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ABSTRACT: Droplet manipulation has garnered significant attention in
various fields due to its wide range of applications. Among many different
methods, magnetic actuation has emerged as a promising approach for
remote and instantaneous droplet manipulation. In this study, we present
the bidirectional droplet manipulation on a magnetically actuated
superhydrophobic ratchet surface. The surface consists of silicon strips
anchored on elastomer ridges with superhydrophobic black silicon
structures on the top side and magnetic layers on the bottom side. The
soft magnetic properties of the strips enable their bidirectional tilting to form a ratchet surface and thus bidirectional droplet
manipulation upon varying external magnetic field location and strength. Computational multiphysics models were developed
to predict the tilting of the strips, demonstrating the concept of bidirectional tilting along with a tilting angle hysteresis theory.
Experimental results confirmed the soft magnetic hysteresis and consequential bidirectional tilting of the strips. The
superhydrophobic ratchet surface formed by the tilting strips induced the bidirectional self-propulsion of dispensed droplets
through the Laplace pressure gradient, and the horizontal acceleration of the droplets was found to be positively correlated
with the tilting angle of the strips. Additionally, a finite element analysis was conducted to identify the critical conditions for
dispensed droplet penetration through the gaps between the strips, which hinder the droplet’s self-propulsion. The models and
findings here provide substantial insights into the design and optimization of magnetically actuated superhydrophobic ratchet
surfaces to manipulate droplets in the context of digital microfluidic applications.
KEYWORDS: droplet manipulation, magnetic actuation, superhydrophobic ratchet surface, transfer printing, Laplace pressure gradient,
digital microfluidics, soft magnetic properties

Droplet manipulation has gained significant research
interest due to its applicability in surface cleaning,1,2

water harvesting,3 chemical reactions,4,5 cell culture,6

material synthesis,7 bioassay,8 and biosensors.9 Various methods
have been devised for droplet manipulation, including electric
and magnetic field, thermal, acoustic, light-based ones, and
passive manipulation through surface structure modifica-
tions.10,11 Among those, magnetic actuation has emerged as a
promising approach due to its advantages of remote and
instantaneous droplet control.12 Particularly, magnetic digital
microfluidics offers scalability for handling larger volumes and
higher tolerance to variations in liquid properties.13

Several methods exist for manipulating droplets by using a
magnetic field. One common approach involves using magnetic
particles or beads to drive the droplets.8,14−21 The droplet is
placed on a substrate, which may be hydrophobic, and magnetic
particles or beads are immersed in the droplet, enabling its
manipulation by application of an external magnetic field.
Depending on the speed of the magnetic particles or beads, the
droplet can either follow them, utilizing surface tension, or they

can be separated. Additionally, droplets themselves can exhibit
an attraction to external magnetic fields. Ferrofluidic droplets,
which are mixtures of magnetic particles and oil,22−26 or
magnetic liquid marbles, where a droplet is covered with
magnetic particles,27−31 can be utilized for droplet manipulation.
Another method of droplet manipulation involves adjusting

the surface structure of the substrate. Localized shrinking of the
substrate can create a temporary basin area, causing a droplet to
move toward it, and the location of the basin, acting as the
droplet’s destination, can be modified using an external
magnetic field.32,33 Alternatively, micropillars or grooves with
dimensions below 50 μm can appear or disappear upon the
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application of an external magnetic field to either halt or initiate
droplet manipulation.34−37 Research has also been conducted
on larger pillars, where ferromagnetic particles are incorporated
into elastomer pillars38−46 or shape memory polymers.47

Moreover, designs for magnetic field actuated droplet
manipulation devices have been proposed. Wang et al.48

proposed a shutter shaped surface where microblades are
connected to a fixed frame using elastomer cords. The
microblades act as shutters, allowing droplet manipulation
upon the application of external magnetic fields. Yang et al.49

have developed a superhydrophobic electromagnet needle
capable of picking up, transporting, splitting and placing the
magnetic droplets. Zhou et al.50 presented a 3D printed
magnetic robot actuator that can be controlled for gripping or
pushing a droplet.
More recently, our previous study showed the assembly of

superhydrophobic silicon platelets onto the ferromagnetic-
elastomer pillars using transfer printing, creating a hierarchical
structure to manipulate droplets.51 We further advanced this
structure by sputtering a layer of neodymium−iron−boron
(NdFeB) onto the backside of the superhydrophobic silicon
platelets eliminating the need for incorporating ferromagnetic
particles inside the pillars.52 Both studies adopted the Laplace
pressure gradient of a droplet generated on the super-

hydrophobic ratchet surface to manipulate it but with limited
droplet motion analysis based on a simple hard-magnet model.
Additionally, the utilization of magnetic forces as an external

stimulus for droplet manipulation offers the distinct advantage
of controlling the direction of the droplet acceleration. To the
best of our knowledge, magnetically actuated bidirectional
droplet manipulation has not been previously demonstrated but
Feng et al.53 showcased a bidirectional liquid manipulation on a
3D printed Araucaria leaf-inspired surface which does not
require the external stimuli. This surface achieved selective
liquid spreading based on the liquid’s surface tension, presenting
promising prospects for various practical applications. However,
the magnetic stimulus method presented in our work excels in
enabling the bidirectional manipulation of the droplets even
with the same properties, thus offering a different approach to
this capability.
This work shows a more in-depth investigation of the

superhydrophobic ratchet surface based on a complete soft-
magnet model in terms of its bidirectional droplet manipulation
abilities. The surface includes silicon strips anchored to
elastomer ridges by transfer printing. This heterogeneous
integration capitalizes on the advantageous properties, of silicon,
such as having nanostructures and excellent thermal properties,
while preserving the flexible manipulation capabilities of the

Figure 1. Demonstrations of bidirectional droplet manipulation capabilities. (a) The bSi strips rotating in different directions depending on
their location relative to an external magnet. (b) The water droplet being manipulated in different directions based on the switchable tilting
direction of the bSi strips. The green-outlined magnified image in the first column indicates the nanostructured bSi captured from the scanning
electronmicroscope. The scale bar represents 1 μm, and both the top view and 60° diagonal view are shown. The red and blue inset images in the
following rows represent the images captured from a high-speed camera.
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elastomer ridges. The top side of the strips has super-
hydrophobic black silicon (bSi) structures with a single layer
of perfluorodecyltrichlorosilane (FDTS) and the bottom side of
the strip has magnetic layers. Therefore, these bSi strips tilt upon
an external magnetic field, creating a superhydrophobic ratchet
surface. When a droplet is dispensed on the surface, it is self-
propelled by the Laplace pressure gradient, which is determined
by the tilting angle of the bSi strips. Furthermore, we present a
bidirectional droplet manipulation method that capitalizes on
the soft magnet properties of nanoparticle magnetic layers.
While NdFeB is commonly known as a hard magnet with high
coercivity, we exploit the phenomenon where the coercivity
decreases significantly when the grain size is below 50 nm.54−56

Leveraging this phenomenon, our bSi strips with sputtered
nanoparticle NdFeB can repetitively undergo demagnetization
and remagnetization in the opposite pole direction by making
slight adjustments to the external magnetic field. Figure 1a
illustrates this behavior, with the bSi strips rotating clockwise
when placed on the left side of the external magnet and
counterclockwise when placed on the right side of it. This
characteristic enables bidirectional droplet manipulation on our
ratchet surface by selectively adjusting the external magnetic
field, as demonstrated in Figure 1b,Movie S1 andMovie S2. The
subsequent sections include an analysis of the soft magnetic
physics using MATLAB simulations, providing evidence of the
observed tilting angle hysteresis behavior. Additionally, we
present the analytical and experimental tilting angles of the
ratchet surface and investigate their influence on droplet self-
propulsion acceleration. Next, we experimentally tested the
effect of the potential energy of a dispensed droplet on its self-
propulsion. Lastly, we developed a finite element analysis (FEA)
model to pinpoint the conditions that allow seamless
manipulation of the droplet.

RESULTS AND DISCUSSION
Computational Multiphysics Modeling of Magneto-

responsive bSi Strips. The magnetoresponsive bSi strips we
propose possess the capability to enable bidirectional droplet
manipulation, an attribute owed to their soft magnetic behavior.
While NdFeB is generally considered a hard magnetic material,
the coercivity of magnetic materials can diminish at a rate
proportional to the sixth power of its dimensions when its grain
size falls below 50 nm.54 We were able to take advantage of this
behavior to acquire a soft magnetic NdFeB layer by reducing the
sputtering rate to 6.7 nm/min. As a result, we were able to obtain
bSi strips with extremely low coercivity capable of repetitive
demagnetization and remagnetization in the opposite pole
direction through the variation of the external magnetic field
along the strips’ width direction. This behavior of the bSi strip,
constantly switching its pole direction, is also demonstrated in
Figure S1 and Movie S3. In this section, we introduce the
mathematical equations that govern the external magnetic field
of a permanent magnet. We also establish an equilibrium
equation accounting for both themagnetic torque and the elastic
restoration torque governing the tilting of the bSi strips.
Utilizing these equations, we computationally determined the
tilting angle of the bSi strips based on their location and the
strength of the external magnetic field.
To solve our computational model, we first derived a

mathematical expression for the external magnetic fields. The
m a g n e t i c fi e l d s t r e n g t h , r e p r e s e n t e d a s

= +H x y z H x y z H x y z( , , ) ( , , ) ( , , )x ztot , for a cuboid

permanent magnet with width, length, and height of 2a, 2b,
and 2c, respectively, and with the origin of the Cartesian
coordinate system at its center of mass, as illustrated in Figure
2a. We assume that the y-component of the magnetic field

strength can be disregarded because the center of the bSi strips is
placed at y = 0. The components that make up the total magnetic
field strength can be calculated using the following equations:57

=H x y z
M F x y z F x y z

F x y z F x y z
( , , )

4
ln

( , , ) ( , , )
( , , ) ( , , )x

e 2 2

2 2 (1)

= [ +

+ +
+ + +

+ ]
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M

F x y z F x y z

F x y z F x y z

F x y z F x y z F x y z
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4
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e

1 1

1 1

1 1 1

1 (2)

Here, Me is the magnetization of the external magnet and the
functions F1 and F2 above are defined as

Figure 2. Definition of the Coordinate System, Magnetic Field, and
torque equilibrium. The illustration depicting (a) the external
magnetic field generated by a cuboid permanent magnet and (b) the
equilibrium of torques applied to the bSi strip.
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Evidently, the magnitude of the total magnetic field | |Htot can

be calculated as +H Hx z
2 2 and its angle θH as tan H

H
1 z

x
.

Thus far, our discussion has primarily focused on the cuboid
magnet. However, should a cylindrical magnet be employed, the
mathematical expressions for its external magnetic fields can be
found in Figure S2 and the Supporting Information.58,59

To derive an analytical solution for the tilting angle θ of the
bSi strip, we utilize an equilibrium equation that accommodates
two opposing torques acting on the bSi strip.60 One of these

torques is the elastic restoring torqueTe , the magnitude of which
can be expressed as

| | =T c EI
Le 0 (5)

In this equation, c0 represents a parametric angle coefficient,
while E, I, and L denote the Young’s modulus, the second
moment of inertia, and the height of the elastomer ridge,
respectively.
The counteracting torque in the equilibrium equation is the

magnetic torque TM which can be formulated as follows

= × = ×T V M H V M HM m mtot perp (6)

In this equation, M⃗ and Vm refer to the magnetization and
volume of the sputtered NdFeB, respectively. Furthermore,

Hperp represents the component of the external magnetic field
that is perpendicular to the bSi strip, and its magnitude can be

calculated as | |H sin( )Htot . As a result, we can substitute

eqs 5 and 6 into the equilibrium equation | | = | |T Te m yielding

= | || |c EI
L

V M H sin( )m H0 tot (7)

In this equation, all variables are known except for the
magnetization M⃗ of the sputtered NdFeB on the bSi strips. This
can be determined through the magnetic hysteresis graph
depicted in Figure S3. The y-value of the graphs is in Figure S3
represents magnetization of NdFeB which is the function of the
strength of the external magnetic field applied in parallel to the
bSi strips, denoted asHpara, as illustrated in Figure 2b. The value
of Hpara continuously changes depending on the location and
resulting tilting angle of the bSi strips, causing the magnetization
of the bSi strips to constantly shift along the magnetic hysteresis
loop.
The bSi strip first gets initially magnetized from point o to

point a, as shown in Figure S3a. If the external magnetic field
strength, Hpara, is substantial enough to reach the red region in
Figure S3b, then the magnet is considered to be positively
saturated. Conversely, if Hpara switches direction into the blue
region, the magnet is considered to be negatively saturated.

WhenHpara is removed following initial magnetization, the graph
traces the path from point a to b in Figure S3c, with point b
referred to as remanence. If a negativeHpara is applied, the graph
intersects with the x-axis at point c, known as the coercivity,
beyond which the magnet no longer exhibits magnetization. As
more negativeHpara is applied, the magnet follows the path from
point c to d in Figure S3d, resulting in negative saturation. Next,
if Hpara increases again, the graph traces a different path from
point d to e to f and back to a, as shown in Figure S3e,f, thereby
achieving positive saturation once more. In this context, points e
and f represent remanence and coercivity in the opposite
direction, respectively.
Eq 7 can now be numerically solved usingMATLAB, with the

results presented in Figure 3. The external permanent magnet
chosen for our experiments was a cube with each edgemeasuring
50.4 mm. The distance between the bSi strips and the surface of
the magnet was set at 5 mm. It is noteworthy to mention that not
only does the magnetization M⃗ display hysteresis behavior, but
also Hpara and θ. Figure 3a presents the hysteresis loop for Hpara,
where the red region exceeds 3 kA/m, thereby positively
saturating the bSi strips. Conversely, the blue colored region falls
below −3 kA/m, leading to negative saturation of the bSi strips.
The region where Hpara does not saturate the bSi strips is
magnified in the inset plot. Further plots representing other
magnetic field strengths such as Htot, Hx, Hy, and Hperp are
provided in Figure S4.
Figure 3b shows the magnetization M⃗ of bSi strips depending

on their horizontal location with a hysteresis behavior. Here, we
can observe that the M⃗ is almost either positively or negatively
saturated across the entire x-axis. A positive M⃗ causes the bSi
strips to rotate in a counterclockwise direction, which results in a
positive value of the tilting angle θ of the bSi strips, as depicted in
Figure 3c. Conversely, a negative M⃗ causes a corresponding
clockwise rotation. The magnitude of θ decreases as the distance
from the center of themagnet x increases, which can primarily be
attributed to the reduction in the perpendicular component of
the magnetic field strength Hperp.
The hysteresis behavior and bidirectional rotation of the bSi

strips, as predicted from our computational multiphysics
modeling, have been confirmed through the experiment
depicted in Figure 4. At first, the red highlighted bSi strip seen
in Figure 4a is located at x <−0.5mm.Here, its magnetization M⃗
is negatively saturated and the tilting angle θ exhibits maximum
negative rotation. As the bSi strip is translated toward the
positive x direction, the θ traces the lower part of the hysteresis
loop, as illustrated in Figure 4b. If the red highlighted bSi strip
continues to shift further, surpassing x > 0.5 mm as indicated in
Figure 4c, its M⃗ becomes positively saturated and the θ reaches
the maximum positive rotation. In Figure 4d, when the bSi strip
returns to the same position as in Figure 4b, the θ of the red-
hovered bSi strip differs from its initial state. This is because the
θ trace the upper portion of the hysteresis loop as the bSi strip
retracts. This phenomenon showcases both the inherent
hysteresis behavior of the system and its capability for
bidirectional operation.

Droplet Propulsion on a Superhydrophobic Ratchet
Surface. A droplet dispensed on a superhydrophobic ratchet
surface can exhibit self-propulsion due to the asymmetry of its
shape. The major force that causes the actuation of the droplet is
the Laplace pressure gradient, which can be expressed as61−64
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where γ represents the droplet’s surface tension, Rl and Rt are the
principal radii of curvature for the droplet’s leading and trailing
surfaces, respectively, and Ayz stands for the droplet’s cross-
sectional area perpendicular to the direction of motion. The
tilting angle of the bSi strips θ composing the ratchet surface
induces a difference in contact angle between the leading and
trailing sides of the droplet.51,52 Here, the leading side is the
direction of the bSi strips’ inclination, and the contact angle on
this side is smaller by 2θ than the trailing side. This effect causes
1/Rl to be smaller than 1/Rt, as shown in Figure S5, thereby
accelerating the droplet toward the leading side. Moreover, an
increase in θ further augments the difference between the two
contact angles, subsequently enhancing the force exerted on the
droplet.
This relationship, where the tilting angle of the bSi strips θ

positively correlates with the horizontal propulsion force, was
experimentally observed and is illustrated in Figure 5. First, we
evaluated the distance between the bSi strips and the surface of
the external magnet. Figure 5a represents the variation of θ
depending on the location of the bSi strip and the distance from
the external magnet surface, calculated using the model we
discussed in the previous section. Correspondingly, Figure 5b
provides a snapshot of the actual tilt of the bSi strips depending
on the distance from the magnet surface. As shown in Figure 5c,
a droplet is dispensed onto the ratchet surfaces from a needle
with a diameter of 500 μm under five different conditions
characterized by unique θ values. While the droplet is dispensed
and impacts the surface at the same location in all cases, the
subsequent horizontal acceleration during the propulsion phase
varies, depending on the value of θ. The source of these captured
images is Movie S4, which can be found in the Supporting
Information. The movie was edited to synchronize the moment
of impact across all five conditions.
The centroid position of the droplet in each frame of the

movie was determined through image processing, as shown in
Figure S6a. The horizontal position of the droplet’s centroid is
then plotted, with the results displayed in Figure S6b.
Subsequently, the position data was differentiated using
Savitzky−Golay Smoothing, using a window of 200 points and
a second-order polynomial. The results, which show the
horizontal velocity of the droplet, are plotted in Figure 5d as a
solid line. The dashed lines on the same plot are the results from
linear regression for the five different conditions, where the slope
represents the average horizontal acceleration. These slopes are
plotted in Figure 5e along with θ, with both values presented as
functions of the distance between the bSi strips and the surface
of the external magnet. The result apparently has shown the
positive correlation between θ and the horizontal acceleration
which was induced from the Laplace pressure gradient
mentioned above.
To investigate the droplet propulsion on the ratchet surface

further, we carried out an additional experiment, dispensing a
droplet onto a superhydrophobic ratchet surface while varying
the impact speed. This experiment is designed to confirm the
effect of the potential energy on droplet propulsion when the
tilting angle of the bSi strips is fixed. Figure 6a presents frames
extracted from Movie S5 (available in the Supporting
Information), showcasing the phases of the droplet of falling,
impacting, and moving horizontally for different impact speeds.
Using the same image processing technique mentioned in the

Figure 3. Results of computational modeling. (a) The magnitude of
the external magnetic field strength parallel to the bSi strips, which
contributes to their magnetization, depending on the horizontal
location. (b) The magnitude of the magnetization depending on the
bSi strip’s location. (c) The resulting tilting angle of the bSi strips
depending on the horizontal location. The inset plot magnifies the
corresponding dashed box area for each panel.
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previous section, we determined the position of the droplet’s
centroid in each frame of the movie. The corresponding
horizontal and vertical positions are plotted in Figure S7a and
S7b, respectively. Subsequently, both the horizontal and vertical
position data were differentiated using Savitzky−Golay
Smoothing, with a second-order polynomial and window sizes
of 200 and 50 points, respectively. Here, the impact speed v right
before the droplet touches the ratchet surface was obtained from
the vertical velocity, as shown in Figure S7c. The corresponding
horizontal velocity is illustrated as a solid line in Figure 6b. The
dashed lines in the same plot are the results from polynomial
fitting for the six different conditions, where the slope represents
the average horizontal acceleration. The average horizontal
acceleration for each impact speed is graphed in Figure S7d.
These results indicate that there is not a direct correlation
between the potential energy of the droplet and its horizontal
acceleration. However, it is noteworthy to see that the initial
horizontal velocity for an impact speed of 384 mm/s exhibits a
delay in increasing but eventually recovers and accelerates. This
behavior occurs when the droplet’s centroid aligns exactly with
the gap between two bSi strips, and the impact speed is
sufficiently high. Under these conditions, the droplet can
penetrate the gap, leading to droplet pinning, which
consequently impedes the droplet’s horizontal acceleration.
This phenomenon is visually captured in Figure S8. The findings

in this section will be the critical basis necessary in designing a
superhydrophobic ratchet surface to manipulate a droplet
employing the Laplace pressure gradient.

Determination of Critical Conditions for Penetration
through FEA. In the previous section, we discussed the
scenario in which a droplet can penetrate the gap between two
bSi strips under specific conditions. To prevent this and
optimize the operation of our superhydrophobic ratchet surface,
we developed an FEA model using COMSOL Multiphysics. In
this analysis, we calculated the volume fraction of the droplet
that penetrates beneath the gap between the bSi strips while
varying several parameters: the gap distance between the bSi
strips, the droplet’s impact speed, its size and relative viscosity
(with the viscosity of deionized water as a reference point set at
1), and the thickness of the bSi strips. The results of this analysis
are depicted in Figure 7, in a three-dimensional mesh plot where
the x- and y-axes represent the parameters being varied and the
z-axis indicates the volume fraction of the droplet that penetrates
beneath the gap between the bSi strips. The default values for
each parameter are provided in Table S1 in the Supporting
Information.
In our prior experiments, a droplet impacting at a speed of 384

mm/s at the gap between the bSi strips experienced penetration.
The FEA results for this condition showed that approximately
1% of the droplet’s volume penetrating the gap. Accordingly, we

Figure 4. Experimental results showing the angle hysteresis behavior of the red highlighted bSi strip. (a) At x < −0.5 mm, the bSi strip is
negatively saturated. (b) At x = −0.4 mm, the bSi strip still exhibits negative saturation. (c) However, when the bSi strip moves to x > 0.5 mm, it
switches to positive saturation. (d)Upon returning to x =−0.4mm, the bSi strip exhibits a different tilting angle compared to (b), even though it
is located at the same position. The inset graphic provides an approximate location of the bSi strips on the external magnet, while the plot
illustrates the calculated tilting angle based on the computational model.
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define this point as the critical condition, and we have drawn a
red solid line across themesh to indicate the 1% volume fraction.
The objective of this analysis is to prevent penetration;
therefore, the volume fraction should remain below this red line.
Figure 7a demonstrates that as the gap between the bSi strips

increases, the rate of penetration also increases. However, it is
evident that the impact speed of the droplet has a more

significant influence on the penetration rate. Figure 7b reveals
that not only does a decrease in droplet size increase the
probability of penetration but smaller droplets also become
more susceptible to penetration as the gap size increases. Figure
7c demonstrates that the viscosity of the droplet has a minimal
impact on the penetration rate. Similarly, Figure 7d shows that
the thickness of the bSi strips also has little effect on droplet

Figure 5. Experimental and theoretical analysis of tilting angles, droplet propulsion, and acceleration. (a) Theoretical tilting angle as a function
of the bSi strip’s location for various distances from the external magnet surface. (b) Tilted bSi strips with various tilting angles at various
distances from the external magnet surface. (c) Frames captured from a high-speed camera movie illustrating the sequential events of droplet
fall, impact on the strip, and propulsion. Each row showcases the results corresponding to different tilting angles of bSi strips. (d) Horizontal
velocity of the droplet derived from position data obtained through image analysis. The dashed line represents the linear regression for each
tilting angle of the bSi strip. (e) The horizontal acceleration plotted against the distance between the bSi strip and the external magnet which
also demonstrates a positive correlation between acceleration and the tilting angle of the bSi strip.
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penetration. The Weber Number (We) for Figure 7a−c was
calculated using the following equation, which incorporates the
droplet’s viscosity (ρ), diameter (D), and surface tension (σ).

= v D
We

2

(9)

CONCLUSION
In summary, our study demonstrates the successful implemen-
tation of bidirectional droplet manipulation on a magnetically
actuated superhydrophobic ratchet surface. The soft magnetic
properties of the silicon strips allow for bidirectional tilting,
enabling efficient droplet manipulation in response to changes in
the external magnetic field. Computational multiphysics models
have been developed to predict the tilting behavior, providing
valuable insights into the concept of bidirectional tilting and the
tilting angle hysteresis theory. Experimental results have
confirmed the soft magnetic hysteresis, bidirectional tilting of
the strips, and consequential bidirectional self-propulsion of
dispensed droplets through the Laplace pressure gradient.
Additionally, finite element analysis has identified critical
conditions for preventing droplet penetration through the
gaps between the strips, which is crucial for optimizing droplet
manipulation. These findings suggest the way for the design and
optimization of magnetically actuated superhydrophobic ratchet
surfaces in digital microfluidic applications, promising advances
in various fields that rely on precise and instantaneous droplet
control.

METHODS
Fabrication of bSi Strips with NdFeB Layer. The fabrication of

the ratchet surfaces leverages previously developed methods. One such
method includes the ability to manipulate, flip, and transfer ultrathin
silicon (UTS)�a technique that proves crucial when handling the 15
μm silicon film used in this research.58,65 Another method is the transfer
printing technique, which enables the three-dimensional heteroge-
neous integration of bSi strips and elastomer ridges.66

First, as shown in Figure S9, we source UTS from the device layer of a
silicon-on-insulator (SOI) wafer (Ultrasil LLC). We pattern the device
layer of the SOI wafer with a photoresist (SPR-220, Megaposit) and
subsequently deep reactive ion etch (SLR 770, Plasmatherm) it into the
desired strip shapes. Following this, we perform a thorough cleaning
process, which involves degreasing, a 10min session of RCA-1 cleaning,
and 1 min of 100 W oxygen descumming to effectively remove any
organic photoresist residue.

We then form the bSi surface on the device layer, a process that
involves three steps in a reactive ion etcher (Oxford). These steps are
oxide layer formation in oxygen plasma (50 mT, 10 sccm, RF1/2 120/
200 W, 5 min), random scattering of oxide etch (50 mT, CHF3 12
sccm, RF1 350W, 2 min), and silicon etch with an oxide hard mask (90
mT, Cl2/Ar 40/4 sccm, RF1/2 300/500 W, 10 min).

Following this, we immersed the SOI wafer in a hydrofluoric (HF)
acid bath to entirely remove the buried oxide layer. The device layer,
which is now the UTS, can self-delaminate under an IPA bath. This
free-floating UTS can be picked up and transferred to a mediator
substrate with the bSi side facing down. To get a higher yield during the
subsequent NdFeB deposition step, we used water-soluble tape to
secure the corner of the UTS.

The UTS is placed into a sputtering system (Kurt J. Lesker
Company), where layers of Ti/NdFeB/Ti, each measuring 5/335/5
nm, respectively, are deposited on its backside. The NdFeB deposition
takes place over 50min, achieving a slow deposition rate of 6.7 nm/min.
This slow rate results in a smaller grain size, which in turn results in the
material exhibiting soft magnetic behavior. The UTS is then covered
with photoresist and a silane-coated glass slide to ensure it remains
firmly fixed while it undergoes initial magnetization in the width

Figure 6. Droplet propulsion analysis upon different impact speeds.
(a) Frames captured from a high-speed camera movie illustrating
the sequential events of droplet fall, impact on the strip, and
propulsion. Each row showcases the results corresponding to
different impact speeds of the droplet. (b) Horizontal velocity of the
droplet derived from position data obtained through image analysis.
The dashed line represents the polynomial fitting for each impact
speeds.
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direction (5 T impulse field,Magnet-Physics Inc.). After magnetization,
the UTS is degreased to prepare for transfer printing.
Fabrication of Elastomer Ridges. The fabrication of the

elastomer ridges that hold the bSi strips is achieved using a molding
method, as depicted in Figure S10. To create the mold, we spin coat a
silicon wafer (UniversityWafer, Inc.) with SU8 (SU-8 100, Kayaku
Advanced Materials) at 2500 rpm for 60 s. This is followed by a short
soft bake for 1 min at 65 °C and 4 min at 95 °C. We repeat the spin-
coating process twice more, giving us three total layers of SU8, with
same short soft bakes taking place between the second and third layers.
After the third layer, the final soft bake lasts for 30 min at 65 °C and 90
min at 95 °C. The Si-SU8 mold then undergoes flood exposure under a
flood exposure system (ABM Model 60), covered with an iron oxide
mask until it receives a dose of 500 mJ/cm2. The mold is then
postexposure baked for 1 min at 65 °C and 35 min at 95 °C. Next, we
immerse the mold in SU-8 developer (Kayaku Advanced Materials) for
30min or until fully developed. To finish, we coat the mold with a single
layer of FDTS using a Molecular Vapor Deposition (MVDModel 100,
Applied MicroStructures) and pour Polydimethylsiloxane (PDMS)
with a base to curing agent ratio of 10:1 over the mold and then allow it
to cure. Once cured, the elastomer (PDMS) ridges are demolded.
Transfer Printing bSi Strips onto Elastomer Ridges. In the final

stages, the transfer printing technique is utilized for the heterogeneous

integration of the UTS and elastomer ridges as illustrated in Figure S11.
At first, an uncured PDMS solution (with a 10:1 base to curing agent
ratio) is spin-coated onto a glass slide at 5000 rpm for 30 s. The tips of
the elastomer ridges are then dipped into this thin layer of PDMS and
transferred to a clean glass slide, with the ridge side facing downward.
This assembly is partially cured at 65 °C for 15 min. Afterward, the
elastomer ridge is affixed to the mask fixture of a mask aligner (MJB3,
Karl Suss), with the UTS positioned on the sample holder chuck. The
elastomer ridges are then meticulously aligned to lift the UTS. After the
UTS has been transferred on the elastomer ridges, the tethers securing
the bSi strips to the UTS can be physically broken, allowing for the
individual separation of all the strips. A final coating of FDTS is applied
to the bSi side, facilitating the formation of a superhydrophobic surface.

High Speed Camera Setup. The experimental test setup is shown
in Figure S12. The motion of the water droplet was captured using a
high-speed camera (FASTCAM Mini AX200, Photron) set to a frame
rate of 6400 fps and a resolution of 1024 × 1024 pixels. An LED light
source, powered by a power supply, was used to illuminate the scene
and facilitate the identification of the droplet’s identification. For the
uniform dispensing of the DI water droplet, a syringe pump (11 Pico
Plus Elite, Harvard Apparatus) was employed. The syringe on the pump
was connected to a blunt-ended stainless steel needle via a tube, with
the needle held in place on an XYZ-axis linear stage. Sequentially, the

Figure 7. FEA analysis identifies critical conditions for droplet penetration. The volume fraction representing the proportion of the droplet that
penetrates through the bSi strips under each parameter set, as determined through FEA. Different sets of parameters were chosen as inputs for
(a) the gap between the bSi strips and the impact speed of a droplet, (b) the gap between the bSi strips and the radius of the droplet, (c) the
radius of the droplet and the relative viscosity of the droplet, and (d) the gap between the bSi strips and the thickness of the bSi skins. The red
solid line indicates the 1.0% penetration of the droplet, which is regarded as a critical condition.
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ratchet surface and external magnet were positioned below the needle.
The arrangement of the needle, ratchet surface, and external magnet
depended on the experiment being conducted. When exploring the
relationship between the tilting angle of the bSi strips and the
propulsion force, we affixed the needle and the ratchet surface as one
entity to the Z-axis linear stage. Meanwhile, the external magnet was
placed on the XY-axis linear stage. On the other hand, during the test
aimed at understanding the relationship between the potential energy
of the droplet and the propulsion force, we relocated the ratchet surface
to the external magnet’s top surface.
Multiphysics FEA Modeling and Its Constraints and

Conditions. Given the computational limitations, we chose a two-
dimensional axisymmetric design for our analysis. The model’s
geometry includes the droplet, the bSi structure, and two air regions
located above and below the bSi strips. We set the top wall as a “no slip”
condition, while the side wall was assigned an outlet condition. The
walls for both the bSi and the PDMS were defined as wetted walls, with
a contact angle of 170 degrees. To allow the droplet to fall, gravity was
implemented within the system. The analysis incorporated two physics
entities, the Laminar Flow and Level Set, combined into a single
Multiphysics simulation. The study was performed in a time-dependent
solver with two independent parametric sweeps. The volume fraction,
which represents the volume of water below the level of the bSi strips
divided by the volume of the original droplet, is computed at each time
step. We have provided an example of a single run for this model in
Movie S6.
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