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ABSTRACT: Electrophysiological sensors (electrodes) are used to collect complex
electrophysiological signals, providing extensive information about the body’s
condition. Reliable signal acquisition necessitates stable skin−electrode interfaces to
prevent adverse effects arising from interface variations. Although the incorporation
of conductive adhesive layers can improve the stability of these interfaces, in array
electrodes, the layer may also cause short circuits and signal crosstalk. Here, we
propose a general strategy for patterning the adhesive layer of array electrodes based
on electrochemically grafted adhesive polymers (EGAPs). Utilizing the conductivity
differences between the sensing sites and the substrate material of flexible electrodes,
spatial selective loading of adhesive and ionically conductive polymers can be
achieved through in situ electrochemical reactions, thus realizing spontaneous
patterning. This EGAP-based method allows for a rapid and selective electrode
surface modification in just two steps. Furthermore, array electrodes with EGAP
acquired stable electrophysiological signals while improving the stability of the skin−electrode interface and the quality of signal
collected and effectively avoided signal crosstalk between arrayed sensing sites.

1. INTRODUCTION
Facing the significant challenge of global population aging and
the urgent pursuit of healthy living, it is crucial to develop
decentralized and personalized healthcare systems beyond
traditional medicine. The realization of this goal relies on the
development of portable, wearable healthcare devices based on
flexible sensors.1,2 In recent years, scientists have developed a
variety of flexible sensors for detecting various physiological
signals, including strain sensors (for detecting pulse, heartbeat,
respiration, etc.),3,4 temperature sensors,5,6 optical sensors (for
detecting blood pressure, etc.),7,8 chemical sensors,9,10 and
electrophysiological sensors.11−13 These sensors and flexible
devices have different requirements for the skin−sensor
interfaces.14,15

Among them, electrophysiological sensors (electrodes) are
particularly special. They are used to collect complex
electrophysiological signals, providing detailed and specific
information about the biosystem, thus playing an important
role in medical research, disease diagnosis, and human−
machine interactions.16−18 The complexity and richness of
these signals impose higher demands on the skin−electrode
interfaces: they must maintain intimate contact to avoid
adverse effects caused by interface instability (e.g., gaps due to
skin texture or interface detachment caused by bioliquids),
which can lead to noise and signal loss.19 To address this issue,
conductive adhesive layers are usually introduced at the skin−
electrode interfaces to establish intimate and stable signal
transmission interfaces, such as adhesive hydrogels and
polymers.20−23

With the increasing demand for electrode functionalization,
patterned electrodes have garnered more attention.24,25 For
example, breathable electrodes are suitable for long-term
monitoring, preventing sweat accumulation and enhancing
long-term wearing comfortability.26−28 Array electrodes not
only provide abundant physiological information in electro-
physiological monitoring but also can be combined with
machine learning for human−machine interactions.18,29−33

However, introducing continuous conductive adhesive layers
to such patterned electrodes might hinder their functions, i.e.,
reducing the breathability by blocking the pores, or leading to
short circuits between different subelectrodes and causing
signal crosstalk in array electrodes.
Facing this problem of array electrodes, there were limited

studies that provided certain solutions. Simply using tape or
other adhesive materials to wrap the electrodes to the skin
from the outside may not provide a secure fixation, especially
when the skin undergoes significant deformations.18,34 Thus, in
a report, a gel to enhance the interfacial contact with the skin
was manually added by dropping it on the surface of each
sensing site of the array electrodes, which may not work well
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facing high-density and small-sized array electrodes.35 It has
also been reported that the modulation of adhesive layer
conductivity could prevent the signal from attenuating at low
conductivity and short-circuiting at high conductivity, which
required optimization for different adhesive layers and was not
a general method.36 Although these methods allowed for
electrode adhesion, they also had their limitations, especially
from the perspective of convenience and universality. To solve
this issue, it is necessary to find a simple method that can
autonomously and selectively load adhesive layers.
In previous studies, fixed potential (FP) and cyclic

voltammetry (CV) have been used for electrochemically
controlled polymerization and grafting reactions at conductive
surfaces.37−40 Combined with the significant conductivity
differences between the sensing sites and substrate materials
of flexible electrodes, a theoretical basis for selective loading of
the polymer adhesive layer is provided. Herein, spatial selective
grafting of adhesive and ionic conductive polymers at the
electrode sensing sites was achieved via controlled electro-
chemical polymerization. This method, based on electrochemi-
cally grafted adhesive polymers (EGAPs), required only two
steps for swift and patterned adhesive layer loading. In EGAP,
the butyl acrylate (BA) monomers provided adhesiveness,
while the copolymerized ionic groups containing polymers
provided sufficient conductivity. Array electrodes with EGAP
demonstrated enhanced stability of the skin−electrode
interfaces and were used to collect electrophysiological signals.
They met the requirements for conforming to the human skin,
providing adhesiveness and reusability, exhibiting skin
interfacial impedance comparable to that of commercial gel
electrodes, and effectively preventing signal crosstalk and short
circuits. Our method is universal and facile for electro-
physiological sensors. Employing this approach as a
modification technique holds significant importance in
reducing the cost and enhancing the performance of wearable
health monitoring devices.

2. EXPERIMENTAL SECTION
2.1. Electrochemical Reaction Setup. As shown in

Figure S1a, all reactions were carried out in a three-electrode
electrochemical electrolytic cell. The working electrodes
(WEs) were Cu sheets (99.9999% purity), Ti sheets (99.5%
purity), or array electrodes (35 μm thick copper on polyimide
(PI) film with desired patterns, customized from a PCB
manufacturer: the substrate material for the electrodes was 100
μm thick PI films, a thin layer of copper (hundreds of
nanometers, the manufacturer would not like to disclose the
exact value) was first coated on the PI by thermal evaporation
with masks of desired patterns, thus the array patterns were
constructed. Then, the copper layer was thickened using
electroplating to 35 μm, which would only deposit on the
surface of the patterned copper surface). The counter electrode
(CE) was a Pt wire electrode (purity of ≥99.99%). The
reference electrode (RE) was a Ag/AgCl electrode.
2.2. Preparation of Electrolyte. In each case, all steps of

solution formulation were performed in an electrolytic cell with
a closed lid and inlet and outlet gas lines. N,N-Dimethylfor-
mamide (DMF, Ourchem) saturated with potassium chloride
(KCl, Adamas) was used as the solvent. 0.1 mol/L of 1-ethyl-3-
methylimidazolium tetrafluoroborate (ILB, Adamas, GR, 99%)
or 1-ethyl-3-methylimidazolium bis(trifluorompropyl
sulfonyl)imide (ILN, Adamas, GR, >99%) was added to
provide ionic conductivity of the electrolyte. BA (J&K

Sc ien t ific) and 1-buty l -3 -v iny l imidazo l ium bi s -
((trifluorompropyl)sulfonyl)imide (M4, Adamas, GR, 99%)
were added as monomers, and the total volume of monomers
accounted for 50% of the total volume (50% vol) of the
solution. Before the electrochemical reaction, the initiator was
added to the mixed solution, with 4-bromobenzenediazonium
tetrafluoroborate (BBD, Aladdin, AR, >97%) or 4-nitro-
benzenediazonium tetrafluoroborate (NBD, Aladdin, BR,
≥98.0%) as initiators (Figure S1b). After solution preparation,
oxygen was expelled by continuously purging N2 through the
cell (20 min), and then the gas lines were sealed to maintain a
nitrogen environment in the cell. See the Supporting
Information for detailed chemical selections (Table S1, Figures
S2 and S3).
2.3. EGAP Modification on Electrodes. Electrochemical

reactions were performed using an electrochemical workstation
(model DH7000C, Donghua). Prescan (scan rate 0.1 V/s, vs
RE) was performed under a nitrogen atmosphere to obtain the
initiator’s initiation characteristics and electrochemical curves
(Figure S4). Based on the electrochemical curves, the range of
reduction peak positions was determined, for which multiple
cycles of low-rate scanning (scan rate 0.01 V/s, vs RE) were
performed, and then, a suitable potential (corresponding to the
position at which the reduction peaks ended) was selected for
fixed potential (2 h, vs RE). At the end of the experiment, the
working electrode was taken out, and the surface was rinsed
(with ethanol or immersion) and dried to obtain the metal or
array electrodes with EGAP. Generally, the process of EGAP
modification of electrodes would about 3 h. First, it took about
10 min to prepare the electrolyte and set up the electro-
chemical device. Next, the creation of an inert atmosphere took
20 min. Then, cyclic voltammetry (CV cycling) would last for
15−30 min. The following process of fixing the reduction
potential cost 2 h.
2.4. Copolymerization of Ionic Liquids and BA. In a

sealed bottle, using DMF as the solvent, ionic liquids M1−M4
and BA were added in a molar ratio of 1:1. Trace amounts of
AIBN were added as initiator, and the closed bottle was vented
with nitrogen to exclude oxygen and stirred overnight at 60 °C.
The product was then precipitated by ethyl ether. The
resulting product was washed with ethyl ether and dried in a
vacuum oven at 60 °C for 1 day to obtain the copolymer. The
resulting polymers were uniformly coated with poly-
(dimethylsiloxane) (PDMS) for shear testing.
2.5. Morphology Characterization. For array electrodes

with EGAP, the microscopic morphology of the adhesive layer
on the metal surface was observed by using an optical
microscope (model NI-SS, Nikon) and a scanning electron
microscope (SEM, ZEISS G500).
2.6. Measurement of Mechanical and Electrical

Properties. The mechanical properties were tested by a
universal material testing machine (model YH-9002, Yuhong
Optoelectronics) in tensile mode. Shear tests were conducted
with EGAP-modified metal (Cu/Ti) bonded to PDMS at a
shear rate of 60 mm/min. The impedance on the skin was
measured by an electrochemical workstation (DH7000C,
Donghua) with a range from 10 Hz to 10 kHz and an
amplitude of 0.2 V RMS. The measurements were carried out
by array electrodes with EGAP with a center distance of 1.6 cm
between the two subelectrodes, and each subelectrode had a
skin contact area of 0.2 cm2. Commercial gel electrodes were
also tested for comparison.
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2.7. Recording of Electrophysiological Signals. The
electrocardiogram (ECG) and electromyogram (EMG) signals
were recorded with the Backyard Brains Spiker Box with three
electrodes. Two signal-collecting electrodes were affixed to the
human chest to detect ECG signals, and a reference electrode
was affixed to the abdomen. Two signal-collecting electrodes
were affixed to the forearm to detect EMG signals, and a
reference electrode was affixed to the back of the hand on the
same arm. Commercial gel electrodes or array electrodes
modified by different methods were used.

3. RESULTS AND DISCUSSION
3.1. Design and Principle of EGAP. The sensing sites in

flexible electrodes are mainly metals and carbon materials,
which are conductive and can collect current. The electrode
substrate materials are generally PI, PDMS, polyethylene
terephthalate (PET), etc., which cannot conduct electrons.
There is an obvious difference in conductivity between the two
surfaces, providing the possibility to spatially selectively pattern
the adhesive layer by electrochemical reactions. As shown in
Figure 1a, using phenyl diazonium salt as an initiator, phenyl
radicals could be generated by electrochemical reduction on
the surface of the cathode. The radicals, on the one hand,
could trigger the polymerization of adhesive and conductive
monomers and, on the other hand, could bond onto metal
surfaces to form grafted polymer chains. Chain entanglements
would occur between the grafted polymer chains and chains
polymerized in solution, which will make the grafted layer grow
into an EGAP adhesive layer. Due to the high reactivity of the
radicals, they could hardly diffuse to a long distance, so the
grafting and polymerization could only occur near the

conductive region of the electrode (within a nano-micrometers
range), which can spontaneously realize the spatial selective
patterning of the adhesive layer on the array electrode (Figure
1b). At the same time, the expected thickness (micrometers) of
this adhesive layer will not affect the flexibility of the electrode
itself.
The entire EGAP modification process required only two

steps for patterning. The first step was CV cycles (Figure 1c),
in which the phenyl radicals would bond with metal, and at the
same time, the radicals would create initiation sites on the
grafted groups by taking hydrogen atoms. A nanometer-thin
layer of dendrite polymers was then grafted on the metal
surface.40,41 For this step, a prescan was performed to locate
the potential range where the reduction peaks appeared (the
reduction peaks corresponded to the reaction of phenyl radical
production by phenyl diazonium salt reduction) before cycle 1
was performed. Then, low-rate CV cycles were carried out in
the selected voltage range. In the latter cycles, the reduction
peaks shifted to lower-voltage regions, which was caused by
increased resistance from the grafted polymers. The second
step is FP (Figure 1d), where the voltage at the end of the
reduction peak in the last CV cycle (cycle 10) was chosen as
the fixed reduction potential. In this step, the major reaction
was the polymerization of the monomers in solution near the
cathode. With a longer FP time, the current showed a
decreasing trend, indicating an increased resistance caused by
the grown polymers on the cathode surfaces. During FP
polymerization, chain entanglement between the polymers in
solution and the grafted chains led to a significantly increased
thickness of the grafted polymer layer. With these two simple

Figure 1. Schematic diagram and steps of EGAP modification. (a) Step 1: The phenyl radicals obtained by electrochemical reduction can react with
metal and initiate the polymerization of monomers to generate grafted thin polymer layers. Step 2: The phenyl radicals initiate polymerization in
the solution. The entanglement between grafted chains and free polymers enables the growth of the thicker adhesive layer. (b) Sensing sites of
flexible electrodes have different electrical conductivities from that of the substrate. EGAP can be selectively loaded onto the sensing sites of the
electrodes. (c) CV cycles and (d) fixed potential (FP) are the two steps of EGAP modification. During the first step, CV cycles, phenyl radicals are
more involved in surface grafting to form a grafted layer. During the second step, FP, more polymers are generated and entangle with the grafted
chains.
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steps, micrometer-thick EGAP could be spatially selectively
loaded on conductive sensing sites of array electrodes.
In the EGAPs, BA in the polymer chain acted as the

backbone to provide adhesion; monomers containing ionic
groups were copolymerized to provide ionic conductivity,
making the layer suitable for signal transmission. EGAP
improved the stability of the skin−electrode interfaces while
ensuring signal acquisition quality. By optimization of the two-
step electrochemical reaction conditions as well as the selected
initiators, a balance between polymer chain growth and surface
grafting could be achieved to enhance the quality of the
adhesive layer. At the same time, after optimization of the
monomer compositions, the skin interfacial impedance was
lowered for electrophysiological signal acquisition with the
priority of adhesion. Ultimately, the spontaneous patterning
improved the adhesion of the array electrodes, while avoiding
interference between different electrodes.
3.2. Loading of EGAP on Metals. The effective loading of

EGAP could only be achieved when both steps had been
involved, and the possible mechanism was speculated. Cu
sheets, commonly used metals in electronics and sensors, were
first tested for EGAP modification. For electrochemical
reactions, three different procedures were conducted: (1) CV
cycles only (CV), (2) fixed potential only (FP), and (3) CV
cycles and fixed potential (CV + FP). As shown in Figure S5
and Supporting Video 1, the Cu sheet modified by CV had
only a thin grafted layer on the surface exhibiting poor

adhesion. The Cu sheet modified by FP hardly had a grafted
layer; the polymer layer was shed in solution. The shape of this
polymer layer confirmed that the highly active radicals could
hardly diffuse over a long distance to initiate polymerization,
which was the basis for spontaneous spatial selectivity. The Cu
sheet modified by CV + FP had a clear adhesive layer on the
surface. Similar results were achieved when using biocompat-
ible Ti as substrate (Figures S6 and 2b). The above results
indicated that the CV cycles were responsible for EGAP
grafting, while FP triggered the growth of EGAP. Both steps
were necessary for EGAP loading.
Possible mechanisms for the two steps were proposed

(Figure 2a). During electrochemical reactions, double layers
formed on the electrode surfaces. Here we focus on working
electrodes, which were expected to be the cathode for EGAP
modification. When FP was performed, the double layer was
relatively static. Inactive cations competed with initiator
cations to occupy the metal surface bilayer and might block
most reactive sites (the molar ratio of inactive cation to
initiator was approximately 1.35 in our case), which led to less
involvement of diazonium radicals in surface grafting, and
more polymerization occurred in the solution around the
cathode. With little entanglement from grafted chains, the
polymer can be dislodged in solution only eventually. While
performing CV, the electrode flip occurred between every
cycle, and the bilayer was relatively dynamic. More diazonium
radicals could be adsorbed to the metal surface and participate

Figure 2. Loading of EGAP onto metal and array electrodes. (a) Possible mechanisms in the CV and FP steps. (b) Shear adhesion strength
between PDMS and Cu/Ti sheets modified by CV, FP, and CV + FP. (c) Array electrode with EGAP and its microscopic morphology. (d) Skin
interfacial impedance of EGAP-modified array electrode with different monomer (BA) contents in solution (10/20/30/40/50% vol). (e) Skin
interfacial impedance of EGAP-modified array electrodes with different FP times (0/1/2/3/4 h). The distance between the arrayed electrode pairs
used for measurement was 1.2 cm, and the contact area between the arrayed electrodes and the skin was approximately 0.2 cm2 per electrode.
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in the grafting process, and a thin polymer layer with sufficient
chains for entanglement was grown on the metal surface. In the
2-step modification, CV and FP were performed successively,
and both surface grafting and molecular polymerization
occurred. The presence of chain entanglements, in turn,
allowed the grafted layer and the polymer layer to establish a
linkage, realizing the effective loading of the adhesive layer.
It was also found that the EGAP modification had to be

carried out in a sealed container to avoid quenching of radicals
by O2. The surface of the Cu sheet obtained by using EGAP
modification in the open air was smooth, and no adhesive layer
was obtained (Figure S7). The versatility of the method of
metal modification using EGAP has enabled the effective
loading of the adhesive layer on other metals, such as the
highly biocompatible metal Ti. Under similar electrochemical
conditions, the same loading results as those of Cu sheets were
obtained for Ti (Figure S6).
To obtain stable electrophysiological signals, robust

adhesion of the adhesive layer between the skin and the
electrode is essential. To verify this, we performed shear tests
using Cu sheets modified with EGAP. They were pressed
together with skin-mimetic PDMS to assess the adhesion of
EGAP. As shown in Figure 2b, the shear strength of the
adhesive layer obtained from the Cu sheet modified by CV +
FP is around 3 kPa, which satisfied the need for the electrodes
to adhere to the skin. As discussed above, the Cu sheets

modified by CV or FP were not adhesive and not able to be
tested for a value. Meanwhile, EGAP-modified Ti sheets gave
out the same results. The shear strength of the adhesive layer
obtained from the Ti sheet modified with CV + FP was around
5.2 kPa. By the modification of these two metals, it was
confirmed that the EGAP modification of the metals could
provide an adhesive layer for on-skin electrodes.
3.3. Loading of EGAP on Array Electrodes and

Impedance Optimization. Based on the conditions of
metals, EGAP modification of array electrodes was carried
out to achieve the patterning of the adhesive layers. Under
scanning electron microscopy (SEM), it could be observed
that the adhesive layer obtained by EGAP modification was
grown only on the conductive region of the array electrode,
and not on the flexible substrate PI. The adhesive layer had a
thickness on the order of 10 μm (Figure 2c), and only
exceeded the boundary of electrodes for less than 20 μm,
indicating that this method was capable of patterning on dense
patterns with high resolution and hundreds or even tens of
micrometers gaps.
With other conditions constant, the array electrodes were

modified with EGAP by modulating the time of fixation
potential (0/1/2/3/4 h) and the content of the monomer
(BA) in solution (10/20/30/40/50% vol). Skin interface
impedance is essential for the detection of electrophysiological
signals at the body surface; thus, it was characterized to select

Figure 3. (a) Chemical structures of four vinyl-based ionic liquids (M1/M2/M3/M4). (b) Adhesion of the products after bulk polymerization of
the four ionic liquids with BA (molar ratio 1:1). (c) Skin interfacial impedance of EGAP-modified array electrodes with different volume ratios of
BA to M4, M (1:0), M (1:1), and M (1:2). The distance between the arrayed electrode pairs used for measurement was 1.2 cm, and the contact
area between the arrayed electrodes and the skin was approximately 0.2 cm2 per electrode. (d) Adhesion of EGAP-modified Cu sheets with
different volume ratios of BA to M4, M (1:0), M (1:1), M (1:2).
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the optimized condition. The lower the skin interfacial
impedance, the better the contact between the skin and the
electrodes and the better the accuracy of detection for
electrophysiological signals. As shown in Figure 2d,e, it can
be found that the lowest skin interfacial impedance
corresponds to the following conditions: the time of fixation
potential is 2 h, and the content of the monomer in the
solution is 50% vol.
Even under optimal conditions, the skin interfacial

impedance of the array electrodes modified by EGAP was
much higher than that of commercially available gel electrodes
(its impedance at 10 Hz was about 1 MΩ, and each electrode
had a contact area of 0.785 cm2 with the skin). This was due to
the poor conductivity of the adhesive layer obtained with only
BA as the monomer. Therefore, to solve this problem and
reduce the skin interface impedance, ionic groups were
introduced to the adhesive layer to establish ionic conductive
channels between the electrode and the human skin to
enhance the signaling ability. Four vinyl-based ionic liquids
(M1/M2/M3/M4) were tested (Figure 3a). They were first
thermally copolymerized with BA to compare the adhesiveness
of the copolymers. The shear test results (Figure 3b) showed
that the shear strength of M4 + BA was around 13.8 kPa,

which had the best adhesion, and thus, M4 was selected as the
ionic monomer to be introduced into the adhesive layer.
With the total content of the two monomers in the solution

remaining at 50% vol of the electrolyte, the volume ratio of BA
to M4 was varied to be M (1:0)/M (1:1)/M (1:2), where M
(1:0) denotes that only BA was used as the monomer. Array
electrodes were modified with EGAP using these monomer
ratios, and their skin interfacial impedance was characterized.
As shown in Figure 3c, the skin interfacial impedance of the
array electrodes with EGAP of M (1:1) and M (1:2) was
significantly reduced, which substantially enhanced the signal-
ing ability. The array electrodes with EGAP of M (1:2) had an
impedance comparable to that of commercial gel electrodes
over a wide frequency range.
EGAP-modified Cu sheets were fabricated to test the

adhesion of the above layers. As shown in Figure 3d, the
adhesion of the Cu sheet with EGAP containing M4 had
decreased a little compared to that of pure BA ones but did not
exhibit an obvious difference. Therefore, the monomer ratio
was chosen based on the skin interfacial impedance. Array
electrodes with EGAP of M (1:2) were used for the detection
of electrophysiological signals. The short circuit was also
simulated by attaching a layer of commercial gels to the array
covering multiple electrodes (Figure S8). The significantly

Figure 4. Electrophysiological detection by EGAP-modified array electrodes. (a) Illustration of the array position and electrode connection during
the ECG test at the human chest. (b) ECG recorded by array electrodes under different conditions. (c) Illustration of the array position and
electrode connection during the EMG test on the forearm using a grip. (d) EMG recorded by array electrodes under different conditions. The four
signals in ECG and EMG correspond to array electrodes under the conditions (1) covered with adhesive tape externally for immobilization, (2)
commercial gel dotted on the sensing sites of the electrodes, (3) EGAP-modified, and (4) fully coated with commercial gel, respectively.
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decreased impedance reflected the short circuit between
different electrodes, which would lead to signal crosstalk. As
a comparison, EGAP could be spatially selectively patterned on
the sensing sites of array electrodes and effectively avoid signal
crosstalk.
3.4. Electrophysiological Detection by Array Electro-

des with EGAP. Electrocardiogram (ECG) reflects the
activity of the human heart and is one of the most important
electrophysiological signals. Array electrodes were attached to
a human chest to collect ECG signals under different
conditions. The attachment position and electrode connection
are shown in Figure 4a. The ECG signals were collected
continuously using (1) array electrodes fixed externally with
tape, (2) array electrodes with commercial gel dots applied on
the sensing sites, (3) array electrodes modified with EGAP,
and (4) array electrodes fully coated with commercial gel for
comparison. The array electrodes without modification could
not intimately contact the chest and were highly susceptible to
falling off and failing to acquire signals. As shown in Figure 4b,
even if the electrodes were fixed with adhesive tape from the
outside of the electrodes, the rise and fall of the chest during
the measurement will cause the electrodes to loosen and signal
drift. The ECG signals obtained from the array electrodes with
EGAP were consistent with those with commercial gel dotted
on the electrodes. The noise of the former signal in the
baseline was lower than the latter one as the commercial gel
had lower viscosity for the convenience of coating but also
lower adhesion. The manual dapping of the gel would be time-
consuming and laborious when used on a large scale.
Moreover, during the process of dispensing gels and trans-
ferring electrodes, the gels on neighboring subelectrodes tend
to connect, leading to short circuits between electrodes as well
as signal interferences, as simulated here in case (4). The
flexible nature of the PI-based array electrode guaranteed its
function during and after deformation. The tiny resistance
changes during bending (Figure S9a) ensured reliable signal
acquisition on curved chest or arms. The EGAP modification
would not be affected by the deformation of the electrodes. As
shown in Figure S9b, the array electrodes still functioned well
to collect stable and accurate ECG signals after 10 bending
cycles.
In addition, array electrodes with EGAP could be used for

stable collection of other electrophysiological signals, such as
electromyography (EMG), for which the signal-to-noise ratio
(SNR) could be calculated more easily for quantitative
comparison. The same array electrode conditions (1), (2),
(3), and (4) were used on forearms to collect EMG signals
(Figures 4c and S10). Similar results to those for ECG were
obtained (Figure 4d). The signal of the electrodes with tape
deteriorated during muscle deformation, with an SNR of only
5.93 dB for even the initial stable section. The array electrodes
coated with commercial gel dots corresponded to an SNR of
11.01 dB, and the array electrodes modified with EGAP
corresponded to an SNR of 11.69 dB. These values further
confirmed that the performance of the EGAP was comparable
to that of the commercially available gels. In both ECG
detection and EMG detection, the EGAP-modified array
electrodes obtained stable electrophysiological signals and
effectively avoided short circuits between electrodes as well as
signal interferences, benefiting from the spontaneous pattern-
ing of EGAP on array electrodes.
The adhesive layers of the array electrodes with EGAP were

stable and would not be affected by long-term storage or

repeated usage. The array electrodes with EGAP stored for 3
months remained intact (Figure S11b), and ECG signals could
still be acquired stably and accurately (Figure S12). In
addition, after multiple testing with repeated attaching and
detaching the electrodes from skin, the adhesive layer was
retained on the surface of the electrodes and could still support
stable ECG detections (Figures S11c and S13). Even if the
adhesive layer might fail when accidentally damaged, the
electrode surfaces could be easily regenerated by gentle
cleaning (Supporting Video 2) and reloading of the adhesive
layer after a second modification. The second modification
resulted in an adhesive layer that was identical to that of the
first modification (Figure S11d) and was also capable of stable
and accurate ECG signal acquisition (Figure S14). These
samples were fabricated from different patches, indicating good
reproducibility of the patterning process.

4. CONCLUSIONS
In summary, a general method for patterning the adhesive layer
on array electrodes based on electrochemically grafted
polymers was demonstrated. This method required only two
steps for the fast and selective modification of electrodes: CV
cycles for grafting polymer chains on conductive surfaces, FP
for polymerizing monomers around the conductive sites; the
entanglement between surface grafted chains with polymers in
solution resulted in the micrometer-thick EGAP layer. By
controlling the electrochemical reaction conditions, initiators,
and monomers, we optimized the adhesion and ionic
conductivity of EGAP were optimized. EGAP-modified array
electrodes had improved adhesion with skin interfacial
impedance comparable to that of commercial gel electrodes.
The ECG and EMG collected by them also exhibited qualities
comparable to those of commercial gels and avoided signal
crosstalk. This method also showed some versatility, as it
applied to both the commonly used metal Cu and the highly
biocompatible metal Ti. For wearable electrophysiological
sensors, our method enables the spontaneous patterning of
adhesive layers on arrayed electrodes and can be reused, which
is promising for reducing the cost and improving the
performance of flexible electrodes. In the future, its application
is expected to expand to more complex electrode systems, such
as stretchable ones, microelectrode arrays, and breathable
electrodes, as a universal patterning strategy.
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