and solidified to assemble conductive
electrodes. 3D printing techniques have been used for the intelligent
manufacturing of graphene 3D architectures, which model the
graphene solution or mixture into a solidified structure in a precise
and rapid process. For example, thermoplastic filaments mixed with
graphene can be melt and extruded to print the desired architecture
layer by layer. The graphene ink with a very high viscosity can be
extruded from the printer tip and cured by heat simultaneously on the
substrate.125,126 The laser is also used for the graphene electrodes.
Compared to the direct writing, a high-energy laser beam is pulsed to
sinter the composite powders with a graphene source and catalyst.
Moreover, the laser can also accelerate the curing of the photo-
sensitive resin that contained graphene with high resolution.127,128

Another approach is mixing graphene into elastomers to obtain
flexible and stretchable conductive composites. The process can
achieve a uniform and conductive polymer film by infiltrating the
graphene sheets with elastomer precursors, defoaming, and drying or
heat preserving.129 Most substrate materials are described in the
previous section, such as PDMS, Ecoflex, and PU. Some other

polymers can also provide a supporting framework for the conductive
films without stretchability, such as PI.130 Various mass production
techniques have been utilized to manufacture flexible graphene/
polymer composites, including in situ polymerization, solution
blending, and melt compounding.131 Furthermore, graphene can be
assembled by various types of templates. These templates provide
support and space for graphene, and graphene fills the spacer and
gathers to form conductive routines due to the excellent
adsorbability.132−135 Moreover, supramolecular interactions of π−π
bonding, hydrogen, and electrostatic interactions are possible
approaches to produce self-assembly structures.136,137

Graphene with high electrical conductivity and flexibility has many
applications in E-skins. One of the emerging applications is the
resistive pressure sensor. Pressure-sensitive structures include the
micropatterns of pillars, bubbles, and honeycombs as the active parts
in the flexible pressure sensors.138−140 Lou et al. used rGO-coated
P(VDF-TrFE) nanofibers to fabricate conductive networks in Figure
4d.141 The vertical compressive pressure on the nanofiber film
changed the nanogaps between the conducting pathways, as shown in
Figure 4e−f. In the applications of sensors, graphene counted on the
flake size, contact resistance, and surface treatment or modification to
improve the conductive performance, which further enhanced the
sensitivity of the whole structure for pressure. Moreover, the
dispersion of graphene in the matrix could change the tunneling
resistance between the successive graphene sheets and influenced the
sensing properties. Pang et al. developed a method to fabricate a
microstructured pressure sensor with interlocking rGO/PDMS films
in Figure 4g.142 This sensor worked as a wearable health monitor,
which could detect wrist pulse, respiration motion of the chest, and
other biomechanical motions. Because of the properties of rGO and

Figure 5. Conductive polymers. (a, b) Schematic illustration and image of the square PEDOT:PSS patterns for OLEDs. Reproduced with
permission from ref 147. Copyright 2016, Wiley. (c) Schematic of the stepwise synthesis process for PEDOT:PSS electrically conductive hydrogels
by blending, water exchange, drying, and swelling to form the conductive pathways. (d) Schematic illustration of lithography for the hydrogels.
Reproduced with permission from ref 148. Copyright 2019, Springer Nature.
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microstructures, the sensor realized a wide linearity range of 0−2.6
kPa and a high sensitivity of 25.1 kPa−1.
2.2.3. Conductive Polymers and Hydrogels. Conductive polymers

of poly(3,4-ethylene dioxythiophene) (PEDOT), polypyrrole (PPy),
and polyaniline (PANI) have been widely studied due to their
mechanical properties, easy modification, and conductivity. The
conductivity is from the delocalized electrons or holes in the
conjugated backbones of the structure. However, to satisfy the
requirements of the flexible electrodes and active layers of E-skins,
these polymers are usually incorporated with ionic electrolytes to
introduce more dopants for charge transportation. PEDOT:PSS has
been commercially available among the doped polymers and has
attracted extensive attention, which is from PEDOT doping with
poly(styrenesulfonate) (PSS). PEDOT:PSS is a heavily p-doped
organic conductor. Its electrical conductivity can exceed 1000 S cm−1

and can be for conductive solutions or inks. The high conductivity of
PEDOT:PSS usually comes from two pathways in the polymeric
matrix. One is the electronic carriers along the polymer chains. The
other is the ionic soft polymer matrix with sufficient hydration in
water.143,144 However, the GPa-scale Young’s modulus makes it
difficult for PEDOT:PSS to fabricate stretchable electronics. Only a
5% strain would induce ruptures in the stiff matrix.145 To improve the
stretchability, PEDOT:PSS can be blended with plastic additives to
enhance the deformability. Wang et al. incorporated ionic liquids into
PEDOT:PSS to enhance both stretchability and electrical con-

ductance.146 The fabricated PEDOT:PSS film could realize a
maximum strain of 800% before the substrate fractured and retained
a conductance of 4100 S cm−1 under 100% strain. The improvement
in conductance was due to the addition of ionic liquid. The ionic
liquid weakened the electrostatic effect between the PEDOT and PSS.
It transformed the whole structure to two isolated parts in the
mechanical properties. The PSS part with fluidity could expand with
the substrate and enlarge the stretchability. In contrast, the PEDOT
part kept its rigid properties in the fluid PSS. In this structure, both
PEDOT and PSS contributed to the conductance and worked
independently under strain.

Oh et al. obtained a viscoelastic PEDOT:PSS rubber with a
nonionic surfactant of Triton X-100.147 Only 0.7% additive Triton X-
100 achieved a maximum rupture strain of around 60% for
PEDOT:PSS. The square-patterned PEDOT:PSS could support the
OLEDs in Figure 5a,b. Another work of Liu et al. overcame the
cytotoxicity caused by fluorosurfactants and ionic liquids.148 The
hydrogel replaced ionic liquid to obtain PEDOT:PSS, with aqueous
stability, biocompatibility, and partial loss of electrical conductivity
and stretchability. Therefore, the feature of combining electrical and
ionic conductive pathways enlarged the applications of PEDOT:PSS.
This feature also enables the PEDOT:PSS as the active channel to
fabricate organic electrochemical transistors (OECTs).149,150 The
PEDOT:PSS in the OECTs is exposed to an electrolyte or ionic fluid

Figure 6. Structurally and intrinsically stretchable designs. (a−d) SEM images of structurally stretchable semiconductor nanomembranes,
nanotubes (a), coil structures (b), buckled ribbons (c), and wavy ribbons (d). Reproduced with permission from ref 163. Copyright 2009,
American Chemical Society. (e, f) Fractal-inspired interconnect designs on a Si wafer (e) and transferred onto the silicone (f). Reproduced with
permission from ref 188. Copyright 2013, Springer Nature. (g) Schematic diagram of an intrinsically stretchable transistor array. (h, i) Schematic
illustration and photo of an intrinsically stretchable transistor. Reproduced with permission from ref 187. Copyright 2018, Springer Nature.
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to detect chemical substances, which has essential biological sensing
applications.
Ionic hydrogels are based on a polymer matrix to provide

mechanical support. Water makes up the rest weight as high as
90%.151 They are very similar to biological tissues in mechanical
performance, chemical properties, and ionic transportation.152 So
hydrogels are suitable candidates for epidermis electronics and E-skins
applications. The forming approaches of the hydrogel matrix include
chemical cross-linking, ionotropic cross-linking, and electrostatic
interactions. And the polymer network included polyethylene glycol
(PEG), polyacrylamide (PAA), poly(vinyl alcohol)(PVA), and their
copolymers.153−155 The Young’s modulus of these hydrogels was
usually at the level of Pa or kPa, which made the materials soft and
increased the convenience to attach to the epidermis or other complex
surfaces. Some researchers also obtained dense and robust hydrogels
with the Young’s modulus of several MPas.156,157 The ionic
conductivity of the hydrogel could be tuned from 10−5 to 10−3 S
cm−1. So the chemical modification could adjust the properties of
hydrogels for various applications.
Ionic hydrogels are motivated by applications in biology. The

biocompatibility and softness made it possible for ionic hydrogels to
simulate biological tissues. For example, hydrogels can achieve
capacitive coupling at the interface or electric double layer (EDL)
between the metal electrode and hydrogel, which transfers the electric
pulses into the ionic current. The smooth drop in voltage at the
interface could effectively decrease the risk of local heating,
degradation, and immunochemical reactions. And the hydrogel can
be used as a buffer layer to slow down the action potentials, which
supports high-frequency stimulation.158

In the other aspect, the researchers have studied electronic
hydrogels to improve electronic conductivity and performance. The
primary method of electronic hydrogels is to incorporate electrically
conductive fillers such as conductive polymers. The ionic conductive
pathways are substituted by electrically conductive polymers or
combined to achieve a compound mode.159 In these situations, the
hydrogel networks provide mechanical properties. Various approaches
that include water exchange, infiltration of secondary polymer, in situ
polymerization, and electrochemical deposition have been developed
for fabricating electrical hydrogels.148,160,161 As commercially available
conductive polymers, PEDOT and PEDOT:PSS have raised attention
in the electronic hydrogels. Feig et al. fabricated a loosely cross-linked
PEDOT:PSS network infiltrated by a PAA-based secondary polymer
skeleton.160 The result achieved a high conductivity of 0.23 S cm−1.
The secondary polymer network could control the Young’s modulus
of the whole hydrogel due to the low concentration of PEDOT:PSS
and retained the conductivity and stretchability at the same time.
Microengineering for hydrogel is a possible method for further
applications in flexible electronics. Liu et al. developed a method of
fabricating hydrogel patterns at a feature resolution of 5 μm through
photolithography.148 In the experiment, an ion gel of PEDOT:PSS
was patterned through photolithography and dry etching as the
hydrogel precursor. Then the precursor transformed the micro-
patterns into a conductive hydrogel by water exchange, as shown in
Figure 5c,d. The fabricated patterns were conductively stable and
tolerant to mechanical strains.

3. TACTILE SENSING MECHANISMS AND
STRUCTURES OF E-SKINS

3.1. Flexible and Stretchable Architecture and
Materials. 3.1.1. Structurally Stretchable Designs for
Inorganic Materials. The natural rigidity and brittle character-
istics of inorganic materials limit their applications in
stretchable electronics. But rational mechanical designs and
strategic integrations enhance the stretchability of inorganic
materials and retain the intrinsic properties of high electric
performance at the same time.162,163 Stretchable inorganic
electronics have broadened conventional electronic applica-
tions and covered an active field in flexible elec-

tronics.13,164−166 In general, stretchable inorganic electronics
include conductive composites, liquid metals, and structural
conductors.167 But only structurally designed conductors are
deformable along with the substrates. The structural designs
include the wavy, island-bridge, fractal, and kirigami designs, as
shown in Figure 6a−f. The thin inorganic materials are
embedded to elastomer substrates and achieve a high level of
deformation and stretchability on the scale of nanome-
ters.94,168,169

In the wavy design, the extremely thin silicon with a
thickness down to nanometers meets the large stretchability.
Thin inorganic materials like silicon ribbons were transferred
onto the prestretching elastomers and formed strong bonding
with the substrate. After releasing the stress, the tensile strain
transformed into the amplitudes and wavelengths of the wavy
structure.170,171 Beyond the wavy designs, the island-bridge
structure comprised rigid functional components and stretch-
able electrical interconnections.172,173 The rigid parts were the
strongly bonded islands, and the conductive interconnections
were the weakly bonded bridges. On the basis of this design,
the strains were mainly accommodated by stretchable bridges.
The bridges further are divided into four classes of the arc-
shaped, serpentine, 2D spiral, and 3D helical designs according
to the structures of interconnections.174−178 Another fractal
design achieves high areal coverage for stretchable inorganic
electronics. The fractal interconnections fill the 2D plane with
repeated stretchable structures in the fractal orders. The
bonding process can refer to wavy and island-bridge design.
However, the 2D fractal structure might deform out of the
plane according to the assembly process.179,180 Kirigami design
for stretchable electronics is based on cutting and folding
techniques, consisting of periodic and ordered cutting. This
structure realizes planar stretching by expanding the fold
ribbons, and the kirigami sheets share the deformable strains
uniformly. Kirigami design retains conductivity with enhanced
tolerance to tearing force.181,182

3.1.2. Structural Designs for Intrinsically Stretchable
Materials. Intrinsically stretchable organic materials with
high durability, mechanical stability, convenience, and low-
cost fabrication also provide stretchability for E-skin devices.
Although exhibiting some drawbacks compared to metal and
other materials, researchers have made improvements. For
example, stretchable transistors are used for E-skin applica-
tions.183,184 The channels can be made up of P3HT, CNTs,
and some other organic materials, and CNTs can also work as
electrodes. The stretchable semiconductors and electrodes
contribute to the fabrication of stretchable transistors, which
can work with a mobility of 10−2−10−1 cm2 V−1 s−1 under over
100% tensile strain. The ion gels can substitute the gate
electrode and dielectric in the stretchable transistors. Some
results showed that mobility was as high as 10 cm2 V−1

s−1.185,186 Wang et al. fabricated a matrix array of intrinsically
stretchable transistors with high uniformity, which work as
active-sensing E-skin devices in Figure 6g−i.187 The substrate,
semiconductor, dielectric, and conductor materials utilized in
the experiment were stretchable, and the whole E-skin adapted
to the shape of the human hand.

3.2. Mechanisms and Structural Designs of Pressure,
Strain, and Self-Powered Sensors. 3.2.1. Resistive Pres-
sure Sensing and Structural Designs. Resistive pressure
sensors transfer applied pressure into electrical resistance. The
following equation expresses the electrical resistance.
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ρ= L
A

R
(1)

In the equation, R, ρ, L, and A are contact resistance,
material resistivity, length, and contact area. The applied stress
will induce a relative change of the active layer in conductive
pathways and further decrease the contact resistance of the
device. Usually, the relative change in resistance is given by
ΔR/R to describe the relationship between resistance and
pressure. The resistive pressure sensors are supported by a
constant supply to achieve durable detection, so power
consumption generates Joule heat and impacts the device
temperature during working.189 To overcome the limitations of
modulus, viscoelasticity, and thermal stress, there have been
many reports covering materials and structural designs to
enhance the sensing performance. Microengineering is one of
the efficient approaches to adjust the mechanical properties of
the active layers to improve the performance of the sensor,
including micropatterns, micropores, and multilayers.190−193

Micropatterns in the pressure sensors introduce air spacers
in the resistance-active layer between the top and bottom
layers, which can deform more easily than the flat films. The
micropatterns are precisely designed pyramids, microdomes,
and semicylinders by controlling the size and distribu-
tion.194,195 The properties of these patterns are different in
their mechanical properties, so the pressure sensors feature the
performance according to the practical situations. The stress

distribution on the top tip of the pyramid structure is
nonuniform.196 There is a small initial value of the sensing,
and it generates an apparent change of resistance under a
relatively small pressure. Microdomes and transverse semi-
cylinders possess a more uniform change in the contact area to
maintain the sensitivity at a given pressure. Also, the
hierarchical structure that comprised nanodomes on the
hemisphere was fabricated by Shi et al. to realize a more
stable and sensitive response.197 The pressure sensor with the
hierarchical structure displayed a higher sensitivity and sensing
range.
Porous design is a practical approach to improve the

performance of resistive pressure sensors. The size and density
of micropores can change Young’s modulus of the active layer,
which directly affects the sensitivity of the sensor.198,199 The
compressive stress determines the changes in the effective
contact area. So the active layer is more deformable due to the
larger pores and porosity with higher sensitivity but decreasing
the range for detection. Furthermore, the porous structures are
divided by whether the pores are open to external environ-
ments. The pores have enclosed walls and can bear great
weight.
The multilayered stack structure can also be used to

fabricate the active layer.200 The sensor works based on the
interactions among the stacks themselves to improve the
sensitivity. For example, PDMS microspheres were wrapped by

Figure 7. Microengineering approaches. (a) Schematic illustration of fabricating a porous pyramid structure for the capacitive pressure sensor,
including blending, molding, curing, and dissolving the sacrificial materials. (b) Optical photo of the porous pyramid dielectric layer. (c) SEM
images from the top and cross-sectional view of the pyramids. Reproduced with permission from ref 198. Copyright 2019, American Chemical
Society. (d, e) SEM images of the petal-patterned PDMS film. Reproduced with permission from ref 201. Copyright 2015, Royal Society of
Chemistry. (f, g) SEM images of a lotus leaf (f) and a patterned graphene/PDMS (g). Reproduced with permission from ref 197. Copyright 2018,
Wiley.
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CNTs and stacked as the active layer. The active layer and the
interactions among the spheres contributed to the resistance
change under pressure.193 Wei et al. demonstrated the
concentrated stress at the contact points and further
discovered the multilayer working mechanism for the resistive
pressure sensor.201

3.2.2. Capacitive Pressure Sensing and Structural
Designs. The prototype of the parallel-plate capacitive sensor
inserts a dielectric layer between the top and bottom
electrodes. The applied pressure mainly changes the distance
between the two electrodes to induce corresponding capacitive
changes, which an equation can describe:

ε ε
=C

A
d

r 0
(2)

C is the sensor capacitance, ε0 is the vacuum permittivity, εr is
the relative permittivity of the dielectric, A is the overlapping
area, and d is the distance between the two electrodes. Several
aspects enhance the performance of capacitive sensors,
including the materials and geometric structure, which
contribute to the stretchability, linearity, and response time
of the whole device. Compressive modulus and dielectric
permittivity are essential factors to improve capacitive
sensing.202 The dielectric permittivity determines the capaci-
tance before and during sensing. The modulus might influence
the deformable strains and recovery time of the dielectric
materials under the same pressure.
By introducing a second substance, such as air voids, the

dielectric layer becomes a composite, which simultaneously
controls the modulus and practical dielectric permittivity of the
dielectric layer to enhance the performance. Microengineering
approaches can create micropatterns, micropores, and their
combined structures in the dielectric layer.198,203,204 By
adjusting the parameters, such as size and distribution, the
capacitive sensors achieve higher performance under pressure.
For example, a porous structure for capacitive pressure sensors
introduces 1−1000 μm air bubbles in the dielectric layer to
change the Young’s modulus and permittivity. The silicon
mold and PS beads could pattern the microstructure to achieve
a higher sensitivity.198 Figure 7a shows an experimental process
to fabricate porous pyramid structures utilizing a combination
of a pyramid and PS bead mold. At first, the PS beads gathered
on the pyramid mold by utilizing blade coating. Then the
mixed mold was transferred onto the PDMS precursor to fill
the interspace of the mold. After curing, peeling, and dissolving
the PS beads, the researcher could obtain the porous pyramid
structure. Figure 7b,c shows the photo of the porous pyramid.
The micropatterns also enhanced the detection limit,
decreased the viscoelastic deformation, and accelerated the
recovery. On the other hand, micropatterned electrodes can be
an effective choice.205−208 Like the dielectric design, the
micropatterned electrodes obtain more enormous strains than
the flat ones to increase the sensitivity of the sensor.
Some SEM images of micropatterns and micropores are

shown in Figure 7d−g. Compared to the micropatterns, the
micropores generate more significant changes in Young’s
modulus and effective permittivity. The porous capacitive
pressure sensor is compressive under the same pressure.209,210

But the effective Young’s modulus is in constant growth with
increasing strain. Kim et al. gave a detailed study on the
process of compressing voids.113 The results showed that the
thin walls of the micropores folded under pressure, which
increased the difficulty for further compression. With the same

porosity, the walls of larger pores with a lower modulus were
easier to collapse, but leading to a slow recovery time probably.
Also, the effective permittivity usually experienced a nonuni-
form increase with the compressed air voids.

3.2.3. Strain Sensing and Structural Designs. The strain
sensor is an essential part of flexible and stretchable E-skins,
including resistive and capacitive ones depending on the
sensing mechanism. The strain sensors are used for monitoring
tension, compression, and vibration, which describes the
changes in mechanical conditions. For example, a typical
resistive strain sensor transforms the mechanical deformation
into the measured resistance change. The GF is defined as
follows:

ε
= ΔR

R
GF

0 (3)

The R0 is initial electrical resistance, ΔR is the relative change
in R, and ε is the mechanical strain. Considering the
applications for E-skins, strain sensors detect subtle physio-
logical signals from elongation, compression, vibrations, and
pressure variations. Also, strain sensors are appropriate to
detect large deformation from biomechanical motions. The
response and recovery time need to fit to monitor the
mechanical changes.
The conductive pathways of resistive strain sensors are

tuned by the tensile strains, which leads to the increasing
resistance through the active part. Resistive strain sensors
respond to the strains through connection breaking, crack
propagation, and tunneling effect among the nanomaterials.
The weak interactions among the nanomaterials and substrates
will cause a mismatch in the mechanical properties.211,212 The
local stress induces the disconnections among the previously
conductive points and the increase in the electrical resistance
of the whole sensor. By monitoring the real-time resistive
changes, the sensor can detect the corresponding strains
quantitatively.213 Multilayer strain sensors can also achieve the
reversible slippery effect between connection and separa-
tion.214,215 The microcracks appear in nanoparticles, nano-
wires, and thin flakes resulting from the concentrated stress
along with stretched substrates.216−219 The sensor generated
cracks perpendicular to and shrinkages parallel to the
stretching due to Poisson’s ratio. These deformations will
influence the cross-sectional area of the conductive pathways.
Wang et al. synthesized graphene flakes/PVA fibers using the
CVD method, which worked as a strain sensor with high
sensitivity and stability.220 The resistive changes were tuned by
microcracks of graphene under strain. And there are possible
tunneling conductive pathways that contribute to the whole
electrical resistance in the strain sensor.212

Capacitive strain sensors occupy an essential position in E-
skins.110,221,222 The capacitive strain sensors sustain changes in
the overlapping area and the thickness of the dielectric layer,
which can be explained by the following equation:189

ε ε=C
l w
d0 0 r
0 0

0 (4)

The C0 is the initial capacitance, ε0 is the vacuum
permittivity, εr is the relative permittivity, l0 is the initial
length, w0 is the initial width, and d0 is the distance between
the two electrodes equally the thickness of the dielectric layer.
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And the stretchable strain sensor with the Poisson’s ratio can
be further given by the equation. The elongation will induce
the corresponding changes in the width and distance at the
same time. In this equation, the Poisson’s ratio is perhaps not a
constant value under a large-scale range of strains. Although
capacitive strain sensors possess high stretchability, they
exhibit low GF and sensitivity with a relatively slow change
in the dielectric layer under horizontal tension.
3.2.4. Self-Powered Sensing and Structural Designs. The

resistive and capacitive E-skins have achieved sensitive and
sustainable detection for applied strain by employing micro-
engineering and integration techniques. However, stably
powering resistive and capacitive sensors is a challenge in
fabricating flexible and stretchable E-skins. So the self-powered
E-skins have attracted researchers’ attention. They integrate
energy storage or transducing functions, which can work
without another external supply. Recently, self-powered
sensors have been investigated based on photovoltaic,
thermoelectric, and mechanical energy harvesting meth-
ods.223−228 Compared to the photovoltaic and thermoelectric
methods that the sensing components have to be activated by
light and heat, the mechanical method provides the way for
harvesting and transferring the mechanical energy from the
nearby conditions to obtain electrical sensing signals. Tribo-
electric nanogenerators (TENGs) have been one of the most
promising self-powered devices to achieve E-skins.229

TENGs have been developed since 2012 and possess four
working modes according to structural designs: vertical

contact-separation, lateral sliding, single-electrode, and free-
standing modes.230,231 Each has its unique characteristics and
should be appropriately chosen for specific applications or
conditions. The basic principles of TENGs are based on the
contact electrification for generating surface charges and
Maxwell’s displacement current for transferring mechanical
energy into electrical signals. The surface charges will induce a
potential difference between the two contact materials and
their back electrodes. Then, mechanical motions can drive
output current due to the surface polarization.232 According to
the mechanism of TENGs, they are appropriate for self-
powered mechanical and biomechanical sensors. For example,
the contact-separation mode TENG consists of two kinds of
materials with back electrodes. When pressure is applied, the
two materials contact each other to generate opposite surface
charges due to the contact electrification. After releasing, the
charged materials separate with a potential generated between
the back electrodes, which further induces a current to balance
the electrostatic charges. When the pressure is applied to the
TENG again, there will be a current flowing in the opposite
direction. In the whole process, a press will generate two
alternative current pulses. And the signals can measure the
intensity of the mechanical press.233

Some applications have been proposed for the TENGs to
achieve HMI and E-Skins. Pu et al. fabricated a stretchable
hydrogel-based TENG with the max elongation of 1160% and
96.2% transmittance.234 The PAAm-LiCl hydrogel was
encapsulated by PDMS and worked as a single-electrode
TENG to detect pressure. Because of the softness and
stretchability, the hydrogel-based TENG could be attached
to complex surfaces and realized as an E-skin device. Wu et al.
have developed a keystroke dynamics-based two-factor security

Figure 8. Self-powered sensors. (a, b) A self-powered keystroke system for rapidly recognizing the users’ characteristics. Reproduced with
permission from ref 235. Copyright 2018, Elsevier. (c) Schematic structure of the triboelectric sensor array. (d) SEM image of the etched PDMS
surface. (e) Photograph of the sensors array. (f, g) Schematic illustration of pressure mapping and the results of the sensor array. Reproduced with
permission from ref 236. Copyright 2016, Wiley.
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system.235 The sensing part was composed of silicone rubber
and PET-ITO based on the contact-separation mode. The
desired voltage signals could be measured by typing for press
and release, as shown in Figure 8a,b. During typing, the specific
users’ keystroke characteristics could be acquired by the signal
intensity, holding time, and typing latency. With the help of the
shielding electrode in the structure, the keyboard could achieve
98% accuracy for user authentication and identification based
on machine learning. Wang et al. proposed a flexible
triboelectric sensing array based on large-scale single-electrode
TENGs.236 The silver electrodes were on a piece of PET
substrates. Another PDMS layer covered the surface as a
triboelectric layer, as shown in Figure 8c−g. Each pixel size was
down to 500 × 500 μm.2 The fabricated device could achieve
the functions of single touch, multipoint touch, and sliding
press.
The TENG-based devices are different from those with

other portable power supplies. Photovoltaic, thermoelectric,
and energy storage devices harvest vital energy from the
environment to drive sensors. These portable power supplies
more usually power chemical sensors for health monitoring
and tactile sensors for E-skins. However, the TENGs can
directly respond to external mechanical stimulations, such as
pressure and strain. The TENG’s pulse currents can be utilized
as direct sensing signals without extra components. Some
researchers even explore the method of utilizing TENG to
power other small electronics. From this point, TENG-based
sensors are different from resistive and capacitive sensors.
However, they share similar structural designs to improve the
performance, such as microengineering and stretchable
conductors.
3.3. Key Parameters and Improvement Strategy:

Sensitivity, Threshold, Linearity, Resolution. Sensitivity.
Sensitivity is defined as the slope of the electrical sensing
response upon the applied pressure or strains, which manifests
the measuring capacity of the sensor. The realization of higher
sensitivity can effectively enhance the response to stimuli to
obtain higher accuracy. Various attempts have been increasing
the sensitivity of the E-skin devices, most of which are
improvements of materials, structural designs for mechanical
properties, and novel mechanisms at the micro-/nanoscale. For
example, the shapes of active materials can tune the sensing
performance of resistive sensors. The tension will influence the
sharp and continuous changes in resistance for the 1D
nanowires. Also, the structural designs of the active layer
contribute to the sensitivity to external pressure. The
micropatterns on the surface and the micropores inside the
layers will enlarge the strains under the same pressure.
Detecting limit and ef fective range. The detection limit

describes the lowest value for distinguishing the step change
of electrical signals under external stimuli. It is usually the
minimum stimuli that a sensor can respond to, which is
essential for practical applications and subtle requirements.
The effective detecting range reflects the mechanical limits of
sensors. Excessive pressure exceeding the limit can lead to
stress failure in the structure. And the compression
simultaneously strengthens the Young’s modulus of the device
to decrease the sensitivity to strain. It is in the effective
detecting range that sensors can effectively give out electrical
responses to external stimuli without exceeding the physical
limits. For the majority of flexible sensors, both mechanical
properties and sensing mechanisms determine the actual use

range. Many efforts have been devoted to the exploration of
appropriate sensors to satisfy the specified range.
Linearity. Linearity is an essential parameter to achieve better

detecting performance and integration for the tactile sensors.
The high linearity of electrical responses to stimuli will
effectively reduce the complexity of information, further
decreasing the cost of signal processing circuits and calibration.
Simultaneously, the linearity of responses is contributed to
machine learning to develop smart sensors with the help of
artificial intelligence. The linear response is mainly due to the
rational design, which usually appears in simple-structured
pressure or strain sensors.110

Resolution. The distribution of sensing units on a device will
determine the spatial resolution when recognizing the pressure
or strain mapping. For a tactile sensor, distinguishing the
distance of the sliding trajectory and the multipoint contact
pressure are both essential capacities. By developing designs
and techniques for high resolution, E-skins can achieve
naturally skin-like properties and broaden future applications.

4. DESIGN AND INTEGRATION STRATEGIES:
FLEXIBLE AND SCALABLE INTEGRATED SENSING
SYSTEM

The design and integration of sensors for E-skins are
exceedingly significant for establishing real-time sensing
systems. This section mainly reviews the latest progress in
fabricating E-skins of various types, including sensor arrays,
multifunctional sensor platforms, HMIs, self-powered devices,
integrating data processing, storage, and transmission modules.

4.1. Sensor Array: Pressure Mapping or Track
Recognition. A sensor array has been developed based on
the matrix of sensing units, including pressure and strain
sensors, to achieve pressure mapping or track recognition. A
sensing unit as a sensing pixel occupies a small area of the
device. So the accurate detection of human motion and tactile
sensing is based on the high spatial resolution of sensing units.
The spatial resolution requires appropriate designs to decrease
the heavy burdens of data acquisition and the complexity of
conductive circuits for various applications. For instance, the
sensor array to mimic a fingertip touch may need to satisfy a
spatial resolution of 1 mm. However, for the joints and palms,
the requirement is much lower.
According to the reading methods, the sensing units

fabricating the sensor array are typically two classes of
active237−240 and passive110,241−243 sensors. In the active
sensor array, each sensing unit matches an individual switch
to address itself. This approach remains discrete circuits for
sensing units, effectively reduces the noise and power
consumption, and most significantly improves the response
time. However, the large transmitting and processing
components for sensors increase the complexity and
convenience of the sensor array. While the passive sensor
array decreases the structure of addressing by identifying the
row and column position of the sensing unit, the passive
method simplifies the device structure. However, it faces
challenges in crosstalk, response time, and multipoint
operation. Besides electrical monitoring, the combination of
visualization is also a solution to cut down the number of
conductive lines.238 Wang et al. proposed a dual-function
sensor array with high sensitivity and resolution for electrical
and optical pressure mapping simultaneously.36 The fabricated
full dynamic-range pressure sensor matrix (PSM) consisted of
two separate parts of the single-electrode TENG matrix and
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Figure 9. Sensor array. (a, b) Schematic illustration of optical and electrical dual-mode sensing. (c, d) The sensing results of the electrical signals
and optical signals. Reproduced with permission from ref 36. Copyright 2017, Wiley. (e) Schematic of the strain-induced pressure sensor array. (f)
The strain-induced enhancement in intensity. (g) Photos were captured under different strains. Reproduced with permission from ref 244.
Copyright 2019, Elsevier.

Figure 10. Multifunctional sensor platform. (a) Schematic of the 3D framework of the stretchable system. (b) The corresponding photos. (c)
Sensing signals of the bending strain, skin temperature change, and EMGs. Reproduced with permission from ref 39. Copyright 2018, Springer
Nature. (d, e) The schematic of the SCMN. (f) The SEM photo of the SCMN. (g−k) Multifunctional sensing performances of ultraviolet light,
magnetic field, temperature, in-plane strain, and relative humidity. Reproduced with permission from ref 256. Copyright 2018, Springer Nature.
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mechanoluminescent sensor matrix in vertical integration. And
the matrix covered sensing regimes of 0.6−200 kPa with
electrical sensing and 0.65−30 MPa with visible sensing,
shown in Figure 9a. The TENG matrix consisted of the
micropatterned PDMS and the rows and columns of the
electrode array. And the mechanoluminescent matrix was an
array of ZnS: Mn/photoresist composite squares. The cross-
bar electrodes were on the substrate in the experiment, with
the mechanoluminescent matrix on the top. Then PMMA was
spin-coated as a protection layer, followed by the micro-
patterned PDMS onto the whole device. The single TENG
sensor and single mechanoluminescent sensor realized a
sensitivity of 6 MPa−1 and 0.037 MPa−1 and the response
time of 50 and 9.23 ms, respectively. The authors fabricated
the PSM with 100 × 100 sensing pixels and 100 dpi resolution
to demonstrate the real-time pressure and track recognition
through simultaneously electrical and visible signals. Figure 9b
shows the schematic illustration of the working PSM and its
measurement setup of a stepping 3D motor and a force
detector. The system controlled the object to slide on the
surface of the device. And the sliding track was the same as the
shape of “N” from the A to D positions. The corresponding
results of electrical and optical signals are in Figure 9c,d.
During the process, the self-developed software could display
the spatial pressure distribution through the voltage and light
intensity of each pixel sensor.
Peng et al. developed another strain-induced pressure sensor

array.244 The device was based on the heterostructure of the p-
GaN/n-ZnO LED to realize the large-scale and spatial pressure
mapping. The flexible GaN film was grown on the sapphire

substrate and then lifted off by a high-power laser beam. Then
the GaN film was transferred on the PET substrate, with the p-
doped surface facing outward. The ZnO nanowires epitaxially
grew with the help of photolithography and hydrothermal
methods. The fabricated p-GaN/n-ZnO LED array followed
the mechanism of piezo-phototronics.245−250 The applied
pressure on the LED could induce piezoelectric polarization
charges on the p−n junction to enhance the corresponding
electroluminescence intensity. The sensor array achieved the
pressure mapping with a high resolution of 2.6 μm and a
response time of 180 ms by associating the pressure and light
intensity. As Figure 9e displays, a microscale and convex stamp
pressed on the LED array to induce piezoelectric potential
along the length of the ZnO nanowires. The applied pressure
tuned the enhancement of emission intensities and displayed a
linear relationship with the enhancement factor E, which
reached 530% under over 3 GPa for the nanowires in Figure 9f.
The photos in Figure 9g illustrate the prolonged visualization
of pressure based on the progressive changes in intensities. In
this way, the sensor array could reveal the distribution of
pressure on the device.

4.2. Multifunctional Sensor Platform: Integrating
Functions. Minimizing the size of sensing units to maximize
the integration density on a single device requires an
experienced design. Multifunctional sensors or multimodal
sensing for different parameters, such as strain, pressure,
temperature, and humidity are based on various mechanisms
and physical configurations to monitor the external signals.
Although it is possible to integrate the functional components
on a single layer or integrate all functions into one unit, the

Figure 11. HMIs. (a) The structure of the epidermal electrical interface. (b, c) Photo of the device on the arm and SEM image of the adhesive
layer. (d, e) Photos of the large-area epidermal electrodes and multichannel EMG for prosthetic control. Reproduced with permission from ref 37.
Copyright 2019, Springer Nature. (f) Schematic structure of the TETS array to recognize the sliding motion. The inset is the photo of the device.
Reproduced with permission from ref 242. Copyright 2018, Wiley. (g) The schematic illustration of NeuTap. (h) Typical responses of the NeuTap
to three types of pattern pairs. Reproduced with permission from ref 258. Copyright 2018, Wiley.
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device is more likely to face a bottleneck on the design and
other fabricating constraints.251,252 So functional components
have been integrated into the stacked structure to enhance the
density and mimic the sensing capability of human skin.253−255

Huang et al. fabricated a 3D framework for integrating a
stretchable system with interlayer electrical connections.39 The
stretchable device was established in a four-layer structure with
an island-bridge design for each layer to release the mechanical
stress under strain, shown in Figure 10a. And the electrical
connections among the layers were through the vias formed by
controlled laser ablation and soldering with conductive
materials. As for every single layer, the bilayers of Cu/PI
thin films connected the distributed functional components of
resistors, capacitors, inductors, amplifiers, and radiofrequency
components. Then an ultralow modulus silicone encapsulates
the layers for mechanical robustness and stretchability. The
fabricated device achieved an elongation of 50%, 35%, and 20%
in the vertical, horizontal, and equal-biaxial directions,
respectively. The device could work to sense the bending
strain, skin temperature, and EMGs, as shown in Figure 10c.
Hua et al. developed a sensor matrix with multifunctional

sensing functions.256 The fabricated highly stretchable and
conformable matrix network (SCMN) provided simultaneous
recognitions for several types of environmental information,
shown in Figure 10e. The device possessed a multilayer
structure, of which each layer was an island-bridge design. The
whole device consisted of 100 sensory nodes connected by
serpentine wires, with functional sensing units discretely
distributed in the layers. Figure 10f shows the SEM image of
the sensory nodes. The connections were critical to realize the
expansion of the SCMN. The results showed that the wire
could sustain a strain of 800% with a lower than 2.6% decrease
in the resistance. So the fabricated device possessed large-area
expandability and was suitable for complex 3D integration and
positioning the nodes at specific sites. More than the sensing of
pressure and proximity, the SCMN had the functions of
sensing ultraviolet light, magnetic field, temperature, in-plane
strain, and relative humidity, as shown in Figure 10g−k. And
the authors displayed the pressure and temperature mapping
on an intelligent prosthetic hand when grasping.
4.3. HMIs: Transferring Signals and Machine Learn-

ing. HMIs promote two-way communication between humans
and computers or machines through induction and feed-
back.257 With the help of HMIs, the information on the human
skin or other bodies can be obtained and further transferred
into feedback as electrical, visual, audio stimulations, and so
on. Several researchers have focused on improving adaption to
complex surfaces and movements, including prosthetic limb
control, machine learning, and virtual object control.
Tian et al. fabricated an epidermal electrical interface that

could record electrophysiological signals.37 The device was a
two-layer design with a large area and multifunctions, as shown
in Figure 11a. The functional mesh electrodes with Greek
shapes were on the PI film, interconnected by filamentary
serpentine wires. Another PI encapsulation was on the wires to
guarantee insulation. Adhesive silicone provided robust
adhesion for the whole device on the human skin. The silicone
layer featured adjustable micropores by dissolving the PMMA
microspheres to enhance the air permeability and bonding of
the device. Then, an Ecoflex silicone film and a removable PET
sheet were for transferring the epidermal interface. The Ecoflex
and PET could be easily peeled off and leave the bonded
interface on the skin, as shown in Figure 11b. The SEM image

of the adhesive layer is displayed in Figure 11c. The authors
utilized the epidermal interfaces to cover the forehead, scalp,
and entire circumference of the arm. The area was primarily
improved. Moreover, they achieved advanced applications in
multimodal prosthetic control with simultaneous magnetic
resonance imaging (MRI) and EMG/EEG. A male with a right
transhumeral amputation and targeted muscle-reinnervation
surgery utilized the epidermal EMG array to control the
robotic prosthesis. The experiment showed a behavior
recognition accuracy of 89% after data collection and machine
training.
A self-powered triboelectric tactile sensor (TETS) was

achieved by Wang et al. using silver nanofibers (AgNFs) as
electrodes and elastomers as substrates.242 They first
synthesized PVA nanofibers through electrospinning, and
then covered the PVA fibers with a thin layer of silver to
obtain the AgNFs. The fabricated AgNFs were transferred
onto a layer of PDMS. They were treated with photo-
lithography and etching to form conductive patterns, further
encapsulated by another layer of PDMS. In the spinning
process, the orientation and density of the nanofibers were
carefully controlled, which had a significant impact on
conductivity, transmittance, and stretchability. The TETS
achieved a sheet resistance of 1.68−11.1 Ω−1 with over 70%
transmittance. Moreover, the authors demonstrated the
synthesis of unidirectional, bidirectional, tridirectional, and
random nanofibers. The directions possessed different
conductivities according to the angles of stretching. For
example, the results showed that the resistance only increased
by 10% for random AgNFs under 100% strain. PDMS
encapsulation on the device could work as a triboelectric
layer for the single-electrode TENG. The TENG response
time was about 70 ms, which could constitute a sensor matrix
in Figure 11f on a human arm to input signals to communicate
with the computer software to play Pac-Man.
Wan et al. developed a neuromorphic tactile processing

system (NeuTap) combined with a pressure sensor and ionic-
gated synaptic transistor.258 The NeuTap could work as
mechanoreceptors, axons, and synapses to mimic sensory
neurons of humans for perceptual learning. The resistive
pressure sensor utilized the CNTs-coated micropatterned
PDMS as the active layer. And the interdigital electrodes
were on the PET film to provide the two terminals of the
sensor. One of the terminals connected to gate the indium-
tungsten-oxide (IWO) channel through PVA ionic cables. And
the applied pressure could induce the changes in resistance in
series with the ionic gate, which further influenced the gate
voltage. The corresponding illustration is in Figure 11g. The
authors demonstrated the NeuTap neuron to implement
tactile recognition for convex and flat patterns. In Figure 11h, a
finger touched the patterns to obtain the corresponding binary
code with the NeuTap. The pressure induced by the convex
“1” and flat “0” changed the synaptic weight, which could be
for machine learning and intelligent recognition.

4.4. Self-Powered Devices: TENG and Wearable
Power Source. Various kinds of sensors and modules need
power supplies to constitute the systems. But extra power
packages increase the burden on the weight and structure of
the device. From this point, powering flexible and stretchable
sensors is required to satisfy stability, steadiness, comfort, and
convenience. The method of integrating a self-powered power
supply, such as TENG and a wearable power source, has been
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developed to overcome the challenges of realizing independent
or portable power for real-time sensing.
Lu et al. reported a self-powered sensing system by

integrating sensor arrays of a glucose sensor, [Na+] and [K+]
selective sensors with micro-supercapacitors (MSCs) on a PET
film.38 The system was based on concentric circular structured
electrode arrays, which were fabricated with photolithography
on the PET film and provided for conductive pathways
between the sensors and MSCs. An Al2O3 layer covered the
electrodes and guaranteed insulation except for the area of the
sensors and MSCs. Then the precursors of sensors and MSCs
were onto specific positions for discrete functional areas.
Schematic illustration and photo of the fabricated device on
the arm are displayed in Figure 12a. The MSCs possessed an
areal capacitance of 18.5 mF cm−2 to continuously power the
sensors for real-time monitoring with the help of a voltage
regulator. The sensors could monitor the varied concentration,
among which the glucose sensor achieved a sensitivity of 0.5
A/M. A prototype system for personalized health monitoring
demonstrated the application of the integrated device, as
shown in Figure 12b,c. The device could analyze the in situ
concentration of glucose [Na+] and [K+], which was possible
to achieve a self-powered sweat monitoring system by
analyzing metabolic perspiration.
Zhou et al. fabricated highly stretchable flexible and

multilayered nanofiber mats as E-skin.259 In the structure,
TPU nanofibers were fabricated by electrospinning to obtain
stretchable, breathable, and light nanofiber mats. During the
spinning process, the rGO and AgNW solutions were sprayed
on the TPU mats as conductors. The device worked based on
the single-electrode TENG and demonstrated its self-powered
performance in Figure 12e. The whole structure displayed an
alternant layered structure with repetitively fabricating TPU
mats and conductive layers to establish stable conductive paths
separately, as shown in Figure 12f. The device was based on
the single-electrode TENG and worked as a self-powered
sensor with up to 200 V output voltage and a sensitivity of 78.4
kPa−1 when applied pressure was lower than 2 kPa. The sensor
array was attached to the arm in the experiment, as shown in
Figure 12g. It realized the pressure mapping on the plane and
enabled the potential applications of HMIs, as shown in Figure
12h.

4.5. Integrating Data Processing, Storage, and
Transmission Modules: Wireless Transmission and
Real-Time Sensing. In-plane interconnections and vertical
integration are two strategies to integrate functional electronic
components and construct flexible and stretchable sensing
systems. According to the deformation that the circuits bear,
conventional conductive tapes, wires, and flexible conductive
methods described in the previous sections are typical
approaches to provide the conductive connections among
the different components, according to the deformation that
the circuits bear. When establishing the vertical multilayer
structure, deformable vias are needed to connect among the
layers.260−262 Although fully flexible sensing systems face
challenges due to the physical limitations of rigid electrical
components, the rapid development in flexible electronics will
attract significant attention and research efforts for potential
applications.
Li et al. demonstrated an ultrathin crack-based sensor for

detecting strain deformation, with signal acquisition circuits
and real-time display.263 The integrated sensor and process
system provided a method for precise tactile control. The
PDMS film was transferred to the PET substrate by dissolving
the sacrificial layer. Then the silver nanolayer was deposited by
magnetron sputtering on the PDMS. The PET was bent to
introduce the cracked structure in the silver electrodes. The
strain sensor realized a high GF of 44013 at a strain of 0.88%
and a low detection limit for 0.01% elongation. The authors
further fabricated a visually aided tactile enhancement system
with devices on the gloves, as shown in Figure 13a−c. The
visually aided tactile enhancement system comprises an
ultrathin strain sensor array, a multichannel signal acquisition
device, a wireless serial port, and a real-time display program.
The system has potential applications for assistance in precise
tactile control. The system also enabled real-time and
ultrasensitive sensing for slight deformation from a slight
water drop, a feature, and invisible wires. The corresponding
results of sensing the slight feather from different fingers and
invisible wires are shown in Figure 13d,e.
Tao et al. fabricated a vertical through-hole dielectric layer

for building a capacitive pressure sensor array.264 The
experiment optimized the sizes and structural configurations
of the holes. The results showed that the fabricated sensor

Figure 12. Self-powered devices. (a, b) Photo and schematic image of the self-powered sweat system for the glucose, [Na+], and [K+]. (c, d) Photo
of wireless PCB and corresponding outputs. Reproduced with permission from ref 38. Copyright 2019, Elsevier. (e) The real-time monitoring
curves of the device. (f) Self-powered e-skin in tactile sensing and energy harvesting. (g) The schematic image and photo of the sensor. (h) The
tactile sensing results from the sensor array. Reproduced with permission from ref 259. Copyright 2020, Elsevier.
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achieved excellent linearity and stability in the range of 0−200
kPa. And the sensor achieved the highest sensitivity of 12 ×
10−3 kPa−1 with hexagonal-distributed holes of 600 μm.
Furthermore, the capacitive pressure sensor array constructed a
smart insole system to monitor plantar pressure mapping, as
shown in Figure 13f. The system consisted of 24 capacitive
sensors distributed on the insole, a data acquisition, a wireless
transmitter, a wireless receiver, and a PC with a real-time
processing program. In the experiments, the authors displayed
the system that recognized the static and dynamic pressure
distributions in standing, yoga asana, walking straight, turning

around, falling, and going upstairs. The system could
distinguish the pressure from each sensor to build the pressure
mapping. The data could be obtained through each of the
channels to achieve real-time monitoring in Figure 13h.

5. CONCLUSIONS

Flexible and stretchable E-skins and their representative
applications are highlighted in this review. The rapid and
sensitive monitoring of external activities has provided new
sensors in wearable devices, health monitors, prosthetics,
robotics, and HMIs. Through interdisciplinary collaborations,

Figure 13. Integrating data processing, storage, and transmission modules. (a) Schematic illustration of the multichannel signal acquisition circuit
and wireless system. (b, c) Photograph of the glove with sensors and detecting the soft feather. (d) The response sensors on each finger and
corresponding results. (e) Detecting the touch of invisible wire, and visually getting tactile information. Reproduced with permission from ref 263.
Copyright 2020, AIP Publishing. (f) Principal schematic of the smart insole system with 24 channels, DAQ circuit, and wireless modules. (g)
Photograph of the system and the real-time monitoring curve. (h) The display of the results from 24 channels. Reproduced with permission from
ref 264. Copyright 2020, Springer Nature.
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flexible and stretchable E-skins can translate from research to
products and benefit people. Recent advances in flexible and
stretchable E-skins are on various materials. Nanomaterial-
enabled sensors have been demonstrated with high sensitivity
and mechanical stability. Material synthesis techniques, which
are controllable and stable, are significant for developing new
E-skins with self-healing, biodegradability, and gas-permeability
to enhance comfort and convenience. Also, low-cost and rapid
methods are essential for scalable manufacturing. Selective
detection of functional nanomaterials is appropriate for the
chemical, humidity, temperature, UV light, and other
conditions. However, long-term cytotoxicity should be avoided
for biocompatibility. Substrates are still in need of further
development to support functional materials. Flexible and
stretchable polymers are common and plastic substrates with
stable mechanical properties for achieving deformable
conformability. The combination of nanomaterials and
substrates can determine the basic structural designs of the
device. Moreover, transparency, heat tolerance, and chemical
tolerance are also significant properties in satisfying fabrication
process requirements and applications.
Besides the progress in nanomaterials, the achievements of

the mechanism and structural designs play significant roles in
realizing the sensing functions. Microengineering is the
primary approach to introduce the microstructures in the
active and dielectric layers. Many efforts are devoted to
developing the structures of micropatterns, micropores,
multilayers. The microstructure could tune the mechanical
and electrical properties, which improves the performance of
the tactile sensors. The layers can be uniform or composites
with nanomaterials. Each layer provides specific properties in
establishing resistive, capacitive, and self-powered sensors.
They impact the sensitivity, effective working range, detection
limit, response time, relaxation time, and so on. Designs remain
to be further explored for improving the properties of the
active or dielectric layers, especially considering large-scale and
commercial uses.
Compared to resistive and capacitive sensors, self-powered

devices have advantages in energy consumption. Mechanical,
sunlight, thermal, and chemical energy from the external
environments can provide portable power supporting the
sensors based on integrated energy harvesters. However,
wearable energy harvesters are limited by the specialized
conditions and activities, including the positions of the
harvester and the level of mechanical activities of the body
or environment, which are impracticable to provide continuous
and stable power. So the developments on self-powered
sensors are emerging to satisfy the requirements of power
supply. In the other aspect, the flexible and mobile storage
devices of batteries and supercapacitors are potential
alternatives for the flexible sensors.
Despite remarkable progress in sensors, flexible and

stretchable electrical components are still at their initial stages,
such as signal processing, data storage, and transmitting
devices. For the majority of applications, sensing information
relies on the processing of external modules. Because of the
incompatibility of inorganic electronics with stretchable
sensors, the integration density of the whole devices is still
low. The integration density can be improved by in-plane
integration of heterogeneous components, including wavy,
island-bridge, and other methods to achieve the stretchable
systems, and by a 3D stacked structure through VIAs.
However, innovative designs in scalable and low-cost

fabrication and the thermal and electrical invalidation that
arise from long-term operation have attracted attention.
Incorporating wireless communication modules allows for
remote transmission. With flexible electronics and enhanced
power technologies, the E-skins will support the IoT soon.
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