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Abstract

Deformability and self-adaptability are important for soft robots in order to deal with uncertain and varying situations and
environments during movement and navigation. Droplet-based robots are great candidates to travel inside narrow and con-
strained spaces without damaging the interfaces due to their extreme deformability and liquid nature, which enables smooth
contact between robots and target spaces. Here, we propose magnetic liquid metal droplet robots, comprising liquid metal
and carbonyl iron, that can perform reversible telescopic deformation, bending, and on-demand locomotion. The magnetic
liquid metal-based robots can perform on demand and reversible coalescence and splitting by intricately applying magnetic
fields. Importantly, the liquid metal robot can perform phase transition to fix the desired shape after the programmable shape
encoding. The liquid metal-based soft robots can serve as dynamic and recyclable switches for complex circuits, and are capable
of repairing damaged sections of microcircuits by remote actuation, controllable coalescence, and on-demand circuit welding.
The technology provides a new application scenario of droplet-based soft robots for on-demand circuit welding and transient
recyclable electronics.

Corresponding author(s) Email: X.Z.: xczhou@szu.edu.cn; L.Z.: lizhang@mae.cuhk.edu.hk; B.W.: benwang@szu.edu.cn

ToC Figure



|—/_;_°

B

Figure 1: ToC Figure. Liquid metal-based soft robots serve as dynamic and recyclable switches for complex
circuits, and are capable of repairing damaged sections of microcircuits by remote actuation, controllable
coalescence, and on-demand welding.
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1. Introduction

Robotics and especially, soft robotics, a sub-branch of robotics, have recently attracted broad interest in
the scientific community.['"?l This interest is fueled by the flexible and deformable nature of the materials
used, and (for some) that they can be deformed upon a specific trigger, i.e., temperature, pH, magnetic field,
and electric field, and thus, feature distinct advantages for their application in cargo transportation, drug
delivery, microsurgery and so forth.l3-61 For example, soft robots have been introduced, which can navigate
and pass-through narrow gaps that are smaller in size than the initial robot shape via (triggered) deformation
(triggered shape transformation).[7‘12] In addition, the suppleness of the soft robots can mitigate damage to
an object or body in contact with the robot.

Evolution and adaption to everchanging environments have brought about a large variety of soft-bodied liv-
ing things, which offer abundant inspiration to the design and construction of soft robotics.!*3! For instance,
mollusks (invertebrates) can stretch, curl up, and travel by relying on a complex mixture of biophysical
and chemical signals originating from the surrounding (environmentally triggered transformations). For
example, leeches, which belong to the phylum mollusks, can perform multimodal movements, including
reconfigurable deformation, swimming, inchworm-like movement, and peristalsis, according to different en-
vironmental triggers, i.e., temperature and chemical composition of the water.['¥! Inspired by the phylum
mollusk, various soft robots have been developed, that can perform reconfigurable and self-adaptable ac-
tuation in different environments.['>'8] Therein, droplet-based soft robots have attracted great attention
due to their excellent mechanical properties stemming from their liquid nature, including the high softness
and extreme deformability.['?! Plenty of droplet-based soft robots have be developed in recent years, such
as water droplet robots,[20-23 ferrofluid droplet robots,/24:25] oil droplet robots, 26l and liquid metal droplet
robots273% for a variety of engineering and biomedical applications, such as drug delivery, cargo transporta-
tion, and mixing of chemicals in lab-on-a-chip applications.[?432:36:37] Furthermore, fundamental studies on
droplet-based soft robots have provided striking insights into the physics and hydrodynamics of droplets
spanning a wide range of spatial scale (macro to microscale).[38’39] Although the deformability and mobility
of the droplet-based robots have been advantageous for ample applications, most of the droplet-based robots
offer only low electrical conductivity, limiting their range of applications substantially.

In this regard, room temperature liquid metals, metals and alloys that are in the liquid state at or near room



temperature, have garnered extensive attention from the scientific community as well as industry due to their
extraordinary combination of physical properties. [40-44 Several metals and alloys are known and in use for
experiments and industrial applications. Broadly known are alloys based on Bi, such as the ternary alloy
Field’s metal and quaternary alloy Wood’s metal, Pb-based alloys, and gallium and its alloys. Especially, the
Ga-based liquid metals, that are gallium, the eutectic mixture of Ga and In (EGaln), the eutectic mixture
of Ga, In and Sn at a composition of Ga 68.5 wt%, In 21.5 wt%, Sn 10 wt% (Galinstan), and the Ga-Sn
mixture have been investigated due to the low melting point and strong supercooling.[*448 Furthermore,
the gallium-based liquid metals feature (values for Galinstan) high electrical (0.34-10° S/cm) and thermal
conductivity ([?] 25 W/m*K), high surface tension ([?] 600 mN/m), and low toxicity while exhibiting a low
viscosity of around 2.5 c¢P at room temperature.l*#2l These properties and the ability to tune the physical
properties, i.e., surface/interfacial tension, thermal conductivity, and rheological properties (viz., viscosity),
as well as the ability to actuate and deform the liquid metals via ample methods, such as light, pH, chemical
environment, and magnetic field, render them intriguing candidates for various applications, including high-
precision manipulation, flexible electronics and soft robotics to drug delivery systems.[249-52] For example,
Xu et al.l’3l reported a kind of magnetic liquid droplet robot that can move due to a magnetic gradient
field and this robot is able to perform cargo transfer and vessel cleaning. Sun et al.?8! proposed a liquid
metal-based robot that can jump in order to avoid obstacles, climb steep slopes, and rotate its body to
the desired posture, and they anticipate application of this robot in targeted drug delivery. Liu et al.[54
developed a magnetic liquid metal droplet, which can be stretched both horizontally and vertically, for
electrode connections. Wang et al.[®! proposed a ferrofluid comprising Ga and iron particles, and realized
with it magnetic manipulation of non-magnetic objects via thermal switchable on-demand grasp and release
enabled by the phase transition of the magnetic liquid metal composites. Although the deformability and
mobility of the droplet-based robots have been advantageous for ample applications, it is still a challenge
to fix complex droplet shapes against the intrinsic droplet shrinking towards a spherical and low interfacial
energy state. Furthermore, most of the droplet-based robots offer only low electrical conductivity and the
potential applications in transient electronics and circuit welding are rarely explored.

In this work, we designed and developed a liquid metal droplet-based soft robot with high electrical conduc-
tivity and excellent shape transformation ability based on magnetic actuation and infrared light triggered
shape encoding (Figure la-1c). The soft robot comprises of liquid metal and carbonyl iron (iron pentacar-
bonyl) as magnetic particles. The thus obtained composite is used as a reconfigurable conductor in a circuit
and serves as a switch, which can be controlled remotely. Under an external magnetic field, the soft robots,
i.e., magnetic liquid metal composite, can perform multimodal movement, including reversible telescopic
deformation, bending, and on-demand locomotion (Figure 1, Figure S1, Movie S1). In addition, the liquid
metal droplet robots can also perform reversible coalescence and splitting by using specific magnetic fields.
The telescopic and bending deformation of the liquid metal droplet robot can be exploited to realize selective
interconnection and disconnection of electrodes in a complex circuit. Programmable shape encoding of the
liquid metal robots and the phase transition of the robot between liquid and solid states can be utilized to
fix a desired shape via cooling and localized infrared light irradiation. Furthermore, damaged circuits can
be repaired by remote actuation, controllable coalescence, and on-demand circuit welding. In addition, the
liquid metal can be fixed reversibly in a shape by cooling below the solidification temperature. Finally, the
liquid metal composite utilized in this robot can be reclaimed and recycled. Therefore, this magnetic field
responsive liquid metal-based soft robots are attractive devices as they expand the application scenarios of
droplet-based soft robots toward on-demand circuit welding and transient and recyclable electronics.

2. Results and discussion

The magnetic liquid metal droplet was fabricated by simply mixing and grinding of carbonyl iron particles
and Galinstan. Here, we use carbonyl iron particles instead of magnetite particles because they are easier to
be wrapped and wetted by liquid metal (Figure S2). Figure 1d shows a photograph of a mortar filled with
a mixture of carbonyl iron and particles Galinstan at a mass ratio of 2:8 after mixing. It should be noted
that mixing of liquid metal with particles increases the viscosity and may alter the electrical conductivity
of the resulting composite. The particle:liquid metal ratio was altered to elucidate the suitable amount of



added magnetic material. Figure le shows a series of liquid metal droplet robots with different particle
and liquid metal mass ratios. At low mass ratios, i.e., 1:8 or 2:8, the composite behaves like a liquid and
can be extruded from a syringe. However, at mass ratios greater than 2:8, the composite becomes more
solid-like and can only be deformed plastically by exertion of an external force. These composites do not
allow triggered break up and coalescence, as in this state, it is challenging to deform the plastic material.
Moreover, particle aggregation results in loss of smoothness of the composite surface, which could adversely
affect the locomotion of the composite. Furthermore, scanning electron microscopy (SEM) images show
that the discontinuity of the composite increases with the proportion of particle in the liquid metal. At
high carbonyl iron content, the magnetic particles show significant aggregation (Figure 1f-1j). The energy
dispersive spectrometer (EDS) maps in Figure 1k and 11 show the distribution of the carbonyl iron powders
and the liquid metal in the mixture. The EDS maps corroborate that at high particle content aggregation of
particles is observed, as seen by several particle aggregates discernable in the EDS map, showing the location
of Fe. Although a high amount of magnetic particles in the composite increases the force exerted on the
composite by a magnetic field, the solid-like nature and increased roughness at mass ratios greater than 2:8
limit the applicability of the composite as shape morphing material. As a compromise between fluidity and
sensitivity to an applied magnetic field, a mass ratio of 2:8 (carbonyl iron:Galinstan) was chosen to prepare
the magnetic liquid composite.
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Figure 2: Figure 1. Leech-inspired liquid metal robots for reconfigurable circuit welding and
transient electronics. (a) Schematic illustration and photographs showing the reversible shape transfor-
mation of a leech (Movie S1). (b) Schematic illustration showing the elongation, deformation, splitting, and
coalescence of a liquid metal droplet robot. (¢) Schematic illustration of an electronic circuit. In this circuit
magnetic liquid metal is used as a reconfigurable conductor for the on-demand circuit welding. (d) Optical
photograph a carbonyl iron:Galinstan composite (1:9 mass ratio) in a mortar after mixing. (e) Photographs
of carbonyl iron:Galinstan composites at different mass ratios. In (d) and (e) the liquid metal was in contact
with air. (f-j) SEM images showing the surface morphologies of the magnetic composites with different mass
ratios. (k,1) EDS maps showing the uniformity of the distribution of carbonyl iron powder in the gallium
indium tin alloy matrix at low (k) and high (1) mass ratios.

The liquid metal-based soft robotic platform consists of the abovementioned liquid and magnetic composite



and an external magnetic field setup (a permanent magnet but an electromagnetic can in principle also be
used). Initially, a bar magnet was used to characterize shape transformation of the composite and exerted
field strength to the composite. The bar magnet was positioned below an acrylic sheet. The liquid metal
composite was placed on the acrylic sheet surrounded by water, in order to mitigate adhesion of the oxide
layer of the liquid metal. The resistance to adhesion can be ascribed to a slip layer between acrylic sheet and
the liquid metal-based robot (oxide skin).[SG] A scheme of the experimental setup can be viewed in Figure
2a. The simulation result in Figure 2b describes the magnetic field distribution around the bar magnet.
More specifically, the magnetic field distribution of the planes at certain distances along the vertical axis
are shown in Figure 2c. The strong magnetic field strength along the bar magnet is the driving force for
the elongation of the liquid metal droplet robots. For example, with a bar magnet, gradually increasing the
field strength H and the vertical gradient dH /dz acting on the droplet (by decreasing the gap between the
magnet and the liquid metal droplet) leads to variation of the length of the composite robot, as shown in
Figure 2d. In contrast, by using a circular permanent magnet, the composite forms a semi-circular conductor.
Importantly, the elongation of the composite can be modulated by the distance between the LM composite
and the bar magnet. At long distance between the composite and the bar magnet, the liquid metal exhibits
a spherical shape (due to interfacial tension) and the marginal pulling force of the magnetic field exerted on
the magnetic particles in the composite (first image in Figure 2d). Upon decreasing the distance, the pulling
force (field strength of the bar magnet, as shown in Figure 2e) gets greater and deformation of the droplet
toward a liquid metal line can be observed. This deformation gets more pronounced the higher the field
strength gets. Interestingly, the shape transformation can be reversed by slowly removing the bar magnet
(Figure 2d). The observed stretching and curl up of the composite resemble the shape change of a leech.
In Figure 2f, the length of the composite is plotted versus the magnetic field strength. Initially, the LM
composite is shaped ovaloid with a length of around 6.8 mm and a height of 1.6 mm. Upon application of
the magnetic field, the composite elongates to around 22-23 mm at 100 - 160 mT, which is ascribed to the
pulling force of the bar magnet’s magnetic field. Upon converging of the bar magnet and the composite, the
field strength rises to 200 mT and the length increases further to 25 mm. Thus, a 3.5-fold increase in length
can be achieved by this means.

Importantly, this approach is not limited to shape transformation into elongated structures, but can also be
used to generate bend structures, as shown in the scheme in Figure 2h. To generate a circular composite
conductor pattern on a surface, a circular magnet can be used. The circular magnet generates a magnetic field
with a strong field strength above its circular shape and forms a weak magnetic field at the circular center,
resulting in bending of the liquid metal droplet robots (Figure 2h and i). Upon rotating the circular magnet
along the vertical axis of its diameter, a circular conductive trace is generated on the acrylic substrate, as
shown in Figure 2j. This shape morphing is interesting as we show later that the shape transformation is
reversible. Generally, the extend of shape transformation achievable by this means is greater for a bigger
composite droplet, and droplets with a volume of 50 uL or above work well.
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Figure 3: Figure 2. Controlled deformation of the liquid metal droplets.(a) Schematic illustration
of the magnetic field-controlled elongation of the liquid metal droplet robot in water on an acrylic substrate.
(b) Simulation result showing the magnetic field distribution of a bar magnet with the size of 5x1x0.5 cm?
(Side view). (c) Simulation result showing the magnetic field distribution of a bar magnet (5x1x0.5 cm?) at
the distance of 4 mm and the distance of 2 mm (Top view). (d) Magnetic field-induced reversible elongation
and deformation of a liquid metal soft robot upon manipulation of the magnetic field by the distance of
a bar magnet. (e) Dependence of the magnetic field strength on the distance between the bar magnet and
the sample. (f) Dependence of the length of a composite droplet on the magnetic field strength. The initial
length and height were 6.8 mm and 1.6 mm, respectively. (g) Schematic illustration of the generation of
a circular conductor via converging of a circular and permanent magnet to an LM composite on acrylic
substrate, followed by rotating the magnet. (h) Simulation result showing the magnetic field distribution of
a circular magnet (outer diameter is 3.5 cm, inner diameter is 1.5 cm, height is 0.5 cm) at the distance of 4
mm and the distance of 2 mm (Top view). (i) Simulation result showing the magnetic field distribution of a
circular magnet (side view). (j) Optical photographs of the shape transformation of a composite puddle into
a semi-circle and a circle, as shown schematically in (g).

Not limited to shape transformation, the liquid metal can also be reversibly split up into several smaller
liquid metal droplets by magnetic field actuation. This is achieved by a setup similar to the one shown in
Figure 2g and S3. However, the circular magnet is not rotated along the vertical axis of the diameter of the
ring magnet, but along the horizontal axis. Upon such a rotation and control of the distance between the



composite and the magnet, the droplet robot gradually deforms (elongates) and finally splits into composite
droplets, as shown schematically in Figure 3a. The simulation result in Figure 3b gives the variation of the
magnetic field distribution before and after rotation. Splitting of a bigger droplet into 2, 3, and 8 droplets
is shown in Figure 3c, 3d, and 3e, respectively (Movie S2). During the splitting process, one can observe
the morphology change of the droplet surface because of the formed particle chains inside the droplet. The
particle chains are generated by the dipole attractive forces under the magnetic field (as shown in Figure
S4). (1) When the diameter of the liquid metal droplet is substantially larger than the characteristic size of
the particle chains, the morphology of the liquid metal droplets before and after splitting will be consistent
without obvious change. (2) When the diameter of liquid metal droplet is comparable with or even smaller
than the characteristic size of the particle chains, the morphology of the liquid metal droplets will be affected
by the incorporated particle chains. The splitting of the liquid metal droplet is due to a combination of high
magnetic field strength and high vertical magnetic field gradient, which cannot be achieved with uniform
magnetic fields. To trigger splitting of the liquid metal droplet (gravitational force of the droplet here is
negligible compared with the magnetic force), the droplet diameter (D ) should be larger than the critical
wavelength of the Rosensweig pattern (A-, Figure S5).138:57]

D> w~2m [T
o & (o HM)

where o is the surface tension of the liquid, g is the permeability of vacuum, and M is the magnetization. In
our experiment, larger liquid metal droplets are much more susceptible to splitting. The droplet size of the
split droplets appears to be comparable. Furthermore, the split droplets can be split again to obtain more
magnetically moveable composite droplets. Thus, on demand breakup and disassembly of a robot into many
smaller robots is achieved, which renders this approach useful to perform highly complex and sophisticated
tasks.



may be preliminary

en peer reviewed. Data

This a preprint and has not be

56125584 /v1

doi.org/10.22541 /au.165167005

CC-BY 4.0 https:

2022

| May

Posted on Authorea

400

300

200

100

Figure 4: Figure 3. On-demand splitting of the LM composite robots. (a) Schematic illustration of
the on-demand splitting of the LM composite robots by the use of a circular magnet. (b) Simulation result
showing the magnetic field distribution of a circular magnet (outer diameter is 3.5 cm, inner diameter is 1.5
cm, height is 0.5 cm) before and after rotation (Top view). (c-e) Photographs of the splitting process of
the liquid metal soft robot into separate sub-droplets on an acrylic sheet filled with alkaline water: (c) two
sub-droplets, (d) three sub-droplets, and (e) eight sub-droplets.

Importantly, the on-demand splitting of the LM composite robots is reversible. To trigger the coalescence
process of liquid metal droplets, the system should overcome the energy barrier between two liquid metal
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droplets that are generated by the surface oxide layer. The oxide layer is in our case removed by the
alkaline medium. Afterwards, the coalescence process is a spontaneous process because the liquid metal
droplets tend to shrink into spherical shape so as to minimize the surface energy. Upon moving two or more
droplets together they merge (coalesce), which is fueled by the high interfacial tension of the liquid metal
(and liquid metal oxide), as shown schematically in Figure 4a. Here, the droplets are steered and actuated
by a bar magnet located below the acrylic sheet. Upon converging of the two droplets in Figure 4a, the
LM-based robots quickly coalesce and the coalescence process is completed in less than 1 second. Moreover,
the coalescence of several droplets (see Figure 4b, Movie S3), an array of droplets (see Figure 4c), and a
pattern (see Figure 4d) can be done swiftly due to the good precision of the magnetic actuation and the quick
coalescence kinetics. This process can be leveraged to remove and recycle the liquid metal-based robots to

a high degree.
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Figure 5: Figure 4. Coalescence of liquid metal-based soft robots. (a) Scheme and photographs of
merging droplet robots. (b) Coalescence of liquid metal droplets in a line pattern. (¢) Coalescence of liquid
metal droplets in a rectangular array pattern. (d) Merging of liquid metal droplets, which are arranged to
signify the letters S, Z, and U. The surrounding medium is in these experiments alkaline water.
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The control of the droplet shape is not limited to elongation, bending, and on-demand droplet splitting and
merging. Patterns can even be achieved on a surface without a necessitating a water layer by first elongating
a droplet with a centimeter-sized bar magnet on a superhydrophobic and liquid metal phobic (lyophobic)
surface (SEM images of the surface morphology is given in Figure S6), followed by magnetically steering of
one end of the elongated liquid metal-based robot with the tip of the bar magnet, as schematically shown in
Figure 5a. In general, the oxide skin of gallium-based liquid metal is considered to be sticky and actuation on
dry medium is therefore difficult. Adhesion of liquid metal in such an instance can be avoided by decorating
the liquid metal with nano-/microparticles. Yet, this would not be conducive in this experiment, as the
deformation would generate new surfaces, which would be exposed and could adhere to the surface. The
role of the liquid metal phobic surface is to reduce friction and adhesion of the surface towards the soft
robots by reduced contact area (viz., by roughness) in combination with the solid-like behavior of the oxide
skin.[58:59 Due to the oxide layer on the robot surface, which exhibits a yield stress, the droplet maintains
the shape after the bar magnet is removed. Figure 5b signifies that the liquid metal-based robots can be
steered. For example, it is feasible to draw Arabic numbers 1 to 10, and thus, this method offers a general
way to deform the liquid metal droplet into complex shapes in a reconfigurable and reversible fashion, which
can be leveraged for dynamically reconfigurable and recyclable switches in complex circuits and electronics.
Moreover, the phase transition temperature of the liquid metal can be exploited to fix a desired shape after
the programmable shape encoding.

Finally, the phase transition temperature of the liquid metal (Gallium) can be exploited to fix a desired shape
or interconnection. For example, a connection can be established at room temperature, followed by freezing
the liquid metal in place (which results in a highly increase modulus (solid state)). Once reconfiguration
gets necessary, the robot can be melted, yielding the soft and reconfigurable state again (Figure 5d, Movie
S4). To change the melting and solidification temperature, Ga can be alloyed with In and Sn to reduce the
melting temperature or Cu to increase the melting temperature. 6]
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Figure 6: Figure 5. Reversible phase transition of the liquid metal droplet robot between liquid
state and solid state. (a) Schematic showing the magnetic field-controlled deformation of the liquid metal-
based droplet robot in order to achieve different patterns. The robot is surrounded by air and located on a
hydrophobic (spray coated) petri dish. (b) Photographs of the magnetic field-controlled deformation of the
liquid metal droplet robot into the numbers 1 to 10. The experiment is performed on a liquid metal lyophobic
surface. (c) Schematic showing the reversible phase transition of the liquid metal (Gallium) droplet robot
between liquid state and solid state. (d) Photographs of the reversible phase transition of the liquid metal
droplet robot between liquid state and solid state with different patterns generated by magnetic field on a
silicon surface (SEM images of the surface morphology of the silicon surface is given in Figure S7, Movie
S4).
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The good deformability and electrical conductivity of the liquid metal-based soft robot enable its application
as a miniature electronic switch, which can be remotely controlled. A circuit comprising 3 LED arrays that
depict the letters “S”, “Z”, and “U” and copper foil as interconnects in a water bath (with 1 wt% Tween
80). Each of the LED arrays has its own open circuit, as depicted in Figure 6a (Movie S5). The copper
electrodes in the water bath do not touch each other, resulting in an open circuit. Here, the liquid metal-
based soft robot is employed as a controllable switch; the deformation and shape morphing are controlled
by a magnet. Initially, all circuits were open and the LED arrays remained dark. After placing a liquid
metal-based soft robot in the middle of the electrodes and actuating it by a bar magnet, one of the three
open circuits (the one connected to the “S” LED array) was closed, resulting in the light-up of the “S“ LED
array, as shown in Figure 6b. Similarly, other LED arrays can be selectively switched on and off again.
Furthermore, one single soft robot could be deformed circular, as described 3e and f, in order to close all
three circuits, resulting in light up of all three LED arrays, which spell together the acronym SZU (see
Figure 6¢). Importantly, the on-demand deformation of the liquid metal-based soft robot is reversible and
other interconnection patterns can quickly be achieved. Furthermore, the soft robot can be retrieved after
usage and reused for other applications. These results demonstrate the capability of the liquid metal-based
soft robots and their potential in applications like dynamic and recyclable switches for complex circuits.
Compared with a traditional miniature electronic switch, which may require a complex switch design or
multiple switches to control the complicated circuit, the liquid metal droplet robots enable simple remote
control of complex circuits in a reconfigurable manner, which effectively simplifies the circuit layout.

13
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Figure 7: Figure 6. Reconfigurable circuit welding and transient electronics. (a) Schematic
showing the circuit connected to the LEDs spelling ‘SZU’. The liquid metal robot serves as a reconfigurable
interconnector. The experiment is done in a petri dish filled with a thin layer of water (Movie S5). (b1-b8)
Optical images of the actual circuit. The light is turned on or off by the droplet in the center of the control
platform. (c1-¢8) Schematic diagrams of the circuit corresponding to the photographs in (b1-b8).

Liquid metal-based soft materials (hydrogels and elastomers) are capable of self-healing and restoring electri-
cal functionality by magnetic field or even spontaneously, exhibiting uncompromising resilience to mechanical
damage.[1-63] Here, Liquid metal soft robots can also be used to repair damaged microcircuits that occur
at an unreachable space in a non-invasive manner. A maze was used to simulate an unreachable area, and
multiple liquid metal-based soft robots are actuated towards the damaged section of the circuit. After reach-
ing the damaged section of the circuit, the soft robots were fused and deformed by actuation with a bar
magnet. Finally, the damaged section was successfully repaired (76 min). A schematic illustration of such a
process is shown in Figure S8. In Figure S8, the optical photographs of the movement (through the maze)
and repairing process are shown, signifying the high control and potential of such soft robots. For instance,
the soft robots can solve the maze and circumvent obstacles with ease without necessitating the use of an
electric field and conductive electrolyte (compare with [64]).

Due to the fluidity of the liquid metal matrix, the liquid metal soft robot has a high degree of freedom of
shape changeability, which endows it with the ability to adapt to the working environment, i.e., confined
space. In channels with different widths, the liquid metal soft robot can adaptively change its shape and
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move in an optimized low-resistance mode. The self-adaptability of the shape enables the liquid metal soft
robot to maintain good mobility in various environments.

3. Conclusion

A magnetic field-actuated liquid metal-based droplet robot was designed and developed that can be applied
for reconfigurable and transient electronics, i.e., as a remote-controlled circuit switch. These robots comprise
of the liquid metal and the magnetic particle iron pentacarbonyl. Upon exertion of an external magnetic
field (by a permanent magnet), the magnetic liquid metal-based soft robot can undergo reversible elongation,
bending, and on-demand locomotion. Programmable shape encoding of the liquid metal robots and the phase
transition of the robot between liquid and solid states can be utilized to fix a desired shape via ice cooling
and infrared light irradiation. Furthermore, on-demand merging and splitting up of the soft robots can be
achieved by controlling the direction and shape of the electric field. The on-demand elongation and bending of
the soft robots was used in a dynamic and recyclable switch in a complex circuit. Compared with traditional
miniature electronic switches, the liquid metal droplet robot enables simple and remote control of the complex
circuits in a reconfigurable manner, which effectively simplifies the circuit layout. In addition, the liquid
metal soft robot can be removed and recycled by removing the robot with the help of the magnetic field. In
this case, the open circuit is regained together with the reusable soft robot. Besides, multiple liquid metal
droplet robots can repair damaged sections of microcircuits by remote actuation, controllable coalescence,
and on-demand circuit welding. The technology provides a new application scenario of droplet-based soft
robots for on-demand circuit welding and transient recyclable electronics.

4. Materials and Methods
Materials

Gallium-indium-tin (Galinstan, Ga 68.5 wt%, In 21.5 wt%, Sn 10 wt%, density: 6.44 kg/L) alloy and
Gallium were purchased from Wochang (P. R. China). Carbonyl iron (iron pentacarbonyl, size "2 um)
powder was purchased from BASF. Tween 80 was purchased from Aladdin. As water source deionized water
(DI water) was used. The experimental materials were used as received without any further purification and
treatment.

Preparation of the magnetic liquid metal composite

Certain masses of carbonyl iron powder and Galinstan/Gallium were balanced according to the mass ration
in the experiment (typically 2:8; particle:liquid metal). The two materials were mixed by grinding with a
mortar and pistil. Afterwards, slow (60790 rpm) mechanical stirring was employed for 20 min to homogenize
the mixture.

Preparation of the liquid metal droplet robot:

To prepared millimeter-scale droplets, a certain amount of magnetic liquid metal is slowly extruded in a
tank pre-filled with water/surfactant (tween 80, ~ 1% in weight) solution. For microscale droplets, the liquid
metal is extruded rapidly on a water bath.

Magnetic control platform:

The magnetic field setup consists of a strong permanent magnet (bar magnet or circular magnet), which
is located under the mobile platform and moves by manual control in the x-y and z plane. Based on the
orientation and strength of the magnetic field, the liquid metal soft robot is controlled. To control the
strength of the magnetic field (magnet) exerted toward the execution unit (liquid metal soft robot) the
relative distance (d ) between the magnet and the liquid metal soft robot is important and needs to be
adjusted.

Based on the difference of the initial d value, the control method can be divided into two types:

1. Precision operation. The initial value of d is small (d< 2 mm). Upon exertion of a strong magnetic field,
the liquid metal soft robot establishes a stable connection with the magnet. Within a certain speed range,
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the liquid metal soft robot moves or deforms with the movement of the magnet. This kind of control method
is suitable for precision operation, elongation, and bending of the droplet robot.

2. Quick movement. The initial value of d is large (d> 50 mm). The distance d is gradually reduced, and
the ability to control the droplet is increased. When d decreases below the threshold distance, the liquid
metal soft robot moves toward the magnet rapidly until the liquid metal soft robot is closely connected with
the magnet through magnetic force and enters the precision operation mode. This control method is suitable
for the rapid movement of liquid metal soft robots.

Characterization

Scanning electron microscopy (SEM) images and the EDS mappings were obtained from the APREO S
(Thermo Scientific).
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