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Multiple Stimuli Responsive and Identifiable Zwitterionic
Ionic Conductive Hydrogel for Bionic Electronic Skin
Hailong Huang, Lu Han, Xiaobin Fu, Yanling Wang, Zhongli Yang, Likun Pan,*
and Min Xu*
of stimuli-response materials for bionic
electronic skin (E-skin) have attracted
a great deal of attention.[5–13] Considerable research effort has been devoted to
developing high-performance materials to
imitate human skin and great processes
have been achieved in body motion detection,[14–22] health care monitor,[23–26] disease diagnosis,[27–30] soft robotics,[31–35] and
artificial intelligence devices.[36–39]
Among different kinds of materials,
ionic conductive hydrogels are considered as an ideal candidate for the bionic
E-skin due to their controllable flexibility,
stable conductivity, and high sensitivity
to the deformation and external stimuli,
suggesting great potential applications in
bionic E-skin.[40–48] However, most existing
ionic conductive hydrogels are mainly
developed to detect human body motion
via strain–stress response. Although a few
researches have involved in sensing various
physiological stimuli,[49,50] such as temperature, sweat, stress, or ultraviolet, most of
reported ionic conductive hydrogels as E-skin could only respond
to the single stimulus. Unfortunately, when suffered from superposed multiple stimuli, most of them are unable to accurately
respond to the stimuli, which should be attributed to their lack
of special ability to identify the multiple stimuli, especially to distinguish the type of stimuli from the superimposed electronic
signals. Furthermore, the performance of existing ionic conductive hydrogels cannot meet the requirements of ideal bionic
E-skin.[4,51–53] Thus, recently great efforts have devoted to solving
these problems. Wu[54] prepared a type of zwitterionic hydrogels
with methacrylic acid and 3-dimethyl (methacryloyloxyethyl)
ammonium propanesulfonate as monomer for the bionic skin
sensor, which exhibited good thermal response ability and high
sensitivity to the stress via electronic signals. Although the zwitterionic hydrogels break the limitation of most reported conductive hydrogels which function only for the strain/stress sensor,
the identification of multiple stimuli still has not been achieved.
Xu[55] developed a kind of polyacryl-amide-alginate (PAAmalginate) hydrogel crosslinking with multivalent ions to spatially
modulate hydrogel stiffness for the stretchable integrated electronic sensor. They found the obvious difference in responding
electronic signals from single pressure stimulus and temperature-pressure dual stimuli by the hydrogel sensors due to the
hysteresis for the thermal response. Although the integrated

Bionic electronic skin (E-skin) is considered to be the best candidate for
health monitoring sensor, soft robots, biomedical prostheses, artificial intelligence, and wearable electronics devices. However, most existing studies
on bionic E-skin mainly focus on their strain–stress response. Although
some works involved specific response to physiological signals such as
temperature, sweat, wet, and so on, most reported E-skins lack special ability
to identify multiple stimuli, which limits their applications in real working
environment. In this work, an intelligent zwitterionic ionic conductive
hydrogel with double network structure (SAA: NaCl/sodium alginate/poly
acrylic-acrylamide) for bionic E-skin is developed. The SAA hydrogel as E-skin
not only exhibits high sensitivity to strain–stress, but also demonstrates
superior sensing performance in human body motion and physiological
signal response. More importantly, the SAA hydrogel possesses excellent
identification ability to the superposed signals of multiple stimuli. The type of
stimulus can be readily distinguished via electrical signal waveform. The SAA
hydrogel should be promisingly applied as multiple stimuli responsive and
identifiable bionic E-skin for sports monitoring, human/machine interfaces,
and soft robotics.

1. Introduction
As the largest organ of the human body, skin is considered to
be the perfect natural barrier and sensitive sensor/communicator due to its unique characteristics, such as excellent flexibility, good stretchability, high sensitivity, self-healing ability,
and multiple stimulus responsiveness and identification property.[1–4] Thus, in the past few decades, design and development
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sensor exhibited excellent response ability to temperature due to
the thermistor, it cannot identify the multiple stimuli (temperature and pressure). Lu[56] fabricated a kind of ionic conductive
cellulose/BzMe3NOH hydrogel with antifreezing property for
the sensory devices. Due to its good sensitivity to the temperature and pressure, the ionic conductive hydrogel was used as
temperature sensor and assembled into a parallel-plate capacitor
for the pressure detection to identify the superposed multiple
stimuli. Although the assembled complex devices demonstrated
excellent sensitivity for the single stimulus (temperature or pressure), the influence of accelerated ion migration rate caused by
temperature on the pressure response could not be avoided,
which would affect the accuracy of multiple stimuli response.
Therefore, exploring new sensitive materials with good response
and identification abilities to the multiple stimuli is necessary
for ideal bionic E-skin, but still remains highly challenging.
In this work, we designed and fabricated a new class of
double network zwitterionic ionic conductive hydrogel with high
stretchability, superior flexibility, good elasticity, and stable conductivity. Based on the zwitterionic double network structure, the
hydrogel exhibited outstanding mechanical property and high
sensitivity to a broad tensile strain window and subtle stress.
When used as bionic “E-skin,” the hydrogel not only exhibited
good human body motion detection and superior response to
physiological stimulus from subtle pressure, blowing, temperature, sweat and wet, but also possessed excellent identification
ability to distinguish the type of stimulus from the superposed

signals of multiple stimuli. As far as we know, it would be the
first time to report the ionic conductive hydrogel as bionic E-skin
with good multiple stimuli response and identification ability.

2. Results and Discussion
2.1. Characterization of SAA Hydrogel
Ionic conductive hydrogels are considered as one of best candidates for the bionic E-skin, due to the their good mechanical
property, stable conductivity, and high sensitivity.[40] Compared
with electronic conductors, the conductivity of ionic conductive
hydrogel results from the metal ion migration, which is quite
similar to the ionic conductive way of human skin.[57] The metal
ions are uniformly distributed in the hydrogel frame and can
freely transport through the porous structure to form continuous and stable ionic fluid, guaranteeing stable conductivity.
And the double network frame structure can not only build
stable networks to enhance the mechanical property,[48,58–61] but
also interact with metal ions through the zwitterionic functional
groups to improve the sensitivity of hydrogel. In this work, we
used natural products sodium alginate (SA) as the frame structure, and introduced metal ions and functional monomers with
different charges to build a zwitterionic and double network
ionic conductive hydrogel (SAA) as a bionic “E-skin.” Figure 1A
illustrates the synthesis method of SAA hydrogel.

Figure 1. A) Schematic structure of SAA hydrogel. B–E) The SEM images of hydrogels: SAA-0 without NaCl, SAA-1, SAA-2, and SAA-3. F) EDS mapping
of SAA-3.
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Figure 2. Mechanical properties of SAA hydrogels: A) Tensile stress–strain curves; B) compressive stress–strain curves; C) relaxation cycles for SAA-3
hydrogel with 20 cycles under a compressive strain of 50%. D) Load-bearing capacity of SAA-3 hydrogel. E) Photographs of SAA-3 hydrogel showing
excellent stretching and twisting flexibility.

Through the Fourier transform infrared spectroscopy (FTIR)
and X-ray diffraction (XRD) measurements, the SAA hydrogel
was successfully synthesized (Figures S1 and S2, Supporting
Information). The microstructure of SAA hydrogel was measured by scanning electron microscopy (SEM). As shown in
Figure 1B–E, the freeze-dried SAA-0 hydrogel exhibits porous
frame architecture. When NaCl is added into the hydrogel, the
NaCl particles are observed and irregularly distributed in the
hydrogel. With the increasing content of NaCl, the number of
NaCl particles increases obviously. The existence of NaCl is
further proved by energy-dispersive X-ray spectroscopy (EDS)
measurements (Figure 1F). The contents of Na+ in the SAA
hydrogels were measured by inductively coupled plasma (ICP)
spectroscopy. As shown in Table S1 (Supporting Information),
their contents are 1.12%, 2.11%, and 2.78% in SAA-1, SAA-2,
and SAA-3, respectively.
2.2. Mechanical Properties
Due to the zwitterionic double network structure and strong
dynamic interaction between the functional groups, the
SAA hydrogel exhibits good stretchable ability, as shown in
Figure 2A–C. The SAA-1 hydrogel can be stretched to 610%
under 0.11 MPa. When the content of NaCl is increased from
1.12% to 2.78%, both tensile strain and strain stress of SAA
hydrogels are improved (Table S1, Supporting Information). It
can be ascribed to the dynamic interaction between Na+ and
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carboxyl. The Na+ serves as a bridge in the frame of hydrogel to
connect different molecular chains together through dynamic
interaction to improve the mechanical property. The SAA-3
hydrogel exhibits outstanding stretchability with a high tensile
strain of 1480% under 0.27 MPa. Besides, the SAA-3 hydrogel
also displays impressive elasticity and can be compressed to
50% under 0.23 MPa. During the continuous compression–
relaxation cycles (50% strain, 20 cycles), the stress–strain curves
exhibit perfect repeatability without hysteresis loop, suggesting
stable frame structure and outstanding elasticity of SAA. To further demonstrate the excellent flexibility, a columnar piece of
SAA-3 hydrogel was prepared. It is found that 2.0 g hydrogel
is strong enough to bear a weight of 100 times heavier than its
own one, as shown in Figure 2D (Video S1, Supporting Information). Meanwhile, the hydrogel can be stretched over ten
times to its original length and twisted without break, as shown
in Figure 2E (Video S2, Supporting Information). Due to its
excellent mechanical properties, SAA-3 hydrogel is used for the
following studies.
2.3. Electromechanical Performances of SAA Ionic Conductive
Hydrogel
Due to the zwitterionic double network structure, the hydrogel
exhibits superior mechanical properties to meet the mechanical adaptability for long lifetime working cycles. The free
metal ions in the hydrogel could serve as carriers to transport
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Figure 3. A) RRC of SAA-3 hydrogel on applied tension strain. B,C) Time-dependent RRC of SAA-3 hydrogel under a small strain (0.1%) to a large strain
(500%). D) Response frequency of SAA-3 hydrogel. E) Response time of SAA-3 hydrogel under 2.0 Hz stretching mode. F) RRC of SAA-3 hydrogel
stretched to a strain of 65% for 300 cycles under stretching mode. G) RRC of the sensors on applied compressive stress. Inset shows compressive
strain-dependent RRC of SAA-3 hydrogel from 0% to 20%. H) RRC of SAA-3 hydrogel subjected to different compressive stresses. I) Response and
recovery time of SAA-3 hydrogel under 10 Pa pressure. These measurements are humidity control (60% RH).

information via relative resistance change (RRC).[45–48] Besides,
the zwitterionic structure is advantageous to stable conductivity
in a wide working voltage.[62,63] Based on these advantages, the
SAA hydrogel exhibits good conductivity from 0.5 to 2.2 S m−1
with the NaCl content rising from 1.12% to 2.78% (20 °C, 60%
RH). Therefore, we used the SAA hydrogel as strain–stress
sensor to investigate the electromechanical response. As shown
in Figure 3A, during the stretching process, the RRC exhibits
nearly linear relationship (R2 = 0.989) with tensile strain at a
stretching speed of 25 mm min−1. With the increase of tensile
strain, the RRC of SAA-3 hydrogel increases, suggesting its
excellent sensitivity to the tensile strain. More importantly, the
gauge factor (GF) of sensitivity of SAA-3 hydrogel is enhanced
from 0.65 to 3.03 as the tensile strain increases from 10% to
1000%. In order to further prove the sensitivity and timeliness, the RRC of SAA-3 hydrogel was measured under different tensile strains (Figure 3B,C). Obvious changes of RRC
can be detected at different tensile strains. When the tensile
strain increases from 0.1% to 500%, the corresponding RRC
increases from 0.65% to 1210%, indicating good sensitivity to
the deformation. When changing the stretching frequency
from 0.5 to 2.0 Hz, the hydrogel also demonstrates sensitive
and real-time response ability (Figure 3D,E). Besides, it also
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exhibits fast response time up to 100 ms, which can meet the
requirements of body motion detection.[64–66] When the load is
removed, the RRC can return to the original state immediately
without hysteresis. Furthermore, during the cyclic stretching
process at small strain, the SAA-3 hydrogel maintains stable
response property over the 300 stretching–releasing cycles, as
shown in Figure 3F. No obvious changes of RRC are observed
during the cycling, suggesting the excellent reusability of the
SAA-3 hydrogel.
Meanwhile, the SAA hydrogel also shows significant sensitive detection ability to the compressive stress. As shown in
Figure 3G, the greater stress the SAA-3 hydrogel is imposed on,
the larger change RRC displays. When the stress is enhanced
from 0 to 50 kPa, the RRC increases from 0% to 229% with a
good linear relationship between RRC and stress. In order to
quantify the sensitivity of SAA-3 hydrogel to the compressive
stress, the RRC against compressive strain was measured. The
GF is improved from 5 to 11 as the compressive strain increases
from 2% to 20%. During the continuous compressing process
from 10 Pa to 50 kPa (Figure 3H,I), the hydrogel sensor exhibits
outstanding detection ability to the stress, suggesting a large
detection range for flexible stress sensors. Besides, it also displays fast response time up to 100 ms and sensitive response

2000239 (4 of 10)

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.advelectronicmat.de

Figure 4. A,B) RRC to the finger motion and photographs showing the bending–holding–bending of the finger with an SAA-3 hydrogel attached to the
finger joint (a: 0°, b: 30°, c: 60°, d: 90°). C) RRC to the different stretching gestures with LED. D–F) RRC to the leg motion and photographs showing
the bending–holding–bending of the leg with an SAA-3 hydrogel attached to the knee (a: 0°, b: 30°, c: 60°, d: 90°).

stress to 10 Pa. Notably, other hydrogels, the SA-PAM hydrogel
(too viscous to recover) or SA-PAA hydrogel (too stiff to deformation) could not exhibit high sensitivity to the deformation
(Table S2, Supporting Information). Compared with previously
reported stretchable hydrogel sensor, the SAA-3 hydrogel demonstrates excellent electromechanical response performance
for the compressive stress, as shown in Table S3 (Supporting
Information). Due to its high sensitivity to the deformation of
stretching and compressing, SAA-3 hydrogel is proposed to be
an ideal candidate as bionic E-skin to respond the external force
action.
2.4. Body Motion Detection of SAA-3 Hydrogel
In order to evaluate the performance in a real working state,
the SAA-3 hydrogel was used as stretchable sensor to detect the
human body motion. When the hydrogel was adhered on the
index finger, the RRC of SAA-3 hydrogel caused by its deformation could be used to monitor the finger movements. As shown
in Figure 4A,B, for the different bending angles from 0° to 90°

Adv. Electron. Mater. 2020, 6, 2000239

(a: 0°, b: 30°, c: 60°, d: 90°), the hydrogel can rapidly and accurately reply to the bending angles via RRC in real time. For the
continuous bending process (at the same bending angles 90°),
the electrical signals are clear and stable. The bending times
can be easily distinguished through the number of RRC peaks.
More importantly, when the finger returns to the stretching
gesture, the RRC can quickly recover to the original state
without time delay, indicating excellent motion detection ability.
In order to vividly show its sensitivity, the SAA-3 hydrogel connected with LED were attached to the index and middle fingers
(index finger: red; middle finger: green). Through bending fingers, the obvious brightness change of LED light can be directly
observed, demonstrating good timeliness of SAA-3 hydrogel,
which can keep consistency with the finger motion, as shown
in Figure 4C (Video S3, Supporting Information). Besides the
subtle finger movement, the SAA-3 hydrogel also could be used
to detect the large body motions, such as leg movement. The
hydrogel was adhered to the knee to monitor the leg movement.
As shown in Figure 4D–F, for the different bending angles and
bending times, the rising leg motions can be readily detected
and clearly distinguished through the electrical signal peaks.
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Figure 5. A) RRC to hand writing. B) RRC to mouth blowing. C) RRC to small water droplets falling down (weight: 20 mg, height: 5 cm, and 20 °C).
D) RRC to water droplets of NaCl solutions with different concentrations falling down (weight: 20 mg, height 5 cm, and 1, 3, 5 mg mL−1). E) RRC to
the stimulus of SAA-3 hydrogel touching and moving away from hot (65 °C) and cool (20 °C) water. F) RRC to continuous touching and moving away
from hot (65 °C) and cool (20 °C) water. G) RRC to cyclic heating/cooling processes (20–65–20 °C). H) RRC to hot water droplets falling down (weight:
20 mg, height: 5 cm, and 65 °C). I) RRC to hot water (65 °C) and cool water (20 °C) compressing. These measurements are humidity control (60% RH).

Hence, the SAA-3 hydrogel should be a good strain–stress
sensor to synchronously monitor the human body motion
without any hysteresis.
2.5. Physiological Signal Response of SAA-3 Hydrogel
With good sensitive stress response ability, the SAA-3 hydrogel
can be applied for the hand writing recognition device. Due to
the unique characteristic of hand writing including force and
sequence of writing, when writing on the hydrogel, it could
yield different characteristic electrical signals to distinguish
different letters for the hand writing recognition. The four different letters composed of “a, b, —, 2” were recorded on the
hydrogel (Figure 5A). For the four different letters, the RRC
responds with four different characteristic signals which can
be easily distinguished. When the same letter is repeated, the
characteristic signals maintain good repeatability and stability.
Besides, it also can respond to writing force via electrical signal
strength. The special recognition ability of hand writing offers
SAA-3 hydrogel a remarkable potential for handing writing recognition applications. Besides the hand writing recognition,
the SAA-3 hydrogel also could be applied to sense the mouth
blowing. The SAA-3 hydrogel was fixed onto the mask in the
breathing position to monitor the continuous mouth blowing.
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As shown in Figure 5B, the blowing signals are clearly displayed by the electrical signals. When changing the blowing
strength and frequency, it can be clearly observed that the signals are consistent to the changes of mouth blowing, indicating
outstanding sensitivity to the mouth movements.
Owing to its excellent flexibility, ionic conductivity, and
high sensitivity, the SAA-3 hydrogel was further used as bionic
E-skin to mimic the different stimuli response of human skin.
Touch is an important sensation of the human skin. We tested
the ability of the SAA-3 hydrogel to sense very subtle pressure
changes. 20 mg water droplet (w-d) falling down from a height
of 5 cm was used to mimic the subtle touch feeling (20 °C).
As shown in Figure 5C, during the continuous dropping process, the SAA-3 hydrogel can not only effectively respond to
the water falling down with 18% change of RRC in real time,
but also easily distinguish the number of droplets through the
number of signal peaks, showing high sensitivity to the subtle
pressure.
Besides, the sweat response was imitated through the NaCl
solution droplets (Na-d) falling down on the SAA-3 hydrogel
(Figure 5D). When the NaCl solution droplets with same
weight (20 mg) falling down from the same height, there exist
similar characteristic signal peaks as those for w-d. However,
it could be found that the RRC of Na-d is much higher than
that of w-d. When the concentration of NaCl is 1 mg mL−1,
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the RRC is nearly 30%, while only 18% for w-d. The enhanced
change should be attributed to the fact that the salt droplets
can increase the metal ion in the hydrogel, resulting in the
improved conductivity. Moreover, when the concentration of
NaCl increases from 1 to 5 mg mL−1, the corresponding RRC
varies from 30% to 72%, suggesting excellent ability to sense
the physiological signals of human.
In the ionic conductive hydrogel, the metal ion migration
can be affected by the temperature change, contributing to the
RRC.[67,68] Thus, the SAA-3 hydrogel was applied as thermal
sensor to mimic the response of environmental temperature
change on the human skin. We used the SAA-3 hydrogel as
bionic E-skin to touch a cup of hot water (about 65 °C) to evaluate its thermal response performance. The RRC of touching
and moving away from a cup of hot water in one second (t-h)
was recorded in real time, as shown in Figure 5E. In order to
prevent the effect of swelling, the hydrogel only touched the
container instead of putting into the water. When the SAA-3
hydrogel touches the hot water, the electrical signals decrease
immediately. But, when it moves away from the hot water,
the signals do not increase immediately but keep decreasing
for a few seconds. And then, the signals increase slowly and
return to the original states at last. The increasing and recovering processes of RRC cost some seconds because the heat
absorbed from hot water effectively improves the metal ionic
migration rate in the hydrogel, resulting in the decrease of
resistance. However, the absorbed heat could not spread away
as quickly as the hydrogel moving away from the cup in one
second. Therefore, the hydrogel still maintains high temperature for a few seconds after moving away from hot water, and
then slowly returns to its original state, which is consistent with
the changes in electrical signals.
Instead of touching and moving away from hot water, we
further investigated a complex response process including
touching hot water, keeping touching hot water for 10 s,
after that quickly touching and moving away from cool water
(20 °C) (t-h-k-c). As shown in Figure 5E, during touching and
moving away from hot water (65 °C) process, similar changes
of electrical signals are found as before. But when the hydrogel
touches and moves away from the cool water, the electrical
signals immediately increase and return to the originate state
without hysteresis. Compared with t-h process, the electrical
signals of t-h-k-c process exhibit obvious difference between hot
water and cool water, which should be attributed to the changes
of metal ionic migration rate with the raised temperature. As
the temperature increases, the metal ion migration rate in the
hydrogel increases, resulting in the decrease of RRC. But the
significant changes in RRC will not occur until the migration
of most metal ions is facilitated. However, as the temperature
decreases, the movement of metal ions becomes slow leading
to the increase of RRC. Notably, the decreased mobility of a
few ions will lead to the poor ion migration in the hydrogel,
resulting in significant changes in RRC.
A continuous touching and moving away process was
studied to evaluate the performance of hydrogel in the real
working status (First: touching and moving away from hot
water three times in same intervals; Second: keeping touching
in 20 s; Third: touching and moving away from cool water three
times in same intervals). As shown in Figure 5F, during the
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cycles for continuous touching and moving away from hot
water, the RRC of SAA-3 hydrogel decreases with the temperature increasing. When the hydrogel touches and moves away
from hot water, the electrical signals exhibit the same trend as
above. The absorbed heat can cause the RRC to continuously
decrease after the hydrogel moving away from hot water. More
importantly, the absorbed heat could not be released immediately in a short interval. With the subsequent contact before
the temperature returns to the original state, the hydrogel will
absorb the heat from hot water again leading to the further
decrease of RRC. Hence, it can be found that the RRC slowly
decreases and tends to be stable for a long time after the first
touching and moving away from hot water. When the second
touching and moving away from hot water continues, the stable
state of RRC is broken and it decreases again. There are three
abrupt changes of RRC, which is consistent with the number
of touching and moving away from hot water. During the sustained touching process because the temperature of hydrogel
keeps constant when being close to the hot water, the RRC
maintains stable without changes. When the SAA-3 hydrogel
touches the cool water, the electrical signals increase immediately. And, when the hydrogel moves away from the cool water,
the signals quickly maintain stable without hysteresis. This is
because the cool water could absorb the heat from hydrogel
during the touching process, leading to the increase of RRC.
Once the hydrogel is removed from cool water, the RRC would
tend to be stable quickly. There are also three abrupt changes of
RRC for touching and moving away from cool water, which is
similar to that in the case of hot water. And after three cycles,
the RRC of SAA-3 hydrogel returns to the original state.
During the designed real working status, although the SAA-3
hydrogel exhibited a small hysteresis for the thermal response
between heating and cooling, this characteristic is already very
close to the sensation of human skin to the temperature variation, which would enable the SAA-3 hydrogel to be an ideal
alternative for the human skin in sensing the temperature.[69]
In addition, during the continuous heating–keeping–cooling
process, the RRC of SAA-3 hydrogel also exhibits good thermal
response ability and varies with the temperature change from
20 to 65 °C. As shown in Figure 5G, at the initial state at 20 °C,
the electrical signal of SAA-3 hydrogel maintains stable. When
the temperature increases from 20 to 65 °C under heating, the
signal obviously decreases upon the temperature increasing.
And when the temperature keeps constant at 65 °C, similar to
the temperature, the signal maintains stable. When the temperature returns to 20 °C, the electrical signal also could recover
to the original state in real time. More importantly, the SAA-3
hydrogel sensor shows good reusability for five cycles upon
cyclic heating/cooling in the temperature range of 20–65 °C
(Figure S3, Supporting Information).
2.6. Stimuli Identification of SAA-3 Hydrogel
The human skin can not only respond to the tensile strain, compressive stress, sweat, temperature, etc., but also easily identify
the superposed different stimuli, which is difficult for the most
reported bionic E-skin. In order to further demonstrate the
excellent performance of the SAA-3 hydrogel as bionic E-skin,
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hot water droplets test was designed to mimic a double stimuli
response of temperature and stress simultaneously applied on
the SAA-3 hydrogel to investigate its identification property. As
shown in Figure 5H, when 20 mg hot water (65 °C) dropping
on the hydrogel, the electrical signal is completely different
from before, which consists of a sharp peak signal and a platform signal. The sharp peak signal represents the compressive stress change and the platform signal corresponds to the
temperature change before and after dropping hot water. When
the hot water lands on the hydrogel, the hydrogel responds to
the stress with a sharp peak signal firstly. And then, due to the
heat absorbing from the hot water, the temperature of hydrogel
increases, inducing lower RRC, reflected as a platform signal.
More importantly, when the temperature of hydrogel is close
to the hot water, the SAA-3 hydrogel responds not to the temperature of the hot water but to the stress, showing excellent
identification performance. It would be the first report on the
identification of ionic conductive hydrogel as bionic E-skin
to distinguish the superposed stimuli of stress and temperature via RRC. Compared with previously reported hydrogel
sensor, the SAA-3 hydrogel demonstrates excellent stimuli
identification.[70–74]
We carried out the experiments using the superposed stimuli
of stress and temperature for a long time. Compared with single
stress stimulus, the superposed stimuli could be obviously distinguished through the electrical signal waveform. As shown in
Figure 5I, when a cup of hot water (65 °C) compresses on the
hydrogel, a negative signal appears immediately corresponding
to the stress response. However, due to the heat transfer, the
electrical signal from superposed stimuli (temperature and
stress) continues to decrease and slowly tends to be stable.
When the cup of hot water is removed, the signal increases
immediately but does not return to the original state. The RRC
still keeps at nearly 20%, which is attributed to the influence of
the absorbed heat from hot water. The SAA-3 hydrogel as bionic
E-skin not only displays sensitive response ability to the superposed multiple stimuli, but also demonstrates special identification performance to distinguish the type of stimuli (temperature and stress) through the electrical signals, suggesting its
great potential for next generation of bionic electronic skin.
2.7. Reusability of SAA-3 Hydrogel
It is worth noting that water is an important factor for the
electrochemical performance of hydrogel. Due to the zwitterionic structure, the SAA-3 hydrogel exhibits strong interaction
with water. As shown in low-field nuclear magnetic resonance
(L-NMR) spectra, the relaxation time (T2) of water molecules
in SAA-3 hydrogel is obviously less than that in NaCl aqueous
solution, suggesting that the water molecules in the hydrogel
are tightly bound to the zwitterionic structure (Figure S4, Supporting Information).[75] The strong interactions offer the SAA-3
hydrogel good water retaining property. After being put at 20 °C
for 72 h, it still can maintain 85% water content (Figure S5,
Supporting Information). Moreover, even if the hydrogel loses
water, it also could easily recover to the original state through
the swelling process and maintain the stable electrochemical
performance. As shown in Figure S6 (Supporting Information),
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after five cycle drying–swelling processes, the resistance of
SAA-3 hydrogel can recover to nearly 90% of the initial value,
indicating its good reusability.

3. Conclusions
In this work, we have developed a zwitterionic structure ionic
conductive hydrogel for bionic electronic skin. The hydrogel
exhibits excellent mechanical performance of 1480% tensile
strain under 0.27 MPa and good elasticity. Due to the zwitterionic structure and freely moving metal ions, the SAA hydrogel
demonstrates excellent abilities for human body motion detection and physiological signal response. More importantly, the
hydrogel possesses excellent identification property for the
superposed signals of multiple stimuli (temperature and stress)
to readily distinguish the type of stimulus via the electronic
signal waveform and quantify the strength of stimulus via the
RRC. We believe this work will provide a novel insight in developing high-performance multifunctional bionic E-skin based on
the low-cost zwitterionic structure ionic conductive hydrogel.

4. Experimental Section
Materials: SA was obtained from Aladdin Chemical Co. AA, AM,
NaCl, and ammonium persulphate (APS) were purchased from Aladdin
Chemical Co. and used as received.
Preparation of SA-Zn Ionic Conductive Hydrogel: The ionic conductive
hydrogel was synthesized via free radical polymerization. 3.0 g AA and
1.5 g AM were dispersed into 4.5 g SA solution at 25 °C under stirring
at 1000 rpm for 1 h. After sequential injection of 0.1 g NaCl and 6%
APS into the solution, the mixture solution was kept stirring at 25 °C
for 30 min. Then, the homogeneous mixture solution was transferred
to a glass bottle and heated at 55 °C for 6 h. After the polymerization,
the SAA hydrogel was formed and then used for the measurements.
The SAA hydrogels with different contents of NaCl were prepared and
named SAA-1, SAA-2, and SAA-3. SA-PAM and SA-PAA hydrogels were
also fabricated for comparison, as shown in Table S4 (Supporting
Information).
Characterizations: The chemical structure was analyzed by FTIR on
Nicolet-Nexus 670 spectrophotometer at 25 °C. The XRD pattern of SAA
hydrogel was tested by powder X-ray diffractometer (Holland Panalytical
PRO PW 3040/60, V = 35 kV, I = 25 mA, λ = 1.5418 Å) in the 2θ range
of 10°–80° at a scan rate of 10° min−1. The content of Na+ in the SAA
was measured by ICP (Varian 720-ES). The morphology of SAA hydrogel
was measured by SEM (Hitachi S-4800). The mechanical property was
measured by tensile machine (Instron 5967) at room temperature.
The tensile strain measurement was applied at a deformation rate of
25 mm min−1. The stretching reusability was measured by continuous
stretching–releasing cycles at the same stretching rate of 25 mm min−1.
The compressive stress property was measured at a deformation rate
of 1 mm min−1 from 0% to 50% strain. The L-NMR was measured by
NIUMAG NMRC12-010V-T at a resonance frequency of 21.56 MHz (0.5
T). The sample was put into the NMR cylindrical glass tubes to measure
the relaxation time (T2) using the Carr-Purcell-Meiboom-Gill sequence.
Mechanical–Electric Response Property: The electrochemical
performances of SAA hydrogel for both stretching and compressing
were measured using an electrochemical workstation (PARSTAT4000A)
at different strain and stress states (20 °C, 60% RH). The GF was
calculated by GF = (R − R0)/(ε × R0), where R and R0 are the resistances
of hydrogel at stretching and original states, respectively. ε is the relative
change in tensile strain. For the sensitivity detection, a SAA-3 hydrogel
frame (length × width × thickness is 60 mm × 10 mm × 1 mm) was

2000239 (8 of 10)

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.advelectronicmat.de

fabricated and the RRC was measured to reflect the sensitivity. During
the electromechanical tests, contact was made by placing copper wire
leads inside each end of the sample and the conductive tape was used
to protect the electrodes from unstable contact during the detection
processes. Informed, signed consent was obtained for all experiments
containing human volunteers.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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