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ABSTRACT

We present gas-permeable, ultrathin, and stretchable electrodes enabled by self-assembled porous
substrates and conductive nanostructures. Efficient and scalable breath figure method is employed
to introduce the porous skeleton and then silver nanowires (AgNWs) are dip-coated and heat-

pressed to offer electric conductivity. The resulting film has a transmittance of 61%, sheet



resistance of 7.3 ©/sq, and water vapor permeability of 23 mg cm 2 h™!. With AgNWs embedded
below the surface of the polymer, the electrode exhibits excellent stability with the presence of
sweat and after long-term wear. We demonstrate the promising potential of the electrode for
wearable electronics in two representative applications — skin-mountable biopotential sensing for
healthcare and textile-integrated touch sensing for human-machine interfaces. The electrode can
form conformal contact with human skin, leading to low skin-electrode impedance and high-
quality biopotential signals. In addition, the textile electrode can be used in a self-capacitance

wireless touch sensing system.
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Epidermal electronics has seen a wide range of applications from personal healthcare to human
activity monitoring to human-machine interfaces.!"1? It is critical that epidermal electronics forms
conformal contact with the skin in order to improve the quality of sensing signals.'*!¢ Currently
most epidermal devices are built on solid polymeric substrates, such as polydimethylsiloxane
(PDMS), polyethylene terephthalate (PET), and polyimide (PI), which lack efficient gas
permeability.!”?* This can prevent evaporation of sweat and emission of volatile organic
components from human skin, leading to skin irritation and reducing the comfort of wearing.

Therefore, to achieve long-term wearing, it is imperative to develop gas permeable materials.

In order to improve gas permeability and achieve conformal contact, a number of architectures
have been pursued in recent years, including textiles, meshes and porous structures. For example,
Someya and co-workers recently reported an ultrathin nanomesh electrode with electrospun
polyvinyl alcohol (PVA) film, which showed good gas permeability, but the fabrication process
was rather complicated.!” Fan et al., developed an electrospun PVA and silver nanowire (AgNWs)
conductive composite, which increased the robustness in electrical stability, but the exposed
nanowires limited the long-term stability.!” Another method employed sugar templates to prepare
PDMS sponge and transfer a thin layer of graphene onto the surface of the sponge as the conductive

material.'®

Limited by the size of the sugar particles, this method was difficult to prepare micropore
structures. In addition, this method was not feasible to fabricate ultrathin films. It remains

challenging to develop gas-permeable and ultra-thin materials in a simple and scalable fashion.

Here we report a stretchable conductive film prepared by embedding AgNWs just below the
surface of a porous thermoplastic polyurethane (TPU) film fabricated by breath figure method.

Breath figure method is a simple, efficient and scalable self-assembly process to fabricate porous

21,22

polymer films, no need for complex steps such as photolithography, vacuum evaporation, and



etching. Compared with other methods, such as stamping or imprinting, this method has the
advantage of low-cost, one-step, and template-free fabrication. Moreover, the porous film has good
gas permeability for sweat evaporation to prevent skin irritation. The ultra-thin nature of this film
enables a conformal contact with the skin, which can improve the signal quality of the
electrophysiological (EP) sensing as well as the long-term wearing comfort. Utility of the thin-
film electrodes for epidermal electronics is demonstrated in skin-mountable electrodes for EP

sensing and textile-integrated touch sensors for human-machine interfaces.

RESULTS AND DISCUSSION

A schematic illustration of the fabrication process is shown in Figure la. Briefly, a porous TPU
film was prepared using a breath figure method, and AgNWs were dip-coated onto the surface.
Heat press treatment was performed to melt the TPU surface and embed AgNWs just below its
surface. In the breath figure process, tetrahydrofuran (THF) was used as the solvent. In addition, a
small amount of polyethylene glycol (PEG) (TPU: PEG = 10:1 in weight) was added to the solution
to facilitate the ordered assembly of water droplets.>> Evaporation of the organic solvent cooled
down the substrate. The moisture condensed on the substrate and self-assembled into regular water
drop arrays. Typically the convergence of water droplets should be avoided, which otherwise could
lead to disordered structures.?! 2> However, in this work, the convergence of droplets contributed
to the formation of through-pore structures. As shown in Figure 1b and Figure S1, the pore size
can be controlled by changing the concentration of the solution. Higher concentration (2 wt% TPU
+ 0.2 wt% PEG) led to smaller pore size and more regular pore structure, but higher percentage of
dead-end pores. On the other hand, when the concentration was too low (1 wt% TPU + 0.1 wt%

PEQG), the resulting structure tended to be more irregular with pore diameter larger than 100 um.



Such large pores can become visible to naked eyes and pose a limit to the patterning resolution of
the electrodes. The optimum solution concentration was found to be 1.5 wt% TPU and 0.15 wt%
PEG. As can be seen from the optical and scanning electron microscope (SEM) images in Figure
1b and e, the porous structure was evenly distributed. The shape of the pores was close to circular

with a pore diameter of ~40 um, and the pore coverage ratio is about 39%(Figure le, f).

AgNWs were loaded onto the porous TPU film by dipping the film into the AgNW/water solution.
The pore size of the TPU film was much larger than the length of AgNWs (~20 pm). Figure 1c
shows the optical and SEM images of the porous AgNW/TPU film, where AgNWs were uniformly
coated on the surface of TPU without hanging across pores. Dip-coated AgNWs on the TPU
surface were easy to detach from the film, so a heat press treatment was introduced to enhance the
adhesion.?* Since the melting point of the TPU is around 130 °C, a temperature of 150 °C was
used for heat pressing. It can be observed from Figure 1d2 that, after the heat press, majority of
the AgNWs were inlaid inside TPU with only a small portion exposed on the surface. This
morphology was further illustrated in the cross-sectional SEM images (Figure S2). The thickness

of the porous AgNW/TPU film decreased from 6.8 um to 4.6 pm after the heat press.

Figure 2a shows the optical image of the porous HP-AgNW/TPU film. Figure 2b shows the sheet
resistance as a function of the number of dip-coating cycles. The sheet resistance decreased with
coating cycles for the first 4 cycles. After that, the sheet resistance remained nearly constant with
more coating cycles, reaching about 14.5 Q/sq. Hence 4 cycles of dip coating were used in the
fabrication. The heat press treatment further decreased the resistance, which can be attributed to
the improved contact in the AgN'W junctions caused by the pressure and thermal annealing during
heat press.?® For example, after heat press the sheet resistance of 4-cycle-coated film decreased to

7.3 Q/sq. The porous structure of the film led to enhanced optical transparence compared to the



solid film. The optical transmittance was 72% at 550 nm for the porous TPU film (Figure 2¢) and
decreased to 63% after dip-coating AgNWs for 4 cycles. The transmittance further decreased to
61% after the heat press, due to the slightly increased width of the TPU skeleton and thus reduced
pore coverage ratio. To investigate the mechanical properties of these porous films, we tested the
stress-strain curves of porous TPU, AgNW/TPU, and HP-AgNW/TPU films. As shown in Figure
S3, the HP-AgNW/TPU film shows the highest stiffness, which is likely because the film became

denser and the AgNWs formed stronger bonds with TPU and between themselves.

The water vapor transmission was evaluated based on the ASTM's E96 standard.?® The porous
TPU film exhibited dramatically enhanced vapor permeability compared to a TPU film without
the porous structure (Figure 2d). The water vapor transmission rates of solid TPU, porous TPU,
porous AgNW/TPU, and porous HP-AgNW/TPU were measured to be 2, 38, 36, and 23 mg cm—2
h—1, respectively. Enhanced vapor permeability was hypothesized to render better long-term
wearability. To test the hypothesis, a long-term on-skin wearability test was carried out (Figure
S4). After 7 days of wearing on human skin, no allergic reactions and sweat accumulation
occurred. No difference was observed between the skin area that was covered by the film and the
surrounding area. It is apparent that the through-pore structure allows sweat and moisture to escape
through the film, reduces the likelihood of skin irritation, and improves the comfortableness and

long-term wearability for wearable applications.

The films were immersed in a saline solution to demonstrate the long-term stability in sweat
(Figure 2e). After 100 hours, the resistance of porous AgNW/TPU and HP-AgNW/TPU films
increased by 60% and 15%, respectively. Peel tests were performed between the film and a tape
(Figure 2f) and between the film and skin (Figure S5). Figure 2f shows that, the AgNW/TPU film

can be easily peeled off by the tape (the image on the right shows the AgNWs transferred onto the



tape), while the HP-AgN'W/TPU film is much more stable. In addition, the AgNW/TPU film lost
the conductivity after the peeling test, while the HP-AgN'W/TPU film maintained the conductivity.
As shown in Figure S5, after peeling the AgNW/TPU film off the skin, some AgNWs were left on
the skin. For the case of HP-Ag NW/TPU film, no obvious residue of AgNWs was observed on
the skin. These experiments revealed that the heat press treatment can effectively improve the
conductivity and stability for long-term wearable applications. By embedding AgNWs below the
surface of TPU film, the resulting porous HP-AgNW/TPU film showed significantly enhanced
adhesion between AgNWs and TPU and hence stability, with acceptable sacrifice of optical

transmittance and vapor permeability.

It is worth noting that the HP-AgNW/TPU film is not only conductive on the surface but also in
the thickness direction. The top and bottom sides of the film were both electrically conductive;
both sides were also connected by AgNWs on the edge of the pores through the thickness. It works
like a bulk conductive material but does not require a large amount of conductive fillers, which
could cause degradation in the mechanical properties. To demonstrate this property, the film was
connected to a LED circuit and used as a double-sided conductor (Figure S6). Two droplets of
liquid metal were applied on the two sides of the film to interconnect with the LED. The lighted

LED indicated that both sides of the film are electrically conductive and connected.

The porous HP-AgNW/TPU film can be laser-cut into different patterns. Figure 3a shows a film
electrode patterned into a filamentary serpentine structure with linewidth of 0.5 mm. The electrode
can be used for electrocardiography (ECG) and electromyography (EMG) (to be discussed later).
The ultrathin nature of the film enabled intimate contact with the skin. By spraying a small amount
of breathable liquid bandage (Nexcare™, 3M) onto the skin, the film electrode can be easily

laminated onto the skin (Movie S1). The film can be stretched, compressed, and twisted on skin



(Figure 3a) and completely recovered. After use, the film can be easily removed using a scotch
tape (Movie S2) and re-used for many times. The efficient lamination and removal demonstrated

excellent user-friendliness of the porous HP-AgNW/TPU electrode.

Figure 3b presents the change in resistance as a function of tensile strain. When 5% strain was
applied to the porous HP-AgNW/TPU film, the resistance was doubled. When the strain was
released to zero, the resistance had a slight drop of 10%. In the subsequent stretch-release cycles
within the 5% strain, the resistance remained nearly constant and reversible. When stretched to
10% and 15% strains, the resistances increased about 4 and 7 times, respectively, compared to the
initial value. But within the 10% and 15% strains, the similar trend to the 5% strain was seen: the
resistance increased rapidly during the first stretch and then became reversible in the following
stretch-release cycles with small resistance change. At each strain level, the film can be
“programmed” by the first stretch, after which the resistance would change reversibly within the

range defined by the first stretch.

This “programmed” phenomenon is attributed to plastic deformation and buckling of the HP-
AgNW/TPU film. During the first stretching, sliding between AgNWs and the porous TPU film
occurs, which results in the surface buckling upon release of the strain. When the applied strain is
relatively small (e.g., 5%), the surface buckling is the microstructural origin of the reversible
change in the resistance.?’*! Under larger applied strain (e.g., 10% or 15%), TPU undergoes plastic
deformation, leading to irreversible structural deformation. For example, as shown in Figure 3b,
the permanent (plastic) strain was ~3% when unloaded from the 15% strain. Nevertheless, between
3% and 15% strains the resistance was totally reversible, due to the surface buckling mechanism.
The measurement of resistance changes for 1,000 cycles of stretching (10%) and release is shown

in Figure S7. After 1,000 cycles, the resistance increased less than 7%. In addition, the HP-



AgNW/TPU film exhibited excellent flexibility. When the film was bent to a curvature of 0.55
mm!, the resistance only increased by 0.8% (Figure 3c). After 10,000 cycles of bending, the
resistance increased by 0.7% (Figure 3d). Besides, the resistance change of the porous HP-AgNW
/ TPU film under large strain is shown in Figure S8. It can be seen that the film remains conductive

until 45% strain. The breakage strain of the HP-AgNW / TPU film is about 350%.

The porous HP-AgNW/TPU film is well suited for continuous monitoring of electrophysiological
signals. ECG is commonly used to diagnose abnormal heart rthythms, while EMG can be used to
analyze stimulation levels, muscle neuropathy, and motor behavior. In ECG and EMG
measurements, conformal contact and low skin-electrode impedance is crucial for obtaining high
signal-to-noise ratio.!*!” To assess the contact between the porous HP-AgNW/TPU electrodes and
the skin, artificial skin made of Exoflex was fabricated, which replicates the human skin with a
similar Young's modulus. Figure 4a and Figure S9 show the optical images of the electrode after
transferred onto the artificial skin. It can be seen that the ultrathin electrode formed a conformal

contact with the skin. Figure 3a also shows conformal contact between the electrode and the skin.

32

The impedances for the original and stretched porous HP-AgNW/TPU electrodes were only
slightly higher than that of the commercial Ag/AgCl gel electrodes (Figure 4d), and lower than
that of the solid AgNW/PDMS film (thickness 0.2 mm), which was demonstrated previously.*?
The difference is related to the quality of the skin-electrode contact. The reduced thickness and the
porous structure of the porous HP-AgNW/TPU film decrease the bending stiffness, leading to

more conformal contact than the solid AgNW/PDMS film.



ECG and EMG signals obtained using the porous HP-AgNW/TPU electrodes were compared
against those using the commercial Ag/AgCl gel electrodes, as shown in Figure 4e and f. Figure
4b and c show the placement of the electrodes for ECG and EMG testing, respectively. For ECG,
the porous HP-AgNW/TPU electrodes provided comparable signal quality to the gel electrodes
The measured signal to noise ratio (SNR) of the ECG by the porous HP-AgNW/TPU electrodes
was 7.0 dB, comparable to that measured by the gel electrodes, 7.1 dB. Under continuous wrist
movement, motion artifacts were introduced to the signals measured using both the dry porous
HP-AgNW/TPU electrodes and commercial gel electrodes (Figure S9). The SNR of the ECG
measured by HP-AgNW/TPU electrode and gel electrodes under movement are 6.3 dB and 6.2
dB, respectively. The HP-AgNW/TPU electrodes showed similar motion artifacts when compared
with gel electrodes. The HP-AgNW/TPU electrodes showed higher susceptibility to motion
artifacts compared with gel electrodes.For EMG, the signals corresponding to the muscle
contraction for different grip strengths can be clearly distinguished. Notably the signal of the
porous HP-AgNW/TPU electrodes was weaker than that of the gel electrodes, which is due to the
different positions of the two types of electrodes (placed simultaneously). The measured SNR of
the EMG by the reported electrodes (24.9 dB) was comparable to that measured by the gel
electrodes (25.9 dB). Compared to commercial Ag/AgCl gel electrodes, the porous HP-
AgNW/TPU electrodes do not require the conductive gel, which mitigates the skin irritation caused
by the gel and the signal degradation due to dehydration of the gel.? In view of the gas permeability
demonstrated earlier, these experiments further illustrate the feasibility of the porous HP-

AgNW/TPU electrodes for long-term, continuous health monitoring.

In addition to skin-mountable applications, the electrodes can be integrated with textiles. Here we

demonstrate the application of wireless capacitive touch sensing for human-machine interfaces.
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Figure 5a shows the diagram of a touch sensor based on the self-capacitance mode.*® Self-
capacitive touch sensors use a single electrode to measure the apparent capacitance between the
electrode and the virtual ground. Upon touched, the human-body capacitance is added to the self-
capacitance circuit. As a result, the “touch” state can be determined by measuring the capacitance
change. The capacitive breakout (MPR121 board) normalizes the capacitance into a “capacitance
touch value”,** which can be compared with a threshold value (e.g., 40, as defined in this
experiment) to identify the touch state. For example, if the value is lower than the threshold value,

the electrode is being touched. Figure 5b shows the capacitance touch value from the capacitive

breakout. It is seen that finger “touch” (i.e., tap and press) can be clearly identified.

In addition, the sensitivity of the touch sensor system is defined as change rate of the reading value

o Vp-V : . .
when a touch occurs, Sensitivity = "V—t X 100%, where V,, is the non-trigger reading value
n

and V; is the trigger reading value. In our system, the sensitivity is calculated to be about 86%.
The stability is defined as the dispersion of the touch sensor reading, which is about 1.65. The
SNR of the system is about 35:1, and the response time is less than 0.1 s (Figure S11). These
system parameters attest that our capacitance touch sensor system performs well for detecting

finger touch.*

To assemble a wireless touch sensor system (Figure 5c¢), a piece of 50 mm % 100 mm HP-
AgNW/TPU film was integrated onto a fabric sleeve and patterned into four touch sensors/keys
using laser cutting.>* Each key was connected to a port of the touch sensor breakout, and the touch
sensor breakout was connected to the Bluetooth controller (Feather 32u4) and battery to complete
the assembly of the system. These four keys were assigned with four functions: left, down, rotation,

and right. Each function can be activated when the finger touches the corresponding key.
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Then the sleeve was put on the arm and used as a wireless human-machine interface to play Tetris
on a computer display (Movie S3). The system was set as a Bluetooth keyboard in the computer.
Figure 5d shows the function of different keys and the movement trace of the tiles controlled by
touching the keys. Upon pressing the keys of rotation, left, right and down on the sleeve, the tiles
in the game produced corresponding real-time responses without noticeable delay. As illustrated

in the video, the touch sensor was highly sensitive and accurate.

CONCLUSION

Here we report facile fabrication of gas permeable, ultrathin, stretchable, semi-transparent and
laser patternable electrodes for epidermal wearable applications, either directly mounted on skin
or integrated with textiles. The porous structure was enabled by a self-assembly process using the
breath figure method, and the electric conductance was made possible by dip-coating AgNWs on
the skeleton of the porous structure. The pore morphology and ratio of through-pores can be
controlled by the concentration of solution in the breath figure process. With an optimal
concentration of 1.5 wt% TPU + 0.15 wt% PEG, through pores with size of around 40 um was
achieved. After heat press post-treatment, AgNWs were embedded below the surface of TPU,
which improved the adhesion between AgNWs and TPU and conductivity of the film, while
maintaining good transmittance and water vapor permeability. Vapor permeability is critical for
the evaporation of sweat, which can effectively prevent adverse effects on the skin. The resistance
of the film can be programmed by the first stretch and stabilized in the subsequent stretch-release
cycles. The film was conductive on the top and bottom surfaces as well as through thickness. With
a thickness of only a few micrometers and the porous structure, the electrode enabled a conformal

contact with skin, leading to low electrode-skin impedance and excellent ECG and EMG signals
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on par with commercial gel electrodes. In the capacitive sensing application, the electrode was
capable of responding to finger touches in real time with high accuracy. With unusual combination
of the features including ultra-low thickness, semi-transparency, stretchability, gas permeability,
facile fabrication, and laser patterning capability, the reported electrode offers a way for long-term

wearable health monitoring and human-machine interfaces.

METHODS

TPU film was purchased from Perfectex Plus LLC (Hot Melt Adhesive film model number
#HM67-PA). PEG (average molecule weight 200) and THF were purchased from Fisher Scientific
Reagent and used without further purification. AgNWs were synthesized using the polyol

method.* 3" Deionized water was purified using a Milli-Q system (MilliporeSigma).

Fabrication of porous TPU film on glass substrate. The porous film was fabricated by the breath
figure method.?>* 1.5 g TPU and 0.15 ml PEG were dissolved into 100 ml THF solution. Then 5
ml of the solution was uniformly coated on a glass substrate (100 mmx>200 mm) using a Meyer
bar. After the bar coating process, the glass substrate was placed into a chamber with high humidity
(relative humidity (RH): 99%, temperature: 25 °C) immediately. At this time, moisture was firstly
condensed on the substrate and then merged to form a water droplet array. After the organic solvent
and water droplets were evaporated, a porous TPU film was formed on the substrate after about
10 minutes. To facilitate the detachment of the porous TPU film from the glass substrate, a plastic
frame was pressed onto the porous TPU film with the help of a double-sided adhesive tape. This
way the porous TPU film can be peeled off the substrate. Afterwards, the porous TPU film was

washed with DI water and dried at room temperature.
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Coating AgNWs onto the porous TPU film. AgNWs were coated onto the film using dip coating.
It is known that TPU swells in ethanol, methanol, isopropyl alcohol and other organic solvent, so
AgNWs were dispersed in water in this experiment. Since TPU film is hydrophobic, plasma
treatment for 3 minutes was introduced to render the surface hydrophilic. Then the treated TPU
film was immersed into the AgNW solution (1 mg/ ml) for 30 seconds and dried at 60 °C for 15
minutes. The coating and drying process was repeated several times to ensure sufficient AgNWs

coated onto the porous TPU film.

Heat press and patterning the porous AgNW/TPU film into designed patterns. The
AgNW/TPU film was placed in between two sheets of PTFE and subjected to heat press at 150 °C
under a pressure of 3x105 Pa. After that, the heat pressed porous AgNW/TPU film (HP-
AgNW/TPU) was fabricated. To pattern the porous HP-AgNW/TPU, the film was attached onto a
PTFE film with the help of moisture generated by a humidifier. Then the film was cut into the
designed pattern by a laser cutter (VLS6.60, Universal Laser Systems) with 0.1% power, 20%
speed, and 1000 PPI. After removing the excessive material, porous HP-AgNW/TPU film with the

designed pattern was fabricated.

Characterization. The microstructures of porous TPU, porous AgNW/TPU, and porous HP-
AgNW/TPU films were characterized by scanning electron microscopy (SEM, FEI Quanta 3D
FEG) and optical microscopy (ECLIPSE LV150N, Nikon). The transmittance of each film was
measured using a UV-vis spectrophotometer (Cary 5000, Agilent). The resistance of each film was
measured using a digital multimeter (34401A, Agilent). The water vapor transmission of each film
was measured on a homemade test system based on ASTM E96 standard. The testing process is
as follows: a 20 ml sized plastic bottle was filled with 15 ml distilled water, then sealed with a

sample using a double-sided tape. The bottle was placed in a chamber with a temperature of 35 °C
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and RH of 40% + 5%. The mass of the bottle was measured every 10 hours. The water vapor
transmission was calculated based on the mass change. The electrode-skin impedance was
obtained by performing a frequency sweep over a pair of electrodes placed at a distance of 7 cm
on the forearm. The reported electrodes and gel electrodes were placed in adjacent. The electrode-
skin impedance was measured using a potentiostat (Reference 600, Gamry Instruments).
Electrocardiogram (ECG) and electromyography (EMG) signals were obtained using an amplifier
(PowerLab 4/26, ADInstruments) with a sampling rate of 1 kHz. The SNR of ECG and EMG

signals for both reported dry and commercial gel electrodes were calculated using the following

A, .
SNRdB — 1010g]0( signal )2 _ 2010g]O(Aslgual)
32 A, . A, -
equation, e where “#¢ is the root mean square of the

biopotential signals (i.e., ECG or EMG signals in this study), 4 is the root mean square of the
noise collected in the settling trials. The Bluetooth controller (Feather 32u4 Bluefruit LE) and

capacitive touch sensor breakout (MPR121) were purchased from Adafruit.
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commercial gel electrodes and porous HP-AgNW/TPU electrodes under continuous motion;
Capacitive touch value changes versus time. Additional movies including lamination process of
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Figure 1. (a) Schematic illustration of the fabrication process for porous HP-AgNW/TPU film.
Optical (top) and SEM (bottom) images of: (b1, b2) porous TPU film; (c1, c¢2) porous AgNW/TPU
film; (d1, d2) porous HP-AgNW/TPU film. e) Optical image of porous TPU film. f) The pore size

distribution. Scale bars: 40 um in optical images, 20 um in SEM images, and 5 um in the insert

images in c2 and d2.
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Figure 2. (a) Photograph of the porous HP-AgNW/TPU film showing good optical transmittance.

The dotted lines show the boundary of the film. Scale bars, 40 mm (b) Sheet resistance as a function

of number of dip-coating cycles. (¢) Transmittance spectrum of the porous TPU, AgNW/TPU and

HP-AgNW/TPU films. (d) Water vapor transmission of the porous TPU, AgNW/TPU and HP-

AgNW/TPU films as a function of time. (e) Relative resistance change when the porous

AgNW/TPU and HP-AgNW/TPU films were immersed in saline solution. (f) Photograph of the

porous AgNW/TPU and HP-AgNW/TPU films after the peeling test on tape.
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Figure 3. (a) Top view of an electrophysiological electrode on skin (top left). Scale bar, 5 mm.
The image shown the EP electrode on skin when stretched (top right), compressed (bottom right)
and twisted (bottom left). (b) Relative resistance change as a function of tensile strain for the
porous HP-AgNW/TPU film. 7 cycles of stretching and releasing were applied at each strain level.
c,d) Relative resistance change when the porous HP-AgNW/TPU film was subjected to bending

(c) and cyclic bending (d), respectively.
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Figure 4. Application of the electrode in electrophysiological sensing. (a) Optical image of the
electrode transferred on the artificial skin. Scale bars, 400 pm in optical image (b) Photograph of
the porous HP-AgNW/TPU electrodes attached onto left and right forearms for ECG testing. (c)
Photograph of three porous HP-AgN'W/TPU electrodes attached onto the forearm for EMG testing.
Scale bars, 10 mm in digital photograph (d) Electrode-skin impedance of commercial gel
electrodes, AgNW/PDMS electrodes, porous AgNW/TPU electrodes, and porous HP-AgNW/TPU
electrodes. (e¢) ECG signals measured using the commercial gel electrodes and porous HP-
AgNW/TPU electrodes placed nearby. (f) EMG signals measured using the commercial gel
electrodes and porous HP-AgNW/TPU electrodes placed nearby. The grip strength was measured

by a hand dynamometer.
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Figure 5. Application of the electrode in wireless human-computer interface. (a) Schematic
diagram of the touch sensor based on the self-capacitance mode. The Cpamsitic 1 the basic
capacitance of the touch sensor system. (b) Capacitive touch values from the capacitive breakout.
(c) Layout of the wireless human-computer interface with the porous HP-AgNW/TPU patterns as
touch sensors. The insert on the bottom left shows the sleeve worn on the arm. (d) Application in
playing Tetris. The four keys correspond to four different functions: moving left, moving down,

rotating, and moving right, respectively.
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