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ABSTRACT: Stretchable conductive nanocomposites are essen- Ag NWs
tial for deformable electronic devices. These conductors currently
face significant limitations, such as insufficient deformability,
significant resistance changes upon stretching, and drifted
properties during cyclic deformations. To tackle these challenges,
we present an electrically self-healing and ultrastretchable
conductor in the form of bilayer silver nanowire/liquid metal 15
microcapsule nanocomposites. These nanocomposites utilize silver Z1o
nanowires to establish their initial excellent conductivity. When the ©
silver nanowire networks crack during stretching, the micro-
capsules are ruptured to release the encased liquid metal for 0 200
recovering the electrical properties. This self-healing capability

allows the nanocomposite to achieve ultrahigh stretchability for

both uniaxial and biaxial strains, minor changes in resistance during stretching, and stable resistance after repetitive deformations.
The conductors have been used to create skin-attachable electronic patches and stretchable light-emitting diode arrays with
enhanced robustness. These developments provide a bioinspired strategy to enhance the performance and durability of conductive
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S tretchable electronics have emerged as a transformative
technology for next-generation wearable devices.' > Due to
their compliant mechanical properties, these devices can
establish conformal and stable interfaces with the human
body, enabling promising applications in fitness monitoring,*~°
human—machine interfaces,’” and advanced prosthetics.'”""
To create such electronics, stretchable conductors are essential
as they act as the building materials for active electrodes and
electrical interconnects.'” Stretchable nanocomposites are
among the most studied compliant conductors formed by
dispersing various metallic nanostructures inside elastomers,
including metal nanoparticles,13 metal nanowires,"*™'® and
metal nanoflakes."’ ™" These nanofillers build an electrically
conductive and intrinsically stretchable percolation network in
the elastomer matrix.”® Conductive nanocomposites feature
large-area fabrication and excellent electrical conductivity.”’
However, they tend to have significant resistance changes during
uniaxial stretching, primarily due to the fracture of the
percolation network.””** Moreover, these nanocomposites
may experience resistance drifts under repetitive tensile
deformations due to accumulated junction damages.”*** In
addition, conductive nanocomposites also tend to degrade
rapidly under biaxial tensions that are frequently encountered in
practical settings.”*>” Therefore, addressing these performance
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issues is essential for the stable operation of stretchable
electronics during long-term applications.

Self-healing conductors are bioinspired materials that have the
ability to repair themselves after experiencing degradation and
failure.”®*” This autonomous recovery mechanism can
effectively prolong the lifespan of the corresponding devices
and systems. As a class of commonly used materials, intrinsically
self-healing conductors are created by dispersing metallic
nanostructures into soft polymers with abundant reversible
bonds.>*™3* Unlike that observed in regular elastomers, the
broken conductive network can be fixed by following the
dynamic reconstruction of the active polymer matrix. In addition
to recovery from external damage, these self-healing conductors
can also restore degraded electrical properties after large and
repetitive deformations,*”** which helps them overcome the
performance limitations of traditional conductive nanocompo-
sites. However, the autonomous reparation of the self-assembled
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Figure 1. (a) Schematics illustrating the fabrication process for Ag NW/liquid metal MC nanocomposites. (b) Optical image of a stretchable flower-
shaped Ag NW/liquid metal MC nanocomposite. (c) Optical microscope image showing the microstructure of the electrode. (d) Scanning electronic
microscopy (SEM) image of Ag NW/SEBS nanocomposites. (¢) SEM image of liquid metal MC composites. (f) Normalized resistance versus tensile
strain during loading—unloading to 1000% strain. (g) Change in resistance during 1000 stretch—relaxation cycles to 100% strain.

conductive network can be time-consuming under ambient
conditions due to the limited chain mobility of the polymer
matrix. External activations, such as heating, light irradiations,
and solvent vapor exposures,”* are almost indispensable to speed
up the healing process, which increases the overall complexity
for practical applications.

Extrinsically self-healing conductors are also promising
choices based on microcapsules (MCs) loaded with molten
gallium-based alloys.”**° Liquid metals are known for their
desirable properties, such as low melting points, metal-level
conductivity, and liquid-like deformability.”’~*" To improve
solution processability, liquid metal MCs have been top-down
synthesized as microdroplets stabilized with native oxides or
coordinating ligands.**’ It is important to note that these liquid
metal microcapsules typically form insulating composites due to
their surface encapsulations.”**> Additional mechanical activa-
tions, such as firm compression or large tensile deformations, are
almost always required to rupture some microcapsules and
establish electrical conductivity.®** These activated conductors
have demonstrated self-healing capability that arises from the
release of liquid metal to connect the damaged conductive
layer.>* Alternatively, metallic nanoflakes have been incorpo-
rated into liquid metal composites, creating a percolation
network for initial conductivity without extra activation,**™**
Although these composites have demonstrated high conductiv-
ity and large stretchability, they are prone to significant
resistance drifts during repetitive deformations. Repairing the
accumulated damage in the conductive network is a major
challenge in this case due to the weak coupling between
embedded liquid metal MCs and metallic nanoflakes. Another
attractive design for self-healing conductors involves the
combination of liquid metal microcapsules with metal

11175

films.® ™! In particular, the conformal deposition of the Cu
film on liquid metal microcapsules creates conductors that can
almost fully recover from structural damages caused by different
levels of tensile strains.** However, this design tends to suffer
from significant resistance changes during stretching associated
with extensive cracks generated in the brittle metal films, which
may lead to unstable operation of stretchable devices and
systems.

In this study, we present an electrically self-healing and
ultrastretchable conductor based on bilayer silver nanowire (Ag
NW)/liquid metal MC nanocomposites. The patterned nano-
composite is created in a scalable printing process with a feature
resolution of 100 gm. In these nanocomposites, the Ag NW
network establishes the initial conductivity with a low sheet
resistance of ~0.14 Q/sq. When subjected to large tensile
deformations, MCs are effectively ruptured by the cracks in the
Ag NW layer, releasing the embedded liquid metal for
autonomous electrical restoration. This self-healing mechanism
allows the nanocomposite to withstand a uniaxial tensile strain of
1000% and retain stable resistance during tensile fatigue tests.
Notably, the resistance exhibits only minor increases with tensile
strain, which is beneficial for the reliable operation of
corresponding devices. Moreover, the nanocomposite can
withstand biaxial tensile deformations of up to 800% area strain.
The bilayer nanocomposite conductor can maintain robust
properties in practical device applications, as demonstrated with
a skin-attachable electronic patch and a stretchable light-
emitting diode (LED) array. The developments reported here
provide a generic strategy for substantial improvements in the
performance and durability of stretchable conductive nano-
composites.
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Figure 2. (a) Schematic illustration of the electrical healing process. (b) Optical microscopy images revealing the microstructure evolutions of the
electrode in response to tensile deformations. Scale bar: 100 ym. (c) Normalized resistance versus tensile strain. (d) Change in resistance over 10000
stretch—relaxation cycles to 500% strains. Inset: Normalized resistance at cycles 3000—3005 (left) and 7000—7005 (right). (e) SEM images showing
the Ag NW/liquid metal MC nanocomposites at 100% strain (top), scale bar: S ym, and after relaxation (bottom), scale bar: 2 ym.

Figure la schematically illustrates the low-cost and scalable
fabrication of the conductive features. Ag NWs via polyol-
reduction synthesis are spray-deposited on a nonsticky glass
wafer. A top-down approach produces spherical liquid metal/
fatty acid MCs with an average diameter of ~3.1 + 1.2 ym (see
Figure S1). Viscous ink is formulated by mixing these MCs with
a styrene-ethylene-butylene-styrene (SEBS) elastomer solution
and then screen-printed over Ag NWs. The exposed Ag NWs are
easily etched away in an aqueous bath containing a mixture of
ammonium hydroxide and hydrogen peroxide. During the
etching process, the liquid metal MC composites act as effective
etching masks to have no apparent damage (see Figure S2).
SEBS solution is subsequently drop-cast to incorporate the
conductive composite feature into the elastomeric substrate.
Optical images were captured at each critical step of the
fabrication process, as shown in Figure S3. In Figure 1b, a
representative flower-shaped composite is created to demon-
strate the patterning capability for arbitrary features. The optical
microscopy image reveals its pixelated nature with jagged edges

that is typical for screen-printed features,”””” as shown in Figure

Ic. The patterning quality can be further improved using high
mesh count screens. The overall process is pretty convenient and
allows a resolution of up to 100 um (see Figure S4). The as-
prepared nanocomposite has a low sheet resistance of ~0.14 Q/
sq. Although most patterned features have consistent properties,
minor confinement effects are observed for the narrowest traces
at 100 um, as depicted in Figure SS. Scanning electron
microscopy (SEM) images reveal the microstructure of the
top nanocomposite layer comprising Ag NWs embedded in the
SEBS matrix (Figure 1d). The randomly oriented Ag NWs form
a percolation network that enables excellent conductivity. In
Figure 1le, the bottom layer is an electrical insulator comprising
isolated liquid metal MCs. It is worth noting that this MC
composite itself requires a critical strain of ~30% to activate a
conductive network mechanically, as demonstrated in Figure S6.
Apparently, the bilayer nanocomposite utilizes the Ag NW
network to achieve the initial conductivity without any
activation requirement. In Figure 1f, the resistance of the bilayer
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Figure 3. (a) Sheet resistance at the pristine and healed conditions. The Ag NW/liquid metal MC nanocomposites are subjected to 300% strain for
substantial structural damage. (b) Normalized resistance of the bilayer nanocomposite at the relaxed state after experiencing different tensile strains.
(c) Normalized resistance of the bilayer nanocomposite under stretch—relaxation cycles with progressively increased strains from 100% to 1000%.

nanocomposite shows limited increases under tensile deforma-
tions. Specifically, the normalized resistance is 1.3 at 100%
strain, 4.6 at 500% strain, and 9.8 at 1000% strain. After the
tensile strain is released, the resistance almost returns to the
original value with a minor irreversible change of ~28%. In
contrast, the Ag NW nanocomposite exhibits rapidly increased
resistance upon stretching, as shown in Figure 1f. The
normalized resistance is 12.1 at 50% strain and 46.8 at 100%
strain (Figure 1f). The resistance exhibits an irreversible increase
to 12.0 times after the release of the strain (Figure 1f). Such a
memory effect of strain history is commonly encountered in
conductive nanocomposites through structural reconfigura-
tion.>**> In the fatigue test to 100% tensile strain, the resistance
of the Ag NW nanocomposite shows gradual increases in the
initial 200 cycles and abrupt fluctuations in subsequent cycles
(see Figure 1g). The degraded electrical properties are
associated with the fracture of Ag NW networks (Figure
S7).>* However, the Ag NW/liquid metal MC nanocomposite
demonstrates extremely stable resistance during 1000 stretching
cycles to 100% strain (Figure 1g). Such exceptional durability
has been rarely observed in conductive nanocomposites.

As schematically illustrated in Figure 2a, the conductor has a
bilayer design of Ag NW networks and liquid metal MCs. The
cracks in the Ag NW layer rupture the underlying MCs along
their propagation paths, releasing liquid metal to recover the lost
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conducting pathways. According to optical microscopy images
in Figure 2b, stretched nanocomposites have continuously
expanded cracks of Ag NW networks that are spontaneously
filled with liquid metal films. The initially released liquid metal
has smooth surfaces and mirrorlike shining appearances (see
Figure S8). In response to large uniaxial strains, the liquid metal
film contracts transversely and creates textured surfaces with
diffusive reflections, as shown in Figure $8.° In terms of
electrical properties, regular silver nanowire nanocomposites
have substantial resistance change when stretched as a result of
the disconnections and cracks in the conductive network (see
Figure 2c and Figure $9).”>>” >’ The bulk liquid metal confined
in elastomer has the ultimate stretchability within the fracture
strain.”” Liquid metal traces have been created through direct
writing, as shown in Figure $10.°" With its constant
conductivity, the bulk liquid metal still experiences significantly
increased resistance upon stretching, due to a geometric effect
with the combined longitude extensions and cross-sectional
contractions.””*® The normalized resistance can be predicted
using the theoretical equation R/R, = (1 + €),” where € is the
uniaxial strain, as shown in Figure 2c¢ and Figure S10c. In
contrast, the bilayer nanocomposite allows fractured Ag NW
networks to reconnect with soft liquid metal joints, which largely
suppresses the resistance change along with the strain. This
selective reparation of critical structural damages is illustrated in
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Figure 4. Implementing Ag NW/liquid metal MC nanocomposites in an integrated epidermal electronic patch. (a) Optical image showing a
multifunctional electronic patch comprising a biopotential sensor, an electrical stimulator, and a hydration sensor. (b) Stretchable electronic patch
conformally attached to the forearm. (c) Skin impedance versus skin hydration level acquired by the hydration sensor. (d) Measured skin hydration as a
function of time under both dry and wet skin conditions. (e) Skin—electrode contact impedance versus the frequency for nanocomposite and
commercial Ag/AgCl gel electrodes. (f) EMG waveforms of hand opening and closing gestures with 250 N grasp forces. (g) EMG waveforms acquired
with nanocomposite electrodes for different grasp forces. (h) Threshold voltage for perception versus the stimulation frequency. (i) Recorded EMG
waveforms (top) from the biopotential sensor during monophasic voltage pulse stimulations (bottom).

Figure 2c. The strain insensitive resistance is crucial for the
reliable operation of stretchable devices and systems.’* In
addition, the conductive nanocomposite is further examined
through tensile fatigue tests (Figure 2d and Figure S11). Figure
2d reveals the resistance change during 10000 stretch—
relaxation cycles to 500% strain. The normalized resistances at
the relaxed state are 0.98, 0.88, and 0.64 after 1000, 5000, and
10000 cycles, respectively. After 10000 cycles, the nano-
composite has a change in normalized resistance of ~3.9 during
stretching to 500% strain and is similar to the pristine sample.
The fairly stable properties of the nanocomposites demonstrate
exceptional durability to withstand repetitive deformations. In
practice, the liquid metal joints between cracked Ag NWs are
typically established under stretched states (see Figure 2e). Due
to their inherent deformability, the electrical connection
through these liquid metal joints is still preserved even after
releasing the strain (see Figure 2e). Notice that the released
liquid metal has been passivated with native oxides to avoid any
apparent spread (Figure S12 in the Supporting Information).
The sheet resistance of the bilayer nanocomposite depends on
the area mass density of the Ag NWs, as depicted in Figure 3a.
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Specifically, the sheet resistance is 0.63 + 0.04 £2/sq at 0.30 mg/
cm?, 0.14 + 0.03 Q/sq at 0.50 mg/cm? and 0.11 + 0.01 /sq at
0.70 mg/cm? The nanocomposites were stretched to 300%
strain to induce severe structural damage. In Figure 3a, the
recovered nanocomposite has reduced resistance for low Ag NW
area density and increased resistance for high area density. To
ensure consistent electrical properties, an intermediate density
of 0.50 mg/cm? is the optimal composition and is used for
subsequent experiments. The healing capability of the nano-
composite is also linked with the level of tensile deformations.
Figure 3b shows the normalized resistance of the nanocomposite
in the relaxed state after experiencing large tensile deformations.
The relaxed conductor has reduced resistance values in response
to low tensile deformations, suggesting the release of excessive
liquid metals. If the tensile strain exceeds 400%, the healed
resistance switches to a rising trend, likely due to the irreversible
elongation of the elastomer substrate.”” Notably, the nano-
composite retains stable resistance with less than 40% changes
within 1000% strain. The conductive nanocomposite conductor
is further evaluated by stretching cycles with the peak strain
progressively increasing from 100% to 1000% (Figure 3c). The
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Figure S. (a) Optical microscopy images revealing the microstructure evolution of Ag NW/liquid metal MC nanocomposites under biaxial tensile
deformations. Scale bar: SO ym. (b) Normalized resistance during loading—unloading to area strains for Ag NW and Ag NW/liquid metal MC
nanocomposites. (c) Changes in resistance of Ag NW/liquid metal MC nanocomposites during 1000 stretch/release cycles to 525% area strains. (d)
Current—voltage characteristic curves of an LED matrix at 0% and 525% area strains. Inset: Optical images of a luminous LED matrix at 0% (left) and
525% (right) area strains. (e) Optical images showing an LED matrix conformally attached to the human wrist.

normalized resistance steadily increases upon stretching and
almost fully recovers after relaxation. The electrical healing
capability allows the conductive nanocomposite to withstand
large and unexpected deformations in practical applications.

The liquid metal MCs also play a crucial role in bilayer
nanocomposites. The thickness and area densities of liquid
metal MCs are controlled by the screen mesh counts.
Specifically, the area densities are 17.6, 14.6, and 8.8 mg/ cm?
for 200, 300, and 400 meshes, respectively. The electrical
properties of the corresponding bilayer nanocomposites are
summarized in Figure S13. It is essential to have a high loading of
liquid metal MCs for reliable self-healing properties. For
nanocomposites with 14.6 and 17.6 mg/ cm? MCs, the resistance
shows limited changes upon stretching and negligible drifts
during repetitive strain cycles. In contrast, the nanocomposite
containing liquid metal MCs of 8.8 mg/cm” experiences large
and irreversible changes in resistance during tensile deforma-
tions, indicating insufficient liquid metal release to fix the
damaged conducting pathways. In practice, the liquid metal MC
loading of 14.6 mg/cm? using 300 mesh screens is adopted for
most experiments.

In the context of wearable applications, washability is a desired
property of compliant conductors for hygiene purposes. The Ag

11179

NW/liquid metal MC nanocomposite is evaluated by
monitoring changes in electrical progerties after simulated
washing cycles in the lab environment,”>*® as shown in Figure
S14. The noticeable drop in resistance upon washing is likely
associated with the reduced Ag NW junction resistance by
partially removing the PVP surfactant.”® The resistance
stabilizes after three laundry cycles. The observed excellent
washability of the nanocomposite conductors is due to their
structural stability, which is achieved by embedding them inside
the elastomer substrate. In addition, the adhesion and cohesion
of the nanocomposite conductor are accessed through the
Scotch tape test. The conductive features retain intact structures
after the tape peeling, as confirmed by visual observations and
SEM characterizations (Figure S15). The resistance showed no
apparent degradation upon repetitive tape peeling for up to 100
cycles. The results confirm the mechanical durability of the
nanocomposites to withstand harsh operational conditions.
The bilayer nanocomposite with high conductivity and
excellent mechanical deformability represents an attractive
candidate material for building stretchable and wearable devices.
A multifunctional electronic patch is composed of a hydration
sensor, biopotential sensing electrodes, and an electrical
stimulator, as shown in Figure 4a. Optical images of the critical
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fabrication steps are displayed in Figure S16. In Figure 4b, a
representative electronic patch is soft and stretchy for conformal
attachment to the curvilinear surface of the human body. In
Figure 4c, the hydration sensor measures the skin impedance
with the interdigitated electrodes, providing a valuable indicator
for skin quality and health state.””® The lowered skin
impedance by increasing the hydration level is associated with
enhanced ionic conductivity (Figure S17 in the Supporting
Information). In addition, the skin hydration level is relatively
stable under indoor conditions, as shown in Figure 4d. The skin
hydration rapidly increases upon application of a commercial
toner and then naturally decays to reach a steady value in ~6
min. In addition, the conductive nanocomposite has skin contact
impedance similar to commercial Ag/AgCl gel electrodes,
demonstrating their suitability for electrophysiological record-
ing and simulation (see Figure 4e). The electrodes are mounted
on the right flexor carpi radialis to acquire electromyogram
(EMG) signals. Figure 4f reveals recorded EMG waveforms of
hand open and close gestures with a ~250 N grasp force.
Specifically, the signal-to-noise ratio (SNR) is 22.3 dB for as-
prepared electrodes and 22.8 dB for the commercial Ag/AgCl
gel electrodes. In Figure 4g, the biopotential sensor allows the
continuous measurement of EMG signals in response to
different grasp forces, providing valuable information for the
clinical diagnosis of muscle dysfunctions. In addition, the
electrical stimulator exploits voltage pulses to induce subcon-
scious neuromuscular responses for pain relief and physical
rehabilitation.”””® Figure 4h reveals the electroactive perception
threshold as a function of the simulation frequency. The
threshold voltage is inversely related to the stimulation
frequency because of the reduced contact impedance.”' In
addition to independent operations, the multifunctional patch
allows simultaneous deployment of electrical stimulations and
biopotential recording, as illustrated in Figure 4i. The recorded
electrogram exhibits a direct correlation with stimulation pulses,
providing the basis for facile monitoring of subconscious
therapeutic protocols. Despite liquid metal release for electrical
reparations, the lack of evident residues on the skin from the
nanocomposite suggests the effective passivation of liquid metal
joints with native oxides (see Figure S18a and b in the
Supporting Information). The electrical healing capability of the
Ag NW/liquid metal MC nanocomposite plays a vital role in the
long-term stable operation of the electronic patch (see Figure
S18c).

In addition to uniaxial strains, the bilayer nanocomposite is
also evaluated through biaxial tensile deformations. The
randomly generated cracks are filled with liquid metal without
noticeable leakage, as shown in Figure Sa. The resistance
increases steadily with the area strain (Figure Sb). Specifically,
the normalized resistance is 1.2 at 125% area strain, 1.5 at 300%
area strain, 2.0 at 525% area strain, and 2.8 at 800% area strain.
After releasing the area strain, the resistance almost recovers its
original value, with a slight change of approximately 2%. On the
other hand, regular Ag NW nanocomposites perform poorly
under area strains. The normalized resistance rapidly increases
to 20.4 at 96% area strain because cracks in the Ag NW network
form and expand along multiple directions (Figure Sb). An
irreversible resistance increase of 6.3-fold is observed after
releasing 96% area strain (see Figure 5b). The nanocomposite is
also evaluated through tensile fatigue tests with different area
strains (Figure Sc and Figure S19). The resistance is extremely
stable during large and repetitive stretching to a 525% strain
(Figure Sc). The exceptional durability is attributed to the
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inherent deformability of soft liquid metal joints for electrical
healing capability (see Figure $20). The excellent conductivity
and deformability of Ag NW/liquid metal MC nanocomposites
are well-suited for constructing soft circuit systems. A
representative LED matrix circuit is assembled. Briefly, the
nanocomposite pattern comprising contact pads and electrical
interconnects is created on a SEBS substrate. LED chips are
gently mounted on the contact pads (Figure S21). Figure 5d
reveals the current—voltage characteristic curves of the circuit
system at 0% and 525% area strains. The limited current
reduction upon stretching is ascribed to the slightly increased
ohmic loss of the nanocomposite circuit. As illustrated in Figure
Sd, the as-prepared circuit system provides reliable light
emissions in both relaxed and highly stretched states. In
Movie S1, the repetitive deformation of the LED matrix retains
the stable luminous pattern under large repetitive tensile
deformations, illustrating the exceptional mechanical durability
of the circuit system. In Figure Se, the LED matrix is conformally
mounted on the wrist as an epidermal light source,
demonstrating conformal skin attachment and reliable light
emissions during joint movements. The skin-like circuit system
exhibits sufficient mechanical deformability and resilience for
intimate integration with the human body.

In summary, an electrically self-healing and ultrastretchable
conductor is constructed in a bilayer architecture comprising Ag
NW networks and the underlying liquid metal MCs. Arbitrary
nanocomposite features are conveniently created in a scalable
process with a decent resolution of 100 ym. Due to the
percolation network of Ag NWs, the as-prepared bilayer
nanocomposite has a low sheet resistance of ~0.14 €/sq. The
electrical self-healing capability of the nanocomposites is
attributed to the release of the encased liquid metal to bridge
cracks in Ag NW networks. The conductor exhibits ultrahigh
stretchability to 1000% uniaxial strain, minor resistance changes
with tensile strain, and excellent electromechanical durability.
Notably, the conductor can easily accommodate uniaxial and
biaxial tensile deformation. Their practical implementations are
demonstrated by fabricating highly deformable devices with
enhanced durability, including a skin-attachable electronic patch
and a stretchable LED array. Combining metallic nanostructures
and liquid metal MCs may open an attractive avenue to create
stretchable conductive nanocomposites with exceptional
performance.
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