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Hydrogel Transducer for Wearable 
Devices: Energy Supply, 
Electrostatic Protection, and Circuit 
Modeling
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Yaob, Jingjie Huangb

Abstract

The application of flexible materials in wearable 
devices holds great potential. In this paper, a 
multifunctional integrated hydrogel transducer is 
developed. It realizes power generation based on the 
potential difference between copper (Cu) and 
aluminum (Al) electrodes and the humidity 
difference of the hydrogel, while it has both 
humidity sensing and overvoltage protection 
functions. This device employs a polyacrylamide 
hydrogel containing NaCl as the conductive 
medium. By utilizing the potential difference 
between Cu and Al electrodes, it generates an open-
circuit voltage of 0.4 - 0.6 V, driving ion-directed 
migration to produce a short-circuit current of 20 - 
40 µA. Experiments show that the short-circuit 
current increases significantly with ambient 
humidity, enabling it to sensitively detect changes in 
air humidity. When used as a load, it exhibits diode 
characteristics when the voltage is higher than 1.6 V 
or lower than -0.8 V, effectively limiting the 
amplitude to protect against static impact. By 
modeling the equivalent circuit containing the diode, 
the working mechanism of the device in the energy 
supply and circuit protection modes is revealed. 
Compared with the traditional hydrogel transducer, 
this device realizes the integration of power 
generation, humidity sensing and limiting protection 
for the first time. This significantly improves the 
self-powering and anti-static shock ability of 
wearable devices in complex environments, 
providing a new strategy for self-powering and 
circuit protection of wearable devices.

1. Introduction

With the rapid development of flexible electronics 
in wearable medical monitoring, smart sensing, and 
the Internet of Things, miniature energy devices that 
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combine flexibility, safety, and environmental 
adaptability have emerged as a research hotspot 1-3. 
Flexible energy devices need to meet the 
requirements of mechanical deformation tolerance, 
biocompatibility, low-power operation, and 
integration. However, traditional lithium-ion 
batteries have the risks of electrolyte leakage and 
rigid structure limitations. Hydrogel has 
considerable potential for application in wearable 
devices because of its advantages of high ionic 
conductivity, mechanical flexibility, and 
biocompatibility 4-7.

In recent years, hydrogel-based triboelectric 
nanogenerators (TENGs) 8, 9 , ionic thermoelectric 
generators 10, 11 , piezoelectricity-based hydrogel 
generators 12-14, and ion mobility-based moisture 
electrically generated generators (MEGs)15-17, have 
made significant progress, and they can be better 
applied to wearable devices due to the flexibility of 
hydrogels, but the electrical output characteristics of 
these generators are highly dependent on the 
environment, requiring a stable environment or 
continuous external stimulation to output a stable 
voltage and current. On the other hand, hydrogel 
electrolytes are also developing rapidly in zinc ion 
batteries (e.g., Zn-MnO₂ systems), but they rely on 
the redox reaction of zinc metal to realize energy 
storage, and the choice of electrode materials is 
limited with the prominent problem of dendritic 
growth 18, 19. Moreover, most hydrogel transducers 
are only used as a single energy storage element20, 
21. 

However, to be used in wearable devices, the 
effect of human static electricity on the device needs 
to be considered, especially in the dry winter, where 
the human body static electricity can easily destroy 
the device 22. This requires additional protection 
circuits, whereas there are very few reports on the 
design of the transducer itself and the integration of 
the protection circuit function. In addition, since not 
all hydrogel transducers can be replaced by the 
voltage source series resistance model, if the 
hydrogel transducer is to be applied in a more 
complex circuit system, understanding the 
equivalent circuit of the device itself is also helpful 
for the design of whole system. However, few 
studies have addressed hydrogel transducer 
modeling 23. Overall, existing hydrogels exhibit 
limited functionality, sensitivity to environmental 
conditions, and lack electrostatic protection 
mechanisms. Achieving multifunctionality requires 
adding additional discrete system components, 
which inevitably increases the complexity and cost 
of the entire system. Furthermore, applying hydrogel 
transducers to other electronic systems becomes 
significantly more challenging with the absence of 
equivalent circuit models. This makes equivalent 

circuit models efficient in complex system 
applications with reduced design efforts. 

With regards to the problems of hydrogel 
transducer mentioned above, such as single function 
and lack of equivalent circuit models, this paper 
presents a hydrogel transducer. It uses hydrogel as 
the conductive medium with Cu and Al foil tape as 
the electrodes. This transducer can output a voltage 
of 0.4 - 0.6V and a current of 20 - 40µA. Its output 
voltage is less reliant on the environment. It has a 
simple structure resistant to mechanical 
deformation, while possessing the functions of 
power generation, humidity sensing, and limiting 
protection. Additionally, this paper models the 
equivalent circuit of the hydrogel, which is 
conducive to the subsequent design of some 
complex circuit systems.

2 Materials and method

2.1 Materials for the preparation of hydrogels

Acrylamide (AM, ≥99%) was purchased from 
Sigma-Aldrich. 40 g of AM was dissolved in 100 
mL of deionized water (18.2 MΩ-cm) to form a 40% 
(w/v) stock solution; N,N'-methylenebisacrylamide 
(MBAA, 98%) was purchased from Aladdin 
Biochemicals and Technology Co. and stored at 
4°C. The solution was used to formulate a 2% (w/v) 
crosslinker solution. A 2% (w/v) cross-linker 
solution was prepared ready-to-use; ammonium 
persulfate (APS, ≥98%) was purchased from 
McLean. The 10% (w/v) initiator solution was used; 
sodium chloride (NaCl, 99.8%) was purchased from 
Sinopharm Chemical Reagent Co. Deionized water 
was purified by Milli-Q system (Millipore, 18.2 
MΩ-cm). 
2.2 Hydrogel preparation process 

The precursor solution (20 mL) was prepared as 
follows: AM monomer, 15% final concentration 
(w/v) → 15% × 20mL= 3g AM (3g/ 0.4 = 7.5 mL 
from the 40% stock solution); MBAA crosslinker, 
1.5% by mass of AM → 3g × 1.5% = 0.045 g → 
dissolved in 2.25 mL of 2% MBAA stock solution; 
NaCl, 5 M → 5 mol/L× 0.02 L × 58.44 g/mol = 
5.844 g; APS initiator, 1% by mass of AM → 3g × 
1%= 0.03 g → dissolved in 0.3 mL of 10% APS 
solution. NaCl was dissolved in 10 mL of deionized 
water with magnetic stirring (500 rpm, 10 minutes 
(min)) and AM stock solution and MBAA solution 
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were added sequentially. The total volume was 
adjusted to 19.7 mL with deionized water, and then  

under conditions of 25°C, high-purity nitrogen gas 

Fig.1 a Flowchart for hydrogel preparation, b Schematic diagram of hydrogel transducer open-circuit 
voltage and short-circuit current measurement, c Schematic diagram of hydrogel transducer I-V 
characteristic curve scanning, d Schematic diagram of hydrogel transducer limiting circuit connection.

(99.99%) was passed through the solution in a semi-
sealed container for 30 minutes: the nitrogen gas 
stream displaced and expelled oxygen (along with 
air), thereby removing dissolved oxygen from the 
solution24. Under nitrogen protection, 0.3 mL of 
10% APS solution was injected into the degassed 
precursor solution, which was then immediately 
transferred to a pre-coated polytetrafluoroethylene 
(PTFE) mold (50 mm × 50 mm × 3 mm) treated with 
a silane release agent for molding; The 
prepolymerization reaction proceeded at 40°C for 20 
minutes (nucleation stage), followed by main 
polymerization at 60°C for 2 hours (chain growth 
stage). Finally, curing occurred at 70°C ambient 
temperature for 30 minutes (crosslinking completion 
stage). After polymerization, the hydrogel also 
needs to be purified: the hydrogel was immersed in 
200 mL of deionized water for 72 h (changed every 
12 h), unreacted monomers were removed and the 
purity was detected by UV-visible 
spectrophotometer (Jasco V-750) at 280 nm 
(absorbance < 0.05), which completed the 
preparation of the hydrogel, as shown in Fig.1a.

2.3 Measurement of open-circuit voltage, short-
circuit current and I-V characteristic curve 

  Cu and Al electrodes were respectively attached to 
the upper right and lower left corners of the 
hydrogel. Additionally, wires were connected to one 
end of the two electrodes, with the Cu electrode 
serving as the positive electrode and the Al electrode 
as the negative electrode, as depicted in Fig.1b. The 
Keithley 2450 was employed as the measuring 
instrument, and its positive and negative terminals 
were respectively connected to the positive and 
negative terminals of the proposed hydrogel 
transducer. The open-circuit voltage and short-
circuit current of the hydrogel transducer were 
measured by switching between different gear 
levels. To obtain the I-V characteristic curve, the 
Keithley 2450 was used as a voltage source, 
applying a voltage of -0.2V - 1.5V at the positive end 
of the hydrogel transducer and continuously 
scanning the current of the hydrogel transducer, as 
shown in Fig.1c.
2.4 Experiments on Limiter Circuits

GWINSTEK's AFG-2225 serves as the input 
source for the circuit, inputting a sinusoidal signal 
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with a frequency of 1 Hz. The peak-to-peak value of 
this sinusoidal signal gradually increases. The 
GWINSTEK GDS-1104E oscilloscope monitors the 

circuit, as shown in Fig.1d. It measures the voltage 
waveform between the positive and negative 
electrodes of the designed hydrogel transducer. This 

Fig.2 a Open-circuit voltage of a single hydrogel transducers, b Short-circuit current of a single hydrogel 
transducers, c SEM image of the unitary hydrogel, d Schematic diagram of ion movement inside the 
hydrogel transducer.

observation checks whether a voltage plateau 
appears across the hydrogel transducer terminals 
after the input voltage reaches a certain threshold. 
The presence of such a plateau indicates that the 
hydrogel transducer exhibits limiting characteristics.

3 Result and discussion

3.1 As an energy source 

In this paper, the hydrogel is formed because APS 
decomposes under heating (within the temperature 
range of 40 - 70°C) to generate sulfate radicals. 
These sulfate radicals trigger the opening of the 
double bond of AM monomer, thereby forming 
polyacrylamide (PAM) chain radicals. 
Simultaneously, the double bond of MBAA is 
attacked by free radicals, and two of its acrylamide 
groups respectively attach to two different PAM 
chains to form a covalent cross-linking bond. With 
the completion of the polymerization reaction, a 
three-dimensional porous network that runs through 

the aqueous phase of NaCl is ultimately formed 
inside the hydrogel 25, 26 . As shown in Fig.2a, b , the 
proposed hydrogel transducer is capable of 
outputting an open-circuit voltage of 0.4 - 0.6V and 
a short-circuit current of 20 - 40µA at room 
temperature. The micro-view of the hydrogel is 
observed by scanning electron microscope, whose 
internal structure is shown in Fig.2c. At the 
microscopic scale, there are many porous structures 
that can serve as ion transport channels. As shown 
in Fig.2d, since the electrode potential of Cu is 
higher than that of Al, an electric field exists inside 
the hydrogel, pointing from Cu to Al. This causes 
the positive Na⁺ ions in the hydrogel to move in the 
direction of the electric field (i.e., towards the Al 
pole plate), while the negatively charged Cl⁻ ions 
move against the direction of the electric field (i.e., 
towards the Cu pole plate). In addition, since the 
bottom of the hydrogel cannot be in contact with air, 
there is asymmetric moisture absorption between the 
top and bottom of the hydrogel, resulting in a 
humidity difference within the hydrogel. This causes 
water molecules to drive ions to move downward 
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from the top. Due to the presence of an electric field 
inside the hydrogel, the movement of Cl⁻ ions driven 
by water molecules downward is limited, while the 

drive for water molecules to promote the downward 
movement of Na⁺ ions is enhanced. Under the 
combined effect of humidity difference and internal 

Fig.3 a Variation curves of open-circuit voltage of a single hydrogel transducer under different air 
Humidity, b Short-circuit current of a single hydrogel transducer in different air humidity, c Schematic 
diagram of the expansion of internal polymer network due to water absorption of hydrogel, d Curve of 
conductance resistance of hydrogel transducer with changes in air humidity.

electric field, Na⁺ ions form a directional migration 
from the Cu electrode plate to the Al electrode plate, 
while Cl- ions experience a directional migration 
from the Al electrode plate to the Cu electrode plate, 
thereby forming a current.

In order to further understand the influence of 
environment on the power generation ability of 
hydrogel transducer, the hydrogel transducer was 
placed in different air humidity environment and 
measured its open-circuit voltage as well as short-
circuit current, and the measurement results are 
shown in Fig.3a, b. The experimental results show 
that the open-circuit voltage of the hydrogel 
transducer does not change significantly with the 
elevation of the air humidity, whereas the short-
circuit current rises gradually with the elevation of 
the air humidity. This is because the amide group (–
CONH₂) on the PAM chain binds to the water 

molecules through hydrogen bonding, promoting 
the hydrogel to absorb water and swell 27, 28. As 
shown in Fig.3c, swelling causes the expansion of 
the polymer network, leading to an increase in the 
spacing of the polymer cross-linking sites and the 
formation of wider ionic transport channels, thereby 
improving the ionic transport efficiency 29, 30. In 
addition, due to the expansion of the polymer 
network, the steric hindrance exerted by the polymer 
chains on the ions is reduced, which further 
enhances the ion transport rate. Evidently, the 
increased air humidity causes the hydrogel to absorb 
water and swell, which in turn boosts the short-
circuit current of the hydrogel transducer 31 . As 
shown in Fig.3d, the conductance impedance of the 
hydrogel transducer continuously decreases with 
increasing air humidity, reflecting changes in the 
hydrogel's ion transport efficiency.
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Based on previous experiments, it can be 
concluded that the open-circuit voltage of a single 
hydrogel transducer is 0.4 - 0.6 V, the short-circuit 

current is 20 - 40 µA, and it delivers a maximum 
output power of 3.5 µW at 11% relative humidity, as 
shown in Fig.4a. Although the voltage and current 

Fig.4 a power output curve of hydrogel transducer, b series open-circuit voltage variation curve of hydrogel 
transducers, c parallel short-circuit current variation curve of hydrogel transducers.

of a single hydrogel transducer are not very high, it 
is possible to obtain a superposition of the open-
circuit voltage and short-circuit current by 
connecting several hydrogel transducers in series or 
in parallel as shown in the Fig.4b, c. The series-
parallel connection of multiple hydrogel transducers 
can power many devices, such as light-up diodes, as 
shown in Video S1. Moreover, hydrogel transducers 
can be employed to build humidity sensors for 
detecting environmental humidity. This is based on 
the property that the current of hydrogel transducers 
varies in different air humidity. As shown in Video 
S2, when the surrounding environment's humidity 
increases due to breathing, the short-circuit current 
of the hydrogel transducer changes significantly. 
Consequently, the hydrogel transducer can also be 
utilized to detect human movement.

3.2 As a load

As shown in Fig.5a, under the environment of 
75% air humidity, the I-V characteristic curve of 
hydrogel transducer obtained by applying a voltage 
of -0.2V - 1.5V to the positive electrode of the 
hydrogel transducer. It can be noted that when the 
external voltage is approximately 0.5V, the slope of 
the current changes notably. This implies that, 
compared to hydrogel transducers with an external 
voltage below 0.5V, those above 0.5V experience a 
significant increase in impedance. Since the internal 
voltage of the hydrogel transducer is 0.4V - 0.6V 
and it acts as a load simultaneously, the internal and 
external voltages of the hydrogel transducer almost 
cancel each other out, with 0.5V external voltage, 
where it is equivalent to the zero-potential point for 
the two electrode plates. In the case where the 
external voltage is less than 0.5V, the current flows 

in from the Al electrode plate and out from the Cu 
plate, where Al loses electrons and an oxidation 
reaction occurs, while Cu gains electrons for a 
reduction reaction. However, due to the natural 
conditions, a layer of oxide will form on the surfaces 
of Cu and Al. Among them, alumina is a dense oxide 
film 32, 33, as shown in Fig.5b. Therefore, it is 
difficult for Al to react with external oxygen to 
generate alumina, resulting in the thickness of 
alumina remaining basically unchanged. Because of 
the Cu oxide being loose and porous, Cu readily 
undergoes reduction reaction, leading to the 
thickness of the Cu oxide decreases, as shown in 
Fig.5c. Consequently, the hydrogel transducer 
exhibits a small impedance. When the external 
voltage is greater than 0.5V, the current direction 
changes, while Cu loses electrons to be oxidized and 
Al gains electrons to be reduced. Although the 
thickness of alumina remains basically unchanged 
due to its denseness, Cu as the anode will be 
continuously oxidized to increase oxide thickness at 
this time, as shown in Fig.5d, resulting in an increase 
in the impedance of the hydrogel transducers. To 
validate the above observations, we examined the 
thickness of the oxide layer on two identical 
hydrogel transducers after applying opposite 
currents for a period of time. As shown in Fig.5e, 
after current flowed from the copper electrode to the 
aluminum electrode for a period, the oxide layer 
thickness on the copper electrode of the hydrogel 
transducer was approximately 70 micrometers. 
Conversely, as depicted in Fig.5f, after current 
flowed from the Al electrode to the Cu electrode for 
a period, the Cu electrode was almost completely 
oxidized, with an oxide layer thickness exceeding 
100 micrometers. This confirms the validity of our 
viewpoint.

The dielectric strength of alumina is inversely 
proportional to the thickness of the alumina film34. 
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A 380µm thick alumina has a dielectric strength of 
up to 31.1 - 33.2 kV/mm35. In its natural state, the 
alumina film on an Al electrode is typically 2 - 10nm 

thick. Consequently, the breakdown voltage is 
higher than 0.332V. Although the conductivity of 
Cu oxide is better than that of Al oxide, and there 

Fig.5 a I-V characteristic curve of hydrogel transducer at 75% air humidity, b Schematic diagram of oxide 
film formed by Cu and Al electrode plates in the natural state, c Schematic diagram of decrease in thickness 
of oxide layer due to reduction reaction of Cu electrode plate connected to the negative terminal of power 
source, d Schematic diagram of increase in thickness of oxide layer due to oxidation reaction of Cu 
electrode plate connected to the positive terminal of power source. e After applying a current flowing from 
the Cu electrode to the Al electrode for a period of time across both ends of the hydrogel transducer, the 
SEM image of the Cu electrode cross-section. f After applying a current from the Al electrode to the Cu 
electrode across the hydrogel transducer for a period of time, a scanning electron microscope image of the 
cross-section of the Cu electrode.

has been no detailed investigation regarding the 
dielectric strength of Cu oxide, by rough estimation, 
the breakdown voltages of the oxides on the two 
electrode plates combined should be in the range of 
a few hundred mV to a few V. As shown in Fig.5a, 
when the voltage applied to the hydrogel transducer 
falls below 0.2V or rises above 1.2V, a diode-like I-
V characteristic gradually emerges—meaning that 
once the voltage exceeds a certain threshold, the 
current surges. This occurs because as the voltage 
applied between the Cu and Al electrodes gradually 
increases, the thin oxide layer on the electrode plates 
is progressively broken down by soft dielectric 
breakdown36. This creates a diode-like effect, 
causing the current to surge dramatically.

3.3 Verification of Diode Characterization

From the I-V characteristic curve analysis, it can 
be obtained that due to the puncturing of the oxide 
layer on the electrode plate of proposed hydrogel 
transducer, a similar diode effect will appear. 
Therefore, its diode characteristics can be verified 
through a circuit using the hydrogel transducer. For 
example, in Fig.6a, the resistance value of Re1 is 

30kΩ and the resistance value of Re2 is 10kΩ. With 
an increasing input voltage waveform, the voltage 
waveforms on the proposed hydrogel transducer can 
be analyzed. As shown in Fig.6d, VAC is the input 
voltage waveform of the circuit, VP is the voltage 
waveform on Cu electrode, VN is the voltage 
waveform on Al electrode, and VM is the voltage 
waveform of VP-VN (i.e., the voltage waveform on 
the hydrogel transducer). By observing the 
waveforms, it can be clearly seen that when the peak 
- peak value of the input voltage is over 4.48V, there 
is an apparent limiting effect on the voltage of 
proposed hydrogel transducer. From the VM 
waveform, it can be observed that when the voltage 
across the hydrogel transducer is lower than 
approximately -0.8V or higher than 1.6V, there is a 
limiting effect on the voltage waveform. 
Additionally, there is a 0.4V DC offset, which is 
attributed to the internal DC voltage of the hydrogel 
transducer. The voltage limiting characteristics of 
proposed hydrogel are due to the soft dielectric 
breakdown of the oxide films on the Cu electrode 
and the Al electrode. If the input voltage continues 
to increase, as shown in Fig.6e, the voltage 
waveform of the hydrogel transducer basically does 
not change due to its diode characteristics. It can be 
seen that the oxide film on the electrode plate of the 
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hydrogel transducer, as analyzed from the I-V 
characteristic curve in the previous section, will be 
broken down after applying a certain voltage, 

thereby exhibiting diode characteristics. This 
demonstrates that the proposed hydrogel transducer 
can not only be used as an energy source or humidity 

Fig.6 a Hydrogel transducers limiting circuit diagram, b Equivalent circuit diagram when hydrogel 
transducers is used as an energy source to supply power to a load, c Equivalent circuit diagram when 
hydrogel transducers is used as a load, d Voltage waveforms of the hydrogel transducers limiting circuit 
when the input sinusoidal voltage peak to-peak value is 4.48V,e Voltage waveforms of the hydrogel 
transducers limiting circuit when the input sinusoidal voltage peak-to-peak value is 8.56V, f Comparison 
of actual IV characteristics curve of hydrogel transducer and fitted IV characteristics curve from equivalent 
circuit model.

sensor, but also can be serve as a protection circuit 
by utilizing its limiting characteristics.

3.4 Equivalent modeling

Through the above analysis, the following 
characteristics of the hydrogel transducer can be 
concluded: Firstly, its open-circuit voltage is 0.4V - 
0.6V, and the short - circuit current is 20-40µA. 
Secondly, the internal resistance of the hydrogel 
transducer varies with the direction of current. 
Lastly, when the voltage difference between the Cu 
electrodes and the Al electrodes is lower than -0.8V 
or higher than 1.6V, the hydrogel transducer exhibits 
diode characteristics with a limiting effect. 
Therefore, the equivalent circuit model of the 
hydrogel transducer can be derived as shown in 
Fig.6b, c, where D0, D1, and D2 are diodes, D0 is an 
ideal diode, the conduction voltages of D1 and D2 are 
1.2V, Vsource is the 0.4 - 0.6V internal energy source 
of the hydrogel transducer, based on the open-circuit 
voltage and the short-circuit current of the hydrogel 
transducer, the resistance value of R1 can be 
estimated to be about 13.3kΩ - 30kΩ.  When the 
hydrogel transducer is used as an energy source, the 
current in the model flows through path1 to supply 
power to the external circuit as shown in Fig.6b. 
When the hydrogel transducer is used as a load, four 

cases need to be analyzed as shown in Fig.6c. 
Vexternal is the external voltage connected to the 
hydrogel transducer,  when Vexternal < - 0.8V, D1 
turns on, path3 conducts, path1 is shorted, and the 
voltage across the hydrogel transducer is limited to - 
0.8V; when - 0.8V < Vexternal < 0.4V, path1 conducts; 
when 0.4V < Vexternal < 1.6V, the current direction 
changes, D0 cuts off, path2 conducts, and the 
internal resistance of the hydrogel transducer 
increases; when Vexternal > 1.6V, path4 conducts, 
path2 is shorted, and the voltage across the hydrogel 
is limited to 1.6V. As shown in Fig.6f, compared the 
IV characteristic curve simulated from the 
equivalent circuit diagram with the actual IV 
characteristic curve of the hydrogel transducer, this 
is sufficient to validate the accuracy of the 
equivalent circuit diagram, only with some minor 
discrepancies.

Table 1 presents a performance comparison 
between the hydrogel transducer developed in this 
study and other similar transducers. It can be 
observed that the transducer developed in this study 
achieves high output power density while 
integrating an energy source, humidity sensor, and 
electrostatic protection. Furthermore, the modeling 
of the equivalent circuit for this transducer provides 
valuable insights for its subsequent application in 
complex circuit systems.
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Table 1 Performance comparison of the hydrogel transducer developed in this paper with other 
transducers.

Parameter Ref.2 Ref.3 Ref.5 Ref.13 Ref.14 Ref.15 Ref.18 Ref.19 This work
Voltage

(V) 0.55 0.24 0.164 0.16 0.88 0.34 0.31 0.34 0.6

Current
(μA) 3.28 16.1 / / 11.2 1 23 33.23 40

Power density 
(μW cm-2) 0.146 0.965 / 0.004 1.36 0.085 1.782 2.824 6

Multifunctional No No No No No No No No Yes
Circuit model No No No No No No No No Yes

4 Conclusions
In this study, a multifunctional integrated device 

based on Cu - Al electrodes and NaCl - doped 
polyacrylamide hydrogel is developed. For the first 
time, it realizes the integrated design of power 
generation, humidity sensing, and limiting 
protection functions. Experiments indicate that at 
room temperature, the hydrogel transducers can 
stably output an open - circuit voltage of 0.4 - 0.6 V 
with a short - circuit current of 20 - 40 µA. The short 
- circuit current increases significantly with ambient 
humidity, and the sensitivity can be used for 
detecting breathing. When used as a load, the device 
exhibits diode characteristics when an external 
voltage is applied below -0.8 V or above 1.6 V, and 
provides electrostatic surge protection by soft 
dielectric breakdown of the electrode oxide layer. 
Based on the equivalent circuit model, the dynamic 
operating mechanism of the device in energy supply 
and protection modes is revealed. Compared with 
traditional hydrogel transducers, this design breaks 
through the single - function limitation and provides 
an integrated solution for self - powering and circuit 
protection of wearable devices. 
Future research may enhance voltage-limiting 

accuracy by optimizing electrode materials 
(such as precious metal alloys) and further 
validate the model's universality in transient 
circuits, thereby advancing its application in 
wearable devices and energy harvesting 
systems.
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