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Abstract:
Skin-integrated bioelectronics patches have been widely 
used in continuous physiological monitoring, but their 
signals are often affected by the skin’s hierarchical 
structure and dynamic interference. This paper focuses 
on the interference mechanism of skin impedance 
characteristics on signal quality. A multilayer equivalent 
circuit model based on RC-CPE is proposed to describe 
the electrical response characteristics of the stratum 
corneum, epidermis, and dermis at different frequencies. 
The simulation results show that the model has better 
fitting accuracy than the traditional single-layer model 
in the low-frequency region, and can more accurately 
reflect the polarization and impedance fluctuation of the 
interface. The introduction of constant phase elements 
(CPE) effectively improves the modeling ability of non-
ideal capacitor behavior. It enhances the adaptability to 
disturbances such as motion artifacts, hydration changes, 
and contact instability. In addition, the model is capable of 
capturing the impedance evolution process under motion 
through a multi-layer structure and variable parameter 
design, thereby demonstrating good physiological 
relevance and engineering scalability. The overall modeling 
framework has a solid physical foundation and can fill 
the research gap in dynamic modeling and multi-source 
interference response. The results provide theoretical 
support for the personalized signal acquisition and anti-
interference optimization of wearable devices in complex 
scenarios. They are expected to promote the development 
of intelligent closed-loop systems towards adaptive and 
multimodal directions.
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1. Introduction
Bioelectronics patches, as a new generation of wearable 
medical devices, are widely used in health monitoring, 
sports rehabilitation, and individualized medical care. 
The patch is typically made from flexible materials and 
integrates multiple physiological sensors, enabling the 
continuous and non-invasive acquisition of physiological 
signals. It can continuously and non-invasively obtain 
physiological signals, including indicators such as electro-
cardiogram (ECG), electromyography (EMG), sweat com-
ponents, and skin impedance. Its “skin-level” compliance 
not only significantly enhances the comfort of use but also 
makes the device more suitable for continuous collection 
in long-term dynamic environments [1]. In recent years, 
with the advancement of flexible electronics, microsystem 
manufacturing, and low-power circuits, patches have been 
optimized in terms of sensitivity, integration, and signal 
fidelity, and are gradually evolving into real-time closed-
loop feedback systems [2]. In practical applications, sig-
nal quality is often interfered with by the structural char-
acteristics of the skin. There are differences in thickness, 
hydration status, and conductivity among various layers 
of the skin. These factors can easily cause impedance 
mismatch, capacitance drift, and polarization effects at 
the patch interface. Exercise, sweating, or prolonged wear 
will further intensify these interferences, manifested as 
distortion of low-frequency signals, fluctuations in contact 
voltage, and the mixing of multi-source noise, which can 
seriously affect the stability and measurement accuracy of 
the patch system. Therefore, to thoroughly understand the 
interference mechanism of the skin’s hierarchical struc-
ture, construct a modeling method with strong physiologi-
cal relevance, and propose stable and reliable optimization 
strategies, is key to improving the performance of patch 
systems.
The electrical response of the skin exhibits non-uniform 
characteristics at different frequencies and is closely re-
lated to the hierarchical structure, hydration state, and di-
electric parameters. The stratum corneum of the skin will 
produce a significant shielding effect in the low-frequency 
band, leading to an increase in interface impedance. The 
ultra-flexible tattoo electrode can mitigate this effect due 
to its high adhesion performance, thereby improving the 
stability of signal transmission [3]. After circuit fitting 
in combination with CPEs, the model can maintain high 
accuracy in fitting the impedance amplitude and phase; 
thus, the polarization characteristics and non-ideal capac-
itance behavior of the interface can be effectively reflect-
ed [4]. To further enhance the modeling adaptability to 

non-ideal structures, the hybrid fractional-order modeling 
strategy combines CPE with distributed circuit elements, 
enabling the model to express the dispersion and hierar-
chical structure differences of skin tissue in the frequency 
domain, which is suitable for skin areas with uneven bar-
rier function or high variability [5]. In terms of material 
design, hydrogels are considered ideal materials for the 
next generation of neural interfaces due to their softness, 
adjustable conductivity, and ion conduction properties, 
which provide a stable, low-impedance interface while 
maintaining tissue mechanical matching [6]. In addition, 
a multi-layer perception model combining LSTM and a 
one-dimensional convolutional neural network has been 
used for motion artifact recognition of sweat conductance 
signals, which achieves high detection accuracy in the 
raw data and shows better performance than traditional 
algorithms in the dynamic monitoring environments [7]. 
Overall, modeling methods, material selection, and signal 
processing strategies provide complementary paths for 
understanding skin-level interference; however, there re-
mains a lack of systematic solutions for dynamic integrat-
ed modeling under multi-source interference.
Although existing methods have made some progress in 
skin structure modeling and interference inhibition, they 
are still insufficient in addressing physiological differenc-
es and dynamic environmental changes. First, most mod-
eling strategies are based on static assumptions, which 
make it challenging to characterize the unstable evolution 
of skin impedance in the frequency and time dimensions. 
Secondly, the significant differences in skin thickness and 
hydration status between individuals weakened the adapt-
ability and generalization ability of the model. In addition, 
motion artifacts and multi-source interference still lack 
efficient and real-time compensation mechanisms in prac-
tical applications. This study aims to systematically reveal 
the interference mechanism of skin layers and structures 
on bioelectronics patch signals, and explore multi-di-
mensional optimization paths to improve stability and 
accuracy. Therefore, a set of multi-layer equivalent circuit 
models based on RC-CPE is proposed. Combined with 
simulation analysis, the formation mechanisms of signal 
attenuation, noise disturbance, and dynamic artifacts are 
thoroughly discussed. On this basis, the synergistic effect 
of material selection, signal processing, and structural 
design in interference suppression is further evaluated. Fi-
nally, an integrated framework encompassing interference 
source analysis and multi-strategy response is constructed, 
providing theoretical support and practical guidance for 
the design of intelligent and personalized next-generation 
bioelectronics patches.
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2. Method and Model Development

2.1 Model Selection and Principal Analysis
The skin is a multi-layered, heterogeneous structure with 
significant differences in thickness, conductivity, charge 
distribution, and hydration state among its various layers. 
These factors will directly influence the stability and ef-
ficacy of signal transmission at the interface between the 
patch and the skin. The characteristics of the hierarchical 
structures cause the electrical impedance to fluctuate with 
frequency, which is the core cause of signal attenuation, 
error, and motion artifacts. The establishment of electrical 
impedance models that can reflect different layers of skin 
is the basis for improving the stability and adaptability of 
the patch.

2.2 Constant Phase Element (CPE)
In this study, to simulate the electrical behavior of the 
skin-patch interface, CPE was used to construct a non-ide-
al capacitance model. The dielectric response of skin tis-
sue is dispersive. Due to its uneven structure distribution, 
the traditional capacitor model cannot accurately reflect 
the characteristics of each level. The CPE model can bet-
ter fit this non-ideal dielectric behavior.
In a study of incomplete cuticle development and barrier 
function defects in a psoriasis model, CPE elements were 
used to mimic the capacitive response behavior of the 
stratum corneum  (SC) and the keratinocyte layer (KL) 

with better structural discrimination [8]. The formula is 
expressed as:

	 ZCPE =
Q j(

1
ω)α

� (1)

Q  is the fitted constant, ω is the angular frequency, j  is 

the imaginary unit, and α ∈(0,1)  represents the fraction-

al-order. This formula describes the continuous behavior 
between the pure resistance (α = 0) and the ideal capaci-
tance (α = 1). By changing the Q  and α , CPE can flex-

ibly fit the skin’s non-ideal dielectric response curve be-
tween resistance and capacitance. Values of α  between 0.7 
and 0.9 perform best, and can better match the non-ideal 
behavior of actual skin structure [9].

2.3 Resistor-capacitor (RC) Equivalent Circuit 
Modeling
To simulate the multi-layer impedance of the skin, a 
multi-layer RC equivalent circuit model was constructed 
to describe the different effects of stratum corneum, epi-
dermis, and dermis in electrical signal transmission. This 
model treats each layer of the skin as an independent RC 
unit, connected in series to construct the overall imped-
ance response. Figure 1 illustrates the model’s structure. 
The CPE is introduced to replace the ideal capacitor, 
more accurately representing the electrical behavior under 
non-ideal interface conditions and improving the model’s 
ability to fit the real skin impedance characteristics.

Fig. 1 Schematic diagram of a multilayer equivalent circuit model of the skin-electrode 
interface and sweat gland duct region
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The mathematical expression is:

	 Z Rtotal i= +∑
i

N

=1
( ) 2

j Cω
1

i
( ) � (2)

Ri  and Ci  represent the resistance and capacitance of the 
i-th skin layer, respectively, and i is the total number of 
skin layers. This model enables the analysis of the local 
impedance characteristics of various skin layers. By pa-
rameterizing the electrical characteristics of each layer, 
the model tracks the attenuation and phase changes of sig-
nals as they penetrate the skin. The parameterized equiva-
lent circuit model (TPB-ECM) has stronger physiological 
interpretability and can be flexibly adjusted according to 
changes in individual tissue parameters, thereby support-
ing personalized electrical stimulation parameter design 
[10]. By comparing the measured impedance of the phan-
tom system with the human forearm, it was found that 
TPB-ECM exhibited good fitting accuracy across different 
frequency ranges and could realistically reproduce the im-
pedance evolution between tissue layers [10]. The stability 
of the model can be determined by observing the effect of 
parameter changes on the impedance curve through sensi-
tivity analysis and frequency domain distance comparison 
[9].

2.4 Parameter Estimation and Data Sources
In this study, the stratum corneum capacitance value typ-
ically ranges from 0.5 to 1.5 nF, and the corresponding 
parallel resistance can be as high as tens of kilo ohms (kΩ), 
reflecting its barrier to current and its extremely weak 
polarization ability in a low-hydrated state [11]. In the 
dermis region, due to the high concentration of water and 
electrolytes, the impedance value is low, usually fluctuat-
ing in the range of 1-10 kΩ, mainly reflecting the conduc-
tive properties of tissue fluid [11]. To improve modeling 
accuracy, the study introduces CPE to replace the ideal 
capacitor and simulate the non-ideal polarization behavior 
of the cuticle and electrode contact interface. The CPE’s 
fractional order exponent, n, was set between 0.6 and 0.9, 
which more realistically reflects the impedance frequency 
response characteristics of the skin in dry and wet con-
ditions. The impedance measurement utilizes a dual-fre-
quency AC signal, comprising 500 Hz (low frequency) 
and 100 kHz (high frequency), to collect resistance and 
capacitance information, respectively. The entire test is 

completed within 5 seconds, which can effectively reduce 
the interference caused by sweating or changes in contact 
pressure [11]. The estimated prediction error of the sur-
face water content of the stratum corneum is 5.4 mass-%, 
and the root mean square error (RMSE) of the thickness 
is 2.3 μm, which is consistent with the confocal measure-
ment results, verifying the stability and accuracy of the 
model [11].

3. Result - Simulation Analysis

3.1 Impedance Frequency Response Character-
istics of Skin Structure
CPE models and multilayer RC equivalent circuit models 
are widely used in research when performing structured 
analysis of the electrical properties of the skin. Figures 
2(a) and 2(b) show the frequency changes in impedance 
amplitude and phase angle of 10 body parts in the fre-
quency band from 2×103 to 2×105 Hz, respectively, over-
all presenting the electrical layered structure and frequen-
cy-dependent characteristics of skin tissue [9]. Figure 2(a) 
shows that in the low-frequency band (< 10^4 Hz), the 
impedance values of various parts are high and vary sig-
nificantly, indicating that the outer layer structures, such 
as the stratum corneum, have a significant inhibitory effect 
on signal transmission. In the high-frequency band (>104 
Hz), the impedance tends to be consistent, indicating that 
the signal has penetrated deeper into the tissue structure 
of the skin. This finding is consistent with the impedance 
modeling theory of the multi-layer structure of the skin, in 
which the stratum corneum dominates the low-frequency 
response. At the same time, the deeper tissue has a greater 
impact on the high-frequency response [12]. The phase 
angle response shown in Figure 2(b) verifies the fraction-
al order characteristics of dielectric behavior. That is, in 
the low-frequency band, the phase angle is maintained at 
approximately -70° to -60°, reflecting typical non-ideal 
capacitive behavior. As the frequency increases, the phase 
angle gradually approaches zero, which is consistent with 
the CPE model, where the non-ideal capacitance behavior 
is reflected in n and phase changes [12]. The emergence 
of such frequency responses is reproducible in multiple 
skin impedance modeling studies, further supporting the 
complementarity and rationality of the CPE model and the 
RC equivalent circuit across different frequency bands.
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Fig. 2 Frequency-dependent impedance characteristics of skin at different body sites: (a) 
magnitude; (b) phase angle

3.2 Simulation and Fitting of Multi-layer RC 
Model
This paper uses a three-layer parallel RC equivalent cir-
cuit model, corresponding to the stratum corneum, epi-
dermis, and dermis, to simulate their independent roles in 
frequency response. The stratum corneum dominates the 
low-frequency response, the epidermis plays a transitional 
role in the mid-frequency range, and the dermis deter-
mines the high-frequency behavior. This structure exhibits 
good fitting capabilities across the frequency range of 10 
Hz to 1 MHz, enabling it to stably capture the electrical 
changes in each skin layer at various frequencies, thereby 
improving the model’s adaptability and effectiveness in 
practical applications.
Figure 3 illustrates the expanded structure of this model: 
each layer consists of multiple R || C units, with resistance 
decaying exponentially with depth. This design more ac-
curately reproduces the electrical response characteristics 
under varying physiological conditions, demonstrating 
strong stability in complex situations such as sweat pene-
tration and unstable electrode contact.

Fig. 3 Schematic of an exponential decay RC 
network model for a multilayer skin structure
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The reconstructed skin tissue was measured using the 
electrochemical impedance spectroscopy (EIS) meth-
od, which verified that the use of a two-layer or above 
structure can effectively separate the frequency domain 
responses of capacitance and resistance parameters, and 
can more accurately evaluate the skin barrier function. In 
particular, when simulating abnormal keratinization or 
barrier-damaged skin, the model fitting is more sensitive 
[13].

3.3 Model Adaptability Evaluation under Mo-
tion Artifacts and Mechanical Perturbations
During the actual wearing process, bioelectronics patch-
es are affected by mechanical motion, including muscle 
contraction, joint flexion and extension, and skin traction, 
which occur during daily activities. These factors often 
cause slippage and changes in contact area between the 
electrodes and the skin, leading to signal distortion and 
noise. Motion artifacts constitute a significant interfer-
ence factor in wearable physiological signal acquisition, 
especially at low frequencies, where they can mask key 
physiological signatures. This model simulates the effects 
of sweat, electrode pressure changes, and other factors on 
the interface impedance by setting variable capacitance 
units, which confirmed that the skin impedance changes 
significantly in frequency response and phase angle during 
exercise. By introducing a CPE to enhance the description 
of non-ideal interface behavior, the model demonstrated 
good motion artifact suppression capabilities in multiple 
simulations and surface ECG signal acquisition [14]. 
Additionally, the RC-CPE model, constructed with a 
multilayer parallel structure, performed well in describ-
ing changes in skin electrical properties in response to 
mechanical perturbations. This model treats the stratum 
corneum, epidermis, and dermis as independent units 
with distinct impedance characteristics, and constructs an 
overall interface through parallel connections. Simulation 
analysis revealed that the overall impedance of the model 
increases during motion, while signal stability decreases. 
However, compared to traditional models, the RC-CPE 
model more accurately captures changes in electrical pa-
rameters and exhibits superior adaptability and interpre-
tation of patch signal variations. This helps improve the 
signal stability and modeling accuracy of bioelectronics 
patch systems under real-world motion scenarios.

4. Discussion
Although the multilayer RC-CPE equivalent circuit model 
proposed in this study showed good accuracy and sta-
bility in fitting skin impedance, frequency response, and 
motion artifact processing, it still has several limitations. 

First, the model structure is still based on simplifying 
assumptions, and the parameters of each skin layer are 
considered to be uniform and stable. In contrast, actual 
skin tissue has significant differences in hydration status, 
temperature, and sweat distribution. Meanwhile, different 
skin pre-treatment methods (e.g., alcohol wiping, water 
cleansing) will cause discrepancies in impedance levels in 
the early stages. Still, over time, these differences tend to 
be balanced by natural sweating [15]. This phenomenon 
shows that the equivalent circuit model based on fixed 
parameters is complex to accurately describe the time 
evolution behavior of impedance, and a dynamic adjust-
ment mechanism needs to be introduced into the model 
[15]. Secondly, although motion artifacts are partially 
suppressed in simulation, in real applications, factors such 
as lateral skin traction, muscle contraction, and electrode 
micro displacement can lead to more complex nonlinear 
interference. This type of dynamic mechanical disturbance 
is the main challenge of current impedance modeling. 
This study mainly evaluates the equivalent circuit model 
based on its degree of fit with experimental measurement 
results under different frequency conditions. Although this 
spectrum-based method can reflect the accuracy of the 
model under static conditions, its stability and accuracy 
are still difficult to fully reflect in actual use, especially in 
the face of long-term wear or frequent exercise, and there 
is a lack of system verification based on actual timing 
signals (such as ECG and EMG). Since bioelectronics 
patches are inevitably affected by changes in skin hydra-
tion status, electrode micro-displacement, and local pres-
sure fluctuations in practical applications, their interfacial 
impedance often evolves continuously over time. Such 
dynamic changes are difficult to capture using traditional 
fitting methods entirely. Furthermore, there are significant 
differences in skin structure between individuals, includ-
ing stratum corneum thickness, electrolyte concentration, 
and water content, which limit the transferability of model 
parameters between different users or body parts, further 
restricting its generalization performance.
Future research should focus on the model’s dynamic re-
sponsiveness and individualized adaptability. One feasible 
approach is to incorporate real-time sensory feedback, 
such as sweat hydration, contact pressure, and skin tem-
perature, to construct an equivalent circuit model that can 
automatically adjust to changes in the environment and 
physiological state. In recent years, the application of 
artificial intelligence technology in multimodal electron-
ic skin systems has been continuously expanded. Deep 
learning has been proven to extract stable features, reduce 
artifact interference, and improve recognition accuracy in 
complex environments, thereby providing stronger gen-
eralization capabilities for modeling [16]. Deep learning 
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models such as a convolutional neural network (CNN), 
a recurrent neural network (RNN), and a transformer 
architecture can automatically extract data features and 
identify potential patterns. It shows significant advantages 
in processing e-skin data containing time series, multi-di-
mensional, and multi-modal signals. It is more suitable for 
unstructured and real-time changing input data streams 
[16]. At the same time, by integrating multi-source sens-
ing input and a neural network, state classification and re-
sponse recognition in complex tasks can be achieved, and 
the recognition efficiency is significantly improved over 
that of traditional algorithms [17]. These results provide 
a practical foundation for the future application of AI in 
modeling the non-ideal behavior of skin-electrode sys-
tems. Moreover, the model should be gradually extended 
to model impedance in deeper tissues, such as subcutane-
ous structures, vascular coupling, and neural responses, to 
support advanced applications such as neural stimulation 
or implantable electrophysiological monitoring devices. 
The validation method should also be expanded from the 
laboratory to more complex real-world scenarios, cov-
ering a wide range of populations and dynamic activity 
states, with a focus on evaluating their performance in 
timing signal acquisition, such as ECG, EMG, and sweat 
sensing. In addition, the establishment of an open skin im-
pedance database and standardized measurement modes 
will help the implementation of clinical applications. As 
bioelectronics patches gradually develop into closed-loop 
systems that integrate monitoring and stimulation, future 
modeling should further consider electrochemical bidirec-
tional action mechanisms (such as interfacial polarization 
and Faradaic reactions) to meet the needs of the next gen-
eration of smart wearable devices.

5. Conclusion
This study systematically analyzed the mechanism by 
which the skin’s hierarchical structure affects the bioelec-
tronics patch signal by constructing a multi-layer RC-
CPE equivalent circuit model, revealing the key role of 
the stratum corneum, electrode interface, and deep tissue 
in frequency response, impedance attenuation, and mo-
tion artifact generation. The results demonstrate that, 
compared to traditional single-layer models, the multi-
layer structure offers greater physical interpretability and 
physiological relevance, effectively fitting the impedance 
behavior of different skin layers under low- to high-fre-
quency signals and improving the patch’s stability under 
dynamic conditions. The model’s responsiveness to mo-
tion disturbances has been validated, particularly with 
the introduction of constant-phase elements, which more 
accurately capture non-ideal capacitance characteristics 

and demonstrate good consistency and adaptability be-
tween simulation and measured data. Therefore, this study 
provides a more physiologically accurate modeling meth-
od for the skin-electrode interface and lays a theoretical 
foundation for designing wearable devices with enhanced 
immunity to signal interference. The results will help 
improve the accuracy and adaptability of models in per-
sonalized physiological signal acquisition systems. In par-
ticular, the results address existing challenges in modeling 
skin structure related to dynamic changes and response 
to mechanical disturbances. The proposed model also 
exhibits strong scalability, enabling its extension to mod-
eling deeper layers of biological tissue, such as vascular 
structures or neural interfaces. Furthermore, it provides a 
theoretical framework for developing interface-level im-
pedance models in intelligent closed-loop systems. Look-
ing ahead, future research may further integrate real-time 
sensing from multiple sources with artificial intelligence 
algorithms to enhance the capabilities of these systems. 
This combination could enable dynamic adjustment of 
model parameters related to hydration, pressure, tempera-
ture, and other physiological factors. These advances are 
expected to support the evolution from static equivalent 
circuit modeling to adaptive, multimodal, and personal-
ized impedance modeling, better adapting to complex and 
realistic application environments.

References
[1] Chen Ying, Zhang Yingchao, Liang Ziwei, Cao Yu, et al. 
Flexible inorganic bioelectronics. npj Flexible Electronics, 2020, 
4(1): 1-8.
[2] Yuan Yingying, Liu Bo, Li Hui, Li Mo, et al. Flexible 
wearable sensors in medical monitoring. Biosensors, 2022, 
12(12):1069.
[3] Wei Binbin, Wang Zitian, Guo Haotian, Xie Fei, et al. 
Ultraflexible tattoo electrodes for epidermal and in vivo 
electrophysiological recording. Cell Reports Physical Science, 
2023, 4(4): 101335.
[4] Mascia A, Collu R, Makni N, Concas M, et al. Impedance 
characterization and modeling of gold, silver, and PEDOT: PSS 
ultra-thin tattoo electrodes for wearable bioelectronics. Sensors, 
2025, 25(15):4568.
[5] Bora D.J, Dasgupta R. Estimation of skin impedance models 
with experimental data and a proposed model for human skin 
impedance. IET Systems Biology, 2020, 14(5): 230-240.
[6] Cheng Simin, Zhu Ruiqi, Xu Xiaomin. Hydrogels for next 
generation neural interfaces. Communications Materials, 2024, 
5:99.
[7] Llanes-Jurado J, Carrasco-Ribelles L.A, Alcañiz M, Soria-
Olivas E, et al. Automatic artifact recognition and correction 
for electrodermal activity based on LSTM-CNN models. Expert 

7



Dean&Francis
ISSN 2959-409X

Systems with Applications, 2023, 230: 120581.
[8] Ahn J, Nam Y.S. Assessing barrier function in psoriasis 
and cornification models of artificial skin using non-invasive 
impedance spectroscopy. Advanced Science, 2024, 11(34): 
e2400111.
[9] Bora D.J,Dasgupta R. Various skin impedance models based 
on physiological stratification. IET systems biology, 2020, 14(3): 
147-159.
[10] Lee J, Park S.M. Parameterization of physical properties 
of layered body structure into equivalent circuit model. BMC 
Biomedical Engineering, 2021, 3:9.
[11] Uehara O, Kusuhara T, Matsuzaki K, Yamamoto Y, et al. 
Skin electrical impedance model for evaluation of the thickness 
and water content of the stratum corneum. Advanced Biomedical 
Engineering, 2022, 11(0): 98-108.
[12] Lo Presti A, Montoya N.A, Criscuolo V, Gulaly K, et al. 
Fundamentals of skin bioimpedances. Advanced Materials, 
2023, 35(33): e2302127.

[13] Owen E.J, Hathaway H, Lafferty B, Jenkins T.A. Using 
electrocardiogram electrodes to monitor skin impedance 
spectroscopic response when skin is subjected to sustained static 
pressure. Skin Health and Disease, 2023, 3(4): e225.
[14] Gan Y, Rahajandraibe W, Vauche R, Ravelo B, et al. A new 
method to reduce motion artifact in electrocardiogram based 
on an innovative skin-electrode impedance model. Biomedical 
Signal Processing and Control, 2022, 76: 103640.
[15] Murphy B.B, Scheid B.H, Hendricks Q, Apollo N.V, et al. 
Time evolution of the skin-electrode interface impedance under 
different skin treatments. Sensors, 2021, 21(15): 5210.
[16] Guo Yuchen, Sun Xidi, Li Lulu, Shi Yi, et al. Deep-
learning-based analysis of electronic skin sensing data. Sensors, 
2025, 25(5): 1615.
[17] Li Jianye, Wang Hao, Luo Yibing, Zhou Zijing, et al. 
Design of AI-enhanced and hardware-supported multimodal 
e-skin for environmental object recognition and wireless toxic 
gas alarm. Nano-Micro Letters, 2024, 16(1): 256.

8




