
RESEARCH ARTICLE
www.afm-journal.de

Mechanically Rupturing Liquid Metal Oxide Induces
Electrochemical Energy

Xing Ye, Zhaoyi Zheng, Jörg G. Werner, and John William Boley*

Liquid metals, such as Gallium-based alloys, have unique mechanical and
electrical properties because they behave like liquid at room temperature.
These properties make liquid metals favorable for soft electronics and
stretchable conductors. In addition, these metals spontaneously form a thin
oxide layer on their surface. Applications made possible by this delicate oxide
skin include shape reconfigurable electronics, 3D-printed structures, and
unconventional actuators. This paper introduces a new approach where liquid
metal oxide serves as an electrochemical energy source. By mechanically
rupturing their surface oxide, liquid metals form a galvanic cell and convert
their chemical energy to electrical energy. When dispersing liquid metals into
an ionically-conductive liquid to form emulsions, this composite material can
provide ∼500 mV of open-circuit voltage and up to ∼4 𝝁W of power.
Protected by the naturally occurring oxide skin, the passivating oxide layer of
the liquid metal shields it from self-discharge over time. The device is also
stable in harsh environments, such as high temperature or aquatic
conditions. Future applications of this device are demonstrated by designing a
strain-activated stretchable battery and a pressure-sensitive self-powered
keypad. These findings may unlock new pathways to design stretchable
batteries and harness their inherent energy for self-powered robust devices.

1. Introduction

Liquid metals, such as alloys of gallium, exhibit melting points
below room temperature. Unlike mercury, which evaporates and
produces toxic vapor, gallium-based liquid metals have practi-
cally zero vapor pressure[1,2] and are safe to handle in various
applications.[3] They have uniquemechanical and electrical prop-
erties because they simultaneously behave like a metal and a
liquid. These properties make liquid metals an ideal candidate
for soft electronics and stretchable conductors. Liquid metals
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can find their applications in soft elec-
tronic circuits,[4–6] stretchable electrical
interconnects,[7,8] flexible sensors,[9–11]

reconfigurable antennas,[12–14] drug
delivery,[15] and hermetic seals.[16] They
can also help address current limitations
in developing soft and deformable en-
ergy solutions for robotic perception,[17]

self-sensing,[18] and human-machine in-
terface applications.[19] Liquid metal is
also an excellent electrode material for
stretchable batteries because it has good
deformability and high efficiency owing
to its liquid form.[20] A few emerging
battery designs featuring gallium-based
liquid metals demonstrated promising
performance.[21,22] Most of the current
designs of liquid metal batteries operate by
stripping and depositing metal anodes in
alkaline electrolytes.[23] Few gallium-based
liquid metal batteries can work in more
eco-friendly electrolytes, such as ionic
liquid or pH-neutral aqueous solutions.[24]

Despite having many exciting properties,
a drawback of gallium-based liquid metals
is that they rapidly form a thin layer of oxide

on its surface in the presence of oxygen. Until recently, this
oxide layer is considered a nuisance because it sticks to many
surfaces and interferes with electrochemical measurements.[25]

Some applications have turned it into an advantage by exploit-
ing the presence of oxide skin, includingmanipulating the shape
of liquid metals,[26] 3D and 4D printing,[14,27–29] or making un-
conventional actuators.[30–32] While electrical power generation
from thermal oxide nanolayers of iron, vanadium, or nickel has
been reported,[33] energy conversion from liquid metal oxide re-
ceived little attention. As such, the surface oxide could present
new opportunities to explore additional interesting properties of
liquid metals.
Here, we present a new method of manipulating liquid metal

oxide by using it as an electrochemical energy source. Because
the formation of liquid metal oxide is a spontaneous process, we
seek to harness its electrochemical energy and build a galvanic
cell. By mechanically rupturing their surface oxide, liquid metals
can form a battery and convert their chemical energy to electri-
cal energy. We introduce a simple composite material with dis-
persed liquidmetal droplets in an ionically-conductive liquid that
allows easy device fabrication and customization. The power out-
put of this device is activated by input strain and therefore does
not have current leakage at rest, unlike conventional stretchable
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Figure 1. Rupturing liquid metal oxide converts chemical energy to electrical energy. a) The surface of liquid metal is covered by a layer of oxide skin
because gallium reacts with oxygen in the environment. b) The liquid metal oxide skin is brittle and can be fractured by mechanical forces, but it quickly
re-forms to protect the exposed liquid metal core. c,d) Experimental setup of scratching liquid metal surface with a needle. c) Liquid metal droplets
were injected into two separate chambers in a custom container and were immersed in an ionically-conductive liquid electrolyte. d) A needle repeatedly
scratched the surface of the liquid metal in one of the chambers to break its oxide skin. The chemical energy of its re-oxidation reaction is partially
converted to electrical energy. e) Open-circuit voltage of the system. f) Short-circuit current of the system. g) Derivative of voltage with respect to time
during one scratching cycle.

batteries whose chemical reactions occur regardless of their me-
chanical state. The oxide layer protects the liquid metal from self-
discharge over time or changes in ambient conditions, such as
high temperature or aquatic environments, which is an advan-
tage over traditional batteries that suffer from stability issues.[34]

We demonstrate a strain-activated stretchable battery design that
produces ∼500 mV of open-circuit voltage and up to ∼4 𝜇W of
power. This technology could be used in fabricating stretchable
batteries with long shelf life and self-powered devices with ro-
bust performance.

2. Results

2.1. Scratching Liquid Metal Surface Induces Electrochemical
Energy

The liquidmetal featured in this study is eutectic gallium-indium
(eGaIn). It spontaneously develops a thin and protective oxide

layer on its surface in the presence of oxygen (Figure 1a).[25,35]

This oxide skin is predominantly composed of gallium oxide be-
cause gallium oxidation happens more readily than indium.[36,37]

Although the oxide skin protects the liquid metal core from fur-
ther oxidation,[38] this oxide shell itself is brittle and susceptible
to mechanical fracture.[39] If the oxide is ruptured in an oxygen-
containing environment by mechanical forces, such as stirring
or vibration,[40] the oxide skin will rapidly re-form over the liquid
metal exposed by the fracture (Figure 1b).[41]

We designed a galvanic cell to harness the electrochemical
energy produced by the re-formation of liquid metal oxide skin
(Figure 1c). Two drops of bulk liquid metals were injected into
a container with two chambers, separated by a solid wall. Ox-
ide skins naturally formed on the surface of the liquid metals
during the injection process. Although the liquid metals in the
two chambers were not in direct contact with each other, they
were both immersed in an ionically-conductive liquid. The ions
in this liquid are free to migrate across the liquid electrolyte and
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helpmaintain electrical neutrality.[42] We first used an ionic liquid
(1-ethyl-3-methylimidazolium dicyanamide, a salt in liquid form
with melting point at -7 °C[43]) for this purpose.
Initially, there was no potential difference between the bulk

liquid metal drops in the two sides because they were symmet-
ric (Figure 1d,e, time <0 s). Then, the oxide skin of the liquid
metal in the left chamber was mechanically ruptured by punctur-
ing and scratching its surface with a needle, exposing the liquid
metal core (Movie S1, Supporting Information). This process dis-
rupted the equilibrium state, and the different interfacial compo-
sitions of the two chambers created a galvanic cell. Because the
bare liquid metal is energetically unstable and strives towards ox-
idation to regenerate its oxide skin, the chemical energy of the
growth of liquid metal oxide was partially converted into elec-
trical energy, causing a sudden spike in open-circuit voltage or
short-circuit current (Figure 1e,f). The voltage or current gradu-
ally decreased as fresh oxide layer continued to cover the bare liq-
uid metal. Since moving the needle in the reverse direction also
ruptures the oxide skin, we observed similar voltage and current
peaks as the needle travelled back to the initial state. At the begin-
ning of a scratching cycle, the open-circuit voltage curve jumped
to its peak value simultaneously with the motion of the needle
as the oxide skin was ruptured (Figure 1g). The voltage change
was fast owing to the short time scale to mechanically fracture of
oxide layer (typically within 10−3 s of needle movement[44,45]).
On the anode side (left chamber), the bare liquid metal is

oxidized[30,46]:

2Ga + 3H2O → Ga2O3 + 6H+ + 6e− (1)

Given that Ga2O3 is more stable than dissolved gallium ions
(such as Ga3+, GaO+, GaO−

2 ) in pH-neutral electrolytes for the
gallium-water system,[47] Equation (1) is the only feasible oxida-
tion reaction. Unlike current metal-air batteries in alkaline so-
lutions where the oxidation reaction produces dissolved metal
ions,[21,22] here the liquid metal develops new solid oxide skin at
the anode.
On the cathode side (right chamber), the dissolved oxygen and

the absorbed water in the ionic liquid can be reduced[46,48–50]:

O2 + 2H2O + 4e− → 4OH− (2)

2H2O + 2e− → H2 + 2OH− (3)

The reduction of oxygen and water are both thermodynami-
cally possible and happen spontaneously.[49] Equations (2) and (3)
are probably happening at the same time, with a relative weight
that likely depends on the electrolytes and their respective oxygen
and water concentrations.
We can replace ionic liquids with aqueous solutions of salts

as the ionically-conductive liquid electrolyte. As an example, a
sodium chloride (NaCl) solution was also effective in producing
electrical energy (Figures S1 and S2, Supporting Information).
It has higher current than that of ionic liquid because of the in-
creased electrical conductivity.[51] To confirm that the presence
of liquid metal oxide skin was vital, we conducted a comparison
experiment in which sodium hydroxide (NaOH, pH = 14.3) was
added to the sodium chloride solution. NaOH, as well as other
basic (pH >11) and acidic (pH <3) solutions, etches away the liq-

uid metal oxide.[47] In this case, scratching the surface of liquid
metal did not induce voltage or current changes, indicating that
rupturing and re-forming oxide skin was essential.
The output voltage depends on a number of factors in the sys-

tem. On the anode side, the measured potential may be reduced
because 1) The exposed liquidmetalmay react with dissolved oxy-
gen directly instead of releasing energy through the galvanic cell;
2) The growth of oxide skin physically isolates the reactants and
prevents further oxidation; 3) The newly formed liquid metal ox-
ide is about two orders of magnitude less conductive than the
liquid metal,[40,52] which effectively serves as an electrical barrier.
As an example, the concentration of dissolved oxygen in the elec-
trolyte determines the re-growth rate of the oxide skin and hence
the voltage decay speed (Figure S3, Supporting Information). On
the cathode side, it is also possible to introduce a bias potential to
the open circuit voltage by replacing the liquid metal on the cath-
ode side with othermaterials (Table S1 and Figure S4, Supporting
Information).
Because the melting point of the liquid metal alloy increases

when its gallium concentration decreases,[53] we expect that the
electrochemical reaction eventually stops when the liquid metal
solidifies as its melting point increases above room temperature.
Our calculations estimate that the reaction can last up to 49 min-
utes for high current (1 A) applications, and up to 8 years for low
current (11.5 𝜇A) applications before the liquid metal solidifies
(Experimental Section).

2.2. Liquid Metal-Ionic Liquid Emulsion

Next, we sought to design a viscoelastic material based on the
same working principle because it is easier to process and be
incorporated in functional devices.[54] We created a composite
material consisting of liquid metal and ionic liquid, stabilized
by fumed silica nanoparticles (a rheological modifier) to form a
emulsion (Experimental Section; Figure S5, Supporting Informa-
tion). The liquid metal droplets are densely dispersed in a contin-
uous ionic liquid phase instead of settling because the droplets
are trapped in kinetically arrested assemblies with fumed silica
particles (Figure 2a,b).[55,56] These small liquid metal droplets
(12.3 𝜇m of average diameter, Figure S6c, Supporting Informa-
tion) created an abundance of surface to develop oxide skin.
We designed a container filled with this emulsion and inserted

two tinned copper wires in parallel passing through it (Figure 2c).
The anode wire was pulled and pushed through holes in the con-
tainer, while the cathode wire remained stationary. When the an-
ode wire was moving inside the emulsion, the wire collided with
liquid metal droplets in its path, ruptured their oxide skins tem-
porarily, and thus induced a potential difference (Figure 2d). The
liquid metal droplets quickly re-formed their oxide shells, allow-
ing this energy generation process to repeat. Here, the wire acted
as a conductive electrode as well as a mechanical agitator. The
anode wire itself did not chemically participate in the reaction
because the standard reduction potentials of the oxidation of tin
and copper (-0.104 V and 0.570 V vs standard hydrogen electrode
(SHE), respectively) are higher than that of gallium (-0.485 V vs
SHE).[47]

The open-circuit voltage and short-circuit current curves
showed similar patterns compared to the results in scratching
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Figure 2. Liquid metal-ionic liquid emulsion. a) Microscope image of emulsion with 90 vol.% of liquid metal. Scale bar represents 100 𝜇m. b) Liquid
metal droplets are dispersed in ionic liquid phase and stabilized by fumed silica. c) Relative movement of a rigid wire inside the emulsion induces
electrochemcial energy. d) Moving a wire inside the emulsion collides with liquid metal droplets and ruptures their oxide skins. e) Open-circuit voltage
of the system. f) Short-circuit current of the system. g) Comparison of peak open-circuit voltage and peak short-circuit current of systems with varying
concentrations of liquid metals. Error bars represent standard deviations of three samples.

the surface of bulk liquid metals (Figure 2e,f; Figure S7, Support-
ing Information). The peak voltage here was higher than that of
Figure 1e, likely because the anode wire ruptured more surfaces
of liquid metal droplets and the cathode wire was also in contact
with the electrolyte. We adjusted the volume percentage of liq-
uid metal in the emulsions and observed that open-circuit volt-
ages increased in emulsions with more liquid metals (Figure 2g).
This behavior is because the voltage curves of emulsions with
high liquid metal concentrations (i.e., high surface area) and less
ionic liquid had long decay time constants, indicating that the re-
growth of liquid metal oxide was slower due to the lower amount
of oxygen available, and therefore it needed more time to reach a
new equilibrium (Figure S8, Supporting Information). The short-
circuit current decreased as the emulsion consisted of more liq-
uid metal and less ionic liquid, which limited the availability of
oxygen and water.

2.3. Stretchable Strain-Activated Liquid Metal Battery

Based on the working principle of using wires to rupture the ox-
ide skin of liquid metal droplets, we fabricated a series of stretch-

able devices that can be activated by mechanical strain (Exper-
imental Section; Figure S9, Supporting Information). We used
a soft silicone rubber (Ecoflex 00-30) to fully enclose the liquid
metal-ionic liquid emulsion (Figure 3a). We chose an emulsion
with 90 vol.% of liquid metal here because it induced higher volt-
age than emulsions with other concentrations (Figure 2g). Two
wires were embedded in the emulsion as anode and cathode.
The anode was formed in a serpentine shape to maximize its
contact area with the emulsion and increase collisions with liq-
uid metal droplets, thereby maximizing the peak potential differ-
ence. The flexible silicone rubber packaging and the viscoelas-
tic emulsion allowed the device to be stretched reversibly. Be-
cause the wire material was stiffer than the emulsion, the an-
ode underwent a translational movement inside the emulsion
when the device was stretched and the wire ruptured the oxide
skin of collided liquid metal droplets. Similar to the mechanism
in the previous section, this process induced a potential differ-
ence between the anode and the cathode (Figure 3b,c). When the
strain was released, the relative motion of the anode created an-
other spike in open-circuit voltage or short-circuit current. No-
tably, the peak current was higher when the strain was removed
compared to when the device was stretched, likely because of the
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Figure 3. Soft stretchable device featuring liquid metal emulsion with 90 vol.% of liquid metal. a) The device includes rigid wires embedded in the
emulsion and is packaged by silicone rubber. Stretching the device causes a relative movement of the anode in the emulsion. Strain is defined as ΔL/L0.
b) Open-circuit voltage of the device. c) Short-circuit current of the device. d) Peak voltage and current of the device under different external loads and
strain of 0.3 at 1.3 Hz. Shaded areas represent standard deviations of 20 cycles. e) Peak power of the device under different external loads and strain of
0.3 at 1.3 Hz. Shaded areas represent standard deviations of 20 cycles. f) Peak voltages of four devices under strain of 0.3 at 0.1 Hz in different ambient
conditions. The at-rest sample was fabricated one week before testing. The underwater sample was immersed in deionized water for 2 hours and dried in
ambient environment before testing. The high-temperature sample was heated to 120 °C for 2 h and then tested after it was cooled to room temperature.
The control group was tested the same day of manufacture in ambient environment (21.2 °C, 51.1% relative humidity). g) Peak voltages under different
strain inputs at 0.1 Hz. Shaded areas represent standard deviations of ten cycles. h) Peak currents under different strain inputs at 0.1 Hz. Shaded areas
represent standard deviations of ten cycles. i) Peak voltages and currents at various stretching frequencies under strain of 0.3. Shaded areas represent
standard deviations of five cycles.

shorter distance between the two electrodes in the relaxed state
(Figure 3c).[57,58]

The electrical output performance of this device depended on
its external load. With higher load resistance, the peak voltage in-
creased, while the peak current decreased (Figure 3d). The max-

imum peak power was ∼4 𝜇W under an optimal load of 4.7 kΩ
(Figure 3e). The instantaneous power density (normalized by the
surface area of the cathode) was 35.6 mWm−2, which was higher
than that of electrical-double-layer (0.5 mWm−2).[59] or piezoelec-
tric energy harvesters (1.2 𝜇Wm−2),[60] and similar to triboelectric
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nanogenerators (35 mWm−2).[61] In addition, stretching the de-
vice at higher frequencies and under higher strains can improve
its output performance, likely because the increased collisions
between the anode and liquid metal droplets created more oxide
ruptures (Figure 3g–i). The device can be stretched to uniaxial
tensile strain of up to 1.9 reversibly without negatively affecting
its output performance (Figure S10, Supporting Information).
We also investigated the cycling, at-rest, thermal, and aquatic

stability of these batteries. A device was stretched and released
continuously for 20 000 cycles at 0.5 Hz to test its fatigue be-
havior (Figure S11, Supporting Information). We observed that
the liquid metal droplets started to coalesce as the collision be-
tween the electrode and droplets continued. The peak voltage
slightly decreased from ∼650 mV as the liquid metal droplets co-
alesced and liquid metal oxide fragments accumulated. The volt-
agemaintained∼500mVwhen coalescence appeared to stop. Be-
cause the oxide skin shielded the liquid metal inner core from
external environment, the devices also performed well even af-
ter being subject to ambient conditions that are typically harsh
for batteries, such as high temperature or aquatic environments
(Figure 3f). The sample in high temperature exhibited slightly
lower voltage than other samples, possibly because the evapo-
ration of water in the sample limited its electrochemical reac-
tion. Due to the protection provided by the passivating oxide skin
and zero vapor pressure of the ionic liquid, the device remained
shelf-stable after being manufactured without self-discharge, as
demonstrated by a sample resting in ambient environment for
seven days (Figure 3f). These results demonstrated good stability
of these stretchable batteries.

2.4. Applications of Liquid Metal Emulsion-Based Devices

Despite the peak voltage output of the liquid metal battery is lim-
ited to ∼500 mV, it is possible to increase the voltage by connect-
ingmultiple devices in series. As an example, we combined eight
devices to boost the output voltage (Figure 4a). Here, the emul-
sion in each device was constrained in their individual chamber
and separated by silicone rubber, but the anode of one chamber
was electrically connected to the cathode in the next chamber. The
induced energy of this composite device was sufficient to power
an LED (light emitting diode) when the soft battery was stretched
(Figure 4b,c; Movie S2, Supporting Information).
We can also use this type of liquid metal emulsion-based

device as a sensor without external power because it intrinsi-
cally responds to mechanical changes. We fabricated a soft self-
powered keypad that produced voltage changes when the buttons
were compressed (Figure 4d,e). The embedded rigid anodes de-
flected and ruptured the liquidmetal oxide in the emulsion, caus-
ing a sudden change in voltage output. A microcontroller regis-
tered these transient voltage changes and sent signals to a com-
puter, which displayed the corresponding characters (Figure 4f;
Figure S12 andMovie S3, Supporting Information). The simplic-
ity of this self-powered sensor design allows scalability and easy
integration with other electronic components.

3. Conclusions, Limitations, and Future Work

We presented a method to induce electrochemical energy con-
version from liquid metal by rupturing its outer oxide skin. The

chemical energy of the spontaneous re-formation of the liquid
metal oxide layer converts to electrical energy and it can be used
as a new type of soft battery. Based on this technique, we demon-
strated a stretchable battery design featuring an emulsion com-
posed of liquid metal and ionic liquid. This simple structure
was capable of producing up to ∼500 mV and 3.5 𝜇W of power
when stretched. Protected by the liquid metal oxide skin, the de-
vice has great stability and performs well in a variety of harsh
environments. The battery delivers power on demand and re-
mains dormant at rest. It can power other electronic compo-
nents and can also serve as a self-poweredmechanically-activated
sensor. The device design is general, customizable, and easy to
implement. Other manufacturing techniques may also be used
for achieving scalability, such as 3D printing,[28] lithography,[62]

continuous flow sonication,[63] and parallelization of emulsion
production.[64] These features make it a desirable candidate for
soft and stretchable energy devices. This technology is also par-
ticularly suitable for other low-power applications, such as strain-
activated electronic switches, vibration-sensitive detection sys-
tems, and hibernating devices that can be woken up by external
mechanical events.
It is possible to further improve the output energy of this

type of system. For example, there are other metal elements that
develop oxide layers more easily than gallium according to the
standard Gibbs free energy of formation of their corresponding
oxides (Figure S13, Supporting Information).[47,65] We can in-
crease the open-circuit voltage of the electrochemical cell by dop-
ing gallium-indium liquid metal with metal elements that have
lower standard reduction potentials and may form oxide pref-
erentially over gallium. One of the potential candidates is alu-
minum. Aluminum-doped liquid metal can produce 1.951 V of
maximum voltage in theory,[47,66] which is promising as a stretch-
able battery or self-powered sensor for many future applications.
Some rare-earth elements can also produce higher voltage, but
their applications may be limited due to supply shortage and
high cost.
We note that the output current was not optimized in this

study and it could be improved by adjusting the conductivity
of the liquid metal emulsion. For example, metal-containing
ionic liquids are highly conductive electrolytes with increased
current densities.[67] Polymeric ionic liquid electrolytes also ex-
hibited high ion-conductive properties in battery systems.[68,69]

In addition, because copper wires are susceptible to corrosion
when exposed to liquids,[70] other materials for the wires could
be more suitable to avoid any potential long-term corrosion. Fu-
ture investigations may also involve exploring other electrolytes
(organic solvents and potential impurities in ionic liquids) and
implementing strategies to make this device rechargeable, such
as ionic liquid-based electrolysis.[71,72] Altogether, this technology
may inspire new battery designs featuring liquid metal surface
oxide and open up new opportunities to harness their inherent
energy for self-powered soft devices.

4. Experimental Section
Materials: Liquid metal (Metspec 60, 5N Plus), ionic liquid (1-ethyl-

3-methylimidazolium dicyanamide, Basionics VS 03, ⩾ 98%, BASF SE),
sodium chloride (99+%, Acros Organics), sodium hydroxide (⩾ 98%,
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Figure 4. Applications of the liquid metal emulsion-based device. a) A liquid metal battery comprised of multiple interconnected devices. b) The
stretchable battery was capable of powering a LED. The circular inset images showed the same LED in a darker environment. Scale bar represents
10 mm. c) Peak voltage and current of the device under strain of 0.3 at 0.5 Hz. d) A soft keypad that responds to compression without external power.
A microcontroller processes the voltage signal and sends it to the computer for display. e) The compression-responsive keypad reacts to mechan-
ical inputs by a finger. Scale bar represents 10 mm. f) Derivative of voltage with respect to time of the six buttons of the keypad when they were
pressed.
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Sigma–Aldrich), fumed silica (Aerosil R 104, Evonik), and Ecoflex (00-30,
Smooth-On) were used as received.

Scratching Liquid Metal Surface: A plastic needle (SmoothFlow Ta-
pered PrecisionDispense Tip, Gauge 27, Nordson) was secured on a linear
stage (ATS150, Aerotech) of a custom gantry system (Aerotech). The con-
troller of the gantry system (A3200, Aerotech) was programmed to move
the needle at a velocity of 40 mms-1. The timestamps of the beginning
and the end of the movement of the needle were recorded for the dis-
placement curves. Liquid metals were injected into a 3D-printed container
(Form 3+, Formlabs) with two chambers. Ionic liquid was poured into the
container and fully covered the surfaces of liquid metals. A digital multi-
meter (34465A, Keysight) was used to record the voltage or current be-
tween the liquid metals in the two chambers through tinned copper wires.
The wires were electrically insulated from the liquid electrolyte and were in
contact with liquid metals only. The electrochemical measurements were
performed on a potentiostat/galvanostat (Interface 1010E, Gamry Instru-
ments).

Estimation of Reaction Lifetime of Forming Gallium Oxide: The melting
point of eGaIn changed depending on its composition. It transitions from
15.7 °C (below room temperature, 24 wt.% of indium) to 22.2 °C (room
temperature, 28.7 wt.% of indium).[53] The mass of EGaIn in a chamber of
the container was 3.69 g. The liquid metal will not solidify until 0.71 g, or
0.0102 mol, of gallium is consumed. This process will transfer 0.0306 mol
of electrons, which is equivalent to a theoretic capacity of 222.3mAh · g−1.
Based on the maximum output current (11.5 𝜇A, Figure 1f), the process
of formation of gallium oxide can last at least 2.6 × 108 s (8 years). At 1
A, a typical discharge current of alkaline batteries,[73] the reaction can last
2.9 × 103 s (49 min).

Preparation of Liquid Metal-Ionic Liquid Emulsions: Liquid metal and
ionic liquid were weighed into a 20 mL capacity plastic cup and mixed
in a SpeedMixer (DAC 150.1 FVZ-K, FlackTek) at 3500 rpm. Fumed silica
was added to this mixture and mixed at 3500 rpm (Figure S3, Supporting
Information). See Table S2 (Supporting Information) for details about the
masses of each component and mixing time.

Optical Image of Liquid Metal-Ionic Liquid Emulsion: The microscopic
image of the liquid metal-ionic liquid emulsion was captured by a camera
(U3-30C0CP Rev.2.2, IDS Imaging) with a miniature microscope system
(InfiniTube FM-200, Infinity; Achrovid 10x objective, Infinity). The particle
size distribution was determined by importing a microscopic image into
an image analysing software (ImageJ2), segmenting the image to binary
format (Huang thresholdingmethod, Black and white color), and then cal-
culating the diameters of the particles based on elliptical approximation
(circularity 0.00–1.00) (Figure S4a,b, Supporting Information).

Pulling Wire Inside Emulsion: The liquid metal-ionic liquid emulsion
was transferred to a 3D-printed container (Form 3+). Two tinned copper
solid-core wires, stripped of their insulating layers, were inserted in the
emulsion through holes in the container. One of the wires was secured on
a linear stage (ATS150) of the gantry system. The controller of the gantry
system (A3200) was programmed to pull and push the wire at a velocity
of 40 mm s-1 while a digital multimeter (34465A) was recording voltage
or current.

Fabrication of Stretchable Devices: The main part of the silicone rubber
packaging was made by pouring a mixture of equal weight of Ecoflex 00-30
Parts A and B into a 3D-printed mold (Form 3+) and then demolded after
curing in room temperature for 4 h. The liquid metal-ionic liquid emul-
sion was then transferred to the center chamber of the silicone rubber
packaging. Two tinned copper wires were placed inside the emulsion. Fi-
nally, additional mixture of equal weight of Ecoflex 00-30 Parts A and B was
poured on the top of the device and allowed curing in room temperature
for another 4 h (Figure S6, Supporting Information).

Characterization of Stretchable Devices: The devices were secured on
the linear stage (ATS150) of the custom gantry system through a pair of
metal clamps and a custom fixture. The controller of the gantry system
(A3200) was programmed to stretch and release the devices while a digi-
tal multimeter (34465A) was recording their voltages or currents. For tests
with different external loads, the output voltages and currents were mea-
sured separately. The voltage data was obtained by connecting various re-
sistors in parallel with the measurement device while measuring its volt-

age (Figure S14a, Supporting Information), and the current data was ob-
tained by connecting various resistors in series with the measurement de-
vice while measuring its current (Figure S14b, Supporting Information).
The power was calculated by multiplying the respective voltage and cur-
rent. The stress-strain, stress-voltage, and stress-current curves were ob-
tained by applying uniaxial tensile stress to samples on a single-column
mechanical testing system (5944, Instron). The samples were stretched
and released at a speed of 40mm s−1 while a digital multimeter (34465A)
was recording their open-circuit voltages or short-circuit currents.

Characterization of the Keypad: The six buttons of the device shared
the same cathode and it was connected the ground pin of amicrocontroller
(UNO R3, Arduino). The anodes were individually connected to analog
input pins through bias resistors. The microcontroller sent voltage data of
six analog input channels to a Python program on a computer via serial
communication. The computer program detected the voltage changes of
the six channels and displayed button inputs on a graphical user interface.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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