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Gallium-based liquid metal alloys (LMAs) have been extensively studied and used recently 

due to their excellent fluidity, high conductivity and low evaporation pressure. Nonwettable 

and nonsticky liquid metal marbles (LMMs) have also been developed to address the 

stickiness issue of oxidized LMAs in air. Current LMMs, however, lack acceptable 

controllability, shape stability and robustness, greatly limiting their practical application. Here, 
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we present a magnetically controllable liquid metal marble (MCLMM) that is noncorrosive 

and nonsticky, and exhibits good elasticity and mechanical robustness. The as-obtained 

MCLMM consists of a soft liquid metal core coated with a mixture of ferronickel (FN) and 

polyethylene (PE) microparticles. This combined structure shows excellent magnetic 

controllability, good elasticity and favorable mechanical robustness, as demonstrated by 

contact angle measurements, rolling angle measurements, corrosive testing, magnetically 

actuated locomotion, and impact and bounce tests. The MCLMM also possesses satisfying 

stability in air and stability against temperature changing. In addition, we demonstrate its 

capabilities as a robotic motor, controllable obstacle cleaner and flexible switch for circuits, 

which shows the potential for MCLMM applications in robotic locomotion and manipulation, 

electronic circuits, and beyond.   

 

1. Introduction 

Gallium-based liquid metal alloys (LMAs), such as EGaIn (75% gallium, 25% indium)[1,2] 

and Galinstan (68.5% gallium, 21.5% indium, 10% tin),[3] which remain in the liquid phase at 
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low temperatures, have received increasing attention due to their diverse and unique 

properties, including a low melting point,[1] a low evaporation pressure,[4] nontoxicity,[5] a 

large surface tension,[6] high thermal conductivity,[7] good electrical conductivity[8] and superb 

fluidity.[9] These favorable properties have enabled a wide variety of different applications of 

gallium-based LMAs in various fields, including soft electronics,[10-17] soft sensors,[18-21] 

stretchable circuits,[22-28] soft robotics,[29-31] microfluidics actuators,[32,33] soft motors, [34-36] and 

liquid cooling.[37,38] The surface of LMAs, however, suffers rapid oxidation, where a thin and 

sticky oxide layer will be formed.[39] The sticky oxide layer strongly adheres to the surfaces in 

contact with it, which causes the surface tension of the oxidized LMAs to drop to nearly 

zero.[40] This could lead to a low flowability, which greatly limits the application of LMA’s. 

Another limitation associated with current LMAs is that they are easily corrosive, which 

means they could dissolve and amalgamate with materials they are in contact with.[41]  

A liquid marble, formed by a small volume of liquid (which can be water or an organic 

solution) encapsulated by micro/nanoscale solid particles, is a nonwettable and nonsticky 

marble[42-44] that exhibits advantageous mobility with infinite degrees of freedom. Liquid 
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marbles would therefore not be confined in a closed channel and can be used in products, 

such as gas sensors,[45] micropumps,[46] and microreactors.[47-50] Inspired by this, several 

attempts to prepare nonwettable, movable and multifunctional liquid metal marbles (LMMs) 

have been reported. For instance, Sivan et al. introduced nonstick, nanoscale insulators and 

semiconductor powder-covered Galinstan LMMs as highly sensitive electrochemical-based 

heavy metal ion sensors.[51] Xinke Tang et al. demonstrated WO3 nanoparticle-encased 

Galinstan LMMs that could be actuated in a H2O2 aqueous solution by UV light.[52] Recently, 

Yuzhen Chen et al. fabricated nonstick, NaOH solution-treated, polytetrafluoroethylene 

(PTFE) particle-coated GaInSn LMMs, which exhibited many excellent mechanical 

properties, including outstanding elasticity, mobility and mechanical robustness.[53] Moreover, 

Jinpyo Jeon et al. coated oxidized Galinstan droplets with ferromagnetic iron (Fe) particles 

and then treated them with an HCl solution to dissolve the oxidized layer.[54,55] These as-

prepared LMMs showed promising mobility and can be manipulated by magnets in 

microchannels. Although both the aforementioned PTFE-coated LMMs and Fe-coated LMMs 

exhibited extraordinary properties and influenced the development of liquid metals, the 



 

  

 

This article is protected by copyright. All rights reserved. 

6 

 

PTFE-coated LMMs showed poor controllability because they could not be actuated by 

magnetic methods, and the Fe-coated LMMs showed unsatisfactory mechanical robustness 

and elasticity, which would limit their applications in challenging environments.  

In this paper, we report magnetically controllable liquid metal marbles (MCLMMs) with 

excellent elasticity and mechanical robustness properties to address the limitations 

associated with current PTFE-coated and Fe-coated LMMs. The MCLMM comprised a soft 

liquid metal core and an outer layer with superb paramagnetism and robustness. We 

fabricated the MCLMM by encapsulating a small Galinstan droplet treated by NaOH solution 

within a coating comprising a mixture of microferronickel (FN) and polyethylene (PE) 

particles. This coating not only directly protected the soft core from contacting the substrate 

and air but also introduced a combination of controllable movability, high elasticity and 

excellent robustness to the MCLMMs. The MCLMMs easily maintained an initial spherical 

shape and returned to the spherical shape after impacting the substrate and being moved by 

a magnet. The MCLMMs had acceptable features, including being noncorrosive and 

nonsticky, having controllable movability and high elasticity, and being useful for flexible 
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circuits, vessel cleaning and robotic driving applications.  

The remainder of this paper is organized as follows. In Section 2, we detail the design 

concept and fabrication steps of the proposed MCLMM. In Section 3, we present a 

comprehensive characterization of the MCLMM, including quantifying the contact angle and 

rolling angle, which are related to the mobility, demonstrating bouncing tests and impact 

tests to determine the elasticity and mechanical robustness of the MCLMMs, measuring the 

minimum required magnetic flux density to activate the MCLMM, measuring the delay time of 

the magnetic-field driven movement of the MCLMMs, studying the stability of the MCLMMs, 

and researching the effects of placing time and the volume of the MCLMMs on their elasticity, 

mechanical robustness and magnetically controllability. In Section 4, we demonstrate three 

proof-of-concept case studies for the MCLMMs as controllable obstacle cleaning motors, 

flexible switches for circuits, and wheel driven motors, before the conclusions and future 

work are presented in Section 5. 
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2. MCLMM Design Concept and Fabrication 

The fabrication of MCLMMs mainly consists of three steps, as shown in Figure 1a. Firstly, 

the Galinstan liquid metal alloy was squeezed from a syringe to form a Galinstan droplet with 

a volume of 8 μL, and it was oxidized shortly after that in the air (Figure 1b). Then, the 

droplet was treated with 30% wt. NaOH solution in a Petri dish for 20 seconds. When treated 

with a NaOH solution, in addition to removing the oxideized layer, a thin gallium based 

gallate [Ga(OH)4]⁻ anti-oxidation layer would be formed on the surface of the liquid metal 

droplet, which could temporarily prevent the liquid metal from further oxidizing in the air and 

maintain the high surface tension of 718×10-3 N m-1.[56] The shape of liquid metal is 

determined by the antagonism between surface tension and gravity, which can be 

characterized by the length of capillary length κ-1: 

𝜅−1 = √𝛾/𝜌g                                                             (1)   

where γ is the surface tension of the liquid (N m-1), ρ is the density of the liquid (kg m-3) and 

g is the gravity constant (9.8 N kg-1).[57] The density of Galinstan is 6.09×103 kg m-3. After 

being treated by NaOH solution, the capillary length of the Galinstan droplet is around 3.5 
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mm, which is larger than the diameter of the 8 μL droplets. Therefore, the NaOH-treated 

Galinstan droplet formed a spherical shape (Figure 1c). Subsequently, the NaOH-treated 

droplet was placed in a uniform mixture of FN and PE microparticles for rolling. These 

particles would rapidly adhere to the sticky gallium based gallate anti-oxidation surface of the 

droplet, leading to the formation of a MCLMM (Figure 1d). The surface morphology of the 

marble was observed via scanning electron microscopy (SEM) (Figure 1e). Almost the entire 

surface of the MCLMM is covered by the coating that consists of multiple layers of mixed 

particles, however there were some exposed surface between particles. The characteristics, 

such as corrosion, stability, mechanical robustness and magnetic control capability of 

MCLMMs, were studied. Furthermore, as a comparison, a PE-coated NaOH-treated 

Galinstan marble (PNGM, Figure 1f) and an FN-coated NaOH-treated Galinstan marble 

(FNGM, Figure 1g) were also tested for comparative analysis. 

 

3. Characterization of MCLMM 



 

  

 

This article is protected by copyright. All rights reserved. 

10 

 

3.1. Nonsticky and Noncorrosive Properties 

The MCLMMs show nonstick properties similar to the PNG and FNGMs, which was 

demonstrated by investigating the wettability and mobility of these marbles on different 

substrates. The wettability of a liquid can be reflected by the contact angle with the substrate. 

If the contact angle varies from 0° to 90°, the liquid wets the substrate; otherwise, the liquid 

shows nonwettability. Therefore, the contact angle of MLCMMs, PNGMs and FNGMs were 

measured on three types of substrates (PMMA, glass and Cu), as shown in Figure 2a, where 

it can be seen that all of the marbles can maintain a spherical shape on different substrates. 

The contact angle of each marble on each substrate was measured 20 times, and the 

corresponding mean values are summarized in Figure 2b. The contact angles of the 

MCLMMs are 156.38° ± 0.15°, 156.74° ± 0.15°, 157.32° ± 0.10° for Cu, PMMA and glass 

substrates, respectively. All the contact angles on different substrates are larger than 150°; 

hence, these three types of marbles all show nonstick properties. It is noteworthy that the 

contact angles of the FNGMs on all the substrates are the smallest while the contact angles 

of PNGMs are the largest among the three aforementioned marbles. The mobility of the 
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marbles can be evaluated by the critical rolling angle, which indicates that the smaller the 

critical rolling angle is, the better the mobility. The critical rolling angles of the three kinds of 

marbles were measured according to when they started to roll on an inclined PMMA 

substrate. The corresponding results of the critical rolling angles for PNGMs, MCLMMs and 

FNGMs are 11.5°, 12.1° (Movie S1, Supporting Information) and 13.8° respectively. These 

results demonstrate that the mobility performance of MCLMMs is slightly worse than that of 

PNGMs but better than that of FNGMs. Moreover, at an inclined angle of 15° and a distance 

of 75 mm from the front end, all of the particle-coated Galinstan droplets could roll down the 

substrate, while the uncoated NaOH-treated Galinstan droplets remain static, as shown in 

Figure 2c. This is because the anti-oxidation layer that formed after treatment with NaOH 

solution was sticky; therefore, the Galinstan droplets without a coating could easily adhere to 

the substrates, causing unrolling from an inclined substrate. And the particles on the marbles 

prevented the direct contact of the substrate and the surface, leading to rolling. Moreover, 

the MCLMMs show better mobility than the FN and PE mixture-coated marble without 

treatment with the NaOH solution, as shown in Figure 2c. Once the Galinstan liquid metal 
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was exposed to the air, a thin oxidized outer layer formed, which proved that it could change 

the surface tension from 718×10-3 N m-1 to nearly zero. Thus, in this paper, an untreated 

droplet in the air cannot maintain a spherical shape, while a droplet, treated with NaOH 

solution for restoring the surface tension, can. The closer the shape of a droplet is to a 

sphere, the smaller the rolling friction is. Thus, the rolling friction of MCLMMs is smaller than 

that of FN and PE mixture-coated marbles without NaOH solution treatment. Figure 2c also 

shows the velocities of the aforementioned three marbles (MCLMMs, FNGMs and PNGMs) 

versus time on the same inclined substrate, where it can be seen that the PNGMs have the 

maximum velocity while the FNGMs have the minimum. These phenomena indicate that the 

particles, which form the outer coating of the marbles, have a major influence on the mobility 

of the marbles, while the exposed surface of the liquid metal droplet does not. And the 

marbles with PE particles have a better nonstick performance than those only with FN 

particles. 

The as-obtained MCLMMs are also noncorrosive toward different kinds of substrates, 

solving the corrosion issue of Galinstan liquid metal alloys that limits their practical use. 
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Herein, a comparative study of the corrosive effect between MCLMMs, NaOH-treated 

droplets and pure Galinstan droplets was carried out. As shown in Figure 2d, the MCLMMs 

show no corrosive residues on the four substrates (fiber, glass, copper and PMMA) after the 

placement for 12 hours, while some residues from the NaOH-treated droplets and pure 

Galinstan droplets remain on the contact area of the above substrates after removing the 

droplets. This manifests that the MCLMMs have no corrosive residues on different materials 

after a long placement because the coating of the MCLMMs prevents the liquid metal droplet 

from contacting the substrates directly, and the exposed surface of the MCLMMs have no 

negative influence on the noncorrosive property of the MCLMMs. 

 

3.2. Elasticity and Mechanical Robustness  

The elasticity of the MCLMM was also studied, where a pure Galinstan droplet, a NaOH-

treated Galinstan droplet, FNGM and PNGM were used for comparison. All the marbles 

were released from an initial height of 35 mm and impacted a PMMA substrate. The 
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elasticity of different marbles can be contrasted by the number of impact and maximum 

rebound height. A high-speed camera was used to record the marbles from being released 

to the final resting state. As one image taken by the camera presents one position of one 

marble at a certain moment, a series of images that indicate the positions of the marble at 

the corresponding different times were extracted and superposed, as shown in Figure 3a. 

During the first impact, the inelastic oxidation layer on the surface of the droplet stuck the 

Galinstan droplet onto the substrate, and no rebound was observed. When the Galinstan 

droplet collided with the substrate, deformation occurred, leading to inelastic surface 

breakage. The NaOH-treated droplet could rebound to a height of approximately 1.5 mm 

after the first impact. However, after the second impact, this droplet also stuck to the 

substrate. This is because the sticky anti-oxidation layer of the NaOH-treated liquid metal 

droplet led to a significant loss of energy during every impact. The FNGMs also rebounded 

once (Movie S2, Supporing Information), and the rebound height was approximately 2.5 mm, 

which is higher than that of NaOH-treated droplets. The MCLMM impacted the substrate 

twice with a maximum rebound height of approximately 5 mm and then remained static for 
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the third time (Movie S3, Supporing Information). The PNGMs collided with the substrate 

seven times with a maximum rebound height of 6 mm (Movie S4, Supporing Information). 

The outer layers of these three coated marbles kept the liquid metal from contacting the 

substrate directly, which eliminated the energy loss caused by the stickiness, resulting in 

more impact times and larger rebound heights compared with the uncoated droplets. 

Additionally, because PE particles have a better damping performance than FN particles, the 

elasticity of the MCLMMs is better than that of the FNGMs but worse than that of the PNGMs. 

The mechanical robustness of the three marbles (MCLMMs, FNGMs and PNGMs) can be 

characterized by the critical release height during an impact experiment. The critical release 

height is defined as the maximum release height that causes the marble to break. As shown 

in Figure 3b, when the initial release height h0 is smaller than the critical release height hc, 

the marble rebounds and still maintains its original shape; otherwise, the marble breaks and 

sticks to the substrate. As shown in Figure 3c, in the stable state, the particles prevented the 

liquid metal-air interface from contacting the substrate. Between two adjacent particles, 

gravity caused a sagging height h1 that is smaller than h2, which is the distance from the 
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three-phase (liquid metal-particle-air) contact point to the substrate. The height h1 is directly 

proportional to the surface deformation, which is restricted to the surface tension of the 

Galinstan inside the marble. When the marble impacts the substrate from a given height, the 

liquid metal inside it still moves downward due to inertia, which increases the pressure inside 

the marble and causes a large deformation of the liquid-air interface, resulting in an 

increased sagging height h1. Once h1 is equal to or larger than h2, disintegration of the 

marble occurs. The falling velocity, pressure inside the marble and surface deformation 

increase with increasing release height. Therefore, to analyze the mechanical robustness of 

the MCLMMs, the FNGMs and PNGMs were also tested for a comparison. The three kinds 

of marbles were released from a height of 55 mm to observe their responses after impacting 

via the high-speed camera. As shown in Figure 3d and Movie S5 (Supporting Information), 

the FNGM stuck to the substrate and lost its spherical shape after only one impact. Since 

rupture of the coating occurred, white spots on the surface of the marble can be seen, which 

are from the liquid metal inside. This means that the critical height of the FNGM was smaller 

than the releasing height, which was 55 mm. Two rebounds of the MCLMM are shown in 
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Figure 3e and Movie S6 (Supporting Information). After the first impact, the MCLMM had a 

large deformation and then rebounded to a height of 3 mm. During the second impact, the 

shape deformation and rebound height were smaller compared with the first impact. And 

then the marble remained static. The PNGM exhibited five rebounds, as shown in Figure 3f. 

With the loss of energy after each impact, both the degree of deformation and rebound 

height of the marble decreased gradually. After the sixth impact, the PNGM deformed 

slightly and then remained static (Movie S6, Supporting Information). Obviously, the critical 

heights of MCLMM and PNGM are both higher than 55 mm, which means these two marbles 

had a better mechanical robustness than the FNGMs.  

 

3.3. Magnetic Controllability 

Unlike uncontrollable PNGMs, the manipulation of MCLMMs can be controlled by a 

magnetic field. Thanks to the random directions of the magnetic moments of the magnetic 

domains, the vector sum of these magnetic moments is zero, resulting in nonmagnetic FN 
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particles on MCLMM.[58] However, after being subjected to an external magnetic field, a 

magnetic force directed in the maximum direction of the magnetic field gradient is generated 

by the particles on the surface of MCLMM, leading to controllability. To quantify the magnetic 

controllability of a MCLMM, experiments regarding the minimum magnetic field strength to 

actuate the MCLMM were carried out, where FNGMs and PNGMs were also tested for 

comparison. As shown in Figure 4a, a cylindrical magnet was utilized as an actuator to 

determine the maximum actuating distance of the testing marble. The density of the 

magnetic flux, measured by a tesla meter, relates to the distance away from the magnet 

surface. Therefore, as shown in Figure 4b, at distances of 16.5 mm and 11.3 mm, the FNGM 

and MCLMM started rolling, respectively, while the PNGM remained static regardless of 

actuating distance. According to Figure 4a, the minimum actuating magnetic flux density of 

FNGM is 44.54 mT, while that of MCLMM is 80.07 mT. The total magnetic force applied on a 

marble can be calculated as: 

  𝐹𝑚𝑎𝑔 = 𝑚∆𝜒 𝜌μ0⁄ (∇𝐵)𝐵                                                 (2) 

where m is the total mass of the magnetic particles (kg), Δχ is the deviation in magnetic 
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susceptibilities between the microparticles and the surrounding medium (dimensionless), ρ 

is the density of the microparticles (kg m-3), μ0 is the permeability of a vacuum (4π×10-7, H m-

1), and B and 𝛻𝐵  are magnetic flux density (T) and magnetic field gradient (T m-1), 

respectively. Thus, the quality of the FN particles coated on the marble affects its minimum 

actuating magnetic flux density. As the content of FN particles on a MCLMM is less than that 

of a FNGM, a larger magnetic flux density is required for an MCLMM than a FNGM. It is 

worth noting that in the experiments, the FN particles have a tendency to be attracted to the 

vicinity of the magnet. When the magnetic flux density reaches 167.90 mT, a few particles 

are directly separated from the surface of the MCLMMs and attracted to the magnet. 

However, the marbles can still be magnetically controlled even the magnetic flux density 

reaches 400 mT (Figure S1, Supporting Information).  

Additionally, the actuating delay time was measured. For the measurement, the magnet 

was placed underneath the substrate, and then the testing marble could be magnetically 

actuated to move along with the movement of the magnet, as shown in Figure 4c. The 

actuating delay time which is defined as the time interval between the start of the movement 



 

  

 

This article is protected by copyright. All rights reserved. 

20 

 

of the magnet and the marble, was measured to compare the magnetic controllability of the 

two actuating marbles (FNGM and MCLMM) on a PMMA surface. The start time of the 

magnet and the testing marble were noted as t0 and t1, respectively, which were recorded via 

the high-speed camera, and the delay time was calculated by t1-t0. Hence, the delay time of 

the FNGMs is 0.505 s and that of MCLMMs is 0.676 s, as shown in Figure 4d. Furthermore, 

an offset distance d (Figure 4c), defined from the center of the marble to the center of the 

magnet when the marble was about to move, can also be determined from the above 

experiment to describe and quantify the magnetic controllability of the two marbles in 

another different way. The offset distance for the MCLMMs is approximately 14.5 mm, while 

it is 13 mm for the FNGMs (as shown in Figure 4d). It is noteworthy that during the process 

of testing the marble following the magnet movement, the marble was always at the edge of 

the magnet. There are a static friction force Ff (N) and a resistance moment Mx (N m) caused 

by the deformation of the marble, which hinder the movement of the marble, as shown in 

Figure 4e. The direction of the magnetic field force FM must have an offset angle α (°) with 

the vertical direction, which is determined by the offset distance d (mm), to generate a 
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horizontal component FMH (N). Because the FN particles are relatively evenly distributed on 

the surface of the MCLMMs, six particles at both ends of the x, y, z directions are taken as 

representatives to analyze the forces on the marbles. The decomposition of force FM of 

these six particles is the same, which can be separated as FMV (N) and FMH: 

𝐹      = 𝐹    𝐹      = 𝐹                                          ( ) 

Since the magnetic field of the cylindrical magnet is symmetry, when the marble is cut into 

two halves in the cross section of y-z axis, the symmetry positions of the surfaces of the two 

hemispheres at the same level have the same force. Thus, when these two components of 

FM are translated to the bottom of the marble, two resultant forces ΣFx (N) and ΣFy (N) would 

be generated, respectively. Besides, the torques in the y and z-axis direction will be offset, 

only an additional total torque ΣMx (N m) remains, which can be calculated as: 

Σ𝑀𝑥 = Σ(𝐹   ℎ𝑧) = Σ(𝐹       ℎ𝑧)                                  (4) 

where hz is the z-axis coordinate of each FN particle (mm). In addition, only when the torque 

ΣMx overcomes Mx, the marble rolls, which gives as: 

Σ𝑀𝑥 −𝑀𝑥 = Σ(𝐹       ℎ𝑧) − 𝑀𝑥 ≥ 0                                 (5) 
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Therefore, as the magnetic force FM of MCLMM is smaller than that of FNGM, to overcome 

the resistance moment Mx, a larger offset angle α is required. In other words, a longer offset 

distance d is required to drive the marble to roll. 

 

3.4. Stability  

The MCLMMs not only exhibit a good stability in air but a good resistance to ambient 

temperature. The shape of the proposed marble remained nearly unchanged without any 

detachment of the particles on its surface when the marble was placed in the air for 150 

minutes. As time went on, the marble would flatten out compared to the initial state (Figure 

S2, Supporting Information). Changes in ambient temperature are often encountered in 

practical applications. The marble was placed in a test chamber at temperature from 5-35 °C 

for 60 minutes. And we found that the marble had a satisfying mechanical stability from 16-

35 °C (Figure S2, Supporting Information). When the ambient temperature dropped below 

11 °C, the marble started to harden. As a result, the marble would lose its elasticity and the 
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particles on its surface would fall off.  

Poor stability and potential damage would occur while the MCLMM works in water and 

acid or alkaline solutions (Figure S2, Supporting Information). When the marble was placed 

in deionized water, a small amount of particles was observed falling off. As time went on, the 

uncoated surface of the marble was oxidized presenting silver white without any luster after 

30 minutes. For alkaline solutions, the marble was put into a 5% NaOH solution for 5 

minutes. The particles on the surface of the marble began to fall at a slow rate in the 

beginning with a large number of bubbles. After about two minutes, all the particles fell off, 

and the liquid metal core maintained a spherical shape. The marbles also lost its coating in a 

5% HCl solution with small bubbles slowly generated on the surface of the liquid metal. 

 

3.5. Effect of Volume and Placing Time  

To further study the MCLMMs, the effects of the size and placing time of the marbles on 

elasticity, mechanical robustness and magnetic controllability are also conducted via the 
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high-speed camera. Two volumes (1.7, 8 and 14 μL) and three placing time (15, 30 and 60 

minutes) of MCLMMs are used for testing. After being released from the height of 35 mm, 

the 1.7 μL, 8 μL and 14 μL marbles impacted the substrate (PMMA) with a maximum 

rebound height of 4.2 mm, 5 mm and 2 mm respectively. The 1.7 μL and 8 μL marble 

rebounded twice, while 14 μL marble only rebounded once (Movie S8 and S9, Supporting 

Information). Therefore, it is worth noting that when the volume of Galinstan inside the 

MCLMMs is in the range from 1.7 μL to 14 μL, the rebound height increases first and then 

decreases. This can be interpreted that the kinetic energy can be obtained and some energy 

caused by stickiness would be dissipated of the MCLMMs after impacting. The difference 

between the two energies, and the volume of the Galinstan codetermine the rebound height 

of the marble.[57] After being placed for 15 minutes, 30 minutes and 60 minutes, the 

maximum rebound height of the 8 μL MCLMMs released from 35 mm height were 4.9 mm, 

2.8 mm and 2.7 mm, respectively, with no rebound at the third impact (Movie S10, S11 and 

S12, Supporting Information). This indicates that the shorter the placed time is, the better the 

elasticity of the marble is. Hence, the viscous dissipation energy influenced by surface 
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tension is positively related to the placing time, which manifests that the surface tension of 

the MCLMMs decreases and stabilizes gradually by time. For mechanical robustness, the 

critical heights of 1.7 μL, 8 μL, 14 μL, 15-minutes placed, 30-minutes placed and 60-minutes 

placed MCLMMs were 108 mm, 65 mm, 58 mm, 63 mm, 60 mm and 60 mm, respectively 

(Movie S13, S14, S15, S16, S17 and S18, Supporting Information). The critical height h can 

be calculated as: 

ℎ =  𝜅− / 0                                                             ( )    

where p depends on the nature of the substrate or of the particles on the surface 

(dimensionless), R0 is the initial radius of the MCLMMs (mm).[57] As in the above 

experiments, p is the same. Therefore, the critical height gradually decreases with the 

volume of the marbles or the placed time increasing. 

The placing time of the MCLMMs nearly has no influence on the magnetic controllability of 

the marbles. The needed minimum magnetic field strength and the offset distance are 

consistent with the previous conclusion. In addition, the minimum magnetic field strength to 

actuate one 1.7 μL MCLMM and one 14 μL MCLMM were also measured as 104.93 mT and 
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146.44 mT, respectively. While the magnetic field strength of one 8 μL MCLMM is 80.07 mT. 

Also, the offset distances of the 1.7 μL MCLMM and 14 μL MCLMM were 14.7 mm and 15.1 

mm, respectively, while that was 14.5 mm for the 8 μL marble. In conclusion, when the 

marble size ranges from 1.7 μL to 14 μL, the required magnetic flux density and the offset 

distance decrease first and then increase. 

 

4. Case Studies and Discussions  

Given that stickiness and corrosion toward the substrate were absent in the MCLMMs, 

they were magnetically controllable with a good elasticity and mechanical robustness, as 

previously mentioned. This allows the as-prepared MCLMMs to be used as controllable 

obstacle-cleaning motors, flexible switches for circuits and wheel driven motors. In recent 

years, as the incidence of cardiovascular disease has unexpectedly presented an upward 

trend, cleaning deposits in blood vessels has become critical to maintaining health. In 

addition, in certain fine hydraulic systems or tubes where clogging occurs, having a properly 
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sized controllable object to clean the obstacles is desirable. Figure 5a illustrates a proof-of-

concept experiment, in which a hollow tube with an inner diameter of 3.5 mm was used as 

the target small tube to be cleaned. A small plastic fragment, which was used to mimic the 

obstacle, was placed into the tube. For the demonstration, a MCLMM was controlled by a 

magnet to move towards the plastic fragment (the clogging point), where it then pushed the 

obstacle out of the pipe. In addition, the MCLMM can be also designed as a flexible switch 

for reconnecting open circuits, as shown in Figure 5b, where wires and three light emitting 

diodes (green, yellow and red) were arranged on a breadboard that connected the power 

supply. One color represents one working condition. The MCLMM was moved by a magnet 

to connect the circuit, leading to lighting up the yellow light, which indicates a signal. 

Operations of turning the green- and red-light emitting diodes on and off were also carried 

out (Figure S3, Supporting Information). Furthermore, the MCLMMs can also act as the 

driving motor for wheeled robots, as shown in Figure 5e. A prototype of a wheeled robot 

consisted of two annular PMMA sheets and a PMMA ring (Figure 5c). Four MCLMMs were 

placed at the bottom of the wheel inside (Figure 5d). The MCLMMs was actuated via a 
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magnet to move along the inner side of the wheel, which changed the center of gravity of the 

wheel and caused the wheel to roll forward. The entire moving process was untethered, 

which means it can be manipulated remotely. These proof-of-concept demonstrations exhibit 

promising and potential revolutionary uses for MCLMMs.  

 

5. Conclusions 

In this paper, a magnetically controllable liquid metal marble (MCLMM) with good elasticity 

and mechanical robustness was presented. We fabricated the MCLMMs by coating a 

mixture of FN and PE microparticles onto the surface of Galinstan liquid metal (GLM) 

droplets. We studied the characteristics of the proposed MCLMMs in terms of corrosion, 

stickiness, elasticity, mechanical robustness, magnetic controllability, stability. The results 

show that the coating mixture not only provided magnetically targeted locomotion but also 

enhanced the adaptability of the MCLMMs in complex environments. The key conclusions 

include the following. 1) The MCLMMs are nonsticky and noncorrosive when in contact with 
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other materials, which leads to good mobility. 2) The MCLMMs exhibit promising elasticity 

and mechanical robustness in practical use. 3) The MCLMMs can be magnetically controlled. 

We also demonstrated the ability of MCLMMs to act as a wheel driven motor, a 

controllable obstacle cleaning motor, or a flexible switch for controlling circuit continuity. The 

case studies showed the potential of MCLMMs for applications in liquid-metal-based 

untethered soft robots, microfluidics in human body detection or flexible switches for 

microelectronics and beyond. Recently Fangxia Li et al. reported that adding copper-iron 

magnetic nanoparticles into liquid metal to introduce the magnetically- and electrically-

controllable properties to the liquid metal droplets in NaOH solution.[59] And Shuting Liang et 

al. demonstrated a liquid metal marble splitting and merging among different colors.[60] 

Therefore, the MCLMMs to work in a much more complex air-liquid environment and 

possess more functions can be still studied in future research. 

 

6. Experimental Section 
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Materials and Chemicals: The liquid metal Galinstan (68.5% gallium, 21.5% indium, 10% 

tin) with a melting point of 11 °C was purchased from Yuhang Co., Ltd. (China). 

Polyethylene micro particles with diameters ranging from 30 to 40 μm were obtained from 

Huachuang Plasticizing Co., Ltd. (China). Additionally, ferronickel micro particles with 

diameters ranging from 30 to 40 μm were acquired from Yuhang Metallic Material (China). 

The sodium hydroxide particles (GR 98%) were purchased from Chongqing 

Xingauanghuabo Co., Ltd. (China). Dilute hydrogen chloride standard solution (10% wt.) was 

obtained from Wabcan Biotechnology Co.Ltd. (China). Deionized water was obtained from 

Henan Xinyuan Technology Co., Ltd. (China). NdFeB magnets with a diameter of 25 mm 

were purchased  

from Zhizuan Co., Ltd. (China). 

  Characterization: SEM images were taken using a VEGA3 TESCAN LMH SEM (Taisiken 

Co., Ltd, China). Contact angles were measured using an XG-CAMC33 contact angle 

measuring system (Shanghai Xuanzhichuangxi Industrial Equipment Co., Ltd., China) at 

ambient temperature. The rolling angles of the tested marbles or droplets were measured by 
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a tilt-angle adjustable table with a tilt step of 1°. Each tested marble or droplet was placed on 

the substrate, and when the table was gradually inclined to a critical tilt angle, the marble or 

droplet started to roll. Each rolling experiment was carried out twenty times. High-speed 

images were taken using a Qianyanlang Revealar 2F04 high-speed video camera (FuHuang 

AgileDevice Co., Ltd., China). The magnetic flux density was measured using a TD8620 

handheld digital tesla meter (Tianheng Measurement and Control Technology Co., Ltd., 

China).  

Fabrication of MCLMMs: First, ferronickel (FN) and polyethylene (PE) microparticles with a 

mass ratio of 1.5:1 were evenly mixed by shaking for 5 minutes in a glass bottle. The 30% wt. 

NaOH solution was obtained by mixing 30.6 g of sodium hydroxide particles and 70 ml of 

deionized water. Then, a portion of the mixture was spread evenly on the Petri dish, and 

some NaOH solution was also placed in a Petri dish. Next, a Galinstan liquid metal droplet 

with a diameter of approximately 2.5 mm was extruded from a syringe into the NaOH 

solution. After treatment with NaOH solution for 20 seconds, the droplet was placed onto the 

mixture and gently rolled around in the Petri dish for 20 seconds to ensure sufficient coating 
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of the droplet surface with particles. 
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Figure 1. a) Schematic diagram of the fabrication of the magnetically controllable liquid metal 

(MLM) marble. A mixture of ferronickel (FN) and polyethylene (PE) particles was spread 

evenly in a petri dish. b) Digital photograph of the oxidized Galinstan droplet after being 

deposited by a syringe. Scale bar = 1 mm. c) NaOH-treated Galinstan droplet with a 

spherical shape. Scale bar = 1 mm. d) The magnetically controllable liquid metal marble 

(MCLMM). Scale bar = 1 mm. e) SEM image of the MCLMM. Scale bar = 500 μm. The more 

detailed SEM image in the yellow rectangle. Scale bar = 50 μm. f) Digital photograph of PE-

coated NaOH-treated Galinstan marble (PNGM). Scale bar = 1 mm. g) Digital photograph of 

FN-coated NaOH-treated Galinstan marble (FNGM). Scale bar = 1 mm. 
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Figure 2. a) Images of the contact angle measuring experiment for MCLMM, PNGM and 

FNGM on glass, PMMA and copper substrates. Scale bar = 1 mm. b) The contact angles of 

these three kinds of marbles. c) Schematic of the rolling test on an inclined PMMA substrate. 

The rolling velocities of NaOH-treated droplet, MCLMM, PNGM, FNGM and FN- and PE-

coated marbles without NaOH when rolling at an inclined angle of 15˚ and a distance of 75 
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mm from the front end. d) Comparison of corrosive properties of Galinstan droplets (row 1), 

NaOH-treated droplets (row 2) and MCLMMs (row 3) on fiber, glass, copper and PMMA. 

Scale bar = 1 mm. 

 

Figure 3. a) Bouncing tracks of different marbles after release from a height of 35 mm. b) 

Schematic of the impact experiment. c) Schematic of the rupture mechanism of the liquid 

metal-air interface, causing a marble to adhere to the substrate. d-f) High-speed images 
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demonstrating different behavior of the FNGM, MCLMM and PNGM after impacting the 

substrate from a height of 55 mm. Scale bar = 5 mm. 

 

Figure 4. a) Schematic of the magnetic controllability test platform. The density of the 

magnetic flux relating to the distance away from the magnet surface. b) High-speed images 

when FNGM and MCLMM start moving. c) Schematic of the actuating delay time 
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experiment. Scale bar = 5 mm. d) High-speed images from the movement of the magnet to 

the movement of FNGM and MCLMM. Scale bar = 5 mm. e) Schematic of force analysis of a 

marble moving on the PMMA substrate. The bottom resistance diagram is at upper right 

corner. 

 

Figure 5. a) Application as a controllable obstacle-cleaning motor. The cleaning process 

realized by the magnet driving the MCLMM (black dotted circle) to push the obstacle (red 

dotted circle) and get it out of the pipe. Scale bar = 10 mm. b) Application as flexible 

switches. The process of lighting yellow light using the MCLMM actuated by the magnet to 
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connect the circuit. Scale bar = 10 mm. c-d) Prototype of the wheel. e) Actuating process of 

the wheel. The wheel was placed on a PMMA substrate and actuated by a magnet. Scale 

bar = 10 mm. 

Wrapped in the mixture of microscale ferronickel (FN) and polyethylene (PE) particles, the 

Galinstan liquid metal marbles are given three main properties, which are magnetically 

controllable, high elasticity and mechanically robustness. This combination of properties, 

which is important in practical use, is not simultaneously involved in previous studies. 
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