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Abstract

Ionic-conductive hydrogel sensors are widely used in wearable electronics, and
biomedical monitoring. Meanwhile, the hydrogel can use the heat continuously
released from human body to generate thermal voltage by relying on the thermal
diffusion effect and achieving thermoelectric conversion. It is the most effective
solution to realize self-powered supply obtaining energy from environmental waste

heat. However, the low thermoelectric output power of hydrogel restricts their
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applications. Herein, a highly flexible composite hydrogel with ultrahigh
thermoelectric output power is designed, wherein hydrogel containing NaCl is
prepared by radical polymerization and metal ion complexation, in which the CaClz
provide the second crosslinking network. Consequently, the optimized hydrogel has
excellent stretchability and can withstand up to 1500% tension. The sensitivity of the
hydrogel sensor is up to 7.01 in the range of 600%~1500%, which has excellent
stability and reversibility. Furthermore, the fast response time of the hydrogel sensor
was 12.8 ms. The ionic thermovoltage and power density observed in this study are
3427 mV-K! and 730 mW-m?, respectively. The results demonstrated that the
ionic-conductive hydrogels with excellent ionic thermovoltage and the ultrahigh
power density may be a potential candidate to realize the self-powered performance of
hydrogel wearable sensor.
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1. Introduction

Flexible and self-powered strain sensors are emerging as a promising new
technology for next-generation wearable electronics duo to their tremendous potential
in smart home, health detection, electronic skins and intelligent robotics. [1-7]
Different from the traditional strain sensors which are limited in applications of large
strain range because of the unstable conductivity under large strains and the low
fracture strain caused by the poor compatibility between conductive filler and elastic
matrix and the inherent brittleness of inorganic conductive materials,[8-10] the
wearable strain sensors must meet the requirements of the mechanical properties
including not only gentle flexing also strong deformations of rolling and
stretching.[11-13] Furthermore, the flexibility, durability, stability, portability, high
sensitivity as well as self-powered generation ability are essential requirements for the
wearable sensors. [1, 14, 15] Until now, it is a challenging task to reasonably design a
multifunctional flexible sensor with the above characteristics.

To achieve high performance wearable strain sensors, various flexible
conducting materials using as the strain sensor have been explored, in which
conducting materials such as MXene, carbon nanotubes, graphene, metallic
nanomaterials are combined with elastomers. Despite the enormous progress made in
this emerging field, the integration of wide sensing range and great sensitivity into
flexible strain sensors is still a significant challenge. As an alternative, conductive
hydrogels with excellent mechanical and electrical properties have been identified as

excellent alternative materials for wearable or implantable devices due to their good



biocompatibility, high flexibility and stable conductivity even under large strain|[13,
15-20]. For examples, Wang et al.[21] prepared a hydrogel with thermal response and
electrical conductivity using poly(N-isopropylacrylamide) as the heat-sensitive
material and polyaniline (PANI) as the conductive material. However, organic
solvents were used in the preparation process because of the insolubility of PANI in
water, which was unfriendly to the environment and limited the application of
hydrogel in the body. The composite hydrogels above prepared with the conductive
materials (metal nanowires, graphene, PANI) [22, 23] cannot achieve high
conductivity and optical transparency simultaneously and exhibit poor
biocompatibility, causing the limitation of the applications. In order to resolve the
insolubility of conductive materials in hydrogels, polyelectrolytes or salts (lithium
chloride, sodium chloride) were usually added into the system to realize the
conductivity through ion transport. [24, 25]

More importantly, current sensing systems still require external power supplies
to achieve efficient operation of the device, the existing batteries have a limited
service life and need to be replaced or recharged frequently, making them unsuitable
for long-time unattended monitoring and largely restricting their wide application in
wearable sensors. How to harvest energy from abundant environmental energy even
the human body is a critical issue for the wearable sensor used to monitor human
health.[26, 27] In order to further investigate of self-powered wearable sensors, great
efforts have been focused on solar cells, piezoelectric, triboelectric and thermoelectric

generators (TEGs), which can harvest energy from surrounding environment or



human body.[28-31] Among them, TEGs with the advantage of reliability can
transform the continuously released body heat into reliable renewable energy,
providing a reasonable solution for the power supply of most sensors.[26, 32-34] The
main working principle of ionic-conductive hydrogels to achieve thermoelectric
transformation is thermal diffusion effect.[27] Anions and cations dispersed
directionally to the hot ends and cold ends of the hydrogel, respectively, in the
presence of temperature gradient, and then aggregated on both sides of electrodes to
produce ion concentration difference and corresponding thermal voltage.[27, 35] The
thermoelectric generators based on the ion-conductive hydrogel combine the merits of
excellent mechanical and electrical properties as well as thermoelectric voltage, which
are suitable for self-powered wearable flexible sensor.

Herein, we propose a self-powered flexible sensor based on ionic-conductive
double network (DN) hydrogel, in which a single network (SN) hydrogel was firstly
obtained by radical polymerization and DN structure was further formed by
coordination complexation. Sodium chloride (NaCl) was introduced as a conductive
ion. The hydrogel sensor can achieve high sensitivity detection in a wide response
range of 1500% and the gauge factor (GF) is up to 7.01. Furthermore, the hydrogel
can effectively convert low grade waste heat into electrical energy attribute to the
thermal diffusion effect in the presence of temperature gradient, with an ultrahigh
ionic thermovoltage of 34.27 mV-K!, a high current density of 449 A-m? and a
maximum power density of 730 mW-m™. Further, the sensor exhibited mechanical

flexibility and great thermoelectric potential which provide an effective solution to



realize the self-powered performance of hydrogel wearable sensor.
2. Results and discussion

The DN ion-conductive hydrogel with high sensitivity, excellent stretchability
and thermoelectric properties was synthesized by a two-step combination as shown in
Fig. 1a. The first chemically cross-linked network was formed through free radical
polymerization of sodium acrylate (AANa) and acrylamide (AM) in which the NaCl
was introduced as conductive ions. Thereafter, reversible ionic crosslinking points
were formed between sodium alginate (SA) and Ca®* through immersing SN hydrogel
in CaClz solution, which facilitates the high strength of the hydrogel. The DN
hydrogel prepared was named SA/P(AM-AANa)/CaCl.. Moreover, the broken
coordination bonds can also be combined again under certain conditions, giving the
hydrogel excellent self-recovery performance and energy dissipation.[36] The FT-IR
measurement results of DN ion-conductive hydrogel are presented in Fig. 1b to
indicate the successful preparation of hydrogels. It can be seen that the peaks of AM
at 1280 cm™ and 1610 cm™! were respectively generated by the flexural vibration of
C-H of the C=C bond and the stretching vibration of C=C. The above peaks
disappeared in the FT-IR spectrum of the DN hydrogel, showing the cross-linking
polymerization between AM and AANa. Besides, the peaks of SA at 1415 cm™! and
1610 cm™! belong to the symmetric stretching vibration and the asymmetric stretching
vibration of -COO-, which separately shifts to 1627 cm™ and 1416 cm™ in the DN
hydrogel, indicating that the -COOH is complexed with Ca** to form the second

network. These above results show that the DN hydrogel was synthesized successfully



through free radical polymerization and the coordination complexation. Further, the
transmission of the hydrogel was measured with an UV-Vis and the light
transmittance is 90.08% (Fig. 1c¢). Compared with the conductive hydrogels prepared
with carbon-based materials, the high-transparency conductive hydrogel prepared in
this work could greatly broaden the application range of conductive hydrogels and are
especially suitable for some fields that require higher optical performance, such as
display equipment and light-emitting devices, etc.

The effect of crosslinker content on the mechanical properties of hydrogel was
also investigated as demonstrated in Fig. S1. The break elongation, tensile strength
and toughness decreased with the increasing content of the crosslinker, which could
be attributed to that higher crosslinking density of the hydrogel was formed with
increasing the content of the crosslinker, more energy was needed to move the
molecular chain when the hydrogel was stretched, resulting a limited stretchability of
the chain segment and the increase of Young's modulus. Besides, the effect of the
immersing time on cross-linking between SA and Ca®" was illustrated in Fig. S1d. The
tensile strength of hydrogel increased while the break elongation decreased after
immersing the SN hydrogel in Ca** solution to form the second network, which could
be attributed to the reversible ionic crosslinking points were formed between SA and
Ca?", resulting the more tightly network with the increasing of the immersing time.
The results indicate that the cross-linking between SA and Ca** can greatly increase
the strength of the composite hydrogel without an extreme reduction of the flexibility

with the immersing time of 15 seconds. Further decreasing the crosslinker content



was unable to form a stable hydrogel, therefore, the hydrogel with 0.03% crosslinker
content was selected as the optimized sample. Notably, the optimized DN hydrogel
has excellent stretchability and can withstand up to 1500% of tensile without breakage
(Fig. S1a). The morphologies of SN hydrogel and DN hydrogel were described by
SEM as shown in Fig. S2 and Fig. 1d, respectively. Compared with the morphology of
SN hydrogel, the DN hydrogel presented a more tightly network after immersing the
SN hydrogel in Ca** solution to form the second network, indicating the generation of
ionic network through coordination complexation. The porous structure of hydrogel
provides channels for ion transportation to achieve the excellent conductivity and
thermal voltage.

The self-powered strategy of ionic-conductive hydrogels is thermoelectric
transformation through thermal diffusion effect.[27] Sodium ions and chloride ions
respectively accumulate on the cold side and hot side in the presence of temperature
difference to produce ion concentration difference, thus generating a thermo
voltage.[27, 35] The thermoelectric performance analysis of DN hydrogel is shown in
Fig. 2. The output voltages of ionic-conductive hydrogel at different temperature
gradient (AT) were measured as illustrated in Fig. 2a,b. The output voltage increased
proportionally with the increasing of the applied AT and exhibited a stable response at
constant AT. The voltage even reached as high as 518.8 mV at the AT of 15 K. The
ionic thermovoltage of 34.27 mV-K™! was obtained through the slope between the
output voltage and the temperature gradient, which is one of the highest thermal

voltages for ionic TE materials with such excellent flexibility. In addition, the



current-voltage and power-voltage curves at AT of 5K, 10K, and 15K were also
investigated as shown in Fig. 2c. The ionic-conductive hydrogel produced a high
current density of 4.49 A-m™ at the AT of 15 K and the corresponding power density
of 730 mW-m™, which was higher than most of the ionic thermoelectric materials
reported in literatures, as illustrated in Fig. 2d and Table S1. The ionic conductivity ()
and thermal conductivity (k) of hydrogel were also measured in order to further
characterize the thermoelectric properties, as presented in Fig. 2e. The value of ¢ and
K are respectively 0.29~0.59 S-m™! and 0.5359~0.5522 W-m 'K ™! in the temperature
range of 278 ~298 K. Furthermore, the corresponding ionic ZTi was also calculated
by the following formula, ZT; = Si?6T/k, where S; is ionic thermovoltage (V-K™), 6 is
ionic conductivity (S'm™), x and T are separately thermal conductivity (W-m '-K)
and absolute temperature (K) [26, 27]. The value of ZTi are 0.19~0.36 in the
temperature range of 278 ~298 K. Besides, the power factor (PFi) can be obtained by
the following equation, PFi = Si°c, which was generally used to evaluate the
thermoelectric properties. The PFi of 0.30~0.70 mW-m'-K? was shown in Fig. S3a.
In addition, the stability of the thermoelectric properties of the hydrogel needed to be
considered. The output voltage for a long duration was measured as shown Fig. 2f,
which maintained basically stable under the constant AT of 15K for at least 22 hours.
The long-term stability of output voltage will be necessary to ensure that the TE
hydrogels are suitable for long-term unattended monitoring operation. The hydrogel
with excellent TE properties above were usually used in the ionic thermoelectric

capacitors for thermoelectric conversion. Fig. 2g illustrates voltage profile of the three



stages for the TE hydrogel loaded with 5 kQ external resistor. Firstly, the temperature
gradient of 7.5 K was applied to the TE hydrogel, inducing the accumulations of the
Na® and CI at the cold side and the hot side, respectively, and then generating the
corresponding thermal voltage of 273 mV, which is called stage I of thermo-ionic
charging. When the external resistor of 5 kQ was loaded with the TE hydrogel, there
will be current passing through the external load to balance the voltage generated by
the ions, producing a decrease of the voltage, [34, 37] which is known as stage II,
discharge process. In the stage III, the output voltage continued to decrease to 0 when
the temperature difference of thermoelectric hydrogel was eliminated due to the ions
in thermoelectric hydrogels return to their initial state.

Besides, the stability of the voltage generated by hydrogels during the repeated
circuit opening and loading cycles (5 kQ2) was also measured. The voltage of 0.53 V
was firstly achieved at a constant AT of 15K and then decreased to 0.07 V when the
external resistor of 5 kQ was loaded with the TE hydrogel, which was almost restored
to the initial value while disconnecting the external resistance, as shown in Fig. S3b.
The output voltage exhibits good thermoelectric repeatability with little degradation
during the cycles. These excellent thermoelectric properties aforementioned of the
hydrogels provide the potential application in wearable self-powered sensors.

Subsequently, the performance of the ion-conductive hydrogel-based sensor was
investigated to confirm its suitability for wearable flexible sensors. Fig. 3a shows the
I-V characteristics of hydrogel under different tensile strains from 100% to 500%. The
current of hydrogel increased linearly with the increase of voltage, indicating that
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hydrogel has good ohmic characteristics. Besides, the slope of the I-V curve
decreased with the increase of tensile strain. According to Ohm's law, the I-V curve
slope is inversely proportional to the resistance, [38, 39] indicating that the resistance
of the hydrogel increased accordingly with increasing strain. This was because the
conductivity mainly depended on the transportation of conducting ions of the
hydrogel, the average distance between ions gradually increased during stretching,
thus increasing the resistance. The performance of the DN hydrogel was investigated
when tensile strain was applied continuously. As shown in Fig. 3b, AR/Ro value
increases with the increase of the strain. It is because the conductive path changes
more significantly with the increase of the strain, resulting in more pronounced
changes of relative resistance.[40-42] The relative resistance change increased to 8933%
at the strain of 1461%, where the hydrogel strain sensor exhibited a high GF of 6.11.
It can be seen that the sensitivity is higher in the large strain range, which is caused by
the decrease of the continuity of conductive ions in the stretching direction due to the
elongation of the hydrogel network when stretching the hydrogel strain sensor. The
continuity of conductive ions decreased more obviously with the increase of the strain,
resulting in larger AR/Ro values and higher sensitivity. Besides, the sensitivity for
different strain intervals was obtained respectively, showing a good linear response
for each strain interval. It's worth noting that the GF was 3.25 in the lower strain
range (0~300%), further increased to 6.82 (300 ~ 600%) and 7.01 (600 ~ 1500%)
respectively with increasing the strain range, which is much higher than that of strain
sensors based on hydrogel (GF =0.478,[43] 0.63,[41] 0.84,[44] 1.32,[45] 1.51,[22]
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1.54,[46], 1.58,[40] 2.10[25], 3.15[47] 2.2,[7] 2.42,[12] 2.48,[13] 9.89,[6] 14.6, [11])
(Fig. 3c).

In addition, Fig. 3d illustrated the response time of 12.8 ms of the DN hydrogel
sensor, which was measured under instantancous tensile deformation, the fast
response time made it possible to monitor a series of motion signals in a real time.

To further confirm the stability and reliability of the sensor, the performances of
the hydrogel-based sensor during the loading-unloading cycles under various strains
from 10% to 400% were also explored. Fig. 4a shows similar and stable waveforms
during the cycles at the same strain, and the AR/Ro value increased with increasing
strain, indicating the excellent sensing performance and good repeatability.
Furthermore, Fig. 4b displays the sensing performance of hydrogel when the strain
increases step by step. Similarly, the AR/Ro value of the sensor increased gradually
with the increase of strain and was basically stable under a fixed strain. In addition,
the value can be basically recovered with the recovery of strain due to the elasticity of
hydrogel, indicating that the sensor with high sensitivity, reversibility and stability.
The performances of hydrogel-based sensor were related to the resistance change, that
is, the distance change between the ions during the stretching process, as displayed in
Fig. S4. Specifically, the conductivity of the DN hydrogel depended mainly on the
transportation of conducting ions in the porous network. The distance between ions
increased with increasing the tensile strain, leading an increase of resistance. The
distance between the ions was then returned to the initial state in the hydrogel

restoration process, leading the recovery of conduction path. Furthermore, as
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presented in Fig. 4c, when different voltages (0.01 ~1 V) are applied, the DN hydrogel
sensor shows stable response signals. Furthermore, the sensors can still generate
stable and effective response signal even a voltage as low as 0.01V was applied,
implying the independence of the sensitivity on the applied voltages. Notably, such a
low voltage operating environment makes it possible to prepare sensors for portable
wearable devices. Meanwhile, the responses of hydrogel sensor have no dependence
on the tensile speed (100~500 mm-min™') in the applied strain range as depicted in Fig.
4d, showing that the hydrogel-based sensor can be well suited to a wide range of
tensile speeds. In addition to the excellent tensile properties mentioned above, Fig. 4e
displays the compressive sensing performances of hydrogel sensors under cyclic
compression from 20% to 80%, showing high sensitivity and stability. The ion
concentration per unit length of hydrogel system increased when pressing, resulting in
high sensing signal (Fig. S4). More importantly, the sensor demonstrated its excellent
stability and durability through 6,000 loading/unloading cycles at 20% compressive
strain as shown in Fig. 4f. Besides, the sensing performance of the hydrogel after
being sealed and stored at room temperature for 30 days, the break elongation and
sensitivity of the hydrogel sensor were not significantly reduced, indicating its good
environmental stability (Fig. S5).

The hydrogel could be used in monitoring human motions due to the unique
flexibility, excellent sensitivity and fast response time. Fig. 5a,b show the
performances of the hydrogel-based sensor attached to the finger and the elbow,
respectively. The responsiveness of the hydrogel sensor increased with the increase in

13



curvature degree of the finger and the elbow and could be remained stable at the same
curvature degree, meanwhile, it returns to its original state when the joint was
straightened and relaxed. In addition, the sensor was stretched and compressed when
the wrist was bent downward and upward, respectively, resulting reversed response
values as illustrated in Fig. Sc. Similarly, as shown in Fig. 5d, when the sensor was
fixed to the abdomen to monitor the signal generated by human breathing, it can be
found that the compression degree of the hydrogel sensor varies with the depth of
breathing, resulting in the different response values. Furthermore, the response of
hydrogel sensor for pulse monitoring was showed in Fig. S6, implying the high
sensitivity of sensor. Moreover, the performances were tested when the finger
respectively singly-pressed or doubly-pressed on sensor surface to gain insight into
the behavior of hydrogel sensor. As illustrated in Fig. Se, the number of sensing peak
is consistent with the pressing number of finger. In addition, as demonstrated in Fig.
5f, the hydrogel sensor showed corresponding peak signals, when the letters of A, C
and M were written on the surface of the hydrogel sensor. The above results indicate
that the hydrogel sensor has excellent sensitivity, repeatability and stability, which
shows great potential for application in monitoring human motions.

In addition to the above tests on the sensing performances of the hydrogel when
external power was applied, the sensing behaviors based on its self-powered
characterization were also investigated. Firstly, the variations of open circuit voltage
in the thermoelectric hydrogel at the AT of 7.5 K were analyzed when different

compression strains were applied. Fig. S7 illustrated the corresponding equivalent
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circuit diagram. The voltage of 228 mV was obtained for the TE hydrogel at the AT of
7.5 K, and then different compressive strains were applied to the TE hydrogel,
causing a decrease of the open circuit voltage as illustrated in Fig. 6a. The open
voltage decreases with increasing compressive strain which shows a self-powered
sensing performance. Here, the ionic conductor-based hydrogel thermoelectric device
can be treated as a capacitor whose capacitance value depends on the distance
between the electrodes and the electrode area (C= €S/4nkd= Q/V), the thermoelectric
device is compressed thereby reducing the distance (d) between the two electrodes of
the capacitor when the electrode area is constant. And the output open-circuit voltage
of this capacitor decreases almost linearly with the distance between the electrode
plates under the condition of constant temperature difference. The voltage variation
with the compressive strain was shown in the inset Fig.. In particular, to demonstrate
the self-powered characteristics of this ion-conductive hydrogel and its self-powered
sensing performance, we constructed a self-powered sensing system with a hybrid
hydrogel sensor/hydrogel thermoelectric device system driven entirely by
thermoelectric power rather than by an external power source (Fig. S8). Firstly, the
open circuit voltage of hydrogel reached to a stable value of 228 mV at AT of 7.5 K
(stage I). Then the TE hydrogel was connected in parallel with the strain sensor (stage
IT), which was similar to the external resistor, causing the rapid decrease of the
voltage to 3.7 mV in stage II as shown in Fig. 6b. The corresponding equivalent
circuit diagram of the self-powered ionic-conductive hydrogel is shown in Fig. 6c¢.
Afterwards, the flexible sensor was firstly pre-stretched to 500% (stage III), and then
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cyclic loaded-unloaded under the strains of 20% and 40% (stage IV). According to the
formula, Vs =Vo/(R+Rs)*Rs, where Vs is the voltage applied on the sensor, Vo is the
thermoelectric voltage generated by the ionic-conductive hydrogel, Rs and R are the
resistance of the sensor and the internal resistance of the TE hydrogel, respectively. In
stage III and IV, when the tensile strain was applied, Rs of the sensor increased,
generating an increase in the voltage Vs of the sensor. Therefore, the voltage across
the sensor increased with increasing strain and showed similar and stable waveforms
during the cycles under the same strain, indicating the excellent sensing performance
and good repeatability as shown in Fig. 6b. Therefore, the strain changes caused by
external stimuli can be characterized by the voltage changes without external power
supply, which provides an effective solution for achieving the self-powered
performance of thermoelectric hydrogels.
3. Conclusions

In summary, ionic-conductive DN hydrogel prepared by situ polymerizations and
coordination complexation exhibits excellent stretchability of 1500%, high sensitivity
(GF=7.01), and fast response time of 12.8 ms. The hydrogel sensor with excellent
sensing stability and reliability can be applied to detect human motion precisely.
Importantly, the ionic-conductive hydrogel can form a stable thermal voltage by the
ions thermal diffusion effect in the presence of temperature gradient, which exhibits a
giant ionic thermovoltage of 34.27 mV-K ™! and a ultrahigh power density of 730
mW-m~. Besides, the ZT; value of the hydrogel reaches to 0.36. The thermoelectric

hydrogel can be used as ionic thermoelectric capacitors or self-powered devices for
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other sensors to detect external stimuli without the need for external voltages. This

work demonstrates that ionic-conductive DN hydrogel exhibited excellent sensing

performance and great thermoelectric potential, providing an effective solution to
realize the self-powered performance of hydrogel wearable sensor.
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Fig. 1. a) Synthesis schematic of the DN hydrogel. b) FT-IR spectra of the SA, AM and
DN hydrogel. c) UV-Vis spectra of the DN hydrogels. d) The SEM image of

freeze-dried DN hydrogel.
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Fig. 2. a) The output voltage with respect to the temperature gradient and b) the

corresponding ionic thermovoltage. c) Current-voltage and power-voltage curves of the

TE hydrogel at AT of 5K, 10K, and 15K. d) Comparison of ionic thermovoltage and

power density with those reported ionic thermoelectric materials. e) Temperature

dependence of thermal conductivity, ionic conductivity and ionic ZTi. f) The long term

stability of output voltage generated by TE hydrogel at a constant AT of 15K. g) Voltage

profiles of the ionic TE hydrogel capacitors connected with external resistor and h) the

corresponding illustration of the working principles.
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Fig. 3. a) Current-voltage curves under different tensile strains. b) Relative resistance
changes and GFs of the hydrogel sensor to continuous tensile strains. c¢) Differences in
GF and strain range of DN hydrogel-based sensors from other sensors previously

reported. d) Response time of DN hydrogel-based sensors under the transient

deformation.
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Fig. 4. The sensing performances of hydrogel a) under various cyclic tensile strains of
10%~100% and 100%~400%, b) under various tensile strains of 10%~60% and 50%
~300% (the strain was increased step-by-step, held for 10 s at every different strain),
under cyclic stretching-releasing with a strain of 100% with c) different applied voltages
(0.01 ~1V) and d) different stretching rates (100 ~ 500mm-min™'), e) upon the periodical
compression strain of 20% ~80%, f) durability test of sensor for 6000 compression
cycles (The inserted Fig.s show the response signals of cycles 200-210, 5100-5110,

respectively).
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Fig. 5. The performance of hydrogel sensors for monitoring various human motions: the
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equivalent circuit diagram.

29



	High Ionic Thermopower in Flexible Composite Hydrogel for Wearable Self-powered Sensor
	Abstract
	1. Introduction
	2. Results and discussion
	3. Conclusions
	Declaration of Competing Interest
	Acknowledgements
	Reference
	Fig. 1. a) Synthesis schematic of the DN hydrogel. b) FT-IR spectra of the SA, AM and DN hydrogel. c) UV-Vis spectra of the DN hydrogels. d) The SEM image of freeze-dried DN hydrogel.
	Fig. 2. a) The output voltage with respect to the temperature gradient and b) the corresponding ionic thermovoltage. c) Current-voltage and power-voltage curves of the TE hydrogel at ΔT of 5K, 10K, and 15K. d) Comparison of ionic thermovoltage and pow...
	Fig. 3. a) Current-voltage curves under different tensile strains. b) Relative resistance changes and GFs of the hydrogel sensor to continuous tensile strains. c) Differences in GF and strain range of DN hydrogel-based sensors from other sensors previ...
	Fig. 4. The sensing performances of hydrogel a) under various cyclic tensile strains of 10%~100% and 100%~400%, b) under various tensile strains of 10%~60% and 50% ~300% (the strain was increased step-by-step, held for 10 s at every different strain),...
	Fig. 5. The performance of hydrogel sensors for monitoring various human motions: the flexion of a) index finger and b) elbow, c) bent downward and upward of wrist and d) breathe monitoring. The responses of hydrogel sensors e) when the finger single-...
	Fig. 6. a) The voltage variations of the hydrogel with ΔT of 7.5 K under different compressive strains. b) The voltage variations of the hydrogel sensor versus different tensile strains in parallel with thermoelectric hydrogels and c) the correspondin...



