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INTRODUCTION

Droplet manipulations such as storage, transfer, and mixing have always

Abstract

Control of droplet sliding and its interfacial behavior such as sliding resistance and
friction have important applications in microfluidic and energy-related fields. Nature
provides many examples of interface-driven droplet sliding control; yet, to date, the
continuous governing of the multiphase process and precise steering of droplet
sliding remain challenging. Here, directional-dependent ultraslippery patterned
surfaces with significant droplet sliding anisotropy were created by coordinating
the heterogeneous wettability of the back of the dessert beetle, directional-
dependent architecture of the butterfly wing, and ultraslippery configuration of the
Nepenthes alata. Analysis of the sliding resistance on typical ultraslippery patterned
surfaces reveals that the directional-dependent triple phase line (TPL) immigration
on the ultraslippery patterns dominates the strong sliding anisotropy, which can be
modeled using the classic Furmidge equation. In particular, the sliding anisotropy for
the semicircular ultraslippery patterned surface shows threefold higher than that of
natural butterfly wings due to the most significant difference in TPL immigration in
two opposite directions, which enables the simultaneous handling of multiple
droplets without mass loss and steering of droplet sliding/friction. This work may
transform the design space for the control of multiphase interface motion and the
development of new lab-on-a-chip and droplet-based microsystems.

droplet, which enables simple and convenient operations, for example,

transfer and coalescence. Homogeneous superhydrophobic surfaces

15,16

exhibit isotropic droplet adhesion, thus sophisticated manipulations

been crucial subjects to researchers due to their potential applications in
microfluidic,>™” tribology,®’ and energy harvest.1°~** Lotus leaf-inspired
superhydrophobic surfaces (with water contact angle >150°) are
considered to be an ideal platform for manipulating the droplets
because their excellent water repellency tends to suspend the bead-like

that necessitate droplet transport on the designed path are restricted.
Coordination between superhydrophobicity and external stimuli, such as

3 and so

light,*”*® electricity,’”?° pH,?' temperature,??> magnetism,?
forth, is an advisable strategy to achieve such exquisite functions.

However, stimulus-responsive superhydrophobic surfaces are not
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suitable for mild biomedical applications and the engineering
aspects that the stimuli cannot access. Alternately, sliding anisotropy
enlightened by the Araucaria leaf® the rice leaf,?* and butterfly

25,26

wings allows for precise control of droplet motion due to the

directional-dependent sliding resistance that can guide the droplet
moving in desired directions. Several exquisite studies?”’ %’ were
reported to formulate the design strategy of directional-dependent
structures for fantastic liquid/droplet steering. In addition, the creation
of the sliding anisotropy is readily feasible by patching wettability
contrast patterns with high adhesion on roll-off superhydrophobic

30-36 vet droplets tend to be detained on the patterns,

substrates,
resulting in the loss of mass and the increased possibility of cross-
contamination.

A slippery lubricant-infused porous surface (SLIPS) inspired by
Nepenthes alata plants has been widely applied for droplet motion
control due to its intrinsic properties of ultralow contact angle
hysteresis, self-healing, pressure stability, and being immiscible with
manipulated droplets.®”~#* The SLIPS patterns show strong affinity
toward the deposited droplet but exhibit ultralow sliding resistance
without absorption due to the immiscible droplet-lubricant interface,
which is similar to the hydrophilic patterns from the aspect of stress
condition but has no risk of mass loss.*>™*” As a result, it is possible to
patch SLIPS patterns on the roll-off superhydrophobic background to
precisely control the droplet motion. A few notable studies
succeeded in simultaneously transferring multiple droplets by taking
the advantage of anisotropic droplet sliding on SLIPS patterns.*84?
Nevertheless, the fundamental impact of SLIPS pattern geometry on
the sliding resistance is unclear. In addition, continuous governing of
droplet movement instead of controlling a droplet over an individual
pattern, for example, steering of droplet friction engenders more
cutting-edge applications, yet remains challenging.

In this work, we report multi-bioinspired SLIPS-patterned super-
amphiphobic surfaces by coordinating the heterogeneous wettability
of the back of the dessert beetle, directional-dependent architecture
of the butterfly wing, and ultraslippery configuration of the N. alata.
The droplet sliding resistance on this multi-bioinspired surface can be
well controlled by the geometry, size, and arrangement of the
SLIPS patterns, which follows the classic dragging resistance model
(Furmidge equation). The maximum obtained sliding anisotropy
obtained by the surface shows threefold higher than that of natural
butterfly wings, which enables the handling of multiple droplets
without mass loss simultaneously and precise steering of droplet
friction by carefully architecting the patterns. We envision the
functional architectured surface as a complementary platform to
conventional surface engineering, enabling applications such as

droplet-based microfluidic, tribology, and energy-harvesting devices.

RESULTS AND DISCUSSION

The back of the desert beetle is a typical heterogeneous wettability
surface, consisting of a hydrophobic background and hydrophilic
patches. The hydrophilic patches serve as a high adhesion trap

t.°° However, the

that can catch the surrounding mist in the deser
hydrophilic patches (typically with the directional-independent
circular shape) on the back of the desert beetle show isotropic
adhesion, which is not intended for sophisticated droplet motion
control.>! Butterfly wings with directional-dependent shapes and
arrangement of overlapping scales exhibit controllable anisotropic
adhesion enabling directional droplet sliding (Figure 1a).2° Integrated
with the heterogeneous wettability, the flexible control over
adhesion and sliding direction further extends the droplet manipula-
tions and ensures diverse applications.'?3*>2 Moreover, when
we combine the high mobility configuration of N. alata with the
above-mentioned two distinct wettability scenarios, multi-bioinspired
SLIPS-patterned surfaces that allow for directional droplet sliding and
precise steering of droplet friction were created (Figure 1a,b).
A simple method involving electrochemical etching, chemical vapor
deposition of a fluorinated silane, laser ablation, and lubricant
infusing was proposed for the scaled-up fabrication in real-world
applications (Supporting Information: Figure S1).

The electrochemical etching combined with boiling water soaking
creates concave microstructures covered with dense nanovillus, as
shown in the scanning electron microscopy (SEM) images (Figure 1c
and Supporting Information: Figure S2). These hierarchical micro/
nanostructures were crucial for superamphiphobicity.”>>* After chemi-
cal vapor deposition of fluorinated silane,>® the elements of C and F
were detected, which represented that low surface energy components
were successfully assembled on the surface, as shown in the energy-
dispersive spectroscopy (EDS) (Figure 1d). Both DI water and
hexadecane droplets dispensed on the prepared superamphiphobic
surface manifested contact angles larger than 150° and sliding angles
less than 10°, displaying excellent static and dynamic superamphipho-
bicity (Supporting Information: Movie S1). Laser ablation induces phase
explosion, rapid evaporation, melting, and resolidification,>®°” thus
enabling site-selectively removal of micro/nanostructures and the
overlaid low surface energy layer. The EDS spectra of the laser-
ablated region show that the element of F was substantially reduced
after laser ablation. The tailoring of the structure and chemical
component in the laser-ablated region resulted in a rapid wettability
transition from superamphiphobicity to superhydrophilicity with contact
angles of ~0°. As a result, the superhydrophilic patterns with complex
two-dimensional geometries can be readily created on the super-
amphiphobic background via scanning path control of the laser ablation.
After dipping the patterned surface in the lauric acid-modified
hexadecane, the superhydrophilic patterns were then rendered super-
hydrophobic due to a self-assembled monolayer formed by spontaneous

absorption of lauric acid*®>®

and, meanwhile, the patterned regions
were infused with hexadecane, which was used as a lubricant, to reach a
stable ultraslippery state.>’

Insight into triple phase line (TPL) pinning and immigration of a
deposited droplet on SLIPS patterns are crucial for sliding control
because they determine the droplet-pattern interface and the
corresponding sliding resistance. To validate the dependence of
SLIPS pattern geometries on the sliding resistance, three typical

directional-dependent SLIPS patterns evolved from the architecture
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FIGURE 1 Construction of multi-bioinspired slippery lubricant-infused porous surfaces patterned surfaces: (a) schematic of surface
construction by coordinating heterogeneous wettability of the back of the desert beetle, directional architecture of the butterfly wing, and
ultraslippery configuration of the Nepenthes alata; (b) schematic of steering droplet friction on the multi-bioinspired surface; (c) scanning electron
microscopy images; and (d) energy-dispersive spectroscopy spectra of the background and the pattern region before lubricant infusing the pattern.

of butterfly wings were designed. Those include the arrow-shaped
(Figure 2a), horn-shaped (Figure 2d), and semicircular SLIPS patterns
(Figure 2g). Among them, the horn-shaped and semicircular SLIPS
patterns can be treated as derivations of the arrow-shaped ones by
endowing the edge line with positive and negative curvatures,
respectively. The arrow-shaped SLIPS patterns mainly involve
three parameters: line width (W), included angle (), and line length
(L), while both the horn-shaped and semicircular SLIPS patterns
are described by line width (W) and curvature radius (R). To
quantitatively characterize the directional sliding on the directional-
dependent SLIPS patterns, the sliding angles in the outward (Do) and
inward direction (D;,) of the patterns were measured (Supporting
Information: Figure S3). In the experiment, 15 ul of DI water droplets
was used to ensure that the pattern was fully covered by the droplet
footprint. The sliding resistance F,. was obtained according to force
equilibrium:

Fe=mx g xsina, (1)

where m is the mass of the droplet, g is the gravitational
acceleration, and «a is the measured sliding angle. According to the
Furmidge equation, the resistance of a droplet sliding off patterned
surface is proportional to the droplet-pattern interfacial width

Waqro perpendicular to the sliding direction, given by the following

formula®? %!

Fe = v x Wyro(cos B — cos 6n), 2

where vy is the surface tension of water, 6, is the advancing contact
angle on the superamphiphobic background, and 6y represents the
receding contact angle on the SLIPS pattern. For a given liquid, y is
constant, and both the 6, and 6y are also fixed for a specific
wettability scenario. Thus, Wy,, becomes the principal parameter that
dominates the sliding resistance.

Sliding resistances of droplets on arrow-shaped (Figure 2b,c),
horn-shaped (Figure 2e,(f), and semicircular (Figure 2h,i) SLIPS
patterns in Do, and D;, directions were measured. The line width
W determines the droplet-pattern interfacial width Wy, and the
sliding resistance in a most simple way. The Wy, increases with
the line width W, thus resulting in enlarged sliding resistance for all
the three SLIPS patterns. An interesting phenomenon was that sliding
resistance in D;, was much higher than that in Dy, showing excellent
sliding anisotropy (defined as the difference between sliding
resistance in the two opposite directions) for all these demonstrated
patterns (Figure 2j). The directional-dependent sliding was ascribed
to the pinning and immigration of TPL.3** When the droplet slid in the
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FIGURE 2 Droplet sliding control on slippery lubricant-infused porous surface (SLIPS)-patterned surfaces: schematic of (a) arrow-shaped,
(d) horn-shaped, and (g) semicircular SLIPS patterns; sliding resistance in Do, direction on (b) arrow-shaped, (e) horn-shaped, and (h) semicircular
SLIPS patterns; sliding resistance of droplets in D;, direction on (c) arrow-shaped, (f) horn-shaped, and (i) semicircular SLIPS patterns; and

(i) sliding resistance anisotropy versus main parameters of different SLIPS patterns (from top to bottom corresponds to arrow-shaped,
horn-shaped, and semicircular SLIPS patterns, respectively). The volume of the droplet used in the experiment was 15 pl.

outward direction (Do), the TPL immigrated from the tail end of the
SLIPS pattern to the middle due to the intrinsic high mobility property
of SLIPS and the Wy, was reduced to the middle region of the
pattern (upper panel in Figure 3a), thereby contributing to a smaller
outward sliding resistance (Figure 2b). On the contrary, regarding
the droplet sliding in the inward direction (D;,), the TPL was likely to be
pinned at the tail end with only slight deflection due to the
inconspicuous mismatching of TPL to the pattern profile at the tail
region for arrow-shaped SLIPS patterns (lower panel in Figure 3a).
Therefore, the Wy, almost equaled but was slightly smaller than the
tail gap distance of the pattern; thus, a much higher inward sliding
resistance and obvious sliding anisotropy were obtained (Figure 2c,j).
For a fixed included angle of the arrow-shaped SLIPS pattern, the
inward sliding resistance and the resultant sliding anisotropy increased
with the line length L because it was proportional to the tail gap
distance and the Wy,,, in the inward direction (Supporting Information:
Figure S4), while the outward sliding resistance was not affected.

However, an enlarged included angle (>90°) of the arrow-shaped
pattern exacerbated the mismatching of the TPL to the pattern profile
in inward (D;,) sliding, which resulted in the TPL immigration to the
middle region of the pattern,%? similar to that sliding in the outward
direction (Douy). As a result, Wy, was downsized, and both the inward
sliding resistance and sliding anisotropy were weakened, considering
that the outward sliding resistance remained almost unchanged
(Figure 2b). A typical example is that inward sliding on a pattern with
an included angle larger than 180° would be transited into the
condition of low-resistance outward sliding. Therefore, regarding the
included angle, a maximum inward sliding resistance and sliding
anisotropy existed and was located at 90° (Figure 2c,j).

The sliding anisotropy was also evidenced on the horn-shaped
SLIPS patterns (Figure 2d-f). The TPL immigration-induced easy
roll-off of droplets in the outward direction (Do) was the same as
other patterns (Figure 2e). The mismatching of the TPL to the pattern

profile in inward (D;,) sliding was further promoted because the

85U80 17 SUOWIWOD &R 3|edldde Uy Aq peusenob a.e S1Le YO 18N JO S3In1 J0J ARl 8UIIUO A8 |1 UO (SUOHIPUOD-PUB-SWLRYLI0D" &3] 1M ARIq1U 1 UO//SANY) SUORIPUOD PUe SLLIB L 33 385 *[€202/20/ET] U0 ARigIT8ulluO AB|IM ‘(BenN) SOMeuoISY puy SoreuoRY JO AN BuiiueN Aq 9y'Z0p/z00T 0T/10pAL0Y A8 1M AReiq 1puljuo// SNy WO.) papeojumod ‘0 ‘SLEVTELZ



YANG ET AL

(@)

Droplet outline

/| sups Ty
I WFst Fst

| Dropletoutiine by

(b)

/
I \
1Y Fst FstV|
\ /
\_ SUPs /
S Z Dout

~

_-

Droplet outline

1

4 |

| broptet outiine |

\ D

N /
N
PR
/ \
1 \
! |
\'Fst sups Fst')
\ /
S N
— ut

Droplet outline

J sups BN
I, = Fst| ;

\\ /D'roplot outline //

FIGURE 3 Schematic and bird-eye view optical images of DI water droplets sliding off the slippery lubricant-infused porous surface (SLIPS)
patterns: droplets sliding off the (a) arrow-shaped, (b) horn-shaped, and (c) semicircular SLIPS patterns in outward (Do, upper panels) and inward
(Din, lower panels) directions. F; is defined as the surface tension of the droplet. The droplet with the volume of 15 ul was dyed yellow for better
visualization. The measured surface tensions of DI water and dyed water are 73.06 and 72.84 mN/m, respectively, at room temperature (20°C),
which indicates that the dye almost has no effect on the surface tension of the liquid.

curvature of the pattern profile was completely opposite to the TPL.
Therefore, the sliding resistance in the inward direction (D;,) and the
sliding anisotropy were weakened (Figures 2f and 3b), compared with
the arrow-shaped SLIPS patterns.

The most significant sliding anisotropy was observed on the
semicircular SLIPS pattern (Figures 2g-j and 3c). The sliding resistance
in the outward direction (D) was maintained at a low value of 46.6 uN.
Regarding the inward (Dj,) directions, the TPL immigration can be
neglected due to the perfect matching of the curvature of the pattern
profile to the curvature of the TPL (Figure 3c). The Wy, was thereby
maximized to equal the tail gap distance. The maximum inward sliding

resistance of 136.9 uN and the sliding anisotropy of as high as 90.3 uN
were obtained. It was notable that the sliding anisotropy was threefold
higher than the averaged measurements (29.9 uN) on 29 species of
butterfly wings.®> Meanwhile, the sliding resistance on the homoge-
neous SLIPS without any patterns is around 5.13 uN in all directions,
displaying isotropic sliding (Supporting Information: Figure S5). This
further verified that the directional-dependent SLIPS patterns have an
effective capability of steering droplet sliding. In addition, we tested the
sliding anisotropy of droplets with a different volume (5pl) and the
results indicated that the patterns functioned well for droplets with
varied volumes (Supporting Information: Figure Sé).
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Prediction of the droplet sliding resistance is essential for
designing reliable functional surfaces for sophisticated droplet
manipulations,®* such as droplet capturing, transferring, mixing, and
so forth. In this work, we applied the Furmidge equation to calculate
the resistance of droplets sliding off the SLIPS patterns. The
Furmidge equation formulates the linear relationship between the
sliding resistance and the droplet-pattern interfacial width Wy, that
is perpendicular to the sliding (Equation 2). The most important task is
to determine the Wy, because the other input parameters are
constant for a given liquid and surface wettability. Here, the Wy, for
semicircular SLIPS patterns can be obtained by directly measuring
the dimensions of the pattern due to the perfect matching of the
curvature of the SLIPS pattern to the TPL. For example, Wy, in the
inward direction is the tail distance and outward Wy, is the width of
the solid area at the middle region (Figure 4c). However, regarding
the arrow-shaped and horn-shaped SLIPS patterns, the Wy, could
not be measured directly, and it was acquired by dragging the droplet
toward corresponding directions and measuring the interfacial width
at sliding-off moment (Figure 4a-c). By integrating the Wy, into
Equation (2), the model-predicted sliding resistances were plotted in
Figure 4d-f and found to be in good matching with the experimen-
tally measured data. According to the above discussion, the
semicircular SLIPS pattern showed the most significant sliding

(b)

@)

Low resistance

O ) =5

High resistance

(d) (e)

anisotropy, which can be precisely predicted by the designed
dimension of the pattern.

It is thus clear that the semicircular SLIPS pattern has priority
when selected for creating functional surfaces to control the droplet
sliding and develop advanced droplet manipulation platforms. For
example, the capturing and releasing of microliter-sized droplets are
the basis of molecular detection such as mass spectrometry and high-
performance liquid chromatography.®>% It is essential to avoid mass
loss of the droplet during the manipulation. Many methods that

7 architecture,®® and

involve in situ control of surface wettability,
surface charge®’ for droplet manipulation without mass loss have been
reported in the past few years. These are promising approaches for
handling single droplets, but the operation of multiple droplets
simultaneously remains challenging. We here applied two face-to-
face semicircular SLIPS-patterned surfaces for this purpose. By taking
the advantage of the significant sliding anisotropy of the surface, only
vertical and horizontal movements of the upper surface were needed
for operating an array of droplets (Figure 5a,b). For example, moving
the upper surface in a large sliding resistance direction (D;,) at the
contacting state can capture the droplet array from the lower surface
(Figure 5c¢). On the contrary, moving the upper surface in a small sliding
resistance direction (D) is the trigger for releasing the droplet array
(Figure 5d; Supporting Information: Movie S2). This simple process can
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FIGURE 4 Prediction of sliding resistance: bird-eye view optical images of dragging a dyed DI water droplet off the (a) arrow-shaped,

(b) horn-shaped, and (c) semicircular slippery lubricant-infused porous surface (SLIPS) patterns in Dy, and D;, directions for measuring the W,o;
experimentally measured and model predicted sliding resistance on the (d) arrow-shaped, (e) horn-shaped, and (f) semicircular SLIPS patterns in
Doyt and Dy, directions. The droplet volume used for the measurement of sliding resistance was 15 pl. Error bars of some sliding resistance data

in Doyt are too small to be visible in (d-f).
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water droplets were used in the experiment.

be implemented for multiple cycles without mass loss and is suitable
for automated production with the aid of linear motors.

The above results show that a superamphiphobic surface patched
with the SLIPS pattern enables excellent sliding anisotropy of a deposited
droplet, which could be used to implement droplet manipulations
precisely. Recently, the basic understanding of droplet interfacial
phenomenon prompted some cutting-edge applications in the droplet-
based microelectromechanical system (MEMS), such as droplet-based

generators,'? droplet-based self-driven mini boats,”%”*

and liquid ring
thrust bearing.”? Different from the discrete control of a single droplet
intended for the droplet manipulation platform, the droplet-based
MEMS systems typically require the continuous governing of droplet
motion using arrayed patterned surfaces.”! In particular, the droplet
friction property of the surface is crucial for energy transmission,
determining the energy utilization or consumption rate. Therefore, in this
section, we quantitatively characterize the tribological properties of
droplets on the SLIPS array patterned surfaces to acquire the basic rules
of the friction control of droplet-based MEMS parts, such as the droplet-
based mini clutch. To achieve continuous governing of droplet friction,
three SLIPS array patterned surfaces were designed based on the SLIPS
patterns optimized in the above sections (Supporting Information:
Figure S7). Dynamic droplet friction curves on the designed SLIPS
array patterned surface in two opposite directions were obtained with
a home-made microforce sensor with a measurement range of >1.00 N
and a resolution of 0.02uN (Figure 6a and Supporting Information:
Figure $8).”% The dynamic sliding in the two directions was recorded by a
CCD camera. The videos showed that the maximum deformation degree
of the droplet in the Dj, direction was much larger than that in the D¢

direction, indicating obvious droplet friction anisotropy (Supporting
Information: Movie S3).

Droplet friction follows similar rules to sliding resistance.
Semicircular SLIPS array patterned surfaces demonstrated the most
significant droplet friction anisotropy with the outward (D) friction
coefficient being 0.23-0.35, and the inward (D;,) being 0.55-0.70.
A peak value of the friction coefficient appeared intermittently for
both directions due to the given interval of the pattern array
(Figure 6b). Regarding the sliding on the arrow-shaped SLIPS array
patterned surface and horn-shaped SLIPS array patterned surface,
the friction coefficients in the outward direction (Do) were roughly
the same as that regarding the semicircular SLIPS array patterned
surface, while in the D;, direction, these two surfaces showed a much
lower friction coefficient with the arrow-shaped one having
0.35-0.58 (Figure 6c) and the horn-shaped being 0.35-0.5
(Figure 6d). Obviously, the rules of steering the droplet friction
coefficient of these SLIPS array patterned surfaces were just the
same as the controlling of sliding resistance on SLIPS patterned
surfaces, which further validates the reliability of the force analysis
and the pattern design for droplet friction steering. It should be noted
that the interval of the SLIPS pattern array may have an effect on the
droplet friction steering. As the interval decreases, the number of the
SLIPS patterns within the footprint of the fixed volume of a droplet
increases. Thus, the droplet friction in the inward and outward
directions and the friction differences in the two directions will be
enhanced. The fluctuation of the droplet friction due to the
discontinuous pattern layout may also be weakened. We believe
that these patterned surfaces with a nearly twofold difference in
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FIGURE 6 Steering of droplet friction: (a) schematic of apparatus for measuring the droplet friction on slippery lubricant-infused porous surface
(SLIPS) array patterned surfaces; friction coefficient of a 25 pl droplet on surfaces patterned by (b) semicircular SLIPS array, (c) arrow-shaped SLIPS
array, and (d) horn-shaped SLIPS array. The light back colors behind the curves in (b-d) represent the standard deviation of the data.

droplet friction in two opposite directions will enable the creation of
the diode structure that serves as the droplet-based mini part to

transfer and transmit the energy for various applications in microscales.

CONCLUSIONS

In summary, multi-bioinspired SLIPS patterned surfaces that allow for
directional droplet sliding and precisely steering of droplet friction
were created by coordinating the heterogeneous wettability of the
back of the desert beetle, directional-dependent architecture of
the butterfly wing, and ultraslippery configuration of the N. alata.
Analysis of sliding resistance on typical SLIPS patterned surfaces
revealed that the directional-dependent TPL immigration on the
SLIPS patterns dominated the sliding anisotropy, which can be
precisely predicted using the Furmidge equation. The sliding
anisotropy is particularly strong for semicircular SLIPS patterns due
to the most significant difference in TPL immigration in two opposite
directions. By taking the advantage of the sliding anisotropy of the
semicircular SLIPS patterned surfaces, sophisticated manipulation of
multiple micro-liter-sized droplets without mass loss can be achieved
via simple linear movement of the surface. This linear movement-
triggered manipulation of the droplet array is easy to program and is
crucial for high-throughput bioassays, which generally necessitate

the simultaneous handling of multiple droplets. In addition to the
discrete control of droplets sliding off a single pattern intended for
droplet manipulation, the continuous governing of droplet friction
was enabled by designing the array of SLIPS patterns. The rules of the
steering droplet friction coefficient of these SLIPS array patterned
surfaces were just the same as the controlling of sliding resistance of
the SLIPS patterned surface, which further validates the reliability of
the force analysis and the pattern design for droplet friction steering.

A simple method involving electrochemical etching, chemical vapor
deposition of a fluorinated silane, laser ablation, and lubricant infusing
was proposed for scaled-up fabrication of such functional surfaces on
different metallic substrates in real-world applications. We envision a
potentially important use case to be controlled steering of droplet
friction in space where surface tension-driven structures were allowed
in the zero-gravity condition, enabling applications such as lab-on-a-chip

devices and droplet-based microsystems for energy management.

MATERIALS AND METHODS

The aluminum sheets (7ZOmmx25mmx2mm) and copper sheets
(70 mm x 25 mm x 2 mm) were purchased from Suzhou Metal Material
Manufacturer. 1H,1H,2H,2H-Perfluorodecyltrimethoxysilane [CF3
(CF5);CH,CH,Si(OCH3)3], lauric acid, hexadecane, and toluene were
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purchased from Aladdin. All chemicals were analytically pure and were
used as received.

The aluminum sheets (70 mm x 25 mm x 2 mm) were polished
using sandpapers with three grades (F=400, 800, and 1000) to
remove the excess oxidation layer, and then, the surface was
subjected to the electrochemical etching process in 0.1 mol/L NaCl
aqueous solution at a current density of 500 mA/cm? for 7 min to
create irregular micron-sized rough structures. The etched aluminum
sheets were subsequently soaked in boiling water for 40 min to form
dense nanovillus overlaid on the microstructures. The treated
samples were finally placed in a sealed chamber containing 0.3 g of
toluene and 0.03 g of CF3(CF,);CH,CH,Si(OCH3); at 80°C for 3 h to
obtain superamphiphobicity (CVD of the saline layer).

Superhydrophilic patterns were first fabricated on the prepared
superamphiphobic surfaces using a UV laser micromachining system
(KY-M-UV3L; Wuhan Keyi). The laser power of 2 W and the scanning
speed of 10,000 mm/s were held constant during the process. SLIPS
patterns were obtained by infusing 1 wt% hexadecane solution with
lauric acid on the superhydrophilic patterns.

An SEM (SU8820) was used to analyze the micromorphology of
prepared surfaces. The elements of the surfaces were characterized
with EDS (Ultim Max). A goniometer (Rame-Hart 290) was used to
measure static contact angles and sliding angles. A digital camera
with a 1000 ftp high-speed recording function (RX100M5; Sony) was
used to record videos and images of droplet movement.

The droplet friction was tested on a home-made microforce
sensor with a measurement range of >1.0 N and resolution of 0.02 uN.
Detailed information about the test platform can be found in previous

work.”3

A superhydrophobic aluminum sheet with a circular super-
hydrophilic pattern (diameter 3 mm) was fixed upside down on a glass
substrate, which was installed at the end of two cantilever beams in
horizontal and vertical directions. The force of the droplet in the
horizontal and vertical directions can be obtained by measuring the
deformation degree of the cantilever beam with a laser. The tested
surface (SLIPS array patterned surface) was fixed on an XYZ-
axial mobile platform, facing the circular superhydrophilic pattern
located in the upper site. A 25 ul droplet was placed on the tested
surface, and the mobile platform moved upward at a constant speed of
100 pm/s until the droplet touched the superhydrophilic pattern and
was loaded with 0.2 mN. After loading, the mobile platform first
moved in the D, direction at a constant speed of 200 um/s to
measure the dynamic droplet friction and then implement the opposite

moving to measure the friction in the D;, direction.
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