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ABSTRACT: Bioelectronics have played a significant role
in early detection of cardiovascular and brain diseases
under static states. Achieving continuous and high-fidelity
dynamic electrophysiological signals monitoring is equally
important for evaluation of health conditions during
sports. However, the current electrodes for bioelectronics
face great challenges of severe motion artifacts caused
by low-frequency mechanical vibrations during dynamic
body movements. In addition, these electrodes may
suffer serious interface separation with skin under

dynamic skin deformation that can cause signal disruption. Here, a damping and adhesive hydrogel (DAH) electrode was
developed by integrating bovine serum albumin (BSA), amylopectin (AP), and glycerol. Extensive hydrogen bond
interactions between BSA and AP endow the DAH with unique viscoelasticity and excellent damping capacity, enabling
selective filtering of low-frequency environmental noise. The highly branched structure of amylopectin exposes abundant
hydroxyl groups that form strong electrostatic interactions and hydrogen bonds with skin and provides superior
adhesiveness. This DAH electrode can maintain high fidelity and signal continuity during various dynamic occasions
including walking, tapping and vibration. Based on the DAH, a dynamic robot synchronous control system is demonstrated.
Compared with current bioelectronic electrodes, the DAH provides suppressed motion artifact and anti-interface separation
ability during dynamic electrophysiological monitoring. Such a DAH could enable the development of next-generation

dynamic bioelectronic electrodes.

KEYWORDS: electrophysiological monitoring, human—machine interaction, bioelectronics, hydrogel

1 Introduction

Bioelectronics can monitor physiological signals generated from
human activity [1-5], playing a significant role in early discovery
and diagnosis of different diseases in cardiovascular, muscle, and
brain. While current -electrophysiological monitoring through
bioelectronic electrodes under static conditions has successfully
provided valuable physiological information [6-10]. Achieving
continuous, stable, and high-fidelity monitoring during dynamic
activity is also crucial for real-time assessment of sports conditions.
However, dynamic electrophysiological monitoring still faces two
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primary challenges. First, during activities such as running, tapping,
or even deep breathing, electrodes are prone to motion artifacts
caused by muscle contractions and low-frequency mechanical
vibrations which is mainly distributed between 0.1-30 Hz [11-14].
These interferences significantly reduce the signal-to-noise ratio
and compromise monitoring accuracy. Second, significant skin
strain and deformation during dynamic movement can easily cause
electrode detachment [15-18], leading to severe interface separation
and disruption of signal continuity. Therefore, the development of
bioelectronic electrodes that simultaneously address both motion
artifacts and interface separation is essential and promising for
dynamic electrophysiological monitoring.

Several strategies have been proposed to suppress motion
artifacts during dynamic electrophysiological monitoring. For
example, high-pass filters can reduce mechanical vibration noise
but indiscriminately remove real signals [19-21], resulting in signal
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distortion. Machine learning-based methods can remove motion
artifact by training classifiers on labeled clean and artifact-
contaminated data [22-24], yet they often require high
computational complexity. Microneedle electrodes can enhance
anti-artifact by improving skin contact [25-27], but their use may
raise concerns regarding biocompatibility. Materials with intrinsic
damping properties can actively filter low-frequency noise [28-30],
offering structural simplicity and high filtering precision, but they
still face interface separation issues during dynamic motion.
Introducing adhesiveness into electrodes provides a potential
solution to prevent interface separation. Catechol-based systems
inspired by mussel adhesion, establish hydrogen bonds with
substrates to gain high adhesiveness [31-33], but catechol groups
are easily oxidized, limiting long-term stability. Biomimetic
microstructures such as octopus-inspired suction cups enhance
adhesion through physical interlocking [34-36], though they often
require complex fabrication. Alternatively, natural polysaccharides
such as amylopectin obtained from starch-rich grain crops,
composed of numerous a-D-glucose units and a highly branched
architecture, provide abundant hydroxyl groups that form dense
hydrogen bonds with surrounding molecules, imparting high
biocompatible adhesiveness [37-39]. Moreover, the hydroxyl
groups can form high-density hydrogen-bond networks with
amino groups in proteins, mimicking damping mechanisms in
cuticular pad of spider [40], where the dynamic formation and
rupture of hydrogen bonds induce rheological transitions that
effectively dissipate vibrational energy. Therefore, designing
electrodes with combined intrinsic damping and adhesive
properties is of great significance for achieving high-fidelity,
continuous, and stable dynamic electrophysiological monitoring.

Here, we developed a high damping and adhesive hydrogel
(DAH) electrode based on biomaterials including bovine serum
albumin (BSA), amylopectin (AP), and glycerol. Extensive
hydrogen bond interactions between BSA and AP endow the DAH
electrode with unique viscoelasticity and excellent damping
capacity, enabling effective dissipation of dynamic impacts and
selective filtering of low-frequency environmental noise.
Meanwhile, the abundant hydroxyl groups in amylopectin form
strong electrostatic interactions and hydrogen bonds with skin
surface, providing superior adhesiveness. Under dynamic
conditions, the DAH can actively filter motion-induced low-
frequency noise, maintains firm conformal contact with skin, and
enables long-term continuous, high-quality acquisition of dynamic
electrocardiogram (ECG) and electromyogram (EMG) signals, with
fidelity significantly surpassing that of commercial electrodes. Based
on the DAH electrode, we further developed a dynamic
human-machine interaction system, allowing precise control of
robotic arm coordination under dynamic conditions, enabling high-
precision dynamic interactive applications. This biomaterial-based
DAH electrode, combining high damping and strong adhesion
properties, offers a promising strategy for high-fidelity, continuous,
and stable monitoring of dynamic electrophysiological signals.

2 Results and discussion

2.1 Basic structure of the DAH electrode and schematic of
its damping mechanism

The DAH mainly consists of all-natural materials, including BSA
protein, AP, glycerol, and water. For comparison as a control
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sample, a pure BSA hydrogel was prepared without AP. Figure 1(a)
illustrates the detailed internal molecular structures of the main
components of the DAH, the hydroxyl groups of AP, water, as well
as glycerol can form an extensive hydrogen bond crosslinking
network with the amino and carboxyl groups of BSA. While the
protons can transfer through the water molecules along the
hydrogen bond network according to the Grotthuss mechanism
[41, 42], providing excellent intrinsic proton conductivity for the
DAH. The high-density hydrogen bond network between the BSA
and AP molecular chains also endows the DAH with superior
damping properties. Due to the branched architecture of the AP
provides rich hydroxyl groups that promotes Van der Waals
interactions or hydrogen bonding with surrounding substrates,
resulting in high adhesiveness of the DAH. As shown in Fig. 1(b),
dynamic mechanical analysis was performed on the DAH and pure
BSA samples over a frequency range of 1-100 Hz to characterize
their damping properties. It can be seen that the modulus increases
with the frequency, and the damping factor tand of the DAH
reaches the maximum value of 2.66 at the frequency of 26.5 Hz,
while that of the pure BSA sample is only 0.28 (see Fig. S1 in the
Electronic ~Supplementary Material (ESM)), indicating the
transition frequency at 26.5 Hz and much stronger damping ability
of the DAH originated from the extensive hydrogen bonds between
BSA and AP molecules. The damping material undergoes viscous
damping below the transition frequency. When the frequency is
higher than transition frequency, tand quickly drops down and the
modulus dramatically increases with frequency, resulting in a glassy
state, enabling elastic transmission of the vibration. The damping
mechanism is mainly attributed to the viscoelastic properties of the
DAH, which is based on the relaxation time of the damping
material. For the viscoelastic properties of the material, the ratio of
relaxation time to deformation time is defined as De. When the
DAH is in a relaxed state, extensive hydrogen bonds exist between
the BSA and AP molecular chains, as shown in Fig. 1(c)(i). As a low-
frequency stimulus vibration approaches the DAH, the hydrogen
bonds partially break to absorb the vibration energy, which is called
a rubbery state, as shown in Fig. 1(c)(ii). If a stimulus vibration with
a low frequency (< 26.5 Hz) reaches, relaxation time is shorter than
the vibration period (De < 1, viscous), the mechanical stress can
recover ahead of next vibration period, thus the vibration energy is
absorbed, which is defined as an absorption state. While a vibration
stimulus with a frequency higher than 26.5 Hz, the relaxation time
is longer than the vibration period (De > 1, elastic), indicating that
the stress can recover before the next vibration, which will pass
through as the chains rearrange (transmission state), as shown in
Fig. 1(c)(iii). Figure 1(d) further shows the young’s modulus curve
which indicates that the DAH possesses a viscoelastic property, it
experiences a phase transition from rubbery to glassy state upon
applying a 26.5 Hz of frequency. The phase change enables the
DAH to selectively dampen the low-frequency noise under 26.5 Hz
and transmit higher-frequency vibration signals, which can be used
in filtering dynamic noise under 26.5 Hz. In daily life, the
background noise comes from many mechanical body movement
sources, such as gait motion, respiration, and blood pressure. The
background noise is mainly distributed between 0.1 to 30 Hz, which
may cause severe interference with normal electrophysiological
signals, as shown in Fig. 1(e). As a result, the current electrodes face
great challenges of serious signal artifacts in dynamic
electrophysiological acquisition caused by breathing, walking,
taping, and running. Therefore, our DAH electrode can selectively
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Figure1 (a) Basic structure and damping mechanism of the DAH. (a) Molecular structures of different components in the DAH. (b) Dynamic mechanical Young’s
modulus and tand of the DAH as a function of frequency. (c) Selective damping mechanism in the DAH showing the transition from absorption state to transmission
state. (d) Viscoelastic properties of the DAH showing a rubber-glass transition versus the applied frequency of vibration. (e) Frequency ranges of human physical motion
(bule) and electrophysiological (green) signals, as well as the damping frequency range (red) of the DAH electrode. (f) Photograph showing the DAH electrode firmly

attached to the arm skin.

absorb the dynamic noise below 26.5 Hz, which can maintain high
fidelity during daily exercise dynamic electrophysiological
recording. Figure 1(f) presents that the DAH electrode is firmly
adhered to the arm skin, indicating its excellent conformability and
adhesiveness.

2.2 Mechanical, adhesive and electrical properties of the
DAH electrode

The DAH was formed through extensive hydrogen bond
crosslinking between amino and carboxyl groups of BSA and
hydroxyl groups of AP molecular chains, which endows the DAH
with superior mechanical and electrical property. To investigate the
influence of amylopectin content on the mechanical properties of
the DAH, the stress-strain test was conducted on hydrogel samples
with varying content of amylopectin, as shown in Fig. 2(a). It can be
seen that as the AP content increases from 0 wt.% to 7.7 wt.%, the
elongation at break rises from 360% to the maximum of 655%,
while it quickly drops to 420% with the AP further increase to 8.9%.
This decline may be attributed to excessive amylopectin
concentration tend to self-associate and induce microphase
separation, which leads to stress concentration and weaken the
tensile elongation. Figure 2(b) extracts the Young’s modulus and
elongation with changing AP content, the modulus gradually drops
from 243 to 88 kPa, demonstrating a matched modulus with
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human skin and tissues (50-600 kPa). The stress-strain plot of the
pure BSA hydrogel sample is presented in Fig. S2 in the ESM, the
pure BSA hydrogel exhibits much higher modulus of 1.04 MPa and
lower elongation of 485%, further indicating the advantages of the
AP modified DAH for epidermal electrodes. Due to the
amylopectin’s bushy molecular shape with excessive hydroxyl
groups which promotes Van der Waals interactions as well as
hydrogen bonding with surrounding substrates, the DAH possesses
superior adhesiveness. The shear-stress test was performed to test
the adhesiveness. The DAH was adhered between two porcine
skins, and a shear force was applied to the two porcine skins, the
sketch of the experimental setup is depicted in Fig. S3 in the ESM.
Figure 2(c) presents the adhesion strength of the DAH with the
change of AP content. The adhesion strength reaches the
maximum value from 1.1 to 15.6 kPa as AP content increases from
0 wt.% to 7.7 wt.%, then it decreases to 11.7 kPa as the AP content
further increases to 8.9 wt.% due to declined stretchability of the
hydrogel, confirming that the AP contributes greatly to the
adhesiveness due to the rich hydroxyl groups that form a great
number of hydrogen bonds with skin surfaces. Figure 2(d) shows
the adhesion strength on porcine skin with the rise of glycerol
content. The adhesion strength gradually increases with the glycerol
content to 15.6 kPa when the glycerol reaches 12.8 wt.%. The
increased glycerol would spread on the surface of the hydrogel and
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Figure2 Mechanical and electrical properties of the adhesive DAH. (a) Stress—strain curves of the DAH with different AP contents. (b) Young’s modulus and elongation
of the DAH with different AP contents. (c) Adhesion strength of the DAH with different AP contents on porcine skin. (d) Adhesion strength of the DAH with different
glycerol contents on porcine skin. (¢) Adhesion strength of the DAH with optimal formula on various substrates. (f) EIS plots of the DAH with different AP contents. (g)
Conductivity of the DAH with different AP contents obtained from the EIS plots. (h) Schematic illustration of the hydrogel adhered on skin and equivalent circuit model
for contact impedance measurement. (i) Contact impedance curves of the DAH electrode and commercial electrode over the frequency range of 10 to 10° Hz.

increase the density of hydroxyl group on the hydrogel surface,
which can form more hydrogen bonds with external substrates,
resulting in the enhancement of the adhesion strength. Therefore,
the glycerol content was then fixed at 12.8 wt.% for the following
sample tests. Due to rich glycerol content, the DAH also possesses
excellent water retention ability, as shown in Fig. S4 in the ESM.
After 1 day of storage at 20 °C environment, the DAH remains 97%
of the original weight, and can maintain 80% of weight after 7 days,
which ensures long-term stability of the DAH. Then various
substrates were used to test the adhesion strength, Fig. 2(e) shows
the different adhesion strength of the DAH with 7.7 wt.% AP
content on glass, PMMA, copper, PET, PS, porcine skin, and PTFE.
It can be seen that the DAH exhibits high adhesiveness on most
daily used substrates, exceeding 11.5 kPa. This excellent
adhesiveness assures the DAH firmly attaches to skin surfaces
without delamination during dynamic vibration exercise
conditions, enabling continuous collection of dynamic
electrophysiological signals. The 90° peeling test on various
materials was also performed for further adhesion evaluation in
sensing, as shown in Fig. S5 in the ESM. Then the electrochemical
impedance spectroscopy (EIS) was performed to evaluate the
conductivity of the DAH with various contents of AP. Figure 2(f)
presents the Nyquist plots of DAH as a function of AP content.
And the conductivity was calculated in Fig. 2(g) following o = L/SR,
where R refers to hydrogel’s bulk resistance that is obtained from
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the X-axis intercept of EIS plots, S and L are the area and thickness
of hydrogel. The conductivity rises from 0.9 to 4.8 mS/cm with
increasing of AP content. This may be attributed to the highly
branched molecular structure of AP that exposes extensive
hydroxyl groups capable of forming dense hydrogen-bonding
networks with water molecules, leading to the formation of more
conductive channels for proton migration. This conductivity is
comparable to the latest reported state-of-art literatures [43—46].
Considering the balance between mechanical and electrical
properties, AP content was chosen to be 7.7 wt.% for the following
DAH application test. The cyclic tensile test was performed on the
DAH by stretching to 90% of strain for 100 cycles, as shown in Fig.
S6 in the ESM. The DAH exhibited no obvious fatigue in the cyclic
stretching test, indicating its fatigue resistance under long-term
dynamic service conditions. Then the DAH was adhered to a
porcine skin to test the contact impedance to the skin surface.
Figure 2(h) shows the equivalent circuit model for contact
impedance measurement when the hydrogel is adhered on skin
surface. And Fig. 2(i) presents the impedance plots of the DAH and
commercial electrode over a frequency range of 10 to 10° Hz. Due
to the excellent adhesiveness and conductivity of the DAH, it
exhibits lower contact impedance to porcine skin compared with
the commercial electrode, showing great advantages for high-
fidelity electrophysiological acquisitions.
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2.3 Damping and shock energy dissipation abilities of the
DAH electrode

The DAH electrode’s damping properties and shock energy
dissipation abilities were systematically studied. First, a dropping
ball test was performed on the DAH with a commercial
polydimethylsiloxane (PDMS) film as a control sample to
characterize its shock-resistance ability and damping behavior. As
shown in Fig. 3(a), a steel ball with a diameter of 22 mm was
dropped on different damping materials from a height of 25 cm.
The damping materials were placed on a steel plate with an
accelerometer mounted beneath the damping material to evaluate
the elastic absorption and shock energy reflection, representing the
basic damping properties of the materials. Figures 3(b) and 3(c)
present the accelerometer signals of different damping materials
including the DAH, control sample PDMS, and without damper.
Compared with the other two conditions, the DAH exhibits much
lower amplitude (0.69 mV) of shock acceleration signal, which is
35% that of the shock signal without damper (1.97 mV), indicating
a superior damping effect to weaken the shock energy generated by
the steel ball. Whereas the accelerometer shock signals with a

PDMS control have a 67% higher amplitude (1.15 mV) than the
DAH, indicating much lower damping ability. This excellent
damping effect is helpful in absorbing and shielding large
mechanical vibration noise under dynamic exercise conditions,
facilitating the stable and precise acquisition of dynamic
electrophysiological signals. Then, the damping effect during daily
application scenario was assessed by integrating the DAH with a
liquid metal-based strain sensor and applying mechanical forces
with different frequencies during daily usage. The serpentine-
structured strain sensor is commonly used in strain sensing [47], its
design layout, photograph, and strain sensing performance can be
found in Figs. S7-S9 in the ESM. The strain sensor was sandwiched
between two DAH films with a thickness of 2 mm, while two
PDMS films with the same thickness were used as control damper
materjals (see Fig. S10 in the ESM). When the hydrogel was
adhered to soft skin surface, the hydrogel inevitably encounters
mechanical noise originating from skin tension during dynamic
body movement occasions. These dynamic noises will introduce a
broad frequency range of motion artifacts that interfere with the
genuine physiological signals. The DAH electrode’s damping ability
for the movement-induced noise is significant for stable and

Figure3 Damping and energy absorption property of the DAH. (a) Sketch of the experimental setup for testing the shock resistance ability of the DAH. (b) and (c)
Mechanical vibration signals obtained by an accelerometer under different damping conditions of DAH, PDMS, and without any damper material. Strain variation signals
of a strain sensor sandwiched between the DAH and PDMS under different stress states of (d) hand rubbing, (e) finger pressing, and (f) poking. (g)—(i) The corresponding
analysis of Morelet wavelet transforms of the damper-integrated strain sensor signals under rubbing, pressing, and poking.
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accurate physiological signal acquisition. As demonstrated in
Figs. 3(d)-3(f), the integrated strain sensor was applied with rapid
skin movement-induced deformation such as pressing, rubbing,
and poking. The PDMS sandwiched strain sensor exhibits a
dramatic resistance signal variation under the three skin
deformation modes, while the DAH-integrated sensor shows a
significantly ~ suppressed  resistance  signal change. The
corresponding analysis of Morelet wavelet transforms of the sensor
signals of three deformation modes was further performed, as
shown in Figs. 3(g)-3(i). The DAH-integrated sensor showed that
the low-frequency noise parts caused by mechanical stimulation
were dissipated to a large extent, demonstrating a more stable and
precise sensor signal. These excellent damping properties of the
DAH further demonstrate its advantages in low-motion-artifact
dynamic electrophysiological monitoring.

24 Dynamic electrophysiological signals monitoring of
the DAH electrode
To evaluate the effectiveness of the damping effect in monitoring

dynamic electrophysiological signals, the DAH was adhered to
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Figure4 Dynamic electrophysiological monitoring of the DAH electrode. (a) Photograph of the DAH electrode when monitoring dynamic ECG signals. (b) ECG signals
acquired by the DAH electrode and commercial electrode under different body conditions including relaxing, stretching, walking, and tapping. (c) The intensity ratio of
T/R for the ECG signals acquired by the two electrodes. (d) Photograph of the DAH electrode adhered on arm to collect EMG signals when performing a clenching
action. (¢) EMG signals acquired by the DAH electrode and commercial electrode under static and mechanical vibration states. (f) Baseline noise of the EMG signals
acquired by the two electrodes. (g) ECG signals collected by the DAH electrode and commercial electrode with a vibrator placed at different distances from 1-5 cm to the
electrodes. (h) Corresponding signal-to-noise ratio of the ECG signals under different vibration intensities. (i) Long-term uninterrupted dynamic ECG monitoring of the

DAH electrode under vibration states for 3600 s.
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DAH exhibits a distinguishable T and R peaks during every body
movement condition, whereas the commercial electrode can hardly
tell the difference in T/R intensity under every dynamic states. This
high dynamic fidelity mainly originates from two facts. On one
hand, the damping effect of the DAH electrode can actively filter
the low-frequency motion artifact in practical dynamic
electrophysiological monitoring. Meanwhile, excellent adhesiveness
of the DAH can effectively prevent interface separation during
dynamic ECG monitoring. Figure 4(d) shows that the DAH
electrode was adhered to the arm skin to collect EMG signals when
performing a clenching action. A commercial vibrator with a 3 cm
distance to electrodes was mounted on the arm skin to exert
vibration noise on the arm to simulate a dynamic testing condition.
The EMG signals of clenching under static and vibration states
were recorded by the DAH and commercial Ag/AgCl electrode
respectively, as presented in Fig. 4(e), all showing clear clenching
action potentials. Figure 4(f) further extracts the EMG baseline
noise collected from the DAH and commercial electrode. It can be
seen that the DAH shows 79% lower baseline noise than the
commercial electrode under the static state, which is originated
from the high proton conductivity of the DAH. Notably, the
baseline noise of the DAH gets 115% lower than that of the
commercial electrode under strong vibration states, further
demonstrating the excellent background noise absorption and anti-
interface-separation ability of the DAH. Besides, the DAH can also
accurately differentiate finger tiny bending actions as well as the
dynamic EMG signals under various grip strengths, as presented in
Figs. S11 and S12 in the ESM. Then ECG signals under varying
vibration intensities were collected with the vibrator placed at
different distances from the electrodes, as presented in Fig. 4(g).
The signal-to-noise ratio was extracted accordingly in Fig. 4(h). The
signals acquired by DAH presents relatively stable high SNR under
various vibration intensities as a result of vibration energy reflection
effect and adhesion strengthened interface stability. Whereas the
commercial electrode experiences a dramatic SNR drop by 47%
with vibrator distance increasing from 5 to 1 cm. To test the long-
term stability in dynamic electrophysiological monitoring, the ECG
signals with a 1 cm vibration were collected for uninterrupted one
hour, as shown in Fig. 4(i). The ECG signals were stable and
showed clear P, Q, R, T peaks throughout the dynamic testing
period. Owing to the noise-damping ability and excellent
adhesiveness, the DAH can effectively eliminate motion artifacts
and prevent interface separation compared to traditional
commercial electrodes, exhibiting a high-fidelity and high-stability
dynamic electrophysiological signal acquisition capability.

DAH
human-machine interaction for synchronous robot control

25 Application of electrode in dynamic
The stable and high-fidelity dynamic electrophysiological signals
acquisition performance of the DAH enables it to be applied in
dynamic human-machine interaction system for synchronous
robot control. As illustrated in Fig. 5(a), various dynamic motion-
generated dynamic EMG signals are accurately collected by the
DAH and further used to synchronously control a robotic arm. The
dynamic robotic control system is composed of a signal acquisition
unit, a voltage comparator, and a microcontroller for data
processing. The DAH electrodes were adhered to the arm skin to
acquire various dynamic hand motion EMG signals. Figure 5(b)
show the dynamic EMG signal patterns corresponding to subtle
wrist up and down flexion, and large-amplitude arm up-down and
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left-right bending movements under dynamic jogging state. It can
be seen that the signals show stable and highly distinguishable hand
motion-generated peaks under dynamic jogging. Figures 5(c)
and 5(d) exhibit the corresponding average peak characteristics of
the four hand motion signals, showing great difference in both peak
amplitude and duration time, which can be extracted for different
robotic motion controlling. Then the dynamic EMG signals
acquired by the DAH were processed by the voltage comparator
and transformed into square wave signals, which were then
processed by a microcontroller into machine-readable commands
in real time. The robotic arm can thus be controlled to perform
both the subtle wrist flexion (Figs. 5(e) and 5(f)) and large arm
bending actions (Figs. 5(g) and 5(h)) synchronously along with the
human hand motion, also can be seen in Videos S1 and S2 in the
ESM. Under dynamic exercise state, the robotic arm can be
instantly and precisely controlled without any erroneous actions,
demonstrating the excellent dynamic motion recognition accuracy
of the DAH in dynamic human-machine interaction applications.

3 Conclusion

In summary, we developed a DAH electrode by integrating natural
biomaterials BSA, AP, and glycerol. In the hydrogel structure, the
extensive hydrogen bonds between BSA and AP offer unique
viscoelasticity and excellent damping capacity that actively absorbs
low-frequency mechanical vibration, and abundant hydroxyl
groups in the branched AP endow high adhesion to the skin. The
DAH also possesses high proton conductivity and water retention
ability due to the presents of BSA and glycerol. It exhibits excellent
shock energy dissipation and mechanic vibration filtering ability,
higher SNR and lower baseline noise when monitoring ECG and
EMG signals than the commercial electrodes. The DAH is able to
acquire high-fidelity and long term continuous electrophysiological
signals during dynamic body motions. Based on the high-quality
dynamic EMG signals acquired by the DAH electrode, we further
developed a dynamic robot synchronous control system. Compared
with commercial bioelectrodes, this DAH electrode can actively
remove motion artifacts and prevent interface separation on various
dynamic electrophysiological monitoring occasions. This materials
design strategy could bring great opportunities to the next
generation bioelectrodes for low motion artifact as well as interface-
stable dynamic electrophysiological monitoring.

4 Experimental section

4.1 Preparation of the DAH electrode

First, AP was mixed with deionized water at a mass ratio of 5:1 and
stirred in an oil bath at 90 °C for 4 h until a viscous, transparent gel-
like liquid was formed (referred to as Solution 1). Afterwards,
trifluoroethanol (TFEA) and deionized water were mixed at a 1:1
mass ratio in a beaker, followed by the addition of 14 wt.% BSA.
The mixture was stirred for 15 min, after which 6 wt% p-
mercaptoethanol was added and thoroughly mixed until a clear
solution was obtained (referred to as Solution 2). Subsequently,
5 wt.% of ethylenediamine was mixed with anhydrous ethanol at a
1:1 mass ratio, and the mixture was slowly added to Solution 2
under continuous stirring. After thorough mixing, 12.8 wt.%
glycerol was introduced and stirred uniformly to obtain Solution 3.
Finally, Solution 3 was thoroughly mixed with Solution 1 to form a
viscous liquid. The obtained mixture was cast into a glass dish and
uniformly spin-coated at a speed of 300 rad/s. After drying at room
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Figure5 Application of the DAH electrode in a dynamic robot synchronous control system. (a) Schematic illustration of the working process of the robot control system
by dynamic EMG signals acquired by the DAH electrode. (b) Dynamic EMG signal patterns corresponding to subtle wrist up and down flexion and large-amplitude arm
up-down and left-right bending movements under dynamic jogging state. (c) Average signal amplitude of EMG signals of the four types of hand movements. (d)
Average time duration of EMG signals of the four types of hand movements. (e) and (f) Photographs of the dynamic robot synchronous control of wrist up and wrist

down flexion movements. (g) and (h) Photographs of the dynamic robot synchronous control of arm up-down and left-right bending movements.

temperature, a hydrogel film with high damping, adhesiveness, and
proton conductivity was obtained. The pure BSA hydrogel was
prepared according to previously reported literature [49].

4.2 Preparation of the liquid metal-based strain sensor

The PDMS elastomer base and crosslinking agent with 10:1 volume
ratio was mixed and spin-coated on a glass substrate, then it was
cured at 70 °C for 4 h to obtain a PDMS film with 500 pum
thickness. Then a patterned mask with serpentine structure was
covered on the PDMS film, the EGaln liquid metal was screen-
coated on the PDMS. Then the mask was removed and two copper
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leads were connected to two ends of the liquid metal line. The
uncured PDMS mixture was spin-coated on the patterned liquid
metal. After the PDMS was fully cured, a liquid metal-based strain
sensor was obtained.

4.3 Characterization and measurement

The tensile stress-strain curves were tested by a Mark-10
mechanical testing system. An electrochemical workstation (Zahner
IM6) was used to perform the impedance tests, and two stainless
steel electrodes were used to sandwich the samples. The AC
impedance was tested from 4 MHz to 1 Hz with a 10 mV applied

&
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bias. The damping property of the hydrogel was measured by a
dynamic mechanical analysis at stretching working mode under
varying frequency of 1-100 Hz. The adhesion strength of the DAH
was measured by a lap-shear testing method on the Mark-10 tensile
testing machine. The DAH was adhered between various substrates
with an adhesion area of 20 mm x 20 mm. A dropping ball test
(steel ball diameter 22 mm, dropping height 25 cm) was used to test
the energy dissipation ability of the DAH, an accelerometer (WT-
VB01-485, WitMotion Shenzhen Co., Ltd) was placed under the
damping material to measure dampened shock energy. The ECG
test was performed on a heart and brain SpikerBox device
(Backyard Brains). The EMG signals were acquired by using a
recording toolkit (Muscle SpikerShield Pro). The EEG test was
conducted on a biomedical signal acquisition system. Different
extent of vibration was applied during the EMG and ECG tests by
attaching a commercial vibrator (RISYM, WEIXIN electronics) to
the skin at varying distances to the electrodes.

Electronic Supplementary Material: Supplementary material
(dynamic mechanical analysis of the BSA hydrogel, stress—strain
curves of the BSA hydrogel and DAH electrode, schematic
illustration of the lap shear test, weight change plot of the DAH
electrode during storage, design layout and photograph of the
liquid metal-based strain sensor, schematic diagram to test the
vibration damping effect of the DAH electrode, EMG signals of
different finger’s tiny bending actions captured by DAH electrode,
and amplitude of different finger’s bending generated EMG signals)
is available in the online version of this article at https://doi.org/
10.26599/NR.2026.94908565.
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