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ABSTRACT: Nature-inspired magnetically-responsive intelligent topography surfaces have
attracted considerable attention owing to their controllable droplet manipulation abilities.
However, it’s still challenging for magnetically-responsive surfaces to realize three-
dimensional (3D) droplet/multi-droplet transport in both horizontal and vertical directions.
Additionally, the droplet horizontal propulsion speed needs to be improved. In this work, a 3D
droplet/multi-droplet transport strategy based on magnetically-responsive microplates array
(MMA) actuated by spatially varying and periodic magnetic field is proposed. The modified
superhydrophobic surface can transport droplets rapidly both in horizontal and vertical
directions, and even realize against-gravity upslope propulsion. The rapid horizontal droplet

propulsion (~58.6 mm/s) is ascribed to the abrupt inversion of the modified surface induced by
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the specific magnetic field. Furthermore, the non-magnetically-responsive microplates
(NMMs)/MMA composite surface is constructed to realize 3D multi-droplet manipulation. The
implementations of MMA in manipulation of continuous fluids and liquid metal are further

demonstrated, providing a valuable platform for microfluidic applications.

Organisms in nature use their unique surface structures to directionally and spontaneously
transport droplets.!> In practical applications, droplets manipulation is crucial for bioassays® ’
and chemical microreactions.® ° Artificial passive droplet manipulation surfaces have been
already prepared for energy-free droplets manipulation.'?-!® However, they are usually
inefficient and irreversible. In contrast, intelligent topography surfaces can dynamically and
reversibly change the surface topography in response to external stimuli such as mechanical
forces,!’-1° pneumatic,?® wet,?!- 22 magnetic field,>?” so as to realize the horizontal>>2¢ or
vertical!®-?2 27 droplets manipulation. Among them, the magnetically-responsive intelligent
topography (MIT) surfaces have gained great expectations for active droplet manipulation due
to their incomparable advantages including biocompatibility, instantaneous response and
battery-free remote control.?? 23

Water droplet transportation including horizontal propulsion and vertical capture/release can
be realized by the deformation of MIT surfaces with magnetically-induced bending
structures.?>-3* The superhydrophobic micropillar/microwall can bend to generate asymmetric
structures under the conventional magnetic fields. The contact angles at the opposite sides of

the droplet become different on these asymmetric structures, resulting in surface tension forces
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imbalance-for driving the droplet. 23 26-28. 30 Another propulsion way is to form a local concave
on the superhydrophobic micaopillar/microcilia array by magneto-induced clustering.?* 23
Droplets can be propelled on-demand by driving force and potential energy difference caused
by the cluster. Droplets can also be propelled by the collective beating of the magnetic
micropillars by moving the conventional magnetic field. 2 In addition to the horizontal
propulsion, vertical droplet capture/release can be realized by controlling the deformation of
the magnetorheological micropillars with electromagnet to change their stiffness.?’ The contact
between droplet and micropillars shifts from line contact to point contact with the increased
stiffness. As a result, the droplet is released due to the decreased adhesion force. Despite diverse
MIT surfaces have been widely used for controllable droplets transport, they can only realize
single-direction transport (horizontal direction?3-26-28-30 or vertical direction?”). However, from
the viewpoint of practical applications, multi-dimensional and rapid droplet transport is crucial
for microchemistry and microfluidics. Some deficiencies still exist in the existing MIT surfaces:
1) It’s still challenging for MIT surfaces to realize three-dimensional (3D) droplet/multi-droplet
transport. Due to the low-adhesion superhydrophobic properties of the existing MIT surfaces,
it’s difficult to realize droplet against-gravity upslope propulsion, let alone vertical transport.?*-
26,28,30 2) The current MIT surfaces with magnetically-induced bending structures have limited
droplet propulsion speed due to the dependence on gravity or surface tension imbalance (Table
S1). 3) Limited by structural geometry (micropillar/microcilia array) and driving strategy

(conventional magnetic fields induced bending), it’s difficult for MIT surfaces to manipulate
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both discrete diverse droplets and continuous fluids. In this regard, seeking a 3D, fast, versatile
liquid manipulation MIT surface is still an urgent need.

Herein, 3D droplet/multi-droplet transport is realized by the magnetically-responsive
microplates array (MMA). Unlike other MIT surfaces for single-direction droplet transport,?*
30 the modified superhydrophobic MMA (SMMA) can not only propel droplets in the
horizontal direction, but also capture/release droplets in the vertical direction due to the
localized high adhesion on the top face of the microplates (Table S1). As a result of the periodic
magnetic field induced high-frequency sequential abrupt inversion of SMMA, droplets can be
propelled rapidly with an unprecedent speed up to ~58.6 mm/s. Droplets can also be propelled
uphill along the inclined surface, which is a challenge for other low-adhesion superhydrophobic
MIT surfaces. 326 28, 30 [n addition, the non-magnetically-responsive microplates
(NMMs)/MMA composite surface is constructed for versatile 3D multi-droplet manipulations.
The surface is further used to manipulate continuous fluids and to transport liquid metal, which
has potential applications in reconfigurable antenna and soft robotics.?!-33

The MMA is fabricated by femtosecond laser writing and soft transfer technology (Figure
la).3437 The surface is then modified by a superhydrophobic spray to enhance the
hydrophobicity and reduce the surface adhesion (termed as SMMA, variation of sliding angles
is shown in Figure S1). Figure 1b shows the tilted-view scanning electron microscopy (SEM)
image of the untreated surface. After modification, the surface is covered by superhydrophobic
materials consisting of ~40 nm nanoparticles (Figure 1¢).3® 3% Most of the top area is covered

by superhydrophobic materials, but a small portion remains exposed and has high adhesion to
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water droplet (Figure 1d, Figure S2). However, the sidewall is completely covered (Figure 1e).
The SMMA enables 3D droplets transport due to the high adhesion in locally exposed areas at
the top of the microplates. Droplet can be propelled rapidly in horizontal direction due to the
inertia and adhesion force (Figure 1f). Two-dimensional droplet transport can also be realized
(Figure S3). Moreover, droplet can be captured vertically by the surface due to the localized
high adhesion of the end face, and released by magnetically-controlled bending (Figure 1g).
Microplates can bend along the direction of the magnetic field owing to the internal carbonyl
iron particles chains.*%- 4! Magnets array with the same magnetic poles facing together has a
special spatially varying and periodic magnetic field (Figure S4) with periodic polarity change
regions (dashed black frames in Figure 2a). The microplate can gradually bend with the
approach of the magnets array and reaches its maximum bending degree when it is located
above the polarity change region. As the magnets array moves, the direction of the magnetic
field to which the microplate is exposed suddenly changes. So the microplate can be abruptly
inversed. (Figure 2a) Under the periodic magnetic field, periodic abrupt inversion of the
microplates can be realized. The magnetic flux density at different positions of the magnets
array is shown in Figure 2b and Figure S5 (~0 mT-~681 mT). The bending property of the
microplate (height of ~940 ym, width of ~93 um, length of ~2.39 mm, the same hereinafter) is
systematically characterized under the magnetic field (Figure 2b, Figure S6). At both ends of
the polarity change region where the magnetic flux density is ~0 mT, the bending angles («)

are the largest, reaching ~28.2°+2.5° and ~-32.5°+5.3° respectively.
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The horizontal droplet transport can be realized by the sequential abrupt inversion of
microplates (Figure 2¢), which can be subdivided into six steps: ( i ) The droplet first sits on
the microplates 2&3, and ( ii ) gradually moves to the left with the bending of the microplates
as the magnets array approaches the bottom of SMMA. (iii) The microplate 1 is abruptly
inversed when the polarity change region passes through (in less than 8 ms with the magnets
speed of ~285 mm/s) and contacts with the droplet. (iv) The microplate 2 is also abruptly
inversed as the polarity change region passes through. During this process, the droplet remains
in contact with the top of the three microplates due to the inertia and adhesion force. (v ) The
microplate 3 is abruptly inversed with the top separating from the droplet. Due to the inertia
and the adhesion force, the droplet remains on the top of the microplates 1&2. At this time, the
droplet completes the transfer from microplates 2&3 to 1&2. (Vi) As the magnets array moves
away, the droplet is driven to the left as the microplates gradually regain verticality. Optical
images of the transport process are shown in Figure 2d. The droplet is moved forward by the
surface with distances of d; and d,in step I and step III, respectively. However, it remains in
place in step II due to the inertia and adhesion force and only the microplates undergo a
sequential bending inversion. The distance that the droplet moves once is proportional to the
microplate interval (Figure S7, Movie S1).

Droplet can be transported continuously with the rapid movement of the magnets array.
(Movie S2) The droplet transport speed (Sgopie:) 1S proportional to the magnets array moving
speed (S) and microplate interval (/), which can be expressed by (elaborated in detail in the

Supporting Information)
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where N refers to the numbers of polarity change regions on the magnets array (N=8). And L,
is the distance between the first and the last polarity change regions (~174.4 mm).

Droplet transport speed increases linearly with magnets moving speed and microplate
interval (Figure 2e, g). The volume (7) has neglectable impact (<0.71 mm/s) on droplet speed
with an average transport speed of ~23.05 mm/s (Figure 2f, 2-5 uL). The 6 uL droplet is more
likely to stick to the top of three microplates simultaneously during transport due to the large
diameter and gravity. Additional adhesion resistance is created, resulting in reduced transport
speed (~15.31 mm/s, Figure S8). The experimental results are in good agreement with the
theoretical analysis (Figure 2e-h). The droplet transport distance is linearly correlated with time
(Figure 2h). In-situ observation of droplet transport is shown in Figure S8-S10. In comparison,
untreated MMA is also used for horizontal droplet transport. However, droplet gets stuck
between microplates due to the entire high adhesion of the surface (Figure S11, Movie S3).
Compared with other magnetically-induced bending surfaces, the sequential abrupt inversion
of SMMA induced by periodic magnetic field enables interval-by-interval droplet transport.
The fast-moving magnetic field induces high-frequency sequential inversion of the surface
(fast-oscillating). Due to the localized high adhesion on the top of the microplates, droplet can
be rapidly transported on the fast-oscillating surface. Each rapid oscillation of microplates
drives the droplet to transport a distance of /. The maximum achievable speed is ~58.6 mm/s
(5~1231.95 mm/s, I=993 um, V=4 uL, Table S1). However, it’s difficult to transport droplets

by the surface with conventional magnetic fields (not periodic, Figure S12, Movie S4). The
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superhydrophobicity and fast droplet transport capability of the SMMA maintain long-term
stability even under external mechanical/physical perturbations (Figure S13).

Droplet can move back and forth with the reciprocating motion of the magnets array (Figure
3a, b). A droplet moves quickly to the right under the left-moving magnets array in ~0.3 s, and
moves back to the initial position in ~0.9 s (Movie S5). Unlike other homogeneous
magnetically-responsive structures for single-droplet manipulation, the non-magnetically-
responsive microplates (NMMs)/MMA composite surface is constructed (Figure S14) for
multi-droplet manipulation (Figure 3c-e). The red droplet on the superhydrophobic modified
composite surface is transported rapidly (~23.34 mm/s) to the left induced by the fast-moving
magnetic field, and merges with the blue droplet in ~0.31 s (Movie S6). The composite surface
can be applied as a miniature reactor for rapid microchemical reactions. The copper sulfate
(CuSO0y,) droplet can be rapidly transported (~20.5 mm/s) and react with the sodium hydroxide
(NaOH) droplet to form copper hydroxide (Cu(OH),) precipitates (~0.28 s, Figure 3e, Movie
S7).

The SMMA can even realize against-gravity climbing propulsion of droplet on an inclined
surface by the periodic magnetic field induced high-frequency sequential abrupt inversion. The
localized high adhesion on the top of the microplates and the droplet inertia allow droplet to
transport on the inclined surface, which is a challenge for other low-adhesion superhydrophobic
MIT surfaces (Table S1). A droplet can climb up (~20 mm/s) an inclined surface (~5.4°) with

a parallel moving magnetic field (Figure 3f, Movie S8).
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The SMMA can transport droplet in both horizontal and vertical directions. Water droplet
can be vertically captured by the surface because the exposed areas on the top of the microplates
(Figure S2) have strong adhesion. When the magnetic field (generated by two jointed magnets,
40x40x20 mm, ~0.34 T at the junction) is applied above the surface, the droplet can be released
by the structural bending (Figure 4a, Movie S9). The bending angle versus magnetic flux
density is shown in Figure S15. The droplet adhesion states are displayed in Figure 4b. The left
column shows the initial state where the resultant force of adhesion forces (F; and Fjy) is equal
to the droplet gravity (G, F;+Fr=G) The three-phase contact lines equally distribute on the top
of two microplates (Figure S16). As the magnets get closer, the microplates begin to bend (the
middle column of Figure 4b), the vertical force components can be described as follows
F; jcosa;+F; ,8ina;+Fy jcosa;+Fr sino =G
(1)
where F; , and F; , are the adhesion forces perpendicular to and parallel to the end face of
the left microplate, respectively. And Fr; and F,, are the corresponding forces on the right
microplate. To simplify the calculation, the microplate is regarded as a rigid body with the
bending angle of a. The bending angles of the two microplates are approximately equal at the
beginning of the bend (a;). The right column shows the droplet gradually slides down from the
end face of the left microplate. The non-uniformly distributed magnetic field causes the
bending angle of the left microplate (a;) to be slightly larger than that of the right microplate
(a3), causing droplet to gradually slide down the left microplate which is closer to the magnets.

The inclination of the end face increases gradually with the bending angle, which further
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induces droplet sliding. The contact area between the droplet and the microplate decreases as
the droplet slides down. Therefore, the three-phase contact lines become shorter and the
adhesion force decreases (Figure S16).27-42 The resultant force of adhesion force in the vertical
direction can be evaluated by the Equation (2)

F’; jcosa,+F’1 sina;+F g jcosaztF g ,sinaz<G

)

where a,>o;>a;. With the increase of the bending angle, the droplet gradually detaches from
the left microplate and finally drips.

The release angle (a) gradually decreases with the increase of droplet volume from 2 uL to
5 uL (/=593 pum, Figure 4c). The vertical manipulation capabilities of untreated MMA and
SMMA are investigated (Figure 4d, Figure S17). Droplets can be captured/released vertically
by the surfaces (region ii ). However, large droplets are difficult to be captured (region i ).
And small droplets are difficult to be released even when the microplates bend to the maximum
angle (region iii). Vertical manipulation of small droplets (2 uL) to large droplets (10 uL) can
be realized by the surfaces with different treatments (superhydrophobic treatment and no
treatment).

Droplets targeted release and merging can be realized by using SMMA (Figure 4¢). Water
droplet 1 is captured and horizontally transported. It can be released by magnetically-controlled
bending and merge with droplet 2 (Movie S10). Moreover, the superhydrophobic modified
NMMs/MMA composite surface can realize vertical multi-droplet capture and selective release,
which is a challenge for homogeneous magnetorheological micropillars?’ (Figure 4f, Movie

10
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S11). Two droplets are captured by the composite surface. The droplet on the SMMA can be
released by the structural deformation while the other droplet is still captured by the NMM:s.

Rapid mixing of different fluids is crucial for the microfluidic systems.*> 44 Magnetism-
based micromixer has advantages of remote control and instantaneous response.** 4 On-
demand control of continuous fluids can also be realized by MMA under the periodic magnetic
field. Two different dyed ethanol solutions are pumped into the MMA-integrated microfluidic
channel and effectively mixed by the MMA micromixer by rapid oscillation (Figure 5a, Movie
S12).

The MMA is further applied to transport liquid metals (LMs). LMs are unique metallic
materials that maintain a liquid phase at room temperature with superior thermal/electrical
conductivities and favorable fluidity.3!- 4647 Here, a new strategy to directionally propel LM by
using the MMA is proposed. LM droplet can be directionally propelled by the sequential abrupt
inversion of the surface without coating/mixing with ferromagnetic particles (Figure 5b, c). So
the intrinsic properties of LM will not be affected.’!> 4% 49 The surface (after hydrophilic
treatment) is placed in an aqueous environment. Water can form an interfacial slip layer to
prevent the sticky oxide layer of LM from adhering to the surface.’* As shown in Figure 5c,
(i) LM droplet is first dropped onto the surface. (ii ) It moves to the left slightly along with
the microplates as the magnets array approaches. (iii) LM droplet is propelled to the right due
to the abrupt inversion of the microplates when the first polarity change region (indicated by
the black arrow) passes through. (iv) As the magnets array moves further, the microplates are
inversed sequentially. (v -vii) When the second polarity change region (indicated by the brown

11
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arrow) passes, the LM droplet is propelled to the right again. The motion curves are shown in
Figure 5d. The LM droplet first moves to the left slightly when the first polarity change region
approaches (distance reduction) and is propelled to the right as the polarity change region
reaches below it (two curves intersect). When the second polarity change region approaches,
the previous process is repeated.

In summary, 3D droplet/multi-droplet transport is achieved by the magnetically-responsive
manipulator under the spatially varying and periodic magnetic field. Based on the periodic
magnetic field induced high-frequency sequential abrupt inversion of microplates, the droplet
horizontal propulsion speed reaches ~58.6 mm/s, which is faster than that of other
magnetically-induced bending surfaces. Multiple 3D droplet transport modes such as
horizontal propulsion, against-gravity climbing propulsion, vertical positioning-
capture/targeted-release can be realized. In addition, the composite surface is constructed for
3D multi-droplet manipulation such as rapid microscopic positioning merging, microchemical
reaction and multi-droplet parallel-capture/selective-release. The microplates array can further
apply as a micromixer to remotely mix continuous fluids. Furthermore, the coating-free and
chemical reaction-free liquid metal directional propulsion is demonstrated. The as-prepared
magnetically-responsive manipulator owns versatile liquid manipulation functions, providing
a valuable platform for 3D multifunctional droplet manipulation in the fields of microchemistry

and microfluidics.

Materials and Methods

12

ACS Paragon Plus Environment

Page 12 of 26



Page 13 of 26 Nano Letters

Fabrication of MMA: First, a series of regular rectangular holes are fabricated on the shape

memory polystyrene (SMP) polymer sheet by femtosecond laser direct writing. And then the

oNOYTULT D WN =

SMP sheet shrinks completely by heating in an oven at 130 °C for 9 min. After a double-sided
tape sticking on the one end of the shrunk SMP sheet, the liquid polydimethylsiloxane (PDMS)
15 doped with carbonyl iron powder is casted into the SMP sheet and then degassed. In order to
18 assemble iron particles into chains to obtain a strong magnetic response, a neodymium-iron-
boron (NdFeB) permanent magnet (40 x 40 x 20 mm) is placed below the sample for ~5 s.
23 After that, the sample is cured on the heating plate (100 °C, 0.5 h). The MMA can be acquired
26 after the sample (polystyrene mould) is successively treated in toluene solution for 1 h, in
deionize water for 10 min and in ethanol for another 10 min under the ultrasonic environment.
Preparation of carbonyl iron powder doped PDMS: Liquid polydimethylsiloxane
34 prepolymer (Sylgard 184, Dow Corning), crosslinker and carbonyl iron powder (3-5 um, >99.5%
37 purity, Nangong Rui Teng Alloy Material Co., Ltd.) were thoroughly mixed by hand in a
weight ratio of 10: 3.5: 1. After that the mixture was degassed in a vacuum chamber for ~30
42 min to remove the bubbles completely. After degassed, the carbonyl iron powder doped PDMS
45 can be acquired.

48 Femtosecond Laser Fabrication: The regular rectangular holes were constructed on the SMP
sheet by femtosecond laser direct writing. The laser beam (central wavelength of 800 nm,
53 repetition rate of 1 kHz, pulse width of 104 fs) from a regenerative amplified Ti:sapphire
56 femtosecond laser system (Legend Elite-1K-HE, Coherent, USA) was guided onto the SMP
surface through a galvanometric system (SCANLAB, Germany). The laser beam was focused

13
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on the SMP sheet by the telecentric f-theta lens (focused length of 63 mm). The laser power,
scanning speed and scanning repetition were set at 250 mW, 25 mm s!, and 50 circles,
respectively.

Materials: The SMP polymers with average thickness of ~150 um were obtained from Hebei
Bean Pod Network Technology Co., Ltd.. The shrinkage ratio is about 60%. The glass
transition temperature of the SMP polymer is ~107 °C. Double-sided tape was provided by
Kapton, TED PELLA Inc., USA. Two different types of NdFeB magnets (rectangular magnet
with parameters of 40 x 40 x 20 mm, magnets array with diameter of 25 mm and total length
of 204 mm) were purchased from Shanghai Ze He Mechanical & electrical co., Ltd.. In the

demoulding process, the sample was treated in toluene (C;Hg, > 99.5% purity, 0.865 g

cm3density) solution under the ultrasonic environment for 1 h to dissolve the polystyrene mold.

And then the acquired MMA surface was further treated in the deionize water and ethanol
(C,HgO > 99.7% purity, 0.798 g cm ™3 density) solution under the ultrasonic environment for
10 min, respectively. After ultrasonic treatment, the swelling of PDMS caused by toluene can
be eliminated. The commercial superhydrophobic spray (Glaco Mirror Coat Zero, Soft 99 Ltd,
Japan) and hydrophilic spray (Quick Clear, Soft 99 Ltd, Japan) were used to further enhance
the hydrophobicity and hydrophily of MMA surface, respectively. In this work, EGaln (75%
Ga, 25% In) LM was used for directionally propulsion.

Characterization: The different microstructures of MMA and SMMA were characterized by
using a secondary electron SEM (ZEISS EVO18). The optical images were taken by a high-
speed charge-coupled device camera (120 fps, MER-030-120UM/UC, China Daheng Group,

14
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Inc.). Each reported droplet speed was an average of at least eight independent measurements.
The liquids mixing process was recorded by a digital camera. A digital Gauss meter (HM-100,
Huaming instrument Co., Ltd., China) was used to measure the magnetic flux density and the

COMSOL Multiphysics 5.3a software was used to simulate the magnetic field.

ASSOCIATED CONTENT
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The following files are available free of charge.

Movie S1: Detailed water droplet horizontal transport process on the SMMA surface (AVI)
Movie S2: Continuous and rapid horizontal transport of the water droplet on the SMMA surface
(AVI)

Movie S3: Water droplet gets stuck on the untreated MMA surface (AVI)

Movie S4: Water droplet can’t be transported on the SMMA surface under the excitation of
conventional magnetic fields (AVI)

Movie S5: Reciprocating motion of the water droplet on the SMMA surface (AVI)

Movie S6: Directional transport and rapid microscopic positioning merging of water droplets
on the superhydrophobic modified NMMs/MMA composite surface (AVI)

Movie S7: Rapid microchemical reactions on the superhydrophobic modified NMMs/MMA
composite surface (AVI)

Movie S8: Against-gravity climbing transport of the water droplet on the SMMA surface (A VI)
Movie S9: Vertical capture and release of the water droplet by the inverted SMMA surface
(AVI)

Movie S10: Vertical capture, horizontal transport and on-demand release of water droplets
(AVI)

Movie S11: Vertical capture and selective release of multi-droplet by the superhydrophobic
modified NMMs/MMA composite surface (AVI)

Movie S12: Remote control of fluids mixing in a microfluidic chip by the untreated MMA
surface (AVI)

Variation of sliding angles of MMA and SMMA; detailed SEM images of the top of
microplates; two-dimensional water droplet transport; simulation of magnetic field; the
measured magnetic flux density of magnets array; bending angle of the microplate
corresponding to different positions of the magnets array; distance curve of water droplet
transport; in-situ observation of water droplets transport process on the SMMA surface under
different parameters (magnets array moving speed, droplet volume and microplate interval);
motion process of the water droplet on the untreated MMA surface; motion states of water

droplets on SMMA actuated by conventional magnetic fields; water contact angle of SMMA
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under ultrasonic and high-temperature environments; schematic illustration of the fabrication
procedure of the NMMs/MMA composite surface; magnetic response bending properties of
the microplate; adhesion states of SMMA to water droplet and the distribution of three-phase
contact lines at different bending angles; three different vertical manipulation states of water
droplets; detailed analysis of water droplet transport speed; comparison of droplet transport
performance of MIT surfaces in existing studies (PDF)
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Figure 1. Fabrication procedure of the SMMA and its distinct 3D droplet manipulation.
(a) Schematic illustration of the fabrication procedure of MMA and SMMA. (b) SEM image
of the MMA with height (H) of ~940 um, width (W) of ~93 um, length (L) of ~2.39 mm and
interval (/) of ~689 pum. The inset shows the water contact angle of the MMA surface. Scale
bar: 500 um. (¢) SEM image of the SMMA. There’s a layer of superhydrophobic material
consisting of ~40 nm silica nanoparticles on the whole surface. The inset shows that water
contact angle is slightly increased (from initial 151.0° = 0.6° to 152.9° £ 1.3°) after treatment.
Scale bar: 500 um. (d, ) Magnified SEM images of the SMMA. Both the (d) top surface and
the (e) sidewall are covered by the superhydrophobic material. However, there are still some
exposed areas on the top surface, which have a higher adhesion to water droplet than the
superhydrophobic areas. This localized high adhesion is critical in 3D droplet transport. Scale
bars: 50 um. (f, g) Schematic illustration and optical images of the horizontal propulsion and
vertical capture/release of water droplet, respectively. (f) Water droplet can be propelled
rapidly in the horizontal direction by SMMA under the excitation of a moving periodic
magnetic field due to the inertia and adhesion force. (g) Water droplet can be captured vertically
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by the inverted SMMA due to the localized high adhesion of the end face of the microplates.
It can be released by the structural deformation of inverted SMMA. Scale bars: 1 mm.
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Figure 2. The magnetic response characteristics of SMMA based on a spatially varying
and periodic magnetic field and the mechanism of water droplet transport. (a) Simulation
of magnetic field and the schematic diagram of microplate bending. Microplate bends to align
with the magnetic field (the microplate is fixed and the magnets array moves to the left). The
abrupt inversion of bending angle occurs in the polarity change region (indicated by the dashed
black frames). (b) Magnetic flux density and bending angles at different positions of the
magnets array. The inset shows that the left bending angle is defined as positive. The signs of
the angles indicate that the bending directions are opposite. (¢) Schematic diagram of the
horizontal transport of a water droplet on SMMA surface under the excitation of the periodic
magnetic field. The red dashed lines represent the previous states of the microplates. (d) Optical
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images of the water droplet (4 uL) transport process on the SMMA surface. Scale bar: 1 mm.
(e-g) Experimental results of the droplet transport speed versus (e) magnets speed (V=4 uL,
1=693 um), (f) droplet volume ($=700 mm/s, /=693 um) and (g) interval of microplates (V=4
uL, S=700 mm/s). (h) Water droplet transport distance versus time (V=4 uL, S=700 mm/s,
1=693 um). The insets are schematic drawings of the transport distance “d”” of the water droplet.
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Figure 3. Horizontal manipulation and against-gravity climbing propulsion of water
droplets on the SMMA surface. (a, b) Schematic diagram and optical images of droplet
moving back and forth on the SMMA under the reciprocating periodic magnetic field,
respectively (V=4 uL, I=693 um). (c, d) Schematic illustration and detailed working process of
directional propulsion, merging and mixing of water droplets on the superhydrophobic treated
NMMs/MMA composite surface, respectively (V~5 uL, I=793 um, $=700 mm/s). (e) A simple
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chemical reaction based on the rapid droplet horizontal propulsion and microscopic positioning
merging. The CuSOy droplet is quickly transported to the left and reacts with NaOH droplet at
a fixed point (V~5 uL, I=793 um, $=700 mm/s) to form blue Cu(OH), precipitates (dashed
white line). (f) Optical images of a water droplet (}/'~3 uL) climbing up an inclined SMMA
surface with an inclination angle of ~5.4 °. All scale bars: 1 mm.
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Figure 4. Vertical droplet manipulation mechanism and versatile applications based on
the vertical droplet manipulation. (a) Optical images of the vertical water droplet
manipulation. Water droplet on the low adhesion superhydrophobic surface can be captured by
the inverted SMMA due to the localized high adhesion of the end face of the microplates.
Under the excitation of a magnetic field, the droplet can be released due to the bending of the
microplates (V=4 uL, =593 um). Scale bar: 1 mm. (b) Analysis of the mechanism of vertical
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droplet manipulation. Scale bares are 500 um. (c) The quantitative relationship between water
droplet volume and release angle (a). The a gradually decreases from ~52.92°+6.5° to
~20.30°£3.4° with the increase of volume from 2 uI to 5 4L. The inset is the schematic drawing
of the release angle (a). (d) The phase diagram revealing vertical manipulation capabilities of
untreated MMA and SMMA with different intervals. The green dots in region ii represent that
the water droplet can be successfully captured and released by the structures (‘capture-release’
state). Pink cross symbols in region iii indicate that water droplet can be captured but cannot
be released (‘release-failed’ state). And the red cross symbols in region i indicate that water
droplet cannot be captured (‘capture-failed’ state). (e) Vertical capture, horizontal transport and
on-demand release of water droplets (V=3 uL, =593 um). (f) Optical images of parallel vertical
capture and selective release of multi-droplet by the superhydrophobic treated NMMs/MMA
composite surface. Scale bars of (e, f) are 1 mm.
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40 Figure 5. Manipulation of continuous fluids and liquid metal based on MMA surface. (a)
Schematic illustration and photos of remote controllable fluids mixing in a microfluidic chip.
43 Two different dyed ethanol solutions are effectively mixed by the MMA micromixer (/=893
44 um) under the reciprocating motion of the periodic magnetic field. (b, ¢) Schematic illustration
and optical images of the directional propulsion of LM droplet (~1 x«L) by the sequential abrupt
47 inversion of MMA (/=493 um) under the periodic magnetic field (water environment),
48 respectively. The polarity change region (PCR) is indicated by black arrow. (d) The motion
50 curves of LM and PCR. The inset is the schematic drawing of the transport distance “d” of the
51 LM droplet. The leftmost side of MMA is defined as d=0. All scale bars: 1 mm.
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A three-dimensional multifunctional liquid manipulator based on magnetically-responsive

microplates array enables water droplet transport in both horizontal and vertical directions.

This manipulator is actuated by periodic magnetic fields, leading to an exceptional droplet

propulsion speed. It can be used for diverse manipulations of discrete droplet, continuous fluids

and liquid metal.
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