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such as poor flexibility and signal interference, this study prepared a gel electrode
based on MXene/PEDOT:PSS/PAAm. Key properties, including conductivity, ad-
hesion, and stretchability, were systematically analyzed. Results indicate that an
optimal PEDOT:PSS to MXene ratio of 6:4 yields a composite conductive material
with a sheet resistance as low as 10.3 Q)/sq. Performance tests demonstrated that
the electrode's adhesion strength to porcine skin tissue reached (49.10 + 1.25) kPa.
Furthermore, its contact impedance with human skin was significantly lower than
that of standard Ag/AgCl electrodes in the (0.1-1000) Hz frequency range. In
SEMG acquisition experiments, compared to Ag/AgCl electrodes, the prepared
electrode exhibited a higher signal-to-noise ratio (SNR), lower root mean square
error (RMSE), a smoother signal waveform, and a more stable baseline. The elec-
trode demonstrates excellent conductivity and adhesion, providing a high-perfor-
mance solution for wearable SEMG monitoring equipment.
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1. Introduction

Surface electromyography (sEMG), an electrophysiological signal generated during muscle contraction,
serves as a vital basis for evaluating muscle function, assisting in disease diagnosis, and optimizing motor per-
formance. Generated prior to limb movement, SEMG offers the advantages of non-invasive measurement and
rich information content, making it widely applicable in clinical medicine, rehabilitation engineering, and hu-
man-computer interaction [1,2].

As the core component for sSEMG signal acquisition, electrodes strongly influence signal stability and ac-
curacy. This performance depends on electrode-skin adhesion, biocompatibility, and electrical properties.
However, most existing surface electromyography electrodes do not match the Young’s modulus of human
tissue, and their material properties are inadequate, resulting in insufficient matching of mechanical, electrical
and biological properties between electrodes and human tissues, which is prone to tissue damage, electrode
dislocation, motion artifacts and other problems. The traditional surface electromyography electrode is repre-
sented by Ag/AgCl wet electrode. Although it has the basic signal acquisition ability, it has many limitations:
poor flexibility and difficulty in adapting to the dynamic deformation of the skin; long-term use is prone to
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causing skin irritation, and the water volatilization of conductive gel leads to signal attenuation; most of them
are single-use, high cost and lack of environmental protection [3,4].

In recent years, flexible electrodes have received extensive attention due to their good adhesion, biocom-
patibility and stretchability. Among them, conductive polymer hydrogels based on poly (3,4-ethylenedioxythi-
ophene): polystyrene sulfonic acid (PEDOT:PSS) have become one of the ideal surface muscle electrode mate-
rials due to their ion-electron double conductivity, excellent biocompatibility, soft stretchability, Young 's mod-
ulus similar to tissues, convenient processing and manufacturing, and stability in physiological environment
[5-7]. Xin Zhou et al. [8] prepared a thin film electrode by mixing PEDOT:PSS, ethylene glycol (EG) and tannic
acid (TA). Meili Xia et al. [9] developed a compliant skin dry electrode with low interface impedance by encap-
sulating ultrathin paper-cut PEDOT:PSS/polyvinyl alcohol (PVA)/silver nanowires (Ag NWs) film. The contact
impedance is about 27.41 k() at 100 Hz. In addition to conductive polymers, two-dimensional conductive ma-
terials have also attracted considerable interest in flexible electrode applications. MXenes are a family of two-
dimensional transition metal carbides/nitrides derived from layered MAX phases through selective etching of
the A-layer. The precursor MAX phases can be generally described by the formula Mn1AXn, where A is a group
III or IV element, M is an early transition metal (such as Ti, Zr, V, and Mo), and X represents C or N [10,11].
During the synthesis process, MXenes typically undergo etching and delamination, accompanied by the intro-
duction of surface terminations (Tx), which renders their interfacial chemistry and electrical properties tunable.
Since MXenes were first reported in 2011, they have become a research hotspot in materials science due to their
excellent electrical and thermal properties [12,13]. TisC.Tx, one of the most widely studied MXenes, usually
exhibits high electrical conductivity, large specific surface area, and abundant surface functional groups, ena-
bling efficient electron transport and improved charge transfer at the electrode—skin interface. As a result, the
contact impedance can be reduced and the signal acquisition quality can be enhanced [14]. Owing to their high
conductivity, favorable mechanical properties, and hydrophilicity, MXenes also show promising potential in
flexible sensors [15]. For example, Wang et al. successfully constructed a self-powered electronic skin sensor by
incorporating MXene nanosheets into a glycerol/poly(dimethylsiloxane) composite film. The sensor could ad-
here to the skin surface and stably monitor temperature variations from 15 °C to 25 °C, demonstrating good
sensitivity and signal stability [16].

However, MXenes are prone to oxidative degradation in air and aqueous environments, which may dam-
age their layered structure and cause a gradual decline in electrical conductivity, thereby limiting their long-
term stability and reliability in practical applications. Therefore, designing MXene-based composites to stabilize
the conductive network is an effective approach for advancing their application in flexible electrodes. In this
context, combining MXene with PEDOT:PSS is considered an efficient strategy to optimize electrical and me-
chanical properties. On the one hand, MXene nanosheets serve as highly conductive fillers to construct low-
impedance electron transport pathways; on the other hand, PEDOT:PSS promotes the dispersion of MXene
sheets and provides interfacial bridging, which reduces inter-sheet contact resistance and improves the conti-
nuity of the conductive network, thus achieving both high conductivity and flexibility. In addition, introducing
a flexible hydrogel network can further enhance skin-like mechanical compliance and interfacial adhesion, re-
ducing motion-induced noise and mitigating motion artifacts. Luan, Zhang et al. incorporated MXene
nanosheets into polyacrylamide (PAAm) and sodium alginate (SA) hydrogel networks via in situ polymeriza-
tion to obtain multifunctional hydrogels with good tensile properties, which were capable of monitoring subtle
potential variations [17]. Overall, by rationally designing the composition ratio and interfacial structure of the
composite system, synergistic regulation of electrical conductivity, mechanical compatibility, and interfacial
stability can be achieved, meeting the requirements of flexible functional electrodes for multi-performance in-
tegration.

In this study, based on PEDOT:PSS and MXene, the gel electrode was prepared by combining polydopa-
mine nanoparticles (PDA ) and polyacrylamide (PAAm). The properties of the prepared materials were sys-
tematically analyzed, and the signal quality was compared with the traditional Ag/AgCl electrodes through the
sEMG signal acquisition experiment, which provided a reference for the design and application of high-perfor-
mance surface sSEMG electrodes.
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2. Materials and Methods

2.1 Experimental materials

The primary materials used in this study include titanium aluminum carbide (50 g), lithium fluoride, hy-
drochloric acid (36 %~38 %), PEDOT:PSS, dopamine, NaOH (= 96 %), H202 (= 30 %), acrylamide (100 g), and
ammonium persulfate.

2.2 Preparation of MXene

The initial reaction solution was formed by mixing 15 mL concentrated hydrochloric acid with 5 mL de-
ionized water at a temperature of 35 °C and a stirring speed of 550 rpm. Subsequently, 1.6 g LiF was slowly
added and reacted for 5 min, and then 1 g TizAlC, was gradually added. At this time, the reaction proceeded
vigorously, and the addition speed needed to be carefully controlled to ensure safety. The whole reaction was
carried out in a sealed container for about 35 h to ensure sufficient reaction. After the completion of the reaction,
the pH value of the solution was gradually adjusted to 7 by multiple centrifugation and washing to obtain the
MXene dispersion. The MXene dispersion was further ultrasonically treated in nitrogen-protected ice water for
2 h to obtain a multi-layer MXene sheet structure. In order to obtain single-layer/few-layer MXene, the obtained
precipitate was added to deionized water and shaken well. The high-power ultrasonic machine was used for
ultrasonication for 1 h, centrifugation at 10000 rpm, and repeated ultrasonic centrifugation for 10 min to obtain
the supernatant to obtain a few-layer/single-layer MXene.

2.3 Preparation of PDA

0.4 g DA-HCI was added to 10 mL (0.006 g/ mL) Tris-HCI and stirred for 6 hours to synthesize brown-
black polydopamine (PDA). 3 mL 30 % H202 and 12 mL (0.012 g) were added and heated in an oil bath at 90 °C
for 4 hours to synthesize PDA .

2.4 Preparation of MXene/ PEDOT:PSS/PAAm gel electrode

In order to obtain the best conductivity of the composite, PEDOT:PSS and MXene were mixed according
to the preset different proportions, which were 100 % PEDOT:PSS, 90 % PEDOT:PSS/10 % MXene, 80 % PE-
DOT:PSS/20 % MXene, 70 % PEDOT:PSS/30 % MXene, 60 % PEDOT:PSS/40 % MXene and 50 % PEDOT:PSS/
50 % MXene, respectively. After different proportions of conductive materials were prepared, magnetic stirring
was performed for 2-3 h to obtain a mixed conductive material. For different proportions of conductive mate-
rials, a standardized curing process was used to solidify the conductive materials into a film, and the square
resistance of the conductive materials with different mixing ratios was tested to evaluate the conductivity of
the conductive materials.

0.02 g HPC was added to 3 mL aqueous solution of monolayer/few-layer MXene with different concentra-
tions, stirred at room temperature for 30 min, and fully dissolved. 1.5 g AAm was added to the above solution
and stirred at room temperature for 30 min. After AAm was completely dissolved, 300 uL PDA was added,
0.035 g APS was added as initiator, 15 uL TMEDA was used as curing catalyst, and 50 uL MBAA (0.025 g/ mL)
was added as chemical crosslinking agent. After stirring at room temperature for 15 min, the mixed solution
was poured into the mold and stood still. After waiting for 30 min at room temperature, polyacrylamide gel
was formed by self-polymerization. After demoulding, MXene/PEDOT:PSS/PAAm gel electrode was obtained.

3. Results and discussion

3.1 Material performance test
3.1.1 Conductivity test

In order to explore the optimal mixing ratio of MXene and PEDOT:PSS conductive materials, the conduc-
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tive materials of different proportions of MXene and PEDOT:PSS were mixed in a petri dish for high tempera-
ture curing to prepare conductive material films with different mixing ratios. Subsequently, these films were
characterized by square resistance test. Three samples of each film were selected for testing. Each sample was
tested at nine evenly distributed positions, and the average value was calculated to determine the square re-
sistance of conductive materials with different mixing ratios. The results are shown in Figure 1. From the dia-
gram, it can be seen that with the increase of MXene content, the square resistance value shows a trend of
decreasing first and then increasing. When the proportion of MXene reaches 40 %, the square resistance value
decreases to the lowest 10.3 QO/sq. Considering that MXene is easy to oxidize, which in turn affects the conduc-
tivity, we believe that the use of a lower MXene content of the mixed material is more conducive to improving
the stability of the material while maintaining the conductivity. Based on this result, a mixed conductive mate-
rial containing 40 % MXene (i.e.,, PEDOT:PSS/MXene ratio of 6:4) was selected for subsequent experiments.
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Figure 1. Effect of different proportions of MXene content on the surface sheet resistance of conductive materials

3.1.2 Adhesion and tensile test

Excellent adhesion is one of the core prerequisites for accurate recording of electrophysiological signals. It
can not only ensure stable contact between the electrode and the interface, but also reduce signal distortion
under motion [18,19]. As shown in Figure 2, the prepared MXene/PEDOT:PSS/PAAm hydrogel exhibits strong
adhesion to biological tissues (e.g., porcine skin and muscle) as well as to common engineering substrates, in-
cluding glass, plastic, wood, and metal. This excellent interfacial bonding force is mainly due to the synergistic
interaction between the abundant functional groups in the hydrogel matrix and the substrate surface, including
the widespread hydrogen bonding and electrostatic interactions, as well as the m-mt stacking, cation-mt interac-

tions and metal coordination bonds derived from the conductive components.

Figure 2. Hydrogels attached to different substrates
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In order to quantitatively evaluate the adhesion strength of the hydrogel, the standard lap shear test was
used for experimental determination. For each substrate, 10 independent measurements were performed under
identical conditions, and the average value was calculated. Figure 3 shows the adhesion strength between the
electrode gel and different substrates, The error bars represent the standard deviation of the measured values.
From the figure, it can be seen that the adhesion strength of hydrogel and biomaterials is higher than that of
engineering solid materials. The adhesion strength of porcine skin tissue is the highest, reaching 49.10 + 1.25
kPa. In addition, the prepared electrode gel can still maintain stable conformal contact with the skin under
dynamic deformation such as finger bending, and no obvious peeling or slippage occurs, as shown in Figure 4.
The MXene/PEDOT:PSS/PAAm gel electrode has excellent static adhesion strength and dynamic adhesion sta-
bility. It can maintain compliance contact with tissues at complex interfaces and motion states, prevent peel-
ing/stretching, and effectively avoid sEMG signal interference caused by electrode shedding or relative dis-

placement, which provides a key guarantee for long-term acquisition of high-quality electrophysiological sig-
nals.
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Figure 3. Adhesion strength between electrode gel and different substrates

Figure 4. Adhesion effect at different angles

3.1.3 Electrode-skin contact impedance test

The magnitude of the contact impedance is an important criterion to measure the quality of bioelectrical
signals. Therefore, the quality of the electrode can be preliminarily judged by the strength of the collected con-
tact impedance signal. Clinically, the traditional Ag/AgCl electrodes are widely used for bioelectrical signal
monitoring. When the electrode contact impedance is similar to the Ag/AgCl electrodes or smaller than the
Ag/AgCl electrodes, the current can be transmitted more effectively and the background noise is lower. The
resistance of the human body surface will change due to changes in temperature, humidity, and thickness of
the skin stratum corneum. Therefore, it is not reliable to use different time periods as a comparison. The com-
mon comparison method is to continuously measure the contact impedance between the prepared electrode
and the Ag/AgCl electrodes. The unsolidified hydrogel was filled into a silica gel mold with a diameter of 1.5
cm and a depth of 5 mm to make a MXene/PEDOT:PSS/PAAm electrode. By fixing two Ag/AgCl electrodes and
one test electrode on the inside of the subject's wrist, the distance of each electrode is 2cm for the electrode-skin
contact impedance test.
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Before fixing the electrode, the skin on the inside of the wrist was treated with alcohol cotton. The signal
voltage of the contact impedance measurement is set to 5 mV, and the frequency range of the test signal is 0.1—
1000 Hz. To ensure data consistency and minimize variability caused by individual skin differences, the base-
line contact impedance measurement was conducted on a single healthy male subject. Each measurement was
repeated five times at each frequency, and the average value was obtained for comparison. It can be seen from
Figure 5 that the contact impedance of the MXene/PEDOT:PSS/PAAm gel electrode in the frequency range of
0.1-1000 Hz is smaller than that of the Ag/AgCl electrodes, which means that the electrode gel prepared in this
paper has greater advantages in recording bioelectrical signals.
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Figure 5. Contact impedance comparison between the MXene/PEDOT:PSS/PAAm gel electrode and the Ag/AgCl

electrodes

3.2 sEMG signal acquisition test

In order to test the reliability and stability of the prepared electrode in the actual acquisition of sSEMG, the
performance of the traditional Ag/AgCl electrodes was compared, and the SEMG signal acquisition experiment
was carried out using the Delsys sEMG signal acquisition instrument (sampling frequency is set to 1000 Hz).
Signal-to-Noise Ratio (SNR) and Root Mean Square Error (RMSE) were introduced as evaluation indexes [20,21].
The mean value of the same muscle of each subject was calculated to evaluate the signal acquisition quality and
anti-interference ability of the electrode.

_ M)
SNR = 10log,, (Z?’:l(x(i)_f’(i))z )

RMSE = [, 6:() - /) @

Where x(i) is the original signal, f'(i) is the denoised signal, and N is the signal length. SNR reflects the
enhancement of signal quality after denoising, while RMSE quantifies the deviation between the original and
processed signals. The larger the SNR and the smaller the RMSE, the better the denoising effect.

To evaluate the performance of the electrode in practical SEMG signal acquisition and to assess its
applicability and stability across different individuals, eight healthy volunteers (4 males and 4 females) were
recruited, aged (22-28) years, with a height range of (165-182) cm and a weight range of (52-75) kg. All subjects
had no history of musculoskeletal diseases, skin inflammation or allergies, did not perform high-intensity
exercise before the experiment, and signed informed consent to clarify the experimental process and

precautions. During the experiment, each subject performed elbow flexion and extension movements. Each
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movement lasted for 3 s and was repeated five times, with a 30 s rest interval between movements to avoid
muscle fatigue. The prepared gel electrode and the conventional Ag/AgCl electrode were attached to the biceps
brachii and triceps brachii, respectively, and the sEMG signals were recorded simultaneously under identical
conditions. Based on the acquired signal data, MATLAB software was used to process the signals obtained from
the two types of electrodes, and SNR and RMSE were calculated. The time-domain sEMG signals recorded
using the Ag/AgCl electrode and the MXene/PEDOT:PSS/PAAm gel electrode are shown in Figures 6 and 7,

respectively, and the corresponding quantitative results are presented in Table 1.
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Figure 6. The sEMG signals were collected using Ag/AgCl electrodes
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Figure 7. The sSEMG signals were collected using MXene/PEDOT:PSS/PAAm electrodes

As shown in Figure 6 and 7, both electrodes can accurately capture the electrical signals associated with
muscle contraction and relaxation. The signal peaks and troughs are clear, the characteristic peaks are clear and
distinguishable, and the baseline is stable. Compared to the traditional Ag/AgCl signals, the waveforms
collected by the composite gel electrode exhibited significantly fewer artifacts and a smoother profile, with a
notable reduction in baseline drift. Electrodes can maintain relatively stable peaks, which represent the strength

of muscle contraction and are important indicators for analyzing muscle function.

Table 1. Comparison of signal evaluation indices of two electrodes

Biceps brachii Triceps brachii
Electrode
SNR RMSE SNR RMSE
Ag/AgCl 12.3 0.3214 13.1 0.2956
MXene/PEDOT:PSS/PAAm 15.4 0.1208 16.2 0.1147

According to the signal evaluation indices presented in Table 1, the average SNR values of
MXene/PEDOT:PSS/PAAm gel electrode in biceps brachii and triceps brachii were 15.4 and 16.2, respectively,
which were higher than 12.3 and 13.1 obtained by Ag/AgCl electrodes, and RMSE were 0.1208 and 0.1147,
respectively, which were significantly lower than 0.3214 and 0.2956 of Ag/AgCl electrodes. The results show
that the signal acquisition quality of the gel electrode is better, which is due to its low contact impedance, good

skin adhesion and conformality, which can effectively reduce motion artifacts and ensure signal stability.
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4. Conclusions

The MXene/PEDOT:PSS/PAAm composite gel electrode prepared in this study employs two-dimensional
MXene, derived from MAX phases via selective etching, as the core conductive filler. Through a composite
structural design with PEDOT:PSS, the electrode maintains the metal-like electrical conductivity of MXene
while contributing to improved environmental stability and overall interfacial performance, thereby achieving
a synergistic optimization of electrical and mechanical properties. Experimental results indicate that when the
mixing ratio of PEDOT:PSS to MXene is 6:4, the electrode exhibits a low sheet resistance of 10.3 /sq. Perfor-
mance tests further demonstrate excellent interfacial conformability and adhesion, with an adhesion strength
of 49.10 + 1.25 kPa to porcine skin. In addition, the contact impedance within the frequency range of 0.1-1000
Hz is lower than that of Ag/AgCl electrodes. sSEMG signal acquisition experiments show that the gel electrode
provides a higher signal-to-noise ratio and a lower root mean square error, producing smoother waveforms
with reduced interference and enabling accurate capture of muscle contraction characteristics. Overall, the
MXene/PEDOT:PSS/PAAm gel electrode exhibits excellent conductivity, adhesion, and promising skin-inter-
face performance, delivering better signal acquisition quality than traditional Ag/AgCl electrodes and provid-
ing a high-performance solution for wearable sSEMG monitoring devices.

Statement: All subjects involved in the study were fully informed of the experimental procedures and potential risks, and

provided written informed consent prior to participation
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