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SUMMARY

There is growing interest in controlled liquid manipulation that is
crucial for microfluidic transport, medical diagnostics, and chemical
analysis. Existing liquidmanipulationmethods are restrained in 3 as-
pects: velocity, space, and environment. Inspired by nature, here,
we report amagnetically driven liquid precisemanipulation strategy
based on the adhesive force between the internal superhydrophilic
iron bead and the liquid, which can drive or stop droplets within ve-
locity and volume range of 4 orders of magnitude in an arbitrary
path. The droplet velocity can reach �2 m/s (2,000 body lengths/
s). This strategy breaks space limitation and allows droplets to
move along a 360� circle in 3 dimensions and to climb/downhill
with any gradient. Magnetically driven liquid manipulation on gen-
eral solid surfaces or in liquid environments are reported. We pro-
pose the concept of the hydrobot and reveal its practical application
potential in the fields of soft microrobotics, including cleaning and
cargo transportation.

INTRODUCTION

Controlled liquid manipulation on a solid surface is a fundamental but crucial technique

issue for many disciplines, including chemical synthesis, microfluidic chip, bio-analysis,

and energy harvesting.1–5 Todate, liquidmanipulations haveprimarily reliedon the solid

surface with the specificmorphological or chemical component to break the asymmetric

of the 3-phase contact line.4,6 This approach is inefficient, with limited controllability.

Recently, smart liquid manipulation strategies based on external stimuli (e.g., light field,

electric field, thermal field) have been explored to achieve high-precision controllable

manipulation.3,7–10 In particular, owing to extremely fast response times with real-time

remote-control ability, magnetically driven liquid manipulation has received growing

attention as the best option.11,12 However, 3 intractable limitations (velocity, volume,

and space) still constrain its further development.13,14 First, it is difficult to manipulate

liquid locomotion precisely with high velocity (several meters per second). Even more

challenging is stopping the moving droplets at random. Second, how does one realize

liquid manipulation in 3-dimensional space? Third, most of the liquid manipulation

research is based on superhydrophobic surfaces in the air. How to extend and achieve

liquid manipulation in other substrates or environments is a constant concern.

Tomeet these challenges, here, we demonstrate a magnetically driven liquid manip-

ulation strategy inspired by the natural phenomenon that superhydrophilic fish can

carry water away from the superhydrophobic lotus leaf. Using the adhesive force be-

tween the inside superhydrophilic iron bead (SIB) and the liquid, the droplet guided

by an external magnetic field can move in an arbitrary path within the velocity range

of 4 orders of magnitude on a superhydrophobic surface. The droplet velocity can

reach �2 m/s (nearly, 2,000 body lengths per second), and can stop at any time
Cell Reports Physical Science 2, 100439, June 23, 2021 ª 2021 The Authors.
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Figure 1. Magnetically driven liquid manipulation on the superhydrophobic substrate

(A) Fish trapped in the water puddle on the lotus leaf can swim back to the pond and take some of the water away.

(B) Schematic illustration of magnetically driven liquid manipulation device on a superhydrophobic surface. The superhydrophilic-treated iron bead

(SIB) enveloped by water can move in the 2-dimensional X-Y plane arbitrarily driven by the movable external magnet.

(C) Overlapped images of magnetically driven liquid manipulation on the superhydrophobic glass slide. The water droplet with SIB-specific

manipulations from left to right horizontally with a 4 orders of magnitude range of velocity are carried out.

(D) Time sequence images of the magnetically driven continuous coalescence of multiple droplets on a complex and narrow superhydrophobic

substrate by imitating a Pac-Man-like game.
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on demand. This strategy also allows droplets to move along a 360� circle in 3-

dimensional space and to climb slopes with any gradient. Moreover, magnetically

driven liquid manipulation on a general solid surface or under a liquid (water or

oil) environment is achieved. Importantly, we propose the concept of the hydrobot,

which can complete complex instructions such as cleaning, object delivery, and

cargo-release tasks in a narrow space as a millimeter-scale soft robot.
RESULTS AND DISCUSSION

Bioinspired magnetically driven liquid manipulation

Many interesting phenomena in nature can always give us unique inspirations.15–17 The

little fish will accidentally bounce onto the surface of the lotus leaf and get stuck in

the water puddle. However, with struggling, the fish can escape and swim back to the

pond. When the fish is rescued, part of the water surrounding it will also be taken

away, as shown in Figure 1A. The underlying basic mechanism is the high adhesion be-

tween the superhydrophilic fish scales and water.18,19 Water on the superhydrophobic

lotus leaf is in the Cassie state, with extremely low adhesion.18,20 Inspired by this natural
2 Cell Reports Physical Science 2, 100439, June 23, 2021
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phenomenon, a novel liquid manipulation strategy dominated by solid-liquid adhesion

has been proposed. Based on this understanding, we designed an easily prepared,

magnetically driven liquid precisemanipulation device on the superhydrophobic surface

(Figure 1B). Water droplets appear in a nearly perfect spherical shape on the superhy-

drophobic surface with great locomotivity due to low surface adhesion (Figure S1A).

The SIB is placed inside the water droplet, which is immediately enveloped by water

to form a new whole. Driven by the movable external magnet, the SIB can move in

the 2-dimensional X-Y plane arbitrarily with themagnet position. The SIB can act as ami-

cromotor to drive or stop the droplet via the adhesion between the SIB and the droplet

(see Experimental procedures for details). We can program the movement route of the

magnet on the track by a remote rocker. Finally, the droplet will follow the movement of

themagnet to achieve controllablemanipulation at a certain velocity. The scanning elec-

tron microscopy (SEM) images of superhydrophobic and superhydrophilic coatings are

displayed in Figure S2.

The high adhesion force between the SIB and water can provide enough power to

keep the water drop motion with high velocity, as shown in Figures S1B and S1C.

We achieve water droplet specific manipulation with a 4 orders of magnitude range

of velocity. The feasibility experiments are carried out on the obtained superhydro-

phobic glass slide. The diameter of the iron bead (D) and the volume of the droplet

(V) are set as 1 mm and 10 mL, respectively. Placing the magnet under the water-

wrapped SIB, the bead will be attracted to the superhydrophobic surface, as shown

in Figure 1C. As the magnet moves from left to right, the bead can follow closely

due to the strong magnetic force, in newtons, which can be expressed as

follows11,21:

Fm = ðM $VÞB (Equation 1)

where B is the flux density of the magnetic field and M is the uniform magnetization

of the SIB. The SIB causes the droplet to slide horizontally to the right at the same

velocity as the magnet. In the slowest case, the droplet moves 2.1 cm in 28 s, with

an average velocity of �0.7 mm/s. Theoretically, the velocity of our magnetically

driven manipulation strategy can be as slow as 0 mm/s. Then, we achieve medium

velocity (6.3 mm/s) droplet manipulation easily. In the faster case, we complete

the 2-cm movement within 0.01 s with an average speed of �2,000 mm/s. It is worth

noting that it is not the maximum speed we can achieve. Our strategy provides a

platform for programming the rapid and accurate movement of droplets in complex

and narrow spaces.4,22,23 We simulate the Pac-Man-like game and realize the contin-

uous coalescence of multiple droplets, as shown in Figure 1D and Video S1. The first

transparent water drop is captured by the SIB under the control of the magnet. Then,

driven by the magnet, the droplet can perform multiple turns, straighten, shift, and

can stop action. Under control, the droplet can accurately locate the target droplets

and complete the coalescence, and the detailed process is shown in Figure S3. The 6

colored microdroplets eventually coalesce into a large one in 16 s and remain in

good controllability and locomotivity.
Drive mechanism and process decomposition

This droplet manipulation strategy based on the solid-liquid adhesion force deter-

mines the importance of a solid surface area. Because the magnitude of the adhe-

sion force between the 2 solids and liquids is proportional to the liquid-solid contact

area. In other words, the surface area of the SIB has a decisive influence on the de-

gree of manipulation of the liquid. In the phase diagram Figure 2A, we calculated the

feasibility of 2 iron beads (D = 1 and 2 mm; see Figure S4) for different volumes of

droplets at a different velocity. The results show that when V is <50 mL, both SIBs
Cell Reports Physical Science 2, 100439, June 23, 2021 3



Figure 2. Mechanism of magnetically driven liquid manipulation

(A) Phase diagram of the relationship between the volume of the droplet (V) and liquid manipulation ability of SIB under different velocities. The

triangles represent the case in which D is equal to 1 mm. Green indicates that liquid manipulation can be achieved under this condition, while red

indicates failure. Similarly, the circles represent the case in which D is equal to 2 mm. Blue and yellow indicate successful and failed liquid manipulation,

respectively.

(B) Time sequence images of magnetically driven large water puddle (V = 1,000 mL) manipulation. The blue triangle represents the position of the SIB,

and the red triangle is the initial position of the puddle front.

(C) Schematic showing the forces on the droplet and SIB under the magnetic field.
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can achieve velocity control across 4 orders of magnitude (0.5–2,000 mm/s). When V

is >180 mL, the SIB with a diameter of 1 mm will lose the ability to manipulate drops.

However, the SIB with a diameter of 2 mm can still achieve water drop manipulation

in a relatively fast velocity range (0.5–5 mm/s) when the volume of liquid drops in-

creases to 1,000 mL. Original iron beads show weak water drop manipulation ability

due to the small solid-liquid contact area (see Figure S5). This result is consistent with

our previous prediction.

As shown in Figure 2B, water (V = 1,000 mL) presented a cake-shaped puddle on the

superhydrophobic surface, with a height of�5mm. Under the control of themagnet,

the SIB wrapped inside the liquid moves horizontally to the left edge. Under the ac-

tion of adhesion force and inertia force, the water is stretched out of shape and then

contracts in the left direction. Then, the magnet turns to the right, and the SIB slips to

the right end of the water, which drives the water to the right directional movement.

The average moving velocity of the whole process is �5 mm/s. If we further increase

the solid-liquid contact surface area, then a larger droplet can be driven as well. As

shown in Figure S6, using several SIBs, we realized the manipulation of 3 mL water.

From a few microliters to a few milliliters, in general, the manipulation of water drop-

lets across 4 orders of magnitude is realized for the first time.3,4,23,24

The forces on the droplet and SIB under the magnetic field have been analyzed. As

seen in the diagram (Figure 2C), when the magnet moves at a constant velocity for a

very short distance, the density of magnetic field lines around the SIB decrease. The
4 Cell Reports Physical Science 2, 100439, June 23, 2021
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horizontal component of noncontact magnetic field force (Fx) on the SIB is described

by Equation 2 as follows11:

Fx =
m0d

2

4SB2L2
cosq (Equation 2)

where d is the air gap, m0 is the permeability of vacuum, S and L are the surface areas

of the permanent magnet and the length of the magnetic path, respectively, and q is

the angle of the Fm in the horizontal direction. When Fx is greater than the maximum

static friction force (f) in the horizontal direction, the SIB tends to move in the direc-

tion of the density of the magnetic field lines.1 The SIB causes the instantaneous ac-

celeration of the droplet through the solid-liquid adhesion force. Then, the droplet

can catch up with the magnet quickly. As the magnet continues to move, the droplet

enters the next cycle of motion as well.

Here, a high-speed camera is used to record the detail starting, braking, and sepa-

ration procedures (Figures 3A–3C). The time-lapse images and schematic diagrams

of water drop starting are shown in Figure 3A. The SIB has a certain speed, n1, driven

by themagnet. When the SIBmoves, the droplet is powered by a rightward adhesion

force (Fa). Then, the part of the water closest to the SIB begins to move. Next, the

center of the remaining big drop moves to the right due to internal molecular inter-

actions. The droplet has a certain velocity, n2. Before the droplet reaches stability,

the SIB moves further to the right, driving the droplet into the second motion cycle.

In previous studies, moving droplets often fail to stop as required because there is

not enough resistance to dissipate their kinetic energy.3,4,25 The adhesion between

solid and liquid can also act as a resistance force to achieving droplet braking. When

the n2 is greater than the n1, the direction of Fa is opposite to the direction of the

droplet motion. As shown in Figure 3B, when the motion of the magnet stops, the

velocity of the SIB drops rapidly to 0 mm/s. At this time, the direction of Fa is oppo-

site to the direction of n2, which brings the drop into a decaying oscillation with ki-

netic energy damped. v2 also goes down to 0 mm/s and the water drop finally is

immobilized on the SIB. In theory, the drop can be stopped at whatever velocity

the SIB can drive it. However, when the relative velocity between the SIB and the

droplet is too large, the Fa between solid and liquid is not enough to give the whole

droplet sufficient acceleration. The result is that the SIB separates from the droplet,

and the droplet remains in place (sometimes the droplets have a certain velocity af-

ter separation), as shown in Figure 3C. Therefore, rapid acceleration is an efficient

way to separate the iron bead and the droplet to obtain a pure droplet.
3-dimensional spatial liquid manipulations

The water droplets in the Cassie state on the superhydrophobic surface have great

locomotivity due to low surface adhesion caused by the air cushion between the

liquid and the solid.3,26 This phenomenon is also known as the Lotus effect.18,27

Drops also exist as spheres on the superhydrophobic surface of rose petals with

extremely high surface adhesion because of the absence of the air cushion, which

is called the petal effect.18,28 It can be seen that there is an irreconcilable conflict be-

tween the high locomotivity and the high adhesion of the superhydrophobic surface.

Due to the influence of gravity, it is difficult to realize the controllable manipulation

of liquid droplets on the superhydrophobic surface in 3-dimensional space.1,4,29 Our

magnetically driven liquid manipulation strategy achieves the unity of high locomo-

tivity and high adhesion, as well as the controllable manipulation of a water droplet

in 3-dimensional space (including climbing hills and 360� turns in circular orbits). As

shown in Figure S7, the superhydrophobic magnet is fixed on the rotating shaft, and

the SIB is attracted to the surface of themagnet with 1 water drop. The rotation of the
Cell Reports Physical Science 2, 100439, June 23, 2021 5



Figure 3. Detailed time-lapse images and schematic diagrams of magnetically driven liquid

starting, braking, and separation processes

(A) Starting process.

(B) Braking process.

(C) Separation process. The directions of the velocity of the SIB (v1) and the velocity of the droplet

(v2), as well as the direction of the adhesion (fa) between the liquid and the solid, are indicated by

arrows.
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rotating shaft will drive the droplet to rotate at 360�. The droplet is still bound to the

surface of the magnet after multiple turns of rotation. The underlying cause of this

result is the attraction of the magnet to the SIB rather than solid-liquid adhesion.

By this equivalent mechanism, the controllable manipulation of the water droplet

on the inverted superhydrophobic glass slide is implemented. In Figure 4A, the

magnets above hold the SIB firmly under the superhydrophobic surface, while the

droplet hangs on the surface of the SIB, depending on the solid-liquid adhesion

force. Moving the magnet horizontally, the droplet is driven to the right. The velocity

of the droplet movement can be controlled in the range of 3 orders of magnitude. It

should be noted that due to the influence of gravity, the maximum velocity of the in-

verted droplet (�20 mm/s) will be less than that of the upward surface case.

More complex 3-dimensional spatial liquid manipulations have also been realized.

The water-wrapped SIB is placed at the bottom of a superhydrophobic copper
6 Cell Reports Physical Science 2, 100439, June 23, 2021



Figure 4. Magnetically driven liquid manipulation in 3-dimensional space

(A) Overlapped images of the controllable manipulation of the water droplet with SIB on the

inverted superhydrophobic glass slide under different velocities in a range of 3 orders of

magnitude.

(B) Time sequence images of the 360� circular motion of water droplet with SIB driven by an external

magnet on the copper circular orbit.

(C) Time sequence images of manipulating the droplet to climb up the hill with different slope

gradients at the desired velocity and stay on the slope. The downhill motion of liquid drop is also

achievable.
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circular orbit (Figure 4B; Video S1). The external magnet allows the SIB to move the

droplets within the orbit. The water droplet can move counterclockwise �42 mm

across the top of the copper ring within 15 s. Clockwise motion also is possible.

The droplet can be easily made to circulate rapidly at the top of the copper circular

orbit. Manipulating liquids to climb up a hill has been reported many times,4,6,30,31

but most studies have kept the slope below 20� to reduce the effect of gravity. Sun

et al.4 demonstrated the transport of droplets on a vertical superhydrophobic sur-

face with charge density gradients. A hill with different slopes is made by a superhy-

drophobic copper sheet (Figure 4C; Video S1). With the help of magnets, we can

manipulate the droplet to climb up the hill at the desired velocity and stay on the

slope as often as we want. The slope range is set from 55� to 90�, and the droplet

can pass smoothly. More important, we can also manipulate the droplet to go down-

hill instead of rolling it down under gravity. In general, our strategy achieves the uni-

fication of high adhesion and locomotivity. We broke the space limitation of liquid

manipulation effectively, and completed the roller coaster motion of liquid drops.

Most of the reported studies on droplet manipulation rely on superhydrophobic sur-

faces with low adhesion to avoid liquid loss.3,4,7,24,29 Inconceivably, our magnetically
Cell Reports Physical Science 2, 100439, June 23, 2021 7
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driven strategy can generalize liquid manipulation to all kinds of low-resistance en-

vironments that are not only restricted to superhydrophobic surfaces. For example,

Figure S8 shows the manipulation of a red-dyed glycol droplet (30 mL) on a slippery

polydimethylsiloxane (PDMS) surface coved with silicone oil. The SIB (D = 2 mm) can

also guide the droplet slide back and forth from side to side because the slippery

surface shows very low resistance to immiscible liquids. Superhydrophobic particles

encapsulate liquid to form liquid marble, which can roll spherically on any solid sur-

face, even a superhydrophilic surface, as shown in Figure S9. By wrapping the SIB in

blue-dyed liquid marble (10 mL), this liquid marble can bemanipulated with themag-

net to move quickly and arbitrarily on the flat superhydrophilic polyethylene tere-

phthalate (PET) substrate. In addition to manipulating liquids in air environments,

our strategy can be extended to liquid environments. The low-surface-tension

red-dyed oil droplet (carbontetrachloride, 30 mL) can exist in spherical stability on

the surface of the superhydrophilic/underwater superoleophobic glass slide. Simi-

larly, by wrapping hydrophobic/superoleophilic original iron beads in an oil droplet,

we achieved magnetically driven manipulation of oil droplets underwater on the un-

derwater superoleophobic glass slide (Figure S10). Similar results are obtained on a

superoleophilic/underoil superhydrophobic PDMS surface. We can manipulate a

water droplet (40 mL) up a hill in the n-hexadecane environment but also achieve

directional merging of 2 water droplets (Figure S11). Our magnetically driven liquid

manipulation strategy broke through the limitation of a spatial dimension, but also

broke through the limitation of the manipulations environment.26,32

Extended application of hydrobot

The untethered millimeter-scale soft robot can non-invasively enter into confined,

enclosed narrow spaces and perform a series of complex specified operations as a

result of external or internal stimulation inputs.33–37 However, there are challenges

associated with low locomotion efficiency, poor controllability, long response

time, high cost, and that it is easily damaged.37,38 The absolute control of velocity

and the breaking of space limitations give our magnetically driven liquid manipula-

tion strategy excellent application potential in the field of millimeter-scale soft robot

science and engineering. Here, the water droplet and the internal SIB are considered

as a whole, which we refer to as a ‘‘hydrobot.’’36,39

Our hydrobot displays an unparalleled advantage in the velocity control aspect.39,40

Figure 5A shows a comparison of relative locomotion velocity with respect to body

weights, including our hydrobot (red stars), animals (blue triangles),41–44 reported

artificial soft robots (gray circles),33,38,39,45–48 and reported liquid manipulation

works (green rectangles).3,4,12,22,25,26 For animals, the relative velocity distribution

is relatively uniform. However, human studies show more wide and uneven distribu-

tions, including artificial soft robots49–51 and liquid manipulation works. The detailed

data are shown in Table S1.36,39 Distinctly, our hydrobot has the best performance,

and the maximum value of relative velocity can reach up to 2,000 body lengths per

second. High degrees of freedom and flexibility ensure hydrobot innovative applica-

tions. The hydrobot can be used as a cleaning robot to absorb the dust in the narrow

corner of the superhydrophobic surface, such as the superhydrophobic microchip. In

a conceptual experiment (Figure 5B; Video S2), we simulated dust with copper sul-

fate (CuSO4), which is placed on a closed narrow superhydrophobic surface con-

structed with building blocks. We can use magnets to manipulate the hydrobot

through a tunnel of building blocks and then locate the dusty places. When the hy-

drobot touches the CuSO4 crystal, it dissolves quickly. At this point, the transparent

hydrobot gradually turns blue and the superhydrophobic substrate becomes clean.

The crystals in different areas can be dissolved away at once. Eventually, the
8 Cell Reports Physical Science 2, 100439, June 23, 2021



Figure 5. Applications of ‘‘hydrobot’’ in the millimeter-scale soft robot

(A) Relative motion velocities of some animals, soft robots, liquid manipulation works in body

length per second versus body mass.

(B) Time sequence and overlapped images of hydrobot as a cleaning robot to adsorb the dust

(CuSO4) in the narrow corner of the superhydrophobic surface.

(C) Time sequence images of hydrobot to capture, transport, and unload polystyrene foam. The

polystyrene foam can be attached to the hydrobot and transported to its destination. More

important, the polystyrene foam can be unloaded via volatilizing off the liquid.

(D) Overlapped images and schematic diagram of 1-dimensional capillary tube transportation by

the cooperation of 2 hydrobots.
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hydrobot can leave the working area and return to the starting point. The whole

cleaning process does not cause any damage to the superhydrophobic surface.26,52

One of the most important uses of the untethered millimeter-scale soft robot is to cap-

ture/transport and unload tiny devices in narrow spaces that humans cannot

reach.33,38,40,49–51,53 Most of the reported untethered millimeter-scale soft robots have

a good carrying capacity. However, complex commands and distortions are necessary

todownloador releaseobjects for them,which is a hugechallenge in engineering.37,38,40

Our hydrobot can use surface tension to adhere to objects of low mass and density. As

shown in Figure 5C and Video S2, polystyrene foam is used as a target object. When

the hydrobot moves to polystyrene foam through the magnetic field, it is immediately

attached to the liquid surface. Then, it can follow the movement of the hydrobot and

circumnavigate multiple obstacles and finally move to its destination. Our hydrobot
Cell Reports Physical Science 2, 100439, June 23, 2021 9
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provides a new mode of unloading objects. By volatilizing off the liquid completely, the

adhesion between the liquid and the solid will disappear, and the object can naturally be

placedon the surface in situ.More important, thedelayunloads canberealizedbyadjust-

ing the environment temperature, hydrobot volume, and relative humidity. The dry SIB

canberemoved individuallyby theexternalmagneticfield.TheSIBcan re-enter thework-

ing areawith the newdroplet (forminga newhydrobot), and the polystyrene foamcanbe

carried away to the exit through the adhesionmechanism. The carrying capacity of 1 hy-

drobot is limited, but if multiple hydrobots work together, the carrying capacity can be

increasedmany times. There are fewer restrictions on the appearance of the objects be-

ing transported. Furthermore, in Figure 5D and Video S2, we realized the 1-dimensional

capillary tube transport with 2 hydrobots. The hydrobots with a capillary tube perform

complex operations such as going straight and turning. By adjusting the speeds of the

hydrobots (vH1 and vH2), their motion paths and forms can be controlled.

In summary, inspired by the natural phenomenon, we present a magnetically driven

strategy that can achieve precise liquid manipulation within the velocity and volume

range of 4 orders of magnitude. The SIB in a droplet as a micromotor provides the

power for the constant locomotion of the droplets via the adhesion between solid

and liquid, which also can be the braking force to stop the moving droplets. Our

strategy also overcomes the limitation of space and makes 3-dimensional space

liquid manipulation a reality. It is easy to achieve accurately and controlled uphill/

downhill and 360� roller coaster loop motion. Our magnetically driven mechanism

can be extended to a variety of environments (including superhydrophilic surface

or under liquids) of different droplets. Most important, we have revealed its practical

application potential in the field of soft robots, including cleaning and cargo trans-

portation. How to realize the close and simultaneous cooperative manipulation of

multiple hydrobots will be the focus of our next research project, which will represent

an extreme advance in the emerging field of bioinspired microrobots and will

develop an abundant spectrum of applications.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

The lead contact for this article is dongzhichao@iccas.ac.cn.

Materials availability

This study did not generate new unique materials.

Data and code availability

All data associated with the study are included in the article and the supplemental

information.

Materials

Tetrachloromethane and n-hexadecane were purchased from Alfa Aesar (United

Kingdom). Iron beads with different diameters were purchased from the local store.

The superhdyrophilic coating was purchased from Changzhou Nanocoatings (P.R.

China). All of the chemicals for the chemical resistance test were purchased from Si-

nopharm (P.R. China). Water was acquired from Milli-Q (Millipore Sigma, USA), with

a resistance of 18.2 MU.

Preparation of superhydrophilic iron bead

At first, iron beads were washed twice with deionized water and ethanol, respec-

tively. Then, they were dried at room temperature. Clean iron beads were dipped
10 Cell Reports Physical Science 2, 100439, June 23, 2021
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into the superhydrophilic coating for 5 min. Coated iron beads were put into the

oven at 40�C for 6 h to be superhydrophilic.

Preparation of superhdyrophobic substrates

A total of 2 g superhydrophobic silica aerogel powder was dispersed in a mixture of

20 mL ethanol and 20 mL acetone. Then, after ultrasonic 30 min, the dispersion was

put into a spray bottle and the superhydrophobic coating was obtained. The super-

hydrophobic paint was sprayed onto a clean, flat solid surface, such as glass or a cop-

per sheet. After drying at room temperature for 1 h, a white superhydrophobic

substrate was obtained.

Measurements and characterizations

The optical images and movies were recorded by a digital camera (D7500, Nikon,

Japan). SEM images were obtained using a field-emission scanning electron micro-

scope at 5 kV by Hitachi S-8010 (Japan). Analysis of the detailed liquid manipulation

processes was recorded by high-speed camera (i-SPEED 3, iX Cameras, USA).
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16. Prakash, M., Quéré, D., and Bush, J.W. (2008).
Surface tension transport of prey by feeding
shorebirds: the capillary ratchet. Science 320,
931–934.

17. Jiang, J., Gao, J., Zhang, H., He, W., Zhang, J.,
Daniel, D., and Yao, X. (2019). Directional
pumping of water and oil microdroplets on
slippery surface. Proc. Natl. Acad. Sci. USA 116,
2482–2487.

18. Si, Y., Dong, Z., and Jiang, L. (2018). Bioinspired
designs of superhydrophobic and
superhydrophilic materials. ACS Cent. Sci. 4,
1102–1112.

19. Liu, M., Wang, S., Wei, Z., Song, Y., and Jiang,
L. (2009). Bioinspired design of a
superoleophobic and low adhesive water/solid
interface. Adv. Mater. 21, 665–669.

20. Zhou, S., Jiang, L., and Dong, Z. (2021).
Bioinspired surfaces: bioinspired surface with
superwettability for controllable liquid
dynamics. Adv. Mater. Interfaces 8, 2170007.

21. Wu, C., Zhang,Q., Fan, X., Song, Y., and Zheng,
Q. (2019). Smart magnetorheological
elastomer peristaltic pump. J. Intell. Mater.
Syst. Struct. 30, 1084–1093.

22. Gao, C., Wang, L., Lin, Y., Li, J., Liu, Y., Li, X.,
Feng, S., and Zheng, Y. (2018). Droplets
manipulated on photothermal organogel
surfaces. Adv. Funct. Mater. 28, 1803072.

23. Wang, J., Gao,W., Zhang, H., Zou,M., Chen, Y.,
and Zhao, Y. (2018). Programmable wettability
on photocontrolled graphene film. Sci. Adv. 4,
eaat7392.

24. Han, H., Lee, J.S., Kim, H., Shin, S., Lee, J., Kim,
J., Hou, X., Cho, S.W., Seo, J., and Lee, T.
(2018). Single-droplet multiplex bioassay on a
robust and stretchable extreme wetting
substrate through vacuum-based droplet
manipulation. ACS Nano 12, 932–941.

25. Lei, W., Hou, G., Liu, M., Rong, Q., Xu, Y., Tian,
Y., and Jiang, L. (2018). High-speed transport of
liquid droplets in magnetic tubular
microactuators. Sci. Adv. 4, eaau8767.

26. Tang, X., and Wang, L. (2018). Loss-free photo-
manipulation of droplets by pyroelectro-
12 Cell Reports Physical Science 2, 100439, June
trapping on superhydrophobic surfaces. ACS
Nano 12, 8994–9004.

27. Zhang, W., Wang, D., Sun, Z., Song, J., and
Deng, X. (2021). Robust superhydrophobicity:
mechanisms and strategies. Chem. Soc. Rev.
50, 4031–4061.

28. Feng, L., Zhang, Y., Xi, J., Zhu, Y., Wang, N., Xia,
F., and Jiang, L. (2008). Petal effect: a
superhydrophobic state with high adhesive
force. Langmuir 24, 4114–4119.

29. Mertaniemi, H., Jokinen, V., Sainiemi, L.,
Franssila, S., Marmur, A., Ikkala, O., and Ras,
R.H. (2011). Superhydrophobic tracks for low-
friction, guided transport of water droplets.
Adv. Mater. 23, 2911–2914.

30. Li, C., Li, N., Zhang, X., Dong, Z., Chen, H., and
Jiang, L. (2016). Uni-directional transportation
on peristome-mimetic surfaces for completely
wetting liquids. Angew. Chem. Int. Ed. Engl. 55,
14988–14992.

31. Li, C., Dai, H., Gao, C., Wang, T., Dong, Z., and
Jiang, L. (2019). Bioinspired inner
microstructured tube controlled capillary rise.
Proc. Natl. Acad. Sci. USA 116, 12704–12709.

32. Malinowski, R., Parkin, I.P., and Volpe, G.
(2020). Advances towards programmable
droplet transport on solid surfaces and its
applications. Chem. Soc. Rev. 49, 7879–7892.

33. Hu,W., Lum, G.Z., Mastrangeli, M., and Sitti, M.
(2018). Small-scale soft-bodied robot with
multimodal locomotion. Nature 554, 81–85.

34. Zhakypov, Z., Mori, K., Hosoda, K., and Paik, J.
(2019). Designing minimal and scalable insect-
inspired multi-locomotion millirobots. Nature
571, 381–386.

35. Wang, H., Totaro, M., and Beccai, L. (2018).
Toward perceptive soft robots: progress and
challenges. Adv. Sci. (Weinh.) 5, 1800541.

36. Kotikian, A., McMahan, C., Davidson, E.C.,
Muhammad, J.M., Weeks, R.D., Daraio, C., and
Lewis, J.A. (2019). Untethered soft robotic
matter with passive control of shape morphing
and propulsion. Sci. Rob. 4, eaax7044.

37. Palagi, S., and Fischer, P. (2018).
Reconfigurable photoactuator through
synergistic use of photochemical and
photothermal effects. Nat. Rev. Mater. 3,
113–124.

38. Lu, H., Zhang, M., Yang, Y., Huang, Q., Fukuda,
T., Wang, Z., and Shen, Y. (2018). A bioinspired
multilegged soft millirobot that functions in
both dry and wet conditions. Nat. Commun. 9,
3944.

39. Shin, B., Ha, J., Lee, M., Park, K., Park, G.H.,
Choi, T.H., Cho, K.J., and Kim, H.Y. (2018).
Hygrobot: a self-locomotive ratcheted actuator
powered by environmental humidity. Sci. Rob.
3, eaar2629.
23, 2021
40. Wu, Y.C., Yim, J.K., Liang, J.M., Shao, Z.C., Qi,
M.J., Zhong, J.W., Luo, Z.H., Yan, X.J., Zhang,
M., Wang, X.H., et al. (2019). Insect-scale fast
moving and ultrarobust soft robot. Sci. Rob. 4,
eaax1594.

41. Garland, T., Geiser, F., and Baudinette, R.V.
(1988). Comparative locomotor performance of
marsupial and placental mammals. J. Zool. 215,
505–522.

42. Garland, T. (1983). The relation between
maximal running speed and body mass in
terrestrial mammals. J. Zool. 199, 157–170.

43. Garland, T., and Janis, C. (1993). Does
metatarsal/femur ratio predict maximal
running speed in cursorial mammals? J. Zool.
(Lond.) 229, 133–151.

44. Poulakakis, I., Smith, J.A., and Buehler, M.
(2005). Modeling and experiments of
untethered quadrupedal running with a
bounding gait: The Scout II robot. Int. J. Robot.
Res. 24, 239–256.

45. Kwok, S.W., Morin, S.A., Mosadegh, B., So,
J.-H., Shepherd, R.F., Martinez, R.V., Smith, B.,
Simeone, F.C., Stokes, A.A., and Whitesides,
G.M. (2014). Magnetic assembly of soft robots
with hard components. Adv. Funct. Mater. 24,
2180–2187.

46. Ma, Y., Zhang, Y., Wu, B., Sun, W., Li, Z., and
Sun, J. (2011). Polyelectrolyte multilayer films
for building energetic walking devices. Angew.
Chem. Int. Ed. Engl. 50, 6254–6257.

47. Morales, D., Palleau, E., Dickey, M.D., and
Velev, O.D. (2014). Electro-actuated hydrogel
walkers with dual responsive legs. Soft Matter
10, 1337–1348.

48. Li, T., Li, G., Liang, Y., Cheng, T., Dai, J., Yang,
X., Liu, B., Zeng, Z., Huang, Z., Luo, Y., et al.
(2017). Fast-moving soft electronic fish. Sci.
Adv. 3, e1602045.

49. Tyagi, M., Spinks, G.M., and Jager, E.W.H.
(2021). 3D printing microactuators for soft
microrobots. Soft Robot. 8, 19–27.

50. Li, J., and Pumera, M. (2021). 3D printing of
functional microrobots. Chem. Soc. Rev. 50,
2794–2838.

51. Ebrahimi, N., Bi, C., Cappelleri, D.J., Ciuti, G.,
Conn, A.T., Faivre, D., Habibi, N., Ho�sovsky, A.,
Iacovacci, V., Khalil, I.S.M., et al. (2021).
Magnetic actuation methods in bio/soft
robotics. Adv. Funct. Mater. 31, 2005137.

52. Wang, T., Si, Y., Luo, S., Dong, Z., and Jiang, L.
(2019). Wettability manipulation of overflow
behavior via vesicle surfactant for water-proof
surface cleaning. Mater. Horiz. 6, 294–301.

53. Xiao, Y.Y., Jiang, Z.C., Tong, X., and Zhao, Y.
(2019). Biomimetic locomotion of electrically
powered ‘‘Janus’’ soft robots using a liquid
crystal polymer. Adv. Mater. 31, e1903452.

http://refhub.elsevier.com/S2666-3864(21)00134-X/sref13
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref13
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref13
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref14
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref14
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref14
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref14
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref15
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref15
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref15
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref15
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref15
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref16
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref16
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref16
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref16
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref17
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref17
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref17
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref17
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref17
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref18
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref18
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref18
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref18
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref19
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref19
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref19
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref19
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref20
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref20
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref20
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref20
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref21
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref21
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref21
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref21
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref22
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref22
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref22
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref22
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref23
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref23
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref23
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref23
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref24
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref24
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref24
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref24
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref24
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref24
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref25
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref25
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref25
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref25
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref26
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref26
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref26
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref26
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref27
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref27
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref27
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref27
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref28
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref28
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref28
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref28
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref29
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref29
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref29
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref29
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref29
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref30
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref30
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref30
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref30
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref30
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref30
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref30
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref31
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref31
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref31
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref31
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref32
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref32
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref32
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref32
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref33
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref33
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref33
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref34
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref34
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref34
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref34
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref35
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref35
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref35
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref36
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref36
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref36
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref36
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref36
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref37
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref37
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref37
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref37
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref37
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref38
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref38
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref38
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref38
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref38
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref39
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref39
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref39
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref39
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref39
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref40
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref40
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref40
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref40
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref40
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref41
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref41
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref41
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref41
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref42
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref42
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref42
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref43
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref43
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref43
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref43
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref44
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref44
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref44
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref44
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref44
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref45
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref45
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref45
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref45
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref45
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref45
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref46
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref46
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref46
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref46
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref47
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref47
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref47
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref47
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref48
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref48
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref48
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref48
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref49
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref49
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref49
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref50
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref50
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref50
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref51
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref51
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref51
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref51
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref51
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref51
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref52
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref52
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref52
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref52
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref53
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref53
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref53
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref53
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref53
http://refhub.elsevier.com/S2666-3864(21)00134-X/sref53

	Bioinspired magnetically driven liquid manipulation as microrobot
	Introduction
	Results and discussion
	Bioinspired magnetically driven liquid manipulation
	Drive mechanism and process decomposition
	3-dimensional spatial liquid manipulations
	Extended application of hydrobot

	Experimental procedures
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Materials
	Preparation of superhydrophilic iron bead
	Preparation of superhdyrophobic substrates
	Measurements and characterizations

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References


