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Abstract

Liquid metals are promising conductive materials for creating flexible and stretchable electronic
devices. However, methods to pattern liquid metal remain limited in scope: fabrication processes
often require substantial manual intervention and the resulting devices are often patterned indelibly
into the substrate. In this paper, we demonstrate the creation of electrical traces and components from
laser-sintered liquid metal nanoparticles, a digital fabrication approach that creates devices without
permanently patterning the materials. As deposited, the liquid metal nanoparticles form a non-
conductive film because the conductive liquid metal cores of each particle are surrounded by a non-
conductive metal oxide shell. Conductive traces are patterned into the film using an infrared laser to
sinter and coalesce the nanoparticles. We demonstrate that we can create resistive and capacitive
electrical elements by tailoring the geometry of the laser-sintered patterns. Furthermore, the patterned
capacitors can be used to sense the proximity of an object and the patterned resistors can be used in
conjunction with analog integrated circuit components to create analog circuits. We show that the
fabricated analog circuits can be reconfigured and reused to attain different output responses. The
laser processing technique also offers the opportunity to create stretchable conductive traces. We show
that compound laser processing can be used to both sinter the nanoparticle film and cut the underlying
substrate in the same processing area to achieve in-plane stretching via out-of-plane flexing of liquid

metal films.

1. Introduction

Flexible and stretchable electronics are essential for
soft robotics and wearable systems where electronic
devices must be mechanically compatible with highly
deformable structures while maintaining functionality
[1-5]. Metals that are liquid at or near room temper-
ature have emerged as appealing materials for these
applications [6, 7]. Gallium-based liquid metal alloys,
such as eutectic gallium—indium, (EGaln; 75% Ga,
25% In) are inherently conformable conductive mate-
rials that are particularly appealing because of their
low toxicity [8], low viscosity (2mPas) [9], low
melting point (15.5°C), negligible vapor pressure
[10] and high electrical conductivity (EGaln 3.4 X
10°Sm™'; copper 5.96 x 10" Sm™") [11]. Gallium-
based liquid metals have been used for stretchable
and self-healing wires [12—14], stretchable antennas

[15-17], actuators [18, 19], electrical interconnects
[20, 21], sensors [22-24] and superelastic conduc-
tors [25].

Gallium-based liquid metals rapidly form a thin pas-
sivating oxide skin (~1-3 nm in ambient environment
[26]; ~0.7 nm under vacuum conditions [27, 28])
primarily composed of Ga,O; when exposed to an oxy-
gen concentration above 1ppm [29, 30]. The oxide
growth has also been found to be accelerated under ele-
vated temperature [31]. The oxide skin allows liquid
metal to adhere to surfaces and to form stable non-sphe-
rical shapes [6, 32], but also imparts high surface tension
(~624 mN m™! [11, 33]), making the material challen-
ging to process [34]. Existing methods to pattern liquid
metals include injection into microchannels [29],
masked deposition [35, 36], 3D printing [32, 37], direct
writing [38, 39], vacuum-induced patterning [40],
embedding into elastomers [41, 42] and subtractive laser
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ablation [24, 43]. However, these proposed techniques
often require premade masks or microchannels formed
irrevocably in bulk polymer, making fabrication pro-
cesses less amenable to rapid prototyping and challen-
ging to automate. In particular, for liquid metal devices
that require microchannels or bulk embedding in poly-
mer, the fabrication processes often necessitate manual
intervention which renders the process to be inefficient
and not scalable, and the devices to be permanent (i.e.
non-reconfigurable) becuase the polymer cannot be
reformed to create alternate conductive pathways.

Previously, we demonstrated the ability to make
liquid metal particle inks and to print them onto var-
ious substrates using inkjet [44] and spray printing
techniques [45], which are widely known scalable
manufacturing methods that are highly compatible
with roll-to-roll production [46—49]. The oxide layer
on each of the particles insulates them from their
neighbors, making the deposited film non-con-
ductive. To coalesce the particles into conductive pat-
terns, the oxide layer must be removed or ruptured,
allowing their metal cores to reflow and merge. The
simplest method is mechanical sintering—employing
pressure to rupture the oxide skin of the particles,
without any specialized equipment required [44, 50].
Recently, we showed that a focused laser beam can also
be used to coalesce liquid metal cores into electrically
conductive patterns. The observed coalescing beha-
vior can be attributed to the rupture of the metal oxide
shell due to thermal expansion of the heated liquid
metal core [51]. The resistance values of the laser-sin-
tered patterns are significantly affected by laser power.
We demonstrated that this method can be used to pro-
duce soft multilayer circuits [51] and flexible digital
circuits [52] rapidly and efficiently.

In the present work, we utilize the finite resistance
of laser-sintered liquid metal particles to program ana-
log circuits by selectively patterning discrete electrical
components. Our non-prescriptive approach utilizes
scalable deposition and patterning methods suitable
for large-area fabrication of arbitrary patterns. We
demonstrate that we can use laser sintering to create
capacitors and resistors with customized electrical
properties. This allows us to create analog sensors and
circuits, which we demonstrate by using the sintered
capacitor to detect proximity of a finger and by sinter-
ing resistors of different values to tune the gains of an
opamp circuit, respectively. Furthermore, we show
that by encapsulating part of the circuit in polymer, we
can selectively reconfigure the fabricated analog cir-
cuit by chemically etching away the exposed regions of
the circuit, re-printing a layer of liquid metal nano-
particles, and sintering new conductive patterns into
the film to attain different output responses. Lastly, we
show that we can make stretchable circuits by simply
spray printing liquid metal nanoparticles onto poly-
imide substrates, and then simultaneously laser sinter-
ing the particles and cutting tunable kirigami
structures. Figure 1 shows a flexible and stretchable
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Figure 1. Photo of a flexible and stretchable electronic device
composed of a laser-sintered liquid metal nanoparticle film
deposited onto a flexible printed circuit board (PCB) sub-
strate (copper-clad polyimide film). The laser-sintered pat-
terns (light gray) are used to create conductive traces,
resistors, and capacitors between copper traces and integrated
circuits. The appendage on the bottom right of the device
contains slits to enable stretching of the conductive trace
without loss in conductivity. The SEM images show represen-
tative areas of the as-printed and laser-sintered particle film.
The scalebars are 1 pmin length. The length of the integrated
circuit (black) is 3.15 mm.

device consisting of patterned resistors, capacitors and
analog circuits.

2. Results and discussion

2.1. Analog components

Liquid metal nanoparticle ink was prepared by soni-
cating bulk eutectic gallium—-indium alloy (eGaln,
75.5% Ga, 24.5% In; 362 £+ 5 mg) in ethanol (4 ml)
for 2h with a tip sonicator (QSonica Q700), as
previously presented by Boley et al [44]. Ultrasonic
waves induce strong shear forces that break up bulk
liquid metal into particles. The oxide layer residing on
the surface of the liquid metal is continuously broken
and rapidly reformed, creating smaller particles.
As characterized by Lear et al [53] using scanning
electron microscopy (SEM), the resulting particle
size is 220 & 10 nm (mean =+ standard deviation).
We etched desired copper patterns into copper-clad
polyimide films (Pyralux) and then used a customized
spray printer to spray the nanoparticle ink onto the
patterned flexible substrate. The spray-printing setup
consisted of three micropositioning stages for x-, y-,
and z-axis motion (PhysikInstrumente), a compressed
air delivery nozzle, and a ink delivery nozzle attached
to a syringe pump (883015, Harvard Apparatus).
Compressed air (3 psi) was blown over a syringe needle
while ink was dispensed at a fixed rate (0.22 ml min ™),
creating a thin, uniform particle film (20 pm thickness)
on the polyimide substrate. The velocity of the printer
stage was 0.7mmmin '. In order to activate the
deposited non-conductive nanoparticle film, we used
an IR laser (Universal Laser Systems VLS 2.30, 30 W,
10.6 um CO, laser) to sinter the particle film into
conductive patterns by scanning a focused laser beam
over an area (raster mode, 14% power, 100% speed).
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Figure 2. Photos and measurements of laser-patterned
resistors and capacitors. (a) Interdigitated capacitors where
capacitance was modulated by the number and proximity of
fingers comprising the device. The mean £ 95% confidence
intervals are listed for each device design. The insets show
detail views of the patterned capacitors. (b) Demonstration of
an interdigitated capacitor being used as a proximity sensor.
Each data point was captured by taking a photo of the LCR
meter screen and the finger in proximity of the sensor. The
red line indicates the mean baseline capacitance of the sensor.

Our previous work demonstrated the ability to
coalesce liquid metal nanoparticles into conductive
patterns using laser sintering technique and adjusting
sheet resistance by tuning laser power [51]. Here, we
extend the work beyond simply patterning conductive
traces and use laser sintering to create analog electrical
components. To demonstrate this, we used fixed laser
parameters and varied the geometry of the laser-sin-
tered patterns to attain analog components with dif-
ferent values. Before spray printing and laser sintering,
copper electrodes were etched into copper-clad poly-
imide film to serve as measurement pads. Various
laser-sintered capacitors and resistors are shown in
figures 2 and 3. The components were sintered using
the raster mode in the laser etcher with the long
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dimension of the component (horizontal direction in
figures 2 and 3) oriented parallel to the rastering axis,
rather than the scanning direction. This ensured a
more repeatable continuous electrical path by avoid-
ing positional error from steps in the scanning direc-
tion. In general, the width of a horizontal trace was
more consistent along its length as compared to the
width of a vertical trace, as seen in the insets of
figure 2(a).

Capacitors were sintered in interdigitated capa-
citor patterns, varying the number of fingers (sintered
conductive traces) and the gap between the fingers
(unsintered regions) to adjust capacitance values
(figure 2(a)). The capacitors were measured using an
LCR meter (BK Precision 880) ata 1 kHz interrogation
frequency. The mean and 95% confidence intervals of
the measured capacitances are reported in figure 2(a).
As the number of fingers increase and the gap between
the fingers decrease, the capacitance increases.

Additionally, we demonstrated that these planar
interdigitated capacitors can be used to sense the
proximity of an approaching finger (figure 2(b)). We
used an LCR meter (Keysight E4980AL) at a 1 kHz
interrogation frequency and 1 V excitation voltage to
measure the capacitance while hovering a finger
within 1 mm of the surface. The distance between the
finger and the surface of the capacitor was measured
via optical image analysis where a scale bar of known
length was marked onto the support stand and was
used to scale the image accordingly. Without a finger
nearby, the capacitors had a mean capacitance of
8.48 pF. As the finger approaches the capacitor, the
capacitance increases monotonically. When the finger
is in contact with the sensor, the capacitance fluctuates
at values from approximately 9 to 30 pF due to slight
difference in contact conditions (contact area, surface
moisture). These preliminary results suggest that laser
sintering may be used to create planar capacitive
proximity sensors.

Simple resistor patterns with varying trace width
(0.25,0.5, 1, 2, 3,4 mm) and more intricate serpentine
patterns with varying length (one to three segments)
were sintered as shown in figures 3(a) and (b), respec-
tively. Despite the feasibility of obtaining patterned
traces with distinct resistance values by tuning laser
power as indicated previously [51], in this work, we
used fixed laser processing parameters for all samples
and only varied pattern geometries. We first measured
the sheet resistance of sintered dogbone patterns on
spray-printed nanoparticle films, all processed with
the same laser parameters (14% power, 100% speed)
using the four-probe resistance measurement method.
The sheet resistance of the sintered patterns was rela-
tively consistent (1.94 £+ 0.15§2/sq, mean +95% con-
fidence interval, 12 measurements) across samples.
Using this mean sheet resistance value, we calculated
the expected resistance of the various resistors with
different geometries and compared it to the measured
values (figures 3(d), (e)). The calculated values tended
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Figure 3. (a) Simple resistor patterns with varying trace width (0.25, 0.5, 1, 2, 3,4 mm). (b) Serpentine resistor patterns with varying
length (one to three segments). (c) SEM images of the interface between the sintered trace and a copper pad. (d)—(e) Resistance values
of the components shown in (a)—(b) as measured and as calculated from sheet resistance values. The error bars represent 95%
confidence intervals of the measured resistance and capacitance values.

to underestimate the measured value by ~5%-15%.
We hypothesize that this is primarily due to contact
resistance between the laser-sintered trace and the
copper measurement pad.

While the particles on top of the copper pads and
the polyimide substrate form fully-coalesced net-
works, the particles connecting them are not fully-coa-
lesced which contributes to an increased resistance, as
evidenced by the larger but discontinuous particles
seen at the edge of the copper pad in figure 3(c). We
hypothesize that this is due to the steep, cliff-like edge
of the copper pad traversed by the nanoparticle film.
Since the spray printing distributes nanoparticles in a
cone rather than a downward jet, nanoparticles are
deposited on all surfaces regardless of their angle. In
contrast, laser sintering acts only in a downward direc-
tion. Thus, the particles residing on the angled edge of
the copper pad are sintered with less energy per unit
area, resulting in a partially coalesced network that
only tenuously spans the region between the sintered
pattern on the polyimide film and on the copper pad.
Future work can mitigate this issue by using thermal
evaporation or other approaches to deposit thinner
copper layers onto the substrate. These improvements
would enable creation of patterns with resistance
values that more closely match the theoretical calcula-
tions based on constant sheet resistance and the pat-
tern geometry.

2.2. Analog circuits
We utilized the ability to pattern conductive traces at
specific resistances to create analog circuits. Here, we
used an operational amplifier (opamp) integrated
circuit (MCP6001, Microchip Technology) to create a
non-inverting amplifying circuit with tunable gains
using laser-sintered resistors (figure 4(a)). The opamp
was first soldered to the copper traces of an IC
breakout substrate. The liquid metal ink was then
deposited and patterned onto the substrate, over
copper traces where necessary (ex. R, lies on top of the
copper trace leading from the IC to V). Here, the
sprayed film was deposited to a thickness of 30 ym to
better ensure electrical isolation between the sintered
liquid metal trace and the underlying copper trace.
The nominal output of the non-inverting amplifier
circuit is the input voltage signal multiplied by the
gain, calculated as Gain = V,,/Viy =1 + R;/R,.
We varied the dimensions of the sintered traces to
obtain different resistance values and nominal gains,
as tabulated in figure 4(b). To determine the actual
gain of the circuits, we supplied a 50 mVpp sinusoidal
signal with a 50 mV offset and measured the output
signal with an oscilloscope. Representative responses
are shown in figure 4(c). The mean measured gains are
listed in the table in figure 4(b).

Although the output signal of the opamps clearly
demonstrate voltage gain, the measured gain is less
than that of the nominal value. We hypothesize
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Figure 4. Design and characterization of opamp circuits with
gain programmed by laser-sintered resistive traces. (a) Sche-
matic of the implemented circuit. The image on the right
shows the laser-sintered liquid metal nanoparticle film
deposited over an opamp IC soldered to copper traces on a
polyimide substrate. The length of the ICis 3.15 mm. (b)
Table of resistance values, nominal gain, and actual gain of
circuits with three different gains. (c) Plot of the input and
output voltage signals.

that this is due to slightly conductive (~400 k(2) con-
nections between the coalesced liquid metal patterns
as they are sintered over copper traces, i.e. between R;
and the Vpp copper trace. As demonstrated in our pre-
vious work [51], due to exposure to high temperature,
the uncoalesced particles at the bottom of the sintered
film are likely to become conductive because (1) gal-
lium oxides become semiconductive at high tempera-
tures [54, 55], and (2) particles coarsen and fuse
together at high temperatures, as seen from thermal
treatment of solid metal particles [56, 57]. Therefore,
the thermally treated but uncoalesced particles
become electrically connected to the underlying cop-
per traces. The effective sintering depth (the distance
at which uncoalesced particles become conductive) is
dependent on laser parameters. Future work will aim
to identify the appropriate laser sintering parameters
so that conductive patterns may be sintered to a spe-
cific depth, without inadvertently connecting to
underlying copper traces. Work in this area will also
aid in repeatably fabricating the conductive interface
between the liquid metal film and a copper pad. While
the contact resistance is not as significant of an issue
for logic devices, in an analog circuit, contact resist-
ance may not be so easily discounted.

Alongside the resistors (figures 3(a)-(b)) shown
here, capacitive components (figure 2(a)) may also be
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laser-sintered to create more complex analog circuits,
in particular, with the addition of other analog com-
ponents or ICs. Furthermore, while this device is a
two-layer electronic circuit, the concept of spray print-
ing and laser sintering over existing conductive traces
may be extended to create multilayer circuits.

2.3. Circuit reconfigurability

Unlike traditional electronic circuits, the demon-
strated liquid metal patterned analog circuits are
reusable. They can be rapidly reconfigured multiple
times to achieve different output responses via the
process of chemical etching, re-printing and re-
patterning. Figure 5 shows the fabrication process of
an reconfigurable analog circuit.

The substrate was first prepared prior to deposi-
tion of liquid metal. Flexible copper-clad polyimide
film (Pyralux, Adafruit) was covered with Kapton tape
as an etching mask. The Kapton tape was cut to mask
the copper pattern using an IR laser (Universal Laser
Systems VLS 2.30, 30 W, 10.6 um CO, laser; vector
mode, 25% power, 20% speed). The undesired copper
was then etched off the polyimide film using hydro-
chloric acid and hydrogen peroxide. Standard elec-
trical components (integrated circuits (ICs)) were
soldered to the copper traces (figure 5(a)). Small pieces
of masking tape were applied to each of the ICs and
along the edges of the substrate to mask the compo-
nents and copper interface pads, respectively
(figure 5(b)). The nanoparticle ink was then sprayed
onto the circuit using a customized spray printer
(figure 5(c)). Next, the laser was used to sinter the par-
ticle film into conductive patterns by scanning a
focused laser beam over an area (raster mode, 14%
power, 100% speed). As observed in figure 5(d), the
sintered, conductive traces appear white. The SEM
images in figure 1 show the intact particles in the
unsintered regions and the coalesced morphology of
the sintered region.

Because the oxide skin of liquid metal is ampho-
teric, it can be removed by exposure to hydrochloric
acid (HCI, pH < 3) [58] or sodium hydroxide
(NaOH, pH > 10) [59]. In the absence of the oxide
skin, liquid metal that adheres to the surfaces can bead
up due to high surface tension of the bare metal [11].
Therefore, chemical treatment can be used to remove
existing liquid metal films, allowing the device to be
reconfigured. Here, we used NaOH due to its proven
fast dissolution of oxide compared to HCI [59].

In order to selectively reconfigure the device, part
of the circuit was encapsulated by casting a thin layer
of PDMS (Sylgard 184, Dow Corning) over the nano-
particle film, appearing as a dark gray region
(figure 5(e)). After the PDMS cured, the circuit was
rinsed with 1.0 M sodium hydroxide (NaOH) for a few
seconds. As shown in figure 5(f), the exposed particle
film was etched away, while the encapsulated region
was protected by the PDMS. The circuit was then
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Figure 5. Fabrication process of analog circuits. (a) Flexible PCB on a copper-clad polyimide film (Pyralux) with integrated circuit (IC)
components soldered to copper traces. (b) Tape applied to mask ICs before spray printing. (c) Spray-printed liquid metal nanoparticle
film. (d) Analog circuits created by laser sintering liquid metal traces patterned to interface with the ICs. (e) Partial encapsulation of the
device using silicone elastomer (polydimethylsiloxane (PDMS)). (f) Unencapsulated region exposed after rinsing with NaOH. (g) Re-
spray-printed liquid metal nanoparticle film. (h) Final analog circuit device with particle film re-sintered into zigzag patterns. The
steps shown in (f)—(h) may be repeated to reconfigure the circuit multiple times. The close-up views in (d) and (h) highlight the
sintered traces with different geometries. The length of the ICis 3.15 mm.
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wiped with NaOH using a paper towel rinsed
with water, and dried. Finally, the partially etched
circuit was reprinted (figure 5(g)) and re-sintered into
different geometries (zigzag patterns, figure 5(h)). This
selective reconfiguration sequence can be repeated
multiple times to reconfigure the circuit to attain dif-
ferent output responses. Additionally, since the PDMS
does not bond to the Pyralux substrate, the PDMS
encapsulation layer may be peeled away to expose the
liquid metal film underneath for full device reconfi-
guration. The PDMS encapsulation also serves to
maintain the integrity of the film by preventing crack-
ing and disruption of both the sintered and unsintered
regions for more stable electrical properties as the cir-
cuitis bent or flexed.

2.4. Stretchable circuits

Taking inspiration from kirigami—the art of paper
cutting—we created stretchable conductive traces by
cutting through the polyimide substrate after sintering
the liquid metal film. Researchers have shown that
modulating the geometry of the cutting pattern can
yield substrates with different degrees of stretchability
[60, 61], and have begun to create stretchable con-
ductors using this approach [62, 63]. The specimens
shown in figures 6(a)—(d) consist of copper electrodes
on either end of a polyimide substrate with a large
sintered region connecting the electrodes. Overlap-
ping slits were cut through the polyimide substrate
underneath the sintered region to enable stretching.
To tune the stretchability of the traces, we varied the
horizontal distance between parallel vertical slits (i.e.
slit density) (1 mm; 2mm) and the vertical gap
distance (1 mm; 2 mm) between collinear slits. The

probe interface shown in figure 6(c) shows a droplet of
bulk liquid metal enhancing the electrical contact
between the probe and the sintered pattern. The SEM
image in figure 6(d) shows the coalescence of particles
around the slit cut through the polyimide film.
Because both the sintering and kirigami processes can
be performed in the same laser patterning step,
stretchable circuits with tunable electrical and
mechanical properties can be rapidly manufactured.
We characterized the stretchable circuits by
recording the resistance between the copper electrodes
as strain was applied cyclically (ex. 0%, 10%, 0%, 20%,
etc.) (figure 6(e)). The normalized change in resistance
(AR/Ry = (R — Ry)/Ry) effectively does not change
with applied strain until electrical and/or mechanical
failure suddenly occurs. We classified electrical failure
as a normalized change in resistance >0.5. The 2 x 2
(figure 6(a)) and 2 x 1 (figure 6(b)) designs exhibited
near-simultaneous (within 10% strain) mechanical
and electrical failure between 50% and 60% strain.
Increasing the slit density (1 x 2 (Figure 6(c)), 1 x 1
(figure 6(d))) allowed the devices to stretch further and
to electrically fail at strains significantly less than the
yield strain for mechanical failure. After reaching elec-
trical failure, we restarted the strain increment at 0%
strain and repeated the same test (figure 6(f)). After the
first electrical failure, the resistance did not return to
its initial value when the strain was released; the resist-
ance of the sintered pattern was irreversibly increased.
During the second strain sequence, electrical failure
occurred at the same strain value. These results indi-
cate that laser-sintered liquid metal films deposited
onto polymer substrates may be used as stretchable
interconnects where strain (up to a limit) does not
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Figure 6. Stretchable conductive liquid metal films enabled by kirigami. The four slit patterns are shown in (a)—(d). In each subfigure,
the top photo shows the unstretched state of the sample, with the inset being the slit pattern labeled as (distance between slits) x (gap
between collinear slits) in mm. The bottom photo shows the maximum strain achieved prior to electrical and/or mechanical failure.
The spacing between each line is 3 mm (10% strain). The probe interface shown in (c) shows a droplet of bulk liquid metal enhancing
the electrical contact between the probe and the sintered pattern. The SEM image in (d) shows the coalescence of particles around the
slit cut through the polyimide film. (e) Plots of the normalized resistance as strain was applied in 10% increments from 0% strain to
electrical and/or mechanical failure. Three specimens of each slit pattern were measured. (f) Plot of the resistance of three samples cut
withal X 2 slit pattern shown in (c). The solid line corresponds to the first strain sequence wherein strain was applied incrementally
until there was a significant change in the measured resistance (electrical failure. The strain sequence was then re-initiated at 0% strain

and the experiment was repeated (dashed line).

affect the conductivity of the trace. In contrast, the
resistance of interconnects fabricated on inherently
stretchable substrates would change as strain is applied
due to a change in the geometry of the trace or crack-
ing of the liquid metal nanoparticle film. Future work
in this area will investigate alternate kirigami designs
to attain different levels of stretch and the effects of
repeated cycles of stretching on electromechanical
behavior of the interconnect.

3. Conclusion
Laser sintering of liquid metal nanoparticle films

enables the rapid fabrication of arbitrary conductive
patterns. In this paper, we demonstrated that this

method may be used to create analog electrical
components, hybrid flexible circuits, and stretchable
circuits. We explored the fabrication of resistors and
capacitors where electrical properties were modulated
by the geometric design of the laser sintering pattern.
Using these elemental components, we demonstrated
an opamp circuit by sintering resistors of different
values to tune the gains, and a proximity sensor to
detect an approaching finger. We showed that these
circuits may be selectively reconfigured via encapsula-
tion, chemical etching, and re-patterning. Finally, we
discussed how the materials and methods used here
(i.e. selective laser processing of conductive films on
flexible polymer substrates) can be leveraged to
create stretchable conductive circuits using kirigami
methods.
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Future work will further characterize the applica-
tions demonstrated here, translate the laser sintering
approach to inherently stretchable substrates, and to
combine the various methods presented here to create
more complex, flexible, and stretchable electronic
devices. Another area of future work is to create more
sophisticated components, namely those with semi-
conductive materials. Because the oxide skin has semi-
conductive properties, further investigation into
tuning the electrical properties of the nanoparticles
and designing more intricate methods of patterning
the liquid metal ink may yield liquid metal-enabled
diodes and transistors.
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