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A Liquid Metal Artificial Muscle
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Artificial muscles possess a vast potential in accelerating the development
of robotics, exoskeletons, and prosthetics. Although a variety of emerging
actuator technologies are reported, they suffer from several issues, such as
high driving voltages, large hysteresis, and water intolerance. Here, a liquid
metal artificial muscle (LMAM) is demonstrated, based on the electrochemi-
cally tunable interfacial tension of liquid metal to mimic the contraction and
extension of muscles. The LMAM can work in different solutions with a wide
range of pH (0-14), generating actuation strains of up to 87% at a maximum
extension speed of 15 mm s~'. More importantly, the LMAM only needs a
very low driving voltage of 0.5 V. The actuating components of the LMAM are
completely built from liquids, which avoids mechanical fatigue and provides
actuator linkages without mechanical constraints to movement. The LMAM is
used for developing several proof-of-concept applications, including con-
trolled displays, cargo deliveries, and reconfigurable optical reflectors. The
simplicity, versatility, and efficiency of the LMAM are further demonstrated
by using it to actuate the caudal fin of an untethered bionic robotic fish. The
presented LMAM has the potential to extend the performance space of soft
actuators for applications from engineering fields to biomedical applications.

1. Introduction

The contraction and relaxation of muscles enable animals
to complete a variety of inspirational actions. For example,
cheetahs catch their prey at a speed as fast as 29 m s7!, and
Diomedea Exulans can fly continuously for dozens of days
with a flying distance of =9300 miles (=15000 km) without
rest.!l Inspired by the excellent performance of muscles in

nature, there is ever-increasing interest
in mimicking muscle movements such
as locomotion, lifting, rotation, and
bending.! Several categories of muscle-
like actuators have been developed over
the past decades. Actuators based on
dielectric elastomers,3! stimuli-responsive
polymers, shape-memory alloys,l’! and
carbon composites® offer lightweight,
compact, and cost-effective alternatives to
traditional electric, hydraulic, pneumatic,
and servo systems; however, these artificial
muscles suffer from issues such as high
driving potentials, low strain, and their
temporal responsiveness remain limited."!

Here, we demonstrate an actuator
using liquid metals based on gallium
(Ga). Ga can combine with several other
metals to form alloys with melting points
lower than room temperature. EGaln
(75 wit% gallium, 25 wt% indium) and
Galinstan (68.5 wt% gallium, 21.5 wt%
indium, 10 wt% tin) are two typical exam-
ples. Despite having low melting points,
these alloys are nontoxic and have effectively zero vapor
pressure at room temperature, making them safe to handle
and usel® As metals, Ga-based liquid metal alloys exhibit
high electrical and thermal conductivities, allowing them to be
chosen for a wide variety of applications in flexible and recon-
figurable systems, such as wearable electronics,””) reconfigur-
able radio frequency devices,!'”! and soft actuators.'12 Without
the presence of the oxide layer, Ga-based liquid metals have the

J. Shu, D.-A. Ge, E. Wang, H. Ren, X. Zhou, R. Li, H. Jin, S. Zhang
CAS Key Laboratory of Mechanical Behavior and Design of Materials
Department of Precision Machinery and Precision Instrumentation
University of Science and Technology of China

Hefei, Anhui 230027, China

E-mail: jhrdsp@ustc.edu.cn; swzhang@ustc.edu.cn

T. Cole, S.-Y. Tang

Department of Electronic

Electrical and Systems Engineering

University of Birmingham

Birmingham B15 2TT, UK

E-mail: S.Tang@bham.ac.uk

X. Li

College of Mechanical and Electrical Engineering

Soochow University

Suzhou 215000, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202103062.

DOI: 10.1002/adma.202103062

Adv. Mater. 2021, 33, 2103062 2103062

X. Li

State Key Laboratory of Applied Optics
Changchun Institute of Optics

Changchun 130033, China

W. Li

School of Mechanical, Materials, Mechatronic and
Biomedical Engineering

University of Wollongong

Wollongong, NSW 2522, Australia

M. D. Dickey

Department of Chemical and Biomolecular Engineering
North Carolina State University

Raleigh, NC 27695, USA

(10f10) © 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

largest interfacial tension (>600 mN m™, the value of which
depends on composition and environment) of any known room-
temperature liquid. And yet, such a large interfacial tension can
be manipulated electrochemically to near zero upon the appli-
cation of an oxidative potential in a solution.l'* An electrically
tunable interfacial tension provides an opportunity to create
substantial changes in force, and thus, converting electrical
energy into mechanical energy.>!% On this basis, we have been
impelled to investigate an innovative underwater actuator that
harnesses the liquid metal interfacial tension changes.

In this study, we developed a simple yet feasible strategy
for the fabrication of the LMAM with low driving voltages,
low hysteresis, and operable in aqueous environments. We
applied two copper (Cu) pads to anchor hemispherical droplets
of liquid metal that merge to form liquid bridges. The interfa-
cial tension of the sandwiched liquid determines the geometry
of the liquid bridge, including the gap between the two plates.
This configuration forms the basic unit of the LMAM that
can convert the change in interfacial tension into bidirec-
tional physical displacement. In addition, we investigated the
improvement of the actuation performance by introducing par-
allel and series assembly of the LMAM units. Proof-of-concept
experiments for providing oscillation and load bearing using
the LMAM were performed to demonstrate their capability in
realizing controlled displays, cargo delivery, and reconfigurable
optical reflector applications. Finally, to highlight the poten-
tial of LMAM for robotics, we applied the LMAM to propel a
robotic fish driven by an untethered bionic single-caudal fin.

2. Results

2.1. Actuation of Liquid Metal Artificial Muscles

Figure 1a shows the schematic of the assembled single LMAM
unit, which consists of four major parts: a pair of substrates, a
pair of Cu pads, electrolyte, and an EGaln liquid metal droplet.
The role of each part is elaborated below.

Substrates: The lower substrate was fixed and used to carry
the artificial muscle unit. Loads can be fixed on the upper sub-
strate and be driven up or down. In addition, a pair of Cu pads
were bonded on the upper and lower substrates, respectively.

Cu Pads: We exploited the excellent wetting performance
between Cu and liquid metal to anchor the liquid metal droplet,
which can adhere to clean and smooth Cu pads.'® The lower
Cu pad was also used as an electrode connected to an external
power source.

Electrolyte: We applied electrolyte as the medium for electron
and ion transmission for the electrochemical control of the
interfacial tension. Sodium hydroxide (NaOH) solution is one
of the most used electrolytes for liquid metal actuation. Most
experiments were carried out in NaOH solutions as they dis-
solve the oxide on the liquid metal surface and reduce ohmic
potential drop in the electrolyte to facilitate the rate of electro-
chemical reactions. Only the bottom part of the liquid metal
droplet needs to be immersed in the NaOH solution (Figure 1a).

Liquid Metal Droplet: The liquid metal droplet is the core
actuator of the LMAM as it provides deformation and actuation
force. Liquid metal was anchored on the Cu pad and immersed
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in the electrolyte. It formed a liquid bridge between the Cu
pads and connected the upper and lower substrates.

When we injected the EGaln droplet into the LMAM unit,
due to the adhesion between EGaln and the Cu pads, a cap-
illary liquid bridge formed across the gap between the pads
(Figure 1a). The presence of such a liquid bridge will lead to
interaction between the top and bottom substrates, which
can be attractive or repulsive depending on the shape of the
bridge. The force induced by the liquid bridge can be divided
into two parts: 1) the force generated by the internal pres-
sure of liquid metal acting on the wetting zone of Cu pads
along the vertical axis of the liquid bridge, F,; and 2) the force
generated by the interfacial tension of liquid metal acting on
the three-phase contact line, Fy, which is also along the ver-
tical axis of the liquid bridge.') The total capillary force F, is
a sum of contributions from the meniscus capillary pressure
and the interfacial tension, i.e., F. = F, + Fy. According to the
Young-Laplace equation, the pressure difference between the
inside and outside of the liquid metal side surface Ap can be
expressed as

Ap= y[1+1J i

n on

where yis the interfacial tension of liquid metal, r; is the prin-
cipal radius of curvature of the droplet side surface in planes
perpendicular to the substrate, and r, is the principal radius of
curvature of the droplet side surface in planes parallel to the
substrate. Since F, is independent of the choice of the cross-
section of the liquid bridge,!'® at the contact line on the Cu pad
surface, the force generated by the meniscus capillary pressure,
F,, can be expressed as

E,=nrlAp (2)

where r¢, is the radius of the Cu pad. The force induced by
liquid metal interfacial tension, Fy, can be expressed as

E, =-2rre,y sin6, (3)

where 6. is the contact angle between the droplet and the Cu
pads. Note that the negative sign in Equation (3) indicates that
F, is attractive between the two substrates. Considering the
weight of the upper substrate and liquid metal droplets, the fol-
lowing equation can be obtained

F-my,g-mpyg= n:rczuAp = 27re,y sin 6. —my g —miy g

- ,W[M_ 2sin6, ]—mmg—mmg 4)
nr,
=(m, +mu)a

where m,, and myy; are the masses of the upper substrate and
the liquid metal droplet, respectively, and a is the accelerations
of the upper substrate and the liquid metal droplet. F, cor-
responds to repulsion for Ap > 0, and to attraction for Ap < 0
(in the latter case the liquid bridge is catenoid-shaped with a
neck, as shown in Figure la). It is clear that the actuating

© 2021 Wiley-VCH GmbH
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Figure 1. Actuation of Liquid Metal Artificial Muscle (LMAM). a) Illustration of the assembled single LMAM unit in the extension state. b) Reduced
and oxidized states of a liquid metal droplet. c) lllustration of the assembled single LMAM unit in the contraction state. d) Exploded view of an LMAM
with four liquid metal droplets. e) lllustration of the layout of liquid metal droplets, Cu pads, and electrodes. f) Illustration of a LMAM bearing a load.
g) Top view and front view photographs of a LMAM in contraction and extension states (in a 0.6 mol L™' NaOH solution, actuated by 4 and —0.5 V).
h) A LMAM with four EGaln droplets actuates a 1 g weight (in 100 pL 0.2 mol L' NaOH solution, actuated by 4 and —0.5 V voltages at 0.25 Hz).
i) Displacement and force responses to voltage for the LMAM. Scale bars, 2 mm.

force of the LMAM can be controlled by altering the interfacial ~ synergetic effect to alter both Ap and §, achieving reversible and
tension y of liquid metal. Here, electrochemistry induces a  rapid contraction and extension of the LMAM.

Adv. Mater. 2021, 33, 2103062 2103062 (3 of 10) © 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

In the initial stage, the EGaln droplet is nearly spherical due
to its large interfacial tension (Figure 1b). Applying a voltage
between the lower Cu pad and a counter electrode in the elec-
trolyte can reduce (negative voltage) or oxidize (positive voltage)
the EGaln liquid bridge. When applying an oxidative potential,
the formation of an oxide layer can significantly reduce the
interfacial tension, while the application of a modest reduc-
tive potential (0.5 V) can restore the tension by removing
the oxide.*!) We adopted this principle to drive the LMAM.
When oxidized, the tension of the metal decreases significantly
and the distance between the plates decreases (contraction), as
shown in Figure 1c. When reduced, the metal returns to a state
of high interfacial tension, resulting in lengthening (extension)
of the artificial muscle (that is, an increase in the gap between
the two plates).

In order to obtain stable and effective actuating stroke and
force, we designed a device that integrates four LMAM units,
as shown in Figure 1d. We precoated a hydrophobic coating
on the bottom surface of the upper substrate to prevent the
formation of liquid bridges between the substrate and the elec-
trolyte that may impede the movement of the LMAM. We placed
four Cu pads (diameter of 2 mm, thickness of 0.01 mm) on the
substrate to anchor four EGaln droplets (each has a volume of
10 uL) and connected them to a power supply via four Cu wires
(Figure 1d,e). The ground electrode was placed in the center of
the substrate. Loads were placed on top of the upper substrate
(Figure 1f), and the actuation was transmitted by the upper sub-
strate to other external systems. Figure 1g shows the morpho-
logical change of the anchored EGaln droplets upon the appli-
cation of a reductive (0.5 V) or an oxidative potential (4 V) in
the 0.2 mol L' NaOH solution. The LMAM can swiftly contract
and extend under a load of 1 g, as shown in Figure 1h (see also
Movie S1, part 1, in the Supporting Information). In addition,
the LMAM has similar actuation performance in other elec-
trolytes, such as sodium chloride (NaCl) and hydrochloric acid
(HCl) solution (see Figure S1 and Movie S1, parts 2 and 3, in
the Supporting Information for details).

We designed a system to measure the stroke and actuating
force of the LMAM to characterize the actuation performance
(see Figure S2 in the Supporting Information for details).
Figure 1i shows the voltage applied, the displacement of the
upper substrate in the absence of an additional external load
(the upper substrate weighs 0.07 g) and the actuating force
of the LMAM under no load. In the initial stage, when we
applied a reductive voltage of —0.5 V, the LMAM was almost
identical to the zero-voltage state (indicated by the black dotted
line). Once the voltage was switched to 4 V, contraction of the
LMAM occurred with almost no delay (within 0.1 s). A max-
imum moving distance (stroke, Ad) of =1.1 mm, a maximum
pulling force (AF) of =16 mN and a maximum pushing force
of =43 mN were generated by the LMAM (the extension state
was selected as the initial state when measuring the maximum
pulling force). Since it is easier to directly measure the pulling
force when the LMAM is fully extended, we used AF to charac-
terize the performance of the LMAM at different operating con-
ditions, as discussed in the following sections. The strain and
stress of the LMAM reached 45% and 540 Pa, respectively. The
extension process of the LMAM was faster than contraction,
and it only took =0.13 s to return to its initial state. We believe
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that the difference between the time required for oxidizing
and reducing LM causes the different rates of contraction and
extension. The maximum current drawn from the power supply
during the actuation was =5.5 mA, and the average power
consumption was less than 6 mW (see also Figure S3 in the
Supporting Information), while other commonly used electric
artificial muscle shape-memory alloys (SMA) require several
watts of power consumption. "]

2.2. Factors Affecting the Actuating Performance

Whereas the LMAM exhibited different actuating rates in
contraction and extension, it exhibited similar mechanical
characteristics throughout a cycle (Figure 2a). The displace-
ment-force curve is linear with a coefficient of determination
of 0.992. Based on these cycles, we calculated some key attrib-
utes of LMAM, such as strain, work capacity, and efficiency,
and compared them with several typical artificial muscles, as
given in Table S1 (Supporting Information). The stroke of the
LMAM (Ad) reduces with the presence of the upper substrate
(Figure 2b). Apart from the factor caused by the additional
weight of the upper substrate, the wetting between liquid metal
and the Cu pads on the upper substrate causes a decrease in
contact angle, compromising the repelling force exerted on
the upper substrate and therefore reducing the stroke of the
LMAM.

From Equation (3), the interfacial tension force (F}) always
leads to attraction between the two substrates. However, a Cu
pad with a smaller diameter makes the liquid bridge form an
unduloid (see insets of Figure 2c), leading to a repulsive force
generated by meniscus capillary pressure (F,). Therefore, based
on Equation (4), we expected to see a significant increase in the
total capillary force (F.) by decreasing the diameter of the Cu
pad. Our experimental results verified this hypothesis, in which
we found that decreasing the Cu pad diameters led to a signifi-
cant increase in actuating performance, as shown in Figure 2c.
Although decreasing the diameter of the Cu pad can improve
the actuating performance, it makes the anchoring between the
LM droplets and the Cu pads unstable due to the insufficient
anchoring area, and also increases the difficulty for assembling
the LMAM. We eventually used Cu pads with a diameter of
2 mm to provide sufficient driving stroke and force, while pro-
viding stable anchoring to EGaln droplets. We also investigated
the effect of the shape of Cu pads and their coating materials on
the actuating performance, as detailed in Figure S4 (Supporting
Information). Interestingly, we found that increasing the EGaln
droplets sizes only has a minor effect on the actuation perfor-
mance. Ad and AF remain almost unchanged for droplets with
volumes between 10 and 40 pL (Figure 2d). A decrease in stroke
was observed if the droplet is too large (>40 uL) or too small
(<10 uL). From Equation (4) we can see that the contact angle 6,
affects the force induced by the liquid bridge. We measured 6,
for droplets with different volumes and found that the increase
in droplet size does not significantly change the contact angle,
as shown in Figure S5 (Supporting Information). We believe
that this is the main reason why increasing the droplet size has
a minor effect on the actuating force. As for the decrease in Ad
when the droplet volume exceeds 40 pL, this is likely because

© 2021 Wiley-VCH GmbH
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Figure 2. Parameters affecting the actuation performance. a) Displacement-force curves recorded at different cycles (activated by 4 to —0.5 V at
0.5 Hz). b) Change in the stroke with respect to voltage. Green curve represents LMAM loaded with a 0.07 g upper substrate and shaded areas represent
standard deviation. Changes in the actuation performance with respect to c¢) Cu pads diameters (activated by 4 to —0.5 V voltages at 0.5 Hz, in 100 uL
0.2 mol L' NaOH solution with 4 EGaln droplets, same conditions applied unless stated otherwise), d) EGaln droplets sizes. Changes in e) Ad and
f) AF with respect to different oxidative voltages and frequencies, the reductive voltage was kept at 0.5 V. Changes in the actuation performance with
respect to different g) concentrations of NaOH solutions, h) electrolyte volumes, and i) liquid metal types (at 40 °C). j) Changes in Ad as a function of
the applied oxidative voltages and the bearing weights. In the dead zone, the LMAM cannot actuate the weight. k) Force measured for ~4000 actuating
cycles over 2 h for a LMAM. Inset: displacement measurement for =4000 actuating cycles. Error bars represent standard deviation (n > 5). Curves in

(¢), (d), (g), and (h) are fitted based on experimental data.

the NaOH solution is not able to fully cover the droplet due to
its large size and therefore, the droplet cannot be fully oxidized
or reduced to provide a full stroke. We eventually used EGaln
droplets with a volume of 10 uL to provide sufficient stroke and
force while reducing the overall weight of the LMAM.

To optimize the electrical actuation performance, we investigated
the effects of voltages, sizes of Cu pads and EGaln droplets, as
well as the amount and concentration of NaOH solutions on the
stroke and driving force of the LMAM. Increasing the positive
voltage from 2 to 10 V allowed for a greater stroke and force. When
the oxidative voltage increased to 10 V (frequency of 0.25 Hz),
the stroke reached 2.2 mm, leading to a maximum strain of 86%.
Further increasing the voltage, however, reduced the amount of
achievable stroke without reducing the force (Figure 2e,(f). For
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EGaln droplets, a higher voltage led to faster oxidation, resulting in
a greater decrease in interfacial tension (relative to the initial state)
within a short amount of time. When the voltage exceeded 8 V,
violent electrolysis occurred in the electrolyte, and bubbles
generated from the electrodes blocked the contraction of the
LMAM. The actuation performance of the LMAM is also
affected by the frequency of the applied voltage, as shown
in Figure 2ef. In general, high voltages and low frequencies
lead to larger strokes and forces. The increase in frequency
significantly reduces the stroke and actuating force, as shown
in Figure 2e,f. When the frequency increases from 0.25 to 4 Hz,
Ad reduces from 1.0 to 0.7 mm and AF decreases from 12.6 to
0.6 mN. This decrease in performance arises because reducing
and oxidizing LM droplets requires sufficient time. Although

© 2021 Wiley-VCH GmbH
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increasing the voltage can improve the actuating performance
of the LMAM at high frequencies, it produces electrolysis of the
electrolyte.

The LMAM is capable of working in electrolytes with a wide
range of concentrations and pH. For NaOH solutions, droplets
are still able to respond to the applied voltage at a concentration
as low as 3 mmol L' to generate a 0.9 mN actuating force (see
the inset of Figure 2g). Increasing the concentration of NaOH
helps remove the oxide layer, thereby producing larger strokes
and forces until reaching its saturation point (=0.5 mol L7},
after which the actuating performance no longer increases. We
utilized a NaOH solution with a concentration of 0.2 mol L! for
the rest of the experiments. Improved actuation performance
was observed when we increased the volume of NaOH solu-
tion, as shown in Figure 2h. This is likely due to better contact
of solution with the liquid metal interface. AF rises steadily as
the volume of electrolyte increases, while Ad is saturated after
the volume reaches 90 nL. We observed that when the volume
of the solution increased from 60 to 210 pL, the immersion
depth of the droplets increased from 0.24 mm (=10%) to
0.85 mm (=35%). Insufficient electrolyte (<90 pL) causes insta-
bility of circuit connection, imposing a negative impact on the
actuation. However, too much NaOH solution also hinders
the contraction of the LMAM, causing saturation of Ad. We
eventually chose a volume of 100 UL to provide the optimum
performance. The LMAM can also operate in acidic (such as
HCI solution) and neutral (such as NaCl solution) solutions
over a wide range of concentrations (see Figure S6 in the
Supporting Information), and increasing the concentration of
electrolyte yields an increase in both Ad and AF.

Next, we investigated different types of liquid metal on the
actuation performance, as summarized in Figure 2i. Our exper-
iments show that EGaln provides the largest stroke, followed by
Galinstan and liquid Ga, whereas Galinstan provided the largest
actuating force, followed by liquid Ga and EGaln. The change of
the interfacial tension before and after oxidation affects Ad and
AF. The difference in the actuating performance with respect to
different types of liquid metals is likely due to the fact that the
interfacial tension of EGaln can be quickly reduced to near zero
at 4V, while Galinstan and Ga require a longer time or a larger
potential to oxidize to minimize their tension, as detailed in
Figure S7 (Supporting Information). Although all three metals
are known to form gallium oxide, the differences observed here
may arise due to differences in surface composition of the bare
(reduced) metal that result in different rates of conversion to
gallium oxide species.?!l We believe that the stroke is mainly
determined by the wettability between the liquid metals and the
Cu pad, while the actuating force is determined by the inter-
facial tension. EGaln has excellent wetting performance with
Cu, and Galinstan has a greater interfacial tension than the
other two liquid metals.[??!

The LMAM can provide bidirectional actuating forces, and
we investigated the actuation performance when the LMAM is
subjected to a downward load via placing weights on the upper
substrate. We summarized the results in a voltage-force contour
plot, as shown in Figure 2j. When the voltage was less than 4 V,
it was difficult for the LMAM to actuate a load above 0.4 g and
form an effective stroke (the “dead zone” in Figure 2j). A larger
actuating voltage enables the LMAMs to bear a greater load and

Adv. Mater. 2021, 33, 2103062

2103062 (6 of 10)

www.advmat.de

generate a larger stroke. When the voltage was 9 V, the LMAM
can bear a load of 1.2 g and generate a stroke of 1 mm. We also
observed that the LMAM can provide a greater power output
when the load increases and the actuating voltage keeps as a
constant (see also Figure S8 in the Supporting Information). In
addition, it is worth noting that the actuating force-to-volume
and force-to-mass ratios of the LMAM reach 850 N L and
0.14 N g7}, respectively. Due to the dominant role of surface ten-
sion on micro/nanodroplets,!?’ the actuating performance of
the LMAM can be greatly improved by scaling down.

We further examined the long-term performance of the
LMAMs by continuously operating and monitoring the displace-
ment and force, as shown in Figure 2k. The LMAM was driven
by a cyclic square wave voltage of 0.5 Hz (—0.5 to 4 V) for nearly
4000 cycles, and observed no obvious decline in performance.

2.3. Applications of LMAM

It is well known that the parallel connection of power supplies
in a circuit can increase the current output, while connecting
the supply in series can increase the voltage output. Inspired
by this, we expected to see an increase in actuating force and
stroke by assembling the LMAM units in parallel and series,
respectively. As shown in Figure 3a, we increased the number
of droplets from 4 to 10 (with a step of 2), resembling the
parallel connection of the actuating units (droplets were
evenly distributed around a circle with a diameter of 1.4 cm).
Increasing the number of droplets effectively improves the
loading capacity of the LMAM, and a LMAM with 8 droplets
was able to contract and extend under a load of 2 g (Figure 3b).
However, the actuating performance no longer increases when
the number of droplets exceeds the threshold (=6), as reflected
by the decreased force and stroke of the LMAM (Figure 3c).
We believe that the lack of synchronization between droplets
might be the main reason. To mimic the series connection of
power supplies in an electronic circuit, we further modified the
LMAM to realize the multilayer structured LMAM (Figure 3d,e).
Although the multilayer structured LMAM can provide better
performance than that of a single-layer LMAM (Figure 3f),
stacking adds extra weight to the system and may significantly
compromise the stability of the LMAM. A LMAM with more
than three layers is highly likely to collapse and cannot stably
and continuously provide actuating forces to external systems.
After examining the parameters affecting the actuating
performance, we further investigated the application of the
LMAM in fields of displays, cargo delivery, optics, and robotics.
By taking the advantage of high electrical controllability, we
explored the possibility of large-scale integration of the LMAM.
Figure 4a shows the display of “USTC” of two modes using
arrays of LMAMs, where individual LMAM was either in a con-
tracted state or in an extended state. The display modes can be
easily switched by changing the voltage (see also Movie S2 in the
Supporting Information). Furthermore, the integration of the
LMAM can form a tilt of the upper substrate through contracting
droplets at specific positions (II in Figure 4b). Such a capability
was demonstrated by realizing the transfer of a cargo between
the substrates along a curved trajectory to bypass an obstacle
(Figure 4c, see also Movie S3 in the Supporting Information).

© 2021 Wiley-VCH GmbH
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Figure 3. Parallel and series assembly of multiple LMAM units. a) Illustration of the droplet layout in parallelly assembled LMAMs. b) An LMAM composed
of eight droplets can swiftly actuate a weight of 2 g. c) Change in actuation performance with respect to the number of EGaln droplets. d) Illustration of a
three-layer LMAM. e) Photographs of the actuation of two-layer and three-layer LMAMs. f) Change in actuating performance with respect to the number
of layers of the LMAM. Error bars represent standard deviation (n > 5). Scale bars, 2 mm. Curves in (c) and (f) are fitted based on experimental data.

Leveraging the ability of tilting the upper substrate using
the LMAM, we adopted this feature for exploring applications
in a reconfigurable optical reflector (Figure 4d). One flexible
mirror (2 cm X 2 cm X 0.5 mm) was affixed on top of the upper
substrate to be used as a reflector. By selectively actuating the
droplets of the LMAM using different voltages, the reflector can
tilt and change the angle of reflection, as shown in Figure 4e.
When the maximum actuating voltage is 4 V, the reconfigurable
optical reflector can achieve a continuous angle adjustment of
up to 12° (-6° to 6°). Figure 4f demonstrates that the reflector
based on the LMAM is able to control the position of the
reflected light on a 2D screen to form various patterns.

Finally, we designed an untethered bionic robotic fish with a
single-caudal fin based on the LMAM, imitating a fish flapping
its caudal fin to swim forward (Figure 5a,b). A 3.7 V Li-ion bat-
tery and printed circuit board (PCB) used for actuation were
sealed in the fish head, and two thin wires with a diameter of
0.1 mm connected the PCB to the two Cu pads attached to the
fish tail. We balanced the fish by adjusting the position and
weight of the pectoral fins and the hollow chamber above the
tail. The actuating force of this fish comes from the reverse force
obtained by the caudal fin swinging. The caudal fin is driven by
the alternating contraction and extension of the LMAM on both
sides, as shown in Figure 5b. The caudal fin of the robotic fish
can reach a swing angle of 20° (in a 0.2 mol L~! NaOH solution)
when actuated by a 2 Hz, 74 V,,_, voltage, as shown in Figure 5c.
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Figure 5d shows the top view and the side view of the robotic
fish swimming in a NaOH solution (see also Movie S5 in the
Supporting Information). The fish can swim at an average speed
of 15 cm min~. Jet propulsion is a common actuating method
for underwater robots, which means that the robot could propel
fluid backward using gas bubbles to achieve forward movement.
To eliminate the jetting effect caused by bubbles generated by
electrolysis, we also measured the swimming speed of the fish
without the caudal fin for comparison (Figure 5e). This experi-
ments clearly shows that the driving force is mainly provided
by the actuation of the caudal fin. A 3.7 V, 80 mAh Li-ion bat-
tery can actuate the robotic fish to swim continuously for about
40 min. We also investigated the influence of frequency on the
swimming speed (see Figure S9 in the Supporting Information).
Increasing the swinging frequency resulted in a decrease in
swinging angle, and the optimum swinging frequency is 2 Hz.

3. Conclusion

In summary, this paper demonstrates a novel artificial muscle
based on the reversible and electrically controlled interfacial
tension changes of liquid metal droplets. This liquid metal
artificial muscle exhibits high strain of 45% (up to 86%) under
an input of 4 V at 0.25 Hz with negligible response time and
ultrafast extension within 0.14 s under a voltage of 1 V. The

© 2021 Wiley-VCH GmbH
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Figure 4. Examples of applications of the LMAM. a) Photographs of the LMAM for driving a two-mode display. b) Illustration and c) photographs of a
cargo delivery system based on the LMAM. d) Illustration of the reconfigurable optical reflector based on the LMAM. Photographs of the reconfigurable
optical reflector adjusting the reflection angle in e) one dimension and f) two dimensions. Scale bars, 1 cm.

LMAM is capable of working over a large pH and concentration
range and retaining high durability over 2 h in 100 uL electro-
lyte, without any distortion at 0.5 Hz frequency. By assembling
the artificial muscle units in parallel and series, the stroke and
actuating force can be further improved. Applications of high-
performance actuators with large strain under ultralow actu-
ating voltage emphasize the enormous potential in the field of
smart, flexible components including microfluidics, displays,
bionic soft robotics, and biomedical devices. As a result, a
bimodal display, cargo carrier, reconfigurable optical reflector
and a bionic robotic fish actuated by only one Li-ion battery
made with LMAM showed controllable and repeatable actua-
tion, demonstrating its possibility as an actuator being used at
scale. This study confirmed that actuators based on liquid metal
droplets enable successful robotic operation under low input
voltage, thus paving the way for more advanced technologies
based on micropower devices in the future.

4. Experimental Section

Materials: EGaln, Galinstan and gallium were purchased from
Santech Materials Co., Ltd. The Cu pads and wires were purchased
from Yuandelai Industrial Materials Co., Ltd (China). NaOH, NaCl,
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and HCl was purchased from Aladdin (China). The upper substrates
were made of polymethyl methacrylate (PMMA), and the “never wet”
(RUST-OLEUM, USA) was sprayed to make the upper substrates
hydrophobic. The lower substrate was printed by a 3D printer (Formlabs
Form2). The heater was purchased from yupus technology center (China)
and the weights were purchased from Yanheng (China). The AC voltage
was obtained by modulating the DC voltage with a micro controller
unit (Arduino Carduino UNO R3) and extra PCB. The DC voltage was
provided by a DC power supply (RIGOL DP832). Most bonding is
achieved with chemically inert UV curing adhesive (LEAFTOP, China).

Two-Mode Display: The displayer consists of 8 x 8 droplets, and the
voltage applied to each droplet was controlled by the microcontroller.
Blue and yellow stickers (YOUBISHENG, China) were pasted on the
upper substrate to facilitate readers to identity the status of the displayer.

Cargo Delivery: The cargo delivery system consists of 8 x 8 droplets,
and the voltage applied to each droplet was controlled by the
microcontroller. In the first stage, all the droplets were in the extension
state (-0.5 V) and the cargo was on the blue substrate (I in Figure 4b).
Then, the droplets at specific positions contracted (indicated by
the green arrows, 4 V) and caused the substrates to tilt or descend
(I in Figure 4b, white arrows indicate the tilt directions). The cargo slid
along the preset path under the action of gravity to complete the cargo
delivery (Ill in Figure 4b).

Reconfigurable Optical Reflector: The flexible mirror sticker was
purchased from QILING Co., Ltd. A spray bottle was used to
continuously spray water mist in the air to make the light path visible.
DC voltages of different amplitudes were used to control the angle of

© 2021 Wiley-VCH GmbH
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Figure 5. Untethered bionic robotic fish with a single-caudal fin based on the LMAM. a) Cross-sectional view of the robotic fish, in which a battery
and a control module is sealed in the head of the fish, and the caudal fin is fixed on the fish body by a shaft (orange part). Scale bar, 5 mm. b) Illus-
tration and c) photographs showing the swing of a caudal fin as an analogy of a fish. Inset: photographs of a carp swinging its caudal fin. Scale bar,
2 mm. d) Top view and front view of the robotic fish swimming in a NaOH solution (each of the EGaln droplet has a volume of 30 uL). Scale bar, Tcm.

e) Displacement vs. time plot of the robotic fish swimming in the solution.

the LMAM. The tilt angle was continuously changed by adjusting the
actuating voltage.

Untethered Bionic single-Fin Robotic Fish: The AC voltage actuating
the fish was also obtained by modulating the DC voltage, while the
microcontroller was replaced by a smaller STM8. A 2 Hz, 7.4 V,, AC
voltage was used to actuate the robotic fish, and the voltage came from
a 3.7V Li-ion battery (6 X 9 x 10 mm, 80 mAh, Damanyijia, China).

Videos and Photos: Videos were captured using a DSLR camera
(5D MARK2, Canon, Japan), and the snapshots were extracted from
these videos. The velocity data was obtained using a high-speed camera
(HERO 5, GoPro, USA).

Supporting Information

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