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A Flexible Loudspeaker Using the Movement of Liquid Metal
Induced by Electrochemically Controlled Interfacial Tension
Sang Woo Jin, Yu Ra Jeong, Heun Park, Kayeon Keum, Geumbee Lee, Yong Hui Lee,
Hanchan Lee, Min Su Kim, and Jeong Sook Ha*
sound-producing mechanisms based on
dynamic,[2] piezoelectric,[6,15,16] electrostatic,[5] and thermoacoustic[3,7,8] principles have been reported. The loudspeaker
based on the dynamic principle is driven
by Lorentz forces, which are formed
through
electromagnetic
interaction
between the permanent magnet and the
current-carrying voice coil.[2,17,18] In piezoelectric principle, vibration is generated by
applying electric field to aligned dipoles
in the piezoelectric materials.[6,15,16] The
electrostatic force generated by the applied
high voltage to the stator is also used in the
loudspeaker.[5] While those three sound
generating methods are all based on electromagnetic interactions, recently reported
thermoacoustic devices generate sounds
by vibrating surrounding air through
thermal expansion and contraction using
Joule heat.[3,7,8] Even though such thermoacoustic devices have been actively researched as thin film
wearable acoustic devices owing to the application of nanomaterials, the power consumption is relatively high at the level
of several watts, and the sound generation is reduced in the
low frequency audible band.[5,19,20] Dynamic method has been
widely used in commercial acoustic devices, but it was difficult
to apply to wearable system because of the use of both rigid
magnet and metal voice coil. In our previous work, a stretchable
dynamic acoustic device was introduced by replacing a rigid
metal voice coil with a liquid metal embedded channel.[2] However, there was still a limit to use rigid NdFeB magnets for sufficiently high sound pressure output. In this study, we introduce
a flexible sound source made of gallium-based liquid metal but
driven by a magnet-free electrochemical principle.
Gallium-based eutectic liquid metals have been actively
studied as next-generation flexible conductors. Among them,
Galinstan is a eutectic alloy of Ga (68.5%), In (21.5%), and Sn
(10%), which is in a liquid phase at room temperature due to
its low freezing point (−19 °C) and has a high electrical conductivity (3.46 × 106 S m−1 at 20 °C) while being capable of
various deformations.[21–23] Additionally, this material has a low
vapor pressure, and the oxide film formed in the air improves
its mechanical and electrical stability. Furthermore, Galinstan
exhibits a much lower toxicity than mercury, which enables
its application to skin-attachable devices.[22,24] Because of these
properties, liquid metals have been actively studied as elastic conductors in a variety of soft electronic devices, including simple

A flexible liquid metal loudspeaker (LML) is demonstrated consisting of a
gallium-based eutectic liquid metal (Galinstan) and basic aqueous electrolyte
(NaOH(aq)). The LML is driven by liquid metal motion induced by the electrochemically controlled interfacial tension of the Galinstan in NaOH(aq) electrolyte under an applied alternating current (AC) voltage. The fabricated LML
produces sound waves in the human audible frequency band with a sound
pressure level of ≈40–50 dB at 1 cm from the device and exhibits mechanical
stability under bending deformation with a bending radius of 3 mm. Various
sounds can be generated with the LML from a single tone to piano notes and
human voices. To understand the underlying mechanism of sound generation
by the LML, motion analyses, sound measurements, and electrical characterization are conducted at various frequencies. For the first time, this work
suggests a new type of liquid metal-based electrochemically driven sound
generator in the field of flexible acoustic devices that can be applied to future
wearable electronics.

1. Introduction
With the advent of the fourth industrial revolution, media
access without time and space limitations have been realized
owing to the wireless Internet.[1] Accordingly, studies on soft
portable and wearable acoustic devices have been actively conducted to replace existing heavy and rigid loudspeakers.[2–8]
However, due to the lack of diversity in the driving principles,
limitations exist in the development of flexible acoustic devices,
including difficulties in deformability and the selection of
materials and structures. In particular, skin-attachable devices
are prone to be strained due to skin movements; therefore,
they are required to have mechanical stability under deformations.[3,9–14] Recently, deformable loudspeakers with various
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stretchable interconnections,[10,25,26] sensors,[27,28] actuators,[29–33]
electrochemical diodes,[34,35] and wireless antennas.[27,36,37] In
addition to these various applications, studies on the movement
of liquid metal by electrically adjustable interfacial tension in
the electrolytes have also been actively conducted.[29–33,38,39] Such
a phenomenon can be explained in terms of either electrical
double layer formation through the accumulation of charges
on the liquid metal surface[29,30,40] or the continuous formation
and removal of the oxide film, acting as surfactants.[31,38] In the
former method, the motion of the liquid metal is caused by the
Marangoni effect from the interfacial tension gradient, while a
spread of liquid metal is induced by gravity with a sharp decrease
in surface tension due to the surfactant in the latter case.
Most of the studies have been performed with an applied
direct current (DC) voltage, while a few reports have shown the
alternating current (AC) voltage-induced vibration of Galinstan
applied to pumps or stirrers.[29,30] In addition, many studies on
liquid metal antennas for generating electromagnetic waves
using very high frequency (Megahertz–Gigahertz) AC currents
have been reported as shown in Table S1 in the Supporting
Information. However, to the best of our knowledge, no study
on the loudspeaker generating sound wave in the audible
frequency band (20 Hz–20 kHz)[5] was reported using the
mechanical vibration of liquid metal.
In this work, we demonstrate a flexible liquid metal loudspeaker (LML) using the electrochemically induced motion of
Galinstan in a basic aqueous electrolyte. The LML is driven by
the previously reported electrochemically controlled capillarity
(ECC) phenomena. While the previous research on ECC focused
mainly on the flow motion of liquid metal using DC power, in
this study, we note that the sound can be generated through
repetitive vibration of liquid metal using AC power. Although
the required voltage is below 1 V and the current flowing in the
circuit is about several tens of milliampere, the fabricated device
produces 40–50 dB of human audible sound when measured at
a distance of 1 cm. This is because the ECC phenomenon can
change the interfacial tension of the liquid metal with low power
consumption. This work can lead to the development of device
interacting acoustically with humans, unlike wireless antennas
that can be applied to wireless powering of the active devices
or data transmission. The developed LML consists of two Galinstan-wetted copper (Cu) foil electrodes on a flexible substrate
in sodium hydroxide aqueous (NaOH(aq)) electrolyte. An elastic
polymer reservoir made of Ecoflex is used to prevent leakage
of the liquid electrolyte. With a variation in the concentration
of the NaOH solution, applied bias voltage, and volume of Galinstan, the acoustic performance is investigated to understand
the sound generation mechanism. Our LML exhibits mechanical stability under bending deformation with a bending radius
of 3 mm and reproduces the sound signal from a single tone,
piano notes, and human voices. This is the first demonstration
of a flexible loudspeaker based on sound generation by the electrochemically induced motion of the liquid metal Galinstan.

2. Results and Discussion
As shown in Figure 1a, the flexible LML consists of two
Galinstan-wetted Cu foil electrodes and a 1 m NaOH(aq)
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electrolyte on a flexible substrate. Here, the copper foil electrode
was used to hold the liquid metal in an oxide-free environment.
The structure is basically the same as that of an electrochemical capacitor. The developed device produces sound waves via
electrochemically induced motions of the Galinstan.[31,32,38,39]
Figure 1b illustrates the movement of Galinstan by the electrochemically controlled interfacial tension in the fabricated LML
and the generation of vibration when the AC signal is applied.
According to the polarity change of the electrode due to use of
AC input bias, the movement of the Galinstan can be schematically explained in Figure S1 in the Supporting Information. As
clearly demonstrated, repetitive oxidation–reduction induced
movement of the Galinstan drop can generate a sound by
vibrating surrounding medium. Briefly, when oxidative potential is applied to Galinstan, a thin oxide layer (Ga2O3) is formed
on the surface by the following reaction[31,41]
2Ga + 3H2O → Ga 2O3 + 6H+ + 6e − (1)
The shape of the liquid metal is formed when the interfacial tension and gravity are in balance.[32,38] Upon formation of
gallium oxide, the interfacial tension is reduced to induce the
spreading of liquid metal by gravity since the gallium oxide
acts as a surfactant. In addition to the gravity, interfacial tension gradients due to nonuniform distribution of oxide can also
influence on the shape since oxidation is more active on the
Galinstan surface close to the counter electrode. Such gradient
of the interfacial tension might cause a pressure differential
inside the Galinstan cap, inducing the flow of the liquid metal
toward the counter electrode.[29] However, when the reductive
potential is subsequently applied, the oxide film can be reduced,
which causes the Galinstan to retract instead of spreading. This
process is continuously repeated under an AC bias, causing the
liquid metal to vibrate. In this iterative process, the lifetime of
the device limited by the dissolution of gallium in the electrolyte was calculated by measuring the mass loss with operation
time, as described in Figure S2 in the Supporting Information.
A more detailed description of the working principle of the
LML is given in Figure 3a. Figure 1c shows the optical images
taken from the LML with the Galinstan/1 m NaOH(aq)/Galinstan system before and after the application of the AC signal.
Here, Cu electrodes (2.5 cm × 0.3 cm) were wetted with 80 µL
of Galinstan.
In all the figures related with the measurements in Galinstan/NaOH(aq)/Pt, the potential is noted as an effective potential
value of Vnet (= Vin − Vgalvanic), excluding the potential Vgalvanic
(≈1.4 V) due to the galvanic cell effect between Pt and Galinstan from the input potential (Vin). Therefore, in the case of the
open-circuit potential (Vnet = 0 V), the input voltage (Vin) applied
to the circuit is 1.4 V. The interfacial tension of the Galinstan
droplet according to the applied redox DC potential was measured by the sessile drop method, as shown in Figure 1d.[38,42]
The interfacial tension decreased with increasing oxidative
and reductive potentials. The largest interfacial tension value
of ≈500 mJ cm−2 was measured at a potential of zero charge
(Vnet = 0 V), consistent with the previously reported results.[38]
Symmetrical Galinstan/Cu electrodes were used to fabricate
the LML without such an undesired galvanic effect. In those
cases, Vnet is equal to Vin because Vgalvanic is zero in all acoustic
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Figure 1. a) Schematic illustration of the fabricated LML. b) Schematic illustration of the movement of Galinstan under applied oxidation and reduction
potentials, respectively. Here, the blue arrows indicate the flowing direction of Galinstan under applied oxidative and reductive potentials, respectively.
c) Optical images of the LML without (left) and with (right) applied AC voltage. (scale bar: 0.3 cm) d) Measured interfacial tension of the Galinstan
droplet according to the applied DC bias (Vnet). The inset images show the appearance of the Galinstan droplet according to the applied potential of
Vnet = −1.5, 0, and 1.5 V, respectively. e) Frequency response curve (SPL vs f ) of the LML.

measurements. A sinusoidal signal (1.6 Vpp) of the audible
frequency band (200 Hz–20 kHz) was applied to the LML to
induce the vibration of Galinstan, and a sound pressure level
(SPL) of 40–50 dB was measured at a distance of 1 cm from
the device, as shown in Figure 1e. This SPL (dB) corresponds
to about 2–6 mPa in pressure units by the Equation (2) below[43]
LP

p = p0 × 10 20 (2)
where, p0 is a reference sound pressure (20 µPa), p is a pressure (Pa), and Lp is a sound pressure level (dB). Here, 1 m
NaOH(aq) was used as an electrolyte. Video S1 in the Supporting Information shows that the fabricated LML can produce a human-perceptible level of sound. Further analyses were
conducted to understand the detailed driving principles and
characteristics of the developed LML.
To investigate the acoustic performance of the LML under
various conditions, SPLs were measured according to the
NaOH(aq) concentrations, amplitudes (Vin), and frequencies (f)
of the input signals. The shape of Vin was fixed with a sine wave.
First, as the Vin increased, the SPL generally tended to increase
in Figure 2. Figure S3a in the Supporting Information shows
that at higher input voltages, the redox current increased. As
the redox current increased, the redox reaction rate of Galinstan
became faster, and consequently, the motion of the Galinstan
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became faster.[31] Therefore, when the concentration of
NaOH(aq) increased from 0.1 to 1.0 m, the SPL at the same input
voltages was increased accordingly. This finding is due to the
decrease of impedance with the increase of the electrolyte concentration (Figure S4, Supporting Information), which leads to
an increase in the redox current. Impedance and SPL of the fabricated LML with high concentration NaOH electrolyte (>1 m)
were also investigated. As shown in Figures S4 and S5 in the
Supporting Information, increase of the concentration up
to 3 m resulted in the decrease of impedance but the increase
of SPL. The increase of SPL is attributed to the increase in the
redox current as a result of the decreased impedance. With
further increase to 6 m, there was no significant difference in
impedance compared to use of 3 m. Accordingly, no noticeable enhancement in the SPL was observed above 3 m regardless of the frequency. In addition, it was also confirmed that
the impedance of the LML was lower at higher frequencies due
to its capacitor characteristics, as shown in Figure S4 in the
Supporting Information.[44]
Although the SPL caused by liquid metal vibration depends
on voltage and current, it is also affected by various factors
such as the vibration characteristics of the liquid metal, electrolyte, and surrounding elastomer. The effect of these vibration
characteristics is expected to be a major factor in showing the
nonlinear response, especially in the low frequency band under
1 kHz. Optimizations for the response to low frequencies
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Figure 2. Acoustic performance according to the input voltage amplitudes (Vin) and electrolyte concentrations at a specific frequency of a) 0.3 kHz,
b) 0.5 kHz, c) 1.0 kHz, d) 5.0 kHz, e) 10 kHz, and f) 20 kHz, respectively.

would require careful tuning process through computer simulation and acoustical analysis. Interestingly, a threshold voltage
was observed at low frequencies below 1 kHz. Figure 2a,b
shows that the sound pressure was suddenly formed at an
input voltage between 0.8 and 1.2 Vpp at frequencies of 300
and 500 Hz, marked as yellow circles. It was shown that the
SPL was higher than the background (BG) noise by ≈20–30 dB
above those threshold voltages, but it was not distinguishable from the BG noise below the threshold voltages. This
discontinuity was neither sufficiently understood by the ohmic
relationship between the voltage and the current nor by the
impedance analysis. To understand this phenomenon, further
investigation was performed in the following parts.
To understand the motion of Galinstan under an applied AC
bias voltage, it is a prerequisite to understand the movement
of Galinstan under a DC bias voltage. As schematically illustrated in Figure 3a, when Galinstan is in the potential of zero
charge (PZC) state and the oxide layer of Galinstan is removed
by NaOH(aq) electrolyte, it has the largest interfacial tension.[38]
If a reductive potential is applied to the Galinstan, then positive
ions are adsorbed on the surface to form an electrical double
layer (EDL). This capacitive charging reduces the interfacial
tension (γ) of the Galinstan, i.e., electrocapillarity (EC) and it can
be expressed by the following Lippman’s Equation (3).[29,32,39,40]

γ (V ) = γ 0 −

C 2
V (3)
2

where γ0 is the interfacial tension at the PZC, C is the capacitance at the electrical double layer, and V refers to electrical
potential across the EDL with V = Vin − VPZC in this work. In
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contrast, when an oxidative potential is applied to Galinstan,
a gallium oxide layer is formed on the surface. These oxides
act as surfactants and reduce the interfacial tension of Galinstan.[31,38,45] Previous studies have shown that continuous
electrochemical oxidation and etching can induce the flow of
Galinstan, and this phenomenon is referred to as ECC.[31,38,45]
To understand the motion of the Galinstan according to the
applied AC signal amplitudes and frequencies in detail, realtime current measurement and Galinstan motion analyses
were performed, as shown in Figure 3b,c. The motion of the
Galinstan to the applied effective potential (Vnet) was recorded
in real time using a charge-coupled device (CCD) camera and
potentiostat equipment, as shown in Figure 3a. To clearly see
the change in the current and the movement of the Galinstan
according to the effective voltages (Vnet), square waves with a
constant voltage of 1.2 V were applied. The change in the current and the shape of Galinstan at the corresponding time were
measured when the net oxidative pulse of 1.2 V was applied to
the Galinstan, as shown in Figure 3b,c. Each pulse was applied
for 10 and 2.5 s, corresponding to 0.05 and 2 Hz, respectively.
During the remainder of the interval, an open-circuit voltage
(Vnet = 0 V) was applied. Current curves consisting of a peak
and plateau were obtained from the current measurement over
time. The formation of the peak and the rapid decline of current are mainly attributed to the formation of gallium oxide
and capacitive charging. When the gallium oxide thickens
or the electrode is fully charged, a plateau state with low current is maintained.[34,46] Interestingly, the rapid movement
of liquid metal occurred at very short time intervals near the
current peak between t1 and t2 in Figure 3b,c. At the current
plateau during the remainder of the interval between t2 and t3,
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Figure 3. a) Schematic illustration of the working principle of the LML under applied DC bias voltages. Analysis of Galinstan motion with an applied
square-shaped oxidative pulse for b) 10 s (equivalent to 0.05 Hz) and c) 0.25 s (equivalent to 2 Hz), with the corresponding images of Galinstan
droplets (scale bar: 1.1 mm).

the liquid metal showed a very slow motion or suspended state,
even though the oxidative potential was still applied. In addition, as the oxidative potential disappeared at t4, the grown
oxide layer was rapidly reduced away by NaOH(aq) so that the
liquid metal quickly returned to its original shape. During the
time between t5 and t6 in Figure 3b, when the current hardly
flowed, the movement of the Galinstan was negligible. In summary, at the moment when an oxidative potential began to be
applied to the Galinstan (between t1 and t2), the formation of
oxide at the surface causes the rapid movement of the liquid
metal.[31,38] After the decrease of the current due to the increase
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of oxide thickness, the motion of a Galinstan droplet induced
by the change of the interfacial tension reached equilibrium at
the point between t2 and t3.[34] In addition, when the open-circuit potential was applied right after the pulse at t4, the reverse
current was observed. This reversal might be attributed to the
reduction in the oxide layer by NaOH(aq) or the discharge of the
ions attached on the surface of the electrodes.
As shown in Figure 3c, the lowering of the interfacial tension due to the formation of oxide film occurs in a very short
time of about 0.05 s at a current peak between t1 and t2. On the
other hand, after removal of the applied oxidation bias voltage
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to liquid metal, the process of returning the liquid metal droplet
to its original shape occurs in a time about 0.5 s between t4 and
t6 in Figure 3c. Such a time difference can be related to the rate
at which the previously formed oxide film is dissolved by the
NaOH electrolyte. Therefore, it can be expected that the electrical oxidation of liquid metal occurs about an order of magnitude faster than the natural dissolution of oxide by NaOH(aq).
Measurements similar to those in Figure 3c were conducted
under a full cycle of AC pulse in Figure S6 in the Supporting
Information. Contrary to our initial expectation that the liquid
metal would pass through the highest interfacial tension state
at V = VPZC, where the oxidation voltage was changed to the
reduction voltage, liquid metals were converted rapidly from
ECC to EC without passing the PZC state. This is probably
due to the simultaneous removal of gallium oxide and the
formation of the electrical double layer on the droplet surface
by accumulation of cations.
It is worth mentioning that even at the reduction potential,
a current-time curve consisting of a peak and plateau, similar
to that under oxidative potential conditions, was obtained, as
shown in Figure S7 in the Supporting Information. However,
since the oxide film was not formed under the reductive potential, this phenomenon was purely due to ion charging on the
electrode surface. Thus, the reverse current generated at the
applied open-circuit voltage immediately after the application of
the oxidative pulse was higher than that of the reductive case,
indicating the formation of gallium oxide even under a very
short oxidation pulse.[34] Despite the fast oxidation rates, however, liquid metal is not expected to reach its final shape under
AC voltages with high frequencies but return to its original
spherical shape (PZC shape), unlike the case under applied DC
voltage in Figure 1d. If the liquid metal formed its equilibrium
shape, the redox current would be saturated. However, the
measured redox current was not saturated until the half
cycle ended at high frequencies and high applied voltages as
observed in Figure S3 in the Supporting Information. In addition, these time-dependent current measurements in Figure S3
in the Supporting Information could be a clue to understanding
the threshold voltage at the low frequencies of 0.3 and
0.5 kHz observed in Figure 2a,b. As shown in Figure S3b
in the Supporting Information, as the period of the pulse
became shorter at higher frequencies, the magnitude of current reduction became smaller. This behavior means that the

oscillation period of the Galinstan is close to the period of the
input signal as the frequency and amplitude of the input signal
increase. Moreover, at higher input voltages at the same frequency, not only were the overall current levels increased, but
the current decay to plateau was reduced, as shown in Figure S3b
in the Supporting Information. As shown in Figure S8 in
the Supporting Information, such a phenomenon was rarely
observed in the Pt/NaOH(aq)/Pt system, indicating that a slow
current decay at high voltage in the Galinstan/NaOH(aq)/Pt
system was associated with the oxidation and the resultant
motion of the Galinstan droplet. The higher the voltage is, the
larger the surface expansion (Galinstan motion) is.[38] During
this period of motion, electrochemical oxidation and chemical
etching occur consecutively, resulting in the slow current decay
due to the thickening of gallium oxide layers.[34] From these
results, it can be expected that the higher the frequency and
the higher the input voltage are, the closer the motion of the
Galinstan becomes to the input signal period. For the same
reason, when the input voltage was not large enough at low
frequencies, it can be deduced that the threshold voltage was
formed because the input signal period could not be satisfied,
and the amplitude of the droplet vibration was not sufficient.
After further studies with high frame rate and resolution-based
motion analysis in the future, we expect to provide a better
understanding of the working principles.
To investigate the effect of the Galinstan volume on the
acoustic performance, the SPL and impedance were measured. Figure 4a shows the measured SPL with a variation
in the volume of wetted Galinstan on the same sized Cu foil
(2.5 cm × 0.3 cm, channel gap: 2 mm). To investigate the contribution of the thermoacoustic effect to the acoustic performance
of the fabricated LML, a device using only Cu foil without
Galinstan was fabricated. SPLs of 10 and 30 dB were generated at frequencies of 5 kHz and 10–20 kHz, respectively, compared to the BG noise. At frequencies below 1 kHz, the signal
could not be distinguished from the BG noise. This finding
agreed with the thermoacoustic effect, which was favorable
to sound generation at higher frequencies. Compared to the
surface-wetted electrode (<5 µL electrode), the SPL increases
by 10–40 dB at frequencies above 5 kHz. Considering that
the impedance difference between the Cu electrode and the
slightly wetted electrode (<5 µL electrode) was very small and
that the decibel unit is a log scale, the main sound source was

Figure 4. a) Measured SPL according to the Galinstan volume with a variation in the frequency from 300 Hz to 1 kHz. b) Measured SPL according to
the Galinstan volume in the frequencies between 5 and 20 kHz.
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the vibration caused by the redox reaction of the Galinstan, as
shown in Figure 4 and Figure S9 in the Supporting Information.
It was observed that the volume of Galinstan required for
generating high SPLs was different depending on the frequency
of the AC input signal. At frequencies above 5 kHz, a larger
sound pressure of ≈10–40 dB compared to the BG noise was
formed, even with the <5 µL electrode; however, it was hardly
formed at frequencies below 1 kHz, as shown in Figure 4a,b.
This result seems to suggest that the shape change of liquid
metal be rarely caused with a small sized liquid metal.[47] In
addition, due to the characteristics of a low-frequency vibration
with long wavelength, it is expected that the vibration cannot
be smoothly performed under a certain volume of Galinstan.[48]
The effect of the gap distance between the two electrodes
on the device performance was also investigated. As shown in
Figure S10a,b in the Supporting Information, the impedance
of the device increased with the increase of the gap distance.
Accordingly, the performance of the acoustic device was
expected to degrade with the reduction of redox current. As
shown in Figure S10c,d in the Supporting Information, compared to the SPL of 6 mm gap distance, that of 2 mm gap is
noticeably higher over the whole range of frequency, consistent
with the lower impedance. However, the change of SPL at certain frequencies with increase of gap distance to 4 mm was not
consistent with the gap distance dependent behavior of impedance. This is probably due to the change in vibration characteristics of the device due to the change in the device structure. Next,
we investigated the mechanical stability of the fabricated LML
under bending deformation. Figure 5a,b and Video S2 in the
Supporting Information show that the sound was stably generated regardless of the bending deformation up to the bending
radius of 3 mm. In Figure 5b, SPL changed slightly with respect
to the bending, probably due to the change in the vibration characteristics by the change in the shape and stiffness of the driving
part and surrounding polymer reservoir.[49,50] The fabricated
LML played not only single-tone signals but also piano sounds
and human voices, as demonstrated in Figure 5c,d and Video S3
in the Supporting Information. As shown in Figure 5c,d, the
waveforms of the input signal and the output sound wave were
very similar. Slight differences between the input and output
waveforms were attributed to the ambient noise filtering process from the extracted audio signals as well as the distortion
caused by the frequency response of the device.
Of particular interest, the sound was observed to be much
larger and clearer when the microphone directly touched
the surface of the device, as shown in Video S4 in the Supporting Information. To verify this phenomenon, the frequency
response of the LML was measured in two different cases, as
shown in Figure 5e, namely the microphone is apart from the
LML through a 1 cm air gap and contacts the LML through the
poly(dimethylsiloxane) (PDMS) gap. Here, a 1 cm thick PDMS
block was inserted between the microphone and the LML to
keep the distance between the microphone and LML constant.
It was confirmed that when the microphone directly contacted
the PDMS gap, there was a sound enhancement of ≈20 dB
at frequencies below 3 kHz, as shown Figure 5f. Video S4
in the Supporting Information also shows that the encapsulation enhances the acoustic performance of the LML with
clearer sound, attributed to the reduction of distortion and

Small 2019, 1905263

noise caused by the vibration of liquid phase electrolyte.[51,52]
Thus, it indicates that the reservoir and the liquid electrolyte
surrounding the Galinstan electrode did not work as proper
diaphragms for the efficient conversion of the vibration of
Galinstan to sound. Instead of absorbing materials such as
PDMS and Ecoflex, use of other flexible polymers with smaller
thickness and higher modulus as a diaphragm might be better
for acoustic performance. However, PDMS and Ecoflex show
the advantage of high mechanical stability over the deformation. As shown in Figure S11 in the Supporting Information, it was confirmed that the elastic Ecoflex reservoir could
withstand a vertical pressure of 140 kPa under deformation.
However, bending with a bending radius smaller than 2 mm
caused the leakage of the electrolyte through the gap between
the Cu foil and the Ecoflex, since there appeared exfoliation of
the Cu foil from the surrounding polymer due to the induced
high pressure of electrolyte by the excessive deformation of the
device. These problems might be solved by using a gel electrolyte instead of a liquid electrolyte. It is also necessary to search
for safe electrolytes that can replace the currently used strong
base electrolytes (NaOH(aq)). In addition to the liquid electrolyte
issues, there was a problem associated with bubble formation
to be addressed for practical applications, which was reported
in previous studies.[31] Keeping the AC signal lower than the
water electrolysis voltage slows down the formation of bubbles,
but they slowly accumulated when the LML was encapsulated,
as shown in Figure S12 in the Supporting Information.
Problems associated with the fixation of Galinstan in an
oxide-free environment should also be addressed. In the present LML configuration, when the LML was tilted or bent, a
flow of liquid metal was observed as shown in Figure S12 in the
Supporting Information, which can change the acoustic properties. Also, the tilting or bending can cause the separation of
Galinstan from the Cu foil when the Galinstan volume exceeds
a certain critical level. This problem is likely to be improved
through the structural modification of Cu electrode or use of
gel electrolytes. It would be also interesting to control the viscosity of liquid metals to prevent the separation of Galinstan
from the Cu foil and to adjust the vibration characteristics of
the device. Various studies have been conducted to change the
properties of liquid metal by alloying metal nanoparticles to the
liquid metal.[22] Depending on the type of nanoparticles to add,
the magnetic properties or freezing point of the liquid metal
can be adjusted. In particular, addition of Cu nanoparticles can
increase the viscosity of liquid metal via electrochemical amalgamation. Since vibration characteristics are affected by the
viscosity or modulus of the material,[2] the frequency response
of the speaker with respect to the addition of nanoparticles can
be studied in future research. Considering these results, further
research is needed with respect to the materials and structure as
well as on the driving principle for more practical flexible LMLs.
Based on the measurements conducted in this work, we
can get relationships between the SPL and the experimental
parameters as follows: SPL∝I∝V, Z−1,CNaOH,d−1, where I is the
redox current, V is the amplitude of the applied voltage, Z is the
impedance of the fabricated device, CNaOH is the concentration
of electrolyte, and d is the gap distance between two electrodes,
respectively. At this moment, it is not possible to suggest an
analytical equation to explain the influence of the experimental
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Figure 5. a) A liquid metal loudspeaker (LML) that generates sound in a bent state (an image from Video S2 in the Supporting Information).
b) Frequency response (f vs SPL) according to the bending radius (r) of the device. Snapshots extracted from the Video S3 in the Supporting Information
and corresponding input wave signal and output sound wave generated by the LML. c) Piano notes and d) human voices. e) Experimental setup to
analyze frequency response in direct contact with microphone. f) Frequency response (f vs SPL) according to experimental setup in (e).

parameters on the device performance, for an example,
SPL, more quantitatively. However, we expect that in future
research, measurement of instantaneous velocity of vibrating
liquid metals using high speed microscopes or development of
appropriate physical models through computer simulations can
predict the device performance better. Perhaps it is also a good
approach to directly measure the force or pressure generated by
ECC phenomena using a very sensitive force gauge.

Small 2019, 1905263

3. Conclusion
We have shown that the sound generation by the electrochemically induced motion of liquid metal can be used as the driving
principle of a flexible acoustic device. It is confirmed that our
LML with a structure of an electrochemical capacitor composed
of two liquid metal electrodes and a basic aqueous electrolyte
generates sound successfully when an AC signal of the auditory
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frequency band is applied. The measured frequency response of
the LML and the recorded videos confirm that the LML works
well even when it is bent. In addition, systematic studies on the
various parameters influencing the SPL of the LML provide an
understanding of the sound generation mechanism to develop
practical flexible acoustic devices. This work demonstrates a
new way of facilely fabricating flexible loudspeakers that can be
applied to future wearable electronics.
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4. Experimental Section
Fabrication of a Flexible LML: The LML was fabricated by attaching two
Cu foils or Cu tapes to a flexible substrate (polyethylene terephthalate
(PET) film) with a constant channel spacing (0.2 cm) and wetting
Galinstan on a Cu electrode in 1 m NaOH aqueous electrolytes.[27]
Specifically, when the Cu foil was attached, uncured Ecoflex (smooth on,
Ecoflex 0030) was used as an adhesive. The thickness of the Cu foil was
20 µm. To prevent leakage of the electrolyte, a reservoir made of Ecoflex
was fabricated. This process was carried out by first fabricating the
reservoir-structured Ecoflex film and then pasting it on the preformed
electrodes using uncured Ecoflex as an adhesive. Ecoflex was cured by
heating in a 65 °C oven for 30 min using a mixture of the main and
curing agent with a mass ratio of 5:5.
Measurement of Acoustic Performance of the Fabricated LML: A desktopbased measuring system consisting of REW (Room EQ Wizard) software
and a microphone (Umik-1, miniDSP) was used to measure the SPL.
Measurements were carried out in a custom-made noise-proof box for BG
noise reduction. All the SPLs were measured with a microphone placed
1 cm apart from the LML. The input AC signal was applied using a function
generator (AFG-2125, GwInstek), and an oscilloscope (GDS-1072A-7,
GwInstek) was used to find the exact voltage applied to the device.
Measurement of Electrical Properties and Interfacial Tension of
Galinstan: Electrical measurements were carried out using a potentiostat
instrument. Since the redox reaction can simultaneously occur at both
electrodes with the device configuration of Galinstan/NaOH(aq)/
Galinstan as shown in Figure S13a in the Supporting Information, it was
difficult to observe the actual behavior of a Galinstan droplet. Thus, all
the measurements were done in the Pt/NaOH(aq)/Galinstan system
as shown in Figure S13b in the Supporting Information. When the
measurement was performed in the Pt/NaOH(aq)/Galinstan system, an
opposite voltage was applied to cancel the induced voltage due to the
galvanic cell effect. Unless otherwise noted, all impedance and current
measurements were carried out with an electrode of 2.5 cm × 0.3 cm
with 80 µL of wetted Galinstan and a Pt counter electrode positioned at
a channel spacing of 0.2 cm. During the measurements on impedance,
the shape of the electrode and that of Galinstan were kept constant. The
amplitude of the voltage for measuring impedance was set to 10 mV. For
the measurement of interfacial tension and motion analysis, an enamel
Cu wire was connected to the bottom of 40 µL of a Galinstan droplet,
and a Pt counter electrode was placed at a height of ≈0.2 cm from
the top of the Galinstan droplet. The input signal was supplied using
the potentiostat equipment, and droplet motion was recorded in real
time using a CCD camera of the contact angle equipment (phx300, SEO).
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