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A Flexible and Electrically Conductive Liquid Metal Adhesive
for Hybrid Electronic Integration

Tyler A. Pozarycki, Wuzhou Zu, Brittan T. Wilcox, and Michael D. Bartlett*

Electrical and mechanical integration approaches are essential for emerging
hybrid electronics that must robustly bond rigid electrical components with
flexible circuits and substrates. However, flexible polymeric substrates and
circuits cannot withstand the high temperatures used in traditional electronic
processing. This constraint requires new strategies to create flexible materials
that simultaneously achieve high electrical conductivity, strong adhesion, and
processibility at low temperature. Here, an electrically conductive adhesive is
introduced that is flexible, electrically conductive (up to 3.25×105 S m−1)
without sintering or high temperature post-processing, and strongly adhesive
to various materials common to flexible and stretchable circuits (fracture
energy 350 <Gc < 700 J m−2). This is achieved through a multiphase soft
composite consisting of an elastomeric and adhesive epoxy network with
dispersed liquid metal droplets that are bridged by silver flakes, which form a
flexible and conductive percolated network. These inks can be processed
through masked deposition and direct ink writing at room temperature. This
enables soft conductive wiring and robust integration of rigid components
onto flexible substrates to create hybrid electronics for emerging applications
in soft electronics, soft robotics, and multifunctional systems.

1. Introduction

Flexible and hybrid circuits are an emerging technology
with promising applications in modern electronics,[1–5] wear-
able and implantable health-monitoring devices,[6–15] and soft
robotics.[16–19] Traditionally, electronic components have been
soldered to rigid printed circuit boards (PCBs) either manually
or through the use of automated systems such as reflow ovens
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and wave solder machines. However, when
creating hybrid electronics consisting of
flexible or stretchable substrates with rigid,
functional components, utilizing these
techniques to attach the components to
the flexible substrates is a challenge.[20–22]

For example, typical tin-lead solders have
melting temperatures that are often in
excess of the glass transition temperatures
of polymeric substrates commonly used for
flexible circuits, which can lead to thermal
expansion or damage.[23] Low-temperature
solders, which incorporate low-melting
point metals such as bismuth and indium,
can be used to prevent damage to sub-
strates; however, a vast majority of solder
alloys, regardless of their melting temper-
ature, tend to be brittle in their solid state.
Consequently, bending, twisting, or other
deformations inherent to flexible or soft
systems can cause fracture or delamina-
tion of the solder and components.[22,24,25]

As a result, there is an increasing need
for materials that can be processed at
room temperature while also having high

flexibility, electrical conductivity, and strong adhesion, as these
properties are essential to component integration in flexible and
hybrid electronic systems.
Polymer-based electrically conductive adhesives (ECAs) are an-

other option for interconnects in deformable systems.[26–30] How-
ever, their fabrication and integration into these systems have
proven to be difficult. For example, intrinsically conductive poly-
mers have been used as ECAs, but these typically have lower val-
ues of conductivity (102 < 𝜎 < 103 S m−1) and poor adhesion
strength,[31,32] and various mechanical and chemical processes
are required to enhance these properties.[33–37] Another method
to enhance electrical conductivity and adhesion is to put fillers
such as conductive ceramics, carbon-based fillers, and metals
into naturally adhesive polymers such as epoxies.[38–42] However,
most epoxies do not have the desired mechanical properties to
act as a flexible interconnect, as they are typically rigid (E ⩾ 1
GPa)[43,44] and thus do not easily interface with flexible substrates.
Additionally, rigid fillers can further increase the modulus of the
composite system, which is detrimental for deformable applica-
tions. It therefore remains a challenge to create materials with
optimal combinations of flexibility, conductivity, and adhesion for
flexible and hybrid electronic systems.
Here, we present a highly flexible and electrically conductive

adhesive for hybrid electronics that is conductive as-prepared
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without sintering or high-temperature post-processing, and ad-
heres to a variety of materials without surface modification.
These characteristics are enabled through the incorporation
and interaction of liquid metal (LM) droplets (eutectic gallium-
indium (EGaIn)) and silver (Ag) flakes in a flexible and adhesive
epoxy matrix (Figure 1a(i–iv)). Therefore, the composite mate-
rial is termed E-CASE (electrically conductive adhesive with sil-
ver and EGaIn). In the uncured state, the material can be de-
posited through various techniques, including direct ink write
(DIW) (Figure 1b(i)) or stencil printing (Figure 1c(i)) onto flex-
ible substrates like polyethylene terephthalate (PET), flex cir-
cuit (etched copper traces on polyimide), and stretchable elas-
tomeric substrates like styrene-isoprene-styrene (SIS) copolymer
(Figure 1d(i)). Rigid functional components can then be inte-
grated, and the ink is cured between room temperature and 100
°C, at which point the material robustly adheres to the substrate
and functional components. This allows for its use as both soft
wiring aswell as an interconnect for contact pads. The assemblies
are capable of maintaining a very low bending radius, as demon-
strated by wrapping the flexible circuits with an LED around a
metal rod with a 2 mm diameter with continuous LED function
(Figure 1b,c(ii,iii)). The assemblies are also applicable for stretch-
able electronics, as demonstrated by stretching an E-CASE inte-
grated LED to ≈400% strain (Figure 1d(ii,iii)). By varying the sil-
ver content within E-CASE, the electrical and adhesive properties
can be tuned. With a lower loading of Ag, the adhesive has an
electrical conductivity of 3.75×104 S m−1 and a fracture energy
of up to 675 J m−2, while at a higher loading, it has a conductiv-
ity of 3.25×105 S m−1 with a fracture energy of up to 380 J m−2

(Figure 1d,e). The combination of adhesion, flexibility, low tem-
perature processing, and inherent electrical conductivity is excep-
tional compared to other epoxy and LM-based composites.[45–55]

These results demonstrate the utility of multiphase soft compos-
ites for the mechanical and electrical integration of hybrid elec-
tronics.

2. Results and Discussion

2.1. Electrically Conductive Adhesives

E-CASE consists of a flexible epoxy matrix (E ≈ 1 MPa,
Figure S1a, Supporting Information) which contains dispersed
droplets of room-temperature LM (EGaIn) and Ag flakes. The LM
and Ag were chosen as fillers due to their contrasting yet syner-
gistic properties. EGaIn has a low viscosity and forms an oxide
shell,[56,57] which makes it mechanically soft and typically creates
an electrically insulating composite when dispersed in a polymer
matrix,[58] while Ag flakes are rigid and have been shown to have
the most electrically conductive geometry compared to micro
and nanoparticles, especially in deformable applications.[59–61] In
this work, the electrical and mechanical performance of two dis-
tinct formulations of the conductive adhesive were evaluated. The
compositions focus on a lower loading of Ag with an emphasis
on LM, to leverage the soft nature of the LM inclusions to main-
tain high flexibility. The first composition has a total filler load-
ing of 68 vol%, composed of 58.8 vol% LM and 9.2 vol% Ag to
achieve low bulk resistance; the second has a total filler loading
of 73 vol%, with 50 vol% LM and 23 vol% Ag to further increase

electrical conductivity. The two compositions are denoted herein
as low Ag and high Ag, respectively.

2.2. Microstructure and Electrical Conductivity

To evaluate the microstructure of the material, optical mi-
croscopy, 3D profilometry, and SEM imaging were utilized. Upon
measuring the 3D profile of a stencil-deposited trace, it was ob-
served that the cross-section has a generally rectangular shape
(Figure 2a). A closer examination of the top surface under SEM
reveals an abundance of micron-size Ag flakes (Figure 2b). How-
ever, there was a lack of observable LM droplets. This is due to the
very low viscosity and low density of the uncured epoxy matrix in
comparison to the LM droplets. Since EGaIn has a higher den-
sity, the droplets settle into the bulk during fabrication (see Exper-
imental Section) and thus are not seen on the surface after cur-
ing. Ag is also seen throughout the bulk; however, due to EGaIn’s
high surface tension,[62] oxide shell, and low mixing speeds dur-
ing fabrication, the Ag shrouds the droplets (Figure 2c). Thismor-
phology aids in the creation of conductive pathways throughout
the composite.[61,63] As shown in Figure 2d, if the LM is removed
from the system but the amount of Ag remains the same, the low
Ag formulation is no longer conductive, and the high Ag formu-
lation is an order of magnitude less conductive. Additionally, in
formulations where LM is the only filler and the total filler con-
tent is held constant, there is no electrical conductivity as fabri-
cated, which is consistent with prior results of highly filled LM
composites.[64] These results highlight the importance of the LM
as a conformal and spatial filler in this biphasic composite.
The electrical behavior of the material was analyzed by quan-

tifying resistance-length and current–voltage characteristics. It is
found that the resistance-length behavior follows a positive lin-
ear trend, which is typical of conductors (Figure 2e). Linear least-
squares fits predict an increase of ≈0.75 Ω per cm of trace length
for the low Ag formulation and ≈0.06 Ω per cm for the high Ag
formulation. It should be noted that, for high Ag, all resistance
values up to d = 40 mm are less than 0.25 Ω with d = 10 mm in
particular having an extremely low value of 0.09 Ω. Additionally,
the low Ag formulation has a sub-ohm resistance of 0.55 Ω at d
= 10 mm. Figure 2f shows the current–voltage behavior up to 0.5
V of applied voltage at a probing distance of d = 40 mm. Low Ag
demonstrates less current draw per voltage applied compared to
high Ag, with maximum current draw for each around 0.25 and
2.0 A, respectively. These results support the use of the E-CASE
as both an effective material for solder-like connections as well
as a soft wiring for flexible PCBs.
Common components of interest for hybrid electronics are

rigid surface-mount components. These packages are typically on
the scale of millimeters and include components such as pulse
oximeters, time of flight sensors or heart-rate monitors for wear-
able technologies. To verify the feasibility of E-CASE on this type
of package size, a set of connection pads with dimensions of
0.7 × 0.3 mm and a spacing of 0.4 mm were designed in addi-
tion to a custom circuit pattern with a close spacing as small as
220 μm for the 1005 metric surface mount device (SMD) pack-
age size (Figures S2 and S3, Supporting Information). These
were stencil printed using masks fabricated with a CO2 laser
cutter. To further improve the resolution of E-CASE patterning,
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Figure 1. Highly flexible, electrically conductive adhesive. a) Schematics showing the implementation of E-CASE for traces and integration with a func-
tional component (LED) and the composite microstructure. b) LED E-CASE assembly and demonstration of the flexural capabilities on PET with soft
wiring; c) on flex circuit with pad interconnects; and d) stretchable capabilities on SIS elastomer with LM wiring for a stretchable circuit (𝜖 = 400%). e)
Electrical conductivity data for two material formulations. Error bars represent the s.d. for n = 9 based on cross-sectional area. f) Adhesion data (fracture
energy Gc under peel) for the two material formulations. Error bars represent the s.d. for n = 3.
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Figure 2. Conductive trace microstructure and electrical characterization. a) 3D optical rendering of a conductive trace with a width of 1 mm and a height
of ≈480 μm. b) SEM image of trace surface microstructure. c) SEM image of trace cross-sectional area showing clusters of silver flakes and LM droplets.
d) Conductivity of the E-CASE composite with and without LM. Error bars represent the s.d. for n = 9 measurements based on cross-sectional area. e)
Resistance versus length measurements across conductive traces and corresponding linear fits. Error bars represent the s.d. for n = 3 measurements.
f) Current–voltage curves up to 0.5 V for the conductive traces. Shaded regions represent the s.d. for n = 3 measurements. g) Normalized resistance of
a conductive trace with high Ag loading under cyclic bending with the inset detailing cyclic behavior.

higher-resolutionmasks could be used. Additionally, recent work
has shown promising high-resolution methods such as photo-
patterning of LM materials,[55] which is another pathway for im-
proved resolution.
In flexible electronics applications, E-CASE needs to be con-

ductive under repeated bending cycles. Cyclic bending was per-
formed by bending a trace of high Ag E-CASE on a PET substrate
to 1000 cycles (see Figure S4, Supporting Information, for experi-
mental details). It is noted that E-CASE still maintains conformal
contact with the electrode after the cyclic test. During the test, the
traces remain conductive as the cycle count increases, eventually
nearing a plateau (Figure 2g). For each individual cycle, it was
found that the resistance shows minimal increases when bend-
ing and slight decreases when flattening. The cycles also contain

a small peak near the end; this phenomenon has also been seen
in carbon nanotube-epoxy composites, attributed to temporary
changes in contact angle of nearby inclusions during repeated
deformation.[65] The slight overall decrease in bulk resistance af-
ter 1000 cycles is likely a result of high bending stresses at the
top peak causing the oxide layers on LM droplets near the cen-
ter of the trace to rupture, which in turn allows for the LM to
coalesce with surrounding Ag flakes and create additional con-
ductive pathways.[61,66] Additionally, negligible differences in the
bending rigidity of the flexible substrate were found with and
without E-CASE (Figure S1b, Supporting Information), showing
that E-CASE is highly compatible with the mechanical character-
istics of the flexible substrates and can be implemented without
impeding flexibility (Figure S5, Supporting Information).
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Figure 3. Adhesion characterization of conductive adhesive. a) Schematic of the 90° peel test of conductive adhesive. b) Isometric view of peel test
showing steady-state cohesive fracture. c) Close-up front view of crack front during peeling with encircled bridging LM droplets. d) Representative peel
curves on a polyimide substrate with w = 5 mm and e) Gc values obtained with both formulations on different substrates.

2.3. Adhesion Mechanism and Characteristics

Strong adhesion is critical for integration in flexible applications,
where the material must be able to withstand stresses induced
by bending and twisting near integrated components. To ana-
lyze the adhesion performance of E-CASE, 90° peel tests were
utilized in which the material was cast between a rigid bottom
substrate and a flexible top substrate (Figure 3a). Copper, poly-
imide, and PET were chosen as substrate materials due to their
common use in hybrid electronic applications. At the onset of
peeling, the crack front moves from the center of the thickness
(pre-crack) towards the top substrate. Although the crack front
propagated towards the interface, the material does not delami-
nate from the adherends. All samples exhibited cohesive fracture,
as evidenced by a thin layer of material left on the adherend af-
ter testing. An interesting aspect of the material fracture was that
LM droplets actively bridge the crack front during crack propaga-
tion (Figure 3b,c; Video S1, Supporting Information). However,
no active liquid is left on the fracture surface after testing. Hence,
the LM temporarily locates at the crack front, but then breaks
apart and again becomes surrounded by Ag flakes on both frac-
ture surfaces. Although crack bridging is a toughening mecha-
nism observed in tough ceramics and fiber reinforced elastomer
systems,[67,68] this liquid-bridging phenomenon has not been ob-
served in other LM composite systems that undergo fracture or
adhesion.[37,69,70] The bridging observed in these E-CASE com-
posites likely arises due to the high inclusion content, where the
cohesive failure drives liquid from the bulk material to the inter-
face during crack propagation. Liquid–solid phase separation has
been observed in self-healing polymers[71,72] and regions of high
stress in swollen elastomers,[73,74] but these swollen elastomers

are typically homogeneous upon mixing, while the E-CASE com-
posites are heterogeneous. This unique mechanism represents a
promising avenue for toughening in solid-liquid composites, es-
pecially in the context of multiphase composites where the solid-
phase can act to encapsulate the liquid phase after the crack bridg-
ing is complete.
Figure 3d shows representative peel data for the fracture en-

ergy (Gc = F/w) of the system, where F is the peel force and w
is the width of the sample.[75] Figure 3e shows a bar chart rep-
resentation of Gc, where an average peel force has been taken
across the plateau region. The low Ag formulation has greater
values of Gc on all flexible substrates (up to ≈700 J m−2) com-
pared to its high Ag counterpart (up to ≈400 J m−2). This is
attributed to the high Ag formulation having less epoxy as a
result of the higher overall filler content, which effectively de-
creases the tough epoxy between the inclusions. Furthermore,
the values of Gc are found to be relatively similar on the cop-
per, polyimide, and PET substrates within the same formulation.
Additionally, we can utilize E-CASE on the transparent conduc-
tor indium tin oxide (ITO). Here, LEDs can be integrated with
E-CASE for mechanical and electrical interfaces while achiev-
ing similar values of Gc compared to the other flexible sub-
strates tested (Figure S5, Supporting Information). This is a re-
sult of the cohesive failure mechanism across all samples. In
stark contrast to E-CASE, elastomer-based polydimethylsiloxane
(PDMS)-conductive composites with the same composition of
LM and Ag exhibit poor adhesion (Figure S6, Supporting Infor-
mation). Given the strong adhesive properties of E-CASE paired
with its high flexibility and conductivity, its integration into hy-
brid systems consisting of both rigid and flexible components
is promising.
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Figure 4. Robust hybrid electronics demonstration. a) Flexible electronic device with an inset schematic of an LED interfaced with the E-CASE adhesive
on a PET substrate. b) LED adhered to PET with E-CASE, which supports a 20 g weight hanging from the LED. c) Folding the flexible device long-ways, and
folding long-ways again. d) Timelapse with schematics showing the hybrid electronic device remaining functional after experiencing extreme stresses
from being run over by a car. Registered Virginia Tech trademark printed with the approval of Virginia Tech Office of Licensing and Trademarks.

2.4. Robust Hybrid Electronics Integration

To demonstrate the feasibility and multifunctionality of the ma-
terial in hybrid deformable systems, a flexible electronic device
was created inwhich 19 LEDswere connected and interfacedwith
the low Ag E-CASE composite in series. Thematerial was stencil-
printed such that it forms the letters “VT” on a sheet of flexible,
transparent PET (Figure 4a). These 19 LEDs are held securely
by the adhesion of the E-CASE, as demonstrated by hanging a
20 g weight from a representative LED (Figure 4b). The device
was folded long-ways twice, and no LEDs delaminate from the
substrate or short during the process (Figure 4c). This highlights
the multifunctionality of the E-CASE as a soft wire and electri-
cally conductive adhesive, as well as its robustness to bending
and creasing. As shown in Figure 4d, the powered circuit was
then laid on pavement and subjected to extreme forces and pres-
sure as a result of being driven over by a car. As this occurs, there
is no delamination of the LEDs, nor does the circuit fail at any
point. After the tire passes over the assembly, all 19 LEDs remain
illuminated, and there were no signs of any shorts or broken con-

ductive pathways on the circuit. This further shows the strong
adhesive properties of the E-CASE composite as well as its ability
to endure large amounts of stress while continuing to function.
These results demonstrate the use of the E-CASE composite as
both a soft wiring and a highly flexible interconnect for systems
that incorporate both rigid and flexible functional components.

3. Conclusions

In this work, we introduced an electrically conductive adhesive
through a multiphase soft composite that does not require sin-
tering or high temperature post-processing, making it a strong
candidate for hybrid electronics integration. The composite con-
sists of liquid metal droplets bridged by silver flakes, which en-
able flexibility, electrical conductivity (up to 3.25×105 S m−1)
and strong adhesion (cohesive fracture energy 350 < Gc < 700
J m−2) to flexible circuit materials such as copper, polyimide,
and PET. Across two material compositions, a trade-off is pre-
sented in which conductivity increases and adhesion decreases
with greater Ag content. Specifically, increasing the amount of
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Ag from 9.2 vol% to 23 vol% increases the conductivity by an or-
der of magnitude (104 to 105 S m−1) but decreases the fracture
energy by about half (≈700 J m−2 to ≈350 J m−2). As the material
fractures, a unique liquid-bridging phenomenon was discovered
in which LM spans the crack front across the top and bottom
fracture surfaces. The unique combination of the material prop-
erties, including flexibility, conductivity, and adhesion are high-
lighted through the fabrication of a hybrid rigid-flexible system
that can withstand tight bends and extreme pressure. These find-
ings can inspire the future development of soft robotic and elec-
tronic systems, skin-mounted medical devices, and machines in
which reliable mechanical and electrical integration of rigid and
deformable components is critical to system function.

4. Experimental Section
Conductive Adhesive Fabrication: Low Ag (SF94, Ames Goldsmith Cor-

poration) samples were fabricated by adding 58.8 vol% LM and 9.2 vol%
Ag flakes to 32 vol% mixed, uncured flexible epoxy matrix (832FX, MG
Chemicals) and hand-mixing until homogeneous. For high Ag samples,
additional Ag was added to the low Ag mixture to increase the volume
loading to 23.4 vol% and decrease the LM and epoxy to 50.2 vol% and
26.4 vol%, respectively. Approximately 20 wt% acetone was used to reduce
viscosity and the solution was hand-mixed again. The LM was EGaIn, 3:1
mass ratio of gallium and indium.

Conductive Trace and Interconnect Fabrication: Stencils were fabricated
by laser cutting masks 55 mm in length, 1 mm in width and ≈480 μm
in height on a stencil mask (Blazer Orange Laser Mask, Johnson Plas-
tics Plus, three layers). The stencils were placed onto a 125 μm-thick PET
substrate and the conductive adhesive was deposited and leveled with a
tongue depressor before removing the stencil mask layer by layer with
tweezers. DIW prints were done by loading the paste into a syringe and
then placing the syringe into a SDS-10 head on a Hyrel Engine SR 3D
printer. The material was extruded onto 125 μm PET at 2000–2500 pulses
per microliter and head speeds of 600–800 mm min−1. LEDs were placed
down using tweezers and assemblies were cured at 100 °C for 30 min.

Indentation Sample Fabrication: PDMSmolds (Sylgard 184, Dow, 10:1
curing ratio) were fabricated in the shape of a hollow square with dimen-
sions of 15 × 15 × 19 mm.Molds were affixed to an acrylic substrate using
a thin layer of silicone adhesive (Sil-Poxy, Smooth-On), and the epoxy was
deposited into the mold. A thin sheet of cured PDMS was laid on top of
the mold to ensure a flat sample surface. Samples were cured at 100 °C
for 1 h.

Peel Specimen Fabrication: PDMS molds (Sylgard 184, Dow, 10:1 cur-
ing ratio) were prepared by casting the uncured silicone into a large acrylic
mold to create a stock sheet. Themolds (75× 5mmwith a 5mmwall thick-
ness) were laser-cut from the stock and cleaned thoroughly in a container
of isopropyl alcohol floating in a sonication bath. Substrates (copper, poly-
imide, and PET) were affixed to a supporting acrylic substrate using VHB
tape (3M). The molds were sealed to the bottom substrate by applying a
thin layer of Sil-Poxy. Samples were cast into the molds, and another sub-
strate (120 × 5 mm) was placed on top. Specimens were cured at room
temperature overnight and then at 100 °C for 30 min. The molds were re-
moved after curing and a 10mmcentral pre-crack was cut into thematerial
with a razor blade prior to testing.

Flexible Electronics Demonstration Fabrication: The circuit was fabri-
cated by laser-cutting a stencil mask (two layers). 2.5-mm breaks in the
lines were periodically integrated for LEDs. The stencil was placed onto
PET and the conductive adhesive was manually deposited and leveled be-
fore removing the mask. LEDs were placed down using tweezers and the
completed assembly was cured at 100 °C for 30 min. After curing, the cir-
cuit was spray-coated with a thin layer of polyurethane (HumiSeal).

Mechanical and Adhesion Characterization: All mechanical data was
obtained using an Instron 5944 universal testing system. The elastic mod-
ulus of the epoxy was measured using an indentation setup in which a

hemispherical indenter (N-BK7 half-ball lens, 3 mm diameter, Edmund
Optics) indented to 1 mm below the surface of a 15 × 15 × 19 mm sam-
ple at 0.5 μm s−1. Bending data were measured using a three-point bend
setup with a span length of 2 cm. Substrates were 4 cm long by 1 cm
wide. Substrate thicknesses were 125 μm for PET and 120 μm for copper
on polyimide (H/1/1/0, Pyralux, DuPont). Adhesion fracture energy data
were obtained from a 30 mm plateau region of the force-displacement
curves of specimens 75 × 5 × 3.2 mm (length × width × thickness) under
90° peel at 1 mm s−1.

Electrical Measurements: Resistance versus length data were obtained
using a source measuring unit (Keithley 2460) with a four-probe setup.
To minimize contact resistance, small drops of LM were dispensed onto
the surface of the conductive trace at the points of interest and copper
probes were used to make measurements. IV curves were obtained using
the same setup described above, a step voltage from 0 to 0.5 V in intervals
of 0.1 V was sent through conductive traces at a fixed probe distance of
40 mm. The electrical conductivity was obtained through the formula 𝜎 =
L/RA, where L/R is the inverse of the obtained linear least-squares rela-
tionship, and A is an average cross-sectional area of a conductive trace.

Cyclic resistance samples were made using the methods described in
the fabrication section. Conductive traces with dimensions of 20 mm ×
1 mm × 480 μm were stencil-deposited on 125 μm-thick PET atop ex-
tended copper leads (double-sided conductive copper foil tape, 3 mm
width, Uxcell). The ends of the sample were secured with acrylic clamps
onto a custom fixture with an integrated linear actuator and stepper mo-
tor (SY57STH56-2006A, Pololu). The motor was connected to an Arduino
Uno/Adafruit Motorshield V2 stack, which was programmed using MAT-
LAB to displace one clamp back and forth between a fixture separation of
35 and 17.5 mm over 1000 cycles. Resulting electrical data was obtained
by connecting the extended copper leads on the sample to a source mea-
suring unit (Keithley 2460) with alligator clips.

Microscopy and Profilometry: Optical images and profiles were ob-
tained on a 3D profiler (Keyence VK-X3000) using white light at 5× mag-
nification and a laser at 10×magnification. Cross-sectional area measure-
ments were calculated using a slicing tool across the trace and manually
adjusting the boundaries of the region to be considered. The micro-level
particle analysis was performed on an analytical scanning electron micro-
scope (SEM) using a Schottky field emission (FEG) electron source (JEOL
IT-500HR). The scanning mode was set to backscattered electrons with an
accelerating voltage of 15 kV.

Statistical Analysis: The meaning of all error bars was described within
the captions of the corresponding figures. Statistical analysis was done
using the computer program Origin Pro.
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