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% Check for updates Stretchable electronics that prevalently adopt chemically inert metals as sen-

sing layers and interconnect wires have enabled high-fidelity signal acquisition
for on-skin applications. However, the weak interfacial interaction between
inert metals and elastomers limit the tolerance of the device to external fric-
tion interferences. Here, we report an interfacial diffusion-induced cohesion
strategy that utilizes hydrophilic polyurethane to wet gold (Au) grains and
render them wrapped by strong hydrogen bonding, resulting in a high inter-
facial binding strength of 1017.6 N/m. By further constructing a nanoscale
rough configuration of the polyurethane (RPU), the binding strength of Au-
RPU device increases to 1243.4 N/m, which is 100 and 4 times higher than that
of conventional polydimethylsiloxane and styrene-ethylene-butylene-styrene-
based devices, respectively. The stretchable Au-RPU device can remain good
electrical conductivity after 1022 frictions at 130 kPa pressure, and reliably
record high-fidelity electrophysiological signals. Furthermore, an anti-friction
pressure sensor array is constructed based on Au-RPU interconnect wires,
demonstrating a superior mechanical durability for concentrated large pres-
sure acquisition. This chemical modification-free approach of interfacial
strengthening for chemically inert metal-based stretchable electronics is
promising for three-dimensional integration and on-chip interconnection.

Stretchable artificial electronic skins integrated into biological tissues
to reliably sense, transmit, and process signals are critical for robust
human-machine interfaces (HMIs)"™. An artificial skin is generally

components are rationally assembled into a functional set using
microfabrication, printing or transfer processes, forming various arti-
ficial skin devices including stretchable electrodes®’, multimodal

sensors'* ™, functional circuits™", and standalone stretchable sensing
platforms™'®, In practical applications, these devices inevitably
experience external friction interferences caused by directly

composed of two basic components: an electrical functional layer for
information acquisition and processing, and a conformal substrate
that mechanically matches human tissue/skin and robots*”. These two
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contacting with human skins and fabrics during somatic movement.
Friction interferences would give rise to the delamination of the
functional layer from the substrate, leading to the deterioration of
monitoring signals and even the device failure (Fig. 1a). These issues
would be amplified in signal acquisition for vigorous exercise, such as
the athlete training and competition that suffers large deformation
and rubbing.

In practice, a great number of artificial skins employ chemically
inert metals, such as gold (Au) and platinum, as functional layers and
interconnect wires to perceive or transmit up-to-date signals, due to
their high intrinsic electrical conductivity, good chemical stability and
biological non-toxicity"®. For these inert metal-based artificial skins,
one of the most challenging issues is the weak adhesion between the
inert metals and stretchable substrates due to poor interfacial che-
mical bonding'**°, which makes them sensitive to the ubiquitous fric-
tion interferences. Although an encapsulation strategy that packages
the functional metal layer into endurable polymers has been devel-
oped to defense friction interferences, it impedes the metal layer from
directly contacting with skins and other media for signal
acquisition”**, Another promising strategy is to directly enhance the
interfacial adhesion between the metal layer and elastic substrate by
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Fig. 1| Design of anti-friction artificial skins. a Schematic illustration of artificial
skins suffering from frictions during HMIs applications. b Structural illustration of
chemically inert Au layer deposited on hydrophilic WPU substrate. Zoom-in view:
schematic of interfacial binding between Au layer and WPU substrate through

interfacial diffusion-induced cohesion effect. Strong cohesive force is constructed
by diffused water molecules and oxygen-containing groups adsorbed on Au grains,

After 5 frictions
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interfacial structural engineering®”* and chemical engineering®. The

former utilizes the configurations of interfacial microstructures such
as island-bridge and biphasic interpenetrating structure to compen-
sate the deformation stress imposed on metal layer®**°, but the weak
van der Waals forces at the metal-substrate interface results in limited
interfacial binding capability. In the later approach, metal layers and
elastic substrates are usually chemically modified with specific che-
mical groups”?’ or adhesion additives®* to directly strengthen their
interfacial binding. However, the chemically modified residues would
inevitably penetrate into the inert metal and substrate layers to dete-
riorate the structural integrity and restrict the electron mobility of the
device, resulting in inferior mechanical tolerance and low electrical
conductivity.

Here, we report a chemical modification-free diffusion-induced
cohesion (DIC) strategy to achieve strong interfacial binding between
inert Au and waterborne polyurethane (WPU) for anti-friction elec-
tronics. Combining with a rough microporous structure of waterborne
polyurethane (RPU), the interfacial binding (peel strength) of the Au-
RPU device reaches up to 1243.4 N/m, which is 100 and 4 times higher
than that of conventional polydimethylsiloxane (PDMS)- and styrene-
ethylene-butylene-styrene (SEBS)-based devices, respectively. Owing
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ensuring the strong adhesion of Au grains onto WPU substrate. ¢ Comparison of the
peel strength. Shaded colors indicate the plateau of the curves. Top right inset
shows the schematic of the T-peel test. d—f Electrical stability of d Au-WPU e Au-
PDMS and f Au-SEBS upon frictions on human forearm with a vertical load. The
dashed white area indicates the friction position.
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to the strong interfacial binding, the fabricated Au-RPU device can
remain highly conductive (electrical sheet resistance <500 Q/[]) even
after 1022 + 76 frictions on artificial skin at a large vertical pressure of
130 kPa, and possesses a low resistivity of 1.09 x 10 Q m even when
stretched to 400% strain. We further verified the strong interfacial
binding is attributed to the cohesion effect of adjacent wetted Au
grains in interfacial layer, which is formed by hydrogen bonding of
diffused molecular glues (water molecules and oxygen-containing
groups on the WPU surface). As a proof-of-concept for anti-friction
HMIs, Au-RPU-based stretchable electrodes were fabricated for elec-
trophysiological signal recording even after strong cyclic rubbing by
fabrics, hairy scalp and skins, showing a high signal-to-noise ratio
(SNR) at 25.0+0.9 dB after 1000 frictions when recording electro-
myographic signals. In addition, we have developed a stretchable cir-
cuit that employs Au-RPU interconnect wires, enabling the
illumination of light-emitting diodes (LEDs) even under conditions of
frictions and deformation. Furthermore, we have fabricated a pressure
sensor array capable of reliably monitoring the concentrated large
forces imparted by grasping objects.

Results

Fabrication and characterization of anti-friction devices

To achieve anti-friction ability, metallic Au and hydrophilic WPU are
considered as the two fundamental components of artificial skin
(Fig. 1b). Instead of using conventional elastomers such as PDMS and
SEBS, we select hydrophilic WPU as the elastic substrate because of its
low Young’s modulus, eco-friendly film manufacturing in aqueous
solution, high compatibility with other materials and solvents for
surface microstructure design, and rich hydrophilic polar groups
(Supplementary Figs. 1-3 and Table 1). Such polar groups include
oxygen-containing groups and adsorbed water molecules on the sur-
face, which will wet Au grains during Au deposition and form stable
aggregates (Fig. 1b and Supplementary Fig. 1), thus resulting in the DIC
effect discussed in the following content.

Compared to conventional Au-PDMS and Au-SEBS devices, the
fabricated Au-WPU device requires an extremely high peel strength of
1017.6 N/m to peel the Au layer from the WPU substrate (Fig. 1c), rea-
lizing strong anti-friction ability. To intuitively illustrate the anti-
friction capability, the device is attached onto the human forearm skin
for cyclic friction measurements. When rubbed 1000 times at a vertical
pressure of roughly 65kPa, the electrical resistance of the Au-WPU
device only increases slightly from 8.7 Q/]J to 35.7 Q/7 (Fig. 1d). In
comparison, the Au-PDMS and Au-SEBS devices are destroyed upon 5
and 70 frictions, respectively (Fig. 1e, f). These results demonstrate the
superior anti-friction ability of the Au-WPU device, which is further
verified by multiple friction experiments with the external loads
applied by human fingerprinting (Supplementary Movie 1).

To further enhance the binding strength between Au and WPU
layers, a rough surface configuration of WPU substrate with the
roughness of 211.3+3.4nm is developed via a facile micropore-
forming principle using the urea/water/N, N-dimethylformamide
(DMF) solution (“Methods” section and Supplementary Figs. 4 and
5). The dissolved urea decomposes into ammonia and carbon dioxide
bubbles at high temperature, which act as micropore-making agents™.
The water-miscible DMF with a high boiling point and a slow eva-
poration rate reduces the volatilization rate of the solution, thus being
able to modulate the microporous surface by controlling the nuclea-
tion and growth of bubbles****. The resultant Au-RPU device shows an
extremely high peel strength of 1243.4 N/m, which is 100, 4 and 1.2
times higher than that of the Au-PDMS, Au-SEBS and Au-WPU devices,
respectively (Fig. 1c). Here, the curve fluctuation in peel force test may
be attributed to instrumental noise and binding non-uniformity?®,
which can be alleviated by filtering and average value methods®*>*¢
The peel strength of our Au-RPU device is significantly higher than that
of other devices with inert metal functional layers (Supplementary

Table 2), confirming the advantages of proposed DIC strategy. In
addition, the Au-RPU device features a microporous structure with the
relatively large aperture diameter of ~-101.6 + 20.7 um (larger than most
of artificial skins with the diameter of a few microns or less), mimicking
the human skin-like pores to enable the device breathable (Supple-
mentary Fig. 6)”.

Typical friction suffered in the metal layer of a device originates
from the contact of the device and external objects, such as skin and
fabrics, which can be quantified by repeatedly rubbing the surface of
the device with a loaded force (Fig. 2a). Figure 2b and Supplementary
Fig. 7 show the friction tests of typical Au-PDMS, Au-SEBS, Au-Ecoflex,
Au-thermoplastic polyurethane (TPU), Au-polyimide (PI) devices and
our Au-based devices by using a rough artificial aging skin under a
130 kPa vertical pressure to rub the device (see “Methods” section).
Here, two reference sheet resistance (R) values of 500 Q/] and
100 MQ/J are chosen as the criteria of conductive and insulating
states, respectively, as the device resistance is usually gradually
increased during repeated rubbing. The number of frictions required
to change the device from its conductive state to insulating state is
only one time for the Au-PDMS device, and roughly five times for the
Au-SEBS device, indicating that the Au layer is easily detached from the
two elastic substrates. While the Au-WPU and Au-RPU devices can
maintain highly conductive state after 28 +3 and 53 + 5 frictions, and
falls into the insulating state after 36 +2 and 61+ 4 frictions, respec-
tively (Fig. 2b), demonstrating the strong anti-friction ability. These
results are further verified by scanning electron microscopy (SEM)
images, in which the conductive Au films (bright area) are severely
destroyed after one and five frictions for Au-PDMS and Au-SEBS
devices, respectively; while the Au films are preserved with a few
microcracks after 25 and 50 frictions for Au-WPU and Au-RPU devices,
respectively (Fig. 2c). In addition to Au, Pt-RPU devices with the same
fabricating process also exhibit excellent electrical tolerance to
external frictions (Supplementary Table 3), indicating our strategy
could be extended to other inert metallic materials.

We further verified that the Au-RPU device can stably keep highly
conductive state against frictions under vertical pressure ranging from
65 kPa to 260 kPa (Supplementary Fig. 8). In addition, the influence of
friction objects on the anti-friction ability of our device is character-
ized by using the artificial tender skin, artificial aging skin, woven fabric
and abrasive paper that possess the increased surface roughness of
5.83 nm, 445.76 nm, 1.10 pm and 2.44 pm, respectively (Supplemen-
tary Table 4). The Au-RPU device can maintain substantially high
electrical performance even after experiencing 1022 + 76 frictions for
smooth artificial tender skin, and 13+2 frictions for highly rough
abrasive paper (Fig. 2d). The quantitative comparison of peel strength
and anti-friction results of these devices indicate our Au-RPU device
has good electrical reliability as the artificial electronic skin. When
applying a tensile test, the Au-RPU device can retain relatively good
conductivity (resistivity: 1.09 x 10 Qm) even at a large stretchability
of 400% (Fig. 2e), whereas, the other reported Au-based stretchable
devices would lose their conductivity below 200% tensile strain (Sup-
plementary Table 5). SEM studies reveal the interconnected con-
ductive pathway with uniform Au micro-fragments for the Au-RPU
device upon stretching (Supplementary Fig. 9). These micro-fragments
can be recovered at 0% tensile strain without any noticeable slippage
or exfoliation. In comparison, Au layer in the Au-PDMS device becomes
disconnected fragments upon stretching, and slips clearly on the
PDMS substrate (Supplementary Fig. 10). Although the Au-SEBS device
exhibits good electrical performance at a large stretchability of 367%
(Fig. 2e), localized slippage is still observed due to the weak interfacial
binding (Supplementary Fig. 11). Together, these results indicate our
Au-RPU device possesses stronger interfacial binding than Au-PDMS
and Au-SEBS devices. The strong interfacial binding restricts the slip-
page of Au micro-fragments at the surface of RPU, thus achieving a
high anti-friction ability. In addition, the Au-RPU device exhibits good
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Fig. 2 | Electrical anti-friction ability. a Schematic illustration of Au-based
stretchable devices upon cyclic frictions. b Anti-friction performance of Au-PDMS,
Au-SEBS, Au-RPU and Au-RPU upon cyclic frictions using an artificial aging skin
under 130 kPa pressure. ¢ SEM images of Au-PDMS, Au-SEBS, Au-WPU, and Au-RPU
after cyclic frictions. Bright area represents Au and dark area represents the sub-
strate. Scale bar, from left to right: 200 um, 10 pm, 3 pm and 3 um. Each experiment

was repeated three times independently with similar results. d Anti-friction per-
formance of Au-RPU upon multiple frictions by four friction objects with the
increased surface roughness. The vertical pressure is 130 kPa. e Stretchability
comparison of the stretchable Au film on PDMS, SEBS and RPU substrates. Data in
(b) and (d) are presented as mean values + SD, n =3 independent samples.

stability when applying five cyclic tensile deformation at different
maximum tensile strains of 25%, 50% and 100% (Supplementary
Fig. 12), and can retain 1000 stable tensile cycles at a maximum tensile
strain of 100%, verifying its long-term durability upon large deforma-
tions (Supplementary Fig. 13).

Mechanism analysis

To understand the interfacial binding nature of the Au/WPU interface,
we used X-ray photoelectron spectroscopy (XPS) depth profiling to
study the interface of the Au and WPU layer at each etched layer of Au-
WPU sample (Supplementary Fig. 14 and Note 1). The XPS depth pro-
filing shows that the Au 4f signal intensity decreases whereas the C 1s
signal intensity increases obviously after the 9th etching of Au film,
indicating the penetration of WPU into Au layer (Fig. 3a-c and Sup-
plementary Table 6). Moreover, the remaining layer thickness of the
coexistence of Au 4f and O 1s signals after the 9th etching is roughly
6.5 nm (“Methods” section and Supplementary Fig. 15), which is greater
than the XPS electron escape depth of the O element at 1486.7 eV
(-2.0 nm)***. These results indicate that O elements diffuse into the Au
layer during the vacuum deposition.

To further explore the origin of O elements at the interface, the
curve fitting of the O 1s XPS spectra for surface uncleaned WPU and
cleaned WPU were performed (see “Methods” section). Three fitting
peaks, namely -OH, -COO- and C=0 peak, are observed in the O 1s
spectrum of cleaned WPU, indicating the presence of oxygen-
containing groups including hydroxyl and carbonyl groups on WPU

molecular chains (Fig. 3d, Supplementary Note 1). The relative atomic
content of the -OH peak in the cleaned WPU is 39.46% (-OH groups on
WPU molecular chains), but it increases to 50.50% in the uncleaned
WPU (Fig. 3e and Supplementary Table 7). The results indicate that
there should be also a certain amount of water molecules adsorbed on
the uncleaned WPU surface, in addition to the oxygen-containing
groups on WPU molecular chains. In comparison, no peak change is
observed in O 1s XPS spectra of the hydrophobic PDMS before and
after surface cleaning (Supplementary Fig. 16), revealing that water
molecules are prone to adsorption on WPU surface due to its intrinsic
hydrophilicity*’. Moreover, the fitting peak of -OH is dominated in the
Au-WPU after 12th etching, which is consistent with the uncleaned
WPU rather than the cleaned WPU (Fig. 3d-f, Supplementary Table 7).
Together, these results demonstrate water molecules and oxygen-
containing groups on WPU are capable of diffusing into the initially
deposited Au layer during the deposition process.

Studies have demonstrated that clean Au surface is hydrophilic so
that polar molecules like water molecules can wet Au surface**%. The
wetting effect induces Au grains to generate stable aggregates because
a strong hydrogen bonding network would spontaneously construct
among polar groups*’. The hydrogen bonds were verified by in-situ
Fourier transform infrared spectroscopy (FTIR; Fig. 3g, h; Supple-
mentary Fig. 17). Two stretching vibration bands at 3385 and 3316 cm™*
represent the ordered hydrogen bonding (H-bond) -OH and -NH-
group, respectively. These bands move to a higher wavenumber upon
heating, accompanied by the intensity reduction. These results
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the Au-WPU interface are diffused into WPU. Shaded color with dashed black lines
indicate the diffusion region. b, ¢ Au 4f (b) and C s (c) XPS spectra of the Au layer
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PU film e before and d after surface cleaning by Ar* ion. f O 1s XPS spectra of the Au
layer on flat WPU substrate after the 12th etching. g, h Temperature-dependent

Wavenumber (cm™)

@  Water molecules —

Wavenumber (cm™)

o Wetted Au by molecular glues

92 Oxygen-containing groups

Molecular chain
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FTIR spectra of WPU upon heating from 30 °C (purple curve) to 100 °C (crimson
curve): g 3500-3150 cm™; h 1800-1620 cm™. i Schematic illustration of the DIC
mechanism for strong interfacial binding between Au layer and WPU substrate,
including the diffusion of molecular glues, construction of hydrogen bonding, and
cohesion deposition to achieve tight interfacial adhesion. Light blue and red color
indicates the diffusion region and stretchable substrate, respectively. The abbre-
viated AR number in Fig. 3 is the number of times by Ar* ion etching.

indicate that the ordered H-bond -OH and -NH- groups in WPU are
transformed into disordered H-bond types (Fig. 3g). The C=0 wide
peak at 1716 cm™ is combined by the bands of free (1730 cm™), dis-
ordered H-bond (1716 cm™) and ordered H-bond C=0 (1692 cm™).
When the temperature is increased, the peak moves toward higher
wavenumber with band intensity increasing for the free C=O and
decreasing for the H-bond C=0 groups, revealing the presence of
hydrogen bonding in WPU. Notably, the peak intensity of disordered
H-bond C=0 is relatively stable with the slightly tendency of up-going
first and then going down corresponding to the rearrangement of
hydrogen bonds, which would be responsible to maintain the hydro-
gen bonding network***¢,

Based on the above results, we propose a diffusion-induced
cohesion effect to explain the strong binding of chemically inert Au on
WPU substrate (Fig. 3i and Supplementary Fig. 1). In the evaporation
process, water molecules and oxygen-containing groups on WPU
surface act as molecular glues that bridge Au grains and WPU mole-
cules. The molecular glues can diffuse into Au domains that reach the
WPU surface and thus wet these Au grains at the initial stage of eva-
poration. A compact hydrogen bonding network is subsequently
constructed among the molecular glues to create a strong cohesive
force between molecules**%. Such cohesive force can tightly pull
adjacent wet Au grains together to be firmly anchored on the surface of
WPU for anti-friction artificial skins.
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Furthermore, we conducted finite element analysis (FEA) using
the COMSOL software to explain the effect of the WPU surface mor-
phology on the interfacial binding of Au layer (see “Methods” section).
The surface geometry of the device is parameterized by using random
numbers to generate rough surface for simulation (Supplementary
Fig. 18a). When applying the same tangential force to the sample sur-
face, the Au cell mesh on rough microporous WPU experiences less
deformation stress than the flat WPU due to the large specific surface
area of rough morphology (Supplementary Fig. 18). The simulation
results reveal that rough topology structure can enhance the interface
binding strength of the device for high anti-friction ability because of
the increased effective contact area between the Au grains and the
substrate.

Anti-friction soft electrodes, circuits, and sensor array

In real HMIs, stretchable electronic devices are inevitably affected by
the friction interference caused by the fabric, hair and skin, especially
when people are doing intense exercises such as running and jumping,.
To demonstrate the feasibility of anti-friction Au-RPU electronics, we
firstly fabricated Au-RPU-based stretchable electrodes for real-time
human electrophysiological monitoring (Fig. 4a, see “Methods” sec-
tion and Supplementary Movie 2 for measurement setup). Au-RPU
stretchable electrodes were attached to a person’s chest skin and
cerebral cortex to monitor electrocardiograph (ECG) and electro-
encephalography (EEG) signals, respectively (Fig. 4b, ¢ and Supple-
mentary Fig. 19). High-fidelity ECG and EEG signals were continuously
recorded before and after strong cyclic rubbing (Fig. 4d, Supplemen-
tary Movies 3 and 4), verifying the excellent anti-friction ability of our
Au-RPU electrodes. In contrast, the commonly used Au-PDMS elec-
trodes showed a significant deterioration in ECG and EEG signal
recording after frictions due to the weak interfacial binding between
Au and PDMS layer (Fig. 4d, Supplementary Movies 3 and 4).

Furthermore, we placed two Au-RPU electrodes on the forearm to
monitor high-quality electromyography (EMG) recording while
clenching the fists (Fig. 4e). The Au-RPU electrode showed a stable SNR
of fist clenching before (25.7 + 0.8 dB), after 500 (24.9 + 0.3 dB) and
1000 (25.0 £ 0.9 dB) frictions (“Methods” section and Fig. 4f). These
results indicate our Au-RPU electrode shows excellent anti-friction
ability for high-quality electrophysiological signal recoding, which is
critical in tracking physical state of athletes during strenuous exercise.

We tested the interfacial impedance between skin and electrodes
to evaluate the signal transduction ability of anti-friction electrodes
(Fig. 4g). Compared with Ag/AgCl electrodes commonly used in clinic,
the Au-RPU electrodes exhibit the lower interfacial contact impedance,
which guarantees the signal integrity in electrophysiological mea-
surement. More importantly, the Au-RPU electrodes still could main-
tain a low skin interfacial impedance even after rubbing on the forearm
skin for 1000 times with roughly 65kPa. The electrode impedance
after frictions is slightly higher than that of the original electrode in
low-frequency range of 10°-10? Hz, which may be related to the resis-
tance change of the device after the friction®.

We also utilized the patterned Au-RPU film to fabricate an artificial
skin circuit consisting of Au-RPU-based interconnect wires and four
LEDs (Fig. 4h). To demonstrate the electrical anti-friction performance,
the stretchable circuit was rubbed by using human skin and fabrics that
are conventional friction sources in daily use. The four LEDs in the circuit
were lit simultaneously and maintained almost constant brightness
upon multiple frictions (Supplementary Movie 5). Furthermore, the
circuit worked well upon stretching, folding, and kneading deformations
(Fig. 4i-k, Supplementary Movie 6). These results demonstrate that Au-
RPU interconnect wires possess strong anti-friction ability at the circuit
level for the applications of anti-friction artificial skins.

The next generation of bionic soft robots are expected to enable
active interactions with surrounding environment through large-scale
force acquisition and feedback (Fig. 5a). However, the accuracy and

reliability of force acquisition and feedback are often limited by the
friction interference of sensing array**~°.To solve this issue, we fabri-
cated an anti-friction pressure sensor array (APSA) based on the Au-
RPU electrodes, which could be attached to sharp 3D surfaces and
reliably perceive the pressure signals up to 22.2 MPa when subjected to
concentrated deformation stresses (Fig. 5b). The APSA consists of the
force-sensitive interlayer addressed by an orthogonal network of
conductive Au electrodes deposited on the RPU substrates (“Methods”
section, Fig. 5b and Supplementary Fig. 20). There are 36 sensors in the
array (3 rows x12 columns), and each point of overlap between the
orthogonal Au electrodes is a single sensing unit that is sensitive to the
normal pressure. As for a single sensing unit, the absolute value of the
relative change in electrical resistance, |R-Rg | /Ro, increased by near
80% when applying 22.2 MPa pressure (Fig. 5¢). The force response
within 0.4 MPa to 22.2 MPa exhibited consistent behavior across mul-
tiple sensing units (Supplementary Fig. 21), which is superior to most of
existing inert metallic electrodes-based pressure sensors (Supple-
mentary Table 8). In addition, the APSA sensor unit shows good sta-
bility at the temperature up to 60 °C, 100% relative humidity, 20%
tensile strain for electrodes or 90° bending condition (Supplementary
Fig. 22). The sensing value of each individual sensor in the array could
be correctly extracted by using a ground-based electrical isolation
scheme (Supplementary Fig. 23).

To further illustrate the superiority of anti-friction artificial skin,
our APSA was attached to a person’s palm to record the magnitude and
distribution of pressures when grasping objects with different surface
sharpness (Fig. 5d-i). When grasping a smooth apple (weight: roughly
250 g), our APSA can obtain a uniformly varied pressure mapping due
to the conformable contact between the apple and the APSA (Fig. 5d-f
and Supplementary Movie 7). However, when the surface of object
becomes sharp, i.e., grasping a melon (weight: roughly 250 g) with the
horn-like protrusion skin, the sensor array could not conformably
contact the object, resulting in concentrated pressures to the APSA
(Fig. 5g, h and Supplementary Movies 8 and 9). The recording pixels on
the sharp concentrated deformation domains are the largest in the
pressure mapping, and gradually decrease toward the adjacent regions
(Fig. 5i). In contrast, a fabricated pressure sensor array based on the
Au-PDMS electrodes could not record the pressure mapping when
grasping the horned melon and the smooth apple (Supplementary
Fig. 24). This is because most of the patterned Au layers on the PDMS
substrate would be scratched off when the array is subjected to a small
pressing force and deformation (Supplementary Movie 10) due to the
poor interfacial anti-friction ability. These results demonstrate our
APSA have the excellent large-scale and concentrated force acquisition
ability for anti-friction HMI applications, exhibiting superiority to most
inert metallic electrodes-based pressure sensor arrays (Supplementary
Table 8). To further verify the cyclic stability under concentrated force,
our APSA was conducted on sharp deformation tests at a maximum
pressure of 2.2MPa pressure. There is no obvious change in the
recording signal amplitude after 200 cycles of sharp deformation
(Fig. 5j). Meanwhile, the delamination of the Au electrode layer from
the RPU substrate was not observed from SEM results after 200 cycles,
further verifying the excellent interfacial anti-friction capability of our
APSA (Fig. 5k). In addition, our APSA could be attached to the fist to
accurately and reliably record the pressure mapping during punching
exercise (Supplementary Figs. 25, 26 and Movie 11). These results
demonstrate our anti-friction APSA enables reliable and accurate
recording of concentrated large forces for motion detection, rehabi-
litation medicine and soft robotic applications.

Discussion

In summary, we report a simple and effective DIC approach without
complex chemical modification to create anti-friction artificial skins
for HMiIs. The approach involves the diffusion of molecular glues into
Au layer to induce hydrogen bonding cohesion effect, leading to the
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high-quality EMG signals recorded by Au-RPU electrodes even after 1000 frictions on
the human forearm. f Comparison of the SNR values recorded with Au-RPU elec-
trodes before and after 500 and 1000 cyclic frictions. g Comparison of electrical
impedance spectroscopy measurements between the human skin and commercial
Ag/AgCl electrode, as-deposited Au-RPU electrode, and Au-RPU electrodes after
1000 frictions. h-k Optical image of the stretchable LED circuit based on patterned
Au-based interconnecting wires with the line width of 2 mm on RPU substrate (h) for
reliable operation when stretching (i), folding (j) and kneading (k). Data in (f) are
presented as mean values + SD, n =3 independent samples.

binding of chemically inert Au grains to an elastic waterborne poly-
urethane with a strong interfacial adhesion of 1017.6 N/m. This inter-
facial adhesion is further improved to 1243.4 N/m by constructing a
nanoscale rough surface configuration. Consequently, the Au-RPU
device can maintain good conductivity even after 1022 + 76 frictions at
130 kPa pressure. Moreover, the device exhibits a low resistivity
(1.09 x 10 Q m) under 400% tensile strain, and almost recovers to its
original state completely without any noticeable slippage or

exfoliation of the Au flakes. To evaluate the practical utility of our anti-
friction artificial skins, we fabricated soft electrodes that can record
high-fidelity electrophysiological signals even after strong cyclic rub-
bing by fabrics, hairy scalp and skins. We also integrated the Au-RPU
interconnect wires into a pressure sensor array to reliably collect
concentrated large pressures up to 22.2 MPa during grasping activities.
Our findings provide a chemical modification-free solution to the
challenge of weak interfacial binding for inert metal-based stretchable
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¢ Response of the sensing unit of APSA before and after 1000 frictions. d Optical
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on the palm of a female volunteer to grasp a horned melon with spinous surface.
h Zoom-in image showing unconformable contact between grasper and the horned
melon with sharp deformation domains. i Pressure force maps of the APSA with a
color scale indicating the pressure when grasping the horned melon. j Stability of
the APSA during cyclic sharp deformation tests under 2.2 MPa pressure. k SEM
images of Au-RPU electrodes used for the APSA after the first (left) and 200 times
(right) sharp deformation test under 2.2 MPa pressure. Scale bar: 5 um. Each
experiment was repeated three times independently with similar results.

electronics, enabling the potential applications of anti-friction artificial
skins in robust wearable and HMI systems.

Methods

Ethics approval

All human subject studies were approved by the Ethics Committee of
Zhongshan Hospital, Fudan University. ID: Y2021073. Informed con-
sent was obtained from all participants involved in this entire study.

Materials

Waterborne polyurethane emulsion (Impranil®, mass content:
50 wt%) was purchased from Covestro; SEBS (Tuftec H1221) was
purchased from Asahi Kasei; Ecoflex elatomer 00-30 (Smooth-On,
Inc) was prepared by mixing Ecoflex component A and B, 1:1 by
volume; PDMS GYLGARD 184 was purchased from Dow Corning;
TPU film, PI film, urea, tetrahydrofuran (THF, >99.9%), and N,
N-Dimethylformamide (DMF, >99%) were purchased from Sigma-
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Aldrich. All these materials were used directly without any further
treatment.

Fabrication of RPU substrate. To achieve the RPU substrate with a
rough surface configuration, a certain amount of urea was added into
5mL deionized water, followed by adding the WPU emulsion and
stirred for 30 min to obtain a dispersed solution. Next, DMF and
deionized water were added into the solution and stirred for 1h to
obtain the final WPU-urea-DMF mixture solution. Then, 5g mixture
solution was poured into a Teflon petri dish (7 cm in diameter) and
placed onto a heating table in the fume cupboard at 100 °C for 30 min
to obtain a semi-dry microporous film. Next, the film with Teflon petri
dish was immersed in deionized water for 12 h, and the deionized water
was changed every 3 h to remove the residual urea. The soaked film
was dried at 40 °C for 24 h to obtain the final RPU elastic substrate.
Samples with different urea contents were prepared using the same
procedures. To prepare the WPU elastomer with an aperture diameter
of roughly 100 pm, the optimized mass ratio of 24.0:1.2:24.8:50 for
WPU-urea-water-DMF was used. For PDMS control sample, PDMS
solution was prepared by mixing the base and curing agent with a mass
ratio of 10:1. After removing bubbles, a certain amount of mixture
solution was poured into glass petri dish and dried at 60 °C for 10 h to
obtain the PDMS elastic substrate. For SEBS control sample, 10 g SEBS
particles were added to 45 g THF solvent and stirred for 24 h to obtain
the homogeneous solution. A certain amount of solution was then
poured in glass petri dish and dried in a fume hood at room tem-
perature for 24 h to obtain the SEBS elastic substrate.

Fabrication of anti-friction soft electrodes and LEDs circuit. For anti-
friction Au-RPU electrodes, a 50-nm-thick Au was deposited on as-
prepared RPU substrate through e-beam evaporation (DE400, DE
Technology). Au-PDMS and Au-SEBS electrodes were prepared with
the same deposition condition. Unless otherwise noted, 50-nm-thick
Au was used in the experiments. ECG, EEG and EMG tests were per-
formed using a commercial readout circuit (Backyard Brain Spikerbox)
connected to a notebook. Both male and female volunteers partici-
pated in those electrophysiological signal test. EMG measurements
were taken in the musculocutaneous area of the right forearm. Con-
ductive copper tape was used to connect the electrodes to the readout
circuit. For anti-friction LEDs circuit, a patterned Au layer was depos-
ited on the RPU substrate as interconnect wires via the shadow mask
technology during evaporation. The line width of Au-based inter-
connect wires was 2 mm. Four patch LEDs (3 mm x 5.6 mm) were then
soldered onto the circuit using liquid metal EGaln (Sigma 495425).

Fabrication and read out of anti-friction APSA. The sensing unit was
consisted of the commercial force-sensitive film layer (3 M Velostat
electrically conductive polymer film purchased from Adafruit
Industries) and the carbon conductive adhesive layer. The con-
ductive carbon adhesive layer was sandwiched between the force-
sensitive films in order to increase the force-sensing range of the
sensor. The patterned Au-RPU interconnect wires with 1.5mm line
width were used as top and bottom electrodes. A 3 x12 pressure
sensor array was fabricated by stacking the bottom interconnect
wires, sensitive units, and top interconnect wires. No additional
adhesives were required for encapsulation due to the binding effect
between electrode layers. A custom flexible printed interconnect
wires were used to interface the sensor array with a custom readout
circuit. The typical sensor force response was measured by applying
controlled normal pressures using a mechanical tester (MTS Systems
C42) and simultaneously monitoring the signals using a DAQ6510
Data Acquisition Multimeter System (Keithley Instruments). As for
the sensor array based on Au-PDMS electrodes, the device fabrica-
tion was exactly the same as above except that the RPU substrates
were replaced by PDMS substrates.

The custom readout circuit was design to alleviate the crosstalk
issue of the passive pressure sensor array based on an electrical-
grounding-based readout mechanism. In this approach, the row of the
selected sensor was grounded while all other rows were maintained at
the reference voltage Ver (2.5V in our design). The current flowed
through all unselected sensors was zero since the voltage difference
across them was zero. A 4:1 analog switch was used as an analog
demultiplexer to raster through the row and read out individual
resistances one by one. The 16 single-pole double throw switches were
applied to ground the next row while returning the selected row to Ver.
The single output of the analog switch was converted to a digital signal
(10-bit resolution; 0-1023 corresponding to 0-5V) and the array data
is transmitted to the computer in real-time based on MATLAB
software.

XPS depth profile analysis. XPS depth profiles was performed on 20-
nm-thickness Au/flat WPU sample by using a K-alpha X-ray photo-
electron spectrometer (Thermo Fisher Scientific, Waltham, MA), hav-
ing an Al Ka X-ray source (1486.7 eV) and a 3.8kV Ar" ion gun. The
raster size was 3 mm x3 mm, the etch step time was 15s, and the
energy step size was 0.05eV. Each spectrum was acquired as an
average of five scans. As for the surface cleaned WPU and PDMS sub-
strates, Ar* ion etching was used to clean the adsorbed molecules on
WPU and PDMS surfaces. The surfaces of uncleaned WPU and PDMS
were not cleaned by Ar* ion to reflect the actual chemical state of the
substrate surface during evaporation. XPS chemical trace analysis was
performed using CasaXPS software.

Temperature-dependent FTIR spectroscopy. WPU film was put on an
in-situ heating platform. Then, the film was heated from 30 °C to
100 °C at 2 °C min™, and the temperature-dependent FTIR-ATR spectra
within the region 3600-600 cm™ were collected at the same time. A
Nicolet iS50 Fourier transform spectrometer equipped with a DTGS
detector was used for the FTIR measurements. All the FTIR spectra
were gathered by 20 scans with a resolution of 4 cm™ to obtain a good
signal-to-noise ratio.

Finite elemental analysis. The stress and deformation analysis of Au
layer on flat WPU and rough Au-WPU were conducted by using CMO-
SOL software. The model size of 10 um x10 um x2pum (Au layer:
0.1 um, substrate layer: 1.9 um) were used for both samples. For the
rough surface model, parameterized surfaces were constructed using
random numbers to generate rough surfaces. For the flat surface
model, the interface between Au layer and substrate was not rough-
ened. As for interfacial adhesion simulation, the substrate was con-
strained, and the X-direction stress was applied to the surface of Au
layer to produce a relative displacement between the gold layer and
the substrate. Next, the stress distribution of the interface layer was
investigated. The values of the material parameters involved in the
analysis were as follows: Young’s modulus 1.3 MPa, Poisson’s ratio 0.38,
density 1.1g-cm™.

Mechanical characterization. The sample was cut into 15mm x 10
mm for the test. Test samples were fabricated by taping 3M 5112
double-sided tape on Au layer and holding for 1h. T-peel test was
measured using a tensile test machine (MTS Systems C42, 250 N load-
cell) with the tensile speed of 5 mm/min. Peel strength was calculated
by dividing the plateau force by the width of the sample.

Electrical performance testing. To measure electrical anti-friction
ability, each sample with a 20 mm in length and 10 mm in width was
prepared and adhered to the platform using a layer of double-sided
tape to ensure stably test. The vertical loads were controlled using a
force gauge with a universal test machine (SH-50N, Nscing Es
Mechanical Testing Co., Ltd). Different friction objects were attached
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to a circular tray (10 mm diameter) by using the double-sided tape
(3 M 5112) to apply frictions. The artificial aging skin was prepared by
mixing PDMS base and curing agent with mass ratio of 3:1. When
PDMS was in semi-cured state, the finger fingerprint was imprinted
into the PDMS to ensure the high surface roughness. The artificial
tender skin was prepared by mixing PDMS base and curing agent
with mass ratio of 15:1. When PDMS was in semi-cured state, smooth
forearm skin was imprinted into the PDMS to ensure the low surface
roughness. As for friction tests, 65 kPa, 130 kPa, and 260 kPa vertical
pressures were applied to each sample and moved 10 mm along the
sample width. The electrical performance of the device was real-time
recorded using a DAQ6510 Data Acquisition Multimeter System
(Keithley Instruments). The cyclic tensile/release tests were mea-
sured using the DAQ6510 equipment and a mechanical tester (MTS
Systems C42). The repeated sharp deformation tests were measured
using the DAQ6510 equipment and mechanical test machine (Mark-
10). The pressure sensor was heated to 40, 50 and 60 °C by a hot
plate and held for 5 min. Ultrasonic humidifier was used in a chamber
to create a high-humidity condition (relative humidity: 100%) for the
pressure sensor. As for mechanical deformations, the sensor was
tested under 20% tensile strain or 90° bending condition. The cyclic
friction was counted until the device changed from a high con-
ductance state to an insulation state.

Skin interfacial contact impedance test and SNR calculation. The
interfacial contact impedance was measured by attaching pairs of
electrode with a square shape (side length: 1.5cm), and a center-to-
center distance of 5cm on forearm skin. The tests were conducted
using electrochemical workstation (GAMRY Interface 1010) from 10° to
10° Hz with the voltage of 100 mV. The EMG, ECG, and EEG signals were
recorded by a commercial printed circuit board (Backyard Brain). SNR
of EMG signals were calculated as following equation:

@

SNR = 10I0g10 (Psignal - Pnuise>

noise

Pyignar and Ppgise denote the mean power of the signal and noise,
respectively. They were estimated from the obtained signals according
to the reported algorithm®.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The source data generated in this study are provided in the Supple-
mentary Information/Source Data file. Source data are provided with
this paper.

References

1. Jung, Y. H. et al. A wireless haptic interface for programmable
patterns of touch across large areas of the skin. Nat. Electron. 5,
374-385 (2022).

2. Tang, X., Shen, H., Zhao, S., Li, N. & Liu, J. Flexible brain-computer
interfaces. Nat. Electron. 6, 109-118 (2023).

3. Shih, B. et al. Electronic skins and machine learning for intelligent
soft robots. Sci. Robot. 5, eaaz9239 (2020).

4. Pyun, K. R., Rogers, J. A. & Ko, S. H. Materials and devices for
immersive virtual reality. Nat. Rev. Mater. 7, 841-843 (2022).

5. Kim, D.-H. et al. Epidermal electronics. Science 333,
838-843 (201M1).

6. Rogers, J. A., Someya, T. & Huang, Y. Materials and mechanics for
stretchable electronics. Science 327, 1603-1607 (2010).

7. Luo,Y.etal. Technology roadmap for flexible sensors. ACS Nano 17,
5211-5295 (2023).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Jiang, Y. et al. A universal interface for plug-and-play assembly of
stretchable devices. Nature 614, 456-462 (2023).

Choi, H. et al. Adhesive bioelectronics for sutureless epicardial
interfacing. Nat. Electron. 6, 779-789 (2023).

You, I. et al. Artificial multimodal receptors based on ion relaxation
dynamics. Science 370, 961-965 (2020).

Shin, Y.-E. et al. Ultrasensitive multimodal tactile sensors with skin-
inspired microstructures through localized ferroelectric polariza-
tion. Adv. Sci. 9, 2105423 (2022).

Yang, R. et al. Multimodal sensors with decoupled sensing
mechanisms. Adv. Sci. 9, 2202470 (2022).

Song, H. et al. Highly-integrated, miniaturized, stretchable elec-
tronic systems based on stacked multilayer network materials. Sci.
Adv. 8, eabm3785 (2022).

Choi, J. et al. Customizable, conformal, and stretchable 3D elec-
tronics via predistorted pattern generation and thermoforming. Sci.
Adv. 7, eabj0694 (2021).

Yin, L. et al. A stretchable epidermal sweat sensing platform with an
integrated printed battery and electrochromic display. Nat. Elec-
tron. 5, 694-705 (2022).

Lee, Y. et al. Standalone real-time health monitoring patch based on
a stretchable organic optoelectronic system. Sci. Adv. 7,
eabg9180 (2021).

Zhu, B., Gong, S. & Cheng, W. Softening gold for elastronics. Chem.
Soc. Rev. 48, 1668-1711 (2019).

Hammer, B. & Norskov, J. K. Why gold is the noblest of all the
metals. Nature 376, 238-240 (1995).

Vella, D., Bico, J., Boudaoud, A., Roman, B. & Reis, P. M. The mac-
roscopic delamination of thin films from elastic substrates. Proc.
Natl Acad. Sci. USA 106, 10901-10906 (2009).

Takakuwa, M. et al. Direct gold bonding for flexible integrated
electronics. Sci. Adv. 7, eabl6228 (2021).

Lee, S. et al. Nanomesh pressure sensor for monitoring finger
manipulation without sensory interference. Science 370,

966-970 (2020).

Zhang, Y. et al. Highly stable flexible pressure sensors with a quasi-
homogeneous composition and interlinked interfaces. Nat. Com-
mun. 13, 1317 (2022).

Qi, D., Zhang, K., Tian, G., Jiang, B. & Huang, Y. Stretchable elec-
tronics based on PDMS substrates. Adv. Mater. 33, 2003155 (2021).
Ji, S. & Chen, X. Enhancing the interfacial binding strength between
modular stretchable electronic components. Nat. Sci. Rev. 10,
nwac172 (2023).

Zhu, M. et al. A mechanically interlocking strategy based on con-
ductive microbridges for stretchable electronics. Adv. Mater. 34,
2101339 (2022).

Mohan, A. M. V. et al. Merging of thin- and thick-film fabrication
technologies: toward soft stretchable “island-bridge” devices. Adv.
Mater. Technol. 2, 1600284 (2017).

Guo, C.F.,Chen, Y., Tang, L., Wang, F. & Ren, Z. Enhancing the scratch
resistance by introducing chemical bonding in highly stretchable and
transparent electrodes. Nano Lett. 16, 594-600 (2016).

Deng, X.-Y. et al. Polyurethane networks based on disulfide bonds:
from tunable multi-shape memory effects to simultaneous self-
healing. Sci. China Mater. 62, 437-447 (2019).

Chen, C.-R., Qin, H., Cong, H.-P. & Yu, S.-H. A highly stretchable and
real-time healable supercapacitor. Adv. Mater. 31, 1900573 (2019).
Lee, S. et al. Ultrasoft electronics to monitor dynamically pulsing
cardiomyocytes. Nat. Nanotechnol. 14, 156-160 (2019).

Lee, J. S. et al. Nanoscale-dewetting-based direct interconnection
of microelectronics for a deterministic assembly of transfer print-
ing. Adv. Mater. 32, 1908422 (2020).

Park, J.-H. et al. Hydrothermal stability of CuZSM5 catalyst in
reducing NO by NH3 for the urea selective catalytic reduction
process. J. Catal. 240, 47-57 (2006).

Nature Communications | (2024)15:1116

10



Article

https://doi.org/10.1038/s41467-024-45393-x

33. Pai, C.-L., Boyce, M. C. & Rutledge, G. C. Morphology of porous and
wrinkled fibers of polystyrene electrospun from dimethylforma-
mide. Macromolecules 42, 2102-2114 (2009).

34. Dong, T., Arifeen, W. U., Choi, J., Yoo, K. & Ko, T. Surface-modified
electrospun polyacrylonitrile nano-membrane for a lithium-ion
battery separator based on phase separation mechanism. Chem.
Eng. J. 398, 125646 (2020).

35. Deng, J. et al. Electrical bioadhesive interface for bioelectronics.
Nat. Mater. 20, 229-236 (2021).

36. Hwang, H. et al. Stretchable anisotropic conductive film (S-ACF) for
electrical interfacing in high-resolution stretchable circuits. Sci.
Adv. 7, eabh0171 (2021).

37. Yeon, H. et al. Long-term reliable physical health monitoring by
sweat pore-inspired perforated electronic skins. Sci. Adv. 7,
eabg8459 (2021).

38. Werner, W. S. M. Towards a universal curve for electron attenuation:
elastic scattering data for 45 elements. Surf. Interface Anal. 18,
217-228 (1992).

39. Zemek, J., Hucek, S., Jablonski, A. & Tilinin, I. S. Photoelectron
escape depth. J. Electron Spectrosc. 76, 443-447 (1995).

40. Todeschini, M., Bastos da Silva Fanta, A., Jensen, F., Wagner, J. B. &
Han, A. Influence of Ti and Cr adhesion layers on ultrathin Au films.
ACS Appl. Mater. Interfaces 9, 37374-37385 (2017).

41. Smith, T. The hydrophilic nature of a clean gold surface. J. Colloid
Interface Sci. 75, 51-55 (1980).

42. Ron, H., Matlis, S. & Rubinstein, I. Self-assembled monolayers on
oxidized metals. 2. gold surface oxidative pretreatment, monolayer
properties, and depression formation. Langmuir 14, 1116-1121(1998).

43. Schnur, S. & GroB, A. Properties of metal-water interfaces studied
from first principles. N. J. Phys. 11, 125003 (2009).

44. Zhu, X. et al. Tough, photoluminescent, self-healing waterborne
polyurethane elastomers resulting from synergistic action of mul-
tiple dynamic bonds. ACS Appl. Mater. Interfaces 15,

19414-19426 (2023).

45. Liang, R. et al. Dual dynamic network system constructed by
waterborne polyurethane for improved and recoverable perfor-
mances. Chem. Eng. J. 442, 136204 (2022).

46. Lei, Y., Tang, Z., Zhu, L., Guo, B. & Jia, D. Functional thiol ionic liquids
as novel interfacial modifiers in SBR/HNTs composites. Polymer 52,
1337-1344 (20M1).

47. Trolliet, C., Poulet, G., Tuel, A., Wuest, J. D. & Sautet, P. A theoretical
study of cohesion, structural deformation, inclusion, and dynamics
in porous hydrogen-bonded molecular networks. J. Am. Chem. Soc.
129, 3621-3626 (2007).

48. Steiner, T. The hydrogen bond in the solid state. Angew. Chem. Int.
Ed. M, 48-76 (2002).

49. Mannsfeld, S. C. B. et al. Highly sensitive flexible pressure sensors
with microstructured rubber dielectric layers. Nat. Mater. 9,
859-864 (2010).

50. Kang, S. K. et al. Bioresorbable silicon electronic sensors for the
brain. Nature 530, 71-76 (2016).

51. Agostini, V. & Knaflitz, M. An algorithm for the estimation of the
signal-to-noise ratio in surface myoelectric signals generated dur-
ing cyclic movements. IEEE Trans. Biomed. Eng. 59, 219-225 (2012).

Acknowledgements

This work was supported by the National Key Research and Develop-
ment Program of China: 2021YFB3601200 (M. W.), National Natural
Science Foundation of China: 62204052 (J. C.), 62104042 (M. W.),
62204057 (E. S.) and 62074164 (G. X.), Shanghai Pujiang Programme:
23PJD003 (J. C.), the STI 2030-Major Project No. 2022ZD0209900 (E.
S.), and Lingang Laboratory: LGQS-202202-02 (E. S.).

Author contributions

J.C. and M.W. designed the study. J.C. designed, fabricated, and char-
acterized the devices. S.X.L. and J.C. conducted the FEA simulation.
F.Z.Y., J.Q., J.C., and Y.L. fabricated and characterized the APSA signal
readout circuit. J.C., Y.L., Q.X., Y.C., JW.C., and E.M.S. recorded the
optical images and videos. J.C. and M.W. wrote the paper. H.F.C., G.Z.X.,
E.M.S., Q.L., and M.L. revised the original draft. M\W., Q.L., and M.L.
supervised the whole work.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-45393-x.

Correspondence and requests for materials should be addressed to
Ming Wang or Qi Liu.

Peer review information Nature Communications thanks Huanyu
Cheng, Hae-Jin Kim and Do Hwan Kim for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:1116


https://doi.org/10.1038/s41467-024-45393-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Anti-friction gold-based stretchable electronics enabled by interfacial diffusion-induced cohesion
	Results
	Fabrication and characterization of anti-friction devices
	Mechanism analysis
	Anti-friction soft electrodes, circuits, and sensor�array

	Discussion
	Methods
	Ethics approval
	Materials
	Fabrication of RPU substrate
	Fabrication of anti-friction soft electrodes and LEDs circuit
	Fabrication and read out of anti-friction�APSA
	XPS depth profile analysis
	Temperature-dependent FTIR spectroscopy
	Finite elemental analysis
	Mechanical characterization
	Electrical performance testing
	Skin interfacial contact impedance test and SNR calculation
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




