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Review

Recent Progress in Essential Functions of Soft Electronic Skin

Jianwen Chen, Yutian Zhu,* Xiaohua Chang, Duo Pan, Gang Song, Zhanhu Guo,* 
and Nithesh Naik

Inspired by the human skin, electronic skins (e-skins) composed of various 
flexible sensors, such as strain sensor, pressure sensor, shear force sensor, 
temperature sensor, and humility sensor, and delicate circuits, are emerged 
to mimic the sensing functions of human skins. In this review, the strategies 
to realize the versatile functionalities of natural skin-like e-skins, including 
strain-, pressure-, shear force-, temperature- and humility-sensing abilities, 
as well as self-healing ability and other functions are summarized. Some 
representative examples of high-performance e-skins and their applications 
are outlined and discussed. Finally, the outlook of the future of e-skins is 
presented.
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specialized sensing receptors embedded 
inside the skin generate the electrical sig-
nals, which can be intelligible to central 
nervous systems to read out information 
from sensing receptors.[1–4] Thus, “touch” 
becomes one of the five senses of human.

Inspired by the human skin, electronic 
devices that mimic the properties of skin, 
are called electronic skins (e-skins), which 
have recently been emerged accompanied 
with the innovations in materials and pro-
cessing technologies. The e-skins have 
various important potentials in robotics, 
artificial intelligence, human–machine 
interfaces, and health monitoring.[5–19] To 

truly mimic human skin, the e-skin needs to possess the fol-
lowing properties. First of all, e-skins provide versatile sensing 
capabilities, such as strain, pressure, shear force, temperature, 
and humidity sensing capabilities. To achieve these sensing 
functionalities, versatile skin-like sensors, including strain 
sensor,[20–24] pressure sensor,[25–28] shear force sensor,[29–31] tem-
perature sensor,[32–34] and humidity sensor,[35–37] were devel-
oped. To date, however, most of these e-skin sensors can only 
realize parts of sensing functions. To truly emulate the human 
skin, it needs delicately design to integrate various sensors 
into the e-skin system. Second, e-skins should be soft and 
stretchable because the human skin needs to well accommo-
date body movement while still maintains its various sensing 
functionalities.[38] Therefore, it needs to develop some stretch-
able structures to maintain the sensing capabilities of the active 
components. Moreover, the stretchable conductor, that is, the 
conductor that its electrical conductivity remains unchanged 
during stretching, is another essential component to serve 
as the stretchable circuit in e-skin systems. Third, except the 
above sensing functionalities, human skin is also self-healing. 
Therefore, self-healing ability becomes an absolutely necessary 
function of e-skins, which can significantly extend service life 
of e-skins.

Up to now, most of review papers related to e-skins mainly 
focused on a single type sensor, such as stretchable strain 
sensor, pressure sensor, temperature sensor, or humidity 
sensor.[25,39–43] In addition, some other review papers paid 
attention to the integration and circuit design of e-skin sys-
tems.[4,14] Only recently, Yang et  al.[44] systematically summa-
rized the progress of various components or units of e-skins, 
such as the stretchable materials and devices, self-healing mate-
rials, various tactile sensors, as well as their integration into 
e-skins. In this review, we summarized the advances of e-skins 
from different aspects, which help readers to understand this 
emerging filed quickly. We reviewed the essential functionali-
ties of e-skins, including versatile sensing capabilities such as 
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1. Introduction

Human skin is not only the physical barrier to protect our 
bodies against damages from external objects and harmful 
biological entities but also the most complex sensor for us to 
perceive our surroundings, such as object shape, texture, hard-
ness, temperature, and humidity. We always habitually use 
our finger skins to feel the object surface when we want to 
directly perceive it. Based on these physical contacts, various 

J. Chen, Y. Zhu, X. Chang
College of Material
Chemistry and Chemical Engineering
Hangzhou Normal University
No. 2318 Yuhangtang Rd., Cangqian, Yuhang District  
Hangzhou 311121, China
E-mail: ytzhu@hznu.edu.cn
D. Pan, G. Song
Key Laboratory of Materials Processing and Mold (Zhengzhou 
University)
Ministry of Education
National Engineering Research Center for Advanced  
Polymer Processing Technology
Zhengzhou University
Zhengzhou 450001, China
Z. Guo
Integrated Composites Laboratory (ICL)
Department of Chemical and Biomolecular Engineering
University of Tennessee
Knoxville, TN 37996, USA
E-mail: zguo10@utk.edu
N. Naik
Department of Mechanical and Manufacturing Engineering
Manipal Institute of Technology
Manipal Academy of Higher Education
Manipal, Karnataka 576104, India

Adv. Funct. Mater. 2021, 2104686

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202104686&domain=pdf&date_stamp=2021-07-20


www.afm-journal.dewww.advancedsciencenews.com

2104686 (2 of 34) © 2021 Wiley-VCH GmbH

strain, pressure, shear force, temperature and humidity senses, 
as well as other functions, including the self-healing ability, 
stretchability, and transparency of e-skins. In each section, the 
materials used, implementation mechanisms, and strategies 
to realize each individual function are systematically summa-
rized. Subsequently, some major advances and applications in 
the e-skins with delicately integrated designs are summarized. 
Finally, the open questions and future challenges in this field 
are discussed. This review article can stimulate some ideas and 
inspire continued efforts in this sunrise area.

2. Various Sensing Functions of E-Skins

The tactile sensing capabilities of human skin can perceive the 
pressure, strain, shear forces, and their vibrations. Pressure 
sensing allows us to perceive the hardness of the object, while 
strain sensing gives us information for proprioception. The com-
monly used method to sense these tactile stimuli is to convert 
them into electrical signals, including resistance or capacitance, 
which can be collected and processed by computer. Based on dif-
ferent mechanisms, the existing tactile sensors can be divided 
into resistive-type sensors[16,45,46] and capacitive-type sensors.[47,48] 
Resistive-type sensors normally transduce the above stimuli into 
a change in resistance, while the working principle of capaci-
tance -based sensors is due to the change in capacitance induced 
by the stimuli. Based on the difference in the target stimuli, the 
tactile sensors are mainly divided into strain sensor, pressure 
sensor, and shear force sensor. Beside the tactile sensing capa-
bilities, another important sensing capability of e-skins is tem-
perature sensing, which provide early warning for avoiding the 
risk of damage from high/low temperatures. Therefore, flexible 
temperature sensor becomes one of the essential components of 
e-skins. Finally, it will be more similar to the real skins if the 
e-skins also possess the ability to detect the humidity or solvent, 
which needs to be humidity/solvent sensor. In this section, we 
will review various sensors one by one.

2.1. Stretchable Strain Sensors

Stretchable elastomers incorporated with inorganic conduc-
tive fillers are widely used as the resistive-type strain sensors to 
detect the applied strain because of their low cost and simple 
process.[23,24,49–70] Since the change in the conductive network 
can cause the change in resistance signals simultaneously upon 
being stretched, these elastomer-based sensors can be used 
to detect the applied strain. Basically, the strain sensors based 
on a stretchable polymer matrix randomly filled with conduc-
tive fillers are particularly advantageous for sensing within a 
large dynamic range. However, these strain sensing materials 
containing disorganized conductive networks normally exhibit 
low sensitivity and strong hysteresis.[53,58,62–66] To increase the 
sensitivity of the devices, designing the low-density conductive 
structures is one of the effective routes. For example, Gupta 
et  al.[71] fabricated a strain sensor by embedding an Au micro-
mesh in polydimethylsiloxane (PDMS) substrate, as shown in 
Figure 1a–c. This device exhibits high sensitivity (Figure 1d) and 
repeatability (Figure 1e) with applied strain. It is clearly observed 

that the device resistance rapidly jumps from the initial 800 Ω 
at 0% strain to ≈6 GΩ under 2.6% strain (Figure 1d). The gauge 
factor (GF, GF = /R0

ε
∆R ) of the device is over 108 in the sensing 

range from 0.02% to 4.5%. In addition, the sensor exhibits a 
high optical transmittance of 85% because of the low-density 
conductive network embedded in the transparent substrate.

Instead of filling conductive fillers into stretchable substrate, 
another effective strategy for designing resistive-type strain 
sensors is to deposit or spray the conductive nanoparticles 
into a layer, which is then sandwiched between two stretch-
able films.[43,72–79] During the depositing or spraying process, 
some microcracks are usually formed on the conductive layer 
because of the rapid evaporation of organic solvent. Moreover, 
pre-stretching treatment of the substrate before the depositing 
or spraying process is often used to generate more crack struc-
tures. Therefore, the resulting conductive layer mainly con-
sists of islands and gaps. As the sensor is stretched, the initial 
cracks are widened, thus causing the damage of conductive 
pathways, as shown in Figure 1f,g.[80] As a result, the resistance 
of the sensor is increased under the stretching process. When 
the tensile force is released, the crack gaps turn to be narrow 
to their initial states, which increases the conductive pathways 
and decreases the resistance of the sensor. Clearly, the crack-
based strain sensor may exhibit ultrahigh sensitivity to feeble 
strain stimuli because there is distinct increase in the crack 
gap with strain. As shown in Figure 1h, it is observed that the 
sensor resistance increases almost 40 times when it suffers 2% 
stretching. In addition, the detection limit of this sensor is as 
low as 0.5% (Figure 1i).

Beside the strategy of coating a conductive layer within the 
flexible devices, constructions of more sophisticated conduc-
tive network between the stretchable films can be achieved by 
some more accurate techniques, such as laser scribing tech-
nique[81] and template technique.[65,82–85] For instance, Qiao 
et  al.[81] developed a laser scribed graphene (LSG) technique, 
which could build the programmable conductive network on 
stretchable substrate (Figure 2a). Attributed to the programmed 
pattern of conductive graphene layer, the sensor exhibits ultra-
high sensitivity with a GF up to 673 and excellent repeatability 
even at the low range of strain (Figure 2b), implying that this 
sensor is able to detect feeble strain stimuli, such as pulse. On 
the other hand, it can also achieve the patterned conductive net-
work by spraying the conductive particles through a mask[86] 
or onto a patterned substrate.[87–89] For example, Nie et  al.[89] 
first fabricated the stretchable PDMS thin film with mesh-like 
microtrenches by using the Si templates with raised mesh-like 
structures, as shown in Figure  2c. Subsequently, multi-walled 
carbon nanotube (MWCNT) ink was filled into the mesh-like 
microtrenches on the PDMS film to fabricate the strain sensor 
with the patterned conductive network (Figure 2c–f). Due to the 
well-defined design of the conductive network, the performance 
of the strain sensors was significantly improved. For example, 
this strain sensor can not only detect the blinking in the eyes 
(Figure 2g) but also accurately monitor the heartbeat frequency 
(Figure 2h). Compared to the laser scribing technique, the tem-
plate technique may be a more cost-effective route to design the 
high-performance strain sensors.

The above stretchable strain sensors are the electronic 
sensors, which normally contain the electronic conductors 
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(e.g., metal nanoparticles or nanowires (NWs), carbonaceous 
nanoparticles, conductive polymers, and liquid metals) and the 
elastic polymers. Because of a great similarity in the physiolog-
ical and mechanical properties to biological tissues, conduc-
tive hydrogels become a promising candidate to fabricate the 
skin-like strain sensor. Basically, the conductive hydrogels are 
constructed by salt ions (such as sodium chloride,[90] lithium 
chloride,[91] Fe3+,[92] and so forth[93,94]) and polymer network with 
plenty of water. Since the ions can not only endow the hydrogels 

with the conductivity but also enhance physical cross-linking 
between the ions and the polymer network, the conductive 
hydrogels possess both the high ionic conductivity and stretch-
ability. Therefore, they can be the promising candidate in the 
fabrication of stretchable strain sensors. For instance, Wan and 
coworkers[95] fabricated the mechanically excellent and biologi-
cally soft hydrogels with hierarchical network structures by uti-
lizing the interconnection between polymer network and Fe3+ 
(Figure 3a). The as-prepared hydrogels (F-hydrogels) exhibit 

Figure 1. a) Schematic illustration of fabrication of PDMS based strain sensor containing an Au micromesh. b) Optical micrograph of Au microwire 
network embedded in PDMS with high interconnectivity. c) SEM image for the Au microwire network embedded in PDMS. d) Dependence of resistance 
of the device with the applied strain. e) Resistance versus time during cycling tests at different strain to observe repeatability of the device. Reproduced 
with permission.[71] Copyright 2018, American Chemical Society. f) SEM images of the micro-cracks at different strains (0%, 0.5%, and 1%, respec-
tively). g) Corresponding Finite-element method modeling results of the morphological evolution of micro-cracks at different strains (0%, 0.5%, and 
1%, respectively). h) Variation of the relative resistance change of the cracks-based sensor with the applied strain. i) Variation of the relative resistance 
change of the cracks-based sensor with time during loading–unloading test at different final strains (0.5%, 1%, and 2%). Reproduced with permis-
sion.[80] Copyright 2014, Springer Nature Publishing.
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Figure 3. a) Schematic diagram for hierarchical network structures containing hydrogen bonding between polymer network and Fe3+. b) Image shows 
that the F-hydrogel can be well stretched. c) Images show that the F-hydrogel can be attached tightly on human skin surface. d) The change of LED 
brightness with the elongation of F-hydrogel connected in the electric circuit. e) Bending of finger attached with F-hydrogels sensor at different bending 
angles. d-1) Variation of the relative change of resistance of F-hydrogels sensor with the applied strain. e-1) Variation of the relative change of resist-
ance of F-hydrogels sensor with the bending degree of the finger. f) 3D Structure of the F-hydrogels strain sensor. g) Demonstrative experiment of the 
F-hydrogels strain sensor to monitor the human pulse. Reproduced with permission.[95] Copyright 2017, American Chemical Society.

Figure 2. a) The pattern of graphene with the Schrodinger equation encapsulated within the stretchable device via the laser scribing technique, indi-
cating that this technique could print any stretchable conductive pattern. b) Variation of the relative resistance change of the patterned sensors under 
various cyclic strains at a frequency of 0.5 Hz. Reproduced with permission.[81] Copyright 2018, American Chemical Society. c) Schematic diagram for the 
fabrication of PDMS film with mesh-like microtrenches by utilizing the preexisting pattern on Si template. d) Schematic diagram for filling MWCNT ink 
into the mesh-like microtrenches of PDMS film to form the designed conductive network. e,f) SEM images of the fabricated strain sensor embedded 
with the designed MWCNT network. g,h) Time-dependent response of the relative resistance change of the sensor to the blinking eyes and pulse, 
respectively. Reproduced with permission.[89] Copyright 2017, American Chemical Society.
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remarkable stretchability and outstanding adhesion with skin 
surface, which are suitable for fabrication of body-attachable 
sensors and devices. The designed hydrogel strain sensor can 
detect not only the large strain of joint motions (Figure  3d,e) 
but also the feeble strain of human pulse (Figure 3f,g).

Although ionic hydrogel-based strain sensors possess var-
ious merits, such as high stretchability, good biocompatibility, 
and outstanding strain sensing properties, they are suffered 
from poor environmental stability, thus limiting their long-
term storage and usage. For example, dehydration or evapo-
ration of water from the hydrogels is an inevitable tendency, 
which causes the continuous deterioration in their ionic con-
ductivity.[96,97] In addition, it is clear that the water will be 
frozen at subzero temperatures, thus causing the loss of the 
stretchability and the sensing capability of the hydrogel-based 
sensor.[98–100] Therefore, to solve those problems, some organic 
solvents that are immiscible with water are normally intro-
duced into the ionic hydrogels to generate the organohydro-
gels, which can significantly improve their antifreezing proper-
ties, moisture retention, and long-term stability. For instance, 
glycerol (Gly) is a widely used antifreezing agent. Since Gly 
can form strong hydrogen bonds with water molecules, it can 
destroy ice crystal lattices at subzero temperatures and sup-
press water evaporation.[101] He et  al.[102] introduced a Gly/
water binary solvents as the dispersion medium of poly(acrylic 
acid) (PAA), gelatin (Ge), tannic acid (TA), and Al3+, which fab-
ricated the antifreezing organohydrogels-based strain sensors. 
The as-prepared sensors can well maintain their stretchability 
and strain-sensitivity at −14 °C or after storage under ambient 
conditions for 45 days. Besides Gly, some other organic sol-
vents such as ethylene glycol (Eg)[96,98,101] and dimethyl sul-
foxide,[103] were also employed to form antifreezing organohy-
drogels. Pan et al.[104] fabricated the antifreezing and moisture 
retention hydrogel-based strain sensor, which could maintain 
the good mechanical and strain-sensitive performance at 
−20 °C.

Ionogel, is another type of ionic conductor, which is com-
posed of polymer network and ionic liquids (ILs). First, the 
cross-linked polymer network endows the resultant ionogels 
with high mechanical strength and good stretchability similar 
to the human skin. On the other hand, the introduction of ILs 
provides the high ionic conductivity of the resulting ionogels. 
Therefore, ionogels are the suitable candidates for fabricating 
the skin-like strain sensors. For example, Sun and coworkers[105] 
impregnated ILs into a polyurethane (PU) network, fabricating 
PU-ILs ionogel-based strain sensor (Figure 4a). The existence of 
abundant hydrogen bonds between ILs and PU chains ensures 
not only the well dispersion of ILs in PU matrix but also further 
strengthens the resultant ionogels. The as-fabricated ionogel 
strain sensor exhibits high sensitivity and excellent repeatability 
in a wide strain sensing range from 0.5% to 300%, as shown 
in Figure 4b,c. In addition, the PU-ILs sensor can uninterrupt-
edly output highly reproducible signals for 10  000 extension–
release cycles at a maximum strain of 5%. More interestingly, 
it is observed that the outputted signals of the ionogel sensor 
stored in open air for 200 days are almost the same as those of 
the freshly prepared sensor. This implies that the sensor has 
the long-term environmental stability, which is benefited from 
non-volatility of the ILs in the ionogels.

Compared to hydrogel-based strain sensor, ionogel-based 
strain sensor normally exhibits better anti-freezing and anti-
drying properties because of the nonvolatility and thermal sta-
bility of ILs. For instance, Lan et al.[106] constructed the double 
network ionogels composed of cross-linked poly(vinylidene 
fluoride-co-hexafluoropropylene) (P(VDF-co-HFP)) and 
poly(methyl methacrylate-co-butylmethacrylate) (P(MMA-co-
BMA)) networks combined with 1-ethyl-3-methylimidazolium 
bis(trifluoromethylsulfonyl) imide ([EMIM][TFSI]) IL, which 
presented good mechanical properties and flexibility in a wide 
temperature range from −40 to 80  °C. Sun et  al.[107] proposed 
a strategy of one-pot in situ photopolymerization to fabricate 
the PAA/1-ethyl-3-methylimidazolium chloride ([EMIM]Cl) 
ionogels. The as-prepared ionogels can be designed into skin-
like strain sensors, which exhibit not only superior stretch-
ability and high sensitivity to strain, but also extreme temper-
ature tolerance (its operating temperature ranges from −30 to 
70 °C.).

The characteristic parameters such as microstructures, sen-
sitivity, respond time, durability, and detection limit of some 
classic examples of the stretchable strain sensors are summa-
rized in Table 1.

2.2. Pressure Sensors

Traditional conductive elastomer composite consisting of 
stretchable elastomer and conductive fillers is able to sense 
the external stress because of the piezoresistive behavior, 
which can be designed as pressure sensor for the detection 
of pressure stimuli.[127–142] However, these pressure sensors 
normally possess poor sensitivities, obvious hysteresis, and 
delayed response time, which hinder their practical appli-
cations in the e-skins. To overcome the above limitations of 
traditional pressure sensors, novel geometrical designs of the 
sensing structures are desired.[143–145] Recently, interesting 
interlocked microstructure between the epidermal–dermal 
layers of human skin was reported as shown in Figure 5a[144] 
When there are the tactile stimuli on skin surface, this hier-
archical and interlocked structure can effectively concentrate 
stress near the ridge tips, where the mechanoreceptors can 
transduce the tactile stimuli to the electrical signals for our 
central nervous systems.

Inspired by the interlocked geometry of human skin, some 
attempts have been made to mimic these biological hierarchical 
structures in the development of high-performance pressure 
sensors.[143,144,146–148] For example, Park et  al.[146] fabricated the 
CNT/PDMS film with surface microstructures of hexagonal 
microdome arrays by using a silicon micromold as the tem-
plate (Figure  5b). Then, two microdome-patterned thin films 
were placed together with the patterned sides contacting each 
other to design the high-sensitive pressure sensor with inter-
locked structures (Figure  5c). The working principle of this 
sensor is illustrated in Figure 5d. When the sensor is suffered 
by the external pressure, the stress concentration at the contact 
points occurs, leading to the deformations of the microdomes. 
Since the contact area between the interlocked microdome 
arrays is increased, the tunneling resistance at the contact area 
is significantly decreased, which can serve as pressure sensors 
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in the low-pressure regimes. It is observed that the minimum 
detectable pressure of this sensor is ≈0.2  Pa, which is even 
below the gentle touch of human fingertips (≈1 kPa).

Beside the arrayed microdome structures, some other nano-
structured arrays were also utilized to design the interlocked 
geometries of the high-performance pressure-sensitive e-skins. 
For instance, Ha et al.[148] fabricated the nanostructured ZnO NW 
arrays on the surface of PDMS micropillar arrays to construct 
the interlocked geometry of pressure sensor (Figure 6a). At first, 
PDMS micropillar arrays were prepared from a microhole-pat-
terned silicon template. Then, ZnO NWs were grown on the sur-
faces of the PDMS micropillar arrays by using a hydrothermal 
method. At last, two PDMS thin films were engaged together 
with the patterned sides contacting each other (Figure 6b), which 
generated the highly sensitive piezoresistive sensor with the 
interlocked geometry. Even the sensor suffers an extremely weak 
pressure on the top side, there is a remarkable change in the con-
tact area between these interlocked ZnO NWs, thus leading to 
the obvious change in contact resistance. Because of the accu-
rate interlocked structure, this sensor has the capability to detect 

a small water droplet (0.58  Pa) on its surface (Figure  6c). It is 
observed that there is an obvious decline of R/R0 when a drop of 
water drips on the sensor surface. More interestingly, this sensor 
can also detect the sound waves (Figure 6d), which has potential 
applications for hearing-impaired persons. Figure  6d presents 
the real-time response of sound variations for different sound 
pressure levels (SPLs). As SPL is gradually increased from 57 to 
90 dB, a gradual increase in the fluctuation of R/R0 is observed, 
exhibiting the capability of dynamic sound detection.

Beside the resistive-type pressure sensor, another type of 
pressure sensor is the capacitance-based pressure sensor.[149–158] 
The working principle of this type of sensor is to transduce the 
external pressures into capacitive signals. It is known that the 
capacitance of a dielectric is defined as Equation (1):

ε=C
A

d
 (1)

where ε  is the dielectric constant, A is the area of the device, 
and d is the distance between the conducting plates. Therefore, 

Figure 4. a) Image of PU-IL ionogel and its schematic diagram of inner structures. b,c) Relative resistance changes of PU-IL ionogel-based sensor as 
a function of strain under small strains and large strains, respectively. d) Long-term stretching-releasing cyclic test of the PU-IL ionogel-based sensor 
under a strain of 5% for 10 000 cycles. e) Long-term stretching-releasing cyclic test of the PU-IL ionogel-based sensor after being stored in open air for 
200 days under a strain of 5% for 10 000 cycles. Reproduced with permission.[105] Copyright 2020, Wiley-VCH.
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the pressure induced change in d and A could be used to 
measure the applied pressure. Compared to the resistive-type 
pressure sensor, the capacitive-type pressure sensor normally 
possesses the advantages of higher sensitivity and no inherent 
temperature sensitivity. For instance, Zhang et al.[151] designed 
high-sensitive capacitive-type pressure sensors by utilizing a 
regular pyramidal structure on the surface of PDMS thin film 
(Figure 7a,b). The applied stress distribution will be concen-
trated at the pyramidal tips, thus causing a large deformation 
even at a very low pressure. Based on Equation (1), the signifi-
cant decrease in the distance between the top and bottom elec-
trodes (i.e., d) leads to a remarkable increase in capacitance. 
This pressure sensor has a high sensitivity up to 0.66 kPa−1 
under low pressure, which is capable of detecting the weak 
airflow (Figure  7c) and the ultralight weight object, such as a 
bamboo leaf (Figure 7d).

Most of skin-like sensors need to rely on external power 
supply, thus causing a series of problems such as increasing 

power consumption, regular replacement of batteries, and addi-
tional complexity in structure design. In recent years, a new 
trend of integrating the materials, capable of self-powering by 
external mechanical stimulus from human gestures into skin-
like sensors, has been emerged, and the as-prepared sensor 
has widespread potential in wearable and implantable e-skins. 
Among various reported strategies, triboelectricity and piezo-
electricity are the two promising mechanisms to solve the chal-
lenge of power supply. According to these two mechanisms, the 
sensors based on piezoelectric and triboelectric materials, are 
often termed triboelectric nanogenerators (TENGs) and piezo-
electric nanogenerators, respectively. In general, piezoelectric 
sensors possess lower sensitivity and narrow sensing range 
because of their lower electrical outputs, which limit their 
applications in e-skins.[159]

Through the triboelectrification and electrostatic induction, 
TENGs can generate electrical signals and the magnitude of 
the signals according to the intensity of external stimuli, thus 

Table 1. The characteristic parameters of some classic stretchable strain sensors.

Material Microstructure Sensitivity [GF] Respond time [ms] Durability [cycles] Lower limit [%] Upper limit [%] Ref.

Strain sensors 
based on electron 
conduction

CNTs/CB/PDMS Filling type 13.1 2500 300 [51]

CNTs/TPU Porous fiber 97.1 <200 9700 320 [108]

CNTs/OBC 2D end-to-end 248 80 300 [109]

CNTs/PDMS Microcracks and porous 55.8 90 70 [110]

TPU/CNTs/TPU Porous fiber 28 084 200 11 000 >200 [111]

CNTs/TPU Microcracks and fibrous 
mat

83 982.8 70 >10 000 0.5 300 [77]

CNTs/TPU Aligned wave-like 
structure

70 10 000 0.5 900 [112]

MXene/TiO2/TPU Cracks 75 000 47 1000 0.5 5 [113]

PU/CNTs Cracks 1344.1 88 10 000 0.1 200 [114]

Acrylate/AgNWs Cracks 10 486 14.4 7500 20 [115]

CNTs/PDMS Cracks 87 1500 0.007 100 [76]

Strain sensors 
based on ionic 
conduction

PVP/PVA/[EMIM][DCA] 500 0.1 800 [116]

PU/ILs 1.54 10 000 0.1 300 [105]

P(VDF-co-HFP)/P(MMA-
co-BMA)/[EMIM][TFSI]

1.62 250 150 [106]

PAA/[EMIM]Cl 1000 1 200 [107]

HPAAN/PDA/ILs 0.841 200 [117]

PVA/Ge/Gly/NaCl <0.8 300 ≈650 [118]

PVA/Gly/CNTs/CB 2.07 250 1000 1 700 [119]

Eg/Gly-water 6 140 310 0.5 400 [120]

TA/SA/PAM 2.0 800 0.05 2100 [121]

SA/PAM/NaCl <3 0.3 1800 [90]

β-CD/Fc/PVA/borax 5.9 436 [122]

PAM/O-β-CD/NaCl 4.58 500 2 1200 [123]

CS/TA/PAA/Al3+ 12.2 400 0.5 1400 [124]

PVA/PAMAA/Gly/NaCl 8.303 600 1 1000 [125]

MXene/PVA/Eg 44.85 1 350 [126]

CB: carbon black; TPU: thermoplastic polyurethane; OBC: olefin block copolymers; AgNWs: Ag nanowires; PVA: polyvinyl alcohol; SA: sodium alginate; PAM: polyacryla-
mide; β-CD: beta-cyclodextrin; Fc: ferrocene; O-β-CD: dialdehyde beta-cyclodextrin; CS: chitosan; PAMAA: poly(acrylic amide-acrylic acid).
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endowing the sensor with the self-powered capability. In addition 
to the self-powered characteristic, it normally needs to design 
microstructures on dielectric surface to provide larger contact 

area and more numerous active sites for the transfer of electro-
static charges during the contact electrification process, leading 
to the enhancement of the triboelectric effects. Yao et al.[160]  

Figure 5. a) Schematic diagram of the human skin structure with the interlocked microstructure between the epidermal–dermal layers as well as various 
mechanoreceptors (MD: Merkel disk; MC: Meissner corpuscle; PC: Pacinian corpuscle; RE: Ruffini ending). Reproduced with permission.[144] Copyright 
2014, American Chemical Society. b) The fabrication of CNT/PDMS film with surface microstructures of hexagonal microdome arrays by using a silicon 
micromold as the template. c) SEM image of the CNT/PDMS film with the hexagonal microdome arrays. d) SEM image of the interlocked geometry by 
placing two microdome-patterned CNT/PDMS films together with patterned sides contacting each other. e) Schematic diagram of working principle 
of the pressure sensor. Reproduced with permission.[146] Copyright 2014, American Chemical Society.
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fabricated the interlocking structures in the triboelectric layers 
through replication of the cone-like array microstructures of the 
Calathea zebrine leaf, as shown in Figure 8a–c. As the TENG 
sensor is pressured, the triboelectric layers with interlocking 
structures are forced to contact, while the cone-like morphology 
can effectively increase frictional contact (Figure 8d). Because of 
the different abilities of electron affinities, equal amount of pos-
itive and negative charges are generated on the top tribo-layer 

(AgNWs) and the bottom tribo-layer (polytetrafluoroethylene 
(PTFE) burrs/PDMS), respectively. As the pressure is released, 
the two tribo-layers are separated, thus causing the difference in 
electric potentials between the AgNWs layer and the back elec-
trode of bottom tribo-layer. As a result, electric current will flow 
from top to bottom till the electric equilibrium is achieved. When 
the pressure is applied again, electricity will flow in the reverse 
direction, thus forming a full cycle of electricity generation.  

Figure 6. a) Schematic diagram of the fabrication of metal-coated ZnO NWs on PDMS micropillars. b) Schematic diagram of the fabrication of the 
pressure sensor with the interlocked geometry by placing two PDMS films together with patterned sides contacting each other. c) Real-time response 
of the sensor showing the detection of a small droplet (0.58 Pa) on its surface. d) Real-time response of sound variations for different sound pressure 
levels. Reproduced with permission.[148] Copyright 2015, Wiley-VCH.

Figure 7. a) Schematic diagram of structure and circuit layout of the pressure sensor. b) Cross section SEM image showing the pyramidal microstruc-
ture on the PDMS dielectric layer. Real-time response of the sensor showing c) the detection of wind blow and d) 30 mg bamboo leaf. Reproduced 
with permission.[151] Copyright 2017, American Chemical Society.
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Attributed to the interlocking microstructures in triboelec-
tric layers and PTFE tinny burrs on the tribo-layer, the as- 
prepared TENG sensor with interlocking microstructures 
exhibits superior sensitivity to pressure than the sensor with flat 
surface based on various pressure measurements (Figure 8e–g).  
Because of the high sensitivity enabled by the bioinspired struc-
ture design, the TENG e-skin sensors can be integrated onto a 
bionic hand to demonstrate their applications for robotic tactile 
sensing. From Figure  8h–j, it is observed that the TENG sen-
sors on the surfaces of the bionic hand can easily measure the 
handshaking pressure from human hands.

Beside detect pressure stimulus sensitively, our skins can 
also spatially map the pressure stimulus. This enables us to 
quickly locate the position suffered of pressure or perceive 
the shape of an object. The most frequently used method to  

spatially map the pressure is to assemble the e-skin pressure 
sensor array.[160–163] For instance, Wang et al.[161] integrated thin-
film transistor, pressure sensor and OLED arrays over large areas 
on a flexible polymer substrate to design the user-interactive  
e-skins, which can provide both spatial mapping and visual dis-
play of applied pressure. Yao et al.[160] designed two 3 × 3 e-skin 
sensor arrays and adhered them onto the front and back of the 
bionic hand. The outputted signals from these sensor arrays 
can clearly visualize the location of the place that suffered 
the pressure (Figure  8i,j). Yin et  al.[163] fabricated a pixelated  
5 × 5 sensor array, which can visualize the spatial distribution 
of pressures by conductance variations.

The characteristic parameters of different types of pressure 
sensors as well as their microstructures are summarized in 
Table 2.

Figure 8. a) Schematic diagram of structures of the TENG sensor. b,c) The morphologies of top and bottom triboelectric layers, respectively.  
d) Schematic diagram of the working principle of TENG sensor: (I) Under pressure, equal amount of positive and negative charges are generated on 
top tribo-layers due to the different abilities of electron affinities. (II-III) The two tribo-layers are separated, electric current flows from top to bottom till 
the electric equilibrium is achieved. (IV) As the pressure is applied again, the two tribo-layers are close, electric current flows in the reverse direction. 
e) Comparisons of the pressure sensitivity for the sensors with different microstructures and surface conditions. f,g) Current and charge densities 
outputted from different sensors during cyclic loading with maximum pressures of 25 kPa. h–j) The demonstrative experiment of the TENG sensors 
to measure the handshaking pressure from human hands. In this experiment, the TENG e-skin sensors are adhered onto the surface of a bionic hand. 
Reproduced with permission.[160] Copyright 2020, Wiley-VCH.
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Table 2. Characteristic parameters and microstructures of different types of pressure sensors.

Material Microstructure Sensitivity [KPa−1] Respond time [ms] Durability [cycles] Lower limit [Pa] Upper limit [kPa] Ref.

Resistive-type 
pressure 
sensors

CNPs/CFs/PDMS Micro-patterns 26.6 40 5000 20 600 [164]

TPU/SWCNTs Interlocked 
micropatterns

0.02 46 20 000 55 254.8 [165]

TPU/CNTs Lattice structure 1.02 65 60 000 0.7 160 [26]

MXene/PAN Nanofiber 104.0 30 10 000 1.5 7.7 [166]

PDES Interlocked pyramid 348.28 20 45 000 0.6 2000 [167]

PU/AgNWs Interlocked 
microstructure

4.169 20 2300 20 10.3 [168]

MHA@Cu mesh 3D hierarchical 
structure

307 0.63 2700 15 20 [169]

MWCNT/PDMS Pollen-shaped hierar-
chical structure

4.60 31 9000 16 218 [170]

ZnOEP/CNT Cobweb-like network 39.4 3 5000 10 100 [171]

PDMS/CB/PI/LIG Hierarchical structure 43 40 1800 0.4 13.6 [172]

PDMS/CNT Microstructure 20.9 23 10 000 7.4 1000 [173]

TPV matrix/Ni Microstructure 106 50 500 1 500 [174]

PDMS/PEDOT:PSS/PUD Interlocked micro-
dome structure

3.8 × 105 0.016 8000 0.025 100 [45]

Graphene/PVDF Microstructure 25.9 3.5 10 000 10 1400 [175]

CPDMS/AgNWs Microdome array 3788.29 100 22 000 0.83 220 [176]

TPU/CB Nest-architecture 1.12 15 10 000 20 1200 [177]

PDMS/MXene Microstructure 151.4 130 10 000 4.4 15 [178]

rGO/PDMS Irregular 
microstructure

55 30 9000 4 400 [179]

TPU/Ag Hierarchically porous 
microstructure

5.54 20 10 000 10 800 [180]

MXene/tissue paper Porous microstructure 3.81 11 10 000 10.2 30 [181]

PDMS/Ag/PI/Au Rough PDMS/Ag and 
PI/Au

259.32 0.2 0.36 54 [145]

PDMS/CNTs Interlocked micro-
dome arrays

15.1 40 0.2 59 [146]

Thiolated graphene/PET Fabric 8.36 159 500 200 [140]

PANI/rGO/textile Textile 97.28 30 11 000 0.5 40 [133]

Capacitive-
type pressure 
sensors

Electrodes: PDMS/PPy, 
ITO

Dielectric layer: Ionic gel

Microstructure
(electrode)

26.6 48 8000 2.88 100 [182]

Electrodes: Au/M-PDMS
Dielectric layer: Ionic 

nanofibrous membrane

Nanofibrous
(dielectric layer)

5.5 70.4 20 000 2 250 [183]

Electrodes: PI/Au, 
PDMS/Au

Dielectric layer: Ionic gel

Micropillar electrode 33.16 9 6000 0.9 176 [184]

Electrodes: PDMS-Au
Dielectric layer: PVDF

Convex microarrays
(electrode)

30.2 25 100 000 0.7 9 [185]

Electrodes: CPI
Dielectric layer: Fabric-IL

Fabric
(dielectric layer)

13.5 30 5000 7.5 175 [186]

Electrodes: PI/AgNWs
Dielectric layer: TiO2 

nanofiber

Ceramic nanofiber
(dielectric layer)

4.4 16 50 000 0.8 120 [187]

Electrodes: PI/Au
Dielectric layer: GIA

Microstructure
(dielectric layer)

3302.9 9 5000 0.08 360 [188]

Electrodes: PEDOT:PSS/
MWCNT

Dielectric layer: PVDF

Micropillar structure
(dielectric layer)

0.43 33 1000 3.4 50 [189]
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2.3. Shear Force Sensors

To neatly grasp a fragile object, such as the egg, only the strain 
and pressure sensing are insufficient, the shear force also 
needs to be detected. It has been reported that the nanohairs or 
domelike architectures can be implemented to detect the shear 
force.[143–144,190] For instance, Pang et al.[143] fabricated the flex-
ible skin-attachable sensor containing two interlocked arrays of 
high-aspect-ratio Pt-coated polymer nanofibers on two PDMS 
thin films, as shown in Figure 9a. Since a tiny shear force can 
cause the obvious change of hair-to-hair contact, it can be trans-
mitted into the change in electrical resistance (Figure 9b). The 
minimum detectable shear force for this interlocked sensor 
is 0.001 N. Similarly, Park et al.[144] designed the shear force 
sensor based on two flexible layers with interlocked micro-
dome arrays, which has the highly sensitive detection capability 
of shear force. Beside the interlocked structures, Ji et al.[191] 
designed a capacitive-type sensor with spine arrays as the die-
lectric layer, which can detect both normal pressure and shear 
force. As shown in Figure  9c, the feeble shear force will lead 
to the bending of the spines, which will cause narrow separa-
tion between the facing electrodes. As a result, the change in 
the capacitance (∆C/C0) can be recorded to monitor the shear 
force, as shown in Figure  9d. Since the sensor possesses the 
capability of dynamic shear sensing, its outputted signals may 
be used to dictate the robot to manipulate objects (such as eggs) 
without damage.

To achieve more complex sensing function, such as detecting 
the direction of shear force, the integration of different sen-
sors into one device is very necessary. The fingerprint patterns 
on skin surface can efficiently amplify the vibrotactile signals 
when the finger is scanned over the object surface, while the 
interlocked microstructures between the epidermal and dermal 
layers contain various mechanoreceptors, which can transfer 
the tactile stimuli to electrical signals. Recently, inspired by the 

fingerprint structure of human finger, Chen et  al.[192] organ-
ized four CNT-PDMS spiral electrodes of TENG sensors into 
the fingerprint-like pattern, which can detect the direction of 
slippage according to the response sequence of the four TENGs 
(Figure  9e). This unique fingerprint-like pattern ensures no 
matter which direction an external sliding of an object across 
the sensor surface, each TENG will be activated one by one. 
According to the response sequence of the four TENGs, the 
sliding direction can be determined (Figure 9f).

2.4. Temperature Sensors

In addition of detecting various mechanical stimuli, human 
skin can also perceive the temperature of the surroundings 
because of the thermoreceptors under the skin. The capability 
of temperature sensing is an essential function of e-skins, 
which can give early warning for avoiding the risk of damage 
from high temperatures. Basically, four types of temperature 
sensors were developed, that is, resistive-type temperature 
sensors,[193–197] capacitive-type temperature sensors,[198,199] tran-
sistor-based temperature sensors,[200,201] and PN-junction based 
temperature sensors.[202] Among these temperature sensors, it 
is undoubtedly that the resistive-type temperature sensors are 
the most promising candidates for the temperature sensing in 
e-skins because of multiple advantages. First, the sensing com-
ponents of resistive-type temperature sensors are normally the 
conductive nanoparticles, which are compatible with various 
materials or substrates. This makes this type of temperature 
sensors easy to be combined with other sensors (strain or pres-
sure sensors) to fabricate the multifunctional e-skins. Second, 
the simple and straightforward sensing mechanism provides a 
facile method for measuring temperature with high sensitivity. 
The basic principle of resistive-type temperature sensors is 
that the resistance of thermosensitive materials changes with 

Material Microstructure Sensitivity [KPa−1] Respond time [ms] Durability [cycles] Lower limit [Pa] Upper limit [kPa] Ref.

Electrodes: PDMS/
AgNWs, Ag

Dielectric layer: PMMA 
or PVP

Multiscale-structure 
(electrode)

3.8 <150 1500 15 4.5 [156]

Electrodes: CNT-Ecoflex
Dielectric layer: Porous 

Ecoflex

3D microporous 
dielectric layer

0.601 1000 0.16 ≈130 [157]

Electrodes: AgNWs
Dielectric layer: CPI

Micropatterned 
bottom electrode

1.194 36 100 000 <0.8 15 [155]

Electrodes: SBS/AgNPs
Dielectric layer: PDMS

Microporous dielectric 
layer

0.278 340 >10 000 50 [154]

Electrodes: AgNWs
Dielectric layer: PDMS

Micro-arrayed dielec-
tric layer

≈2.04 <100 1000 <7 9 [152]

Electrodes: AgNWs
Dielectric layer: PDMS

Pyramid structural 
dielectric layer

0.66 ≈20 10 000 120 [151]

CNPs: carbon nanoparticles; CF: carbon fiber; SWCNTs: single-walled carbon nanotubes; PAN: polyacrylonitrile; PDES: polymerizable deep eutectic solvent; MHA: metal−
organic framework hybrid array; ZnOEP: zinc octaethylphorphyrin; PI: polyimide; LIG: laser-induced graphene; TPV: Thermoplastic vulcanized; PEDOT:PSS: poly(3,4-ethyl-
enedioxythiophene):poly(styrenesulfonate); PUD: polyurethane dispersion; PVDF: polyvinylidene fluoride; CPDMS: carbon black/polydimethylsiloxane; rGO: reduced 
graphene oxide; PET: polyethylene terephthalate; PANI: polyaniline; PPy: polypyrrole; ITO: indium tin oxide; M-PDMS: microstructured polydimethylsiloxane; CPI: colorless 
polyimide; IL: ionic liquid; GIA: graded intrafillable architecture; PVP: poly(vinylpyrrolidone); SBS: poly(styrene-block-butadiene-styrene); AgNPs: Ag nanoparticles.

Table 2. Continued.
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temperature due to the change in transport/scattering mecha-
nisms, or their geometries.

Zhang et  al.[203] deposited organic thermoelectric materials 
on deformable microstructure frames of microstructure-frame-
supported organic thermoelectric (MFSOTE) materials, which 
endowed them with the temperature and pressure-sensing 
capabilities, as illustrated in Figure 10a. Based on the ther-
moelectric mechanism, the generated voltage of the MFSOTE 
sensor is defined as V = ST × ▵T, where ST is the Seebeck coef-
ficient and ∆T is the temperature gradient of the sensor. When 
the sensor suffers from temperature stimulus, the temperature 
gradient of the device is detected via the thermoelectric effect 
(left two images in Figure  10a). On the other hand, the defor-

mation of the frame results in a change in the resistance of the 
active layer as a function of the applied pressure, which ena-
bles the device to have the pressure sensing capability (right 
two images in Figure  10a). Figure  10b presents the electrical 
response of the MFSOTE temperature sensor to the tempera-
ture difference ranging from 0.1 to 100 K. Notably, this tem-
perature sensor can clearly detect a small ∆T of 0.1 K, which 
exhibits a high temperature resolution. Figure 10c presents the 
current response of MFSOTE sensor under a fixed pressure of 
1  kPa and various temperature differences (0, 1, 5, and 10 K),  
which displays the distinguished difference in the output sig-
nals for different temperature gradients. Figure  10d,e shows 
two groups of demonstration experiments to exhibit the 

Figure 9. a) Schematic illustration of the shear force leading to the geometric distortions of the interlocked hairs. b) The change in the electrical resist-
ance as a function of the applied shear force. Reproduced with permission.[143] Copyright 2012, Springer Nature Publishing. c) Schematic illustration 
of the working principle of the capacitive-type sensor with spine arrays for shear force monitoring. d) Dependence of the capacitance variation on 
the applied shear force. Reproduced with permission.[191] Copyright 2020, Royal Society of Chemistry. e) Schematic diagram of the e-skin system with 
the fingerprint-like TENG on the surface of the sensor. f) Outputted signals from TENG and pressure sensor can reflect the complex action from (b). 
Reproduced with permission.[192] Copyright 2018, Elsevier.
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applications of MFSOTE sensor on monitoring the temperature 
and pressure. When an adult woman hand wrestles with a pros-
thetic hand arm adhered with MFSOTE-based-sensing array, 
both the information of temperature and pressure can be col-
lected on a reconstructed map (Figure 10d). Similarly, when the 
fingertip covered with an inkjet-printed MFSOTE sensor matrix 
touches a tiny ice cube, spatially resolved pressure and tem-
perature information are clearly visualized on the reconstructed 
map (Figure 10e).

The most commonly used temperature sensing components 
for the resistive-type temperature sensors are rigid electronic 
conductors (e.g., metal nanoparticles or NWs, carbonaceous nan-
oparticles, and conductive polymers). Its sensing mechanism is 
based on the change in transport/scattering mechanisms or their 
geometries with temperature. However, it has been reported 
that the ion conductivity will be enhanced with the increase of 
temperature due to the increase of ion mobility.[204,205] There-
fore, ionic hydrogels[33,119,206–208] and ionogels[107,209] can also be 
designed into soft temperature sensors. For instance, Zhang 
et  al.[206] fabricated the dopamine-triggered gelation (DTG) 
conductive hydrogels, which exhibited unique thermorespon-
sive property. As shown in Figure 11a, it is observed that DTG 
hydrogel shows a transparent-opaque transition when switching 
the temperature from 25 to 0 °C. Beside the thermoresponsive 

optical transformation, the as-prepared DTG hydrogel-based 
sensors also exhibit the resistance dependence on the tem-
perature because temperature can affect the mobility of the 
charged groups and change the conductivity of DTG hydro-
gels (Figure  11b). Based on the thermal-response of the DTG 
hydrogel-based sensors, they can real-time monitor the varying 
of temperature, as shown in Figure  11c,d. Wu et  al.[208] found 
that the thermal sensitivity of the hydrogels can be enhanced by 
partially replacing the water with polyols, such as Eg and Gly, 
using the solvent replacement method. This is attributed to the 
increase of initial resistance and heat capacity of hydrogels after 
the introduction of the Eg and Gly, thus leading to the higher 
thermal sensitivity and much lower power consumption. It is 
interesting to note that the as-prepared sensor shows noticeable 
response to the gentle contact of a hot object, such as human 
finger (Figure 11e). Furthermore, the hydrogel-based sensor can 
output the repeatable and reproducible signals during the cyclic 
heating-cooling test in the range of 25–102 °C (Figure 11f).

Traditional method for mapping temperature in a spatial 
manner is to arrange a series of temperature sensors into large-
area array.[203,210–213] For instance, Webb et al.[210] constructed a 
4 × 4 temperature sensor array and mounted it on microperfo-
rated elastomeric substrate, which can reveal the spatial map 
of temperature. Hong et al.[213] fabricated 5 × 5 temperature 

Figure 10. a) Schematics indicating the temperature and pressure sensing mechanisms of the MFSOTE sensor. b) Real-time response of a MFSOTE 
sensor to a biased temperature gradient range of 0–100 K. The inset in the figure shows the magnified signal of the sensor to a temperature gradient 
of 0.1 K. c) Real-time response of a MFSOTE sensor to a pressure of 1 kPa taken under various temperature differences (0, 1, 5, and 10 K). d) The 
demonstration experiment of a prosthetic hand arm adhered with MFSOTE-based-sensing array wrestling with an adult woman hand (left image) as 
well as the information of the temperature and pressure on a reconstructed map. e) The demonstration experiment of a fingertip covered with an 
inkjet-printed MFSOTE sensor matrix touching a tiny ice cube and the collection of the spatially resolved pressure and temperature information on a 
reconstructed map. Reproduced with permission.[203] Copyright 2015, Springer Nature Publishing.
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sensor array to realize the temperature mapping. This tempera-
ture sensor array exhibited outstanding mechanical stability. 
Under biaxial stretching of 30%, the resultant spatial tem-
perature mapping does not show any mechanical or electrical 
degradation. Clearly, to improve the resolution of the tempera-
ture mapping, ones need the smaller temperature sensors to 
organize them into a more intensive array connected by the 
ingenious circuit. For example, Zhang et al.[203] fabricated the 
MFSOTE temperature sensors and aligned them into a flexible 
12 × 12 pixel MFSOTE array, which can output temperature and 
pressure mapping profiles simultaneously. As this MFSOTE 
sensor array is worn on a prosthetic hand to arm-wrest with an 
adult woman, the spatial contact information can be visualized 
by monitoring the temperature and pressure on a reconstructed 
map.

Since the soft temperature sensors are finally needed to 
integrate with other sensors, such as pressure sensors and 
strain sensors, to fabricate the e-skins with various functions 

like human skins, the mechanical stability of the temperature 
sensors under an externally applied strain or pressure should 
be taken into account. If the electrical connections inside the 
temperature sensor also depend on the strain or pressure, its 
output signal for temperature stimulus will be distorted. There-
fore, it remains a challenge to maintain a stable temperature 
sensing performance for a stretchable temperature sensor 
under an applied strain up to 50%. Utilizing a special design 
of the sensor (Figure 12a,b), Hong et al.[213] overcame the above 
challenge. In that device, a specially designed soft ecoflex sub-
strate is used with locally implanted SWCNT thin film transis-
tors (TFT) and temperature sensors on stiff poly(ethylene tere-
phthalate) films to protect the temperature sensor and SWCNT 
TFTs from the applied strain. Moreover, the embedded inter-
connections inside the device are achieved by a eutectic alloy 
liquid metal, which ensures the electrical connections inside 
the device under strain. Figure  12c,d shows that the resist-
ance change exhibits an outstanding linear dependence on 

Figure 11. a) Optical images of DTG hydrogel-based sensor at 25 and 0 °C, respectively. b) Variation of the relative resistance change of DTG hydrogel-
based sensor with temperature. c,d) Resistance of DTG hydrogel-based sensor during the heating or cooling, respectively. Reproduced with permis-
sion.[206] Copyright 2021, American Chemical Society. e) Real-time responses of hydrogel-based sensor and Gly-organohydrogel-based sensor to the 
approach of a finger, respectively. f) Variation of the relative resistance change of Gly-organohydrogel-based sensor in cyclic heating-cooling test ranged 
from 25 to 102 °C. Reproduced with permission.[208] Copyright 2020, American Chemical Society.
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the temperature whether with heating or cooling, indicating 
the excellent sensitivity and high resolution of the designed 
temperature sensor. More interestingly, it is observed that this 
sensor retains a stable temperature sensing capability under an 
applied biaxial strain (Figure  12e,f). No performance degrada-
tion of the temperature sensing capability is observed even after 
1000 stretching cycles (Figure 12f).

Fast response of the e-skin temperature sensor to tempera-
ture is very important when the sensor is applied to artificial 
intelligence robot, which makes the robot timely react and 
avoid the risk of damage from high/low temperatures. Up to 
now, however, there is still no standard method to evaluate the 
response time of the e-skin temperature sensor. The response 
time is normally estimated by the change time of electrical 
signal caused by exerting and removing an abrupt temperature 

stimulus.[207,214] For example, Wu et  al.[207] used human finger 
as a constant thermal source to immediately touch and remove 
from the sensor to estimate its response and recovery time. 
Moreover, there are many factors that affect the measured 
response time of a temperature sensor, including temperature 
source, heating rate, sensing components, and the thermal dif-
fusion. Most of the e-skin temperature sensors are normally 
encapsulated by the flexible polymers or hydrogels. Therefore, 
it needs a long time for the thermal transmission from the tem-
perature source to sensing components, thus causing a rela-
tively long response time (ranged from several seconds to tens 
of seconds). Therefore, an effective strategy for fast temperature  
response is to reduce the thickness of device, especially the 
substrate covered on the temperature sensing components. 
For example, Cho et al.[215] designed a thin e-skin by reducing 

Figure 12. a) Schematic illustration of the structures of stretchable temperature sensor. b) Circuit diagram of the stretchable temperature sensor array. 
c) Dependence of the change of resistance on the temperature (heating or cooling). d) Dependence of the normalized drain current of the SWCNT 
TFT-sensor on 1000/T with temperature ranging from 288 to 318 K at the gate voltage of −10 V and the drain voltage of −10 V. e) The change of resist-
ance versus temperature under biaxial strain up to 30%. f) The change of resistance as a function of cycle number of the stretching under a strain of 
30%. Reproduced with permission.[213] Copyright 2016, Wiley-VCH.
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the substrate thickness to 3 µm, which exhibited fast response 
to temperature stimuli. It was reported that the e-skin sensor 
responds immediately within 100  ms under a temperature 
change of 3 °C.

2.5. Humidity Sensors

Humidity sensors can monitor the humidity level of environ-
ment, which have been widely used in atmospheric boundary 
layer,[216] respiration monitoring for human health,[217] moni-
toring of human sweat and/or humid environment,[218] and 
other applications. Up to now, various humidity sensors were 
developed by using different sensing materials, including semi-
conductors, ceramics, and organic polymers.[219–223] Based on 
the sensing mechanisms, the humidity sensors can be divided 
into resistive-type, piezoelectric-type, capacitive-type, and 
optical-type sensors.

As the humility sensor is used in the e-skins, it needs not 
only high-performance humidity sensing properties but also 
some other characteristics such as high stretchability, good bio-
compatibility, and long-term stability. Therefore, only little liter-
atures reported the skin-like humidity sensors. The commonly 
used skin-like humility sensors are the resistive-type sensor, 
which are normally composed of the conductive components 
and the hydrophilic polymers[224–228] (such as polyimide (PI), 
PVA, and hydroxyethyl cellulose) or the hydrophilic compo-
nents.[218] As the moisture is absorbed into the sensor, it causes 
the change of conductive pathway of the conductive com-
ponents, thus leading to the change in resistance or current. 
For instance, Xu et al.[218] fabricated a conductive rubber-based 
film containing carboxylic styrene−butadiene rubber, citric acid 
(CA), and Ag nanoparticles. Attributed to the hygroscopicity of 
CA, the conductive film can easily absorb moisture and hold 
it, thus increasing the conductive pathways inside the film. 
As a result, the conductive rubber-based film can be designed 
into humility sensor to monitor the change of humility. Zhu 
et al.[224] fabricated a flexible cellulose nanofiber/CNT humidity 
sensor with high sensitivity to humidity, which can monitor the 
human respiratory rate.

Besides integrating inorganic electronic conductors into 
hydrophilic polymer to generate humility sensor, it is an alterna-
tive route to introduce ions into hydrophilic polymer to design 
flexible humility sensors. For instance, Li et  al.[229] fabricated 
a porous ionic membrane (PIM) by naturally evaporating the 
PVA/KOH polymer gel electrolyte (Figure 13a,b), which exhib-
ited outstanding humidity sensing properties. The as-prepared 
humility sensor based on PIM can real-time detect the rela-
tive humidity (RH) ranged from 10.89% to 81.75%, as shown 
in Figure  13c. In addition, the current of the sensors almost 
linearly increases with RH value, which corresponds to Lang-
muir adsorption isotherm model (Figure 13d). As the increase 
of RH value, more water molecules are adsorbed in PVA and 
more potassium and hydroxide ions are transferred from the 
PVA to the adsorbed water and form a liquid electrolyte, thus 
causing the sharply decrease of the resistance of PIM-based  
sensor. The PIM-based humility sensor can be used to detect 
the moisture around fingertips owing to the high sensing 
performance, as shown in Figure  13e. When the finger is 

approaching to the sensor, the RH is gradually increased from 
10% to 30%, which can be clearly identified by the variations in 
the current. This indicates that the PIM sensor can detect the 
humility via a noncontact model. Moreover, it is found that the 
sensor displays excellent reproducibility with stable signal out-
puts for cyclic measurement (Figure 13f).

3. Self-Healing Capability

Besides outstanding stretchability and various sensing capabili-
ties, human skin also possesses some other important func-
tions, such as self-healing ability and perceiving pain. The 
self-healing ability makes our skin be capable of repairing 
itself autonomously, which drastically increases its service life. 
Moreover, the fast perceiving of pain can give us warning of pre-
venting further injury. For e-skins, it is unavoidable that there 
are some unexpected mechanical damages of e-skins over time. 
Therefore, self-healing ability can effectively endow e-skins with 
the long-term robustness and reliability like human skin.[230–236] 
The basic strategy to achieve the self-healing ability of e-skins 
is to use the self-healing materials in the fabrication of e-skins. 
Based on this strategy, utilizing the self-healing polymer as the 
device matrix can effectively repair the mechanical damage of 
the device.[237–238] However, the self-healing function of e-skins 
requires repairing not only the mechanical damages but also 
the damages of the conductive pathway inside the device. As a 
result, the self-healing materials, including the self-healing con-
ductive composites,[238–248] semiconductors,[249–250] and conduc-
tors,[251] were used in the self-healing e-skins.

When the electronic fillers, such as metal nanoparticles 
and carbonaceous nanoparticles, are filled into a self-healing 
polymer matrix, the destroyed conductive pathway at the wound 
place can also be repaired during the self-healing process of 
the polymer matrix. This is attributed to the reconstruction 
of conductive network of the fillers accompanied by the self-
healing ability of polymer matrix. For example, Son et  al.[242] 
fabricated the self-healing conductive composite by embed-
ding the conductive CNT network into the self-healing polymer 
matrix and used this self-healable conductive nanocomposites 
as stretchable e-skins. The self-healing mechanism of CNT 
network in the polymer matrix is presented in Figure 14a. 
The electrical properties are autonomously healed due to the 
dynamic nature of the self-healing polymer, thus inducing 
the CNT NWs to rearrange a percolated network in the crack 
place. For our very recently fabricated novel MWCNTs/chlorin-
ated poly(propylene carbonate) (CPPC) composite, the mechan-
ical and electrical properties were fast healed only with an 
infrared (IR) irradiation (Figure  14b–d).[252] It is observed that 
the electrical resistance of the self-healable composite remains 
almost unchanged even after several cutting-IR healing cycles 
(Figure 14c), which still can be the conductor to connect a cir-
cuit (Figure 14d).

Beside the approach of utilizing the self-healing conductive 
polymer composites, some other approaches to achieve the 
self-healing function of the electrical devices were also devel-
oped. For example, White et al.[253] used the capsulated eutectic 
gallium–indium alloy (EGaIn) as conductors with intrinsic 
mobility and high conductivity to achieve the self-healing 
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function of the electrical circuits. Once the circuits are dam-
aged, the embedded EGaIn capsules will be ruptured, and the 
EGaIn will be released to form the conductive pathway again. 
However, this method has a fatal flaw, that is, these EGaIn cap-
sules can only be used once, which limits their applications in 
e-skins.

On the other hand, it is known that there is a mass of dynamic 
cross-linking of hydrogen bonds and supramolecular interactions 
in hydrogels, which endow them with the self-healing ability and 
good self-recovery property. Therefore, conductive hydrogels pos-
sess not only high conductivity and robust elasticity but also good 
healing capability, making them ideal candidates for self-healing 
sensors.[95,119,205–208,254–258] For instance, Wei et  al.[254] fabricated 
the conductive nanocomposite hydrogels (NC gels) via gelation 
of oligo(ethylene glycol) methacrylate (OEGMA)-based mono-

mers in a Gly−water cosolvent and integrated with inorganic 
clay as physical cross-linker and ion provider. It is interesting to 
note that resultant NC gels display autonomously self-healing 
capacity and the healing efficiency reaches 84.8%, as shown in 
Figure 15a,b. As illustrated in Figure 15a, the polymer chains at 
the adjoining freshly cut surfaces diffuses into each other and 
form new hydrogen bonds with the neighboring clay platelets, 
which can heal the freshly cut within 45  min. Comparing the 
strain sensing behavior of the original and healed hydrogels, it 
is found that the healed hydrogels can well maintain its strain 
sensing properties during the cyclic stretching-releasing test at 
a maximum strain of 40% (Figure 15c). Liu et al.[95] designed the 
self-healing and strain-sensitive hydrogels utilizing the inter-
connection between the “soft” polymer network and the “hard” 
dynamic Fe3+ cross-linked cellulose nanocrystals network. As 

Figure 13. a) Photograph of PIM by naturally evaporating the PVA/KOH polymer gel electrolyte. b) SEM image of prepared conductive PIM. c) Response 
of PIM-based humility sensor to RH ranging from 10.89% to 81.75%. d) Dependence of ∆I/I0 of the PIM-based humility sensor on the square root of 
different RH. e) Dependence of ∆I/I0 of the PIM-based humility sensor on the distances between the finger and the sensor. The inset shows the scene 
of a finger approaching the sensor. f) Repeated signals of the noncontact PIM-based sensor for approaching the sensor with distance of 0.3 ± 0.05 cm 
for four circles. Reproduced with permission.[229] Copyright 2017, Wiley-VCH.
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shown in Figure 15d, the LED light connected with hydrogel is 
dimmed out when the hydrogel is cracked. However, the LED 
light could recover to the initial state after 5 min’s self-healing 
process of the hydrogels. During the loading–unloading cyclic 
test at 150% strain for the initial hydrogel and the self-healed 
hydrogel, it is observed that there are almost no changes in the 
outputted signals for the hydrogel sensor before and after self-
healing process, indicating the reliable self-healing capability of 
the hydrogel-based sensor (Figure  15e). Moreover, Wu et  al.[207] 
fabricated the PAM/carrageenan double network hydrogel with 
outstanding temperature sensing function and self-healing capa-
bility. As shown in Figure  15f, the fracture surface of two fur-
cated parts can be cured at 95 °C for 30 min, thus causing the 
lighting again of the LED indicator. It was also observed that the 
self-healed hydrogel maintains the high temperature sensing 
properties, which could detect the hot air flow from the hair 
dryer (Figure 15g).

Similar to the hydrogels, some ionogels can be finely healed 
because of some reversible interactions, thus endowing the 

resultant sensor with self-healing capability.[105,116,259] Weng 
et  al.[116] fabricated the highly stretchable and self-healing 
ionogel based on the mixture of PVA complexes and ILs. As 
the red and blue ionogels were contacted with a drop of water 
dripping on the fractured surfaces, these two halves of the 
ionogels were reconnected after healing under ambient con-
ditions (40% RH, 25  °C) for 1 h (Figure 16a). The self-healed 
ionogel could be stretched (Figure  16a) and lift a weight of 
1500  g (Figure  16b). Moreover, it is found that the curve of 
the relationship between relative resistance and strain of the 
healed sensor is well overlapped with that of the pristine one, 
indicating the sensor is completely regained (Figure  16c). 
Based on the durability of over 500 loading–unloading cycles 
at a strain of 50%, the changes in relative resistances of pris-
tine and healed ionogel-based sensors are almost overlapped, 
further indicating the excellent self-healing ability of the 
ionogel-based sensor. Li et al.[105] fabricated the PU/ILs ionogel-
based sensor, which exhibited not only high strain sensitivity 
ranging from 0.1% to 300%, but also excellent healing ability. 

Figure 14. a) Schematic illustration of the recovery of CNT network in the self-healing polymer matrix. Reproduced with permission.[242] Copyright 2018, 
Springer Nature Publishing. b) Young’s modulus of the original and healed MWCNTs/CPPC composites at different MWCNT loadings. c) Dependence 
of resistance of the composite (4.0 wt% MWCNTs) on time in the cutting-healing cycles. d) Demonstration experiments that the healed MWCNTs/
CPPC can be the conductor to connect a circuit. Reproduced with permission.[252] Copyright 2019, Elsevier.
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As shown in Figure 16e, the fractured ionogel can be healed by 
heating at 65 °C for 2h and healed ionogel could be stretched to  
2.5 times of its initial length. During the loading–unloading 
cycles at a strain of 100% for the healed ionogel sensor, it could 

output steady and repeated ∆R/R0 signals over 1000 cycles, 
which were almost the same as those of the pristine sensor 
(Figure  16f). This displays the outstanding healing ability and 
long-term durability of the as-prepared ionogel-based sensor.

Figure 15. a) Schematic illustration of the self-healing process of conductive nanocomposite hydrogels. b) Images of the self-healing property of con-
ductive nanocomposite hydrogels. From left to right, the images represent the freshly cut gels, healed gels, healed gels bent to semicircle and circle, 
respectively. c) Dependence of the relative resistance changes of the initial hydrogel and self-healed hydrogel with time during the cyclic loading and 
unloading test at a strain of 40%. Reproduced with permission.[254] Copyright 2020, American Chemical Society. d) The changes for LED light connected 
with the hydrogel before and after self-healing process. e) Comparison of the strain sensing properties for the hydrogel under a loading−unloading 
cycle at 150% strain before and after self-healing process. The inset images are the photos for the hydrogel in the cracked, self-healed, and 150% 
strain states, respectively. Reproduced with permission.[95] Copyright 2017, American Chemical Society. f) LED illumination experiment demonstrates 
the self-healing process of the hydrogel. The top images represent the initial state of gels, freshly cut gels, and healed gels, respectively. g) Resistance 
response of self-healed hydrogel-based temperature sensor to three different temperatures given by the hair dryer. Reproduced with permission.[207] 
Copyright 2018, American Chemical Society.
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Recently, there is a newly emerging trend to combine the 
self-sensing, self-healing, self-powering functions, and Internet 
of Things (IoT) technology into the e-skin systems, which 
makes the sensor be autonomous.[260] To realize the self-pow-
ering capability, different energy-harvesting devices, including 
piezo-, tribo-, or thermoelectric generators and the flexible 
solar or radio-frequency cells, were used as the power supply of  
the autonomous sensors.[261–263] Among them, piezoelectric and 
triboelectric generators may be the optimal choice because of 
their low-cost, easy energy input, and unlimited power sources 
by the body motions. On the other hand, wireless transmission of 
autonomous sensor creates the possibility of long-distance data 
collection and analysis, which is the critical technology for ena-
bling the use of IoT of autonomous sensor.

4. Other Functions of E-Skins

Our skins are able to be stretched to a strain of ≈30%, which 
allows to accommodate body movements and maintain the 
sensing functionalities.[38] To maintain the sensing func-
tionalities other than the strain sensing function under the 
stretching, however, ingenious design is needed in the shape 
and internal structure of e-skins. An effective strategy is to posi-
tion the sensing components of the sensing devices within the 
places that do not experience strain during the bend or stretch, 
which are connected by conducting frameworks with extraor-
dinary stretchable characteristics. For instance, Xu et  al.[264] 
proposed self-similar serpentine geometries to interconnect 
the segmented stiff islands containing the active materials 

Figure 16. a) Images showing the self-healing ability of PVA/PVP/ILs ionogel. The inset optical microscopy image shows the healed area of the ionogel. 
b) Photoshops showing the healed PVA/PVP/ILs ionogel can lift a weight of 1500 g. c) Variation of the relative resistance changes of the pristine PVA/
PVP/ILs ionogel sensor and the healed PVA/PVP/ILs ionogel sensor. d) Variation in relative resistances of pristine and healed PVA/PVP/ILs ionogel-
based sensor over 500 loading−unloading cycles at a strain of 50%. The inset is the enlarged image of the last ten cycles during the measurement. 
Reproduced with permission.[116] Copyright 2020, American Chemical Society. e) Images of self-healing process of PU/ILs ionogel. f) Cyclic stability test 
of the healed PU/ILs ionogel-based sensor for 1000 cycles of loading–unloading measurement at a strain of 100%. Reproduced with permission.[105] 
Copyright 2020, Wiley-VCH.
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for fabricating highly stretchable batteries (Figure 17a–c). The 
resulting devices provided an excellent biaxial stretchability 
up to a strain of 300%, while still maintaining capacity densi-
ties of ≈1.1 mAh cm–2. The outstanding stretchability of the 
device is attributed to the unusual “self-similar” interconnect 
geometries as shown in Figure  17b,c. The segmented islands 
can still be connected by the serpentine wires when the devices 
are stretched to large levels of deformation (Figure  17c). Very 
recently, Li et  al.[265] proposed a soft encapsulation strategy to 
encapsulate the stretchable interconnected conductors inside 
the elastomeric substrate to design the stretchable conductor 
(Figure  17d), which can well maintain the electrical properties 
during stretching. It is observed that the devices with encap-
sulated helical interconnects exhibit excellent mechanical 
properties, which can be mounted onto complex curvilinear 
surfaces with coupled bending and folding deformations 
(Figure 17e).

Beside the essential sensing functionalities, there is an 
emerging trend that future e-skin sensors should have a trans-
parent architecture. First, the transparency will be critical for 
widespread user acceptance if the sensors are adhered on 
human face or neck.[266] Second, transparent structure of the 
e-skin sensor provides the possibility to integrate with other 
devices like display components and photovoltaic cells.[267–270] 
It is clear that most of the electron components such as car-
bonaceous nanoparticles and metal nanoparticles are nontrans-
parent. Therefore, electron sensors normally are non-trans-
parent. To solve this challenge, it was found that transparency of 
the sandwich-like strain sensors can be significantly improved 
by decreasing the areal density of the conductive layer.[67,271–272] 
In our previous work,[67] we systematically investigated influ-
ence of the areal density of the conductive layer on the sensing 
function as well as the transparency of the sandwiched PDMS/
CNTs/PDMS strain sensor (Figure 18a–f). When the areal den-
sity of CNT in the conductive layer is 0.16  mg cm−2 and the 
layer thickness is ≈50  nm, the as-prepared sensor exhibits 

a good optical transmittance of 53.1% at 550  nm and wide 
sensing range up to 130%. Attributed to the good transparency 
and outstanding sensing performance, this sensor is suitable to 
be adhered on the face to detect tiny motions on facial expres-
sions (Figure  18f). On the other hand, some-types of ionic 
hydrogels and ionogels are transparent since they use the trans-
parent ions as the sensing components, which makes them be 
the promising candidates for designing the transparent e-skin 
sensors. For example, Wang et al.[205] fabricated ionic conduc-
tive cellulose/PVA hydrogel with an optical transmittance of 
80.42% at 550  nm, which exhibited high stretchability and 
excellent strain sensing performance (Figure 18g,h). Moon and 
coworkers[273] integrated poly(methyl methacrylate-ran-butyl 
acrylate) (PMMA-r-PBA) and ILs together to generate ionogels 
with high transparency (the transmittance is about 98.5%) and 
ultra-stretchability (The maximum elongation is up to 850%.), 
which could be used as high-performance transparent strain 
sensor to detect human motions (Figure 18i).

Aching feeling or pain feeling of the skin endows the skin 
with the ability to perceive the damage of the skin and send 
the alarm signals to the central nervous system, then we can 
make timely reactions. However, how to identify the touch and 
pain is still a challenge for e-skins. Up to now, few researchers 
focus on this issue. Only very recently, Osborn et al.[274] realized 
the quantitative identifying of touch and pain by analyzing the 
resistance change of multilayered electronic dermis (e-dermis). 
This e-dermis and the neuromorphic interface can provide 
tactile information to differentiate nonpainful or painful tac-
tile stimuli. Recently, Markvicka et  al.[275] fabricated an e-skin 
composite with liquid metal droplets dispersed in the elastomer 
matrix, which could detect and localize damage by electrical 
signal. As the e-skin is damaged, the encapsulated liquid metal 
microdroplets will rupture and form in situ conductive pathway 
between neighboring droplets. Therefore, electrical circuit is 
used to detect and visualize the damage place by the changes 
in conductivity. In addition, Khatib et al.[232] fabricated the 

Figure 17. a) Schematic illustration of a stretchable device under stretch or bend. b) Optical images of stiff electrodes connected by the self-similar 
conducting frameworks; c) optical images and corresponding finite element analysis (FEA) of “self-similar” interconnect geometries at different levels 
of applied tensile strains. Reproduced with permission.[264] Copyright 2013, Springer Nature Publishing. d) Optical images of stretchable conductor with 
the undeformed and deformed configurations inside. e) Optical images of the working device with encapsulated helical interconnects under different 
forms of deformations. Reproduced with permission.[265] Copyright 2019, Wiley-VCH.
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multifunctional e-skin with not only high sensing performance 
in temperature, pressure, and pH sensing but also the capabili-
ties of damage mapping and self-healing. The damage detection 
is realized by integrating a neuron-like nanostructured network 

of conductive carbon black embedded inside the dynamic self-
healing polymer. More interestingly, the e-skin can effectively 
repair the small- and large-scale damages due to its specialized 
repair systems.

Figure 18. TEM images for the fractured surface of sandwiched PDMS/CNTs/PDMS strain sensors containing different areal densities of CNTs in the 
conductive layer; a) 0.08, b) 0.16, c) 0.24, and d) 0.48 mg cm−2. e) Electrical resistance of the PDMS/CNTs/PDMS strain sensor as a function of areal 
densities of CNTs (0.08, 0.16, 0.24, and 0.48 mg cm−2). f)  Responses of the sensor with 0.16 mg cm−2 CNTs to cyclic motions of cheek (chewing and 
yawning). Reproduced with permission.[67] Copyright 2020, Elsevier. g) Optical transmittance of ionic cellulose/PVA hydrogel in the wavelength range 
from 210 to 900 nm. The inset is the image of the hydrogel, exhibiting high transparency. h) Response of the resultant sensor to the bending action of 
the finger. Reproduced with permission.[205] Copyright 2020, Royal Society of Chemistry. i) Schematic illustration of different applications of transparent 
ionogel-based sensor. The insets are the photoshops of sensor adhered to finger, elbow, ankle, and knee, respectively. Reproduced with permission.[273] 
Copyright 2020, Wiley-VCH.

Adv. Funct. Mater. 2021, 2104686



www.afm-journal.dewww.advancedsciencenews.com

2104686 (24 of 34) © 2021 Wiley-VCH GmbH

5. E-Skin Systems with Multiple Sensors

With the development of materials science and micro-nano- 
processing, e-skin comes into a high-speed development 
time. Various essential materials for the e-skin devices, 
including strain sensing, pressure sensing, shear sensing, and 
temperature sensing materials, were developed. Some spe-
cific sensing materials even possess higher sensing sensitivity 
than the human skin. However, delicate design in circuits is 
needed and multifunctional versatile sensors are needed to be 
integrated into a whole e-skin system to realize the complex 
sensing properties. So that we may have the opportunity to 
finally fabricate the e-skin that can be compared to human skin. 
Compared to the mass publications in sensing materials, there 
are not too many papers that focus on the integration of these 
essential functions into an e-skin system. This section will 
summarize some typical e-skin systems integrated with various 
sensors with multiple functionalities.

An et  al.[276] developed an all-graphene-based noncontact 
electronic sensor by virtue of femtosecond laser direct writing 
technique, which could directly write the all-graphene in-plane 
sensor comprising patterned rGO as the electrodes and pristine 
GO as the sensing material (Figure 19a). The fabricated sensors 
were assembled into an e-skin device, which exhibited high-spa-
tial-resolution sensing capabilities over a long detection range in 
a noncontact mode, such as human breath or finger humidity 
(Figure  19b). Real-time responses in resistance of the e-skin 
to the distance between finger and sensor are clearly observed 

in Figure 19c. In addition, the respiratory frequency of human 
breath can also be monitored by the e-skin (Figure  19d). The 
sensing mechanism is attributed to the change of the proton 
and ionic conductivity in the low and high humidity conditions, 
respectively, which is induced by the moisture stimulus from 
breath or finger (Figure 19e). Moreover, Ho et al.[277] fabricated a 
transparent and stretchable multifunctional e-skin device, which 
can sense the humidity, thermal, and pressure stimuli at the 
same time (Figure 20). This e-skin was judiciously integrated by 
humidity, thermal, and pressure sensors via the layer-by-layer 
assembly technology (Figure 20a–c). It is worth to note that each 
sensor provides output responses to a specific stimulus without 
displaying sensitivity to other stimuli, as shown in Figure 20e.

Zhao et al.[278] fabricated a multifunction electronic skin with 
the capabilities of sensing temperature and pressure stimuli, as 
well as identifying matter type and sensing wind (Figure 21). 
This e-skin is designed with a staggered arrangement of var-
ious sensing units, including the pressure, temperature, and 
flow/wind sensing units (Figure  21a). The e-skin exhibits out-
standing pressure- and temperature-sensing capabilities, as 
shown in Figure 21c,d, respectively. Moreover, it is observed that 
the response time of temperature sensor is ≈8 ms, which can 
perceive the surroundings rapidly (Figure 21e). Both the pres-
sure and temperature maps can be detected using the sensing 
array in the e-skin device, which can be used to discriminate 
matter shape (Figure 21f,g). In addition, Tee et al.[239] fabricated 
a flexible e-skin, which has the capabilities of self-healing, tactile 
sensing, and flexion force sensing. The self-healing capability 

Figure 19. a) The left part is the schematic illustration of the fabrication of all-graphene noncontact sensors via the virtue of femtosecond laser direct 
writing technique. The right part is the optical images of the fabricated sensor. b) Conceptual image of the e-skin device with a flexible sensing matrix 
adhered on a human hand provides the responses to noncontact stimuli, such as human breath or a human finger. c) Response of e-skin to RH (refer-
ence hygrometer) of a fingertip at different sensing distances. Scale bar: 20 mm. d) Real-time responses of the e-skin to human breath (green curve) and 
wind from a fan (orange curve). Scale bar: 20 mm. e) The mechanism of the responses of sensor to moisture stimuli, which is attributed to the change of 
the proton and ionic conductivity in the low and high humidity conditions. Reproduced with permission.[276] Copyright 2017, American Chemical Society.
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of the e-skin is attributed to the usage of self-healing conductive 
composites, which are composed of a supramolecular organic 
polymer with embedded nickel nanostructured microparticles. 
On one hand, the supramolecular polymeric hydrogen-bonding 
network provides self-healing function of the e-skin device. On 
the other hand, the embedded nickel microparticles endow the 
composite with piezoresistive behavior, which can be used to 
sense the tactile pressure and flexion force.

Using a multitude of individual sensors consolidated into a 
common e-skin device is a straightforward route that can simul-
taneously detect multiple stimuli. However, the integration of 
different functional sensors together involves sophisticated 
and expensive fabrication that limits widespread commercial  
application. Moreover, it is still difficult to ensure that there  
is no crosstalk between these multiple stimuli in the integrated 

e-skin system.[33] Alternatively, multifunctional sensors that can 
transduce each stimulus into separate signals can overcome 
these limitations.[279] Very recently, Chhetry et  al.[279] reported 
a skin-attachable temperature–strain multifunctional sensor by 
a black phosphorus and laser-engraved graphene (BP@LEG) 
heterostructure into an ultrathin, highly stretchable polymer 
substrate, as shown in Figure 22a. This multifunctional sensor 
exhibits remarkable temperature-dependent characteristics and 
linear microcrack propagation behavior, which are suitable for 
the thermoresistive sensor (Figure  22b,c) and strain sensor 
(Figure  22d,e), respectively. Attributed to the novel design in 
the sensing heterostructure, the hybridized sensor demon-
strates a series of merits, including high thermal index of 
8106 K (25–50 °C), strain sensitivity (i.e., GF) of 2765 (>19.2%), 
and durability of over 18 400 cycles revealing the suitability.

Figure 20. a) Schematic illustration of fabrication of a transparent and stretchable multifunctional all-graphene e-skin sensor matrix. b) Schematic 
diagram showing the self-assembly of four pixels of the multimodal sensor. c) Circuit diagram of the e-skin sensor matrix. d) Optical transmittance 
and optical image of the e-skin sensor matrix. e) Simultaneous sensing performance of the e-skin to hot wind blowing, hand touching, and breathing, 
respectively. It is observed that each sensor provides output responses to a specific stimulus without displaying sensitivity to other stimuli. Reproduced 
with permission.[277] Copyright 2016, Wiley-VCH.
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Beside various tactile sensing capabilities, such as strain, 
pressure, shear force, temperature, and humility sensing 
functions, artificial e-skins may possess additional sensing 
functions by integrating the sensors other than tactile sen-
sors, such as chemical sensor, light sensor, magnetore-
sistive sensor, and so on. This provides the possibility 
to fabricate the e-skins that exceed the natural skin. For 
instance, Hua et al.[280] fabricated a multi-sensory e-skin 
by a multilayered design layout, as shown in Figure 23a–c.  
The multilayered design layout contains six different types of 
sensor units, which provides different sensing capabilities. 
Moreover, these sensing areas are connected by meandering 
wires, which ensures these sensing units to remain their sensing  
performances under stretching or compressing. Therefore, the 
as-prepared e-skin possesses sensing functionalities including 
not only strain, pressure, temperature, and humidity sensing 
capabilities like the human somatosensory system, but also 
some additional sensing capabilities such as light, magnetic 
field, and proximity sensing capabilities (Figure 23d–i).

6. Conclusions and Outlook

In this review, we have outlined the general strategies to 
achieve different essential functions of e-skin devices and 
recent progress of integrating these versatile functions into 
the e-skin systems. With the advance in the material sci-
ence and process technology, a mass of e-skin sensors has 
emerged in the last decade. Each individual function of 
human skins, such as stretchability, strain sensing, pressure 
sensing, temperature sensing, and self-healing ability, has 
been well achieved by various sensors. Moreover, some new 
fabrications and integration techniques were also developed 
to integrate various functions into one device. Although con-
siderable advances have been made in the soft e-skin, there 
are still many challenges in this issue, which limit its prac-
tical applications.

1. Up to now, various skin-like sensors were developed with 
different functions Therefore, the “last mile” is how to well 

Figure 21. a) Schematic illustration of the flexible e-skin with an integrated array of the different types of sensing units. b) Photoshop image of the flex-
ible e-skin adhered on the hand. c) Response of the e-skin to the pressure. The inset shows the experiment setup. d) Response of the e-skin to tempera-
ture response in heating and cooling processes. e) Real-time response of the e-skin to temperature when hot water droplets drop onto it. f) Pressure 
maps visualized by the e-skin under different weights. Scale bar, 5 mm. g) Temperature maps visualized by the e-skin when placing a heated L-shape 
copper sheet on it and its cooling process with a time interval of 30 s. Scale bar, 5 mm. Reproduced with permission.[278] Copyright 2017, Wiley-VCH.
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integrate these functions into an e-skin device. However, 
the current technology still has no way to combine these 
sensors together without causing interference of each other.  
At present, one can only fabricate the multifunctional in-
tegrated e-skin system consisting of parts of functions of 
human skin.

2. Only very limited elastomer-based, hydrogel-based, or iono-
gel-based e-skin sensors can recover their sensing functions 
once they are damaged. However, it is hard to realize self-
healing ability for the other types of e-skin sensors. We are 
still lacking a universal method to realize the self-healing 
function of versatile e-skin sensors. Therefore, it is an essen-
tial challenge to be solved for the future e-skins.

3. Most of researchers are focused on designing various sen-
sors, which lacks circuit design and signal processing. There-

fore, it needs the cooperation of the scientists from different 
areas, including chemistry, material science, engineering, 
and mechatronics, and so on, to solve this challenge.

4. Most of the reported e-skin sensors were fabricated in labo-
ratory. The researchers may only pursue the functions and 
sensing performance of the sensor but ignore the cost, pro-
duction efficiency, and bad product rate. Large-area and sta-
ble production of e-skins remain difficult tasks, which limit 
the practical applications of e-skins.

5. Although natural skins are not transparent, it is an emerging 
trend to develop the transparent e-skins in future because the 
transparent structure is possible to be integrated with display 
components and photovoltaic cells. This makes e-skins not 
only possess various sensing capabilities but also have the 
display function.

Figure 22. a) Schematic illustration of the heterostructure of BP@LEG hybrid sensor. b) Dependence of the resistance of BP@LEG hybrid sensor on 
temperature. c) Resistive response of the sensor during repetitive heating and cooling between 25 and 38.5 °C. d) Optical images for the stretching and 
un-stretching of the sensor. e) Time-dependent resistance response of the sensor for seven consecutive cycles of strains from 2% to 20%. Reproduced 
with permission.[279] Copyright 2020, Wiley-VCH.
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6. There is a newly trend to integrate additional sensing func-
tions other than those of the human somatosensory system, 
which may make e-skins stronger than the natural skin.

In summary, developing high-performance e-skins compa-
rable to human skins, is a systematic project which calls for 
efforts from different areas. First of all, various types’ sensors 
are the essential components of e-skins, which need to develop 
new sensors with superior properties and better compatibility 
with other sensors. At present, most e-skin sensors are derived 
from stretchable electronic conductor, which have some inevi-
table drawbacks such as non-transparency and instability. Some 
other type stretchable conductors, such as ionic gels may be 
the promising candidate for fabricating e-skin sensors. Second, 
some delicate circuits and structure design are also desired 
when different e-skin components are incorporated together, 
which needs the combination of the material science and 
microelectronic science.
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