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Strenuous exercise-tolerance stretchable dry electrodes for
continuous multi-channel electrophysiological monitoring
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Electrophysiological monitoring under strenuous exercise by using stretchable dry electrodes is vital for healthcare monitoring,
prosthetic control, human—machine interfaces and other biomedical applications. However, the existing dry electrodes are not
applicable to the strenuous exercise situation that always involves both fast moving and profuse sweating. Herein, we present a
nano-thick porous stretchable dry electrode system with high stretchability and water permeability. The system attaches
conformably to the skin and stretches with it under Van der Waals forces even at sweating conditions, allowing the detection of
electromyogram when moving with an acceleration of 10 g at a sweating rate of 2.8 mgcm—2min~". It is also capable of acquiring
electrocardiogram and electroencephalogram signals. The strategy proposed would enable the biomedical studies and related
applications with the requirement of stably recording electrophysiological signals under strenuous exercise scenarios.
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INTRODUCTION

Human physiological activities are accompanied by a variety of
electrical signals known as electrophysiological signals (EP), such
as electromyogram (EMG), electrocardiogram (ECG), and electro-
encephalogram (EEG)'~3. Daily monitoring of these signals has
drawn a great deal of attention as it has important applications in
the fields of healthcare monitoring*®, prosthetic control®, and
human—machine interfaces®'®, These biomedical applications
inevitably involve strenuous exercise, which will cause the skin
to undergo violent disturbance and sweat, bringing challenge to
the stable acquisition of EP signals.

The commonly used electrodes for EP signal monitoring during
sports include gel electrodes and dry electrodes'''2. As dehydra-
tion and skin irritation occur after the long-term use of gel
electrodes'>'®, dry electrodes have emerged as promising
alternatives. Many efforts have been devoted to improving the
performance of dry electrodes in case of exercise and sweating
respectively’>=23. a. For exercising purpose, ultrathin electrodes,
microstructured electrodes, and in-situ formed electrodes with
improved anti-motion artifact performance have been demon-
strated by enhancing electrode—skin adhesion?*-%°, Takao Some-
ya's group fabricated sub-300nm dry thin-film electrodes to
realize motion artifact-less monitoring of EP signals with skin
vibrations of up to 15 um, as the electrodes were self-adhesive
and conformable to complex 3D biological surfaces3°. Seokwoo
Jeon'’s group combined a gecko-inspired microstructure with a dry
electrode to increase the adhesive force with skin, thereby
measuring biosignals during wrist curl, squat, and writing®'. In
addition, the in-situ formed electrode on the skin was realized by
Cunjiang Yu’s group, which could work normally under stretch-
ing®%. b. For application in sweating situation, porosity was
introduced to improve the water vapor permeability of the

electrode. Porous film3373°, leather3®, textile3’, and electro
spinning mat>®3° have been used as substrates to fabricate gas
permeable electrodes. However, the existing dry electrodes are
not applicable to the strenuous exercise situation that always
involves both fast moving and profuse sweating (Supplementary
Table 1). Therefore, it is still desired to develop a dry electrode
system with both good strenuous moving-tolerance and anti-
perspiration to monitor physiological electrical signals in actual
scenes.

When doing strenuous exercise, human skin would undergo
dynamic movement (acceleration, deceleration, stretching, and
vibration) and sweating. To achieve stable monitoring of EP
signals, the electrode should form a stable interface with the
skin®®. Thus, the desired electrode should adhere well to the skin
and stretch with it during body movement. Furthermore, the
accumulation of sweat between the electrode and the skin will not
only induce discomfort and even skin inflammation but also has
an influence on the stability of the electrode—skin interface. As a
result, high porosity should also be concerned when designing
such electrodes.

Herein, we report a porous nano-thick stretchable dry electrode
system to reliably monitor EP signals under strenuous exercise.
The porous nano-thick stretchable film is prepared by a one-step
method based on Marangoni effect. It shows stretchability of
120% and permeability of 253 gm~2h~", offering skin comfort
even under vigorous sweating conditions. The acceleration and
sweating rate of limbs are used to evaluate the electrode’s
performance. The electrode can detect EMG signals when the
subject swings his arm with an acceleration of 10 g at a sweating
rate of 2.8 mgcm~2min~'. Furthermore, ECG and EEG signals are
also acquired when the subject sweats at a rate of
32mgcm2min~' and 2.6mgcm 2min~! respectively. The
electrode array with proper wire bonding design is successfully
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fabricated to monitor multi-channel EMG continuously. Thus, the
proposed strategy will undoubtedly promote the development of
high-performance dry electrodes for biomedical applications and
enables the biomedical studies and related applications with the
requirement of stably recording electrophysiological signals under
strenuous exercise scenarios.

RESULTS AND DISCUSSION

Strategy to fabricate the ultrathin porous electrode

The porous 200 nm-thick stretchable electrode with good
strenuous exercise-tolerance and anti-perspiration properties
(Fig. 1a) was fabricated by magnetron sputtering a layer of gold
on a porous ultrathin stretchable film. As shown in Fig. 1b, the
ultrathin porous stretchable film was achieved through a one-step
method. By dropping polystyrene-block-poly(ethylene-ran-buty-
lene)-block-polystyrene (SEBS) solution on the surface of water, an
ultrathin layer of SEBS solution was formed due to its lower
surface tension than water. As toluene evaporated, the concen-
tration of SEBS increased, leading to the decrease of its surface
tension and increase of its viscosity (Supplementary Fig. 1).
According to the Marangoni effect*’#2, the transport of SEBS
solution arising from the change of its surface tension would
induce the formation of pores on the film, while the increase of its
viscosity would restrict its flowing and limit pore increase. After
the toluene was completely evaporated, an ultrathin porous film
was achieved. The proposed method involves no equipment and
takes less than 30 s to obtain the ultrathin porous stretchable film.
To the best of our knowledge, the obtained electrode exhibits the
highest stretchability for nano-thick electrode (Fig. 1c) and the
best strenuous exercise-tolerance and anti-perspiration perfor-
mances among those reported in the literature (Fig. 1d).

Anti-perspiration

Acceleration: 10 g
Speed: 6 km h

Strenuous exercise-tolerance

Components of the electrode system

The electrode with strenuous exercise-tolerance consists of a
stable electrode—skin interface and a stable electrode—con-
necter interface. As shown in Fig. 2a, the electrodes with
thicknesses of 200 nm and 5 um adhere conformably to the skin
under Van der Waals forces. Generally, the force used to stretch
electrode increases with the electrode thickness, (Fig. 2b),
causing different changes of electrode—skin interfaces upon
dynamically stretching the skin from 0 to 14% for 100 cycles.
Specifically, the adhering force between the 200 nm-thick
electrode and the skin is 1.28 +0.08 cm~—2, which is comparable
with other dry electrodes reported earlier®'#3=4¢, (Supplemen-
tary Table 2) Applying such force, the ultrathin electrode will
stretch with the skin and the skin texture is well kept after the
stretching process. While for the 5 um-thick electrode, the higher
stretching force drives it to slip from the skin during the process,
with bubbles appearing between the electrode and the skin. For
this basis, the baseline of EMG signals collected by the 200 nm-
thick electrode shows higher stability than those by the thicker
electrodes (Fig. 2c). To monitor physiological electrical signals,
the ultrathin porous stretchable electrode should to be
connected with signal acquisition equipment. As shown in
Fig. 2d, flexible conductive medical dressing is used as transition
material to connect the ultra-flexible and stretchable electrode
with stiff equipment because of its flexibility and breathability.
The conductive medical dressing connected with a flexible
printed circuit board through anisotropic conductive films is
attached to the skin firstly, and then the ultrathin flexible
electrode connects the skin and the conductive medical dressing
through Van der Waals forces (Fig. 2e). These two stable
interfaces guarantee the sensing capability of the electrode
during strenuous exercise.
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Fig. 1 Features and superiorities of the electrode. a Schematic illustration showing the ultrathin porous stretchable electrode with good
strenuous exercise-tolerance and anti-perspiration properties. b Fabrication process of the ultrathin porous stretchable film depending on the
Marangoni effect. ¢ Thickness, permeability, and stretchability comparison between the electrodes reported in the literature and the one in
this work. d Comparison of the strenuous exercise-tolerance and anti-perspiration between the electrodes reported in the literature and the

one in this work.
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when the electrode—skin interfaces were stretched for electrodes with different thicknesses. d Connection of the electrode with the signal

acquisition equipment. Scale bar: 2 cm. e Schematic illustration showing
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board, ACF anisotropic conductive films, CMD conductive medical dressing.

Fabrication of the nano-thick porous stretchable film

The formation of SEBS-based ultrathin porous stretchable film can
be divided into two stages: the spread of SEBS solutions on the
surface of water and the evaporation of toluene to form porous
SEBS film. During the process, three factors, including surface
tension of water, concentration of SEBS, and evaporation rate of
toluene, may affect the fabrication of ultrathin porous film. The
surface tension of water could affect the spread of SEBS solution
on its surface. By adjusting the concentration of NaCl in water,
water with different surface tensions is obtained (Supplementary
Fig. 2). Supplementary Fig. 3a and b shows uneven spread of SEBS
solution and inhomogeneous thickness of the formed SEBS film
(an error bar of 389.7 nm) under low surface tension of water
(deionized water). With the increase of surface tension of water,
even spread of SEBS solution is gradually observed on water
surface, with the thickness of SEBS film being decreased and more
homogenous (an error bar of 21 nm) (Supplementary Fig. 3c-f).
When the concentration of NaCl becomes higher than 5 wt%, no
obvious variation is observed for the spread area of SEBS solution
and the thickness of SEBS film. Consequently, the NaCl solution
with a concentration of 5 wt% was adopted to fabricate the SEBS-
based ultrathin porous film.

The higher the concentration of SEBS, the higher the viscosity of
SEBS solution. As shown in Fig. 3a, the spread area decreases
accordingly with the increasing concentration of SEBS solution,
resulting in thickness increase of SEBS film. The thicknesses of
SEBS films vary from 22 to 790 nm as the concentrations of SEBS
increase from 1 to 11 wt%, which also reflected by the structure
colors in Supplementary Fig. 4. For SEBS films that thickness less
than 100 nm, the mechanical properties were too poor to achieve
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freestanding film. The freestanding thinnest SEBS film could be
achieved by this method was about 100 nm (Fig. 3b, c).

According to the Marangoni effect, the evaporation of toluene
would induce (i) the surface tension of SEBS solution to decrease,
leading to the flowing of SEBS solution and formation of pores; (ii)
the viscosity of SEBS solution to increase, which can be used to
evaluate the flowing duration of SEBS solution, and further
determine the pore radius of SEBS film. For example, when the
evaporation rate is low (0.8 mgcm~2min~"), the viscosity would
increase slowly, resulting in long flowing duration of SEBS
solution. Finally, a fishnet-like film with pore diameter ranging
from 400 to 1000 um is obtained (Fig. 3d). A further increase in the
evaporation rate to 1.4 mgcm~2min~' fastens the increasing rate
of viscosity and shortens the flowing duration of SEBS solution.
The resulting SEBS film presents decreased pore diameter from 50
to 110 um (Fig. 3e). However, when we continued to increase the
evaporation rate to 8 mgcm 2 min~', an SEBS film with no pores
is formed (Fig. 3f). Therefore, the pore diameter is adjustable by
tuning the toluene volatilization rate. It should be noted that
although SEBS-based films with thicknesses from 45 nm to 800 nm
can also be achieved by spin coating method, their pores are
hardly regulated (Supplementary Fig. 5). In this respect, our
proposed strategy possesses irreplaceable advantage when
compared with conventional method.

Stretchability of the ultrathin porous electrode

To fabricate the SEBS-based ultrathin porous electrode, a layer of
gold was magnetron sputtered on the SEBS-based ultrathin
porous film. Considering the mechanical properties of SEBS film,
the one with thickness of 200 nm and pore radius of 50—110 pm
was adopted to fabricate the electrode. Typically, the electrode
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Fig.3 Fabrication of the ultrathin porous film. a Spread area and thickness of SEBS when 20 uL SEBS solutions with different concentrations
being dropped on the surface of water. b Photograph of a freestanding SEBS film with thickness of 100 nm. Scale bar: 2 cm. ¢ SEM image of
the cross section of the SEBS film. Scale bar: 300 nm. d—f SEBS films formed under different evaporation rates of toluene. Scale bars in low
magnification graph: 1 cm; Scale bars in high magnification graph: 500 pm.

would undergo stretching during exercise. The electric character-
istic of the electrode was recorded during the stretching process.
It can be observed form Supplementary Fig. 6a, the electrode
possesses a rough surface. Before stretching process, no micro-
cracks were observed. As shown in Fig. 4a, microcracks appear on
the gold layer to keep the electrode conductive under stretching.
The thickness of gold layer has a significant influence on the
formation of microcracks. Supplementary Fig. 7 discloses that the
stretchability of the electrode increases first with the increasing
thickness of the gold layer, and then to a certain degree
decreases. At the gold layer thickness of 17 nm, the optimal
stretchability of the electrode approaches 120% (Fig. 4b). When
the electrode was stretched to 120%, the microcracks were too big
to keep the conductive pathway connected. Thus, the electrode
shows higher resistance. A stable electrode—skin impedance is
also vital to the detection of physiological electrical signals during
exercise. Two circular ultrathin electrodes with diameter of 1.5 cm
were placed on subject’ forearm and the distance between the
two electrodes was 10 cm. Then, the electrode—skin impedance
was measured under different degrees of stretching. As shown in
Fig. 4¢, no obvious variation of impedance was observed when the
skin is stretched from 0% to 14%. High-density EMG can provide
more information about muscle and nerve for muscle function
evaluation*’8, To fabricate high-density electrode, it is necessary
to encapsulate the electrode for exposing desired sensing sites. As
shown in Supplementary Fig. 8, taking advantage of SEBS's self-
adhesiveness, the encapsulation of the electrode was realized by
laminating a non-porous SEBS ultrathin film on the electrode. The
filter paper possesses low force with the SEBS film, and can be
peeled off from the SEBS film. During the encapsulation of the
electrodes, a paper sheet was placed between the electrodes and
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the SEBS film. After removing the filter paper, the sensing sites
were exposed. Finally, the electrode was tested for multi-
stretching cycles to examine its stability. After being stretched
to 30% for 1000 cycles, the electrode maintains low resistance and
good stretchability (Fig. 4e), suggesting reliable stability of the as-
prepared ultrathin porous stretchable electrode.

EMG recording properties of the electrode system

The ultrathin electrode demonstrates comparable performance to
the commercial gel electrode in detecting EMG signals. As shown in
Supplementary Figs. 9 and 10a, EMG signals from brachioradialis can
be distinguished by the SEBS-based ultrathin electrode when the
subject makes different hand gestures or clenches fist with different
strengths, even though its impedance is higher (Supplementary Fig.
11), and its signal to noise ratio was lower (Supplementary Fig. 10b)
than gel electrode. Under strenuous exercise, the performance of the
electrode was further explored. The high-density EMG electrode with
8 channels works normally when the skin is stretched dynamically
from 0 to 14% (Fig. 5a and b). Under other conditions, such as
swinging the arm with an acceleration of 2 g (Fig. 5c and d), pressing
the skin around the electrode, pressing the electrode, vibrating the
skin, and twisting the arm, EMG signals are also obtained successfully
(Supplementary Movie 1). To validate the performance of the
ultrathin dry electrode, more vigorous exercise was conducted. It was
laminated on leg to detect EMG during running (Fig. 5e). As shown in
Fig. 5f, the running process could be divided into three steps: leg
raising off the ground, leg hanging in the air, leg landing on the
ground. The biggest acceleration generates in the second state. At a
running speed of 3 km h™', the highest acceleration is ~6 g, and the
ultrathin dry electrode shows comparable performance to the gel

Published in partnership with Nanjing Tech University
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Fig. 4 Characterization of electrode. a SEM image of the electrode surface. b Stretchability of the electrode. ¢ Impedances of the electrode
under different degrees of stretching. d Encapsulation of the electrode. e Resistance change of the electrode after being stretched to 30% for

1000 cycles.

electrode (Supplementary Fig. 12). As the subject runs faster to
6 km h™', the highest acceleration is 10 g, and the electrode ability to
collect EMG signals is not affected (Fig. 5g, Supplementary Movie 2).
The results evidence that the SEBS-based ultrathin electrode could
work properly for EMG detection in daily exercise. Unfortunately, the
stretchable electrodes with thicknesses of 1 and 5 pm show obvious
motion artifacts under exercising. The 90 um-thick electrode cannot
work during exercise (Supplementary Fig. 13).

In addition, human always sweat during exercise. The accumu-
lated sweat under the EMG electrode will induce discomfort and
even inflammation because of its poor water vapor permeability.
Therefore, the EMG electrode with good water vapor permeability
is a concern. Owing to its porosity, the as-prepared SEBS-based
ultrathin porous electrode shows water vapor permeability of
253gh~"m™2 that is five times much higher than the transepi-
dermal water loss of human skin (5—-10 g h~' m~2). However, the
water vapor permeability of the SEBS-based electrodes with
thicknesses of 200 nm and 1 um fabricated by spin coating was
lower than (5—10gh~'m~2 (Supplementary Fig. 14a). The high
water vapor permeability of the electrode offers skin comfort.
After attaching our electrode on skin for 24 h, no significant

Published in partnership with Nanjing Tech University

inflammation is observed. But for the gel electrode, skin redness
occurred after detaching it from the skin (Supplementary Fig. 14b).
Furthermore, the high water vapor permeability also ensures our
electrode to work properly under sweating condition. As shown in
Supplementary Fig. 15, before exercise, the skin texture is clear
with the SEBS-based electrodes (thicknesses of 200 nm and 1 um).
The temperature of the electrodes shows no difference (Fig. 5h).
After running for 30min, the subject sweats at a rate of
28mgcm~—2min~'. The 1 uym-thick electrode and the commercial
gel electrode exhibit lower water vapor permeability than the
porous 200 nm-thick electrode. After doing sports, the accumu-
lated sweat separates the 1um-thick electrode from the skin,
leading to skin texture disappearance. The accumulated heat will
induce higher temperature on the surface of the 1 um-thick
electrode and the commercial gel electrode. However, as the
sweat evaporates through the porous 200 nm-thick electrode and
takes heat away, the skin texture is well-kept and the temperature
of the porous 200 nm-thick electrode is the same as that of the
surrounding skin. After removing these electrodes, a lower
temperature of skin attaching to 1 um-thick electrode and gel
electrode than that attaching to ultrathin porous electrode is

npj Flexible Electronics (2022) 75
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Fig. 5 EMG tests. a Photograph of the stretching electrode—skin interface. b EMG signals during the stretching process. ¢ Schematic
illustration showing the swinging arm and its acceleration. d EMG signals during the arm swinging process. e Photograph of the ultrathin
porous electrode attached to the leg. f Acceleration of the leg when running at a speed of 6 km h™'. g EMG signals detected by the SEBS-
based ultrathin porous electrode and the gel electrode during running. h Temperature change of the gel electrode (GE), the nonporous
ultrathin electrode (NE), and the porous electrode (PE) with thickness of 200 nm when doing sports. i Swinging arm sweats at a rate of
2.8mgcm2min~". j, k EMG signals and acceleration of the swinging arm.

observed due to the evaporation of the accumulated sweat. This
also reflects the good perspiration performance of the presented
porous 200 nm-thick electrode.

During sweating, our electrode can detect EMG properly, and
shows a signal to noise ratio comparable to the gel electrode. This
can be attributed to the increased skin moisture (Supplementary
Fig. 16). Furthermore, as the electrode attaches conformably to
the skin (Fig. 5i), it shows good anti-motion artifacts. The electrode
can work properly when stretching the skin dynamically from 0 to
14% (Supplementary Fig. 17) or the swinging the arm at an
acceleration of 10g under sweating condition (Fig. 5j-k,
Supplementary Movie 3).

ECG and EEG recording properties of the electrode system

The ultrathin porous stretchable electrode also exhibits good
performance in ECG and EEG detection. The electrode was
laminated on the subject’s chest of to detect ECG. As shown in
Supplementary Fig. 18, P, Q, R, S, and T waves are distinguished

npj Flexible Electronics (2022) 75

when the subject is resting or squatting, or skin around the
electrode is pressed, which suggest the electrode’s comparable
anti-motion artifact property to gel electrode. After running for
30 min, the subject sweated at a speed of 3.2mgcm2min~". A
lot of sweat accumulates under the medical dressing, but the skin
texture is still kept with our dry electrode (Fig. 6a). Apart from this,
our electrode can identify the characteristic peaks of ECG (Fig. 6b)
even when the subject is squatting (Fig. 6¢) or walking (Fig. 6e), or
the skin nearby the electrode is pressed (Fig. 6d). As shown in
Supplementary Fig. 19, the signal to noise ratio when the subject
moving shows no significant change.

Because of the weak signal strength in the microvolts range,
recording high-quality EEG signals is much more challenging than
collecting ECG and EMG. The ultrathin porous electrode is
attached to the subject’s forehead to measure EEG (Supplemen-
tary Fig. 20). It shows comparable performance to gel electrode
before and after sweating. During the test, one subject was asked
to keep his eyes open for 20 s and then close the eyes for 20 s to

Published in partnership with Nanjing Tech University
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(b), squatting (c), pressing skin (d), and walking (e) under sweating condition. f Photograph of the ultrathin porous electrode attached to the
forehead during sweating. g Alpha rhythm recorded with the ultrathin porous electrode from the forehead of a volunteer during sweating.

h Alpha rhythm centered at ~11.5 Hz.

detect the EEG signal. As shown in Supplementary Fig. 21, the
alpha rhythm with frequency range of 7—15Hz during the eye
closure is acquired successfully. In contrast, when the eyes are
opened, the EEG possesses a broader frequency range. After the
subject was running for 30min, a sweating rate of
2.6 mgcm2min~" was observed. Sweat bag is found in Fig. 6f
under the medical dressing, which has cause skin redness.
However, this phenomenon did not happen on the ultrathin
porous electrode due to its high water permeability. After
sweating, the alpha rhythm is also acquired, indicating the good
anti-perspiration property of this ultrathin porous stretchable
electrode (Fig. 6g, h).

Problems to be resolved

Even though the as-prepared ultrathin porous stretchable
electrode shows strenuous exercise-tolerance and good anti-
perspiration properties as described above, it can be further
improved. For example, the electrode with poor mechanical
property is susceptible to damage upon being pressed with a
high force (Supplementary Fig. 22). In addition, differences in
Young's modulus between the electrode and the connecter limit
its application to a certain degree. For instance, when the
electrode is stretched in a direction parallel to the connecter, the
strain will concentrate in the interface between them, thereby
impacting its physiological electrical signal acquisition (Supple-
mentary Movie 4).

In summary, a porous nano-thick stretchable dry electrode
system was reported for the continuous multi-channel electro-
physiological monitoring under strenuous exercise. It exhibits
stretchability of 120% and water permeability of 253gh~'m~2 It
can be laminated conformably on the skin and stretch with it even
under sweating conditions. Owing to these features, the electrode
could detect EMG when the skin is stretched dynamically from 0
to 14% or under an acceleration of 10g at a sweating rate of
2.8 mgcm~2min~". Furthermore, it also shows strenuous exercise-
tolerance and good anti-perspiration properties for the detection
of ECG and EEG. The strategy proposed opens up the exploration
of stably recording electrophysiological signals under strenuous
exercise scenarios.
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METHODS

Preparation and characterization of SEBS-based ultrathin
porous stretchable films

SEBS (H1221, Asahi Kasei Corporation) was dissolved in toluene (AR,
Shanghai Lingfeng Chemical Reagent CO., Ltd.) to achieve SEBS solutions
with different concentrations. Petri dishes filled with sodium chloride
solutions of different concentrations were put in a fume hood, followed by
dropping 20 pL SEBS solutions with different concentrations in them. After
the toluene evaporated, SEBS-based ultrathin porous stretchable films
were formed on the surface of sodium chloride solutions. The toluene
evaporation rate can be controlled by adjusting the wind speed in the
fume hood. After that, a PET ring was attached to the surface of the film to
lift it up. The thicknesses of the SEBS films were measured by the step
profiler (DektakXT, Bruker). The pore size distribution of the film was
counted by an optical microscope (Nikon 80i).

Preparation and characterization of SEBS-based ultrathin
porous stretchable electrodes

A layer of gold was sputtered on SEBS-based ultrathin porous stretchable
films to fabricate SEBS-based ultrathin porous stretchable electrodes. First,
the film was attached to a silicon wafer that has a layer of sodium
polystyrene sulfonate as sacrificial layer. Second, a polyethylene glycol
terephthalate with special hollow structure was used as a mask to attach to
the film. After that, a layer of gold was deposited on the film as conductive
layer by a magnetron sputtering coating apparatus (TWS-300). The
thickness of gold can be regulated through controlling the sputtering
time. To encapsulate the electrodes, the sensing pad was coated with filter
paper and a non-porous SEBS-based ultrathin film was coated on the film,
following by removing the filter paper to expose the sensing pad. Finally,
the SEBS-based ultrathin porous stretchable electrode was released from
the silicon wafer by dissolving PSS in deionized water. The stretchability of
the electrode was measured by using a tensile testing machine (AG-X Plus
100N) and a Keithley 2000 multimeter. The surface morphology of the
electrodes was characterized by SEM (Phenom Pharos).

Measurement of the force between the electrode and the skin
The adhering force was measured using a tensile testing machine (AG-X
Plus 100N). The ultrathin electrode was attached on the skin, then a PET
disc with a diameter of 1cm was attached on the electrode through
double-sided adhesive. The PET was fixed on the tensile testing machine
by a rope. The adhesion force was measured by pulling the PET disc until
adhesion failure.
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Characterization of strenuous exercise-tolerance and anti-
perspiration of SEBS-based ultrathin porous stretchable
electrodes

The physiological electrical signals were measured by homemade equipment.
For EMG testing, the SEBS-based ultrathin porous electrode was attached to
the subject’s arm, gel electrodes were attached to the wrist as reference
electrode and right leg drive. Then the EMG signals were measured when the
skin was disturbed, such as stretching the skin dynamically from 0 to 14%,
pressing the skin around the electrode, pressing the electrode, vibrating the
skin, twisting the arm, swinging the arm. After that, the SEBS-based ultrathin
porous electrode was attached to the subject’s leg, gel electrodes were
attached to the ankle as reference electrode and right leg drive. Then the EMG
signals were measured when the subject was running to test the electrode’s
strenuous exercise-tolerance. Furthermore, the subject was asked to run at a
speed of 6 km h™" for 30 min at 30 °C. Then the EMG was tested when his arm
was swinging or his skin was stretching to characterize the electrode’s anti-
perspiration property. The acceleration was measured by fixing a Trigno™
Wireless System (Delsys) on the arm or leg of the subject during movement.
For ECG, the ultrathin porous electrode was attached to the subject’s chest, the
reference electrode was on his belly and the right leg drive was on his right
leg. The ECG signals during resting, squatting, and walking slowly were
detected before and during sweating. For EEG, the ultrathin porous electrode
was attached to the subject’s forehead, the reference electrode and right leg
drive were behind the ears. Then the EEG signals before and during sweating
were measured. The temperature of the electrode was detected by an infrared
thermal imager (Fluke TiX580). This experiment was approved by the Human
Experiment Ethics Management Committee of Shenzhen Institute of Advanced
Technology, Chinese Academy of Sciences and has informed written consent
from all participants. The project number was SIAT-IRB-210815-H0573.

Measurement of water vapor transmission rate

The water vapor transmission rate of electrodes at 20 °C was evaluated
depending on the standard ASTM E96-95. The tests were conducted by
measuring the weight loss of water in a bottle where the opening was
covered by the electrode. The WVTR was calculated by the equation:

WVTR = G/tA m

where G is the weight loss, t is the time for the weight loss, and A is the test
area of the electrode.

Measurement of sweat rate

After the subject was running for 30 min, square tissue was attached to the
leg, chest, and forehead for 5 min to adsorb the sweat. The sweating rate
was calculated from the weight change of the square tissue, as shown in
the equation:

SR = M/tA ®)

where M is the change of weight of the tissue, t is 5 min, and A is the area
of the tissue.
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