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Light-controlled versatile manipulation of liquid metal
droplets: a gateway to future liquid robots

Like cats obsessed with laser pointers, this work introduced
the concept of using laser light for complex and concurrent
manipulation of multiple liquid metal droplets without

using complicated, bulky systems. Selective activation of
phototransistors in an electrolyte using IR lasers to control
liguid metal droplets via Marangoni forces has the potential
to advance the development of field-programmable robotics
and droplet-based soft collaborative robots.
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The controlled actuation of liquid metal (LM) droplets has recently
shown great potential in developing smart actuating systems for
applications in robotics. However, there is a lack of a simple
approach for the precise manipulation of multiple LM droplets in
a 2D plane, which hinders the development of complex control over
droplets for realizing useful robotic applications. To overcome this
challenge, here, a versatile and powerful light-induced manipula-
tion of LM droplets is presented. The key principle is to selectively
activate phototransistors in an electrolyte using infrared laser
beams to electrically control LM droplets via Marangoni forces.
This approach shows the ability of inducing concurrent motion,
splitting, and merging of multiple LM droplets simply using light
without complex and bulky systems. Parameters affecting the
manipulation of LM droplets are thoroughly investigated. Moreover,
a vehicle carrier driven by wheels composed of multiple LM droplets
for making a light-controlled relay is demonstrated. We believe such
a light-induced control method for manipulating LM droplets has
the potential for advancing the development of future field-
programmable robotics and droplet-based soft collaborative robots.

Introduction

The controlled transport of discrete droplets using external
stimuli in fluidic environments, from nano to macro scales, has
drawn much interest for enabling a broad range of
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New concepts

This work pioneered the concept of using laser light for the complex and
concurrent manipulation of multiple liquid metal droplets without using
complicated and bulky systems. The result entails the merging of three
independent LM droplet control methods that have never been consid-
ered together: light, Marangoni force, and electrochemistry. Such a
control method is versatile yet powerful, which minimises hysteresis
and avoids altering the intrinsic properties of LM. We envisage that the
implication in materials science of this work is to provide new directions
and practical technical approaches for the development of collaborative
field-programmable intelligent materials.

applications, predominantly in sensing, biomedical, and
robotic fields."> Among the wide range of external stimuli
based on mechanisms of chemical, magnetic, optical, thermal,
electrical, and mechanical that have been used for motion
control, the use of light is particularly attractive as it can induce
effects (e, photoconductive,’  photothermal,”
photocatalytic,’ photochemical,’ etc.) and can be easily controlled
in both space and time in a contactless manner. However, in
addition to complex control of multiple droplets simultaneously,
splitting and merging them are also a long-lasting challenge.
Gallium-based liquid metal (LM) alloys, including eutectic
gallium indium (EGaln) and gallium-indium-tin (Galinstan),
take advantage of the properties of both metal (e.g., high
thermal and electrical conductivities) and liquid (e.g., fluidity,
surface tension, and super cooling), which have enabled appli-
cations that cannot be achieved using common fluids such as
water or oil. Combining with the unique active interface that
leads to remarkable chemical, electromechanical, catalytic,
and biochemical properties, LM alloys have demonstrated
promising applications in fields of biomedicine,'*™* flexible
circuits,"®'* chemical sensors,">*¢ catalysts,’”'° nanomaterial
synthesis,?* > and microfluidics.>*** In particular, recent in-
depth exploration of the actuation,>>® deformation,””>° as
well as coalescence and separation®®*" of LM droplets provides
the possibility for realizing practical soft robots*> and even the

various
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concept of collaborative robots (cobots) powered by multiple
LM droplets.

It has been presented that droplets of LM can be used to build
actuators. They have been used for drug loading and releasing,**>*
micro-object transportation,® pumping fluids,*® and driving robotic
vehicles.*’° In order to achieve the actuation of LM droplets,
researchers have tried various physical and chemical methods.
The application of an external electrical potential gradient>>* is a
convenient method to generate Marangoni forces (gradients in
surface tension) for driving LM droplets in an electrolyte. However,
there is a lack of research on the precise motion control of LM
droplets in a two-dimensional (2D) plane. This is mainly due to the
fact that predicting the local electric potential gradient in a 2D plane
with the presence of conductive LM droplets is difficult, which
makes the simultaneous control over multiple droplets even harder.
Alternatively, ion imbalance can also induce a gradient of surface
tension to actuate LM droplets along a channel.*' Nonetheless, this
method cannot achieve the 2D motion of LM droplets since
diffusion of ions prevents continuous generation of the ion imbal-
ance. In addition, feeding the LM with aluminium inside a solution
can induce imbalance of surface tension,”” but controlling the
direction of motion outside a channel using this method is imprac-
tical. Apart from inducing imbalance of surface tension, magnetic**
and photochemical** methods can drive LM droplets but they need
to modify the LM by doping it with magnetic materials or coating
the surface with semiconductive particles. This not only changes the
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intrinsic properties of LM but also makes the driving systems
complicated and expensive.

Considering the vast potential that LM droplets can offer, and yet
current methods for manipulating them have many limitations, we
are impelled to develop a new approach that is capable of providing
versatile manipulation of multiple droplets, including motion, split-
ting, and merging. Here, we introduced a light enabled control
method using infrared laser and phototransistors for inducing
controlled actuation, splitting, and merging of multiple LM droplets
in a 2D plane. The key principle is to selectively activate photo-
transistors in an electrolyte using laser beams for achieving electrical
control over LM droplets using Marangoni forces. We thoroughly
investigate parameters that affect the manipulation of LM droplets,
such as the diameter of the laser spot, electrolyte concentration,
voltage, moving speed of the light, and the size of the LM droplet.
We further verified the possibility of realizing simultaneous cluster
control of droplets’ motion, splitting, and coalescence.

Results and discussion

The droplet control system is composed of an experimental
platform and control circuits, as shown in Fig. 1a and b. A circuit
board was placed in a container made of acrylic and connected to
the control circuits through a wire. The experimental platform has
441 copper electrodes arranged in 21 x 21 arrays (pitch of 5 mm),
and each electrode is connected to the Drain terminal of the
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Fig. 1 Experimental setup and working mechanism of the system. (a) Schematic diagram and cross-sectional view of the experimental platform.
(b) Schematic diagram of the control circuit for each electrode. S1 is p-MOSFET; R1, R2, and R3 are resistors with resistances of 47, 45, and 56 kQ,

respectively; VD1 is a Zener diode; Q1 is a NPN bipolar junction transistor

(BJT); VT1 is a phototransistor. (c) Sequential snapshots for actuating a LM

droplet (diameter of 5 mm) under the guidance of a laser beam (spot diameter of 10 mm) at a steady speed in a NaOH solution (concentration of 1 M).
(d) Time-displacement plot of the light spot and the LM droplet. The residual error is the difference between the displacements of the light spot and the

LM droplet. Scale bar is 10 mm.
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p-type metal-oxide-semiconductor field-effect transistor (p-MOSFET)
in the control circuit. The control circuit for each electrode is shown
in Fig. 1b. A light sensor made of a phototransistor in the control
circuit was placed next to each copper electrode. A ring-shaped
graphite electrode connected to the cathode (ground) was placed on
the periphery of the circuit board. The circuit board was cast in
transparent epoxy, with only tips of copper electrodes were exposed.
All electrodes and LM droplets were immersed in a NaOH solution
during experiments.

If the light sensor is not exposed to the laser spot, the p-
MOSFET is in a cut-off state and the copper electrode is
inactivated. When the optical sensor is irradiated by an infrared
laser (wavelength of 940 nm and power density of 1 mW cm™?),
the p-MOSFET will be turned on, which will induce an electrical
potential gradient pointing toward the activated copper elec-
trode. The application of an external potential gradient in
the NaOH solution will change the distribution of charges in
the electric double layer (EDL) on the interface between the
solution and the surface of LM.>*** Such a change of charge
distribution will affect the local tension at the interface (y), as
described by the Young-Lippman equation:*

c
=705 (V= Vo)’ (1)
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where V, is the initial voltage drop across the EDL before
applying the external potential gradient, V is localized voltage
drop across the EDL, C is the unit capacitance of the EDL,
and 7y, is the inherent maximum surface tension without
the EDL.

In our system, the copper electrode is connected to the anode.
Upon activating the control circuit using light, an interfacial tension
gradient will be induced along the surface of the LM droplet, thereby
generating a Marangoni force to actuate the droplet towards the
activated electrode.>*?****®*” since all copper electrodes are sur-
rounded by the grounded ring-shaped graphite electrode (Fig. 1a),
the induced potential gradient is always pointing toward the
activated copper electrode and therefore, we expect that the LM
droplet will move toward the light spot despite its original position.
We verified this hypothesis by conducting an experiment with the
light spot continually moving along a straight line, as shown in
Fig. 1c (also see Movie S1, ESIT). A LM droplet was originally placed
at the edge of the experimental platform (at —2 s), and it immedi-
ately actuated toward the light spot as soon as the laser was activated
(at 0 s). The droplet stopped just below the light spot and then, it
was able to track the spot to move along a straight line. In order to
make the control process more clearly, we conducted an additional
experiment utilizing a visible red laser beam to guide the movement
of the LM droplet (see Movie S2, ESIY).
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Fig. 2 Investigating parameters that affect the actuating performance. (a) Effects of spot diameter on the droplet motion performance (droplet diameter

of 5 mm and NaOH concentration of 1 M). (b) Plots for concentration vs.

actuating velocity at different applied voltages (droplet diameter of 5 mm).

(c) Plots for droplet size vs. average velocity at different applied voltages (NaOH concentration of 1 M). (d) Plots for droplet size vs. tracking error. (e) Plots
for spot speed vs. tracking error (NaOH concentration of 1 M and laser spot diameter of 10 mm).
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We set the speed of the light spot at 3 cm s~ " and the laser-
guided LM droplet showed good tracking accuracy, as evi-
denced by the time-displacement curves for both laser and
droplet given in Fig. 1d. The maximum potential gradient exists
near the activated copper electrode, thereby inducing the
largest Marangoni force on the LM droplet near the electrode
before reaching the equilibrium position, which in turn gen-
erates a ‘trap’ to drag the droplet moving together with the light
spot. Such a light induced actuation method avoids using
complex pre-programmed control strategies, allowing for ver-
satile activation of any selected electrodes.

We next investigated the effect of different operating para-
meters on the guided actuating performance, including the size
of the light spot, electrolyte concentration, voltage, and the size
of LM droplet. By adjusting the diameter of the laser spot in the
centre of the experimental platform and measuring the average
velocity of the LM droplet placed 1 cm away from the centre of
the spot, we found that increasing the spot’s diameter can lead
to a higher maximum actuating speed of the LM droplet, as
summarized in Fig. 2a. This is because an increased laser spot
size can activate more copper electrodes, producing a larger
electrical current (see Fig. 2a inset) and generating a larger
driving force. Based on this, we can control the maximum
driving speed of the LM droplet by changing the light spot size.

We also explored the effect of NaOH concentration on the
actuating performance. A LM droplet was released at a distance
of 5 cm from the laser spot center, and we measured the
average velocity of the LM droplets after moving 3 cm in NaOH
solutions with different concentrations (Fig. 2b). For different
levels of applied voltages, as the concentration increases, the
average velocity of the LM droplet gradually rises due to the
increased charges accumulated in the EDL. This would induce
a larger gradient of interfacial tension along the LM surface
upon the application of an external potential. When the
solution concentration exceeds 1 mol L™, the velocity become
saturated due to the saturation of the initial EDL charge density
on the LM surface.

We next examined the effect of droplet size on the actuating
performance. For different voltage levels, the velocity of LM
droplets rises and then drops as the droplet diameter increases,
as shown in Fig. 2c. Increasing the droplet size can induce a
greater voltage drop between the two ends of the LM droplet in
the direction of the external potential gradient, thereby gen-
erating a greater gradient of interfacial tension for producing a
larger Marangoni force. However, the velocity decreases when
the droplet diameter exceeds 5 mm. This is likely because larger
droplets have greater inertia (therefore smaller acceleration)
and hydrodynamic drag. Meanwhile, a larger applied voltage
can form a greater interfacial tension gradient for generating a
larger actuating force to increase the velocity. However, exces-
sive voltage (>20 V) causes intensified electrolysis of the
solution.

Furthermore, we studied the effect of the size of the LM
droplet on the light-tracking performance, which was charac-
terized by the tracking error ¢ when the LM droplet tracked a
moving laser spot along a straight line. If y; and f; are the
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instant displacement of the LM droplet and the light spot at the
sampling point i, respectively, and j is the mean of the
displacement data obtained for all sampling points for the
LM droplet, then the sum of total squares SS.., the sum of
residual squares SS.s, and the tracking error ¢ can be
defined as:

SSior = Z i — )7)2 (2)
Ssres = Z (yi _ﬁ)z (3)
®

when the speed of the light spot is lower than 30 mm s %, ¢ is
small. However, ¢ rises with the increase in droplet diameter
and the speed of the light spot, as shown in Fig. 2d. Under
different spot moving speeds, ¢ for droplets with diameters less
than 7.5 mm is small, as shown in Fig. 2e. Also, a larger speed
will lead to a higher value of ¢ for droplet of different sizes. We
can conclude that the optimum diameter of the LM droplet is
between 2.5 and 7.5 mm, and lowering the moving speed of the
light spot also gives rise to a better tracking performance. In
fact, the density of the electrode arrays significantly affects the
tracking performance, and we can improve the resolution of
droplet motion by increasing the number of electrodes per
unit area.

After understanding the light tracking performance of the
LM droplet along a straight line, we further investigated the
curved movement of the droplet on a 2D plane. A single LM
droplet was guided by a laser spot to move along trajectories of
characters of “U”, “S”, “T”, and “C”, as shown in Fig. 3 (also
see Movie S3, ESIt). During this process, the LM droplet
smoothly followed the path of the light spot with a near zero
tracking error, indicating that the light control method is
capable of guiding precise movement of a LM droplet along
any complex trajectories in a 2D plane. Besides, the speed of the
droplet was not compromised when moving along a curved
path. A relatively high actuating speed of 55 mm s ' was
achieved when guiding a LM droplet along an s-shaped trajec-
tory (letter ““S” in Fig. 3).

Leveraging the simplicity and versatility of the light guided
actuation, we further explored the concurrent control of multi-
ple LM droplets. Irradiating multiple laser beams simulta-
neously can activate electrodes in different regions, and this
will generate multiple local potential gradients for trapping
nearby LM droplets. We hypothesize that when multiple laser
spots move at the same time, nearby LM droplets will follow
these spots along different trajectories. We started examining
our hypothesis using two laser spots for actuating two LM
droplets, as shown in Fig. 4a (also see Movie S4, ESIt). The
two LM droplets successfully tracked the trajectories of circles
with different diameters, showing a promising multi-droplet
motion control. Based on this, we next demonstrated the
concurrent actuation of three and four droplets along different

This journal is © The Royal Society of Chemistry 2021
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“S", "T", and “C", respectively (droplet diameter of 5 mm, NaOH

concentration of 1 M, and laser spot diameter of 10 mm for all experiments). Scale bar is 10 mm.

paths using more laser spots, as shown in Fig. 4b and c (also see
Movie S4, ESIT), respectively. In fact, it is getting more difficult
to control individual droplets as their number increases due to
the interference between local droplet “traps”. We believe this
issue can be resolved by increasing the distance between LM
droplets, reducing the size of the droplets, and increasing the
packing density of copper electrodes and photosensors.

Above experiments have demonstrated the control of one
LM droplet using a light spot, it is natural to postulate that each
light spot can also guide multiple droplets. To show this, we
tested a vehicle carrier driven by LM wheels composed of three
LM droplets. The vehicle body was 3D printed using transpar-
ent resin, which consists of three cylindrical droplet holders
(diameter of 5 mm and height of 3.2 mm), as shown in Fig. 4d.
LM droplets were injected into the holders using a syringe.
Fig. 4e shows the control of the vehicle carrier using a laser spot
along complex 2D trajectories (also see Movie S5, ESIT). The
speed of the vehicle carrier is lower than that of a single
droplet. This is probably due to the fact that droplet holders
can compromise the generation of Marangoni forces. Harnes-
sing the capability of the vehicle carrier, we designed a light-
controlled relay to demonstrate the remote control of an
electronic circuit. In doing so, a copper bracket fixed with a
graphite rod was installed on a vehicle carrier driven by LM
wheels composed of four LM droplets (Fig. 4f). Two light-
emitting diodes (LED) were used to indicate the on-off of the
circuit. Under the guidance of the laser beam, the vehicle
approached the contact and connected the circuit (Fig. 4g).
Similarly, we can also disconnect the circuit by guiding the

This journal is © The Royal Society of Chemistry 2021

vehicle away using the laser beam, thereby achieving the
remote control of a circuit. Such a process is also shown in
Movie S6, ESL.t These results show that light guided LM
droplets has a great potential in advancing future droplet-
based cobots systems.

The shape of an LM droplet residing on a surface is the
result of the combined effects of surface tension and gravity,
therefore, it is possible to electrochemically change the surface
tension of the LM droplet to induce deformation and even
splitting. To achieve this, we used oblique-incident laser beams
to irradiate the phototransistor underneath the LM droplet to
activate the electrode. Fig. 5a shows the process of deformation
and splitting of a single LM droplet (also see Movie S7, ESIT).
Before activating the electrode, the oxide layer on the surface of
the LM droplet was removed by the NaOH solution so that it
can retain a spherical shape due to its large surface tension. As
soon as the electrode underneath the LM droplet was activated,
the LM droplet undergoes an electrochemical oxidation reac-
tion to form an oxide layer on the surface.**° In this process,
the rate of oxide formation is greater than its dissolution rate,
and the oxide film on the surface gradually accumulates. The
surface tension of the liquid metal drops sharply with the
formation of the solid oxide layer and the droplet begins to
flatten. Interestingly, a portion of the LM droplet tended to flow
away from the part touching the electrode and eventually
induced separation to form two droplets. After removing the
laser, the oxide on the surface of the droplet was rapidly
dissolved by the NaOH solution to restore the surface tension,
and the two droplets became spherical. We believe such a
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Fig. 4 Concurrent actuation of multiple LM droplets. (a) Snapshot of two LM droplets (diameter of 5 mm) moving simultaneously along circular
trajectories of different diameters. (b) Snapshots showing the concurrent actuation of three LM droplets (diameter of 5 mm). (c) Snapshots showing the
concurrent actuation of four LM droplets (diameter of 7.5 mm). (d) Schematic and actual image of a vehicle carrier driven by LM wheels composed of
three LM droplets. (e) Snapshot of the vehicle carrier guided by a laser beam for cargo delivery application. (NaOH concentration of 1 M, and laser spot
diameter of 10 mm for all experiments). (f) Schematic illustration of the light-controlled relay. (g) Snapshots of the light-controlled relay connecting and
disconnecting an external circuit to turn on and off LEDs. Scale bar is 10 mm.

separation process depends on the oxidative voltage and the
size of the LM droplet. As such, we investigated the interplay of
these two parameters for inducing droplet splitting, as shown
in Fig. S1, ESL.{

In addition to splitting, we demonstrated the capability of
the platform for controlled fusing of two LM droplets, as shown
in Fig. 5b (also see Movie S7, ESIT). We used two laser beams to
guide two LM droplets to approach and collide with each other.
At a relatively high speed, the two droplets can overcome the
surface tension barrier by inertia and finally merged into a
large LM droplet.

3068 | Mater. Horiz., 2021, 8, 3063-3071

Limitation of the technique

The method produces hydrogen and oxygen bubbles during the
actuating processes because of electrolysis. This may hinder the
actuation of the droplet. The produced gas can escape into the air
rather than accumulating in the platform, therefore, does not
pose a security hazard. Besides, an AC voltage with a DC offset can
be utilized to reduce the generation of bubbles. Moreover, the
resolution of the LM droplet actuation is limited by the density of
the electrode arrays. Improving the control precision by increasing
the density of electrodes is an available solution.

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Controlled splitting and coalescence of LM droplets. (a) Snapshots and illustration of the splitting of a LM droplet. (b) Snapshots showing the
merging of two LM droplets. (droplet diameter of 5 mm, NaOH concentration of 1 M, and laser spot diameter of 10 mm for all experiments).

Conclusions

In conclusion, we have reported on a versatile and powerful
light-controlled manipulation of LM droplets. We demon-
strated that such a method can readily guide multiple LM
droplets for inducing concurrent actuation, splitting, and mer-
ging. We showed the actuation of single and multiple LM
droplets along any arbitrary trajectory in a 2D plane. According
to our observations, LM droplets can follow trajectories of
infrared laser spots with good accuracy at desired speeds. The
actuation may be affected by the size of the LM droplet,
electrolyte concentration, voltage, as well as diameter, and
the moving speed of the laser spot. Controlled electrochemical
oxidation and splitting of a LM droplet was also achieved by an
oblique-incident laser beam. We envisage such a light induced
control method for manipulating LM droplets provides new
directions and technical approaches for pioneering future
research in fields of MEMS, field-programmable robotics, and
droplet-based liquid cobots.

Experimental section

Materials

EGaln alloy (75% Ga, 25% In) was purchased from Santech
Materials Co., Ltd, USA. NaOH was purchased from Aladdin,
China. Transparent epoxy adhesive was purchased from Dong-
guan Jinkun Composite Materials CO., Ltd, China. Lasers (wave-
length of 940 nm and Maximum power of 10 mW) were
purchased from Zhongshan Shuanghong Electronics Co., Ltd,
China. Phototransistors (activating wavelength of 940 nm) were
purchased from EGing Photovoltaic Technology Co., Ltd, China.

This journal is © The Royal Society of Chemistry 2021

Control of LM droplets

The laser moved along trajectories of characters of “U”, “S”,
“T”, and “C” in the track made of acrylic. A servo motor was
used to control two laser beams to drive two LM droplets to
track the trajectories of circles with different diameters. The
movement of the lasers along a straight path was controlled by
a linear translational stage.

Vehicle carrier

The vehicle body was 3D printed using transparent resin, which
consists of three cylindrical droplet holders (diameter of 5 mm
and height of 3.2 mm). Cylindrical droplet holders have four
holes on the upper surface to facilitate the injection of LM
droplets and allow the solution to enter the cavity.

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).
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