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Self-healing liquid metal composite for
reconfigurable and recyclable soft electronics
Ravi Tutika 1, A. B. M. Tahidul Haque 1 & Michael D. Bartlett 1,2✉

Soft electronics and robotics are in increasing demand for diverse applications. However, soft

devices typically lack rigid enclosures which can increase their susceptibility to damage and

lead to failure and premature disposal. This creates a need for soft and stretchable functional

materials with resilient and regenerative properties. Here we show a liquid metal-elastomer-

plasticizer composite for soft electronics with robust circuitry that is self-healing, reconfi-

gurable, and ultimately recyclable. This is achieved through an embossing technique for on-

demand formation of conductive liquid metal networks which can be reprocessed to rewire or

completely recycle the soft electronic composite. These skin-like electronics stretch to

1200% strain with minimal change in electrical resistance, sustain numerous damage events

under load without losing electrical conductivity, and are recycled to generate new devices at

the end of life. These soft composites with adaptive liquid metal microstructures can find

broad use for soft electronics and robotics with improved lifetime and recyclability.
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Soft electronics are critical components for emerging fields,
such as soft robotics, wearable electronics, and
human–machine interfaces1–3. In contrast to rigid electro-

nics, which are protected with stiff external supports and enclo-
sures when deployed, soft electronics must maintain extreme
compliance and cannot use these traditional means of protection,
which can render them vulnerable4–6. Thus, everyday environ-
ments can lead to wear, tear, and unexpected damages, which will
ultimately result in failure and premature disposal7–9. If sustained
damage is severe or a device with another purpose is needed, self-
healing no longer provides a significant benefit and regeneration
to a pristine state is required. This highlights the need to design
the life cycle of soft electronic devices to create tunable systems
that can survive in the diverse and emerging application
space10,11. Therefore, in addition to being soft, stretchable, and
electrically conductive, robust soft electronics can benefit from
being self-healing, damage tolerant, reconfigurable, and ulti-
mately recyclable.

A powerful approach to create regenerative electronics is to
program in biologically inspired, autonomous functions to protect
them from, and to limit, damage, or even to reverse damage and
regenerate7,12,13. One example of this method has been to develop
transient electronics, which can dissolve at the end of life14,15, and
can be made stretchable with geometrically patterned
conductors16. Another avenue to impart stretchability in electro-
nics is to deposit conductive inks onto inherently stretchable textile
materials or fiber mats17,18. Rehealable and recyclable electronic
skins based on dynamic covalent networks with rigid conductive
particles can be created, but healing requires manual intervention
and the networks are not stretchable beyond a few percent strain19.
Another approach is to utilize solid–liquid composites, such as
liquid metal-based elastomers20–26. Liquid metal-based electronics
that have manually repairable or reclaimable properties have been
explored, but only show modest stretchability27–29. Liquid
metal–elastomer composites have shown autonomous self-healing
similar to microcapsuled healing approaches30,31. Key to these
materials is the ability to make electrically conductive pathways
from discrete liquid metal droplets, which has been shown with
scribing/writing or laser sintering32,33. Though these methods have
shown promise, electrical resistance typically increases with strain
and there is limited or no control on the resistance of a trace.
Present methods to make conductive traces in soft composites also
create permanent traces or can be reconfigured, but do not fully
return to an electrically insulating state to create new electronic
circuitry30,34. Thus, materials that can realize robust, highly
stretchable conductors with reconfigurability and regeneration at
the end of its life cycle are needed to create resilient soft electronic
and robotic systems.

Here, we show a liquid metal–elastomer composite as a
regenerative soft electronic platform through the controlled
reconfiguration of liquid metal droplet microstructure (Fig. 1a).
The elastomer is a styrene–isoprene–styrene (SIS) block copoly-
mer, which is physically cross-linked and can be reprocessed in
contrast to conventional covalent networks. Together, the
reconfigurable droplets and reprocessable polymer matrix enable
robust, strain-invariant electrical circuitry that is self-healing,
reconfigurable, and ultimately recyclable (Fig. 1b). The liquid
metal droplets are initially dispersed in the matrix as electrically
insulated, discrete particles that are transformed through a scal-
able embossing approach into connected liquid metal networks.
Embossing can tune initial resistance over two orders of magni-
tude with initial electrical conductivities as high as 150 S cm−1 at
0% strain. These traces can be stretched with nearly
constant resistance over numerous cycles, giving conductivities as
high as 45 400 S cm−1 at 1200% strain. During extreme damage,
the liquid metal droplets reconfigure to autonomously heal and

maintain electrical conductivity, while the tough polymer
matrix allows for stretchability >900% with multiple significant
damage events. As the polymer network is reprocessible, circuits
can be locally reconfigured to change circuit architecture during
active operation and deployment, or can be completely recycled
back into dispersed and discrete liquid metal droplets over mul-
tiple cycles. We anticipate that these completely regenerative
soft electronics represent a tunable platform to create
resilient and recyclable circuitry for application in robotics and
electronics.

Results
Elastomer–plasticizer–liquid metal system. The elastomer
matrix is an SIS physically cross-linked block copolymer with an
addition of polybutadiene (PBD) as a plasticizer to further tune
mechanical and embossing properties. This matrix/plasticizer is
specifically chosen as it displays four key characteristics, it is soft,
highly deformable, tough, and can be locally or globally repro-
cessed with solvents to manipulate the elastomer–liquid metal
microstructure to reconfigure and recycle the composite. We
utilize a solution processing approach to first dissolve the solid
SIS pellets in toluene and then add plasticizer as a volume ratio of

SIS δ ¼ PBD
PBDþSIS

� �
. This is carried out through high-shear mixing

in a planetary mixer. Liquid metal is then added to this solution at

a concentration of ϕ= 60% liquid metal ϕ ¼ Liquid metal
PBDþSISþLiquid metal

� �

and mixed to create a suspension of discrete micron-sized liquid
metal droplets with diameter of 27.8 ± 7.7 μm (Supplementary
Fig. 1a–c). We have created three compositions of the liquid
metal composites: (1) ϕ= 50%, δ= 0%; (2) ϕ= 60%, δ= 10%;
and (3) ϕ= 60%, δ= 20%.

Embossing for tunable and highly stretchable conductive tra-
ces. Conductive traces are created in selected regions through a
scalable embossing approach. This technique gives us the unique
ability to selectively fabricate tunable, conductive traces. The as-
cast SIS–PBD–liquid metal composite system contains homo-
geneous dispersed droplets of liquid metal. During embossing, the
application of a compressive load through a stamp with pre-
scribed positive features causes plastic deformation of the mate-
rial, resulting in percolation of the liquid metal droplets into a
connected network in the region of embossing (Fig. 2a). The
optical micrograph of a representative embossed region in Fig. 2b
shows the conductive trace left after embossing, and the surface
profile can be seen in Supplementary Fig. 2a–c. This embossing
technique can be utilized as a versatile and on-demand rapid
approach to create intricate electrically conductive traces on a
sheet of the composite through designed stamp architectures. We
demonstrate this in Fig. 2c, where the letters “L” and “M” are
embossed using multiple intricate conductive traces, using a
positive stamp. Furthermore, the embossed conductive traces
show a decreasing yet nearly constant resistance during stretching
to extreme deformations, which makes them highly suitable for
stretchable conductors. To characterize the electrical perfor-
mance, composites are laser cut into ASTM standard dogbone
samples and conductive traces are embossed along the length.
The ratio of instantaneous (R) to initial (R0) electrical resistance is
measured during deformation. This normalized resistance (R/R0)
is initially equal to 1 and decreases as a strain is applied to reach a
value of 0.56 before it finally breaks at a strain of 1200%. In
comparison, a metallic conductor, which is stretched in a similar
manner, is predicted to reach a final R/R0 of 169 (ref. 22).
The experimental curve of R/R0 for our composite and the the-
oretical prediction are plotted as a function of applied strain in
Fig. 2d, showing the exceptional electrical characteristics and
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stretchability of the embossed traces. The initial electrical con-
ductivity can be calculated from the trace dimensions as 150 S cm−1,
which reaches as high as 45 400 S cm−1 at 1200% strain. These
values of conductivity and normalized resistance at maximum strain

are exceptional compared to a wide range of previous stretchable
conductors18,22,35–47, highlighting the electrical performance and
extreme compliance of our resilient liquid metal composite con-
ductors (Supplementary Fig. 3a, b).

Fig. 1 Liquid metal composites for regenerative electronics. a A liquid metal composite demonstrated as a singular system for soft circuits with robust,
self-healable conductive traces with strain-invariant resistance at different resistance levels. Unstrained and recycled samples show the LEDs functioning
before stretching and after recycling (scale bars—10mm). Material composition ϕ= 60%, δ= 20%. b Schematics show the transformation of liquid metal
microstructure to enable the above capabilities—strain-invariant resistance of a conductive trace created through embossing to form a network of liquid
metal particles. Damage tolerant traces through an autonomous reconfiguration of liquid metal particle connections for self-healing electronics. Reformable
traces are enabled by erasing a previously formed liquid metal network and creation of a new network through a solvent erase approach. Multiuse soft
circuits through dissolving the composite, which erases all liquid metal networks and electrical traces, and recycling for use in new applications.

a

b c

Compressive load

Liquid metal networksLiquid metal droplets
                         Embossing 
(selective, controlled percolation)

Discrete insulated droplets Electrically conductive network

d

Fig. 2 Creating robust conductive traces. a Schematics to illustrate the process of embossing, where discrete insulating droplets of liquid metal are
selectively embossed to form a connected conductive network. b Optical micrograph of an embossed region shows the distressed composite, which is
electrically conductive, scale bar—250 μm. c Embossed pattern in the form of letters L and M with intricate lines and connections (scale bar—10mm). d A
plot of R/R0 vs. applied strain on a conductive trace (ϕ= 60%, δ= 10%). The red curve shows the predicted R/R0 increase with applied strain for a
metallic conductor, while the embossed liquid metal conductive trace (blue curve) shows constant or a reduction of R/R0 (0.56 at 1200% strain compared
to 169 for the prediction). The inset shows images of an unstrained sample and a sample at 1200% strain (scale bar—50mm).
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Figure 3a inset shows a schematic of the embossing setup with
a representative curve of electrical resistance as a function of
stress during embossing. The compressive load applied through a
mechanical testing machine is controlled, while simultaneously
measuring the resistance through a source meter. This synchro-
nous setup facilitates the tuning of resistance and load applied,
where either of these parameters can be used to trigger and start/
stop the test. In a typical embossing step, as the load is being
applied, the measured resistance remains at a high level of ~107Ω
until a threshold point, when it quickly drops and then decreases
gradually with further application of load (Fig. 3a). Utilizing the
designed embossing setup allows for tunable resistance based on
embossing load. The applied load is increased until a target
resistance is obtained, then the load is automatically stopped by
sending an electronic trigger to the mechanical testing machine.
This technique is used to create highly stretchable resistors in the
range of 10Ω–1 kΩ with conductivity of 190–0.95 S cm−1,
respectively, in an unstrained state. These resistors maintain a
nearly constant resistance until failure at ~800% strain, as seen in
Fig. 3b. To qualitatively demonstrate these resistors in operation,
we create an LED circuit with two resistors R1= 100Ω and R2=
10Ω arranged in parallel. When powered, due to the difference in
resistance, the LED on the lower resistor R2 is brighter, as
illustrated in Fig. 3b inset.

To determine the effect on the mechanical behavior of
plasticizer on the SIS matrix and embossing on the composite

sample, we have tested pristine and embossed ASTM standard
dogbones in tension (see Supplementary Fig. 4a, b). The tensile
modulus and strain at break values for the composites are
presented in Fig. 3c, d, respectively. We examine the unfilled
elastomer and composites in the unembossed and embossed
conditions for liquid metal content (ϕ= 60%) at two different
plasticizer contents (δ= 10, 20%). Compared to an unfilled SIS
elastomer, the tensile modulus decreases with the addition of the
PBD plasticizer (Fig. 3c). Adding liquid metal at ϕ= 60% to an
SIS matrix with PBD further reduces the tensile modulus to ~500
kPa, and the embossed sample remains similar to the unembossed
sample. The strain at break for an unfilled SIS matrix shows
negligible variation by the addition of PBD. When liquid metal is
added to the plasticized SIS matrix, the strain at break slightly
decreases but stays above 1000% strain. Taken together, these
results show that the SIS matrix becomes softer by adding liquid
metal droplets and plasticizer and the sample is still able to be
stretched to high strains >1000%, and this soft mechanical
response is maintained after embossing.

The embossed composites can also interface with rigid
electrical components. Here, a liquid metal contact pad is added
to the end of an embossed trace where the LED is to be placed,
and then is encapsulated with an unfilled SIS elastomer film (see
Supplementary Fig. 5). In Fig. 3e, we present an image sequence
of the LED circuit during stretching, which shows the LED
functioning to ~240% strain (Supplementary Movie 1). As the

Fig. 3 Electromechanical properties of the soft conductive traces. a A plot and schematic illustrates the embossing procedure with feedback control.
b A plot of resistance vs. applied tensile strain of three different conductive traces embossed to resistances R= 10Ω, 100Ω, and 1 kΩ (ϕ= 60%, δ= 20%).
The inset shows a photograph of embossed traces with R1= 100Ω and R2= 10Ω being used as resistors to change LED brightness (scale bar—5mm).
c Tensile modulus and d strain at break of an unfilled elastomer, pristine (unembossed), and embossed composite. e Stretching of an LED integrated with
embossed traces (scale bar—10 mm). f A composite with ϕ= 50% used to create an LED circuit to illustrate the robustness of the traces in operation—
bending, folding, twisting, and stretching (scale bar—10mm). Error bars denote standard deviations for n= 3.
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circuit fails below the high strain limits (>1000%) of our
conductive traces, we believe the connection failed at the LED-
conductive trace interface. Images of a second circuit with two
LEDs being bent, folded, twisted, and stretched in Fig. 3f further
highlight the ability to integrate rigid components into our
embossed conductive traces.

Control of soft electronic composite life cycle. We demonstrate
our embossed liquid metal composites as regenerative electronics
as introduced in Fig. 1 through (1) robust operation, (2) self-
healing, (3) circuit reconfiguration, and (4) recycling for full life
cycle control. Broadly, the first three phases can occur during the
life of the composite, while the recycling phase is at the end of life
when the composite utility is exhausted and needs to be regen-
erated/refurbished to create a new composite sheet with almost
pristine properties.

Robust operation. To understand the properties of the embossed
conductive traces in repetitive operation, we perform cyclic tests
in tension. We utilize an embossed trace on a composite with ϕ=
60% liquid metal and δ= 10% PBD to strain up to 100% for 1000
cycles (Fig. 4a, the first and last ten cycles in the inset). Figure 4b
shows another cyclic test up to higher strains, where a sample
with same composition is subjected to a maximum strain of
1000% in 100% strain increments with three cycles at each
increment (each cycle returns to 0% strain). Both tests demon-
strate the exceptional electromechanical behavior of the traces.
Overall, the resistance change is very low or actually decreases
during stretching as shown by the R/R0 equal to or <1 during all
of the cyclic tests. This behavior is unexpected for a bulk metallic
conductor. For example, in a typical conductive wire, the R/R0

ratio can be predicted by using the stretch ratio as R/R0= λ2

(where λ= strain+ 1)48. At a strain of 100% (λ= 2), the pre-
dicted R/R0= 4, and similarly when the wire is stretched to
1000% strain (λ= 11), the predicted ratio R/R0= 121. During the
100% strain cyclic experiment for our embossed traces, the
(R/R0)= 1 at 0% strain and then nominally drops to R/R0 ~ 0.6
with a peak to valley change in R/R0 ~ 0.001 near the 1000th
cycle. During the incremental increasing strain cycling, we
observe a similar behavior, where even during the final cycles at
1000%, R/R0 ~ 0.6 with a peak to valley change in R/R0 ~ 0.20.
These results highlight our embossed conductive traces as pro-
mising candidates for soft circuit wiring at extreme strain levels
over multiple cycles.

Self-healing. As highlighted in the introduction, self-healing
ability is a critical property for soft materials in rugged envir-
onments. We demonstrate this self-healing and mechanical
robustness by punching four consecutive holes into an actively
stretched embossed composite, which maintains conductivity
during the whole damage process and is able to be stretched to
~950% strain (Supplementary Movie 2). These holes remove
sections of the composite material along the embossed trace
during a six-step process. In the first step, the dogbone is stret-
ched to 100% strain, rested for 45 s, and brought back to 0%
strain. In the second step, a hole (damage event 1) is punched
during the resting period at 100% strain. The third, fourth, and
fifth steps result in three more holes on the embossed trace. In the
sixth step, the dobgone is stretched from 0% strain until it fails.
The visual appearance of the dogbone is continuously monitored
and images at important stages are presented adjacent to the
event in Fig. 4c. The applied strain and the ratio of instantaneous

c

a b

100% strain

1000600 800400200
Cyclic strain (%)

300 500 700 900

100

Fig. 4 Robust operation and dynamic self-healing. a Plot shows the robust cyclic behavior of the composite over 1000 cycles, each up to a 100% strain.
b Plot of R/R0 vs. time in a cyclic test of three cycles at each step up to a strain of 1000% in 100% strain increments (shading indicates the three cycles at
a given strain), inset shows the applied strain profile vs. time. c Hole-punch test during tension shows the dynamic self-healing capability. A plot of R/R0
with respect to strain and time shows the reduction in resistance, but shows no loss in electrical conductivity. The composition for all samples in this figure
is ϕ= 60%, δ= 10%.
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to initial electrical resistance (R/R0) with respect to time are
plotted in Fig. 4c. The ratio (R/R0) drops as stretching begins and
slightly reduces at each damage event. There is no loss of electrical
functionality at any stage during the test even with significant
portions of the composite being removed along the embossed line.
This is due to the instant self-healing ability of the liquid metal
network, which autonomously reconfigures to form new liquid
metal particle–particle connections around a damaged site. These
new networks form during the damaging process and thus
maintain continuous electrical conductivity. While self-healing in
a liquid metal composite has been demonstrated in previous
research30, it has been limited to an unstrained condition. With an
ability to instantly self-heal to maintain electrical conductivity and
also be mechanically tough to sustain significant and critical
damage events under strain, our material combination enables
mechanically and electrically robust stretchable conductors.

Circuit reconfiguration. The ability of the SIS polymer to dissolve
in toluene enables an embossed trace to be locally erased and then
form a new conductive trace through the same region to reconfi-
gure the circuit. This process occurs as the solvent locally separates
the liquid metal network during the treatment to effectively erase
that specific region of the trace. In Fig. 5a, a schematic for
reconfiguration procedure along with the images of initial and
reconfigured circuits are presented. Initially, LED 1 is connected to
a power source through two traces on each side and the LED lights
up when a current is applied. In the second step, one of the traces is
erased partially using the toluene solvent, thus resulting in an open
circuit which turns off the LED 1. In the third step, two new traces
(one through the erased region) are created and a second LED
(LED 2) is placed on the composite sheet. Now with the applica-
tion of current, the LED 2 lights up and LED 1 remains turned off.
This demonstrates an important ability in our composite system to
reconfigure circuit elements in a nondestructive manner.

Recycling. The thermoplastic nature of the SIS copolymer matrix
coupled with the liquid nature of liquid metal enables us to

effectively recycle and reuse the composites. We demonstrate this
through a solution process, where the used composite sheets at
the end of their life are rapidly dissolved by toluene in a shear
mixer. This results in a SIS, PBD, and toluene solution with
dispersed liquid metal droplets similar to the initial pristine
composite. This emulsion can then be cast into films using the
same conditions as the pristine composite. In Fig. 5b, we show the
mechanical behavior of an as-made pristine composite (ϕ= 60%,
δ= 10%) and after being recycled twice. The initial stiffness of the
pristine and recycled composites are similar. At higher strain, the
stress–strain behavior of the pristine composite shows a more
significant strain stiffening response than the recycled samples.
However, both the recycled samples reach ~1000% strain, which
indicates robust properties of the reprocessed composite. The
microstructure of the liquid metal droplets in the composite
generally maintain the spherical/ellipsoidal shape even after the
second recycle cycle (Fig. 5c). The recycled samples are elec-
trically insulating after casting, demonstrating that all of the
previous electrical connections have been erased. This indicates
that the previous liquid metal networks get completely broken
down back into liquid metal droplets. These recycled composites
can then again be embossed to create electrical circuitry. We
demonstrate this capability by creating functional LED circuits on
the pristine and two generations of recycled samples (Fig. 5c). We
apply current for 1, 3, and 5 s with 1 s intervals which indicates
the reliability of the electrical connections in the pristine and the
recycled samples (Supplementary Movie 3).

Discussion
Rehealable and recyclable soft electronics that can be stretched to
high strains (>1000%) can provide robust solutions for emerging
fields like soft and stretchable electronics and soft robotics. This is
especially relevant for soft functional materials, which can be vul-
nerable, as they cannot be protected with stiff external supports and
enclosures like rigid electronics. In this work, we have shown a
single multifunctional composite system for soft electronics that
shows robust stretchability, rehealing ability, and is ultimately

LED 1

Conductive 
     Line 1

Power

LED 1 - OFF

LED 2

Conductive 
     Line 2

Initial Circuit 1

Pristine 1st recycle

a

b c

Erased 
 Line 1

2nd recycle

LED 1 - ON

Fig. 5 Reconfiguration and recycling of liquid metal soft composite. a Schematics and photographs showing the reconfiguration process of a conductive
trace by solvent erase approach in a composite with ϕ= 60%, δ=20%, scale bars—10mm. b Stress–strain curves of the pristine, and recycled samples
showing a higher stress level for the pristine. c Optical micrographs show the change in liquid metal droplet microstructure with recycling and the LEDs
show no loss of electrical functionality in a composite with ϕ= 60%, δ= 10% (scale bar for micrographs—100 μm and images—10mm).
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recyclable. Although we have demonstrated this approach with
micron-sized (~30 μm) liquid metal droplets, it may be possible to
further tune mechanical and electrical properties by changing the
particle size. A systematic study on the size effects could extend the
applicability of our design to further control initial trace resistance,
tune the embossing process through different resistance-embossing
pressure profiles, control the degree of undercooling, or improve
breakdown voltage25,49–51. This size limitation could be overcome
by utilizing techniques, such as sonication to create submicron
liquid metal droplets, which would still allow us to process our
materials as emulsions32. Further long-term testing could also
provide information on the longevity and fatigue characteristics of
the different generations of recycled soft materials.

In conclusion, our soft composite approach utilizes the unique
ability of liquid phase inclusions to reconfigure their micro-
structure to make, maintain, and break robust liquid metal net-
works for full life cycle control in soft electronics. When coupled
with the reprocessing of the physically cross-linked elastomer
matrix, we gain the ability to process the liquid metal micro-
structure for network formation, and subsequently reconfigure or
regenerate to the pristine microstructure by either local or bulk
reprocessing. This control of liquid metal microstructures within
the composite imparts the essential electrical functions for resi-
lient and regenerative soft electronics. The embossing creates
connections that can reconfigure during damage. Reprocessing
the matrix can then break these connections locally to reconfigure
circuits or globally to break down all liquid metal networks to
restore the material back to the original electrically insulating
state with discrete liquid metal droplets. This material can then be
reprocessed to create new soft, liquid metal electronics. These
properties improve resilience in soft devices, which can be utilized
for diverse functionalities in soft electronics and robotics. Such
capabilities can further enable robust soft electronics that can
reduce electronic waste through improved lifetime and
recyclability.

Methods
Composite fabrication. The liquid metal composites are fabricated by casting a
solution of SIS block copolymer, liquid metal (EGaIn), PBD, and toluene. Liquid
metal is a eutectic alloy of gallium and indium in 3:1 ratio, which is combined at
room temperature and homogenized at 200 °C overnight on a hot plate. First, the
as-obtained SIS pellets from Sigma Aldrich are dissolved in toluene in a dual
asymmetric centrifugal mixer (FlackTek Speedmixer) followed by addition of PBD.
To this solution, a calculated amount of liquid metal is added and mixed in the
centrifugal mixer, which breaks down the liquid metal filler into smaller droplets
and forms a homogeneous suspension. The cast sheets solidify at room tempera-
ture for 24 h in a fume hood to allow for the removal of toluene and then at an
elevated temperature of 80 °C in a convection oven for 24 h. The typical thickness
of a composite sheet is 1.5 mm.

Recycling. We solution process the used composite sheets at the end of their life
through a two-step dissolution process, using a shear mixer. In the first step, a

calculated σ ¼ Toluene
SISþPBDþToluene

� �
amount of toluene solvent is added to ~1 cm × 1

cm cut pieces of the composite sheet. In the second step, the pieces with the solvent
are shear mixed in a planetary mixer for 6 min at 2000 r.p.m. Films are then cast as
described above.

Electromechanical testing
Compression test/embossing. This describes the procedure used to create the con-
ductive traces/wiring. A 3D printed mold (B9 Creator v1.2) with a line feature
(thickness ~1 mm) is placed on top of the sample (see Fig. 3a) in a compression test
setup on an Instron 5944 mechanical testing machine. Conductive tape is attached
at the ends of this line and connected to a Keithley 2460 source measuring unit
(SMU) to send a constant current of 100 mA and measure the voltage during
compression. Both these instruments are synchronized and when a desired load/
resistance is reached, triggers are sent to the mechanical/electrical measurement
programs to stop the measurement simultaneously. MATLAB software is utilized
to control and export data from the SMU.

Tension test. For tension testing, the composite sheet is cut into a dogbone shape
using a CO2 laser cutter (Epilog). The dogbone is set to be 50% of ASTM D412 C-
type standard size. A 3D printed mold with a line feature of thickness 1 mm and
length equal to the dogbone length (57.5 mm) is used to emboss the conductive
trace. Both unembossed and embossed dogbone samples are tested in uniaxial
tension. The tensile modulus is calculated with a linear fit up to 5% strain. For
cyclic testing, the same ASTM dogbone geometry and embossing process is used. A
Keithley SMU measures resistance outside the test grips.

Micrography. Optical microscopy is performed on a Leica DMi8 inverted
microscope in dark-field mode. To construct a 3D profile of the embossed line,
multiple images are taken in the region of interest and stacked along z-axis
(through thickness). The 3D profile gives important parameters of the feature, such
as depth of embossed line relative to the surface and how this varies through the
sample thickness.

Soft circuit fabrication. To create a soft circuit, conductive traces are made on a
liquid metal–elastomer–plasticizer composite sheet at predetermined locations,
using 3D printed molds. Liquid metal paste (liquid metal+ 7 vol% Cu micro-
particles) is stencil printed at the interfaces of the component ends. This liquid
metal+ Cu microparticle ratio is chosen as it creates a semisolid mixture52, which
maintains good electrical contact without flowing. Electronic components, such as
LEDs, are then glued at desired points and connected to the traces with liquid
metal paste. This composite sheet with electronic components and conductive
traces is encapsulated by a 200 μm thin SIS layer at 150 °C and 25 mbar vacuum.
This process flow is schematically outlined in Supplementary Fig. 5.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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