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Temperature Decoupling of a Hydrogel-Based Strain Sensor
under a Dynamic Temperature Field

Zemin Li, Jiaoya Huang, Runhui Zhou, Ziyu Chen, Wenchao Gao,* Jiang He,*
Rongrong Bao,* and Caofeng Pan*

Hydrogels possess several interesting characteristics and have attracted
increasing attention for flexible interactive strain-sensing. However, hydrogel
strain sensors are easily influenced by temperature because of the intrinsic
characteristics of the materials, thus, their sensing accuracy is significantly
affected. Herein, a strategy is proposed to eliminate the influence of
temperature by building an in-situ hydrogel temperature sensor next to the
strain sensor to monitor ambient temperature changes and simultaneously
correct the strain signal. By introducing silicon nanoparticles and modified
graphene, the hydrogel exhibits a good balance between conductivity and
stretchability. The hydrogel strain sensor exhibits a working range of up to
1000% and a sensitivity of 8.1. It can monitor human movement and shows
good stability. Moreover, the hydrogel-based sensor demonstrates an
impressive thermal response sensitivity (−7.16% °C−1). This bimodal sensor
not only realizes the decoupling of the strain sensor from the temperature but
protects the temperature sensor from the influence of strain. More
importantly, the device is also able to accurately control the manipulator
under dynamic temperatures, proving the feasibility of the design. This
strategy provides a new method to eliminate the influence of temperature on
strain sensing and assists in the development of the interactive-sensing field.

1. Introduction

With the development of intelligent technology, sensing devices
have progressed significantly,[1] and contactless human–machine
interactive sensing and noninvasive health monitoring have been
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widely used in daily life,[2] especially
during the current pandemic. Flexi-
ble sensors, which could convert phys-
ical or chemical signals into recordable
electrical signals, are an indispensable
part of electronic integration systems for
detecting external stimulation, which has
good conformability.[3] Human skin is
an excellent multifunctional sensor that
can sense a wide variety of external stim-
ulation, including strain, pressure, and
temperature. Therefore, many kinds of
skin-like sensors have been developed
rapidly.[3a,4] Among them, strain sensors
are favored by researchers because of
their simple fabrication and wide appli-
cation, including noninvasion healthcare
and human–machine interaction. Flexi-
ble strain sensors have been upgraded
and optimized from materials to struc-
tures to accurately perceive external stim-
uli. The patterned structure is a com-
monly used method to enhance the sen-
sitivity and broaden the response range
of strain sensors. Patterned structures,[5]

such as pyramidal, porous, serpentine,
and Kirigami structures, improve the sensing accuracy and

sensing range of the sensor. Another method is combining flexi-
ble materials,[6] such as polydimethysiloxane (PDMS), hydrogels,
styrene ethylene butylene styrene (SEBS), and thermoplastic
polyurethane (TPU). Flexible materials can meet various needs
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of flexible strain sensors. They can be used as sensing layer by
doping conductive fillers, or directly used as stretchable layers
and adhesive layers without complex structure and processing.

Compared with traditional rigid materials, flexible materi-
als that have good conformability, can greatly improve the ac-
curacy of strain-sensing signals, and enhance the comfort of
wearing. As typical flexible material, hydrogels have many in-
teresting characteristics (compliance, stretchability, conductiv-
ity, printability, biocompatibility, etc.) and have facile process-
ing, making them promising candidates for soft sensing.[7] Hy-
drogel can be used as a sensing active material because of its
good conductivity. Generally, there are two ways to make hy-
drogels conductive: one is to choose the inherently conductive
polymer (polyaniline (PANI), poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS), polypyrrole (PPy)) as the
main network of the hydrogel,[7b,8] and the other is to dope con-
ductive fillers (graphene, MXene, metal nanowires, carbon nan-
otubes, liquid metals (LMs), and ionic liquids).[7c,9] However, the
higher the proportion of conductive components is, the worse the
tensile property of hydrogel will be.[10] More importantly, the hy-
drogel is very sensitive to temperature due to the intrinsic char-
acteristics of the sensing material, making the sensor easily af-
fected by temperature. The complex thermal effect would have an
adverse impact on the practical application of interactive sensing
due to the unstable working environment.[11] Generally, temper-
ature decoupling can be usually realized by using a built-in cir-
cuit or numerical calibration.[12] However, the current work on
temperature decoupling involved a complex calculation process.
Therefore, it is urgent to explore a simple and universal strat-
egy to realize the temperature decoupling of the hydrogel strain
sensor.

Here, we propose a general strategy to eliminate the influence
of temperature on strain sensing, that is, the strain sensor is
connected in series with the temperature sensor. Then, the real
deformation signal of the strain sensor in the variable tempera-
ture environment can be obtained through a simple calculation
based on the relationship between the temperature and conduc-
tivity of the hydrogel. First, to balance the mechanical and elec-
trical properties of the hydrogel, we introduced long-chain sili-
con nanoparticles to replace the traditional cross-linking agent,
and conductive graphene and PEDOT:PSS were modified by hy-
drophilic dopamine, enhancing the binding force between the
hydrogel body and the conductive components. The hydrogel not
only possessed a fracture strain of over 5000% and a conductivity
of 10 S m−1 but also had printability and self-healing capability.
The hydrogel-based sensor exhibited excellent strain-sensing per-
formance, with the sensitivity reaching 8.1 at 1000% strain, while
also being sensitive to temperature. The strain sensor showed
more than 10 000 cycles of stability at 100% strain. Notably, the
strain sensor detected human motions, including changes in fa-
cial expressions. The hydrogel-based sensor exhibited a high sen-
sitivity of −7.16% °C−1 over a sensing range of 7–20 °C, and the
maximum detectable temperature reached 60 °C. A bimodal sen-
sor based on a parallel connection of the temperature and strain
sensors realized the temperature decoupling of strain through a
simple calculation, obtaining the real deformation value under a
dynamic temperature field, and the temperature sensor was not
affected by strain. Notably, this device realized precise control of a
manipulator in a stochastic environment. This strategy provides

a new approach for the accurate operation of strain sensors in
complex temperature environments.

2. Results and Discussion

2.1. Synthesis and Characterization of the Hydrogel

To balance the stretchability and conductivity of the hydrogel,
long-chain silicon nanoparticles (LSNPs) were synthesized us-
ing the sol–gel method, with modified 𝛾-methacryloxypropyl
trimethoxy silane (KH-570) replacing the traditional cross-linker,
as shown in Figure S1 (Supporting Information).[13] By adjusting
the proportions of polyvinyl alcohol (PVA), acrylamide monomer,
and LSNPs, we obtained an optimal ultrastretchable hydrogel ra-
tio (Figure S2, Supporting Information). Graphene has excellent
electrical conductivity; however, its intrinsic characteristic of hy-
drophobicity limits its uniform dispersion in hydrogels, thus re-
ducing the conductivity of the hydrogel. With dopamine having
a dynamically balanced molecule structure (the quinone and cat-
echol groups), it can form hydrogen bonds and 𝜋–𝜋 conjugates
with other materials, which can assist in the dispersion of other
hydrophobic molecules.[14] Thus, dopamine and PEDOT:PSS
were used to modify graphene to enhance its hydrophilicity and
conductivity to obtain conductive nanosheets (Figure S3, Sup-
porting Information).[15] It can be seen from the optical images
that dopamine-modified graphene and PEDOT:PSS (PDGP) has
better dispersion than graphene (Figure S4, Supporting Informa-
tion). Raman spectra were obtained to further demonstrate the
successful synthesis of the PDGP conductive nanosheets (Figure
1c). The characteristic peaks of graphene at 1350 cm−1 (D peak)
and 1591 cm−1 (G peak) and the C𝛼 = C𝛽 symmetric stretch-
ing at 1430 cm−1 of PEDOT occurred simultaneously, which im-
plied the formation of conductive nanosheets. Figure 1a shows
the detailed preparation of the hydrogel, which consisted of three
types of networks: conductive, stretchable, and self-healing. The
conductive nanosheets reinforced the electromechanical proper-
ties of the hydrogel. Additionally, the hydrogel possessed excel-
lent printability, allowing elaborate pattern fabrication (Figure S5,
Supporting Information). Scanning electron microscopy (SEM)
of the lyophilized conductive hydrogel shows the presence of
conductive nanosheets (Figure 1b). Fourier transform infrared
(FTIR) spectra were obtained to confirm the formation of chem-
ical bonds within the conductive hydrogel (Figure 1d). The ab-
sorption peak of the –OH groups at 3294 cm−1 for PVA and
polydopamine (PDA) shifted to 3203 cm−1, and the peaks of the
–NH groups at 3338/1609 cm−1 for polyacrylamide (PAM) shifted
to 3320/1600 cm−1, indicating the formation of hydrogen bond-
ings between them. The electromechanical performance of the
P0.45P1–GmPn hydrogels (simplified as GmPn hydrogel in figure,
the first P stands for PVA, the second P for PAM, the third
P for PEDOT:PSS, G for graphene; m and n representing the
mass concentrations of graphene and PEDOT:PSS in hydrogels,
respectively) was investigated as follows. The mechanical prop-
erties of the conductive hydrogels were evaluated using tensile
stress–strain measurements. The hydrogel could be stretched to
more than 50 times its original length, which helped to avoid
fracture failure under large deformations, and the mechanical
properties can be restored to 80% after self-healing (Figure 1e). A
cuboid P0.45P1–G0.4P1 hydrogel was prepared (1.5× 1.5× 1.5 cm3)
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Figure 1. Design principle and material characteristics. a) Schematic of the synthetic route of the conductive hydrogel. b) SEM images of the conductive
hydrogel (the areas circled by the blue dotted line are the nanosheets). c) Raman spectra of PDGP and PEDOT:PSS nanosheets. d) FTIR spectra of the
PP–GP and PP–P hydrogels. e) Stress–strain curves and f) conductivity of the P0.45P1–GmPn hydrogels before and after self-healing. g) Comparisons of
the maximum tensile strain and conductivity with recently reported printable conductive hydrogels.

to measure the conductivity of the hydrogel using the two-probe
method on an electrochemical system. It is evident that the con-
ductivity of the hydrogel increased with increasing concentra-
tion of the conductive filler (Figure 1f). The P0.45P1–G0.8P1 hy-
drogel exhibited better conductivity (reaching 10 S m−1) than

the graphene and the PEDOT:PSS hydrogels, which was at-
tributed to PDA accelerating the homogeneous dispersion of
the nanosheets. To demonstrate the comprehensive performance
of the hydrogel, it was connected to a circuit (working voltage
of 5 V), and its performance was macroscopically displayed by
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Figure 2. Strain-sensing performance of the hydrogel-based sensor. a) Strain sensing mechanism and b) relative resistance variation of the at different
strains of the hydrogel-based sensor. Response curves of the strain sensor with c) an applied stepwise strain and d) the different frequencies at 10%
strain. e) Response time curve of the strain sensor with an applied 10% strain. Demonstration of strain sensors for human body monitoring, such as f)
finger, g) elbow, and h) the forehead.

observing changes in the light-emitting diodes (LEDs) (Figure S6,
Supporting Information). The LEDs darkened after stretching be-
cause of the reduced cross-sectional area of the hydrogel, which
led to an increase in resistance. Once the conductive hydrogel
was cut entirely, the circuit broke and the LEDs were no longer lit.
However, by contacting the ruptured hydrogel, the dynamic hy-
drogen bonds inside the hydrogel were re-established, allowing it
to heal, resulting in a complete circuit, and the LEDs became lit
again. The distinct advantages of the P0.45P1–G0.8P1 hydrogel over
most hydrogels reported thus far in electronic sensor applications
are shown in Figure 1g (details in Table S1 in the Supporting In-
formation). The high conductivity, stretchability, printability, and
self-healing ability of the P0.45P1–G0.8P1 hydrogel demonstrates
its feasibility for use in stretchable electronic skins and flexible
wearable devices.

2.2. Effect of Strain on the Hydrogel-Based Sensor

The addition of the conductive nanosheets improved the strain
response of the hydrogel. As shown in Figure 2a, the distance
between the adjacent nanosheets increased after stretching the
hydrogel; therefore, the number of mobile electrons decreased
and the resistance of the hydrogel increased. The relative re-
sistance variation (∆R/R0) of the hydrogel-based sensor at dif-
ferent strains was investigated (Figure 2b). The ΔR/R0 value
increased monotonously with an increase in the tensile strain
throughout the entire stretching process. When the tensile strain
range was less than 450%, the gauge factor (GF) was 1.0, but it
changed to 8.1 in the range of 450–1000%, presenting a nonlin-
ear response. Figure 2c shows the cyclic response of the hydro-
gel sensor to stepwise strains (from 10% to 400%); the relative
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Figure 3. Effect of temperature on hydrogel-based sensor. a) Effect of temperature on the hydrogel-based sensor at 100% strain. b) Response curve of
the hydrogel-based sensor at two temperatures. c) The explosion diagram of the hydrogel-based temperature sensor. d) Picture and e) relative resistance
change of temperature sensor attached to the finger near and departed away from hot water (50 °C). f) Normalization relative resistance changes of
encapsulated hydrogel upon increasing temperature from 7 to 60 °C. g) Arrhenius plot shows linear dependence of ln(R) on 1000/T. h) The various
conductivities with the temperature for the hydrogel-based sensor.

resistance variation increased with the strain, and the sensor
could output a steady signal. Similarly, the responses at different
frequencies (0.25, 0.5, and 1 Hz) under 10% strain are exhibited
in Figure 2d, indicating that the hydrogel-based sensor can be
applied to various strain-induced scenarios. In addition, the re-
sponse time to the applied strain was recorded, and the time was
only 0.2 s under 10% strain at 0.5 Hz (Figure 2e). Based on the ex-
cellent strain-sensing performance of the hydrogel sensor, it was
used to monitor human body movement. The strain sensor was
subjected to over 10 000 stretching and releasing cycles between
0% and 100% strain at a strain rate of 0.8 mm s−1, demonstrat-
ing reliable cyclic stability and duration (Figure S7, Supporting
Information). As shown in Figure 2f–h, the strain sensor could
accurately distinguish the angle of finger and elbow bends and
recognize forehead expressions, which demonstrates the poten-
tial application of the sensor in healthcare and human–machine

interactions. The above tests demonstrate that the strain sensor
can monitor both small and large deformations of the human
body in complex external environments.

2.3. Effect of Temperature on the Hydrogel-Based Sensor

The electron mobility of the conductive hydrogel varied with tem-
perature at the same strain because of the intrinsic characteristics
of the conductive material; therefore, the resistance of the hydro-
gel sensor changed with temperature (Figure 3a). The resistance
of graphene and PEDOT:PSS will gradually decrease with the in-
crease of temperature, so the sensor using them as sensing mate-
rial exhibits a negative temperature coefficient.[2a,16] The single-
mode strain sensor has been stretched for a certain number of
times at five temperatures, respectively. As shown in Figure S8
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(Supporting Information), it can be seen that the response of the
single-mode strain sensor to 100% strain varies with tempera-
ture. As the temperature increases, the value of ΔR/R0 decreases,
and the relative resistance change value at this time is com-
posed of temperature signal and deformation signal. As shown in
Figure 3b, the response of the hydrogel-based sensor to the same
deformation was different at the two temperatures, which was
unfavorable for strain sensors in practical scenarios. Hence, a
strategy to eliminate the influence of temperature was proposed,
which was to construct a temperature sensor beside the strain
sensor to monitor environmental changes and then obtain the
real deformation value based on a simple calculation. Similar to
the strain sensor, the temperature sensor was printed using a mi-
croelectronic printer with the same hydrogel material (Figure 3c).
First, the sensor perceptibility was investigated at variational tem-
peratures. Figure 3d,e shows the photograph and actual electrical
signal of the temperature sensor attached to a finger near a cup
of 50 °C water. The temperature sensor quickly and steadily re-
sponded to environmental changes, demonstrating its excellent
temperature-sensing ability. As shown in Figure 3f, the ΔR/R0
valve of the temperature sensor decreased as the temperature in-
creased, showing a negative temperature response, which can be
attributed to the increase of the electron transmission between
conductive nanosheets with the rise of temperature. The temper-
ature coefficient of resistance (TCR) as an evaluation criterion for
the thermal sensitivity of temperature sensors was quantified as
follows

TCR = 1
R0

⋅
ΔR
ΔT

(1)

where R0 was the initial resistance of the temperature sensor at
7 °C, and ∆R was the resistance change corresponding to tem-
perature change ∆T. The obtained TCR value was −7.16% °C−1

at 7–20 °C and −0.162% °C−1 at 20–60 °C, which surpassed those
of most reported temperature sensors. The resistance change was
obvious in the temperature range from 7 to 60 °C. Therefore, we
constructed a fitting curve of ln(R) versus 1/T using the Arrhe-
nius law as follows

ln (R) = ln
(
R0

)
+ B

T
(2)

The slope of the fitted curve corresponding to the material con-
stant of thermistor B was 10 133 K, indicating the excellent tem-
perature sensitivity of the hydrogel-based sensor. The conductiv-
ity of the hydrogel changes with temperature because of its intrin-
sic characteristics; therefore, the strain sensor has different initial
resistance values at different temperatures. The following equa-
tion was obtained by fitting the relationship between the conduc-
tivity and temperature (Figure 3h)

ln (𝛿) = −6.1 + 0.2T (3)

ln (𝛿) = −3.1 + 0.06T (4)

where 𝛿 was the conductivity of the hydrogel. Hence, we can ob-
tain the initial resistance at any temperature based on the re-

lationship between the resistance and conductivity, thus decou-
pling the strain from the temperature.

2.4. Strain and Temperature Bimodal Sensor and Strain
Calibration in a Dynamic Temperature Field

A bimodal sensor was designed by connecting the strain and tem-
perature sensors in series to counteract the effect of temperature
on the strain (Figure 4a). To eliminate the effect of strain on the
temperature sensing unit, hard-film polyethylene terephthalate
(PET) was placed under the temperature sensor acting as a strain-
inhibiting layer, the protective mechanism of which is illustrated
in Figure 4b. The bimodal sensor contained two regions. When
the strain-sensing region was subjected to large deformation, the
temperature-sensing region showed insignificant change due to
the protection of rigid PET. As shown in Figure 4c, the stiff region
(temperature-sensing region) was hardly deformed when the bi-
modal sensor was stretched. The mechanical simulation results
further proved that the PET protected the temperature sensor
from strain (Figure S9, Supporting Information). By measuring
the dynamic response curves of the temperature sensor during
heating and cooling under different strains, it was found that the
response of the temperature sensor to the temperature change
(from 20 to 43 °C, down to 20 °C and then up to 50 °C) was the
same when the strain was applied and not applied, indicating the
strain insensitivity of the temperature-sensing unit (Figure 4d).
The true deformation signal was then obtained using the rela-
tionship between the conductivity of the hydrogel and tempera-
ture. Figure 4e shows the calibration of the 15 °C strain response
curve, where the response curve at 15 °C was consistent with
that at 25 °C, that is, the true deformation value was obtained.
The calibrated strain signal exhibited good stability (Figure 4f).
The device was designed to control a manipulator in a dynamic
temperature field to demonstrate the practicability of this strat-
egy. Then, based on Figure S10a (Supporting Information) circuit
control system, the single-mode strain sensor was used to control
the movement of the manipulator. It could be seen from Figure
S10b (Supporting Information) and Movie S1 (Supporting Infor-
mation) that at room temperature, the single-mode strain sensor
can perform a stable interaction process. However, when the am-
bient temperature gradually increases, the deformation signal is
mixed with temperature noise, which causes the incorrect move-
ment of the manipulator. Therefore, after the temperature rises,
even if the finger does not deform, the manipulator would go
from a bent state to a straight state (Figure S10b3, Supporting In-
formation). The bimodal sensor controls the manipulator based
on the control circuit shown in Figure 4g. Due to temperature
compensation, the movement of the manipulator can be accu-
rately controlled by the bimodal sensor in the dynamic temper-
ature field without temperature interference (Figure 4h3,h4 and
Movie S2 (Supporting Information)).

3. Conclusion

In summary, this study employed a flexible printing technology
to construct a temperature sensor next to a strain sensor, offset-
ting the influence of temperature on strain sensing. First, the
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Figure 4. Decoupling of temperature by strain sensor. a) Schematic diagram of the hydrogel-based bimodal sensor. b) Schematic and c) picture of PET
protecting the temperature sensing unit of the devices from strain. d) Temperature response curves of the device at different strains, indicating the strain
insensitivity of the temperature sensing unit during temperature sensing. e) The response of the strain sensing part after calibration at 15 °C. f) Cycle
response of the strain sensing unit before and after decoupling. g) Flowchart of bimodal sensor controlling the manipulator at dynamic temperature
field. h) Optical picture of bimodal sensor controlling the manipulator under stochastic environment.

temperature-sensitive conductive nanosheet was synthesized uti-
lizing graphene, PEDOT:PSS, and hydrophilic dopamine. Then,
a conductive triple-network hydrogel was achieved by doping the
nanosheets into the PVA–PAM double network, and the optimal
proportions of polymers, LSNPs, and nanosheets were investi-
gated based on the mechanical and conductive properties of the
hydrogel. The single-mode hydrogel sensor possesses prominent
sensing ability for strain and temperature, in which the GF of
strain sensing reaches 8.1 under 1000% strain and the thermal
index of the temperature sensor unit can reach 10 133 K between
7 and 60 °C. To eliminate the impact of temperature on strain
sensing, a temperature sensor was fabricated next to the strain
sensor, and the real deformation was obtained based on a sim-
ple calculation at any temperature. The structural design allowed
the response of the temperature sensor to be free from strain.
The accurate transmission of finger deformation signals to the
manipulator in real time at various temperatures demonstrates
the feasibility of this strategy.

4. Experimental Section
Materials: All chemical reagents were used in this work without

further purification. PVA (average polymerization degree = 2400 ±
50, Shanghai Yingjia Co., Ltd.), PEDOT:PSS particles (Soochow Liyan
Materials Co., Ltd.), acrylamide (AAm, 99%, Aladdin), dopamine hy-
drochloride (Aladdin), ammonium persulfate (APS, Aladdin), N,N-
methylenebisacrylamide (99%, Aladdin), N,N,Nʹ,Nʹ- tetramethylethylene-
diamine (TMEDA, 99%, Aladdin), Fs-300 (Nuochen International Trad-
ing Co., Ltd.), ammonium hydroxide (NH3·H2O, AR, 99%, Macklin), 𝛾-
methacryloxypropyl trimethoxy silane (KH-570, Beijing Chemical Reagent
Company, China). Graphene was prepared according to the previously re-
ported method,[17] VHB (400 μm, VHB4920, 3M). Deionized water was
obtained in the laboratory.

Preparation of Ultrastretchable PxP1 Hydrogels: Ultrastretchable PxP1
hydrogels were synthesized using a simple one-pot method. LSNPs were
synthesized according to a previously reported method, in which 0.83 g of
KH-570 was added into 10 g of deionize (DI) water, and the mixture was
vigorously stirred for 24 h at room temperature. After the oil-like droplets
disappeared, an emulsion of LSNPs was obtained. The emulsion (1 mL)
was diluted with DI water to a final volume of 10 mL. PVA powder was then
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placed in DI water with magnetic stirring at 90 °C for 9 h. Therefore, AAm
powder, Fs-300, glycerin, APS, and TMEDA were added to aqueous PVA,
followed by stirring to achieve uniform dispersion, and the solution was
later dropped into a polytetrafluoroethylene (PTFE) mold heated at 60 °C
for 15 min to obtain the ultrastretchable PxP1 hydrogels.

Preparation of PDGP: 0.32 g dopamine powder and 0.4 g graphene
were dissolved in water with stirring for several minutes at room tempera-
ture. Afterward, the NH3·H2O was added to the above solution by stirring
for 30 min at 5 °C, then stirring for 12 h at 40 °C to obtain PDA–G disper-
sion. Then, a series of PEDOT:PSS was put into the PDA–G dispersion by
stirring for 12 h at 40 °C, obtaining the PDGP.

Preparation of PxP1–GmPn Hydrogels: For preparing PxP1–GmPn hy-
drogels, AAm powder, Fs-300, glycerin, PDGP, APS, and TMEDA were
added to the PVA aqueous solution, followed by uniform dispersion. Sub-
sequently, the conductive hydrogel precursor obtained was dropped into
a PTFE mold heated at 80 °C for 15 min to obtain the flexible conductive
PxP1–GmPn hydrogels. The precursor was transferred to a syringe for direct
ink writing.

Characterization: Lyophilizer (Christ ALPHA 1-2LDplus) was used for
dried the sample. The morphology of P0.45P1–G0.8P1 hydrogel was char-
acterized by SEM and LSNPs were characterized by transmission elec-
tron microscope (TEM). FTIR and Raman spectra were obtained using
Fourier transform infrared spectrometer (Bruker VERTEX80v) and Confo-
cal micro-Raman spectrometer (HORIBA JY, LABRAM HR EVOLUTION),
respectively. The mechanical properties were tested by a tensile machine
(Yuelian YL-S71). The conductivity of the hydrogels was measured us-
ing a two-probe method on an electrochemical system (Metrohm PG-
STAT302N, Switzerland) according to a previously reported procedure. A
flexible electronics printer performed the customized hydrogel structure
(Module Columbus, Shanghai, China). The electrical signals of strain and
temperature sensing were collected and recorded by an LCR meter (Agi-
lent E4980A). A linear motor (LinMot1100) was used to offer mechanical
motions.

Finite Element Simulation for the Strain Isolation Effect of PET: The bi-
modal sensor’s stress distribution and real-time state were simulated by
using commercial software Abaqus (version 2020). The thickness of the
hydrogel was 374 μm, and Young’s modulus of hydrogel was 32.5 kPa.
The dimension of VHB was 60 mm (length) × 40 mm (width) × 0.5 mm
(thickness), and Young’s modulus was 50 kPa. The dimension of PET was
50 mm (length) × 35 mm (width) × 0.05 mm (thickness), the strength was
60 kPa, and Young’s modulus was 3000 MPa. To analyze the mechanical
behavior of these elastomers, one side of the bimodal sensor was fixed
and 100% strain was applied to the other side.
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