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ABSTRACT

As stretchable electronics enable fully soft robots and more comfortable wearables that conform to the human body, researchers
have engineered a plethora of stretchable conductors. Inconsistencies in experimental techniques plague many of these candidate
materials, leading to contradictory claims between similar studies. For example, the room-temperature liquid metal eutectic
gallium-indium (EGaln) has been reported to have a variety of electromechanical responses, ranging from strain insensitivity to
strain sensitivity even greater than that of an incompressible bulk conductor. In this work, we seek to provide a unified theory for
the electromechanical response of EGaln. Specifically, we provide analytical and experimental results supporting the hypothesis
that liquid metal is a bulk conductor. The key insight is that parasitic resistance—arising from contact points and unstrained
regions—masks true material behavior, leading to apparent discrepancies across studies and falsely suppressed strain responses.
Linear normalization can remove these differences and collapse a wide range of previously published data into a common curve,
which matches bulk-conductor theory. Our experimental results, spanning various trace geometries, also match bulk conductor
theory. We hope that this work resolves the debate on whether liquid metal is a bulk conductor while providing a framework to

evaluate other stretchable conductors.

1 | Introduction

Stretchable electronics have applications to wearable devices, [1-
4] soft robotics [5, 6], and more. [7] Many of the reported advances
rely on stretchable interconnects made from eutectic gallium-
indium (EGaln), commonly referred to as liquid metal [8, 9].
Liquid metal interconnects can deform and flow to maintain
conductivity during stretch. Researchers have also processed
liquid metal into pastes and other composites to attain more desir-
able mechanical and magnetic properties, along with heightened
electrical and thermal conductivities. [10, 11] Through various
fabrication processes and amalgams, researchers utilize liquid
metal for conductive traces in electronic circuits that are soft and
highly stretchable [12-16]. Understanding the electrical resistance
when undergoing deformations is critical to designing systems
that are predictable, energetically efficient, and reliable over long
periods of use. However, as discussed in our recent review “Are

liquid metals bulk conductors?” [17] there are a wide range of
reported strain responses, spanning sensitivities both above [18]
below, [3, 17, 19-25], and agreeing with [14, 26] that of a bulk
conductor. Our question was thus left unanswered, arguably
raising more uncertainties than answers.

The bulk conductor model of a circuit element, known as Pouil-
let’s Law, adequately describes the resistance of many metals. [27]
This idealized model assumes a homogeneous and isotropic
material with a uniform cross-section throughout the trace. If we
assume the material is incompressible, we can rearrange the bulk
conductor equation to have resistance in terms of strain, and use
this model as the benchmark to compare stretchable conductors.
If the material exhibits a strain response that matches that of a
bulk conductor, then we consider the material a bulk conductor.
If resistance changes very little with strain, we deem the material
“strain insensitive.” In much of the literature, materials exhibit
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a strain response lower than that of a bulk conductor, but still
increasing with strain; these we deem to have a suppressed strain
response.

One explanation for suppressed electromechanical curves in
liquid metal composites is the presence of tortuous conduction
pathways [28]; however, this does not account for why even
pure liquid metal traces can exhibit resistance lower than pre-
dicted by Pouillet’s law.[17, 19] In our previous work [17], we
demonstrated that differences in measurement techniques alone
can lead to conflicting conclusions about the same material
due to parasitic resistances in the experimental setups. Building
on this, Monnens et al. proposed two primary mechanisms for
suppressed strain response: contact resistance and the sintering
and re-oxidation of liquid metal [29]. While contact resistance
can be reduced—though not fully eliminated—with a four-
point probe, the remaining hypotheses and supporting evidence
do not sufficiently explain why encapsulated EGaln and other
stretchable conductors often deviate from bulk conductor
behavior.

In this study, we resolve the inconsistencies shrouding the
experimental and theoretical literature on the electromechanical
response of liquid metal. First, we propose a model that accounts
for all parasitic resistance with a single constant and a linear
normalization that removes constant offsets (including the par-
asitic resistance) from the analysis. Then, we compile results
from 12 previous studies, finding that this linear normalization
indeed aligns the reported results remarkably well. Finally, we
use linear normalization to evaluate a comprehensive set of
experiments with liquid metal traces of varying geometry, both
static and straining.

Collectively, we show that liquid metal, specifically neat EGaln,
behaves as a bulk conductor. Deviations from Pouillet-type
behavior primarily result from parasitic resistances, either from
the measurement setup (as we previously reported [17]) or
from the sample itself (modeled here). This work provides a
framework to disentangle experimental error from the strain
behavior of novel formulations of liquid metal composites.
That is, by establishing the baseline behavior of bulk liquid
metal, we aim to clarify prior conflicting reports and enable
future work to focus on effects such as oxidation, mate-
rial additives, or polymer integration that genuinely impact
performance. Additionally, this framework can be directly
applied to evaluate other stretchable conductors for bulk-
conductor behavior. By enabling more accurate characterization,
it empowers designers of soft robots and wearable electron-
ics to better predict system performance and select suitable
components.

2 | Results
2.1 | Pouillet’s Law

Pouillet’s law describes the resistance of a homogeneous and
isotropic material, with uniform cross-section throughout the
trace [27]. This idealized model is appropriate for many resistors
and conductors, and appears to be the go-to model across disci-
plines. The assumptions lead to a simple equation for electrical

resistance:

R=p> (1)

with the material resistivity p, trace length L, and cross-sectional
area A. Longer traces have higher resistance, while larger cross-
sectional areas have lower resistance. Note that conductivity is the
inverse of resistivity, o = 1/p.

Pouillet’s law is easily extended to the conventional format with
resistance in terms of strain, which is utilized in stretchable
electronics research [14, 17, 26, 28]. Strain is defined as ¢ =
AL/L,, for initial length L, and change in length AL. Assuming
incompressibility and dividing by initial resistance R,, we obtain
(derivation in Supporting Information):

R 2

Thus, we have a candidate criterion for determining whether
a material is a bulk conductor: if and only if its resistance
follows Pouillet’s Law. Otherwise, materials with negligible resis-
tance change are “strain insensitive,” while a strain response
between strain insensitive and bulk conductor is referred to
as a suppressed strain response. Although Pouillet’s law is a
purely geometric relation valid in both compression and tension,
stretchable conductors are typically thin structures that do not
experience uniform axial compression in practice. Accordingly,
prior studies evaluate electrical behavior under tensile loading,
and we likewise focus on uniaxial tension.

As a bulk conductor model, Pouillet’s Law makes several sim-
plifying assumptions. For example, the model does not account
for the parasitic resistance of the measurement setup, which
we previously found to be significant unless a four-point probe
technique is used [17]. Additionally, the bulk conductor model
does not consider unstrained portions of the circuit or the
interfacial resistance between the liquid metal trace and con-
nected components such as resistors or capacitors. In practice,
eliminating all sources of parasitic resistance is nearly impossible.
In our prior study [17], we subtracted an estimated parasitic
resistance from the total measured resistance but still observed a
suppressed strain response, indicating the presence of additional
unaccounted sources. We also note that the oxide layer on the
surface of the liquid metal traces is four orders of magnitude
thinner than the smallest trace dimension [30], and therefore
its contribution is assumed to be negligible. Taken together,
these considerations suggest the need for a modified criterion
to determine whether a conductor follows Pouillet’s Law and
exhibits bulk conductor behavior under experimental conditions.

2.2 | Parasitic Resistance in Liquid Metal Traces

Experimental error often presents itself as an increase in the
total measured resistance. As our objective is to determine the
intrinsic behavior of liquid metal, we are only interested in
measuring the resistance of the straining part of the sample.
Therefore, we consider the resistance contribution from all other
parts of the circuit to be parasitic, including the unstrained liquid
metal, material interfaces, copper wire, and measurement device
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FIGURE 1 | Theoretical resistance of straining bulk conductor samples. (a) Resistor network for a liquid metal sample (top), along with an
experimental sample that was at rest (middle) and strained to 400% (bottom). The measured resistance is the sum of the strained RS and the parasitic
resistances R, where the subscripts denote left and right side (R? = Rf + Rg ). Scale bar, 10 mm. (b) Relative resistance versus strain for theoretical bulk

conductors with parasitic resistance RP/Rj. (c) Linear normalization versus strain for the same bulk conductor and parasitic resistances shown in (b).

Here, the curves perfectly collapse into one.

(Figure 1a). Albeit small (typically less than 1 Q), the parasitic
resistance may be significant compared to the sample resistance.
We assume parasitic resistance is constant, and decompose the
measured resistance R™ into the resistance of the straining
portion of liquid metal R® and the parasitic resistance R”, such
that the relative resistance is:

m s p
R ®
0 0

The measured relative resistance exhibits vastly different behav-
ior depending on the ratio between R? to R; (Figure 1b). Even if
the straining resistance R is that of a bulk conductor, the addition
of parasitic resistance gives the appearance of a suppressed
strain response.

Seeking to extend our model to explain the full range of results
reported in the literature, we explored using linear normalization
(also known as min-max or feature normalization) to analyze
strain sensitivity. Linear normalization subtracts the minimum
value and divides by the range, scaling the dataset between zero
and one [31]:

R™ —R!"

Ry = or—pr @

max

R} denotes the measured resistance at maximum strain, with
R;" the measured resistance at zero strain. This normalization
removes the parasitic resistance without explicitly calculating
its value, as the parasitic resistance terms cancel out. Linear

normalization offers advantages over previous analysis methods,
particularly when it is unclear how much of the measured
resistance change is due to straining conductive material versus
parasitic contributions. The change in measured resistance is the
same as the change in straining resistance:

R" —R"=(R°+RP)— (R +R’) =R’ — R} )

Using Equation (1), we present the idealized, or theoretical, linear
normalization curve for a bulk conductor in terms of strain
(derived in the Supporting Information):

e(e+2)

Rl= —-12
¢ Emax(Emax + 2)

6

Thus, any bulk conductor that is measured in series with a
parasitic resistance should follow a single curve, where R), = R/
(Equations (4) and (6)). Indeed, linear normalization collapses
all the varied relative parasitic resistances from Figure 1b onto a
single bulk conductor line in Figure 1c.

Linear normalization pins the ends to zero and one, so to evaluate
goodness-of-fit for the model, we need to compare the curve shape
rather than absolute values. To quantify how closely the data
matches that of a bulk conductor, we define the residual as the
difference between the measured linear normalization R}, and
that predicted based on strain R.:

R™ —RY g(e+2
Residual = R, — Rl = ——— — (€+2) (7
Rmax - Ro Emax(Emax + 2)
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Previously reported electromechanical responses of liquid metal conductors, shown using (a) traditional R /R, non-dimensionalization

and (b) linear normalization. Panel (c) shows the residual between the linear normalization and the bulk conductor model for neat EGaln. The analogous
analyses for EGaln composites are given in (d), (e), and (f), respectively. Theoretical bulk conductor behavior is plotted as a solid black line in (a, b, d, e)

and would be a flat horizontal line at zero in (c, f).

The residual compares the strain response to that of a bulk
conductor, which follows an approximately quadratic relation-
ship. A positive residual indicates a more linear response, while
a negative residual suggests higher-order conductivity behavior
relative to the bulk conductor curve. Generally, if the residual
stays small across all measured strains, then a bulk conductor
curve is a good match for the data. An expansion to non-
uniform cross-sections of conductive traces is presented in the
Supporting Information.

Building upon the previous analysis, we hypothesized that exper-
imental data that appear to have a suppressed strain response
relative to the conventional R/R, non-dimensionalization (Equa-
tion (2)) may still be a bulk conductor and thus match the bulk
conductor curve when parasitic resistance is removed using the
linear normalization metric (Equation (4); Figure 2). We therefore
re-examined several EGaln [17-19, 26] and EGaln composite [3,
14, 17, 20-24] datasets using 1) relative resistance (Equation (2)
and Figure 2a,d) and 2) linear normalization (Equation (4),
Figure 2b,e) with residuals (Equation (7) and Figure 2c,{).

The neat EGaln data have varied strain responses when pre-
sented as relative resistance (Figure 2a). Analogous to theoretical
resistance (Figure 1b), we hypothesize that liquid metal is a
bulk conductor and that the wide spread of strain responses
observed in relative resistance is due to parasitic resistance
in the measurement. When plotted using linear normalization
(Figure 2b), the data and bulk conductor curve seemingly collapse
onto each other, as seen in the theory (Figure 1c). Three of the
prior results [18, 19, 26] visually have similarly negative residuals
(Figure 2c), indicating either that cubic or higher-order terms may

be involved in the specimens’ response (driven by mechanisms
we do not hypothesize here, or measurement artifacts). The
results from Sanchez et al. [17] have a positive residual with
a magnitude of approximately one percent. The experimental
error is not provided in many of these results, so the apparent
residual may be an artifact of noise. Thus, the conductive behavior
of these materials is still uncertain. The EGaln composite data
are similar, where varied strain responses in relative resistance
(Figure 2d) collapse onto the bulk conductor curve in linear
normalization (Figure 2e). The residuals of the composites have
varied shapes, all with magnitudes below 7% (Figure 2f). The
residual magnitude alone is insufficient to draw conclusions
about the conductivity of these materials; additional information
about the experimental setup and measurement uncertainty is
required.

The shape of the bulk conductor curve depends on the maximum
strain, which is pertinent because we evaluate the results in
linear normalization based on curve shape (Figure 2, Figure S9,
Figure S10). At small strains (<~100%), a material exhibiting
a linearly increasing strain response could be mistaken for
a bulk conductor (Figure S9). For materials that cannot be
stretched further, alternative methods—outlined in the Support-
ing Information—should be used to determine bulk conductivity
more reliably. For the prior strain responses that were reported
beyond 100% strain, [20, 22, 23, 26] we plotted the results as linear
normalization and residual, finding a subset of results to clearly
deviate from bulk conductor theory (Figure S10). If the data does
not match the bulk conductor curve, the material could still be a
bulk conductor. We cannot rule out that the experimental setup
is erroneous or that one of our assumptions is invalid.
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FIGURE 3 | Resistance measurements of static (unstrained) liquid metal samples. We present all measurements, with the median measurement
in bold (N=5). (a) Varied cross-sectional area with constant length (L=30 mm). The inset shows a trace schematic with length L and area A, where
current runs parallel to the length. (b) Varied length with two constant cross-sectional areas (A=0.037, 0.127 mm?). In (a) and (b), we additionally plot
the linear regression that minimizes the sum of squared error. (c) The resistance of unstrained samples with three trace volumes for lengths ranging
from 20 to 60 mm. The cross-sectional area was selected to achieve approximately the prescribed volume at each length (V = L x A), thereby simulating
the strained geometry without mechanically stretching the sample. The data from (c) are replotted as (d) relative resistance versus equivalent strain, (e)
relative resistance versus equivalent strain after subtracting the estimated parasitic resistance (R = 0.05 Q), along with (f) linear normalization and (g)
the corresponding residual.

copper wire. We first varied the cross-sectional area while keeping
the trace length constant. We plotted resistance against the
inverse of area, since Pouillet’s Law predicts this relationship to
be linear, thereby aiding in the visualization of goodness-of-fit
(Figure 3a). Then, we tested traces of various lengths with two
cross-sectional areas (Figure 3b). The results from both sets of
experiments, independently varying length and area, support that
liquid metal is a bulk conductor (Table 1).

2.3 | Static Trace Geometry

We postulated that the stretching action could conflate underly-
ing material properties and aimed to evaluate bulk conductivity
based on the non-modified form of Pouillet’s Law, R = p%
(Equation (1)). Thus, we experimentally tested liquid metal
traces of varying length and cross-sectional area to achieve the
geometry that would be attained if the sample were strained to
that prescribed length, a process we define as the sample being
under “equivalent strain” (Figure S12a). Equivalent strain refers
to varying the trace geometry to simulate the straining of liquid
metal while using an unstrained sample.

We fabricated samples with varying lengths and cross-sectional
areas, such that the unstretched geometries simulated trace
dimensions under strain. Three different trace volumes (V = L X
A) were tested, corresponding to equivalent strain values ranging
from 0% to 200% in 50% increments. This approach was designed
to decouple the effects of trace geometry from unknown material

The liquid metal was encapsulated by a silicone elastomer and
connected to the four-point probe measurement device using
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TABLE 1 | Tabulated values of static liquid metal samples corresponding to Figure 3a,b: resistivity p, parasitic resistance R?, and R-squared value of

the linear fit R2. Parasitic resistance is calculated based on the transmission line model [32]. The negative parasitic resistance is attributed to experimental

error. In comparison, the previously reported resistivity value is 2.94x10~* Q - mm and was also calculated using Equation (1). [33]

£ (Xx107* Q - mm) RP (Q) R?
Area sweep, L=30 mm (Figure 3a) 2.46 0.003 0.997
Length sweep, A=0.037 mm? (Figure 3b) 2.70 —0.010 0.983
Length sweep, A=0.127 mm? (Figure 3b) 2.76 0.008 0.982

behaviors that may arise when liquid metal is stretched. We
present the raw resistance values plotted against trace volumes
V ={1.90, 2.54, 3.82} mm? (Figure 3c). A base trace length of L,
= 20 mm corresponds to cross-sectional areas A, = {0.095, 0.127,
0.191} mm?. To simulate strained geometries, we increased the
trace length while decreasing the cross-sectional area, keeping the
volume constant. The resulting relative resistance R/R, exhibits
a suppressed strain response compared to that of an ideal bulk
conductor (black line in Figure 3d). We note that samples with
smaller cross-sectional areas (and correspondingly larger lengths)
exhibit increased scatter, which we attribute to slight overfilling
of the trace geometry that introduces local nonuniformities.

When an estimated parasitic resistance of 0.05 Q, attributed to
copper contacts and wire leads, is subtracted from all traces,
the data align more closely with the expected behavior of a
bulk conductor (Figure 3e). However, some deviations remain.
Introducing sample-specific parasitic resistance values would
collapse the data onto the bulk conductor curve; however, here
we intentionally apply a single correction to evaluate the model
without overfitting.

To assess bulk conductor behavior without subtracting an
estimated parasitic resistance, we plot the data using linear
normalization (R’) and the corresponding residuals (Figure 3f,g).
While the general electromechanical behavior is clearly captured,
the residuals are higher than our other experiments, with one
set of traces (volume 3.82 mm?) exhibiting a median residual
exceeding 10%.

2.4 | Resistance and Strain

The previous set of static experiments excluded factors introduced
when a sample is under strain, including dynamic stretching
or strain-dependent resistivity. To test the dynamic behavior of
EGaln, we measured the resistance of straining liquid metal
traces and analyzed the data using the linear normalization
metric. First, we compared the strain-resistance response of liquid
metal to that of a known bulk conductor and a known strain-
insensitive sample. Second, we tested liquid metal with varying
cross-sectional area A and aspect ratio H/W. Third, we estimated
the parasitic resistance by varying trace length L (also known
as the transmission line method [32]). These experiments inde-
pendently test the influence of conductor material composition,
trace geometry, and the contact resistance of our measurement
setup, respectively.

We tested liquid metal in comparison to positive and negative con-
trols: a known bulk conductor and strain-insensitive geometry

(Figure 4). Our positive control was neat gallium, a pure element
we expect to be a bulk conductor. [34, 35] Using encapsulated pure
gallium further reduces uncertainties related to potential phase
separation, solid inclusions, or oxidation that may be present in
Galn alloys such as EGaln. We fabricated traces of two different
cross-sections (A = 0.076 and 0.152 mm?, Figure S12b) for liquid
metal and neat gallium, with L, = 17 mm. Serpentine copper
wire was our negative control (Figure S13). Although copper is a
bulk conductor, we expected the resistance to stay constant under
strain due to the serpentine geometry. As the sample stretched,
the serpentine pattern unwound, keeping the trace length and
cross-sectional area constant. At strains as high as 100%, the
serpentine copper samples exhibited a strain-insensitive response
(Figure 4a), while liquid metal and gallium appeared to have a
suppressed strain response when plotted as relative resistance
(Figure 4b). Linear normalization showed that both materials are
bulk conductors (Figure 4c), with a featureless residual curve
(Figure 4d). We define a featureless residual as one that is visually
flat and where zero is within one standard deviation (shaded
region) across all strains.

We then fabricated traces with varying cross-sectional areas
while holding the aspect ratio constant, and vice versa, then
stretched the traces to 400% strain (Figure 5). We observed
that traces with larger cross-sectional areas had lower resistance
(Figure 5a). The traces with larger areas exhibited a more
suppressed strain response, due to the relatively higher parasitic
resistance (Figure 5b). Using linear normalization, the data for all
cross-sections closely match the bulk conductor curve (Figure 5c¢),
as affirmed by the featureless residual (Figure 5d). We similarly
observed bulk conductor behavior in traces with varying aspect
ratios (Figure 5e-h). Pouillet’s Law is ambivalent to aspect ratio,
so it is not surprising that aspect ratio did not substantially affect
the electromechanical behavior.

To isolate the starting trace length parameter, we strained liquid
metal traces with the gauge length L, = 3.5, 17.5, 31.5 mm (A
= 0.127 mm?, Figure S12c) up to 300% strain. The longer traces
had a higher total resistance (Figure 6a), which is consistent with
Pouillet’s Law. We similarly observed the appearance of a sup-
pressed strain response when analyzed using relative resistance,
with higher suppression in the shorter traces (Figure 6b). Linear
normalization removes parasitic resistance from the analysis and
shows that all our traces behaved as bulk conductors (Figure 6¢),
with low to moderate residuals (staying below ~0.1, Figure
6d). We estimated the parasitic resistance from the unstrained
samples using the transmission line model to be R? = 0.052 Q
(Figure 6e). Finally, we replotted the relative resistance after
subtracting parasitic resistance (Figure 6f). The resultant data was
closer to the bulk conductor curve but still exhibited a slightly
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suppressed response. As such, future researchers could subtract
the calculated parasitic resistance and report (R — Ry)/R,, but
might not obtain the accurate material strain response. We
suggest utilizing linear normalization and evaluating the residual
as the bulk conductor determination tool.

The experimental results herein show that liquid metal is a bulk
conductor. Specifically, the data are consistent with Pouillet’s Law
in the original form (Equation (1)) and its modification to linear
normalization (combining Equations (4) and (6)), while parasitic
resistance gives an erroneous appearance of suppressed strain
response when analyzed as relative resistance (Equation (2)).

3 | Conclusion

We conclude that liquid metal, namely neat EGaln, is a
bulk conductor. Experimentally isolating the resistance of
straining liquid metal is difficult, as non-straining circuit
components and the measurement device can contribute
to parasitic resistance. Parasitic resistance produced the
appearance of a suppressed strain response when using
relative resistance analysis (R/R,). Using linear normalization
to analytically remove the effect of parasitic resistance,
we unveiled the underlying conductive nature of straining
liquid metal.
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plotted unstrained resistance versus sample length, where the vertical axis intercept is parasitic resistance, RP=0.052 Q (R?=1.0). We subtract R? from

the data and replot (b) in (f).

We began by comparing the resistance of static traces to predic-
tions from the original Pouillet’s Law. Next, we measured the
resistance of EGaln traces under strain, using melted gallium
and serpentine copper wire as positive and negative controls,
respectively. We also tested traces with varied geometries (cross-
sectional area, aspect ratio, and length) stretched up to 400%
strain. Across all experiments, the liquid metal traces consistently
exhibited bulk conductor behavior, confirming that neat EGaln
functions as a bulk conductor under strain.

Based on these results, we recommend several best practices
to assess the conductivity of a stretchable material. First, the
resistance of traces with varying lengths and cross-sectional areas
should be measured under no strain, so the conductivity of
a material is evaluated solely based on Pouillet’s Law. Then,
the material should be measured under strain, where a single
trace geometry is sufficient. We recommend straining samples
to the highest possible elastic strain (>100%) to reduce the
chance of falsely deeming the material a bulk conductor, due
to apparent linearity when the strain range is small. Further,
the use of min—-max linear normalization enables analysis of the
strain response with parasitic resistance removed. A featureless
residual indicates that (1) the material is a bulk conductor and
(2) our assumptions hold, which include material incompress-
ibility, strain-independent parasitic resistance, and accurately
reported strain. Greater accuracy in strain reporting could be
attained using visual strain measurement techniques. [36] If
the residual has a shape with significant magnitude, either the
material is not a bulk conductor or our assumptions are invalid,
and testing additional trace geometries may provide insight into
the materials’ likeness to bulk conductivity. Presenting the raw

data alongside linear normalization can improve transparency,
while unveiling the intrinsic behavior of the conductor.

Liquid metal is increasingly used in stretchable circuits that
transmit both power and analog signals in wearable electronics
and soft robotics. Because circuit resistance as a function of strain
influences both power delivery and signal fidelity, it serves as
a figure of merit in the development of stretchable electronics.
Understanding the electromechanical properties of the trace
material is therefore essential.

To enhance manufacturability and circuit durability, liquid metal
is often combined with solid particles to form composites
with improved mechanical robustness. The addition of fillers
(including oxides, particles, or polymer matrices) in liquid metal
composites can introduce mechanisms (such as microstructural
rearrangement, inhomogeneous oxide distribution, or percola-
tion) that lead to deviations from bulk conductor behavior under
strain. Understanding these effects is an important direction
for future work. It is also important to distinguish between
deviations from bulk conductor behavior that arise from intrinsic
material mechanisms and those that result from experimental or
analytical artifacts such as parasitic resistance, contact effects, or
normalization choices. The framework presented here is intended
to isolate the latter, providing a consistent baseline for identifying
and interpreting genuinely material-driven departures from bulk
conduction in liquid metal-based systems.

We hope that the data processing method presented herein will be
utilized to evaluate the electromechanical behavior of stretchable
conductors for various use cases, ranging from sensors to power

8 0f 10
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traces to resistance-insensitive digital components. A deeper
understanding of conductivity in these systems will support
the reliable integration of stretchable circuits into everyday
technologies.

4 | Materials and Methods

The material preparation and electromechanical testing setup in
this work are identical to those in Botero-Sanchez et al. [17] For
clarity, we have reproduced the descriptions here, along with the
methods specific to the present study.

4.1 | Sample Preparation

Eutectic gallium-indium (EGaln) alloy was prepared by mixing
75.5 wt.% Ga and 24.5 wt.% In and heating at 200 °C on a hot
plate overnight. Gallium (Ga, 99.99%) and indium (In, 99.99%)
were purchased from Rotometals, USA. Dragon Skin 10, parts A
and B were purchased from Smooth-On. Polished (Mirror-Like
Multipurpose) 110 copper in 24 and 28 gauge were purchased
from McMaster-Carr.

To fabricate the specimens, a film of Dragon Skin 10 was first
draw-coated onto PET using a custom-made drawbar with 0.5 or
1.0 mm gap height, and let cure overnight at room temperature.
Next, we cut PET (polyethylene terepthalate) film into a mold
with the desired trace geometry (length, width), using a CO, laser
(VLS 3.50, Universal Laser Systems) for the straining samples.
A UV laser (LPKF Protolaser U4) with higher spatial resolution
laser was used for the static samples. The PET mold was placed
on the silicone, with the PET thickness (0.076, 0.127, 0.254 mm)
dictating the final height of the liquid metal trace. For the strain
samples, square pieces of plain-weave fabric were impregnated
with silicone and laid in place over the PET mold. Next, another
layer of silicone was poured over the mold and fabrics, and let
cure overnight. The total thickness of the sample is approximately
2 mm. The samples were then cut into a dogbone shape using
the CO, laser. The PET mold was manually removed, leaving a
rectangular channel. Finally, EGaln was injected into the channel
using a syringe with a flat-tipped needle, and both ends were
plugged with 24 gauge copper wire to serve as electrodes to
connect to the four-point probe multimeter (BK Precision 5492B).

4.2 | Sample Preparation of Non-EGaln Traces

Gallium was melted in an oven at 50°C overnight, then injected
into the silicone channel with a syringe. Gallium is normally
solid at room temperature but has supercooling properties,
allowing the encapsulated gallium traces to stay liquid at room
temperature. In one specimen, the trace solidified during the
strain cycle, and the trial was discarded. Traces of serpentine
copper wire were made by winding 28 gauge copper wire around
a fixture (detailed in Figure S13).

4.3 | Electromechanical Characterization

For electromechanical testing, the specimens were subjected to
uniaxial tensile loading at 15 mm min~! using a customized
tensile stage controlled by an Arduino Uno. Each end of the

specimen was fixed with four pins through the fabric and
silicone layers (Figure la). The dynamic and static resistance
measurements were acquired using a four-point probe method
using a multimeter (BK Precision 5492B). The resistance and
strain values were recorded using MATLAB R2021a.

4.4 | Analysis

Analysis was carried out using MATLAB R2023b. For the static
measurements, we processed the data with the median value,
as this is less sensitive to outliers than the average value. We
used the polyfit() function to calculate linear fitsorc based on
least squares. In our plots and analysis, we sampled the strain
data at each integer percent strain (801 points for 400% strain).
We plotted the whole strain cycle (stretching and releasing),
with shaded error bars [37] on only the stretching half-cycle for
clarity. For compiling prior results, we used WebPlotDigitizer to
extract numerical data from plot images [38] and ran a smoothing
average to reduce experimental noise in the data. We extracted
values from the fitted curve of the data in Boley et al. [19]
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