AAAS

Research

Volume 2021, Article ID 9801832, 10 pages
https://doi.org/10.34133/2021/9801832

Research Article

Fully Organic Self-Powered Electronic Skin with
Multifunctional and Highly Robust Sensing Capability

Lijuan Song,"> Zheng Zhang,"* Xiaochen Xun,"? Liangxu Xu,"> Fangfang Gao,"”
Xuan Zhao,"? Zhuo Kang,"* Qingliang Liao ®,"> and Yue Zhang®"*

!Beijing Advanced Innovation Center for Materials Genome Engineering, Beijing Key Laboratory for Advanced Energy Materials
and Technologies, University of Science and Technology Beijing, Beijing 100083, China
“State Key Laboratory for Advanced Metals and Materials, School of Materials Science and Engineering, University of Science and

Technology Beijing, Beijing 100083, China

Correspondence should be addressed to Qingliang Liao; liao@ustb.edu.cn and Yue Zhang; yuezhang@ustb.edu.cn

Received 28 December 2020; Accepted 26 January 2021; Published 20 February 2021

Copyright © 2021 Lijuan Song et al. Exclusive Licensee Science and Technology Review Publishing House. Distributed under a
Creative Commons Attribution License (CC BY 4.0).

Electronic skin (e-skin) with skin-like flexibility and tactile sensation will promote the great advancements in the fields of wearable
equipment. Thus, the multifunction and high robustness are two important requirements for sensing capability of the e-skin. Here,
a fully organic self-powered e-skin (FOSE-skin) based on the triboelectric nanogenerator (TENG) is developed. FOSE-skin based
on TENG can be fully self-healed within 10 hours after being sheared by employing the self-healing polymer as a triboelectric layer
and ionic liquid with the temperature sensitivity as an electrode. FOSE-skin based on TENG has the multifunctional and highly
robust sensing capability and can sense the pressure and temperature simultaneously. The sensing capability of the FOSE-skin
based on TENG can be highly robust with no changes after self-healing. FOSE-skin based on TENG can be employed to detect
the arm swing, the temperature change of flowing water, and the motion trajectory. This work provides a new idea for solving
the issues of monofunctional and low robust sensing capability for FOSE-skin based on TENG, which can further promote the

application of wearable electronics in soft robotics and bionic prosthetics.

1. Introduction

The human skin possesses an excellent tactile sensation to
sense the pressure and temperature change [1]. Moreover,
the self-healing ability of human skin enables these sensing
capabilities with the restorability against mechanical damage
[1]. If these capabilities can be reconstructed on the electron-
ics such as the electronic skin (e-skin), the e-skin will be very
useful in the emerging field of soft robotics and bionic pros-
thetics [2-6]. Accordingly, various sensing components and
materials have been employed to give e-skin with sensing
capability and high robustness [7-11]. The major sensing
components for reported e-skin include transistors, capaci-
tance, and resistance sensors [8, 12-14]. These sensing com-
ponents usually rely on a power supply to work, which may
cause the overall system bulky and greatly limit the practical
utilization for e-skin. Therefore, the triboelectric-electrostatic
induction effect has been proposed to construct a self-
powered e-skin without power supply [15, 16]. The self-

powered e-skin based on the triboelectric nanogenerator
(TENG) has been employed on the human-machine inter-
action [17-24], wearable electronics, and medical device
[25-35]. Nevertheless, the reported self-powered e-skin
could only detect pressure but not temperature, which is
insufficient to achieve multiple sensing for practical applica-
tions. To give the self-powered e-skin with high robustness,
self-healing materials have been employed. Conventionally,
self-healing materials make use of dynamic reversible inter-
molecular interactions including hydrogen bonds, metal-
ligand coordination bonds, and dynamic covalent bonds
[36-39]. Among them, the hydrogen bonds are the most
widely adopted due to the advantages of directionality, mod-
erate strength, and short healing time. The self-healing
PDMS and hydrogel have been employed as a triboelectric
layer and electrode, respectively, for the self-powered e-skin
[40]. However, this design could not give a self-powered e-
skin with a self-healing ability of the whole device, which
makes the self-powered e-skin to easily fail and thus to have
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F1GURE 1: Chemical structure of the self-healing polymer and design of the FOSE-skin based on TENG: (a) the molecule and hydrogen bonds
contained in the polymer; (b) the preparation process and chemical structure of the polymer; (c) schematic diagram for constructing the
FOSE-skin based on TENG; (d) the pressure sensing principle of the FOSE-skin based on TENG.

low robustness. Moreover, the reported self-healing and self-
powered e-skin usually needs to be heated or costs a long
time to achieve self-healing, which is inconvenient to the
practical applications [41-48]. Hence, it is urgent to find a
method to resolve the single function and low robustness of
the sensing capability for the self-powered e-skin.

In this work, a fully organic self-powered e-skin (FOSE-
skin) based on TENG is developed. The FOSE-skin based
on TENG can achieve the multifunctional sensing of pressure
and temperature with high sensitivity and fast response time.
By employing a self-healing polymer as a triboelectric layer
and temperature-sensitive ionic liquid as the electrode, the
FOSE-skin based on TENG has a fully self-healing ability of
the whole device to ensure high robustness. Thus, the sensing
capability of FOSE-skin based on TENG can be restored
completely without external treatment after being sheared.
The developed FOSE-skin based on TENG can detect the
arm swing and the temperature change of flowing water.
Besides, a 3 x 3 pixel sensing multistage sensation matrix

composed of the developed FOSE-skin based on TENG can
perceive the motion trajectory. This FOSE-skin based on
TENG shows bright prospects in many application fields
including soft robotics and bionic prosthetics.

2. Results

Figure 1 shows the preparation of the self-healing polymer
and the construction of FOSE-skin based on TENG. As
shown in Figures 1(a) and 1(b), the self-healing polymer
was polymerized by the two-step method. The DM-80 firstly
reacted with DETA to get an oligomer, and then, the urea was
added to polymerize and obtain the self-healing polymer.
Afterward, the prepared polymer was molded to a 20 x
20 x 0.2mm film to test the self-healing ability. As shown
in Supplementary Figure S1, the sheared film can be self-
healed in 5min at room temperature indicating the
excellent self-healing ability of the prepared polymer. To
reveal the self-healing mechanism of the prepared polymer,
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F1GURE 2: The pressure sensing capability of the FOSE-skin based on TENG: (a) the output current of the FOSE-skin based on TENG under
different pressure from 0.12 kPa to 100 kPa; (b) the enlarged views of the output current at 43.75 kPa; (c) the relationship between the current
and pressure; (d) the response time of the pressure sensing for the FOSE-skin based on TENG.

the FTIR was carried out. Supplementary Figure S2 shows
that the representative peaks of the self-healing polymer are
located in 1641.32cm™, 2924.02cm™, and 3330.46cm’™.
These representative peaks demonstrate amounts of
carbonyl, amino, and alkane groups existing in the self-
healing polymer, respectively. A hydrogen bond will be
formed between carbonyl and amino groups, in which
amino is a proton donor and carbonyl is a proton acceptor.
Thus, the polymer can be self-healing because the hydrogen
bond has low bond energy and reversible dynamic
characteristics [49]. Besides, the polymer film can be
reconnected through the migration of the molecular chains.
As shown in Supplementary Figure S3, the glass transition
temperature was -6.5°C indicating that the molecule chains
can easily move and the polymer film can be self-healed at
room temperature. By employing the self-healing polymer
and ionic liquid, the FOSE-skin based on TENG was
constructed as shown in Figure 1(c). The insulated self-
healing polymer acted as the triboelectric layer, and the ionic
liquid [OMIm][PF,] with thermally sensitive resistance was
employed as the electrode for the FOSE-skin based on
TENG. The sensing principle of the FOSE-skin based on
TENG is shown in Figure 1(d). When an external object

contacts the self-healing polymer, the positive and
negative charges on the surface of the polymer and object
are induced to reach charge equilibrium. The generated
negative triboelectric charges can remain on the polymer
surface for a long time due to the insulating property.
Once the external object separates from the polymer, the
charge equilibrium is broken and the electrons will be
induced from the liquid electrode into the ground to
balance the negative charges on the polymer surface. Until
the object is far away from the polymer enough, the
number of negative charges on the polymer is equal to
that of positive charges in the liquid electrodes. When the
object approaches and contacts the polymer, the electrons
will flow back from the ground to the liquid electrodes to
reach charge equilibrium again. In this process, a pulse
current signal is generated.

Figure 2 shows the pressure sensing capability of the
FOSE-skin based on TENG. The output current of the
FOSE-skin based on TENG under different pressure from
0.12kPa to 100kPa is shown in Figure 2(a). It can be seen
that the output current was stably and regularly increased
with the higher pressure. Moreover, the pressing process
can be revealed by the current curve of 43.75kPa for the
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FiGURrk 3: The temperature sensing capability of the FOSE-skin based on TENG: (a) the output current of the FOSE-skin based on TENG
under different temperatures from 20°C to 60°C; (b) the enlarged views of the output current at 40°C; (c) the relationship between the
output current and temperature; (d) the response time of the temperature sensing for the FOSE-skin based on TENG.

FOSE-skin based on TENG. As shown in Figure 2(b), the
blue area and pink area of the output current indicated the
pressing and releasing processes, respectively. The pressure
sensitivity of the FOSE-skin based on TENG is shown in
Figure 2(c), which is defined as the linear relationship
between the output current and pressure. At the range of
0.12~6.25 kPa pressure, the sensitivity was 3.55nAkPa" for
FOSE-skin based on TENG. While the pressure was higher
than 6.25kPa, the sensitivity of the FOSE-skin based on
TENG reduced to 0.70nAkPa™. This phenomenon may be
related to the well-known saturation in the triboelectric
charge accumulation and contact area increasing [50]. By cal-
culating the peak time of the output current curve, the 57 ms
response time can be obtained for the FOSE-skin based on
TENG, as shown in Figure 2(d). There have been researches
that the range of pressure as human interacted with the out-
side world is about equivalent to 10 kPa, which just matches
with the pressure area of high sensitivity for the developed
FOSE-skin [51, 52]. Besides, the FOSE-skin has enough flex-
ibility and conformability due to its fully organic structure
design. Thus, the FOSE-skin is suitable for employing as
wearable equipment on soft robotics and bionic prosthetics.

The FOSE-skin based on TENG can sense not only the
pressure but also the temperature change. This capability is
attributed to the liquid electrode which is composed of ionic

liquid with temperature-sensitive resistance. As shown in
Supplementary Figure S4, the resistance decreases and the
conductivity increase for the ionic liquid with the
temperature increasing. The change of electrode resistance
leads to the different output current of the FOSE-skin based
on TENG at the same pressure. As shown in Figure 3(a), the
output current with the 43.75kPa pressure was increased
significantly at higher temperatures due to the decreased
electrode resistance for the FOSE-skin based on TENG. The
detail of the output current curve at 40°C and 43.75kPa is
shown in Figure 3(b). The green region of the output current
indicated the pressing process, and the orange region of
the output current represented the releasing process for
the FOSE-skin based on TENG. The sensitivity of the
temperature sensing for the FOSE-skin based on TENG is
3.76nA°C", as shown in Figure 3(c). Additionally, the
response time of pressure is changed for the FOSE-skin
based on TENG with the temperature increasing. Figure 3(d)
shows that the response time of 43.75kPa pressure sensing
was about 20 ms indicating the shorter response time of the
FOSE-skin based on TENG at 40°C and 50°C.

Figure 4 shows that the self-healing ability of the whole
device is a critical design for the FOSE-skin based on TENG
with highly robust sensing capability. The self-healing ability
of the FOSE-skin based on TENG was visualized by using an
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FIGURE 4: Self-healing ability of the FOSE-skin based on TENG: (a) optical microscope images of the damaged and healed FOSE-skin based
on TENG at 20°C for 10 hours; (b) the self-healing process of the liquid electrode for FOSE-skin based on TENG; (c) the output current of the
FOSE-skin based on TENG at 6.75kPa and after self-healing; (d) the output current of the FOSE-skin based on TENG at 20°C and after

self-healing.

optical microscope as shown in Figure 4(a). The scar on the
surface of the FOSE-skin based on TENG can be self-healed
after 10 hours at room temperature without external treat-
ment. For further demonstration of the self-healing ability
of the whole device, the FOSE-skin based on TENG was
completely cut off as shown in Supplementary Figure S5.
The disconnected FOSE-skin based on TENG was put into
contact for self-healing at room temperature, and 10 hours
later, the FOSE-skin based on TENG can be restored to its
original state. Besides, there was no decay of the electrode
resistance. As shown in Figure 4(b), the electrode broke and
the resistance value became infinity once the FOSE-skin
based on TENG was cut off. However, the electrode
resistance can be immediately restored as before when the
FOSE-skin based on TENG has bonded together again.
This ultrafast self-healing ability of the electrode is due to
the fluidity of an ionic liquid and the capillary effect which
can ensure no leak out of ionic liquid from the polymer
matrix. Thus, the FOSE-skin based on TENG has a highly
robust sensing capability with no changes after self-healing
as shown in Figures 4(c) and 4(d). Moreover, the FOSE-
skin based on TENG can work continuously for 36000
cycles which proves the excellent fatigue resistance of the
FOSE-skin based on TENG as shown in Supplementary
Figure S6. The developed FOSE-skin based on TENG with
highly robust sensing capability will meet the applications

of soft robotics and bionic prosthetics which usually
requires electronics to have sufficient robustness to bear
mechanical damage.

As shown in Table S1, the developed FOSE-skin has
excellent flexibility, multifunctional sensation capability,
and fully self-healing ability at room temperature, which is
superior to the reported self-healing and self-powered e-
skin [1-9]. The developed FOSE-skin based on TENG can
be used to sense the arm swing. As shown in Figure 5(a),
the output current of the FOSE-skin based on TENG
increased with the larger angle of the arm owing to the
change in the electric field around the body. Video Sl
shows the detection of arm swing with different angles by
the FOSE-skin based on TENG. Besides, the FOSE-skin
based on TENG can be employed to sense the temperature
change of the flowing water. Figure 5(b) shows that the
output current of the FOSE-skin based on TENG was
increased with the higher temperature of the water. Thus,
the pressure and temperature change caused by water on
the surface of the FOSE-skin based on TENG can be
detected simultaneously. When water drops at 60°C flow
on the FOSE-skin, the temperature of the water will
gradually decrease, which can result in a larger electrode
resistance and lower current response for FOSE-skin.
Thus, a downward trend of the current response will be
demonstrated, which is more obvious as the water drops
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FiGure 5: The motion and temperature sensing capability of the FOSE-skin based on TENG: (a) the detection of arm swing with different
angles by the FOSE-skin based on TENG; (b) the detection of flowing water with different temperatures by the FOSE-skin based on
TENG; (c) the output current of the FOSE-skin based on TENG driven by second interphalangeal joint bending and releasing; (d) the
output current of the FOSE-skin based on TENG driven by metacarpophalangeal joint bending and releasing; (e) the output current signal

contrast of (c) and (d).

flow more slowly for the FOSE-skin. However, the common
self-powered sensors based on PTFE only demonstrate
constant current response as the hot water drops flow on the
device. Thus, the developed FOSE-skin has a more intuitive
sensing capability on the flow rate of the hot water drops.
Furthermore, the process of water flowing can be obtained
by the output current curve of the FOSE-skin based on
TENG. As indicated by the points a-c in the inset of
Figure 5(b), the water began to contact, flowed through, and
then completely left the surface of the FOSE-skin based on
TENG. Besides, the FOSE-skin based on TENG can be used
to distinguish the motions of different joints. Figures 5(c)
and 5(d) show the output current when the FOSE-skin
based on TENG detects the motion of the interphalangeal
joint and metacarpophalangeal joint. The motion of the
metacarpophalangeal joint generates the higher output
current due to the larger contact area between the
metacarpophalangeal joint and FOSE-skin based on TENG.
Video S2 and S3 show the detection of interphalangeal and
metacarpophalangeal joint bending with different angles by
the FOSE-skin based on TENG. Figure 5(e) and S7 show
the detail of the output current for the joint bending and

the relationship between the bending angle and the output
current for the FOSE-skin. Points a and b indicate that the
joint began to bend and contact with the FOSE-skin based
on TENG to reach the largest angle. Moreover, point ¢
shows that the joint separates from the FOSE-skin based on
TENG and returns to the original state completely. When
the joint was bending at a larger angle, the FOSE-skin will
cover the joint more tightly with a larger contact area and
pressure. Once the joint is returned, the FOSE-skin will
separate from the joint and a larger triboelectric potential
will be generated with a higher current output of e-skin
during the contact-separation process.

Figure 6 shows the developed FOSE-skin based on TENG
being applied in the multistage sensation matrix system.
The FOSE-skin based on TENG with 20 mm x 20 mm X 2
mm is defined as an element. A 3 x 3 pixel sensing multi-
stage sensation matrix system was constructed by using
these elements as shown in Figure 6(a). Thus, the sensation
matrix system possessed a pressure mapping capability to
achieve the detection of touch position and trajectory.
Figures 6(b)-6(d) show that the sensation matrix system
can detect the corresponding position and area of the touch
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F1GURE 6: The multistage sensation matrix composed of the FOSE-skin based on TENG. (a) Schematic of the multistage sensation matrix with
3 x 3 pixels. (b-d) The top 2D intensity profile shows the pressure applied by a finger sliding on the multistage sensation matrix. The bottom
3D color mappings represent the strain distribution on the multistage sensation matrix.

by the 2D/3D intensity mapping when a finger slides on the
multistage sensation matrix. Besides, the trajectory for the
slide motion can be further revealed by analyzing the gen-
erated current signal of each element in the sensation
matrix system. The above device design allows the
FOSE-skin based on TENG to detect the location and tra-
jectory of the motion as human skin does.

3. Discussion

In summary, a FOSE-skin based on TENG is developed by
the design of a self-healing polymer and has the multifunc-
tional and highly robust sensing capability. The FOSE-skin
based on TENG has multifunctional capability of sensing
pressure and temperature without an external power supply
owing to the triboelectric-electrostatic induction effect and

thermal sensitivity mechanism. The sensitivity and response
time of the pressure sensing is 0.7nAkPa” and 57ms,
respectively, for FOSE-skin based on TENG. The tempera-
ture change can be detected by the FOSE-skin based on
TENG with a 3.76nA°C™" sensitivity and 20ms response
time. Besides, the whole FOSE-skin based on TENG could
be self-healed in 10 hours at room temperature upon being
sheared. This self-healing ability of the whole device enables
a highly robust sensing capability with no changes after
self-healing for the FOSE-skin based on TENG. The devel-
oped FOSE-skin based on TENG can be employed to detect
the arm swing, the temperature change of flowing water,
and the motion trajectory. This work provides a new method
to design a self-powered e-skin with multifunctional and
robust sensing capability for applications in soft robotics
and bionic prosthetics.



4. Materials and Methods

4.1. Preparation of the Self-Healing Polymer. The self-healing
polymer was synthesized adopting Leibler’s method. DM-80
(a mixture of 80 wt% diacid and 10 wt% triacid) 5.17 g and
diethylenetriamine (DETA) 1.70 g were magnetically stirred
continuously at 160°C in a nitrogen atmosphere. The resul-
tant was then dissolved in 12.5ml chloroform and washed
with 12.5ml deionized water and 4 ml methanol solution
three times. Afterward, the residual chloroform was removed
by rotary evaporation. Finally, the obtained product was
polymerized with 20 wt% urea at 135°C for 24 hours at nitro-
gen protection.

4.2. Fabrication of the FOSE-Skin Based on TENG. The pre-
pared self-healing polymer was hot-pressed at 110°C to form
a 20 mm x 20 mm x 1 mm film as the substrate. The groove
of 0.5mm x 0.5mm was printed on the substrate and was
filled with an ionic liquid of 1-octyl-3-methylimidazolium
hexafluorophosphate ([OMIm][PF.]) as an electrode.
Finally, another 20 mm x 20 mm x 2 mm substrate without
grooves was combined with the electrode by using chloro-
form to construct a FOSE-skin based on TENG.

4.3. Characterization and Electrical Measurement. The mor-
phology of the polymer was investigated by field emission
scanning electron microscopy (SEM, FEI Quanta 3D). The
functional groups and chemical bonds in the self-healing
polymer were characterized by a Fourier transform infrared
(FTIR) spectrometer (Thermo Scientific, Nicolet iS50). An
electrometer and a low-noise current preamplifier were used
to measure the output current of the FOSE-skin based on
TENG (Keithley 6517B System and Stanford SR570). The
self-healing ability of the electrode for the FOSE-skin based
on TENG was characterized by a multimeter (Keithley,
DMM?7510, 7.5-Digit).
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Supplementary 1. Figure S1: (a) the photographs of the supra-
molecular self-healing polymer. (b-d) The self-healing pro-
cess of the 20 mm x 20 mm x 0.2 mm polymer film. Figure
S2: Fourier transform infrared spectra of the self-healing
polymer films. Figure S3: the glass transition temperature of
the self-healing polymer. Figure S4: measured resistance
and electrical conductivity of [OMIm][PF6] at different tem-
peratures. Figure S5: the self-healing process of the e-skin.
Figure S6: the current stability of the FOSE-skin based on
TENG under continuous work of 18000 s. Figure S7: the cur-
rent response of the e-skin with different bending angles at
the elbow location. Table S1: some recent important works
about self-healing and self-powered e-skin.

Supplementary 2. Video S1: the detection of arm swing with
different angles by the FOSE-skin based on TENG.

Supplementary 3. Video S2: the detection of interphalangeal
joint bending with different angles by the FOSE-skin based
on TENG.

Supplementary 4. Video S3: the detection of metacarpopha-
langeal joint bending with different angles by the FOSE-
skin based on TENG.
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