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ABSTRACT: Liquid-embedded elastomer electronics have
recently attracted much attention as key elements of highly
deformable and “soft” electromechanical systems. Many of
these fluid−elastomer composites utilize liquid metal alloys
because of their high conductivities and inherent compliance.
Understanding how these alloys interface with surfaces of
various composition and texture is critical to the development
of parallel processing technology, which is needed to create
more complex and low-cost systems. In this work, we explore
the wetting behaviors between droplets of gallium−indium
alloys and thin metal films, with an emphasis on tin and indium
substrates. We find that metallic droplets reactively wet thin
metal foils, but the wettability of the foils may be tuned by the surface texture (produced by sputtering). The effects of both
composition and texture of the substrate on wetting dynamics are quantified by measuring contact angle and droplet contact
diameter as a function of time. Finally, we apply the Cassie−Baxter model to the sputtered and native substrates to gain insight
into the behavior of liquid metals and the role of the oxide formation during interfacial processes.

1. INTRODUCTION

Recent interest in highly deformable electronic components,
such as flexible and stretchable sensors and circuits,1,2 has
motivated new applications for Ga−In alloys. While semi-
conductor-based stretchable circuits exist,3 they are not
appropriate for high current density or very high strain
(>10%) applications. Ga−In alloys remain in the liquid phase
for temperatures well below room temperature, are nontoxic,
low viscosity, and highly conductive. When embedded in an
elastomer film, Ga−In alloys function as highly stretchable
electrical wiring4,5 or sensors that respond to deformation with
changes in resistance.6−9 In particular, liquid-embedded
elastomer conductors are currently fabricated via casting a
low-modulus elastomer into a mold, sealing the molded
features, and filling the embedded channels with Ga−In alloy
using a needle and syringe. This method of prototyping is labor
intensive and limits geometry, requiring an inlet and outlet to
fill channels and eliminating the possibility of closed loops or
islands. Continued development of liquid-embedded elastomer
electronics requires a more automated and readily scalable
fabrication process.
Inspired by the ease and practicality of wave-soldering

processes in printed circuit board production, we present
experiments conducted with the goal of achieving selective
wetting of Ga−In alloys on an elastomeric surface without
sacrificing the inherent elasticity of the elastomer. Under-
standing this wetting behavior will equip researchers in the field

of liquid-embedded elastomer electronics with an additional
way to control component feature sizes. Ga−In sessile droplets
are tested on a silicone-based elastomer substrate coated with
thin metal films (tin or indium; rolled or sputtered), from
which both composition and texture are found to affect the
wetting condition. This work complements several new
investigations regarding manufacturing with Ga−In alloys,
including vacuum-induced patterning,10,11 contact printing,12,13

and three-dimensional printing of free-standing columns and
spheres.14 The wetting behavior observed in this work also
complements previous work on wetting dynamics of molten
droplets,15 as well as wettability and contact interaction of
gallium-containing alloys with nonmetallic solids.16

2. EXPERIMENTAL SECTION
In this study, two liquid metals are investigated: eutectic gallium−
indium (eGaIn) and galinstan (GaInSn; see Table 1 for composition
and properties). These eutectic liquids were chosen for their low
melting temperatures and low resistivities17−19 in comparison with
other conductive liquids, such as ionic liquids. For example, 1-ethyl-3-
methylimidazolium ethyl sulfate has an electrical resistivity of 2.51
Ωm,20 which is 7 orders of magnitude greater than that of eGaIn or
galinstan.
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We tested the wettability of Ga−In droplets on thin metal films of
indium and tin by measuring both contact angle and droplet contact
diameter as a function of time using the sessile drop method. Contact
angle values were obtained through experiments on an Attension
Theta Lite Tensiometer (Biolin Scientific; Linthicum Heights, MD)
and image analysis with Attension software set to “polynomial” mode.
We chose to experiment with indium and tin substrates because of
anticipated compatibility. All wettability experiments were conducted
at room temperature.
The sputtering of indium and tin occurred in an argon environment.

Samples were allowed to fully cool to room temperature before
removal from the sputtering chamber. Sputter targets were obtained
from American Elements, noted to be 99.999% pure. The sputtering
chamber was used exclusively for indium and tin deposition during the
time of these experiments and was thoroughly cleaned between each
use. Furthermore, energy-dispersive spectroscopy (EDS) confirmed no
detectable surface contaminant. Therefore, we have no reason to
believe that any surface contaminant would account for more than
0.0001% of the total composition, below the amount detectable via
EDS.
The sputtering condition (chamber pressure and current) and the

melting temperature of the sputter target play a large role in the
roughness of the sputtered surface. In general, sputtering at higher
currents will allow clustering and increase surface roughness of the
deposited film. Low-melting-temperature metals are especially
sensitive to current adjustments. Therefore, rough surface morphology
is expected when sputtering a low-melting-temperature metal (such as
In or Sn) at a relatively high current. In our case, we applied 100 mA in
30 s intervals so as not to melt the sputter target. Indeed, as illustrated
in Figure 1, the sputtering conditions in this study increased the
surface roughness of the native substrates employed. Successful
roughening of surfaces via sputtering of low-melting temperature
metals has also been demonstrated in other studies.21,22

3. RESULTS
Throughout the experimental phase of this work, it became
clear that wetting between the Ga−In alloys and indium or tin
substrates demonstrates one of three distinct outcomes: (1) a
high contact angle with no wetting, (2) conventional partial
wetting, or (3) initial conventional partial wetting, followed by
reactive wetting. To clarify, we will define conventional wetting
as a dynamic response that leaves the solid−liquid interface
materially and morphologically unchanged. However, during
reactive wetting, the solid−liquid interface undergoes complex
material and morphological changes. Examples of outcomes 1
and 3 are shown in Figure 2. As evident from the t = 0 s images
in Figure 2a−c, the sessile drops maintain a conical shape at the
top, similar to solder droplets. This shape is inherent to the
formed oxide layer on the surface of the drop, as discussed
previously.19

Table 2 provides a summary of the characteristic contact
angle between Ga−In alloys and various surfaces tested in this
study. For each solid−liquid combination, the experiment was

repeated at least three times, and contact angles were evaluated
for at least 50 images per experiment.
The wetting response was highly variable across metallic

surfaces as a function of both material and texture. As seen in
Figure 2a, sputtering a surface with indium renders the surface
repellent to eGaIn (sputter target: American Elements,
99.999% pure). However, exposure to bare indium foil results
in a high level of wetting, as seen in Figure 2b (indium foil:
Sigma Aldrich, no. 357308, 99.999% pure). Similarly, galinstan
wets reactively to a smooth tin surface (tin foil: Sigma Aldrich,
no. 14511) (Figure 2c) but is repelled by sputtered films of tin
(sputter target: American Elements, 99.999% pure).

3.1. Wetting Behavior of eGaIn. As shown in Table 2,
eGaIn highly wets bare indium foil but only partially wets tin
foil. Additionally, eGaIn is repelled entirely from both indium
and tin sputtered surfaces. Furthermore, the equilibrium state
of eGaIn on indium foil was found to embrittle the foil via grain
boundary penetration, a phenomenon similar to the pene-
tration of liquid gallium into the grain boundaries of
aluminum,23,24 thus indicating reactive wetting.
Given the reaction between eGaIn and foils of indium and

tin, it is not intuitive that thin sputtered films should repel the
alloy. As seen in Figure 1, deposition by sputtering yields a film
with relatively high surface roughness, and this effect is
exacerbated with longer sputter times (e.g., the substrates
sputtered with indium for 2 and 10 min exhibited root-mean-
square surface roughness (RRMS) values of 50 and 190 nm,
respectively). This result is analogous to studies showing that
hydrophobicity of a substrate may be controlled by micro-
texturing the surface.25 It was briefly considered that a surface
oxide may be preventing rapid or reactive wetting with
sputtered layers; however, it is unlikely that indium will oxidize
at low temperatures (the material was only heated during
sputtering, which occurred in an argon environment), and
sputtered samples did not show the characteristic yellow hue of
indium oxide. In addition, we conducted several experiments
wherein any potential oxide was removed with a flux cleaning

Table 1. Summary of Gallium−Indium Alloy Properties

eutectic gallium−
indium galinstan

composition 75% Ga, 25% In 68.5% Ga, 21.5% In, 10% Sn,
trace amounts of Cu

melting point 15.5 °C −19 °C
bulk viscosity 1.99 × 10−3 Pa·s 2.4 × 10−3 Pa·s
electrical
resistivity

2.94 × 10−7 Ωm 2.89 × 10−7 Ωm

surface
tension

624 mN/m 718 mN/m

Figure 1. SEM images of indium and tin surfaces under various
manufacturing conditions. (a) Indium foil, 100 μm thick. (b) Indium
foil (100 μm thick) sputtered with indium for 10 min (RRMS = 190
nm). (c) Tin foil, 20 μm thick. (d) A silicon wafer sputtered with
indium for 10 min (RRMS = 190 nm).
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agent, which was found to have no effect on eGaIn’s wettability
to the sputtered surfaces.
3.2. Wetting Behavior of Galinstan. Unlike eGaIn,

galinstan exhibits conventional partial wetting with indium
foil. We hypothesize that this difference in outcomes is due to a
lesser percentage of indium relative to the composition of the
eutectic (eGaIn is 25% In, while galinstan is only 21.5% In),
where indium-to-indium contact is assumed to be the catalyst
for dynamic wetting. On the other hand, galinstan reactively
wets tin foil because of the presence of tin (galinstan is 10%
Sn). The complete composition of both eGaIn and galinstan is
given in Table 1.
An important result in this study is the equilibrium state of

galinstan in contact with tin foil. The materials react together to
become an alloy of a new composition. During reactive wetting,

this can be seen not only by the slow spreading of the liquid
droplet on the surface but also by the signature of the surface
material changes occurring around the perimeter of the droplet
(Figure 3). The newly formed alloy was analyzed using EDS in
a scanning electron microscope over five samples, with the
average composition (percentage by weight) being 57.63% ±
0.24% gallium, 22.69% ± 0.09% indium, and 19.68% ± 0.20%
tin. This increased percentage of tin (from the original
composition of galinstan) is consistent with the assumption
that the underlying tin foil is absorbed into the galinstan.

3.3. Wetting Dynamics of eGaIn and Galinstan.
Dynamic contact angles of eGaIn droplets on an indium foil
are shown as a function of time in Figure 4a, where both the left
and right contact angles of four independent droplets are
analyzed. This plot gives one representation of the wetting that
takes place between liquid eGaIn and a smooth indium surface;
however, several important notes must be made about these
observations. First, in several experiments a time delay was
observed (on the order of seconds) before spreading was
initiated. In some cases, mechanical agitation of the substrate
was required to initiate the reactive wetting. This feature can be

Figure 2. (a) An eGaIn droplet on a surface of indium foil (100 μm thick) that has been sputter coated with indium for 2 min (RRMS = 50 nm). The
droplet does not wet the surface. (b) An eGaIn droplet on a surface of indium foil (100 μm thick). The droplet rapidly wets on the order of seconds.
(c) A galinstan droplet on a surface of tin foil (20 μm thick). The droplet wets the surface slowly over a period of days, demonstrating reactive
wetting. Scale bar in each image is 1 mm in length.

Table 2. Summary of Characteristic Equilibrium Contact
Angles between Ga−In Alloys and Indium/Tin Surfacesa

drop
material substrate

sputter
material

sputter time
(min)

contact angle
(deg)

eGaIn Si In 2 158b

10 162b

In foil (100 μm
thick)

none − 140 → 10c

In 2 160b

Sn foil (20 μm
thick)

none − 135

galinstan Si Sn 2 159b

10 160b

In foil (100 μm
thick)

none − 145

Sn foil (20 μm
thick)

none − 145 → 20c

Sn 2 160b

aAll sputtering treatments were administered with 100 mA in 30 s
intervals so as not to melt the sputter target. bNo wetting, substrate is
“metallophobic”. cThe value to the left of the arrow is the conventional
equilibrium contact angle achieved prior to reactive wetting. The value
to the right of the arrow is reactive wetting equilibrium contact angle.

Figure 3. Liquid galinstan that has been in contact with a tin foil
surface (20 μm thick) for over 4 days. Reactive wetting can be inferred
not only by the slow spreading of the liquid on the surface but also the
signature of the surface material changes occurring around the
perimeter of the droplet. Scale bar is 1 mm in length.
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seen in Figure 2b, where the right side of the droplet begins
spreading before the left. In Figure 4a, the data was manually
aligned such that t = 0 when either the left or right contact
angle begins to change. This delayed reaction is a result of two
potential factors:
(1) The presence of the gallium-oxide film that forms around

the droplet during exposure to air, which will often break as the
droplet impacts the substrate; however, when this does not
occur, slight agitation or eventual embrittlement of the
underlying grains will “break” the oxide film and allow the
encased gallium−indium alloy to spread rapidly on the surface.
(2) The amount of indium present at the liquid−solid

interface is close to the minimum amount necessary for reactive
wetting to occur. This further supports the different wetting
behaviors of eGaIn and galinstan on indium foil and implies
that liquid motion along the contact interface will sponta-
neously react when an indium presence threshold is surpassed.
Another important point is that in Figure 4a complete

spreading appears to occur almost instantaneously in several
cases, while the visual representation in Figure 2b shows the
droplet spreading over a time period of approximately 10 s.
Referring to Figure 2b, it appears that during wetting, liquid
begins to escape out from beneath the oxide layer. The contact
angle when this first begins does not appear to change during

continuous spreading of the droplet; hence, contact angle and
droplet spreading are not well-correlated.
A clearer representation of the droplet spreading is seen by

looking at the baseline length of the droplet as a function of
time, where the baseline length is defined as the droplet
diameter at the contact interface. Data showing the baseline of
four wetting droplets is shown in Figure 4b. Similarly, Figure 4c
depicts the average baseline value of these droplets.
Figure 4d shows the average baseline length of three droplets

of galinstan on a tin foil substrate. Here, it is seen that wetting
follows the same trends as in the previous case, yet the time-
scales are very different. In the slow reactive wetting case, the
droplets appear to wet similarly at the start with nearly no
variation in the data. For t > 12 h, the data begin to show
significant variations. This result is likely due to imperfections
in the foil that cause the droplet to preferentially spread in
certain directions as it covers increasing surface area.
Finally, it is interesting to compare the power laws associated

with both the fast and slow wetting processes. In Figure 4, parts
c and d include insets of the averaged data on a logarithmic
scale. We assume that the contact radius of the droplets follows
a power law and therefore scales with time as R = αtβ. From
this, a linear fit on a logarithmic scale can be employed to
estimate the value β. For the slow reactive spreading (galinstan

Figure 4. (a) Dynamic contact angles of eGaIn droplets wetting on an indium foil surface. Both left and right contact angles are plotted. Different
symbols represent contact angles measured on different sides of different drops under the same experimental conditions. (b) Baseline length of
eGaIn droplets wetting on indium and corresponding to the contact angles plotted in part a. Different symbols represent baseline lengths of different
drops under the same experimental conditions. (c) Average baseline length of eGaIn droplets (four) wetting on indium and corresponding to the
data in part b. Inset: Logarithmic plot and power-law fit, with β ≈ 1/4 (inertial-like wetting) and β ≈ 1/10 (viscous wetting). (d) Average baseline
length of galinstan droplets (three) wetting on a tin foil substrate. Inset: Logarithmic plot and power-law fit, with β ≈ 1/7. All droplets were
measured to be approximately 3 μL in volume. Error bars represent one standard deviation in each direction.
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on tin), we find β ≈ 1/7. This value for β is in agreement with
previous reports on dissipation occurring near the contact line
when spreading is dominated by gravity in a two-dimensional
scenario.26 For the faster reactive spreading (eGaIn on indium),
the data appear to have two trends: at short time scales there is
a region with a relatively steep slope on the logarithmic plot,
while at longer time scales the slope of the data decreases. This
initial steep slope (β ≈ 1/4) is in agreement with the values
previously reported for viscous dominant spreading of oil and
water droplets on silicon micropillar arrays.27 Over time, the
less steep slope (β ≈ 1/10) is in agreement with Tanner’s law
of spreading on a smooth surface.28 This suggests that the
reactive wetting induces a smoothing effect of the substrate
(i.e., the eGaIn reacts with the indium foil to cause a
morphological transition of the surface to a smoother
configuration). Other two-part wetting dynamics have also
been observed in previous studies.29,30

4. DISCUSSION
Table 2 shows us that the wetting properties between liquid
gallium−indium and a metallic solid can be tuned by roughness.
Contrary to typical hydrophobic surfaces modulated by surface
texture (i.e., the lotus leaf effect), this metallophobic surface is
enabled by the gallium-oxide skin around the metallic droplet,
which prevents liquid penetration of the texture and any
subsequent reactive wetting (as shown in Figure 5). This

gallium-oxide layer has been observed to resist surface stresses
up to ∼0.5 N/m,18 which explains why a gallium−indium
droplet would be unable to penetrate surface texture without
considerable impact force or agitation.
Furthermore, the structurally stable gallium-oxide layer

formed on the surface of the droplet, along with the

metallaphobic wettability of sputtered indium observed within
this study, is indicative of a Cassie state. Consider a liquid
droplet of eGaIn on a surface sputtered with indium. The
sputtering process coats the surface with small “clumps” of
indium, as seen in Figure 1d.
The Cassie−Baxter relationship is given as:

θ φ θ φ θ* = + −rcos cos (1 )cos1 2 (1)

where θ1 is the contact angle between eGaIn and a solid (flat)
indium surface, θ2 is the contact angle between eGaIn and air
(180°), and θ* is the contact angle between eGaIn and a
microtextured (sputtered) indium surface. In addition, rφ and
(1 − φ) are the areal ratios of the eGaIn−indium interface and
eGaIn−air interface compared to the total droplet contact area,
respectively.
Confocal microscopy was employed to investigate the

applicability of the Cassie−Baxter relationship to the observed
enhanced wetting effect provided by sputtering. Figure 6 shows
a summary of these results applied to a silicon wafer sputtered
with indium for 10 min. Image analysis was conducted on the
intensity image shown in Figure 6a to find the areal ratio of the
eGaIn−air interface compared to the total droplet contact area,
(1 − ϕ). To achieve this, the intensity image was converted to a
binary image via MATLAB’s image processing toolbox. The
threshold level was adjusted manually until all clusters were
present in the binary image. This led to the binary image shown
in Figure 6b with a corresponding threshold level of 60/255.
From the binary image, (1 − φ) can be approximated as the
ratio of the total number of black pixels to the total number of
pixels in the image, resulting in (1 − φ) ≈ 0.79. Assuming
negligible penetration of the liquid droplet into the air gaps
formed by the sputtered indium, the areal ratio of the eGaIn−
indium interface compared to the total droplet contact area can
be approximated by rφ ≈ φ ≈ 0.21.
Via substitution, we find that

θ θ φ
φ

= * + −
r

cos
cos (1 )

1
(2)

and θ1 ≈ 140.0°. Interestingly, this is the same as the measured
contact angle between eGaIn and a solid indium surface just
prior to reactive wetting (Table 2). Therefore, the Cassie−
Baxter relationship appears to predict the contact angle
between eGaIn and solid indium prior to reactive wetting but
not the equilibrium contact angle at the end of reactive wetting.
In summary, we have shown that eGaIn droplets have an

affinity for indium substrates, but this property may be altered

Figure 5. Schematic of the liquid droplet on an unstructured rough
surface. Top gray line in detailed view indicates drop surface.

Figure 6. (a) Intensity image of sputtered indium (sputter time = 10 min/RRMS = 190 nm) on a silicon wafer. (b) Binary representation of intensity
image (threshold level of 60/255). (c) Surface reconstruction obtained with a 3D laser confocal microscope. Scale bars = 20 μm.
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by surface roughness. Introducing micrometer-scale texture to
the surface renders the surface “metallophobic”. While this
nonwetting state is likely an initial result of the surface
roughness, we believe that it is stabilized over longer times from
oxidation of the droplet where it is exposed to air. The model
employed above helps us to estimate how much of the droplet
is in contact with the rough substrate and how much is
interfaced with air (and thus susceptible to oxide formation)
but is limited to predicting the contact angle of the drop prior
to reactive wetting.

5. CONCLUSION
Wetting behaviors between droplets of Ga−In alloys and thin
metal films of indium and tin have been presented. It was found
that both composition and texture affect the wettability of the
substrate. The dynamics of rapid and slow reactive wetting were
analyzed, yielding power laws for cases of Ga−In spreading on
indium and tin foils, respectively. For eGaIn on indium foil, the
droplet rapidly spreads with a radius varying in two phases: (1)
similar to viscous wetting on micropillar arrays and (2) similar
to spreading on a smooth surface, where the associated power
law exponents are 1/4 and 1/10, respectively. For galinstan on
tin foil, the droplet radius reactively spreads proportionally to
t1/7, indicative of gravity-dominant dissipation occurring at the
contact line. In contrast, microtextured (sputtered) films were
found to repel Ga−In droplets. The surface texture of sputtered
indium has been characterized to validate the Cassie−Baxter
model for nonwetting surfaces, showing good agreement with
experiments prior to reactive wetting but poor agreement after
reactive wetting. Wetting and nonwetting surfaces for Ga−In
alloys will impact manufacturing processes for liquid-embedded
elastomer electronics, as well as other applications that require
patterning of Ga−In alloys as liquid conductors.
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