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A Wheeled Robot Driven by a Liquid-Metal Droplet

Abstract

The controlled actuation of gallium liquid-metal (LM) alloys has presented new and exciting opportunities
for constructing mobile robots with structural flexibility. However, the locomotion of current LM-based
actuators often relies on inducing a gradient of interfacial tension on the LM surface within electrolytes,
which limits their application outside a liquid environment. In this work, a wheeled robot using a LM
droplet as the core of the driving system is developed that enables it to move outside liquid environment.
The LM droplet inside the robot is actuated using a voltage to alter the robot's center of gravity, which in
turn generates a rolling torque and induces continuous locomotion at a steady speed. A series of
experiments is carried out to examine the robot's performance and then to develop a dynamic model
using the Lagrange method to understand the locomotion. An untethered and self-powered wheeled robot
that utilizes mini-lithium-batteries is also demonstrated. This study is envisaged to have the potential to
expand current research on LM-based actuators to realize future complex robotic systems.
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Abstract

Controlled actuation of gallium liquid metal alloys has presented new and exciting opportunities for
constructing mobile robot with structural flexibility. However, locomotion of current liquid metal-
based actuators often relies on inducing a gradient of interfacial tension on the liquid metal surface
within electrolytes, limiting their applications outside liquid environment. In this work, we develop a
wheeled robot using a liquid metal droplet as the core of the driving system for enabling the locomotion
of the robot outside liquid environment. We actuate the liquid metal droplet within the robot using a
voltage to alter the robot’s center of gravity for generating a rolling torque and therefore, inducing
continuous locomotion of the robot at a steady speed. We conduct a series of experiments to explore
the motion performance of the robot, and we develop a dynamic model using Lagrange method to
understand the behavior of the locomotion. Furthermore, we successfully demonstrate an untethered
and self-powered wheeled robot utilizing mini lithium batteries. Thus, we envisage that this study has
the potential to expand current research on liquid metal-based actuators to realize future complex
robotic systems.
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Some animals and plants smartly adopt wheeled mechanisms that exploit rotary mechanics for
realizing continuous locomotion!). For example, some caterpillars can curl into a wheel and generate
a rolling momentum to escape; and tumbleweed can detach from its root or stem, tumbling away in
the wind once it is mature and dry. Inspired by our nature, researchers have developed various rolling
robots that mimic the animals/plants rolling movements to interact with their environments?l. The
design of most rolling robots is based on the principle of altering their center of gravity (CG) to induce
a rolling momentum that causes a wheel or sphere to roll®). Robots based on the rolling locomotion
have relatively high velocity and flexibility, with simple and compact structures that can readily alter
their moving direction!*). Various actuators have been demonstrated for altering the CG of the rolling

robots, such as motors, shape memory alloys, and pneumatic actuators!®!.

Gallium-based liquid metal (LM) alloys, such as eutectic gallium indium (EGaln, m.pt. 15.5 °C)
and gallium indium tin (Galinstan, m.pt. =19 °C), is increasingly attracting researchers’ attention in
recent years. Harnessing the unique physical/chemical properties of the liquid metals, such as high
thermal/electrical conductivities, favorable flexibility, and capable of forming a thin oxide shell when
expose to oxygen!®l, many applications have been explored deriving from these properties, including
making chip cooling systems!”, forming 3D structures!®, fabricating flexible electronic components®),

s1%%%1 Moreover, liquid metal droplets have drawn attentions for

as well as producing 2D nanomaterial
forming innovative actuators since they can be manipulated using various methods adopting electrical,
magnetic, chemical and optical machenisms!'%, making them useful in microfluidics!'!! and robotics!!?.
However, coating or mixing the LM with other materials such as ferromagnetic microparticles, catalyst,
or aluminum strips, is generally required for actuating LM droplets using magnetic, optical or chemical
methods. This may significantly affect the intrinsic properties and compromise the liquidity of the LM.
Alternatively, actuating LM droplets using electrical approach can obtain a high locomotion velocity

with the minimum effect on the properties of LM. This is achieved by inducing an interfacial tension

gradient along the surface of LM droplet with the application of exterior electric fields!'*). Nonetheless,
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previous studies show that robotic systems driven by such a locomotion method can only be achieved
within a solution*"1%], and this greatly limits the scope of integrating LM as the core of the actuator
for forming a more complex system. Therefore, we have been impelled to investigate an innovative
method that can harness the actuation of LM droplets to enable the locomotion of a more complex

robotic system outside liquid environment.

Here, we report the design and investigation of a wheeled robot containing an EGaln LM droplet
and electrolyte within an enclosed system, and such an enclosed system is used as the core of the
driving module for enabling the locomotion of the robot outside liquid environment. The LM droplet-
powered driving module is controlled using a pair of electrodes. When applying a voltage to the
electrodes, the confined LM droplet can be actuated within an electrolyte and consequently, alters the
CG of the wheeled robot and continuously drives the wheel to roll at a steady speed. This implies that
the robot can actuate in an environment outside a solution. We conducted a series of experiments to
explore the parameters affecting the locomotion performance of the wheeled robot, such as the
diameter of the wheel, the voltage on the electrode, the volume of the LM droplet, and the
concentration of the electrolyte. We also developed a Lagrangian dynamic model to understand the
actuating mechanism and explain the locomotion behaviors of the wheeled robot. Finally, we
demonstrated a self-powered and fully untethered wheeled robot system carrying a mini cylindrical
lithium battery as the power source, and we found that the robot could successfully roll on a flat surface
at an angular velocity up to 1.8 rad/s. Our study certainly possesses the potential to significantly

broaden the applications of LM in robotic systems.
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Design of the wheeled robot. The wheeled robot consists of two major parts - the wheel body and the
driving module, as shown in Fig. 1a. The driving module consists of a LM droplet that is surrounded
by sodium hydroxide (NaOH) solution, and the droplet is driven by an electrode module that is
connected to an external power source through two fine enameled wires, as shown in Fig. 1b. The
wheel body is made of thin polymethyl methacrylate (PMMA) sheets (200 um), and the surface of the
PMMA is chemically treated to make it superydrophobic (contact angle of a water droplet is >150°),
the detailed manufacturing process is given in Supplementary Fig. S1. The bracket of the electrode
module is 3D printed and the electrodes are fixed at the both ends of the bracket (Fig. 1b). The electrode
module lies on the inner flanges of the wheel body supported by the sleeves. A LM droplet and NaOH
solution are injected between the two electrodes by a pipette. The wheel flanges confine the LM droplet
to form a long worm-shaped slug. The semi-closed design of the wheel body avoids the accumulation
of gas from electrolysis, and enables the movement of the driving module in the wheel. More details

of the robot are shown in Supplementary Fig. S2.

The driving module and its working mechanism are depicted in Fig. 1c. Upon the application of a
potential to the electrodes, a driving force, F, can be produced on the LM droplet to drive it towards
the cathode (Fig. 1¢)l'*?. Correspondingly, the LM droplet moves inside the wheel channel, and push
the electrode module along the wheel flanges. The distance between the two electrodes are carefully
adjusted to avoid the contact with the LM droplet. During the steady speed locomotion, the driving
force exerted on the LM droplet is balanced by the resistive forces including the viscous resistance
between the droplet and the surrounding NaOH solution, the friction between the LM droplet and the
wheel, as well as the friction between the electrode module and the flanges of the wheel (Fig. 1¢). We
observed that the LM droplet actuate towards the cathode. Such a cathode-oriented locomotion is
probably due to the bipolarization of the elliptical-shaped LM droplet within the confined channel, and
the formation of a gallium oxide layer on the anodic pole of the droplet significantly lowers its

interfacial tension!'). Consequently, the induced Marangoni flow from the area with a lower interfacial
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tension (anodic pole) drives the LM droplet towards the cathode instead of the anode, which is different
from our previously reported results on spherical-shaped LM droplet without bipolarization!'*]. The
superhydrophobic coating on the internal surface of wheel body decreases the viscous resistance.
Meanwhile, the Teflon tube sleeves on the four axes of the electrode module reduce frictional forces
between the module and the flanges of the wheel. Fig. 1d shows the rolling locomotion of an actual
wheeled robot (with a radius of 25 mm) driven by a 0.7 mL LM droplet merged within 500 uL 2 M
NaOH solution; the LM droplet was activated using a 15 V DC voltage (also see Supplementary Movie
S1). A rolling speed of 5.5 cm/s was obtained, and the time-displacement plot (inset of Fig. 1d) of the
wheeled robot indicates that the wheeled robot can roll with a steady speed at a steady angular velocity

w (2.2 rad/s).
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Figure 1. Working mechanism of the wheeled robot. (a) Explosive view and (b) 3D view of the
wheeled robot powered by an external power source. (¢) Schematic of the driving module and the
working mechanism. (d) Sequential snapshots for the actuation of an actual wheeled robot at a steady

speed, the inset shows the time-displacement plot.

Characterization of the actuating performance. We conducted a series of experiments to examine
the motion characteristics of the LM actuated wheel. We found that there are four main factors affect
the locomotion performance of wheeled robot, including /) the concentration of the NaOH solution C;
2) the supplying voltage U, 3) the volume of liquid metal Vpm; and 4) the radius of wheel R. Based on

the principle of control variables, we have carried out a series of experiments to explore the influence
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of these four factors. The locomotion performance of the robot is characterized by recording the rolling
speed w and the power consumption P. Fig. 2a displays the w and P of the wheeled robot with respect
to different concentrations C. We can see that w increases until C reaches 2 M, and the w decreases
despite the increased P at a higher C. Within a 2 M NaOH solution, we investigated the influence of
U on the locomotion performance of the wheeled robot, as given in Fig. 2b. The wheel cannot be
actuated when U is less than 7 V, and w increases until U reaches 15 V. However, @ of the wheeled
robot remains unchanged when the voltage is above 15 V. From this experiment, we can conclude that

the optimal operating voltage is 15 V.

Different volume of liquid metal droplets Viy and radius R of the wheels will also affect the
locomotion performance. Here, we operate the robot using a NaOH solution with the concentration of
2 M, and apply a 15 V supplying voltage for the experiment. With the increased Vi, both w and P
increases and reaches there maxima when V15 0.7 mL, as shown in Fig. 2c. We observed the decrease
of both @ and P when using a larger LM droplet. For different R, we found that the robot with an R of
22.5 mm exhibits a better locomotion performance than the robots with an R of 20, 25, and 27.5 mm
in most cases (Fig. 2d). At the optimum operating parameters of R =22.5mm, C=2 M, Vi =0.7 mL,
and U =15V, a maximum o of 2.5 rad/s can be obtained. We also monitored the change of pH for the
NaOH solution due to electrolysis during the experiment. Since we only used a small amount of NaOH
solution (C = 2 M) to operate the robot, we diluted the solution by 100 times so that a bench pH meter
can be used for the measurement. The pH of the diluted NaOH solution is ~12.04 before electrolysis,
and we found that no obvious change of pH could be detected until we operate the wheeled robot for

3 min, which the pH gradually increased to ~12.16.

We found that if the volume of LM droplet is too small (< 0.4 mL), the droplet will be in spherical
shape due to its large surface tension, also the droplet will actuate towards the anode. However, the
change of the CG is insignificant since the LM droplet is small and therefore, the induced actuation

force is not sufficient to produce enough rolling torque on the wheeled robot, as shown in

7
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Supplementary Fig. S3. On the contrary, if the volume of the LM is too large (> 1.2 mL), the droplet
will exceed the height of the flanges on both sides of the wheel, and the NaOH solution can spill out
of the wheel and hinder the movement of the wheel, as shown in Supplementary Fig. S4. For the wheels

with different diameters, there exists a reasonable range for the volume of LM droplet.

The influence of R on the motion performance of the wheel is rather a complicated problem. Usually,
for a LM droplet with a constant V7u, a wheel with a larger R means a larger frictional force needs to
be overcome during the rolling process. However, if R is too small, the friction between the sleeves
and the flanges becomes larger due to the increased contact angle, and the rolling speed will decrease
correspondingly. Therefore, our experiments show that a wheel with an R 0of 22.5 mm is able to provide

the optimum performance.
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Figure 2. Characterization of the locomotion performance with respect to different operating
parameters. (a) The influence of the concentration of the NaOH solution C. (b) The influence of the
supplying voltage U. (¢) The influence of the volume of liquid metal V7. (d) The influence of the

radius of the wheel and the volume of liquid metal R.

Dynamic analysis of the wheeled robot. In order to have a better understanding on the locomotion
performance of the wheeled robot, we derived a dynamic model for the rolling motion of the wheeled
robot on a flat surface based on Lagrangian method, as shown in Fig. 3a. The moving direction is
towards the x-axis. After ignoring the drag induced by air and the frictional resistance between the
robot and the floor, the whole system can be equivalent to two parts: /) the wheel body with the weight

of ms, radius of R and rotational inertia of /;; and 2) the driving module with the weight of m,,. Before
9
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applying an external potential, the wheeled robot is static on the flat surface at the contact point 4.
Once activating the robot, a driving force F'is exerted on the LM droplet towards the cathode, the force
would push the driving module to move along the flanges of the wheel, and the wheeled robot begins
to roll due to the unbalanced CG. After a period of At, point 4 reaches a new position and the wheel
body rotates 0 degree, while the driving module rotates o degree. Combining Lagrange equation (see

Supplementary Tab. 1), we can obtain the linear rolling equation of the wheeled robot as follow:

Mg+ Cmg +H=20Q (1)
where
Y= [Is + mgR? + m,R? + m,,,v?> — 2m,,Rr cos(a — 0) —m,,,v*> + m, Rr cos(a — 0)]
My, Rr cos(a — 8) — m,,r? My T2 ’

_[e _|myRr(a—0)sin(a—6) +& myuRr(6 —d)sin(a — )
1= la) CLM_[ “ o ( &3 l

= magrs[] 0= 2]

&s/Em denotes the viscous friction coefficient between the wheel body/LM droplet and the surrounding
electrolyte. The exerting point of the driving force locates at the CG of the LM droplet, and the distance
between the CG of the LM droplet's and the wheel's center » = R—h/2 (see Fig. 3a), where h is the

height of the LM droplet.

From our experimental results, we found that the locomotion of the wheeled robot could be mainly
separated into two stages: the accelerating stage and steady rolling stage. Once we activate the
electrodes, the liquid metal droplet inside the wheel is elongated firstly (0-200 ms) and rapidly pushes
the wheel to roll at a steady speed in less than 400 ms, as shown in Fig. 3b, (also see Supplementary
Movie S2). In other words, the wheeled robot starts at a high angular acceleration, and reaches a steady
speed in a very short amount of time. The dynamics of the rolling angle, rolling angular velocity and

rolling angular acceleration in the experiment are in good agreement with those from the simulation

10
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results according to our dynamic model, as shown in Fig. 3¢ (the parameters used for the simulation

are given in Supplementary Tab. 2).

When the locomotion process becomes stable, the LM droplet deviates from the vertical line at a
constant angle of fy. Combining the linear rolling Equation (1), we can calculate the angular velocity

 of the wheel at the stable rolling stage from the following Equation.

F-r
O et )

From the equation , we can see that o of the wheel is positively correlated with the driving force of

liquid metal F and the distance of 7; also @ is negatively correlated with the sum of the viscous friction

coefficient &+ &

From the actual experimental data given in Fig. 2, as the voltage U, the concentration C and the
volume Vpm increase, the bipolarization effect is becoming more significant and the driving force F
increases at first before reaching its saturation point. However, with the increase of C and Vim, the
viscous friction coefficient will also increase. Using Equation (2) we can explain the saturation trend
observed between @ and U (Fig. 2a), as well as between o and C (Fig. 2b). Meanwhile, with the
increase of U and C, the electrolysis of the NaOH solution also enhances, thus, the power consumption

of the system also increases (Figs. 2a and b).

11
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Figure 3. Dynamic model for the locomotion process of the wheeled robot. (a) Dynamic model of
the wheel powered by an external power source moving on a flat surface. (b) Sequential snapshots of
the wheeled robot during the locomotion process. (¢) Dynamic of the rolling angle, rolling angular
velocity, and rolling angular acceleration during the locomotion process from the simulation and

experimental results (R=25mm, C=2M, U=15V, Vitm=0.7 mL).

Developing an untethered and self-powered wheeled robot. After understanding the working
mechanisms and the operating performance of the wheeled robot, we designed and manufactured an
untethered wheeled robot that carries a series of mini cylindrical lithium batteries operated under the
optimum parameters obtained from our experiments, the structure of the self-powered wheeled robot
is given in Fig. 4a. We added two scaffolds onto the both sides of the wheel flanges so that the center
of the wheel could support the battery, and the addition of the scaffolds does not affect the movement

of the electrode module. Four mini lithium batteries were connected in series and placed in the shaft
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of the scaffolds. The batteries together can provide a 16 V voltage, and the capacity of each battery is
55 mAh. The total mass of the self-powered robot is ~11.27 g, and the mass of each component is
given in Supplementary Tab. 3. We found that the untethered wheeled robot is able to move smoothly
after switching on the power, reaching a steady angular velocity of 1.8 rad/s, as demonstrated in Fig.
4b (also see Supplementary Movie S3). The relationship between the displacement and the time is

presented in the inset of Fig. 4b.
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Figure 4. Demonstration of an untethered and self-powered wheeled robot driven by liquid metal
droplet. (a) Structural design of the wheeled robot (R =22.5mm, C=2M, V=0.7mL, U=16 V).

(b) Sequential snapshots and time-displacement plot for the untethered wheeled robot.
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In summary, we demonstrated the development of a wheeled robot driven by an EGaln LM droplet.
The controlled movement of the LM droplet is able alter the CG of the wheeled robot and induce the
rolling locomotion outside liquid environment. We found that the wheeled robot is able to actuate at a
relatively steady speed, reaching a maximum angular velocity of 2.5 rad/s. We explored the effects of
different structural and operating parameters on the locomotion performance of the robot, and obtained
the optimum radius of wheel, volume of LM droplet, supplying voltage, and concentration of NaOH
solution for achieving the maximum speed with relative low power consumption. We also established
a dynamic model to analyze the actuating behavior of the robot, and our model matches the actual
experimental results. Moreover, taking the advantage of our systems, we designed and manufactured
an untethered wheeled robot self-powered by integrated lithium batteries that can actuate on a flat
surface with an angular velocity of 1.8 rad/s. In comparison with other small-size rolling systems!!®!
(see Supplementary Tab. 4 for details), our liquid metal-driven wheeled robot is extremely simple and
robust with excellent ability to maintain the consistency of motion. More importantly, unlike traditional
complex driving components using motors or shape memory alloy, the driving module in this robot
can be lightweight structured, untethered, and readily replaced due to the absence of delicate moving
parts. As such, we believe this innovative study has the potential to enlighten the development of future

complex liquid metal-enabled robotic systems.

Experimental Section

Materials and methods: In our experiments, EGaln (75% Ga, 25% In) liquid metal is particularly
exploited. All experiments were performed on a 120x500 mm glass plate, a camera (GOPRO frame
rate of 60 fps) was placed in front of the wheeled robot to record the movement. The instant and the
steady rolling speeds can be obtained by analyzing the series snapshot during locomotion. A

programmable DC power supply (RIGOL DP800) was used to drive the liquid metal droplet. We kept
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the supplying voltage constant during each locomotion experiment; a multimeter was applied to
measure the voltage and current. We also calculated the power consumption during the rolling
locomotion. The bracket of the electrode module was 3D printed using nylon. Nylon material has
higher mechanical strength than normal resin material. Micro cylindrical polymer lithium batteries (55
mAh, 3.7 V) with the diameter and height of 8 and 14 mm, respectively, were used to power the self-

powered wheel robot.

Superhydrophobic coating preparation: The nano-silica particles modified by the low surface
energy polymer material were uniformly dispersed into the ethanol/butyl acetate mixed solvent by a
mechanical dispersion process to form a uniform and stable nano-dispersion liquid. The solid content
is controlled at 3-5%. The nano-dispersion liquid was sprayed on the surface of the plastic plate using
a spray gun, and after the solvent is volatilized, a superhydrophobic surface on the plastic plate was

formed.

Supporting Information

Supporting Information is available from the Wiley Online Library.
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