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A B S T R A C T

Bioadhesive ion-conductive hydrogels are essential in bioelectrical signal monitoring. However, highly adhesive 
hydrogels may cause discomfort, such as skin redness and pain when peeled off, which hinders their application. 
Here, we design a body temperature-triggered adhesive ionic conductive hydrogel based on biocompatible 
polyacrylamide (PAAM), gelatin, and sodium alginate (SA). Due to the temperature sensitivity of gelatin, the 
adhesion of the developed PAAM/gelatin/SA (PGS) hydrogel is rapidly enhanced upon exposure to human body 
temperature, and it decreases quickly within a short period (10 s) after cooling, thus enabling painless removal. 
At the same time, the hydrogel exhibits a Young’s modulus (~265 kPa) similar to that of skin tissue and achieves 
a conformal contact to the skin. Benefiting from the low electrode-epidermal impedance, the developed hydrogel 
has a decent signal-to-noise ratio of about 25 dB, allowing high-fidelity recording of various bioelectrical signals 
and accurate recognition of movements. The temperature-triggered adhesion-changing conductive hydrogel 
presented in this work shows great potential for biomedical applications.

1. Introduction

Bioelectrical signals, such as electrocardiogram (ECG), electromyo-
gram (EMG) and electroencephalogram (EEG), serve as the fundamental 
physiological indicators of the human body, providing valuable insights 
into the laws of biological movement and the underlying mechanisms of 
physiological disorders [1–6]. To ensure stable and precise recording of 
these signals, flexible, wearable, and biocompatible electrodes are 
essential [7,8]. Currently, most reported bioelectrodes are made by 
mixing conductive fillers with elastic matrices, such as carbon-based 
entities (e.g., carbon nanotubes, graphene) [9,10], conductive poly-
mers (e.g., polyaniline, polypyrrole) [11,12], as well as metallic com-
ponents (e.g., Ag nanowires, liquid metals) [13,14]. For example, Nan 
Liu and her team prepared a durable and non-disposable transparent 
graphene skin electrode for detecting electrophysiological signals, by 
semi-embedding highly graphitized electrospun fibers/monolayer gra-
phene into soft elastomer [15]. The researchers also mixed thermally 
expandable microspheres with liquid metal nanoparticles to 

dynamically monitor EMG signals utilizing the conductive pathways 
between the liquid metal particles [16]. However, such bioelectrodes 
reported so far are stiff and their Young’s modulus (~1 MPa − 1 GPa) is 
several orders of magnitude higher than that of biological tissues (~100 
kPa) [17], resulting in electrode-epidermal impedances typically 
reaching hundreds of kΩ, which makes it difficult to obtain high-quality 
bioelectrical signals [18]. Whereas, conductive hydrogels (CHs) exhibit 
skin-like properties such as a similar Young’s modulus, softness and 
conductivity, thus attracting increasing attention in bioelectrodes 
[19–21].

Various conductive hydrogels have been developed based on 
different conductive mechanisms, such as ionic- [22,23], metallic- [24], 
and polymer- [25] based systems. Among them, ionic conductive 
hydrogels (ICHs) are particularly attractive due to their biocompati-
bility, tunable mechanical properties and high electrical conductivity 
[26–29]. In ion-conducting hydrogels, a high content of free ions can 
endow the hydrogel with high electrical conductivity, which can greatly 
reduce the skin contact impedance, and thus capture high-quality 
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electrical signals. Meanwhile, the introduction of ions can improve the 
water retention of the hydrogel, which is important for achieving long- 
term stable monitoring of bioelectrical signals [30,31].

In addition to electrical conductivity, adhesion is another essential 
property of flexible bioelectrode. Tight adhesion during monitoring 
ensures precise electrical signal capture, while weak adhesion during 
peeling minimizes discomfort or skin damage for the user. Therefore, 
such on-demand peeling places higher demands on the controlled 
adhesion of the hydrogel. Adhesive hydrogels can be achieved by 
changing the chemical composition or surface groups with the help of 
complementary functional groups (carbon–carbon, carbon–nitrogen, 
siloxanes, amides, etc.) [32,33] and physical interactions (e.g., ionic 
bonding, hydrogen bonding, van der Waals forces, etc.) [34,35]. Trig-
gerable detachment of hydrogels can be achieved by cleaving non- 
covalent or covalent bonds through various stimuli such as chemical 
reagents, light, pH, electrical stimulation, or heat [36–40]. For example, 
Xu et al. successfully prepared a nanocellulose/polyacrylic acid hydro-
gel (CNF/PAA) with a tight hydrogen bonding network using enolate 
monomer and nanocellulose. The pH change of sweat was utilized to 
promote the generation of protonation and the decoupling of the 
hydrogel hydrogen-bonding network, thus releasing more free and 
reactive hydrophilic groups and achieving dynamic adhesion of the 
hydrogel [41]. Researchers have proposed a PAA/Fe/Li hydrogel with 
electrically programmable adhesion, in which an external electric field 
was used to precisely control the spatiotemporal dynamics of ion 
diffusion to achieve dynamic adhesion of the hydrogel [42]. However, 
controlling the dynamic adhesion of hydrogel by these methods is not 
only triggered by harsh conditions but also has a long response time. The 
temperature-controlled hydrogel can trigger the dynamic adhesion of 
the hydrogel through the human body temperature, which can greatly 
shorten the response time for various application scenarios.

Here, we demonstrate a polyacrylamide/gelatin/sodium alginate/ 
lithium chloride ionic hydrogel for monitoring bioelectrical signals. The 
introduction of gelatin and sodium alginate into polyacrylamide 
hydrogels significantly improves the mechanical properties of the 
hydrogels (elongation 800 %). Meanwhile, due to the temperature- 
controlled reversible phase transition property of gelatin [43], the he-
lical structure of gelatin collagen fibers unfolds when heated and self- 
assembles into a helical structure when cooled [44], which provides a 
basis for designing temperature-triggered adhesive hydrogels. The 
experimental results show that the adhesion of the developed ionic 
hydrogel can be changed rapidly in a short period of time, enabling 
painless peeling. In addition, for bioelectrical signal monitoring, the 
ionic hydrogel shows a high signal-to-noise ratio of about 25 dB, which 
is comparable to that of commercial bioelectrodes (~26 dB), allowing 
accurate acquisition of surface EMG signals and assessment of muscle 
status.

2. Experimental section

2.1. Materials

Gelatin (medical grade, gel strength ~ 250 g bloom), acrylamide 
(AAm, AR, 99.9 %), sodium alginate (SA), lithium chloride (LiCl, 99.5 
%), N,N′-Methylenebis (acrylamide) (MBAA, 99 %), N,N,N′,N′-Tetra-
methylethylenediamine (TEMED, 99 %) and ammonium persulfate 
(APS, 99.99 %) were all purchased from Aladdin reagent Inc. and used 
without further purification.

2.2. Preparation of PGS hydrogel

First, 5 wt% gelatin and 0.8 wt% sodium alginate were dissolved in 
20 mL of deionized water in a water bath at 60 ◦C, maintaining stirring 
until completely dissolved. After the solution was cooled to room tem-
perature, 20 wt% acrylamide was added and stirred thoroughly until 
homogeneous. Next, 0.01 g of MBAA and 250 μL of APS were added to 

this mixed solution, and possible air bubbles were removed by soni-
cation. Finally, 20 μL TEMED was added to induce polymerization of the 
hydrogel, which was immediately poured into a pre-prepared mold to 
form a polyacrylamide/gelatin/sodium alginate (PGS) composite 
hydrogel.

2.3. Hydrogel adhesion test

The tissue adhesion strength of different hydrogels was determined 
by the adhesion-tension test, in which hydrogels (25 mm*25 mm*2 mm) 
were first applied to various substrates and preloaded with a pressure of 
20 N for 10 s. The experimental samples were then pulled using a UTM 
(Instron 5567, USA) at a crosshead speed of 5 mm min− 1 until the 
samples were separated from the substrate at different temperatures. 
Each hydrogel was tested 3 times on different substrates and the adhe-
sion strength was calculated by dividing the maximum load by the initial 
contact area.

2.4. Characterization

SEM and EDS images were observed using a scanning electron mi-
croscope (SEM, JSM-7800) with an accelerating voltage of 5 kV. Optical 
images were taken by a stereo photomicrographic microscope (Saike-
digital). The chain structure of the hydrogels was characterized using 
Fourier transform infrared spectroscopy (FT-IR, Nicolet IS50 spectrom-
eter). Tensile and compression tests: Hydrogels (50 mm*8.5 mm*2 mm) 
made in the shape of dumbbells were pulled by a universal testing ma-
chine (UTM, Instron 5567, USA) at a crosshead speed of 10 mm min− 1 to 
perform the tensile test of the hydrogels. Compression test: Cylindrical 
hydrogel specimens of 11 mm in height and 10 mm in diameter were 
compressed using a universal testing machine with a crosshead speed of 
5 mm min− 1. The dynamic rheological tests of PGS hydrogels were 
carried out using a rotational rheometer (TA DHR-1, USA) equipped 
with 25 mm parallel plates at a frequency of 10 Hz and a strain ampli-
tude of 1.0 % over a temperature range of 25 to 40 ◦C. Nyquist, electrical 
conductivity and contact impedance of the hydrogels (20 mm*20 mm*5 
mm) were measured by an electrochemical workstation (CH In-
struments, CHI660E). The electrical conductivity was calculated by the 
following equation. 

Conductivity (S/m) =
Length (m)

resistance (Ω) × crosssectionalarea (m2)

3. Results and discussion

3.1. Design and fabrication of PGS hydrogels

Acrylamide (AAm), gelatin, and sodium alginate (SA) were dissolved 
in deionized water at 60 ◦C, and PGS hydrogels were formed by free 
radical-initiated polymerization using MBAA as a chemical cross-linking 
agent, APS as an initiator, and TEMED as a promoter (Fig. S1). The 
covalently crosslinked PAAM chains provide a strong chemical bonding 
network for the hydrogel, in which gelatin and PAAM interact with each 
other through hydrogen bonding to form an interpenetrating dual- 
network structure, while a small amount of SA is uniformly dispersed 
in the dual-network through inter- and intramolecular hydrogen 
bonding, thus improving the mechanical properties of the hydrogel. 
Adding lithium chloride (LiCl) provides many free ions to the hydrogel, 
constructing abundant pathways for the conduction of electrical signals 
(Fig. 1a). With an increase in temperature to 37 ◦C, the hydrogen 
bonding in gelatin is weakened, and the triple helix of gelatin unfolds 
and exposes amino, hydroxyl, and carboxyl groups, resulting in the 
formation of multiple interfacial bonds at the interface between the PGS 
hydrogel and the skin surface to achieve stronger adhesion. In contrast, 
as the temperature decreases to 25 ◦C, the gelatin chains re-twine and 
the interfacial bonding with the skin surface is weakened, resulting in a 
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non-destructive separation of the hydrogel from the skin surface 
[45,46]. Thus, the PGS hydrogels achieve temperature-regulated adhe-
sion to the skin (Fig. 1b). Additionally, the hydrogel is sufficiently 
transparent and flexible to easily form a conformal contact with the skin 
surface (Fig. 1c).

When muscles are active, action potentials can be generated by 
opening and closing sodium and potassium ion channels. In the initial 
phase, sodium channels open and sodium ions flow into the cell, leading 
to depolarization, followed by sodium channels closing and potassium 
channels opening and potassium ions flowing out of the cell to achieve 
repolarization. This process not only expresses changes in potential but 
also causes local differences in charge distribution (Fig. S2). PGS 
hydrogel electrodes attached on the skin surface could convert these 
changes through the skin-electrode interface, enabling the acquisition of 
electrical signals (Fig. 1d) [47–50]. On this basis, the PGS hydrogel 
electrode allows for the acquisition of complex bioelectrical signals, 
such as EMG, ECG, EEG, for medical diagnostics and physiological 
research (Fig. 1e).

3.2. Mechanical properties of PGS hydrogels

With the addition of SA, a more complex network structure between 
PAAM/gelatin and SA was formed through hydrogen bonding and 
electrostatic interactions between molecular chains to regulate the 
morphology and properties of the hydrogel (Fig. 2a). Observing the 
microstructure of the hydrogel by SEM, it can be found that the pores of 
pure PAAM are large, with thick and inhomogeneous pore walls, 
whereas the structure of the hydrogel becomes relatively dense after the 
addition of gelatin, which indicates that the interactions between the 
components are strengthened. After further addition of SA, the pores 
become more uniform and the pore density increases significantly, 
showing a denser crosslinked structure, which is conducive to improving 
the mechanical strength and electrical conductivity of the hydrogel 

(Fig. 2b). In addition, EDS studies of the PGS ion-conducting hydrogel 
show that Na, Li, and Cl elements are uniformly distributed in the three- 
dimensional network of the hydrogel (Fig. S3).

Tensile and compression testing can help determine the strength of 
hydrogels under tension, bending and compression. In practice, hydro-
gels may be subjected to tensile forces in applications such as fingers, 
wrists and other joints. If the tensile strength is insufficient, the gel may 
rupture during use, leading to bond failure. Therefore, the mechanical 
properties of hydrogels are also important for their application. The 
tensile stress–strain curves of PGS hydrogels with various SA contents 
are shown in Fig. 2c. It can be found that when the SA content increases 
from 0 to 0.8 wt%, the tensile stress of the hydrogel increases from 61.3 
kPa to 229.3 kPa, the elongation at break increases from 428.4 % to 
706.4 % (Fig. 2d), the work of rupture increases from 0.1 MJ/m3 to 0.7 
MJ/m3 (Fig. S4), and Young’s modulus increases from 107.2 kPa to 
265.9 kPa (Fig. 2e). These improved performances are mainly attributed 
to the introduction of SA, which leads to the formation of hydrogen 
bonds or an increase in chain density. However, when the SA concen-
tration continued to increase to 1 wt%, the mechanical properties of PGS 
hydrogels begin to decay. This is because excessive SA addition leads to 
an uneven structural distribution of PGS hydrogels and affects their 
mechanical properties. In addition, from the stress–strain curves of 
hydrogels with different gelatin contents (Fig. S5), the variation of 
gelatin content has little effect on the mechanical properties of the 
hydrogels. From the consecutive tensile cycling tests performed at the 
same elongation of 400 %, it can be seen that the hysteresis loops 
basically overlap except for the first one, indicating the good resilience 
of the hydrogel (Fig. 2f). Similarly, the compressive properties of PGS 
hydrogels were improved by the doping of SA. Compared to the PAAM/ 
gelatin hydrogel (2.6 kPa), the PGS hydrogel achieves a compressive 
stress of 3.4 kPa at 80 % strain (Fig. S6a-b). Evaluating the loa-
ding–unloading compression of the hydrogels at 70 % strain (Fig. S6c), 
the PGS hydrogels show less energy consumption in the first cycle, and 

Fig. 1. Schematic diagram of PGS hydrogel with temperature-regulated adhesion. a) PGS conductive hydrogel and its network structure. b) Schematic diagram 
of PGS hydrogel body temperature-triggered adhesion and ice-cold-induced painless detachment. c) Optical picture of PGS hydrogel. Scale bar: 2 cm. d) Schematic 
diagram of myoelectric signaling conduction through hydrogel. e) Potential applications of the PGS hydrogel for monitoring bioelectrical signals (ECG, EMG, 
and EEG).
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the stress–strain curves almost overlapped in the 2nd-10th cycles. As 
shown in Fig. 2g, the PGS hydrogel can withstand a high compressive 
deformation of 80 % without any damage, and can quickly recover its 
original shape after removing the load. Meanwhile, the hydrogel can 
retain its original shape without fracture after being stretched, bent and 
twisted, as shown in Fig. 2h-i. From the cytocompatibility test on L929 
mouse fibroblasts, the PGS hydrogel shows better biocompatibility 
compared to the PAAM/gelatin hydrogel (Fig. 2j).

3.3. Body temperature triggered adhesion and painless separation by 
freezing

Gelatin is a temperature-sensitive protein with a unique triple-helical 
structure that is extremely sensitive to temperature changes and is 
thermoreversible. At low temperature, the triple-helix structure is held 
firmly between molecules, forming gels through aggregation. As the 
temperature increases, these triple-helical structures disintegrate and 
convert to single chains. This process results in the exposure of 
numerous side groups in the gelatin chain, which facilitates the inter-
action of gelatin with other components of the skin surface, significantly 
enhancing its adhesion to the skin through non-covalent bonds such as 
hydrogen bonding or van der Waals forces (Fig. 3a). The FT-IR spectra 
(Fig. S7) exhibit a reduction in the absorption peak at 3293 cm− 1 when 
the temperature increased from 25 ◦C to 37 ◦C, indicating the dena-
turation of the collagen triple helix structure [51]. Additionally, the 
absorption peak at 1643 cm− 1 shifts to a lower wavenumber suggesting 

the transition of gelatin from a helical to a random coil structure, which 
enhances the exposure of side groups in the gelatin chains and promotes 
adhesion to the skin [52]. As the temperature decreases again, the 
spectra approach the initial curve, indicating that the assembly and de- 
rotation of the gelatin helical structure are reversible. Meanwhile, the 
rheological test results show that the storage modulus (G’) of the PGS 
hydrogel is significantly higher than the loss modulus (G’’) at a low 
temperature of 25 ◦C, indicating that the elasticity of the hydrogel is 
dominant at low temperatures, whereas with the increase of tempera-
ture, the G’ decreased, and the PGS hydrogel exhibits obvious visco-
elasticity (Fig. S8). At room temperature, PGS hydrogels are difficult to 
adhere to other surfaces; surprisingly, skin temperature can trigger 
adhesion (Fig. S9 and Movie S1). Once in contact with the skin, the PGS 
hydrogel is able to form a strong adhesion. By cooling the PGS hydrogel 
with an ice pack for 10 s, painless detachment from the skin could be 
achieved (Fig. 3b). In contrast, the commercial Ag/AgCl electrodes 
adhere more strongly to the skin and are often painful to peel off 
(Fig. 3c). This is also confirmed by the greater force required for com-
mercial electrodes in the peeling experiments (Fig. 3d). From the 
simulation results of PGS hydrogel adhesion with temperature, it can be 
seen that the adhesion of PGS hydrogel increases significantly when the 
temperature increased from 25 ◦C to 37 ◦C, and showed a strong pulling 
effect (Fig. 3e). On the contrary, at a lower temperature of 25 ◦C, the 
PGS hydrogel can be easily peeled off from the skin surface with little 
tensile force, indicating a weak adhesion. This result proves the ther-
moreversible property of PGS hydrogel: its adhesion can be effectively 

Fig. 2. Characterization and mechanical properties of PGS hydrogel. a) Schematic structures of PAAM/gelatin and PGS hydrogels. With the addition of SA, the 
PAAM/gelatin chains are cross-linked with SA to form a porous structure. b) SEM images of PAAM, PAAM/gelatin and PGS hydrogels. All scale bars are 10 μm. 
Tensile curves (c), maximum stress and strain (d), Young’s modulus (e) of hydrogels with different SA contents. f) Cyclic tensile curves of hydrogels at 400 % strain. 
g) Optical images of PGS during compression and after recovery. All scale bars are 10 mm. h-i) Optical images of PGS in the stretched, bent and twisted states. All 
scale bars are 10 mm. j) Live/dead staining results L929 fibroblasts cultured on PAAM-gelatin and PGS hydrogels after 24 h. Live cells are stained green and dead cells 
are stained red. All scale bars are 100 μm.
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triggered by temperature to realize the tunable adhesion.
In investigating the effect of hydrogel composition on its adhesion 

properties, we observed that the hydrogel exhibited the maximum 
adhesion force of 9.8 kPa when the gelatin content was 5 wt% (Fig. 3f). 
And the addition of SA slightly decreased the adhesion force of the 
hydrogel at 37 ◦C (Fig. 3g), which could be attributed to the enhance-
ment of intermolecular forces by the addition of SA. By comparing the 
adhesion of pure PAAM, PAAM/gelatin complex and PGS hydrogel on 
pig skin, it is found that PGS hydrogel demonstrates superior adhesion 
strength (Fig. 3h). At room temperature, the hydrogels show poor 
adhesion to various substrates, including glass, polyimide (PI) and 
copper foil. However, there is a significant improvement in the adhesion 
of the hydrogels at 37 ◦C (Fig. 3i), a result that further confirms the 
significant effect of temperature on the adhesion of hydrogels and also 
highlights the important role of the material composition on its 
temperature-responsive behavior. Furthermore, five cyclic adhesion 
tests of PGS hydrogel under different temperatures show that the 
hydrogel maintains a high average adhesion strength (9 kPa) at 37 ◦C 
and exhibits a low adhesion strength at 25 ◦C (Fig. S10), suggesting a 
stable temperature-triggered cyclic adhesion of PGS hydrogel.

3.4. Conductivity of PGS hydrogels

The ions of LiCl are free to shuttle through the network structure of 
PGS hydrogels, and the flow of these ions imparts the hydrogel con-
ductivity (Fig. 4a). According to the Nyquist curve in Fig. 4b, the elec-
trical conductivity of the PGS hydrogel increases significantly with the 
content of LiCl, from 0.28 ± 0.008 S m− 1 to 5.69 ± 0.196 S m− 1, which 
is sufficient to effectively monitor bioelectrical signals (Fig. 4c). Unless 
otherwise stated, hydrogels with 3.5 mol L− 1 LiCl were used in the 
following experiments. The excellent conductivity of the PGS hydrogel 
was further demonstrated by using it as a circuit connecting wire. The 
brightness of the light-emitting diode is virtually indistinguishable from 
the result of the metal wire conduction (Fig. 4d). The water loss ex-
periments indicate that the water loss rate of the PGS hydrogels grad-
ually decreases with the increase of LiCl content. When the LiCl content 
reaches 3.5 mol L− 1, the water retention rate remained above 60 % on 
the 7th day (Fig. 4e). The reduction of water decreases the electrical 
conductivity of the PGS hydrogels (Fig. 4f), but even so, the conductivity 
of the PGS hydrogel is still sufficient to conduct the diode after placing 
for 7 days (Fig. S11). In addition, the conductivity of the PGS hydrogel 

Fig. 3. Mechanisms of body temperature-triggered PGS hydrogel. a) Temperature-induced structural transformation of gelatin chains and adhesion mechanism. 
b) Photographs of strong adhesion (left) and painless peeling (right) of PGS hydrogel on skin. All scale bars are 5 mm. c) Photographs of strong adhesion (left) and 
hurt (right) caused by commercial Ag/AgCl electrode during detachment from the skin. All scale bars are 3 cm. d) Peeling force of PGS hydrogel and commercial Ag/ 
AgCl electrode on skin. e) Simulation of strain distribution in vertical peeling of PGS hydrogel at different temperatures. f) Adhesion strength of hydrogels with 
different gelatin contents to pig skin at different temperatures. g) Adhesion strength of hydrogels with different SA contents to pig skin at different temperatures. h) 
Comparison of the adhesion strength between PGS, PAAM/gelatin, and pure PAAM hydrogel to pig skin. i) Peeling of PGS hydrogel from different substrates at 
different temperatures.
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also does not change much under different stretching conditions 
(Fig. 4g), and the brightness of the light-emitting diode connected to the 
PGS hydrogel remained almost unchanged even when the PGS hydrogel 
was stretched by 20% (Fig. 4h). Furthermore, the conductivity of ion- 
conducting hydrogels is closely related to temperature [53], as shown 
in Fig. S12, where the conductivity of PGS hydrogels increases with 
increasing temperature. This not only resultes in enhanced adhesion of 
PGS after heat triggering, but also improves electrical conductivity, 
which is more favorable for acquiring electrophysiological signals.

The contact area between the electrode and the skin is the main 
determinant of the skin-electrode contact impedance [54,55]. Although 
the commercial Ag/AgCl electrode forms a stronger adhesion to the skin, 
the contact impedance is high due to the great modulus, resulting in a 
large contact gap between the electrode and skin. In contrast, the PGS 
hydrogel is able to achieve tight conformal contact with the skin, 
eliminating the effect of the gap on impedance and enhancing the con-
duction of bioelectrical signals (Fig. 4i and Fig. S13). Contact imped-
ance testing of the PGS hydrogel and commercial Ag/AgCl electrodes 
shows a gradual decrease in impedance as the frequency increases. 
However, the PGS hydrogel exhibits lower impedance over the full 
measurement frequency range (Fig. 4j). At 10 Hz and 100 Hz, the con-
tact impedance of the PGS hydrogel decreases by 13 × 104 Ω and 7 × 104 

Ω compared to the Ag/AgCl electrode, respectively (Fig. 4k). Moreover, 

PGS hydrogels exhibit adjustable adhesion and good electrical conduc-
tivity compared to other hydrogels (Table S1). Therefore, the developed 
PGS hydrogel is more suitable for monitoring electrophysiological sig-
nals such as EMG and ECG.

3.5. PGS hydrogel electrodes for sEMG signals monitoring

A systematic diagram of the EMG signals recorded with the PGS 
hydrogel electrode is shown in Fig. 5a. During muscle activity, the su-
perposition of electrical signals from the excited neurons generates local 
field potentials that convey information about many cells’ collective 
activity, which can be detected and captured by the PGS hydrogel. 
Compared with commercial Ag/AgCl electrodes, the PGS hydrogel can 
fit well on large curved fingers and hairy skin (Fig. 5b), thus improving 
the quality of the acquired electrophysiological signals. Meanwhile, the 
PGS hydrogel electrode does not cause skin redness or swelling after a 
period of use, which greatly enhances user comfort and safety (Fig. 5c). 
The EMG signals were monitored using PGS hydrogel electrodes and 
commercial Ag/AgCl electrodes, respectively. From the results, the 
signal-to-noise ratio (SNR) of the PGS hydrogel electrodes is about 25 
dB, comparable to that of the commercial electrodes (Fig. 5d-e). The 
characteristic peaks (P, Q, R, S, T, U) of the ECG signals obtained from 
the PGS hydrogel could also be clearly distinguished, which lays the 

Fig. 4. Conductivity properties and stability of PGS hydrogels. a) Conductive mechanism of Li+ and Cl− in the PGS hydrogel network. b) Nyquist plots of PGS 
hydrogels. c) Conductivity of PGS hydrogels with different LiCl contents. d) Comparison of light-emitting diode luminance with and without PGS hydrogel. All scale 
bars are 2 cm. e) Water loss of PGS hydrogel with different LiCl contents in 7 days. f) Conductivity changes of PGS hydrogel in 7 days. g) Conductivity of PGS hydrogel 
under different strain. h) Photograph of light-emitting diode brightness during stretching of PGS hydrogel. All scale bars are 2 cm. i) Schematic diagram of Ag/AgCl 
electrode and PGS hydrogel electrode in contact with skin. j) Contact impedance between the commercial Ag/AgCl electrode, PGS hydrogel electrode, and human 
skin from 1 Hz to 10000 Hz. k) Contact impedance of Ag/AgCl and PGS hydrogel electrodes with the human skin at 10 Hz and 100 Hz.
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foundation for subsequent practical applications (Fig. S14).
Frequency domain and time domain analysis are the most common 

methods for EMG signals analysis. Information about neuromuscular 
status can be obtained by converting EMG time-domain signals to 
frequency-domain signals through the Fourier transform. Fig. 5f shows 
that the major frequencies of the EMG signals acquired by PGS electrode 
and Ag/AgCl electrode are concentrated in the range of 20–150 Hz; 
meanwhile, the mean power frequency (MPF) and median frequency 
(MF) of both signals are not much different from each other (Fig. 5g). In 
time-domain feature metrics, RMS usually reflects the root mean square 
of EMG, while integrated electromyography (IEMG) reflects the activity 
state of the muscle [56]. The EMG signals of a sustained clenched fist 
were recorded by the PGS and Ag/AgCl electrodes, respectively. It can 
be found that the RMS and IEMG from the PGS electrode were slightly 
higher than those from the Ag/AgCl electrode (Fig. 5h-i). The above 
results indicate that the PGS hydrogel electrode can accurately monitor 
a variety of electrophysiological signals, which provides a possible 
pathway for wearable medicine. On this basis, we demonstrate the po-
tential of PGS hydrogel electrodes to analyze muscle fatigue, one of the 
most significant causes of sport injuries [57]. Specifically, subjects 
repeated 20 repetitions of isotonic and isometric contractions and ac-
quired surface EMG (sEMG) signals with the PGS electrode (Fig. S15). 
Fast Fourier transform (FFT) analysis of the sEMG signals of early fatigue 
(0–15 s) and late fatigue (40–55 s) reveal that the FFT peak frequency of 
the late fatigue sEMG signal (66 Hz) is significantly lower than that of 
the early fatigue sEMG signal (80.5 Hz), as shown in Fig. 5j. Meanwhile, 

the mean power frequency (MPF) of the sEMG signal decreases in the 
late phase of the exercise, which is a typical feature of muscle fatigue 
(Fig. 5k). The PGS hydrogel electrodes exhibit excellent performance in 
determining muscle fatigue, which has a broad application prospect for 
monitoring and evaluating various complex conditions of muscles.

4. Conclusion

In summary, the polyacrylamide/gelatin/sodium alginate ion- 
conducting hydrogel proposed in this study exhibits decent perfor-
mance for monitoring EMG signals, ECG signals, etc. The developed PGS 
hydrogel can trigger a stable adhesion to the skin at body temperature 
(37 ◦C), and can be easily peeled off after cold compressing for about 10 
s, without causing damage to the skin. The PGS hydrogel exhibits 
excellent electrical conductivity (5.69 S m− 1) and flexibility (can adhere 
well to various skin surfaces), which reduces the contact impedance 
with the skin and enables high-quality sEMG signal acquisition with a 
SNR of 25 dB. This study provides a promising opportunity to design 
temperature-triggered hydrogels, which show great potential for appli-
cations in constructing reliable biological interfaces and high-fidelity 
recording of bioelectrical signals.
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