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ABSTRACT: This paper describes a new method to
spontaneously accelerate droplets of liquid metal (eutectic
gallium indium, EGaIn) to extremely fast velocities through a
liquid medium and along predefined metallic paths. The
droplet wets a thin metal trace (a film ∼100 nm thick, ∼ 1 mm
wide) and generates a force that simultaneously delaminates
the trace from the substrate (enhanced by spontaneous
electrochemical reactions) while accelerating the droplet along
the trace. The formation of a surface oxide on EGaIn prevents
it from moving, but the use of an acidic medium or application
of a reducing bias to the trace continuously removes the oxide
skin to enable motion. The trace ultimately provides a
sacrificial pathway for the metal and provides a mm-scale
mimic to the templates used to guide molecular motors found in biology (e.g., actin filaments). The liquid metal can accelerate
along linear, curved and U-shaped traces as well as uphill on surfaces inclined by 30 degrees. The droplets can accelerate through
a viscous medium up to 180 mm/sec which is almost double the highest reported speed for self-running liquid metal droplets.
The actuation of microscale objects found in nature (e.g., cells, microorganisms) inspires new mechanisms, such as these, to
manipulate small objects. Droplets that are metallic may find additional applications in reconfigurable circuits, optics, heat
transfer elements, and transient electronic circuits; the paper demonstrates the latter.
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■ INTRODUCTION

This paper describes a new method for controlling the motion
of droplets of liquid metal along metallic traces while
simultaneously delaminating the traces. Controlling the self-
motion of liquid droplets has applications in the fields of
microfluidics,1,2 liquid transportation,3,4 printing,5 and drug
delivery.6 Nature offers a source of inspiration for new methods
to autonomously control the movement of droplets. For
example, certain insects and plants survive in desert habitats by
manipulating microdroplets of water condensed from fog.7,8

Likewise, the locomotion of cells and microscopic organisms
inspires new methods for controlling the motion of microscale
droplets. Here, droplets of liquid metal placed on traces of thin
metal films generate forces that simultaneously delaminate the
films and accelerate the droplets through a liquid medium at
velocities (body length per time) that nearly match the fastest
aquatic species known to man. To a first approximation, this
new mechanism may be envisioned as analogous to the way
humans climb ropes; that is, pulling themselves along a
semirigid path that has a cross-sectional area significantly
smaller than the human body. Biology also uses “ropes” in the
form of microtubules and microfilaments (e.g., actin) across
which motor proteins (dynein, kinesin, and myosin) move.9,10

Although the mechanistic details differ, the work here provides

a microscale analog to these molecular scale biological
processes through the use of a mechanical template (i.e., the
metal trace). This paper describes this new approach for
accelerating liquid metal droplets along controlled pathways.
Gradients in surface forces often drive the motion of self-

running droplets.11,12 The gradients may arise from thermoca-
pillarity,13−16 gradients in chemical species,17−22 reactive
wetting,23−29 physical surface structures (e.g., asymmetric
topography on a surface),30−33 or using external triggers34−38

(including voltage34,39). In general, these approaches often
utilize asymmetric contact angles on both sides of the droplet
to induce motion,40,41 which often requires vibrations to reduce
pinning and drag of the droplets.42,43 Here, the droplets
accelerate primarily because of asymmetric forces rather than
asymmetric contact angles.
Although most self-running studies focus on aqueous liquids,

the self-motion of liquid metals is interesting because these
fluids have metallic electrical and optical properties. Liquid
metals have larger surface tensions and densities than water; the
former is favorable for self-running, while the latter creates
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inertia that makes it more difficult to accelerate droplets. Liquid
metal drops can move over surfaces or in microchannels using
electrostatic charges,44−46 reactions,47,48 chemical gradients,49

evaporation of a component from the surface,50−53 bubble
propulsion,54 or electric fields.55

This paper introduces a new mechanism for accelerating
liquid metal droplets that delaminate thin metal traces with a
speed higher than any reported in literature for liquid metals.
The liquid metal drops move spontaneously by wetting,
delaminating, and dissolving a thin metal film on a substrate

Figure 1. (a) Snapshots of an EGaIn drop contacting a silver film bonded to epoxy in 2 M HCl solution. (b) Snapshots of an EGaIn drop wetting a
silver film floating on the surface of 2 M HCl solution. The EGaIn pulls the metal film into the droplet (from left to right), where it presumably
dissolves.

Figure 2. Schematic side view diagrams of EGaIn drops that accelerate over thin metal films. The metal only accelerates in the absence of the surface
oxide, which can be removed by (a) acid and (b) electrochemical reduction.

Figure 3. Back-lit, top-down snapshots of EGaIn droplet running on traces of 90 nm of Ag on 10 nm of Au with straight and curved geometries. The
glass substrate that supports the metal traces is submerged in 2 M HCl. Scale bar is 5 mm.

Figure 4. (a) Depiction of an EGaIn drop contacting a Ag/Au layered film on a glass slide showing the electrons migrating from the liquid metal to
the film leading to proton reduction and formation of hydrogen bubbles on both sides of the film, (b) Top-down and (c) bottom-up snapshots of a
90 nm silver/10 nm gold film contacted with an EGaIn drop moving right to left in 2 M HCl solution. Dotted circles highlight the EGaIn drop.
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that serves as a template along which the liquid metal
accelerates. We demonstrate and elucidate this new mechanism
by which the liquid metal moves.

■ RESULTS AND DISCUSSION

The eutectic alloy of gallium and indium (EGaIn, 75 wt %Ga)
is liquid at room temperature (mp = 15 °C)56 and has low
viscosity, high surface tension and high metallic conductiv-
ity.57,58 EGaIn spontaneously forms a thin passivating skin of
gallium oxide in the presence of oxygen that allows EGaIn to
take nonspherical shapes despite its high surface tension.59

Even though EGaIn contains indium, the skin consists primarily
of gallium oxide because of its reactivity. Acid, base, and
electrochemical reduction can remove the skin.60,61

To get droplets of EGaIn to accelerate, we take advantage of
the high affinity of EGaIn with other metals. For example,
EGaIn wets spontaneously smooth In surfaces62 and liquid Ga

wets and eventually dissolves thin Ag films in ambient
conditions.63

We speculated initially that this wetting property could be
harnessed for self-running in a conventional manner. For
example, the leading edge of a droplet of liquid metal could wet
a film of Ag and pull the droplet toward more Ag. As the
droplet moves, it could dissolve the underlying Ag, causing the
lagging edge of the drop to assume a large, nonwetting contact
angle. The resulting asymmetry would, in principle, propel the
droplet in a manner similar to reactive wetting. In reality,
EGaIn drops did not run the way we anticipated and its
behavior varied dramatically according to the preparation of the
Ag film. Figure 1a shows top-down photographs of a drop of
EGaIn contacting a silver film on epoxy in 2 M HCl solution.
The acid ensures removal of the surface oxide from the droplet
of EGaIn. We first deposited the Ag trace on a glass slide and
then template stripped it from the slide using epoxy to expose a

Figure 5. Bottom-up images of 90 nm Ag/10 nm Au trace on a glass slide in 1N NaF solution. The small circles indicate the tiny gas bubble formed
at −0.7 V that become more pronounced as the potential becomes more reducing. The bubbles cause the film to delaminate.

Figure 6. (a) Schematic diagram of the classical profile of a moving drop on a substrate where the drop has two contact angles (advancing and
receding angles) with the surface, (b) schematic diagram of the running EGaIn drops where the film delaminates and the two contact angles of the
drop with the substrate are approximately the same on both sides of the drop.

Figure 7. (a) Snapshots of 1 mm EGaIn drop going uphill at 22 degrees inclination angle on a Ag/Au trace patterned on glass, (b) measured and
theoretical speed of 0.7 mm diameter EGaIn drop running on 1 mm width Ag/Au trace at different inclination angles.
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pristine Ag surface. The EGaIn wets the Ag film and slowly
dissolves it, which is apparent on the left edge of the droplet.
The droplet does not accelerate along the Ag, which we
attribute to the excellent adhesion between the Ag film and
epoxy. Notably, gas bubbles (presumably hydrogen) form on
the surface of the silver film a few seconds after the EGaIn drop
touches (Video S1).
Figure 1b shows that the liquid metal pulls a free floating film

of Ag toward it and consumes the film in less than one second
(Video S2). Importantly, the metal droplet does not move
significantly, which suggests electrochemical reactions and any
resulting electrocapillary phenomena are insufficient to propel
the droplet. Instead, wetting between the EGaIn and Ag pulls
the film into the droplet. The droplet has significantly more
mass than the film (∼100 times heavier), which explains why
the film moves rather than the drop.

Figure 1 suggests that EGaIn wets Ag, but self-running will
not occur if the Ag film binds strongly to the substrate, nor will
it occur if the Ag floats free from the substrate. In contrast, the
liquid metal will “sprint” along the metal film if the film and the
substrate adhere weakly.
To achieve a weakly bound film, we thermally deposited a

thin layer of Au (10 nm) between the Ag (90 nm) and the
substrate (glass slides) through stencil masks. Although Ag
adheres poorly to most oxide-terminated substrates (e.g., a glass
slide), Au has even worse adhesion because it is a noble
metal.64 Relative to the other substrates we used (Kapton,
polydimethylsiloxane, poly(methyl methacrylate)), the fastest
velocities occurred on glass substrates.
We produced EGaIn drops with desired volumes by

molding65 and contacted them with the metallic traces. The
liquid metal only self-sprints in the absence of the oxide layer.
The oxide impedes flow and limits contact between the liquid
metal and underlying film. Figure 2 shows schematic diagrams
of two approaches to remove the oxide and thereby enable self-
running. In Figure 2a, acid removes the oxide and in Figure 2b
electrochemical reduction removes the oxide. In the latter
scenario, the droplet moves only upon application of a reducing
potential and stops moving in the absence of potential, thereby
providing a mechanism to turn on and off the motion of the
droplet.
The shape of the film dictates the path in which the liquid

metal drop travels. Figure 3 shows top-down images of different
traces that EGaIn self-runs along. EGaIn drops can follow linear
paths with velocities up to 180 mm/sec through acidic water,
and despite the high inertia of the drops, they can travel on
curved and even U-shaped paths (Video S3).
The best self-running occurred with a bilayer film of silver

(90 nm) over thin gold (10 nm), which takes advantage of the
poor adhesion of gold to glass and the high rate of dissolution
of silver in EGaIn. Films of pure Ag also work, but result in

Figure 8. (a) Plot shows the effect of the ratio of drop diameter to metal film width on speed for drops running on Ag/Au. (b) Plot shows the effect
of mass percent of Ag and Au in the EGaIn drop on speed for different diameters in 2 M HCl on a 2 mm wide film of Ag/Au. (c) Top-down images
of drops having different diameters on 1.5 mm wide Ag/Au film.

Table 1. Comparison between Speeds of Current Self-
Running EGaIn Droplets and Other Self-Moving Liquid
Metal Droplets in Literature

maximum speed

motion induced by droplet
mm/
sec

body
length/s

electrostatic actuation44 mercury <1 <1
evaporation of surface
species

gallium51 <1 <1
indium70

bubble propulsion54 WO3-coated galinstan
marbles

9 9

reaction with other
species48

Galinstan 50 12.5

electric field55 WO3-coated galinstan
marbles

100 50

this work (film
delamination)

EGaIn 180 180
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slower velocities due to the stronger adhesion of Ag to glass
relative to Au. Films of pure Au do not work as well as Ag for
self-running. Experiments suggest EGaIn dissolves Ag at a faster
rate than Au (Figure S2 shows EGaIn “eating” a film of Au over
a significantly longer time).
During the experiments reported in Figure 2, we observed

that the metal films wrinkled, which facilitates delamination and
occurs in every instance of self-running. The bilayer traces
wrinkle slightly after immersion in HCl solution; these wrinkles
never occurred in the case of pure Au or pure Ag traces (more
details in the Supporting Information). The wrinkles became
significantly more pronounced when the liquid metal contacts
the metal film. We speculated that the liquid metal drop forms
an electrochemical cell with the metal film due to the
observation of bubbles at the interface between the film and
the glass slide. Figure 4a depicts the electrochemical
mechanism. The standard potential of silver is higher than
that of EGaIn so electrons migrate from EGaIn to the metal
film; thus, the EGaIn-Ag film acts as a bipolar electrode. Bipolar

electrodes are electrodes that undergo both oxidation and
reduction reactions on opposite sides on their surface.66 Here,
oxidation of gallium occurs on the surface of EGaIn and
reduction of water occurs on the surface of Ag, which is
consistent with the presence of bubbles on the Ag film (cf.,
Figure 1). In addition, the droplets only self-run in 2−3 M HCl
solutions. Although 1 M HCl has a sufficiently low pH to
remove the oxide of an isolated drop of EGaIn, the necessity to
use >1 M HCl to remove the oxide suggests there is an
additional driving force for oxidation, against which the acid
must compete (Video S4). Also, the decreased pH favors the
reduction of protons to form hydrogen, which is the half
reaction that accompanies the oxidation of EGaIn. EGaIn did
not run in 1 M NaOH solutions (nor did bubbles form), even
though base is known to remove the oxide from an isolated
drop of EGaIn. Taken in sum, these observations suggest that
acid serves to remove the oxide while simultaneously lowering
the reduction potential of water by providing excess protons.
To our surprise, these electrochemical reactions occur favorably

Figure 9. Comparison between the speed of a self-running EGaIn drop and the maximum speeds of the fastest known aqueous creatures in units of
body lengths per second. Adapted with kind permission from Spring Science+Business Media.69

Figure 10. Schematics and photographs of a simple electric circuit spontaneously destroyed by a liquid metal drop that delaminates a solid metal
trace. (a) Circuit totally connected, (b) two lamps disconnected, (c) four lamps disconnected, and (d) the whole circuit disconnected. The metal
droplet is circled in each photograph.
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at the interface between Au and glass (likely due to the higher
standard potential of Au relative to Ag), which promotes
delamination of the metal film.
Figure 4b presents top-down images of the wrinkles that

form when an EGaIn drop contacts a 90 nm Ag film on 10 nm
of Au in 2 M HCl solution The bottom-up images in Figure 4c
show the formation of tiny bubbles upon initial contact. The
bubbles grow and merge to form bigger bubbles that wrinkle
and delaminate the film in the region closest to the droplet of
EGaIn. The wrinkles are apparent on the entire metal strip, but
are most pronounced close to the drop, as shown in Figure 4b
and 4c.
It is also possible to generate bubbles by applying a reducing

bias to the film without contacting it with EGaIn. A cathodic
potential applied to a film of Ag/Au on a glass slide in
electrolyte causes the formation of bubbles between the film
and glass. Figure 5 shows the formation of the first bubble at
−0.7 V (vs Ag/AgCl electrode), more bubbles form as the bias
increases until it delaminates completely at −1.2 V. This
observation suggests that the bubbles are hydrogen gas that
evolves due to water electrolysis according to the equation

+ → + = −− − E2H O 2e H 2OH 0.83 V2 2

Repeating the same experiment on pure Au or pure Ag films
forms bubbles on the top surface of the metal film. Bubbles
only appear at the bottom interface (i.e., between these pure
films and the substrate) when the voltage reaches −1.5 V. Thus,
the film stack of Ag/Au increases the formation of bubbles at
the bottom interface relative to pure metal films for otherwise
identical conditions.
The results presented thus far explain conditions necessary

for accelerating droplets of EGaIn, but do not completely
explain the forces involved. The classical way by which liquid
droplets self-run on a surface depends on asymmetric surface
wetting; that is, different contact angles on the two sides of the
drop (advancing and receding angles, Figure 6a). The net force
acting upon the drop is the difference between the forward and
backward forces13

γ θ θ= − = −F F F w(cos( ) cos( ))net F B rec adv

where γ is the surface tension of the moving drop, θrec and θadv
are the receding and advancing contact angles respectively and
w is the width of the drop. This equation neglects the effects of
viscous drag since self-running is often done in air.
High speed videos of running drops enable an estimate of the

contact angles of the EGaIn drop against the substrate. The
advancing and receding angles are nearly identical (149°) and
suggests the new propulsion mechanism shown in Figure 6b
(Figure S6 shows both angles). The wetting of the drop to the
film creates a tensile force on the film. The film comes off the
surface at an angle of approximately 20 degrees. The tensile
force resolved normal to the substrate delaminates the film and
the tensile force resolved parallel to the substrate accelerates
the droplet. As a result, the film contacts the droplet at a point
elevated relative to the substrate (cf. Figure 6b). This
explanation is consistent with the gap between the EGaIn
drop and the metal film in the last two bottom-up images in
Figure 4c and the delamination that precedes the droplet in
Video S5. Importantly, because there is effectively minimal
asymmetry in the contact angle between the metal drop and the
glass (i.e., FB = 0), the only opposing force to motion is the
drag of the droplet as it moves through the electrolyte.

The liquid metal wets the top and bottom of the metal trace,
thereby doubling the forward force (FF). The droplet
accelerates until the drag force balances the forward force
(we neglect friction with the substrate since the droplet barely
contacts the substrate). The force balance equation can be
written as

γ θ πμ= − = −F F F w D v2 cos( ) 3net F drag P drop

where w is the film width, μ is the liquid medium viscosity, DP
is the particle diameter, and vdrop is the velocity of the running
drop. For the sake of simplicity we used Stoke’s law to estimate
the drag force. This equation assumes a perfectly spherical drop
in a bubble-free fluid at low Re number, which is an
oversimplification, but provides a first order estimate of the
forces involved. A 1 mm diameter EGaIn drop on a 100 nm
thick trace accelerates to ∼13 cm/s, resulting in a drag force of
force of ∼1.5 μN. At steady state, we assume Fnet = 0, which
results in a contact angle of 89°. A snapshot from a high speed
video estimates this angle to be almost 90° (Figure S6). The
large surface tension of the metal enables enormous velocities
despite the relatively large contact angle (note: the equilibrium
contact angle of EGaIn on Ag is much smaller than reported for
this dynamic process).
Despite the high density of EGaIn, the force acting on the

drop is enough to rapidly pull the drop uphill on surfaces
inclined by angles up to 30 degrees against gravity through a
viscous medium (2 M HCl). Figure 7a shows snapshots of an
EGaIn drop going uphill on a glass slide tilted by 22° (Video
S5). Figure 7b shows the calculated and measured drop speeds
with the increase in inclination angle. We calculated the
theoretical speed by equating the forward force with the
summation of the drag force and the gravitational force Fg =
mgsin(ϕ), where ϕ is the inclination angle of the substrate.
Both the ratio of the drop diameter to film width and the

amount of film consumed by the liquid metal affect the speed of
the droplets. We calculated the speed by recording videos (top-
down, bottom-up, or from the side) of the running drops while
using computer software to estimate velocity. The results suffer
from some noise due to the high speed of the drops and the
variability of the adhesion of the films to the substrate, but
trends do emerge from the data.
Figure 8a shows the dependence of the drop speed on the

ratio of droplet diameter to film width. EGaIn drops with small
diameters have small surface areas and volumes which seem to
slow down the dissolution of the metal film and therefore the
speed (future modeling efforts should consider accounting for
the effect of dissolution on speed). The speed increases as the
drop diameter increases until it reaches the maximum value at
drop diameter to film width ratio of 0.9. Beyond this ratio, the
speed decreases because of the increasing mass and drag that
requires more force to move. Figure 8c shows top-down images
of three drops of different diameters running on 1.5 mm wide
film of Ag/Au in 2 M HCl solution (Video S6).
We measured the velocity of individual EGaIn droplets after

running sequentially over a known number of metal films. The
film dimensions allow calculation of the weight of gold and
silver in the EGaIn and hence the final weight percent of gold
and silver after “consuming” each line. Drops tend to slow
down as the mass percentage of the film increases in the liquid
metal. The lowered velocity may be due to the decreased rate of
dissolution of Ag and Au. In principle, the Ag and Au could also
affect the interfacial tension, although we did not observe
significant changes to the wetting between the liquid metal and
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the film stack during these experiments. Figure 8b shows the
reduction of speed of EGaIn drops as the mass percentage of
the dissolving metal increases for different drops running over
100 nm films of Ag/Au. EGaIn drops with >20% mass Ag/Au
turns to a paste and either run slowly or does not run at all. An
EGaIn drop with 1.5 mm diameter needs to run over more than
3 m of 100 nm thick film to reach this weight percent.
To the best of our knowledge, only two systems achieved

running speeds for drops that exceed the speed reported in this
paper.32,33 These studies accelerated droplets of water, which
has a density six times lower than EGaIn, through air, which has
∼50× lower viscous drag than the acid or electrolyte solutions
used here. EGaIn drops run on metal films with a speed that
almost doubles the maximum reported speed in literature for a
liquid metal despite running in a liquid medium. The
mechanism is simple and requires no special surface treatment
or vacuum conditions. Table 1 summarizes the reported speeds
for different liquid metal drops in literature in absolute speed
(mm/s) and in units of body lengths per second to give a better
means of comparing the speeds of different modes of
locomotion. The speed of the EGaIn drops is not only faster
than other liquid metal runners, but to the best of our
knowledge, is also faster than all swimming creatures in water in
units of body lengths per second. The speed of the liquid metal
is also higher than speeds of microorganisms that are smaller in
size than EGaIn drops such as bacteria and worms; for instance
the speed of C. Elegans ranges from 0.15 to 1.5 body lengths/
s.67,68 Figure 9 compares the speed of running EGaIn drops to
the reported speeds of the fastest swimming creatures known to
man.69

The use of droplets with metallic properties may provide
electrical, physical, and thermal functionality that is not possible
with other fluids. We demonstrate one example where we use
the self-running EGaIn drops to create self-destructing,
transient electronic circuits. As shown in Figure 10, we created
a simple circuit to power LEDs. A drop placed in the circuit
followed a straight-line path and removed a metal trace from
the circuit, sequentially turning off the LEDs. The presence of
electrolyte allows the LEDs to operate in a diminished state
until the electrolyte evaporates (not shown).

■ SUMMARY

We demonstrated a novel system for self-running liquid metal
drops on thin metal traces deposited on glass slides. Liquid
metal drops only run in the absence of the surface oxide and on
weakly adhered metal films. The liquid metal drop delaminates
and consumes the film as it runs. Self-running EGaIn drops can
run in straight paths, curved paths and even uphill with angles
up to 30 degrees. The speed by which the liquid metal runs is
higher than any reported speed in literature for metals despite
moving through a viscous liquid medium and exceeds the
velocity (body length per time) of the fastest aquatic creatures
known to man. Running liquid metal drops have potential
applications in fabricating self-destroying electric circuits and
more broadly, as a new mechanism to propel microscale objects
spontaneously along templated paths to mimic microscale
actuation found in nature.
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