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ABSTRACT: Flexible metal electrodes are essential for flexible electronics, where the
main challenge is to obtain mask-free patterned metals directly on substrates such as
poly(dimethylsiloxane) (PDMS) at low cost. This work highlights a feasible strategy
named femtosecond laser-activated metal deposition for electroless deposition of metals
(Cu, Ni, Ag, and Au) on PDMS, which is suitable for maskless and low-cost fabrication of
metal layers on PDMS and even on other materials of different natures including
polyethylene terephthalate, paper, Si, and glass. The electrical conductivity of the PDMS/
Cu electrode is comparable to that of bulk Cu. Moreover, robust bonding at the PDMS/
Cu interface is evidenced by a scotch tape test and bending test of more than 20,000
cycles. Compared with previous studies using a nanosecond laser, the restriction on
absorbing sensitizers could be alleviated, and catalysts could originate from precursors
without polymer substrates under a femtosecond laser, which may be attributed to
nonlinear absorption and ultrashort heating time with the femtosecond laser.
Implementing a human—machine interface task is demonstrated by recognizing hand gestures via a multichannel electrode array
with high fidelity to control a robot hand.
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1. INTRODUCTION

There is an ever-increasing need to research flexible electronics
because of their great potential applications in human—machine
. 1,2 . 3,4 .56 .

interfaces, ”~ wearable displays,™ soft robotics,”” electronic

electrical conductivity and low cost, which usually relies on an
autocatalytic redox reaction to deposit a thin metal film on a
catalyst-preloaded substrate.

There are many choices for flexible substrates, including

skins,”® and so forth. As the primary transporting channel for
electrical signals, flexible electrodes with good electrical and
mechanical properties are always desired for better performance
of the devices.” Novel conductive materials, such as liquid
metals,'”"" carbon materials,'>'* and conducting polymers, *'*
have been implemented in flexible electronics, but they are not
as good as conventional metals due to the electrical conductivity
and cost.'”"” Metal foils usually suffer from high rigidity.
Therefore, thin metal layers physically or chemically deposited
on flexible substrates are preferred for flexible electronics.'®"”
Many methods have been investigated on depositing metal
films on flexible substrates, includin% physical vapor deposition
(PVD),”" applying liquid metals,"”"" electroless deposition
(ELD),”" etc. PVD typically requires vacuum and subsequent
patterning with photolithography, which is often costly and
time-consuming.”” Liquid metals have attracted much attention
due to excellent properties such as nontoxicity, high electrical/
thermal conductivity, deformability, self-healing ability, and
surface functionalization accessibility,”>* but the limited
wettability from the high surface tension is unfavorable in
many flexible applications.”* In general, ELD is a promising
choice for the metallization of flexible substrates with both high

© 2022 American Chemical Society

7 ACS Publications

paper,” cotton,”® polyethylene terephthalate (PET),”” poly-
imide,”® goly(vinylidene fluoride),” poly(dimethylsiloxane)
(PDMS),” etc. PDMS is one of the best materials because of
simple and inexpensive fabrication, mechanical flexibility and
stability, high dielectric constant, optical transparency, bio-
compatibility, and biostability.*** However, it is difficult to
integrate metals on the PDMS surface without a special
treatment due to its low surface energy.33 To date, limited
success is achieved with sensibilization and chemical activation
before deposition. To the best of our knowledge, one of the most
popular techniques for depositing metal films on PDMS
depends on surface-grafted polymers,”* >’ which has been
successfully applied to deposit different metals on a wide variety
of substrates. The key of this technique is to efficiently adsorb
catalyst ions for ELD on flexible substrates modified by
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Figure 1. (a) Schematic of the fabrication process of FLAMD. (b,c) Photographs showing a panda on the PDMS/CuAc, film after femtosecond laser
activation and after ELD (scale bars: 10 mm). (d) SEM image of the obtained Cu coating by a cross-scan approach with an interval of S0 ym (scale bar:
200 um). The inset shows the optical image. (e—g) XRD spectra and optical images of the obtained metals (Ni, Ag, and Au) on PDMS.

interfacial polymer layers with functional groups. Although the
technique has been developed through the decades, it requires
difficult surface pretreatments and demanding synthesis
protocols.”®*’

Laser direct writing is a manufacturing technology that uses a
computer-controlled laser or sample scanner to create complex
structures directly on various materials in a maskless
manner."’~** Recently, using this technology, a Cu depositing
method has attracted increasing attention™** in which a Cu
layer is coated on a polymer substrate by an infrared nanosecond
laser irradiation first (Cu particles are generated from polymers
doped with specific sensitizers to work as the catalyst in the next
step) and then ELD."’ However, the previous work tried only a
few types of sensitizers in the presence of polymers, pointing out
the restriction of laser-absorbing sensitizers and the necessity of
polymers as carbon sources for reducing environments.**
Femtosecond laser processing may solve the above problems
because it can induce nonlinear absorption, releasing the
selection of absorbers, and has ultrashort heating time, which
weakens oxidation in the air even without reductants.

Herein, we propose a feasible strategy, combining low-cost
ELD and femtosecond laser processing, called femtosecond
laser-activated metal deposition (FLAMD), which allows
ambient deposition of metal films on PDMS with high electrical
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conductivity, strong adhesion, and high reliability. FLAMD
could simplify the fabrication of metal patterns on PDMS
compared with the current techniques such as PVD and surface-
grafted polymerization. Moreover, we demonstrate that
FLAMD is eftective for depositing different kinds of metals
(Cu, Ni, Ag, and Au) on materials besides PDMS and of
different natures, including PET, paper, Si, and glass. Compared
with the infrared nanosecond laser, the femtosecond laser
possesses less limitation on absorbing sensitizers, and polymer
substrates are no longer necessary for catalyst generation from
precursors. With FLAMD, a multichannel electrode array with
high fidelity has been fabricated and applied for hand gesture
recognition and control of a robot hand to demonstrate a
human—machine interaction application.

2. FABRICATION ROUTE

Figure la presents the primary process of FLAMD, including
flexible substrate preparation, femtosecond laser activation, and
metallization by ELD. Taking Cu deposition as an example, 1 wt
% CuAc, was added into the PDMS matrix to fabricate a ~100
pm thick flexible substrate. As shown in Supplementary Note 1,
the transmittance of PDMS/CuAc, is above 87% between 400
and 1000 nm, and the film could stand on a dandelion flower
without obvious deformation of the stem, showcasing the

https://doi.org/10.1021/acsami.2c00419
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Figure 2. (a,b) SEM images of the sample after femtosecond laser activation. (c,d) TEM image of the sample after femtosecond laser activation. (e,f)
SEM images of the sample after ELD for 60 min. (g;h) SEM and EDX mapping images of the obtained Cu wire.
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Figure 3. (a) High-resolution XPS Cu 2p spectra of the sample before and after femtosecond laser activation. The gray and red lines represent the raw
data and the fitting curve, respectively. (b) XRD spectra of the sample before, after femtosecond laser activation, and after ELD.

ultralightweight nature. Then, the desired pattern was created
on the substrate by femtosecond laser activation at 515 nm,
through which catalytic sites for ELD were generated on the
irradiated area. The results of ELD could be controlled by
adjusting the scanning speed of the sample stage and the
repetition rate of the femtosecond laser. According to the
parameter test (Supplementary Note 2), we set the fluence, the
scanning speed, and the repetition rate as 22 mJ cm™2, 10 mm
s™!, and 50 kHz, respectively. Finally, during the ELD process,
the copper ions (Cu?*) in the solution were gradually reduced by
formaldehyde in the presence of catalytic sites. After deposition
of a small amount of Cu, the redox reaction continued with the
autocatalysis effect. The Cu pattern only forms in the scanned
area, which demonstrates the catalytic activity of the laser-
irradiated region. In Figure 1b,c, a metalized panda fabricated by
this method is shown for demonstration. In addition, a quick
response code was fabricated with high accuracy, as seen from
Movie S1 (the code could be detected with a mobile app and
enabled a link to a public website successfully). By FLAMD,
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metallization of the surface convex microarray could also be
easily realized (Figure 1d) with a low sheet resistance (21 mQ
sq.”"), which could be introduced in pressure sensors and
triboelectric nanogenerators.**” More details about the
metallization of the convex surface microarray can be found in
Supplementary Note 3.

Using nickel acetate (NiAc,) instead of CuAc,, Ni could be
deposited on PDMS in a similar way (Figure le). As shown in
Figure 1f,g, with predeposited Cu and Cu/Ni, Ag and Au could
be further deposited on PDMS by replacement reaction and the
autocatalysis effect. Note that a thin Ni layer is usually deposited
between Cu and Au as a barrier layer to prevent the rapid
diffusion of Cu to the Au surface. In addition, Cu could be
deposited on other materials including PET, paper, Si, and glass
(Supplementary Note 4 and Figure 5f). For PET, Si, and glass, to
adhere to the catalyst precursor, the substrate surfaces were
painted with a layer of CuAc, slurry. For paper, it was immersed
in an aqueous solution containing CuAc,. More details about the
fabrication process can be found in the Experimental Section.

https://doi.org/10.1021/acsami.2c00419
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Figure 4. (a) Change of the electrical resistance of the Cu layer with the increase of the ELD time and the storage time under 25 °C/50% RH in the air,
respectively. (b) Curve of the normalized electrical resistance (R/R,) vs the number of the bending cycles for PDMS/Cu. The inset shows the
schematic of the bending test. (c) Optical image of the sample after 20,000 bending cycles. The squares (1 mm X 1 mm each) were fabricated by laser

cutting. (d) Optical image of the 3 M tape after the scotch tape test.

Therefore, FLAMD has fair generality in the preparation of
metal electrodes. In this work, PDMS/Cu was used for property
tests.

3. RESULTS AND DISCUSSION

3.1. Morphology and Composition Characterization.
The morphologies of the substrates after femtosecond laser
activation and ELD were characterized with a scanning electron
microscope (SEM) and a transmission electron microscope
(TEM). There are numerous coral-like microstructures with the
size of several micrometers distributed on the sample surface
after femtosecond laser activation (Figure 2a). The surface of
the microscale corals is further decorated with abundant
nanoscale protrusions (Figure 2b), forming a rough hierarchical
structure. This structure may enhance the adhesion between the
substrate and the Cu coating through the mechanical
penetrating anchorage effect. The irradiated substrates were
further investigated by the TEM (Figure 2c), which shows that
the particle-like materials likely have melted together and
generate irregular shapes. The high-resolution TEM image
(Figure 2d) shows clear lattice fringes with d-spacings of 1.81
and 2.09 A, corresponding to the (200) and the (111) lattice
planes of Cu, respectively.” Another lattice fringe, measured as
around 2.18 A, matches well with the d-spacing of the (200)
plane of 3-SiC.*” Besides, the SEM images (Figure 2e,f) reveal
the continuous morphology of the Cu layer after ELD for 60
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min, which is composed of aggregated Cu particles. Moreover,
to determine the precision of the method, we prepared a narrow
Cu wire. According to the diffraction limit, the laser wavelength
(515 nm in this work) and the numerical aperture (NA) of the
focusing objective lens both determine the precision. In this
work, when the NA is 0.42 (M Plan Apo 20X, Mitutoyo, Japan)
and the diameter of spot size before focusing is 2.54 mm, the
width of the Cu wire is 3.14 ym measured by SEM and energy-
dispersive X-ray (EDX) mapping (Figure 2gh).

In addition, X-ray photoelectron spectroscopy (XPS) and X-
ray diffraction (XRD) were adopted to unravel the chemical
composition of the products. To facilitate the test, a substrate
doped with 15 wt % CuAc, was used for characterization. As the
high-resolution XPS Cu 2p spectra (Figure 3a) show, the Cu**
peaks appear at 954.4 eV (Cu 2p,/,) and 934.4 eV (Cu 2p;,)
along with three concomitant satellites (940.4, 944.1, and 962.5
€V) before femtosecond laser activation, while two new peaks
appear at 952.8 eV (Cu 2p, ;) and 932.7 eV (Cu 2p;,) after
femtosecond laser activation, which are ascribed to generation of
Cu® (element copper).”® The produced Cu’ serves as a catalyst
to trigger ELD. A shift of about 0.2 eV between the Cu 2p peaks
before and after femtosecond laser activation reveals that the
introduction of Cu® affects the electronic structure of Cu®*,
suggestin§ strong bonding between the product and the
precursor © because of the in situ conversion approach. The
XRD results shown in Figure 3b also confirm the above

https://doi.org/10.1021/acsami.2c00419
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Figure 5. (a) UV—VIS spectra of native PDMS, CuAc, solution, and PDMS doped with 1 wt % CuAc,. (b) XRD spectrum of the products of native
PDMS after femtosecond laser activation. (c) Raman spectra of the sample before and after femtosecond laser activation. (d) XRD spectrum of the
products of native CuAc, after femtosecond laser activation. (e) Schematic of the decomposition mechanism of PDMS/CuAc, under femtosecond
laser activation. (f) Photographs of the obtained Cu coating on Si and glass by FLAMD.

explanation. Compared with the XRD spectrum of the substrate,
there are three peaks featuring a Cu cubic structure (PDF# 04-
0836) residing at 43.2°, 50.4°, and 74.1° after femtosecond laser
activation, indicating that Cu?®" is reduced to Cu’. Besides, no
extra peaks are detected after ELD, showing that the obtained
Cu layer possesses high purity.

3.2. Electrical and Mechanical Characterization. To
assess the fabrication quality, we fabricated a 10 mm X 2 mm Cu
region by FLAMD. As shown in Figure 4a, the electrical
resistance measured with a digital multimeter decreases with a
longer deposition time from the black curve. At the initial stage
of ELD, the Cu layer may be discontinuous when the deposition
time is less than 20 min and, therefore, cannot form a conductive
path. With the extension of the deposition time, the continuity of
the Cu layer improves, and the electrical resistance gradually
decreases. After 60 min, the electrical resistance of Cu is 0.021
€. The electrical conductivity is determined using the following
equation ¢ = [/Rwd, where o is the electrical conductivity, l is the
length, R is the electric resistance, w is the width, and d is the
thickness. According to the cross-section image (Supplementary
Note S), the thickness of the Cu layer is 6.35 ym. Therefore, ¢ is
calculated to be 3.75 X 107 S m™’, which is slightly lower than
that of high purity bulk Cu (5.96 X 10’ S m™"). Moreover, the
stability of the coating can be evaluated by using the curve of the
normalized electrical resistance (R/R,) vs the extension of
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storage days under 25 °C and 50% relative humidity (RH) in the
air, where R and Ry are the electrical resistances of the Cu layer
after and before the storage, respectively. From the blue curve in
Figure 4a, the electrical resistance of the Cu layer slightly
increases with the extension of storage time. After 18-day
storage, the electrical resistance remains stable. These
phenomena could be explained by the formation and
stabilization of an oxidation layer on the surface of the Cu
coating, which is confirmed by EDX and XPS characterization
shown in Supplementary Note 6. A thin oxide layer can easily
form on the Cu surface under ambient conditions,”"** resulting
in an increase in the electrical resistance of the Cu coating.53
Flexible electrodes must be deformable with the electrical
conductivity remaining stable, so the test of their reliability
under mechanical bending is essential. The bending test results
of the as-fabricated PDMS/Cu electrode are shown in Figure 4b.
A Cu line with a length of 40 mm and a width of 2 mm was
fabricated on a PDMS substrate and was bent at different radii of
curvature (r) for 2000 cycles to record the change in the
electrical resistance. These tests were performed continuously
on the same sample. As shown in the inset of Figure 4b, the
flexibility can be characterized using the curve of the normalized
resistance (R/R,) vs the number of the bending cycles, where R
and R, are the electrical resistances of the Cu line after and
before the bending test, respectively. The normalized resistance

https://doi.org/10.1021/acsami.2c00419
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Figure 6. (a) Photograph of the customized PDMS/Cu electrode array laminated on the forearm of the subject. The inset shows the conformal contact
at the electrode—skin interface. (b) Contact impedance between different electrodes and human skin. The insets illustrate an equivalent circuit model
of the electrode—skin interface. Ey: half-cell potential between skin and the electrode. C, and R,: capacitance and resistance of the epidermis layer. R ;:
resistance of the underlying derma. (c) Characteristics of the recorded sSEMG signals. The RMS plots of the SEMG signals were calculated from the raw
data, and the SNR data were calculated from the RMS signals. (d) Images showing human hand gestures. (e) Characteristics of the SEMG signals from
the channels during three hand gestures in (d). Black lines represent the RMS plots. (f) Corresponding gestures of a robot hand.

can remain stable at 1.0 during the initial stage, then gradually
increases from 1.0, and finally reaches 1.3 when r is 2.0 mm. The
results demonstrate that the electrical resistance at each step of
deformation does not have obvious changes.

Besides, the scotch tape test, a common method for evaluating
the adhesion strength, was used to examine the bonding
between the deposited Cu coating and the PDMS substrate. The
PDMS/Cu film was bent for 10,000 cycles at » = 3 mm and then
was divided into 100 squares (1 mm X 1 mm each) by laser
cutting. The cutting depths in both directions are greater than
the thickness of Cu coating (6.35 ym). None of the cross-
hatched squares was stripped after being quickly peeled off
vertically the film, suggesting the best level (ASTM D3359
standard). More details are described in Supplementary Note 7.
After the first tape test, the sample was bent for another 10,000
cycles at r = 3 mm, which still maintains the best level as
illustrated in Figure 4c. As indicated by Figure 4d, only a trace of
powders that might be produced by the dividing process remains
on the 3 M tape and no Cu pieces are found.

3.3. Chemical Reactions under Femtosecond Laser
Activation. Investigations were performed to infer the
mechanism of Cu’ generation resulting from the interaction
between the femtosecond laser and the PDMS/CuAc, film.
Native PDMS, CuAc, solution, and PDMS/CuAc, are almost
transparent at S15 nm from the linear absorption spectra (Figure
Sa), so nonlinear optical absorption is involved during
femtosecond laser activation. According to previous studies,
with conventional furnace heating, a siloxane preceramic
polymer can convert to SiC when the temperature is above
1400 °C within an inert ambiance,”* while CuAc, could be
decomposed into Cu’ and copper oxide (CuO) when the
temperature is higher than its decomposition temperature.”> f3-
SiC after femtosecond laser activation of native PDMS is
detected from XRD (Figure 5b), while the D and G bands (1350
and 1590 cm™') of carbon are detected from the Raman

spectrum (Figure Sc), although the temperature induced by
femtosecond laser irradiation is about 350 °C, much lower than
1400 °C, from a thermal camera as shown in Supplementary
Note 8. Note: The intensity of the XRD peaks for $-SiC might
be too low to be found in the XRD result for the sample doped
with 15 wt % CuAc, after femtosecond laser activation (Figure
3b). Moreover, the Raman bands from SiC are often too weak to
be detected in the presence of carbon,*® which can be attributed
to the lower Raman scattering efficiency of SiC than that of
carbon.”” The phenomenon is consistent with other reports for
processing siloxane polymers with a laser.”*>” A kinetic effect of
decomposition may be involved, by which rapid heating could
cause decomposition of PDMS at a lower temperature.’’
Therefore, we speculate that the rapid temperature rise caused
by femtosecond laser heating leads to the decomposition of
PDMS. The rapid heating could directly initiate Si—O and C—H
bond scission, generating $-SiC and carbon within a low-
temperature range. In contrast, from thermogravimetry analysis
of CuAc, (Supplementary Note 9), the decomposition temper-
ature of CuAc, (250 °C) is lower than the temperature induced
by femtosecond laser activation. It is proven from XRD (Figure
5d) that CuAc, could be decomposed into Cu’ and CuO by
femtosecond laser heating. The oxidation peaks are relatively
strong after femtosecond laser activation of native CuAc,, while
there is no obvious oxidation peak for the irradiated products
from PDMS/CuAc, (Figure 3b). The results show that the
presence of PDMS provides a reducing environment probably
because carbon generated from PDMS inhibits the formation of
the oxide.

Combining the above, we propose a possible reaction
mechanism for PDMS/CuAc, under femtosecond laser
activation, as shown in Figure Se. Under femtosecond laser
activation, B-SiC and carbon come from the decomposition of
PDMS, while Cu’ originates from the direct decomposition of
CuAc, and the reduction of CuO by carbon. Therefore, carbon
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plays a supplementary role in promoting the formation of Cu’.
Compared with the previous work using the nanosecond laser,**
the method using the femtosecond laser shows two merits. First,
it alleviates the restriction on absorbing sensitizers since the high
instantaneous intensity of the femtosecond laser can induce
nonlinear absorption, for example, in PDMS and CuAc, in this
work. Moreover, it is unnecessary to use polymer substrates as
carbon sources for generating a Cu’ catalyst with the
femtosecond laser. This could be attributed to the ultrashort
heating time using the femtosecond laser, during which a much
smaller amount of Cu’ is oxidized in air. We have corroborated
the flexibility in substrate selection by successfully fabricating Cu
coating on Si and glass (Figure Sf).

3.4. Applications and Prospect. In recent years, hand
gesture recognition based on surface electromyography (SEMG)
signals has received tremendous attention, which is exploited for
human—machine interface (HMI) applications.”"*> To acquire
sEMG signals, flexible electrodes play a critical role in the signal-
processing HMI systems. Due to the irregular spatial
distribution of the forearm muscle groups, the information
collected by a single bipolar channel is rather limited. According
to the anatomy of the human forearm, several forearm muscles
separately control the motion of each finger.®® For high-accuracy
gesture identification, a multichannel electrode array that could
collect sSEMG signals from these muscles is necessary. Owing to
the capability for customization and the reliable electrical and
mechanical properties of the flexible electrodes made by
FLAMD, a multichannel electrode array for HMI applications
could be easily fabricated, as illustrated in Figure 6a. The flexible
electrodes can be directly mounted to achieve conformal contact
with human skin (the inset of Figure 6a). The electrode—skin
impedance characterizes the electric behavior of the contact
interface, which is commonly modeled as a combination of RC
elements (the insets in Figure 6b).°* The electrode—skin
impedance was measured with an LCR meter from 20 to 1020
Hz (the main frequency band of sSEMG signals®) to characterize
the electrical performance of the electrodes, as shown in Figure
6b. Commercial Ag/AgCl gel electrodes are chosen as a
reference. It is observed that the impedance for the PDMS/Cu
electrodes is slightly higher than that for the gel electrodes.
However, the gel electrodes might incur significant measure-
ment errors due to drying of the gel after long-time usage.®®”

In Figure 6c, the quality of SEMG signals recorded by different
electrodes is compared. The fist-clenching gesture was tested
twice with an interval of 4 s, and the gestures resulted in almost
the same patterns of sSEMG signals reflected by the root mean
square (RMS). The signal-to-noise ratio (SNR) calculated using
the RMS of the Ag/AgCl gel electrodes is 21.24 dB, while that of
PDMS/Cu is slightly lower (18.87 dB), which shows that the
PDMS/Cu electrodes have comparable fidelity to the
commercial Ag/AgCl gel electrodes. Figure 6d displays three
different finger gestures, and each gesture results in a different
sEMG signal and RMS (Figure 6e). The RMS, as the feature of
gesture recognition, could realize the gesture synchronization of
a virtual hand (Supplementary Note 10 and Movie S2). To
control a real robot hand accurately and effectively, we used the
random forest machine learning model as the classifier to analyze
gesture features (including RMS, mean absolute value, wave-
length, zero cross, and slope sign change) and control the robot
hand to follow the gestures (Figure 6f and Movie S3), which
demonstrates the practical applications of the flexible electrodes
to complete HMI tasks. More details about the model are
described in Supplementary Note 11.

4. CONCLUSIONS

This work reported a feasible method, FLAMD, for mask-free
and low-cost fabrication of flexible metal electrodes. Without
complicated surface pretreatments and operations, FLAMD can
easily deposit metals (Cu, Ni, Ag, and Au) on PDMS and other
materials, including PET, paper, Si, and glass. The obtained Cu
layer exhibits electrical conductivity comparable to that of bulk
Cu and excellent adhesion with PDMS. Compared with the
nanosecond laser fabrication methods, FLAMD releases the
restriction on absorbing sensitizers and suppresses oxidation of
catalysts in the air without polymer substrates due to the
nonlinear absorption and ultrashort heating time of femto-
second laser processing. Thereby, it could be adapted to
depositing metals on inorganic substrates, such as flexible glass.
In addition, FLAMD benefits processing of temperature-
sensitive flexible substrates like PDMS, due to the small heat-
affected zone of femtosecond laser processing. The flexible
electrodes have been successfully adopted to acquire the SEMG
signals with high fidelity, enabling real-time control of a robot
hand.

5. EXPERIMENTAL SECTION

5.1. Materials. PDMS was supplied by Dow Corning Corporation.
PET, Si, glass, and paper were purchased by Taobao Co. Ltd.
(Zhejiang, China). Other chemicals were purchased from Aladdin
Industrial Co., Ltd. (Shanghai, China). Deionized Mini-Q water (18
MQ cm) was used for all experiments.

5.2. Preparation of Samples. For PDMS/CuAc, or PDMS/
NiAc,, PDMS and 1 wt % CuAc, or 1 wt % NiAc, were first mixed
uniformly using a high-speed mixer. After degassing, the liquid mixture
was dropped onto a glass sheet for spin-coating and cured at 80 °C for
30 min to obtain a piece of film with a thickness of ~100 ym. PDMS for
robot control was prepared with a mixture of precursor and crosslinker
ata 20:1 ratio, and the other samples in this work were prepared at 10:1.
For PET, Si, and glass, the substrate surfaces were painted with a layer of
slurry (1 g of CuAc, and S mL of ethanol) and then were dried at 80 °C
for 1 h. For paper, it was immersed in an aqueous solution (<5 wt %
CuAc,) for S min and then was dried at 80 °C for 1 h. The aqueous
solution of CuAc, (5 wt % CuAc,) was prepared for the UV—vis
absorption test.

5.3. Femtosecond Laser Activation. The laser activation
experiment was conducted with a homemade processing system. An
Yb: KGW femtosecond laser (Pharos-10 W, Light Conversion) with a
center wavelength of 515 nm (second-harmonic generation) was used
as the laser source, which is widely used in industry for laser processing
because of its high average power, low cost, long lifetime, insensitivity to
environmental disturbance, and wider tuning range of repetition rates.
The laser was focused on the sample surface using a lens with a S cm
focal length. The laser system was equipped with a 3D translational
platform. In this work, the fluence, the scanning speed, and the
repetition rate were 22 mJ cm™% 10 mm s~', and 50 kHz, respectively,
unless specified. The line-by-line scanning method for pattern
generation was used in this work with an interval of 15 ym.

5.4. Metallization by ELD. ELD of Cu was performed in a plating
bath consisting of a 1:1 mixture of solutions A and B at 40 °C for 1 h.
Solution A was a DI water solution of copper sulfate pentahydrate (14 g
L"), sodium hydroxide (14 g L™"), potassium sodium tartrate (14 g
L"), ethylenediaminetetraacetic acid (20 g L™'), and potassium
ferrocyanide (10 mg L™'). Solution B was a formaldehyde aqueous
solution (12 mL L™"). For ELD of Ni, PDMS/NiAc, after femtosecond
laser activation was immersed in a plating bath consisting of nickel
sulfate pentahydrate (30 g L™'), sodium citrate (10 g L™"), ammonia
chloride (30 g L™"), and sodium hypophosphite (30 g L") in DI water
at 70 °C for 1.5 h, and the pH was adjusted to 10.0 with ammonia. For
ELD of Ag, PDMS/CuAc, after femtosecond laser activation was
immersed in the solution for ELD of Cu at 40 °C for 20 min followed by
immersion in an Ag plating bath (silver ammonia solution: 0.5 g of silver
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nitrate was dispersed in 50 mL of DI water, and then, ammonia—water
solution was dropped to achieve pH of 10—11. Reducing agent
solution: 1 mL of formaldehyde) at room temperature for 1 h. For ELD
of Au, a thin Ni layer was first deposited onto the Cu surface with the
help of an iron nail followed by immersion in an Au plating bath (3.39 g
L™! chloroauric acid, 0.4 g L™ sodium hydroxide, 11 g L™ sodium
hypophosphite, and 16 g L' sodium thiosulfate pentahydrate in DI
water) at 65 ° C for 1 h. After the deposition, the samples were rinsed
with DI water and dried by nitrogen flow.

5.5. Recording of sEMG Signals. The sEMG signals were
recorded on a homemade EMG monitor based on an Arduino Uno
Rev3 board with four channels. Each channel contained three
electrodes, two of which were pasted on the forearm to detect the
sEMG signals, and the other one (this one is a commercial Ag/AgCl gel
electrode) was attached at the back of the elbow. Commercial
electrodes (Xunda Ag/AgCl gel electrodes) and PDMS/Cu electrodes
were used for comparison. On-skin experiments were conducted under
approval from the Southern University of Science and Technology,
Human Participants Ethics Committee (Protocol Number: 20210090).

5.6. Characterization. Morphologies and structures were observed
by field emission scanning electron microscopy (FEI Nova Nano SEM
450) and high-resolution transmission electron microscopy (Tecnai
G2F20 FEI), respectively. The crystalline structure was obtained by
XRD (Rigaku D/Max2500, Japan) with a Cu Ka radiation source (4 =
1.5406 A). An X-ray photoelectron spectrometer (PHI-1800, Japan)
was used to measure the surface element composition and chemical
state of the as-prepared samples. Raman spectra were measured using a
Raman spectrometer (HORIBA LabRAM HR Evolution) with $32 nm
laser excitation. The electrode—skin impedance was measured with an
LCR meter (IM3533-01, HIOKI). The electrical resistance was
measured with a digital multimeter (DMM 6500, Keithley). The
absorption spectra were measured with a UV/VIS/NIR spectrometer
(Lambda 750 S, PerkinElmer). Thermogravimetric (TG) analysis was
performed using a TG analyzer (STA 2500 Regulus, NETZSCH) at a
heating rate of 20 °C/min in air. The surface profile of the Cu coating
was studied with a confocal laser scanning microscope (VK-X1000,
Keyence). The temperature of the sample was measured with an
infrared camera (T660, FLIR Systems Inc.). The sheet resistance was
measured using a four-point probe system (RTS-8, Guangzhou 4-probe
Tech Co. Ltd.) with a probe spacing of ~1 mm.
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