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ABSTRACT: Droplet manipulation is crucial for diverse applications ranging from bioassay to medical diagnosis. Current magnetic-
field-driven manipulation strategies are mainly based on fixed or partially tunable structures, which limits their flexibility and
versatility. Here, a reconfigurable magnetic liquid metal robot (MLMR) is proposed to address these challenges. Diverse droplet
manipulation behaviors including steady transport, oscillatory transport, and release can be achieved by the MLMR, and their
underlying physical mechanisms are revealed. Moreover, benefiting from the magnetic-field-induced active deformability and
temperature-induced phase transition characteristics, its droplet-loading capacity and shape-locking/unlocking switching can be
flexibly adjusted. Because of the fluidity-based adaptive deformability, MLMR can manipulate droplets in challenging confined
environments. Significantly, MLMR can accomplish cooperative manipulation of multiple droplets efficiently through on-demand
self-splitting and merging. The high-performance droplet manipulation using the reconfigurable and multifunctional MLMR unfolds
new potential in microfluidics, biochemistry, and other interdisciplinary fields.

KEYWORDS: magnetic liquid metal robot, droplet manipulation, high-performance, multifunctional, active and passive deformability,
splitting capability

1. INTRODUCTION achieve the desired droplet manipulation in constrained
workspace. In the second category, droplets are combined
with magnetic particles or beads to move under an external
magnetic field.””~>* For example, a magnetically actuated robot
consisting of two steel beads was proposed to achieve

Controllable droplet manipulation, such as capture, transport,
merging, and mixing of droplets, plays a crucial role in various
fields including chemical and biological analysis,' > medical

detection,™ and biosensing.6 In order to achieve the efficient ] .
droplet manipulation, diverse external stimuli have been programmable droplet manipulation. Nevertheless, the trans-

explored including surface acoustic wave,” light,>” magnetic port speed and droplet volume are limited. Because of the rigid
field 191! electric field >'° and mechanical vibration.'®'? robot structure, it cannot be applied in some confined
) ) .

Because of the advantages of noncontact, biocompatibility, environments, such as narrow channels much smaller than its
) . 23 . . . .

and real-time control,'® the use of magnetic fields to manipulate size.”” Therefore, how to devise an intelligent strategy to realize
droplets has attracted broad attention in recent years. Magnetic-
actuated droplet manipulation can be roughly divided into two Received: January 10, 2022
categories. In the first category, various magnetoresponsive Revised: ~ March 17, 2022
structures are developed for the droplet manipulation.'”™*' Published: March 25, 2022
However, the manufacturing and modification process is quite

complicated, and the flexibility of droplet manipulation is

restricted by predesigned structures. In addition, it is difficult to
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Figure 1. Preparation of MLMR and its reconfigurable characteristics in droplet manipulation. (a) Preparation of MLMR. The inset image shows the
generated MLMRs with different diameters. They range in size from micrometers to millimeters. (b) Schematics of the droplet manipulation system.
(c) Optical images of the droplet transport and release. The droplet volume is ~S0 #L. When the speed of MLMR (diameter of ~1.25 mm) is S mm/s,
the liquid—gas interface can restrain the MLMR, and the TCL can provide the adhesion force to drive the droplet. While the speed of MLMR is 200
mm/s, the interface fails to restrain the MLMR, resulting in the release of the droplet. The magnetic flux density (B) on the surface is ~100 mT. (d)
Tlustration of the unique droplet manipulation capabilities of MLMR. The prepared MLMR has reconfigurable characteristics and can be used to
realize unique droplet manipulation. When exposed to a stronger magnetic field, the same MLMR can transport a larger droplet through its active
deformation. The MLMR has great passive deformability and can adapt to constrained environments to complete challenging droplet manipulations in
narrow space. It can be split into smaller sub-MLMRs or remerge on demand to manipulate multiple droplets for cooperative manipulation missions.

Scale bars: S mm in (a) and 2 mm in (c).

high-performance droplet manipulation with great flexibility and
versatility is still a challenge.

Gallium-based liquid metals (LMs), such as gallium (Ga),
eutectic gallium—indium alloys (EGaln), and gallium—indium-
tin alloys (Galinstan), are attractive and promising because of
the combination of unique fluidic and metallic properties (high
surface tension, high electrical/thermal conductivity, high
fluidity, and low toxicity).”>*® These characteristics make
them esgecially favorable in diverse applications including soft
robots,”*® stretchable and wearable electronics,””*® and
microelectromechanical actuators.>® Furthermore, LMs can be
mixed with magnetic particles to acquire magnetic response
property.”>** Although LMs can be used in diverse fields, their
applications in droplet manipulation remain to be explored.

Herein, a reconfigurable magnetic liquid metal robot
(MLMR) is developed to achieve high-performance and
multifunctional droplet manipulation. By taking advantage of
hydrophilicity and instantaneous magnetic responsiveness, the
MLMR can drive the droplet under external magnetic field,
which does not require additional complex structures. The
different droplet manipulation behaviors of MLMR including
steady transport, oscillatory transport, and release are modeled
and analyzed systematically. Besides, flexible and programmable
droplet transportation with large volume range (5—1100 uL)
and speed range (1—180 mm/s) can be realized. The three-
dimensional (3D) droplet capture-transport-release process is
showcased. Particularly, the droplet transport capacity can be
flexibly modulated in situ by adjusting the magnetic-field-
induced active deformation of MLMR. Furthermore, benefiting
from the low melting point and exceptional photothermal
properties, MLMR possesses the shape-locking and shape-
unlocking capabilities induced by phase transition under natural
cooling and near-infrared (NIR) irradiation. Because of the
excellent fluidity-based passive deformability of MLMR, droplet
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manipulation in confined space can be achieved, which is
challenging for other manipulation methods. More interestingly,
a single MLMR can be split into several sub-MLMRs under the
critical magnetic field, which can be used to cooperatively
manipulate multiple droplets. Multifunctional applications
including stimuli-free antigravity droplet pinning, droplet
collection in challenging confined space, active droplet mixing,
efficient chemical reaction, and magnetically controlled droplet
circuit switch are demonstrated. Our proposed reconfigurable
MLMR can achieve high-performance, flexible, and versatile
droplet manipulation, which shows great potential in the fields of
microfluidics, biomedical devices, and chemistry.

2. RESULTS AND DISCUSSION

2.1. Preparation of MLMR and its Reconfigurable
Characteristics in Droplet Manipulation. The preparation
process of MLMR is schematically illustrated in Figure la.
Hydrochloric acid solution (HCl, 2 M), Galinstan, and iron
nanoparticles (Fe NPs, diameter of ~100 nm) are successively
added into the container. The HCI solution can eliminate the
oxides and make Fe NPs more conductive and polarizable than
Galinstan, allowing the particles to be suspended into
Galinstan.”* Then, the container is sealed and shaken sufficiently
to facilitate the suspension. A galvanic cell can be formed
between Fe NPs and Ga of Galinstan, which oxidizes Ga while
protecting Fe NPs from the chemical reaction with HCI (Figure
S1). When the mixture solution becomes transparent from being
turbid, it indicates that Fe NPs have been successfully suspended
into Galinstan. The relatively pure magnetic liquid metal
(MLM) wrapped in the oxide film is then extracted for further
use, which looks shiny (see Figure S2 for snapshots and SEM
images). When injected into the sodium hydroxide (NaOH)
solution, the MLM can break into small droplets due to the high
surface tension and fluids interaction. By changing the injection
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Figure 2. Analysis and demonstration of high-performance droplet manipulation. (a) Phase diagrams demonstrating the diverse droplet manipulation
modes with variation of the diameter of MLMR (D), droplet volume (V), and speed of MLMR (U). In the left phase diagram, V = SO L. In the right
phase diagram, D = 0.9 mm. (b) The positions of droplet and MLMR and their relative distance versus time under the oscillatory transport mode. The
droplet (~20 uL) is transported by the MLMR (D = 1.1 mm) at 30 mm/s. When calculating the positions of the droplet and MLMR (Pp, and Py;), the
reference line is selected as the leftmost end of the substrate in the captured image. The distance is defined as P, minus Py, that is, distance = P, — Py,.
The two inset optical images show the relative positions of the droplet and MLMR at different moments. (c) Optical image showing the TCL during
steady transport. The droplet (~S0 yL) is transported steadily by the MLMR (D = 1.1 mm) at S mm/s under B = 145 mT. The moving direction is
perpendicular to the plane outward. (d) Modeling and mechanical analysis to explain the different droplet manipulation behaviors of MLMR. (e)
Transport of a huge droplet. The droplet (~1100 yL) is transported by the MLMR (D = 1.1 mm, volume of ~0.70 L) at S mm/s. (f) High-speed
transport of a droplet. The droplet (~20 yL) is transported at 180 mm/s (oscillatory transport mode) by the MLMR (D = 1.1 mm). (g) Dependence of
the maximum volume of transportable droplet (V,,,,) on the speed of MLMR (U). The diameters of MLMRs in the two experimental groups are ~0.9
and ~1.1 mm, respectively. The dots denote the experimental results. The lines indicate the nonlinear fitting curves. (h) Efficient 3D droplet
manipulation. MLMR can realize the capture, vertical transport, horizontal transport, and release of the droplet at any position flexibly. When the
droplet dyed blue (~1S yL) is captured and held by the MLMR (D = 1.3 mm), B is ~150 mT on the upper surface. In (a,b,e,f;g), B~ 100 mT. Scale
bars: S mm in (e,f) and 2 mm in (h).

velocity and syringe aperture size, the MLMRs with different permanent magnet, and a superhydrophobic substrate (Figure
diameters (from micrometer to millimeter scale) can be 1b). Femtosecond laser ablation is used to construct hierarchical
generated (Movie S1).% micro/nanoscale structures on polydimethylsiloxane (PDMS)
Droplet transport and release are two primary functions in our films to fabricate the superhydrophobic substrates (Figure
droplet manipulation system composed of an MLMR, a $3).° The effect of different laser scanning speeds on
2925 https://doi.org/10.1021/acs.nanolett.2c00100
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Figure 3. Active control of MLMR by magnetic and thermal fields. (a) Schematic illustration of the adjustable droplet transport capacity of MLMR
enabled by its active deformability. (b) Magnetically responsive active deformation. The MLMR (D = 2.6 mm) is subjected to different magnetic fields
(B = 50, 150, 250 mT) and its active deformations are recorded. (c) Demonstration of the adjustable droplet transport capacity. The maximum
volumes of transportable droplets (V,,,,,) of the MLMR (D = 1.3 mm) under different B (55, 95, 145 mT) on the inclined surface (tilt angle 0 of ~5°)
are 55, 120, and 150 uL, respectively. (d) Dependence of the active deformability on Fe NPs concentration (C) and magnetic flux density. The active
deformability (L,/H,) of MLMR (D = 2.6 mm) with different C (3.3 wt %, S wt %, 10 wt %) under different B is calculated. (e) Effect of magnetic flux
density and tilt angle on the droplet transport capacity. V,,,,; of the MLMR (D = 1.3 mm) on the inclined surfaces with different 6 under different B (5SS,
95, 145 mT) are recorded. The inset shows the mechanical model. (f) Schematics of the temperature-induced shape-locking capability. When T >
T ey the MLMR is liquid and can be deformed by the magnetic field. After sufficient cooling (T < Ty,;), it becomes solid and its deformation can be
locked. (g) Shape-locking-based antigravity droplet pinning. The liquid MLMR (D = 1.9 mm) deforms under the magnetic field and locks its
deformation after sufficient natural cooling. The shape-locked MLMR can pin the droplet (~15 L) on the inclined plane (6 = 20°) even if the droplet
is transported to other positions. The action line of the resultant force of the driving forces on the solidified MLMR is within its friction angle (self-
locking effect). This antigravity droplet pinning based on shape locking does not require any external energy input. Scale bars: 1 mm in (b) and 2 mm in

(cg)-

superhydrophobicity is studied (Figure S4). The magnet is loading capacity through its magnetic-field-induced active
placed below the substrate and the dependence of magnetic flux deformation, flexible droplet manipulation in challenging
density (B) on distance is investigated (Figure S5). By virtue of narrow space through its fluidity-based passive deformation,
the great magnetic responsiveness and inherent hydrophilicity, and cooperative droplet manipulation through its controllable
MLMR can move with the magnet and adhere to the droplet to self-splitting/merging behaviors (Figure 1d).

provide a driving force for desired manipulation, including 2.2. Analysis and Demonstration of High-perform-
droplet capture, transport, and release (Figure c, Figure S6, and ance Droplet Manipulation. In order to demonstrate the
Movie S2). The different droplet motion modes are mainly droplet manipulation capability of MLMR, the influence of the
determined by the competitive relationship between surface diameter (D) and velocity (U) of MLMR and droplet volume
tension and inertial force. Particularly, when the external (V) on horizontal droplet manipulation modes is systematically
magnetic field is properly applied, MLMR can exhibit investigated (Figure 2a). The manipulation behaviors of MLMR
reconfigurable characteristics and further enables unique droplet can be divided into three modes, namely steady transport,
manipulation capabilities,‘w’38 including in situ tunable droplet- oscillatory transport, and release. To investigate the differences
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between these modes intuitively, the positions and relative
distances of the droplet (V=20 uL) and MLMR (D = 1.1 mm)
during three typical manipulations are recorded, respectively
(Figure S7 and Figure 2b). When the MLMR starts to move at a
low speed (region I), there is a stable three-phase contact line
(TCL) between the droplet and MLMR (Figure 2c and Movie
$3)*” and thereby the steady transport can be achieved (see
Figure S8 for speed relationship). When the MLMR starts to
move at a moderate speed (region II), the inertial force of
MLMR is not enough to overcome the constraint of droplet
surface tension. However, the MLMR brings great initial
deformation to the droplet. In this case, the droplet behaves
like a mass-spring system and oscillates during its movement
(Figure 2b).*” When the speed of MLMR is high enough (region
III), it can break through the liquid—gas interface and release the
droplet (see Figures S9—S11 for snapshots of these three typical
manipulation processes).“‘42

To explain the different modes caused by the interaction
between the droplet, MLMR, and substrate, a mechanical model
is developed (Figure 2d). First, the capillary number Ca, a ratio
of viscous force to surface tension, is about 1073, indicating that
viscosity is ignorable compared to surface tension.*’ Therefore,
only two forces are considered: the driving force is the adhesion
force (F,) exerted on the droplet by the TCL between the
droplet and MLMR,* while the resisting force is the lateral
adhesion force (F;,) between the droplet and substrate.”* They
can be expressed respectively as*>***

E, ~ yzD sin g cos a

(1)
By ~ kyL(cos 6, - 2)

where 7, , @, k, L, 0,, and 6, are the droplet surface tension,
position angle of the TCL, angle between the tangent line of the
TCL and move direction, dimensionless factor,"* droplet
contact width (Figure 2c), receding contact angle, and
advancing contact angle, respectively. Then, we figure out the
critical conditions between the different modes. The critical
velocity between the transport mode and release mode (U,,
region I + II and region III) and the critical velocity between the
steady transport mode and oscillatory transport mode (U,
region I and region IT) of MLMR can be expressed, respectively,
as follows (see Note S1 in Supporting Information for detailed
analysis)**

cos 6)

5/4 B

zDy™ " sin S cosa  p
U ~ pds/4Vdgm3/4 ~ Vd 3)
L1
A o)

where p4 and g, are the droplet density and the acceleration of
MLMR, respectively. From eqs 3 and 4, it can be seen that U,, is
proportional to D and inversely proportional to Vy, while U is
negatively correlated with D and Vg, which is almost consistent
with the experimental results in Figure 2a.

Because of the strong adhesion to droplet, MLMR can achieve
the droplet transport in a large volume range and speed range. As
shown in Figure 2e, the huge droplet (~1100 uL) can be
transported by the tiny MLMR (volume ratio of droplet to
MLMR ~1571). Figure 2f shows that the droplet can be
transported at a very high speed (~180 mm/s). The maximum
volume of transportable droplets (V) of MLMR at different

aX.
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speeds is investigated (Figure 2g). It can be seen that V.
decreases with the increase of U, and a larger MLMR can
transport a larger droplet at the same speed. Moreover, the
droplet motion can be flexibly and programmably controlled, as
demonstrated in Figures S12—-S14.% Interestingly, MLMR can
even realize the 3D droplet manipulation (Figure S15, Figure 2h,
Movie S4). The largest droplet that can be manipulated by
MLMR with different diameters in this 3D mode is investigated
in Figure S16 (see Note S2 in Supporting Information for
mechanical analysis). Furthermore, the MLMR can manipulate
droplets on other untreated surfaces (Figures S17—S19).

2.3. Active Control of MLMR by Magnetic and Thermal
Fields. It is noteworthy that the shape and liquid/solid state of
MLMR can be intelligently controlled by external magnetic and
thermal fields. The shape of a sessile liquid MLMR is mainly
determined by the interplay between surface tension, gravity,
and magnetic forces.”” As the magnetic flux density (B)
increases, the shape of MLMR gradually changes from
approximately spherical to flat, and the maximum adhesion
force it can provide for manipulating droplet also increases (see
Note S3 in Supporting Information for detailed analysis).
Therefore, the maximum volume of transportable droplets
(Vinae) on the same inclined plane increases with the increase of
B (Figure 3a—c). To study the influence of Fe NPs
concentration (C) and B on the active deformability of
MLMR, the MLMRs with different C (3.3 wt %, S wt %, 10
wt %) are prepared (see Figure S20 for the effect of C on
magnetic response performance). We record the deformation
and calculate the ratio of contact width L; to height H; of the
deformed MLMR (L,/H,, defined as the deformability), while
varying B (Figure 3d, see Figure S21 and Movie SS for more
demonstrations). Then, the scaling analysis is carried out to
model the active deformability of MLMR. The dimensionless
forms of L, and H; can be expressed as L,/(D/2) ~ (DMB/
26)"*and H,/(D/2) ~ (DMB/26)~"/? respectively,** where M
is the magnetization of MLMR given by M = By/[(1 + )] (x,
Mo, and o are the magnetic susceptibility of MLMR, magnetic
permeability of free space, and surface tension of MLMR,
respectively).*” Therefore, we can obtain

L1 ( DMB )3 /4
H, 20 (8)
With the increase of B and C (C s positively correlated with M),
L,/H, increases, which shows great consistency with Figure 3d.
To prove the active-deformation-based adjustable droplet-
loading capacity of MLMR, V., on the inclined plane with
different tilt angles (¢) under different B is investigated (Figure
3e). It can be seen that V,,,, decreases with the increase of @ and
increases with B (see Note S4 in Supporting Information for
detailed analysis). For example, when B is ~95 mT, V. of the
MLMR with a diameter of ~1.3 mm on the inclined plane with 6
= 5°is ~120 uL (Movie S6). Importantly, this magnetic-field-
induced active deformability of MLMR enables its in situ
tunable droplet transport capacity, which is appealing for on-
demand droplet manipulation.

In addition, because of the low melting point and outstanding
photothermal properties of MLMR,”>" it can realize phase
transition between solid and liquid under natural cooling and
NIR irradiation. Thus, the friction characteristics between the
MLMR and substrate can be tuned, which contributes to the
desired motion control of droplets. When the temperature of
MLMR (T) is above its melting point (T > Tj,.), the MLMR is

melt
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Figure 4. Passive deformability of MLMR based on fluidity. (a) Navigation of the MLMR through various narrow channels in a maze. The MLMR (D
= 5 mm) passes through a series of narrow channels freely through adaptive deformation. The sequential snapshots are overlapped in one image for
clear display. (b) Droplet transport in confined space. The MLMR (D = 2.3 mm) can capture and carry the droplet (~20 uL) through the narrow
channels flexibly. (c) Relationship between the maximum diameter of MLMR (D,,,,) and the width of narrow channel (W). The MLMRs with
different diameters are driven to pass through the narrow channel (W = 1, 1.25, 1.5, 2,2.25, 3 mm) at 15 mm/s. The inset shows the schematic. The
maximum diameters of MLMR allowed to pass through these narrow channels are recorded, respectively. (d) Schematics and (e) video snapshots of
the droplet collection in confined space. Four droplets dyed blue (volume of each ~50 yL) at different positions in the confined structure are captured,
collected, and transported sequentially by the MLMR (D = 4 mm) through the narrow channels with different widths (minimum width ~2.25 mm). B
is ~100 mT on the surface. The surfaces of these experimental structures are all superhydrophobized using commercial superhydrophobic coatings.

Scale bars: 10 mm in (a) and S mm in (b,e).

liquid and can be deformed by the magnetic field. After being
cooled to T < T, it solidifies and its active deformation can be
locked (Figure 3f, Figure $22).°° The shape-locked solid MLMR
can be driven to move but cannot be deformed by magnetic field,
while its shape can be unlocked by sufficient NIR irradiation
(Figure S23). As demonstrated in Figure S24, two connected
solid MLMRs can melt and merge with each other under NIR
light. On the basis of the shape-locking capability of MLMR, the
stimuli-free antigravity droplet pinning is demonstrated (Figure
3g). The liquid MLMR is placed on the inclined plane (6 = 20°)
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and the magnetic field is applied. After natural cooling, the
solidified MLMR locks its active deformation and enables the
droplet pinning at any position without a magnetic field (Movie
S7). The friction-based self-locking effect between the solid
MLMR and inclined substrate,”* as well as the strong adhesion
between the MLMR and droplet, is conducive to the successful
stimuli-free antigravity droplet pinning.

2.4. Passive Deformability of MLMR based on Fluidity.
Apart from the active deformability and phase-transition
capability, MLMR also possesses the fluidity-based passive
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Figure 5. Splitting capability of MLMR induced by magnetic field. (a,b) Schematics of the magnetic-field-induced splitting. The schematics show that
one MLMR can be split into (a) two or (b) four sub-MLMRs. (c,d) Distributions of the critical magnetic fields on the substrate surface. The two
magnetic fields are generated by (c) two magnets with spacing of ~0.75 mm and (d) four magnets with spacing of ~0 mm, respectively. The distance
between the magnets (@5 mm X 5 mm) and surface is ~0.8 mm. (e,f) Snapshots of the splitting and merging process. When exposed to the magnetic
fields in (c,d), the MLMR can be split into two and four sub-MLMRs, respectively. These sub-MLMRs can be reversibly merged. (g) Phase diagrams
demonstrating the splitting capability, when varying the diameter of MLMR and magnet spacing. The left and right phase diagrams show whether the
MLMR can be split into two and four sub-MLMRs, respectively. (h) Demonstration of the efficient droplet transport. The MLMR (D = 1.4 mm) is
split into two sub-MLMRs, which can be used to transport two different droplets (~20 uL). (i) Snapshots of the efficient droplet mixing process. Two
droplets dyed in different colors (blue and orange, ~30 L) are transported, merged, and mixed efficiently through on-demand splitting and merging
behaviors of the MLMR (D = 1.9 mm). Finally, the uniformly mixed droplet is released. (j) Demonstration of the efficient chemical reaction. Two
NaOH droplets with different concentrations (~20 uL, 1 and 0.25 M) are driven separately by two daughter MLMRs obtained from the splitting of the
mother MLMR (D = 1.5 mm) to react with the CuSO, droplets (~20 uL, 0.5 M). The Cu(OH), precipitates are formed immediately. More
precipitates in the upper merged droplet indicate that the NaOH concentration is higher before the reaction. The spacing between the two magnets for
splitting the MLMR is ~0.75 mm in (h,j), while ~0.5 mm in (i). Scale bars: 2 mm in (c—f) and S mm in (h—j).

deformability where its shape can adapt to the confined process and SEM image of the superhydrophobic 3D-printed

environments. This adaptive deformability enables MLMR to structure). During the navigation, the MLMR can change its
realize droplet manipulation in challenging narrow space, which shape to adapt to the meandering narrow channels easily. More
is difficult for other reported manipulation methods. In Figure importantly, it is demonstrated that MLMR can capture and
4a, we demonstrate that MLMR can navigate in a complex maze carry a droplet through narrow channels (Figure 4b). To
with various narrow channels (see Figure S2S for preparation understand the passive deformability of MLMR, the maximum
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diameter of MLMRs (D,,,,) that can be allowed to pass through
the narrow channels of different widths (W) is investigated
(Figure 4c, see Figure S26 for optical images). For example, the
MLMR with diameter of ~6.88 mm can squeeze through a
narrow channel (W = 2.25 mm) about three times smaller than
its own size. Since MLMR has extraordinary adaptive
deformability and noncontact controllability, it can realize
droplet collection and transportation in difficult-to-access
confined environments (Figure 4d,e). During the collection,
the droplets can be carried through the extremely narrow
channels freely (Movie S8), manifesting the applicability of
MLMR in challenging constrained space.

2.5. Splitting Capability of MLMR induced by
Magnetic Field. Interestingly, when subjected to the critical
confining magnetic field from two or four cylindrical permanent
magnets aligned with the same polarity, a single MLMR can be
split into two or four small sub-MLMRs respectively (Figure
5a,b). The magnetic-field-induced splitting capability of MLMR
results from the combination of high magnetic field and high
magnetic field gradient,”” which depends on the appropriate
interaction between magnetic force and surface tension.”> When
the MLMR is exposed to a magnetic field, the exerted horizontal
magnetic force can be expressed as’”**>°

N B(VB)yzD?
64, (1 + 1) (6)

where VB is the gradient of B. Therefore, magnetic fields with
special distributions can exert magnetic forces on MLMR in
different directions, contributing to the splitting behaviors of
MLMR.** For example, when two cylindrical magnets (®5 mm
X 5 mm, spacing of ~0.75 mm, spacing is defined as the shortest
distance between the edges of two adjacent magnets, Figure
S27) approach slowly until the distance between the magnets
and substrate reaches the critical value (~0.8 mm, see Figure Sc
for the 2D critical magnetic field distribution), the MLMR can
be split into two sub-MLMRs (Figure Se). During the splitting
process, the MLMR is subjected to two opposite magnetic
pulling forces (Figure S28). Similarly, when exposed to the
critical magnetic field generated by four magnets with spacing of
~0 mm (Figure 5d), the MLMR can be divided into four sub-
MLMRs (Figure Sf). By controlling the magnetic field, the sub-
MLMRs can be merged reversibly. The splitting behaviors of
MLMR mainly depend on its size and the distribution of applied
magnetic field.*”” Figure 5g shows whether the MLMR can be
split into two or four sub-MLMRs when both varying its
diameter and the spacing of two or four magnets, respectively
(see Figures S29—S31 for more demonstrations).

More significantly, the magnetic-field-induced splitting and
merging capabilities of MLMR provide the possibility for
collaborative droplet manipulation.”* Figure Sh demonstrates
that two sub-MLMRs can simultaneously capture and transport
two droplets. The rapid merging and uniform mixing of droplets
are essential for practical applications such as biochemical
analysis and substance detection.”””* For demonstration, the
efficient droplet mixing is performed by using the on-demand
splitting and merging abilities of MLMR (Figure 5i).
Furthermore, the splitting capability of MLMR can also be
utilized for chemical reaction (Figure 5j).°° The NaOH droplets
(~20 uL) of different concentrations (1 M, 0.25 M) are
individually captured and transported by the obtained two sub-
MLMRs. Then, they are separately merged and reacted with two
copper sulfate droplets (~20 uL, CuSO,) of the same

concentration (0.5 M). The amount of formed copper
hydroxide (Cu(OH),) precipitates can reflect the concentration
difference of the two NaOH droplets (Movie S9). Therefore, the
chemical reaction and concentration detection can be realized
simultaneously. In addition, the MLMR and droplet can be
integrated as a magnetically controlled droplet circuit switch
(Figure S$32), which can be used to connect and disconnect the
electronic circuit reversibly (Movie S10).

3. CONCLUSION

In summary, a reconfigurable MLMR with great flexibility and
versatility is proposed for high-performance droplet manipu-
lation. Different manipulation modes including steady transport,
oscillatory transport, and release can be realized, and the
underlying physical mechanisms are systematically investigated.
Moreover, MLMR enables the large-volume (~1100 uL) and
high-speed (~180 mm/s) droplet transport and efficient 3D
droplet manipulation. By controlling the strength of applied
magnetic field, the droplet transport capacity of MLMR can be
flexibly adjusted in situ owing to its active deformability.
Remarkably, due to the low melting point and high photo-
thermal conversion efficiency, MLMR can realize phase-
transition-based shape locking/unlocking under natural cooling
and NIR irradiation. Benefiting from the exceptional fluidity-
based passive deformability, MLMR can carry a droplet through
narrow channels much smaller than its size in confined
environments. Furthermore, the magnetic-field-induced split-
ting and merging capabilities of MLMR are also revealed, which
can be utilized to complete cooperative manipulation of
different droplets. Multiple functionalities of MLMR, including
stimuli-free antigravity droplet pinning, adaptive-deformation-
based droplet collection in narrow space, active droplet mixing,
efficient chemical reaction, and magnetically controlled droplet-
driving-based circuit switching, are explored. The proposed
droplet manipulation strategy using the reconfigurable MLMR
has promising prospects in biochemical analysis, microfluidics,
and interdisciplinary fields.
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