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Conductive hydrogel is a vital candidate for the fabrication of flexible and wearable electric
sensors due to its good designability and biocompatibility. These well-designed
conductive hydrogel–based flexible strain sensors show great potential in human
motion monitoring, artificial skin, brain computer interface (BCI), and so on. However,
easy drying and freezing of conductive hydrogels with high water content greatly limited
their further application. Herein, we proposed a natural polymer-based conductive
hydrogel with excellent mechanical property, low water loss, and freeze-tolerance. The
main hydrogel network was formed by the Schiff base reaction between the hydrazide-
grafted hyaluronic acid and the oxidized chitosan, and the added KCl worked as the
conductive filler. The reversible crosslinking in the prepared hydrogel resulted in its
resilience and self-healing feature. At the same time, the synthetic effect of KCl and
glycerol endowed our hydrogel with outstanding anti-freezing property, while glycerol also
endowed this hydrogel with anti-drying property. When this hydrogel was assembled as a
flexible strain sensor, it showed good sensitivity (GF = 2.64), durability, and stability even
under cold condition (−37°C).

Keywords: hydrogel, self-healing, ionic conductivity, anti-freezing, anti-drying, flexible strain sensor

INTRODUCTION

Hydrogels with a water-rich polymer network structure are very similar to the native tissues of
humans (Fergg et al., 2001; Sanchez et al., 2005). In recent years, due to their flexibility,
biocompatibility, and designability, hydrogels are widely utilized in various areas, such as tissue
engineering (Lee and Mooney, 2001; Khademhosseini and Langer, 2007), wearable devices (Fergg
et al., 2001; Yuk et al., 2019; Cui et al., 2021), and flexible electrodes (Na et al., 2019; Zhang W. et al.,
2020; Fu et al., 2020). Among these applications, wearable devices, as a new research field, have
attracted more and more attention (Billinghurst and Starner, 1999; Seneviratne et al., 2017; Chong
et al., 2019). The development of wearable devices provides great convenience for human motion
monitoring and human–machine interaction (Liao et al., 2017; Xia et al., 2019; Xu et al., 2019). The
hydrogel-based flexible strain sensor was the most commonly used wearable devices, especially for
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human motion monitoring. First, endowing hydrogels with high
conductivity is the foundation for hydrogels working as strain
sensors. There are two main solutions: utilization of conductive
polymers, such as polyaniline (Guo et al., 2015; Yan et al., 2015)
and polypyrrole (Brahim et al., 2002; Shi et al., 2014), and
introduction of conductive fillers into hydrogels, such as metal
nanoparticles (Guo et al., 2003; Gao et al., 2016), MXene
nanosheet (Zhang Y.-Z. et al., 2020, 2021), ionic liquid (Teo
et al., 2019), and inorganic salt (Urbonaite et al., 2015; Sui et al.,
2021). Various studies have reported that the addition of
inorganic salts, such as LiCl, NaCl, KCl, and ZnCl2, into the
hydrogel systems could bestow the hydrogel with satisfactory ion
conductivity (Li et al., 2017, Li et al., 2019, Li et al., 2021; Jiang
et al., 2018; Hou et al., 2019). This method is simple, efficient, and
economic, showing great potential for conductive hydrogel
design and fabrication. On the other hand, the high water
content of hydrogels also leads to a serious defect, that is,
most hydrogels undergo inevitable freezing when the
condition temperature falls below 0°C, the water freezing point
(Jing et al., 2013; Bacelar et al., 2016; Mohammadzadeh Pakdel
and Peighambardoust, 2018). The hydrogel will become fragile
and inelastic at low temperature, which greatly limited the use
scenarios of conductive hydrogel as a flexible and wearable strain
sensor. Therefore, researchers are deeply aware of the urgency of
the development of anti-freezing conductive hydrogels (Tang
et al., 2020; Wei et al., 2020; Jian et al., 2021). Actually, freezing
point depression is a common phenomenon in nature. For
example, seawater still can retain its liquid state at subzero
temperature because of the existence of salt. Salt is widely
applied as the inhibitor for water freezing in our life, similar
to preventing the ice covering of road. Therefore, mixing salt into
hydrogels is a simple and convenient strategy to endow hydrogels
with conductivity and freeze-tolerance simultaneously (Zhao
et al., 2006; Kim T. G. et al., 2008; Jiang et al., 2019; Xu et al.,
2021).

Herein, inspired by this mechanism, we designed a natural
polymer-based conductive hydrogel with excellent stretchability,
self-healing, and anti-freezing property. We choose hyaluronic
acid (HA) and chitosan (CS) as the main backbone polymer for
our conductive hydrogels due to their good biocompatibility,
wide sourcing, and cheap cost (Madihally and Matthew, 1999; Di
Martino et al., 2005; Kim I.-Y. et al., 2008, 2011; Burdick and
Prestwich, 2011). In order to form reliable crosslinking between
HA and chitosan, we first modified HA with hydrazide groups
(HA-ADH) and CS with aldehyde groups (OCS). Based on the
mild and quick Schiff base reaction between the hydrazide group
and the aldehyde group (Cegłowski and Schroeder, 2015; Meher
et al., 2018; Xu et al., 2022), the main network of the hydrogel
could be rapidly prepared through one-step mixing-injection,
while KCl was introduced into this hydrogel system to play the
role of conductive and anti-freezing filler. At the same time, we
also added glycerol into our hydrogel system which could not
only further improve the freeze-tolerance of the hydrogel but also
endowed the hydrogel with anti-drying property. This prepared
hydrogel named HC-KG hydrogel showed satisfactory
mechanical resilience and self-healing property driven by the
reversible hydrazone crosslinking, ionic crosslinking, and

hydrogen bond–based crosslinking inside the hydrogel.
Moreover, our following exploratory experiments showed that
this HC-KG hydrogel exhibited repeatable resistance variation
responding to various human motions even in the cold when it
was applied as a flexible and wearable strain sensor. Therefore, we
believe that the exploring of this novel HC-KG hydrogel could
further expand the application scenario of conductive hydrogel as
a flexible and wearable strain sensor, especially in dry or cold
environments.

MATERIALS AND METHODS

Materials
Hyaluronic acid (HA) was purchased from Shandong Focusfreda
Biotech Co., Ltd, China. Chitosan (CS), adipic acid dihydrazide,
potassium chloride (KCl), glycerol, sodium periodate, ethylene
glycol, and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride (EDC) were purchased from Shanghai Macklin
Biochemical Co., Ltd, China. 1-Hydroxybenzotriazole anhydrous
(HOBT, 98%) was purchased from J&K. 2-(4-morpholino)
ethanesulfonic acid (MES) was brought from Sigma-Aldrich
Life Science. All reagents were used as received. Deionized
water (DI water) was used for all experiments.

Preparation of HA-ADH
HA (Mw = 70 kDa) was dissolved in 100 ml MES buffer (PH =
6.5) with the concentration of 1 wt% completely. Then, 2.5 g EDC
and 1.78 g HOBT were added into the HA solution carefully.
After reaction of 1 h, 9 g ADH was added for another reaction of
24 h. Then, the final solution was dialyzed against DI water
(molecular weight cutoff (MWCO) = 14 kDa) for 3 days, and
the final product was obtained by freeze-drying at −80°C for 72 h.

Preparation of OCS
Chitosan (MW = 3 kDa) was completely dissolved in 400 ml
glacial acetic acid aqueous solution with a concentration of 0.5 wt
%. Then, 2.65 g sodium periodate (NaIO4) was added, and the
mixed solution was stirred in the dark at 25°C for 12 h. The final
solution was dialyzed against DI water (molecular weight cutoff
(MWCO) = 14 kDa) for 3 days, and the final product was
obtained by freeze-drying at −80°C for 72 h.

FT-IR Analysis
The successful modification of HA and chitosan was
characterized by the FT-IR test using a Bruker Tensor 27 FT-
IR spectrometer (ATR-FT-IR, Thermo Fisher Scientific-Nicolet
IS5, US). Freeze-dried samples were pressed with KBr and
scanned from 4,000 to 500 cm-1.

Preparation of HC Series Hydrogel
Before hydrogel preparation, OCS and HA-ADH solution were
prepared with a concentration of 3 and 4%, respectively. Then,
the HC series hydrogels were in situ formed by mixed injection
with HA-ADH and OCS solution. In order to introduce
conductive and anti-freeze properties to the HC hydrogel, we
added glycerol and KCl to the HC hydrogel. In order to
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differentiate these HC hydrogels, we abbreviate the HC hydrogel
with KCl as HC-K hydrogel, HC hydrogel with glycerol as HC-G
hydrogel, and HC hydrogel with both KCl and glycerol as HC-KG
hydrogel.

Rheological Property Test
The rheological properties of the hydrogels were tested at room
temperature using a rheometer (Ares G2, TA, and US) with an 8-
mm diameter parallel plate and 1-mm gap. Time sweep was
performed at fixed frequency of 6 rad/s and strain of 1%. As for
the frequency sweep, the strain was fixed at 1%, and the frequency
ranged from 0.5 to 500 rad/s. Strain sweep was performed at a
fixed frequency of 6 rad/s and a strain range from 1 to 1,000%,
and dynamic strain sweeps were performed at a strain range of
1–1,000%. (G′), and loss modulus (G″) of the four hydrogels was
measured during the strain sweep.

Mechanical Test
The mechanical properties of hydrogels were determined by
using the universal material testing machine (LR5KPlus, Lloyd,
United Kingdom)). For the compression test, a cylindrical
hydrogel 12 mm in diameter and 10 mm in height was
compressed at a rate of 100 mm/min. In the continuous
loading–unloading test, the rate was set at 300 mm/min. The
compressive elastic modulus was calculated from the slope of the
initial linear region of the stress–strain curve.

Self-Repair Performance Test
The two pentagram-shaped HC-KG hydrogels were dyed yellow
and blue with methyl orange and methylene blue, respectively,
and cut into two pieces, and then the two cut hydrogel samples of
different colors were closely laminated together and transferred
into a well-sealed self-sealing bag at 37°C for 5 min to test the self-
healing performance of HC-KG hydrogels.

Electrical Measurement of Hydrogel
The resistivity of HC, HC-K, HC-G, and HC-KG hydrogels was
measured with a digital four-probe tester (Suzhou lattice). The
resistance changes of four groups of gel hydrogels were measured
by an LCR meter (Changzhou, China). A copper wire is inserted
into each end of the hydrogel and then connected it to a TH LCR
meter to record the resistance change of the hydrogel in real time.
In addition, the resistance change of HC-K and HC-KG hydrogel
was measured between −25 and 10°C.

Fabrication and Testing of the Flexible
Sensor
To fabricate the strain sensor, the hydrogel was cut into
cylindrical specimens with a diameter of 0.9 cm and a length
of 3 cm. Then, the hydrogel sample was assembled into a strain
sensor with two layers of conductive copper sheets tightly fixed
with copper wires at both ends of the hydrogel sample. The
hydrogel was sandwiched between two PU film tapes. To monitor
the human motion, the sensor was mounted directly on the skin
of the volunteer, and the electrical signal of the strain sensor was
recorded in real time using an LCR tester. The simultaneous

resistance changes of the gel biosensor under different human
motion were obtained by the following equation

ΔR

R0
� R − R0

R0
.

The resistance change ratio (%) was calculated by the
following equation, where R0 and R are the resistance of the
hydrogel when no strain is applied and the resistance of the
hydrogel after strain is applied, respectively.

The gauge factor is usually used to characterize the sensitivity
of a strain sensor and it defined as

GF � (R − R0

R0
)/(L − L0

L0
),

where R0 and L0 are the initial resistance and length of the sensor,
respectively, and R and L are the real-time resistance and length
of the sensor, respectively.

Anti-Drying Experiments
The hydrogels were formed into 9-mm diameter cylinders with a
volume of 500 μl as test samples and weighed for initial mass.
Then, the hydrogel sample was completely exposed to room
temperature, and the weight change was recorded according to
the time gradient. The residual mass ratio (RMR) was calculated
by the following equation:

RMR � WS

W0
× 100%,

where RMR is the residual mass ratio, and WS and W0 are the
weight of the hydrogel after water loss and the initial weight of the
hydrogel, respectively.

DSC Test
DSC is the study of the heat flow rate versus temperature of a
sample and a reference sample by controlling the variation of
temperature. We used a differential calorimetry scanner (Mettler
Toledo DSC-1, Switzerland) to characterize the hydrogel samples.
The samples were encapsulated in a sealed crucible for testing,
and an empty disk was used as an inert reference. The differential
calorimetry scanner was operated at a nitrogen flow rate of 50 μl/
min, and experimental data were recorded at a rate of 1 Hz. Our
measurement range is −70–25°C, so the hydrogel samples are first
equilibrated at 25°C and then cooled to −70°C at a rate of 5°C/min.

RESULTS AND DISCUSSION

Synthesis and Characterization of HC-KG
Hydrogels
Before the preparation of our well-designed HC-KG hydrogel, we
first synthesized the hydrazide-grafted HA (HA-ADH)
(Figure 1A) and oxidized chitosan (OCS) (Figure 1B). The
Fourier infrared spectrum in Supplementary Figure S1
proved the successful synthesis of these two polymers. The
mixed system of KCl/glycerol/water was used as the solvent
for HA-ADH and OCS. Then, our conductive and anti-
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freezing hydrogel, HC-KG hydrogel, was formed by a one-step
mixing-injection between the prepared HA-ADH solution and
OCS solution with equal volume (Figure 1C), Supplementary
Figure S2; Supplementary Table S1 showed that the addition of
KCl prolonged gelation time greatly. We speculated that this
might be because of the anti-ionization effect (Yang et al., 2020).
In detail, K+ and Cl− would form reversible ionic crosslinks with
negatively charged HA-ADH and positively charged OCS, which
led to the intertangling of the HA-ADH, and OCS polymer chain,
respectively. Therefore, the steric hindrance of the interaction
between HA-ADH and OCS increased.

Mechanical properties of the HC-KG
hydrogel
We first investigate the mechanical properties of this series
hydrogel to investigate the effect of KCl and glycerol on the
formation of the hydrogel network. The rheological time sweep
results (Figure 2A) demonstrated that the addition of KCl
could slightly improve the storage modulus of the hydrogel. We
speculated that it was because that K+ and Cl− produced by the
ionization of KCl helped form extra ionic crosslinking with the
negative HA-ADH backbone and the positive OCS backbone,
respectively. In addition, glycerol also could improve the
storage modulus of the hydrogel. It might be contributed to
the newly formed hydrogen bond–based crosslinking among
the glycerol and the main backbone of the hydrogel. The further
strain sweep results (Figure 2B) also proved our
abovementioned speculation. It was clear that the addition
of both KCl and glycerol increased the broken strain of the
hydrogel. The following time sweep under alternative low/high
strain showed the shear thinning property of the HC-KG
hydrogel (Figure 2C). In detail, the HC-KG hydrogel would
switch to “Sol” state and recover to “Gel” state. This procedure

could be repeated many times, and the modulus recovery
reached 100% every time. This phenomenon was just
because all the crosslinking inside the HC-KG hydrogel
network were reversible, including the dynamic hydrazone
crosslinking between HA-ADH and OCS; ionic crosslinking
between K+ and HA-ADH; Cl− and OCS; and hydrogen bonds
among glycerol, HA-ADH, and OCS, and these reversible
crosslinking could be untied under high shear fore and
reformed after the disappearance of the high shear force.
Moreover, the abovementioned reversible crosslinking was
also the basis of the self-healing property of the HC-KG
hydrogel. As shown in Figure 2D; Supplementary Video
S1, two individual pentagram-shaped hydrogels, a blue and
an orange one, could be reorganized to a new pentagram-
shaped hydrogel after being cut. It was based on the re-forming
of the reversible crosslinking between the exposed cross-
sections. The HC-KG hydrogel also showed excellent
compressive and tensile properties. Figure 2E showed that
the HC-KG hydrogel had good resilience even under large-
scale compression. The quantified compressive strain–stress
curve showed that the addition of KCl and glycerol decreased
Young’s modulus while increasing the broken strain
(Figure 2F). The reason for weakening of Young’s modulus
was because the formation of ionic crosslinking introduced by
KCl and hydrogen bond introduced by glycerol hindered the
formation of the hydrazone crosslinking, and these ionic
crosslinking and hydrogen bond were weaker than the
hydrazone crosslinking. At the same time, the formation of
the weaker ionic crosslinking and hydrogen bond was beneficial
to energy diffusion during the compression, therefore
increasing the broken strain of the hydrogel. The excellent
fatigue resistance was evidently validated by the following
cyclic compression test, which showed that the nearly
identical repeated strain–stress curves the small hysteresis

FIGURE 1 | Strategies for the fabrication of the stretchable, self-healing, conductive, and anti-freezing HC-KG hydrogel. The synthesis route of (A)HA-ADH and (B)
OCS (C) of the preparation steps and the network structure of the HC-KG hydrogel.
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FIGURE 2 |Mechanical properties of the series hydrogel based on HA-ADH and OCS. Rheological time sweep (A) and strain sweep (B) of HC, HC-K, HC-G, and
HC-KG hydrogels. (C) Rheological time sweep under alternative switching of low and high strain of the HC-KG hydrogel. (D) Quick self-healing property of the HC-KG
hydrogel. (E)Compression process of the HC-KG hydrogel. (F)Compressive strain–stress curve of HC, HC-K, HC-G, and HC-KG hydrogel. (G)Cyclic compressive test
of the HC-KG hydrogel. (H) Stretchability of the HC-KG hydrogel.
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loop (Figure 2G). The HC-KG hydrogel also showed good
stretchability as proven by Figure 2H.

Conductive Properties of the HC-KG
Hydrogel
As a strong electrolyte, KCl could fully electrolyze sufficient K+

and Cl− after being added into the hydrogel network, thus
endowing the HC-K and HC-KG hydrogel with good
conductivity, which was strongly proven by Figure 3A. It is
also revealed that glycerol had negligible effect on the
conductivity introduced by KCl. The conductivity of our
target HC-KG hydrogel reached around 0.0638 S/m, which
was enough for a flexible strain sensor. We then utilized a long
cylindrical HC-KG hydrogel as a flexible electric wire to form a
closed circuit to lighten the LEDs. Through the comparison
from Figures 3B–F, we could easily find that the brightness of
the LEDs decreased gradually with smooth elongation of the
HC-KG hydrogel. As an excellent hydrogel strain sensor, HC-
KG has good sensitivity with a gauge factor (GF) of 2.64
(Supplementary Figure S3). It indicated the sensitive
resistance changing of the HC-KG hydrogel depending on
the elongation change, which was fundamental for application
of the HC-KG hydrogel as a flexible strain sensor.

Furthermore, the HC-KG hydrogel still possessed good
conductivity under water condition (Figure 3G), which
demonstrated that the application scenario of our HC-KG
hydrogel could be expanded to various water environments.
Another exciting thing is that the self-healed HC-KG hydrogel
still showed satisfactory conductivity (Figure 3H). It implied
that the HC-KG hydrogel had the ability to resist various kinds
of damage when applied as a flexible strain sensor.

Therefore, we then systematically tested the performance of
the HC-KG hydrogel as a flexible and wearable strain sensor. As
shown in Figures 4A–C, our HC–KG hydrogel was able to
identify the large human motion, including the bending of
finger, elbow, and knee. Moreover, taking finger bending as
an example, the HC-KG hydrogel could even distinguish
different angles of human motion obviously (Figure 4D).
Our HC-KG hydrogel could also be competent for the
detection of human micromotions, such as the closing and
opening of mouth (Figure 4E). In particular, swallowing with
different intensity also could be clearly separated by analyzing
the curve shape of the relative resistance change (Figure 4F). All
of these demonstrated enough sensitivity of our HC-KG
hydrogel as the flexible and wearable strain sensor. We
monitored the relative resistance change of the HC–KG
hydrogel under the cyclic tensile state of 0–20%. The result

FIGURE 3 |Conductive properties of the series hydrogel based on HA-ADH and OCS. (A) Directional movement of ions in hydrogels under electrification. (B)
Quantitative conductivity of HC, HC-K, HC-G, and HC-KG hydrogel. The HC-KG hydrogel could be applied as a flexible electric wire to lighten the LEDs under
different elongation of 0% (C), 50% (D), 100% (E), and 200% (F). (G) HC-KG hydrogel also could be applied as a flexible electric wire under water condition. (H)
HC-KG hydrogel still exhibited good conductivity after its self-healing.
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(Figure 4G) showed that the relative resistance change in every
cycle was similar. It strongly confirmed the credible durability
and stability of our HC-KG hydrogel, both of which were vital
for a satisfactory flexible strain sensor.

The Anti-Drying and Anti-Freezing
Properties of the HC-KG Hydrogel
The high water content of hydrogels also had limited the application
of the conductive hydrogel–based flexible strain sensor, which
mainly included the following two aspects: 1) The loss of water
content of the hydrogel-based sensor led to the instability of their
conductivity; 2) The freezing of water inside the hydrogel-based

sensor rendered them unable to work at temperatures below 0°C.
Our HC-KG hydrogel could solve the abovementioned two
problems simultaneously based on the addition of KCl and
glycerol. As shown in Figure 5A, hydrogel groups with glycerol
(HC-G and HC-KG) could maintain stable water content greater
than 60%, while hydrogel groups without glycerol (HC and HC-K)
quickly dried up. Actually, the high water loss of the HC-K hydrogel
greatly affected its conductivity. Furthermore, the conductivity of
HC,HC-K,HC-G, andHC-KG gels was investigated as a function of
temperature (Figure 5B). The results showed that the conductivity
of HC-KG hydrogels during this process was almost all in the range
of 0.63 S/m. While the HC-K hydrogels were more affected by
temperature, the conductivity of HC-K hydrogels was almost 0 S/m

FIGURE 4 | Application of HC-KG hydrogel as a flexible strain sensor to detect various human motions. Real-time monitoring of large human motions, such as the
bending of finger (A), elbow (B), and knee (C). (D) HC-KG hydrogel showed different relative resistance change for finger bending at different angles. Real-time
monitoring of humanmicromotions, such as the opening and closing of mouth (E) and swallowingwith different intensity (F). (G)Relative resistance change of the HC-KG
hydrogel–based strain sensor under cyclic tensile from 0 to 20% for 30 min.
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in the frozen state and then gradually increased to about 0.65 S/m
with the increase of temperature. From the differential scanning
calorimetry (DSC) results (Figure 5C), we found that the both KCl
and glycerol acted as anti-freezing filler when added into the
hydrogel system. Among these four groups, the HC-KG hydrogel
had the lowest anti-freezing temperature, which reached −37°C
based on the synergistic effect of KCl and glycerol. The following
Figure 5D; SupplementaryVideo S2 showed the freeze-tolerance of

ourHC-KGhydrogel intuitively. At a temperature of−26°C, theHC-
KG hydrogel still showed transparency and flexibility. It even could
be twisted easily without any damage. The anti-freezing property
made our HC-KG hydrogel still suitable to be used as a strain sensor
under cold conditions, which was proven by the brightness decrease
of LEDs responding to the increase of HC-KG hydrogel elongation
under −26°C (Figure 5E). But, the HC-K hydrogel does not conduct
electricity at low temperatures to brighten the bulbs (Supplementary

FIGURE 5 | Anti-drying and anti-freezing property of the HC-KG hydrogel. (A) Water content changing of HC, HC-K, HC-G, and HC-KG hydrogel under natural
condition. (B) Conductivity as a function of time after transferring HC, HC-K, HC-G and HC-KG gel from a −26°C refrigerator to a 25°C environment. (C) DSC curves of
these four kinds of HA-ADH- and OCS-based hydrogel. (D) Flexibility comparison of HC-K and HC-KG hydrogel under −26°C. (E) Conductivity of the HC-KG hydrogel
with different elongation under −26°C. (F) HC-KG hydrogel worked as the flexible strain sensor under −20°C.
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Figure S4). We also tried to use this HC-KG hydrogel as a wearable
strain sensor to monitor the human motion under cold condition.
Taking the monitoring of finger bending as the test model, the HC-
KG hydrogel–based wearable strain sensor exhibited good sensitivity
(Figure 5F).

CONCLUSION

Collectively, the fabrication of our designed HC-KG hydrogel was
convenient with low cost and simple process. The biocompatibility
of the HC-KG hydrogel was guaranteed by selecting hyaluronic acid,
chitosan, KCl, and glycerol as the main raw material. By modifying
hyaluronic acid with hydrazide and chitosanwith aldehyde, themain
network of the HC-KG hydrogel was generated by the reversible
dynamic chemical hydrazone crosslinking, which was the product of
the Schiff base reaction between hydrazide groups of HA-ADH and
aldehyde groups of OCS. Then, the addition of KCl and glycerol
would introduce extra ionic crosslinking and hydrogen bond–based
crosslinking to the HC-KG hydrogel, and these weak reversible
crosslinking bestowed the hydrogel with the ability to withstand
great deformation. These reversible crosslinking endowed our HC-
KG hydrogel with outstanding self-healing property. Moreover, the
HC-KG hydrogel showed good elasticity and fatigue resistance
under cyclic deformation. The satisfactory conductivity of the
HC-KG hydrogel was contributed by KCl, which was the basis
for it to be utilized as the strain sensor. At the same time, the addition
of KCl also helped the HC-KG hydrogel resist low temperature
condition. Of course, glycerol also contributed greatly to the freeze-
tolerance of the HC-KG hydrogel. Based on the synthetic effect of
KCl and glycerol, the HC-KG hydrogel even could work at −37°C.
Furthermore, glycerol endowed the HC-KG hydrogel with anti-
drying property, which guaranteed the unchanged electric property
of this hydrogel when it was exposed to outside environment for long
time. All the abovementioned characterizations promised sensitivity,
durability, and stability of the HC-KG hydrogel during its
application as a flexible and wearable strain sensor. Besides, the
anti-drying and anti-freezing property expended the application
scenarios and working time of the HC-KG hydrogel. In short,
this HC-KG hydrogel could be a promising competitor for
flexible and wearable strain sensor manufacture, and this study

could provide ideas for the following development of flexible and
wearable electric sensors.
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