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ABSTRACT: Droplet motion control on slippery liquid-
infused porous surfaces (SLIPS) that mimics the peristome
surface of Nepenthes alata has promising applications in the
fields of energy, lab-on-a-chip device, efc., yet is limited due to
the difficulty in regulating its wettability. In this work,
topologies with specific functions from natural creatures, for
example, grooved structures of rice leaf and wedge-shaped
structures of shore bird beak with droplet transporting
capability were integrated with the SLIPS. Three-dimensional
topological SLIPS was fabricated on metal substrates using laser
milling followed by alkaline oxidation. Fabricated rice leaflike
grooved nanotextured SLIPS can properly shape the droplet
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footprint to achieve a sliding resistance anisotropy of 109.8 uN, which is 27 times larger than that of a natural rice leaf and can
therefore be used to efficiently and precisely transport droplets; wedge-shaped nanotextured SLIPS can confine the droplet
footprint and squeeze droplet to produce a Laplace pressure gradient for continuous self-driven droplet transport. The created
surfaces can manipulate droplets of acid, alkali, and salt solutions. The proposed concept is believed to have potential
applications for condensing heat transfer and droplet-based lab-on-a-chip devices.
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otion control of microliter droplets is a ubiquitous
l \ / I process in nature and is also crucial in the society

systems' because of its wide applications in various
fields, such as high-throughput cell screening,” high-accuracy
molecular sensing,2 microfluidic devices,® enhanced heat
transfer and water hau'vesting,4 biomedical testing,S etc.
Generally, lotus leaf-inspired superhydrophobic surfaces
(water contact angle >150°) with micro/nanotextures and
low-surface-energy chemical components are regarded as
representative materials for realizing droplet motion control
by combining with (super) hydrophilic/hydrophobic pat-
terns®” or by taking advantage of an external stimulus, for
example, optical,s’9 electrical,'”"" thermal,'* and magnetic
signals.13 For example, Naoki et al. observed reversible
topographical changes on a synthesized diarylethene micro-
crystalline surface by alternating UV and visible light
irradiation;® Dai et al. demonstrated a controllable high-
speed droplet manipulation, for example, in-plane droplet
moving and stopping/pinning in any direction without mass
loss on superhydrophobic surface with electrostatic charging;'’
Yang et al. prepared a smart, magnetically responsive
superhydrophobic surface that comprised a dense array of
magnetorheological elastomer micropillars by combining
spray-coating and magnetic-field-directed self-assembly,
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where the wettability and adhesion of droplets can be
reversibly switched between the water-repellent and water-
adhesive states by the on/off switching of an external magnetic
field;"? Zahner et al. utilized photografting techniques to create
superhydrophilic patterns on superhydrophobic porous poly-
mer films, which allowed precise control of microsized droplets
motion.'* However, droplet motion control on patterned
superhydrophobic surfaces suffers from the defects of either
mass loss on (super) hydrophilic patterns or limited droplet
motion mode on hydrophobic patterns.'””> Meanwhile,
stimulus-responsive surfaces involve the external elements
and therefore are not suitable for mild biomedical applications
or engineering conditions where the stimulus cannot reach.'
In addition, most of these interfaces are difficult to manipulate
liquids in rough situations because of the unstable air cushions
in the surfaces.
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Figure 1. Spatial force anisotropy of droplets on the as-prepared nanotextured SLIPS: (a) sliding behavior of droplets on the
superhydrophobic surface; (b) schematic and (c) digital photo of the nanotextured SLIPS with water droplets on it; time-lapse photos of a
water droplet (d) sliding inside the SLIPS with low detaining force, (e) sliding and stopped at the edge of SLIPS due to high edge pinning
force, and (f) sliding on an upside-down SLIPS because of the high perpendicular adhering force and low inside detaining force.

Instead, nature ubiquitously matches different solid and
textures for the creation of exquisite functions: Nepenthes
pitcher plant uses micro/nanotextures to lock an intermediary
lubricant. Multilevel micro/nanotextures of the pitcher rim and
well-matched surface energy enable the lubricant to completely
fill the vacancy of the textures, creating a highly stable
molecular-scale smooth film, where it is slippery enough to
push the insects on the rim into the “stomach” by repelling the
liquid on their legs. Inspired by the Nepenthes pitcher,
Aizenberg et al. reported the concept of slippery liquid-infused
porous surfaces (SLIPS) and proposed three principles that
should be based for fabrication of stable SLIPS: (I) the
substrate should have micro/nanotextures that the lubricant
can completely wet and stably adhere; (II) surface energy must
make the texture preferentially wetted by the lubricant rather
than the liquid that is designed to be repelled; (III) the infused
lubricant and repelled liquid must be immiscible.'” The
fabricated SLIPS possesses characteristics such as ultralow
contact angle hysteresis, self-healing, pressure stability, etc.
According to the architecture of SLIPS system, droplet motion
on SLIPS can be technically controlled by manipulating the
physicochemical properties of the infused lubricant or the
topology of the liquid-lubricant interface;”"’~** the former
element determines the wetting state and its contact angle,
while the latter affects the energy barrier of droplet footprint
movement. For instance, Aizenberg et al. reported that contact
angle hysteresis of droplets on their proposed SLIPS decreased
with the decreased surface tension of the tested liquid.'” Dai et
al. proposed a Wenzel-state SLIPS with micropillar arrays.
Droplets on the surface were in full contact with the top and
sidewalls of the pillars, which created a discontinuous droplet
footprint and therefore a large energy barrier for droplet
movement.'® Inspired by the desert beetle’s bumpy topology in
enhancing condensation and widening slope like cactus spines,
Park prepared slippery asymmetric bumps with surrounding
flat regions; on the fabricated SLIPS, condensed droplets
moved effectively against the gravity because of the capillary
force.”" Similarly, Huang et al. used a wedge-shaped shppery
surface to promote the transport of a condensed droplet.”
Ling fabricated bowl-like textures in a Y-shaped region on
poly(dimethylsiloxane) (PDMS) substrates by using a
microbead template; after it was infused with silicon oil, the
surface was patterned ultraslippery and can be used as a
microfluidic device to guide, transport, and mix droplets.””
After understanding that the physicochemical properties of the
infused lubricant and the topology of the surface are the main
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factors affecting the droplet motion on a slippery surface, we
found some more sophisticated droplet manipulations can be
achieved by 1ntroduc1ng external stlmuh such as temper-
ature,24 electr1c1ty, ! magnetlsm, -3 etc., to in situ
control those factors. For example, temperature-responsive
adhesion control can be achieved by using temperature-
dependent phase change materials like paraffin as the infuse
liquid; the surface is hydrophobic with high adhesion when
paraffin is solidified; as the temperature increased, the surface
turned into ultraslippery state.”* Nada reported that a droplet
on SLIPS can be impelled to move rapidly by alternating the
surface tension via a thermal gradient. The transport velocity
was 5 times higher than that on conventional substrates due to
an ultraweak pinning effect of SLIPS.”> A thermal gradient for
droplet driving can also be created via near-infrared (NIR)
light irradiation on SLIPS with Fe;O, nanoparticles.”
Electricity is another efficient tool for realizing reversible and
in situ control over droplet motion on SLIPS; droplet sliding,
pinning, oscillation, jetting, and mixing were demonstrated by
introducing a dielectric elastomer to control the micro-
morphology of an oil-infused interface of a poroelastic
SLIPS.”® A magnetic field can also be utilized to control the
geometry and, thereby, the dynamic behavior of the infused
liquid or the above droplet when dropping Fe particles in it.*”
Significant progress has been achieved on droplet motion
control; however, the magnitude, directionality, and even
uniformity of the control across the entire surface are limited;
as a result, programming and performing more sophisticated
and eflicient droplet motion control is hindered.

Herein, we report three-dimensional (3D) topological
SLIPS with anisotropic-slippery-Wenzel state inspired by the
combination of sub-millimeter rice leaflike grooved structures
and the nanotextured slippery configuration of Nepenthes
pitcher. The sliding resistance anisotropy of the surface is
~109.8 uN across the whole surface, which is ~27 times larger
than that of the natural rice leaf* and can therefore be used to
transport droplets efficiently and precisely with the aid of
gravity. Meanwhile, self-driven droplet transport can also be
achieved by confining the droplet footprint and squeezing the
droplet to an egg shape to produce a Laplace pressure gradient
using the integration of nanotextured SLIPS and the wedge-
shaped structure of a shore bird beak. To meet the
requirement of creating the designed 3D topological SLIPS
surface, the fabrication process consisting of UV-laser-milling a
sub-millimeter 3D structure and alkaline oxidizing nano-
textures was used. This promising combinative surface as
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Figure 2. Strategy of creating 3D topological SLIPS for droplet motion control: (a) schematic of the force anisotropy of SLIPS and digital
photo of a natural rice leaf; (b) photo of the grooved nanotextured SLIPS in anisotropic-slippery-Wenzel state and schematic of the wetting
state parallel and perpendicular to the grooves; (c) time-lapse photos of efficient and precise droplet transport on the grooved nanotextured
SLIPS; (d) schematic of the force anisotropy of the SLIPS and a shore bird feeding water using beak with wedge-shaped opening; (e) time-
lapse photos of self-driven droplet transport on the wedge-shaped nanotextured SLIPS.

well as the proposed fabrication techniques in this work have
great potential for applications in the precise control of
microdroplets, biomedical testing, microfluidic devices, and
enhanced condensing.””** These concepts can be extended to
more sophisticated topologies for autonomous droplet motion
control by introducing specific materials and external stimuli
for different purposes.

RESULTS AND DISCUSSION

Design of 3D Topological SLIPS for Droplet Motion
Control. The copper surface subjected to alkaline oxidation
was nanotextured in order to achieve a stable Cassie-state
superhydrophobicity after a reduction in surface energy via a
chemical modification. A 5 uL water droplet dispensed on the
as-prepared surface had a contact angle of 167.2° and a sliding
angle of 1.7°, exhibiting excellent static and dynamic
superhydrophobicity (Figure 1a). After an infusion with silicon
oil, the surface turned into SLIPS with nanotextures imbibing a
uniform thin oil lubricant. Water droplets dispensed on as-
prepared SLIPS were cloaked by the lubricant beneath, had
small contact angles (111.5° + 2.4°) with large footprints
(Figure 1b,c), and showed interesting anisotropic dynamic
behavior. For example, a droplet slid easily inside the surface at
a tilting angle of only 2° due to an ultralow detaining force
(Figure 1d and Movie S1), but it was then stopped at the edge
due to the high pinning force (Figure le and Movie S2).
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Despite the ultralow detaining force inside the surface, the
droplet adhering force perpendicular to the surface is extremely
high due to the high contact energy between the droplet and
the SLIPS, which can hang the droplet on an upside-down
SLIPS and allow it to slide at a tilting angle of only 0.5°
(Figure 1f and Movie S3). It is thus clear that the detaining
force inside SLIPS, the pining force at the edge of the surface,
and the adhering force perpendicular to the surface are quite
different, showing obvious spatial anisotropy.

By taking advantage of the spatial force anisotropy of a
nanotextured SLIPS and combining specific 3D structures of
natural creatures with droplet-guiding capability, 3D topo-
logical SLIPS with enhanced and diverse anisotropic dynamic
behavior can thereby be created for sophisticated droplet
motion control (Figure 2). For instance, sub-millimeter
grooved veins on rice leaf can guide a droplet to move along
the vein to the root of the leaf for essential water supplies.
Inspired by the sub-millimeter grooved structures of rice leaf
and the anisotropy between the inside detaining force and the
perpendicular adhering force as shown Figure 2a, a grooved
nanotextured SLIPS in an anisotropic-slippery-Wenzel state
(Figure 2b) can be created by machining sub-millimeter
grooved structures with laser milling, creating nanotextures on
the groove surface via alkaline oxidation, reducing surface
energy, and subsequently subjecting to an oil infusion. The
sliding resistance anisotropy between the parallel and

https://dx.doi.org/10.1021/acsnano.0c07417
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Figure 3. Morphology and chemical component of the fabricated surface: (a) SEM images of nanograss on a plain copper surface that was
only treated by alkaline oxidation; (b) XRD spectra of the nanotextures before and after the drying process; (c) EDS spectra of the
nanotextures before and after hydrophobicization; (d) schematic of oil infusion in micro- and nanoscale textures; (e) schematic of oil
infusion in 3D topological textures; (f) SEM images of the surface that was treated by laser milling and subsequent alkaline oxidation; a
dense nanograss produced by alkaline oxidation was detected on the laser-milled groove surface.

perpendicular grooves of this 3D topological SLIPS is ~109.8
UN across the whole surface, which is ~27 times larger than
that of the natural rice leaf. The sliding resistance was obtained
according to the force equilibrium

F=mgsina (1)
where m is the droplet mass, g is the acceleration of gravity,
and a is the measured sliding angle. The data of the sliding
resistance anisotropy were obtained by calculating the
difference between the perpendicular and parallel sliding
resistance. Because of the significant sliding resistance
anisotropy, the surface can be used to transport droplets
efficiently and precisely along a designed track, even off the
gravity direction by 63° (Figure 2c and Movie S4). In addition,
by integrating the anisotropy between the inside detaining
force and the edge pinning force (Figure 2d), with a wedge
shape analogous to the beak that is used by shore bird to
implement Laplace-pressure-driven water feeding, wedge-
shaped nanotextured SLIPS can be created to confine the
droplet footprint and squeeze the droplet into an egglike shape
to generate a Laplace gradient for continuous droplet transport
(Figure 2e and Movie SS).

Construction of the SLIPS. The SLIPS was constructed
by creating nanotextures on the copper substrates via alkaline
oxidation, reducing surface energy for superhydrophobicity,
and subsequently subjecting to oil infusion to obtain a
lubricating layer. Alkaline oxidation in aqueous solution creates
Cu(OH), according to®

CU(S) +2KOH(aq) +K28208(aq) - Cu(OH)Z(s)+2KZSO4(s)
2)

However, Cu(OH), is metastable; as a result, Cu(OH), was
subsequently transformed into CuO through a reconstructive
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process involving a dissolution reaction and the following
precipitation.40

Cu(OH),(,, + 20H(,) — Cu(OH)}7,

CuO+ZOH(’aq)+H20 (3)

This two-step reaction makes Cu(OH), rapidly transform
into CuO in alkaline solution even at 70 °C. Thanks to the
reconstructive process, nanograss textures were formed on the
copper substrates (Figure 3a). XRD patterns of the oxidized
surface were demonstrated in Figure 3b. Five main diffraction
peaks at 35.5°, 38.7°, 48.7°, 61.7°, and 68.4°, which
correspond to the (11T), (111), (202), (113), and (220)
crystal planes of CuO, respectively, were detected on the
surface both before and after the drying process, while peaks of
Cu(OH), were not found,”" which again verified that the
dehydration process was already completed in the alkaline
oxidation process in the solution. After chemical modification
in an fluoroalkylsilane (FAS) ethanol solution, elements of C,
O, Si, and F were detected via energy-dispersive spectroscopy
(EDS) (Figure 3c), which demonstrated that the low surface
energy groups of Si—O-Si and C—F were successfully
assembled on the surface.”” These nanograss textures were
rough enough to achieve stable Cassie-state superhydropho-
bicity after lowering the surface energy via chemical
modification. A § pL water droplet dispensed on the as-
prepared surface had a contact angle of 167.2° and a sliding
angle of 1.7° exhibiting excellent static and dynamic
superhydrophobicity. However, the surface can be completely
wetted by silicon oils, forming a uniform lubricating layer
because of their ultralow surface tension (7, = 20 mN-m™')
compared with that of water (¥, = 72 mN-m™").>* The silicon
oil has absolute priority to wet the superhydrophobic surface
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Figure 4. Droplet motion control on a grooved nanotextured SLIPS that was fabricated by the combination of sub-millimeter grooved
structures of rice leaf and nanograss on the groove surfaces: sliding resistance parallel and perpendicular to the grooves as a function of (a)
groove width and (b) groove depth, the groove depth in (a) is 0.05 mm, while the groove width in (b) is maintained at 0.37 mm; the data of
sliding resistance anisotropy were obtained by calculating the difference between perpendicular and parallel sliding resistance; (c) advancing
and receding contact angles as a function of groove depth; (d) time-lapse photos of transporting water droplets with the aid of gravity on
winding grooved nanotextured SLIPS; the groove width is 0.35 mm, and the surface was tilted at ~20°.

and is immiscible with water; as a result, the oil adhered in the
nanotextures and functioned as the lubricant. Philseok et al.
proposed that, unlike a lotus leaf effect, which generally prefers
hierarchical micronano textures for the improved stability of a
Cassie state, nanotextures provide the most shear-tolerant oil-
infused slippery behavior.”> Herein, we further identified
Philseok’s conclusion by using a capillary force equation and
experimental observation. As shown in Figure 3d, the lubricant
infused in porous textures has the tendency to climb to the top
of the surface due to the capillary force F., which can be
described using the following equation.

4y cos O
D

pore

p

(4)

Once the surface tension of lubricant y, and the contact
angle of the materials 6, are fixed, the capillary force for the
lubricant F_, is inversely proportional to the equivalent
diameter D, of the porous texture. The lubricant in a
nanotextured porous has an adequate driving force to climb to
the top of the surface, imbibing the textures to generate a
uniform lubricant layer except some meniscus on the top
surface (Figure lc and Figure S2). On the contrary, for
microtextured pores, a lubricant has limited F, to occupy all
the rough morphology of the surface, which generally produces
a lubricant defect (Figure 3d). It is thus clear that nanotextures
are crucial for the creation of SLIPS, while microtextures are
not necessary, as they have the possibility to produce lubricant
defects.

Thanks to the uniform lubricating layer generated on the
nanotextures, 3D topological SLIPS can therefore be
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constructed by combining sub-millimeter 3D structures and
the on-top nanotextures for lubricating (Figure 3e). The
grooved nanotextured SLIPS was successfully fabricated using
a UV laser to mill sub-millimeter grooved structures (Figure
S3) and subsequently apply alkaline oxidation to produce
nanograss textures on the groove surface. SEM images in
Figure 3f showed that dense nanograss textures covered the
grooves without changing its sub-millimeter grooved structure,
forming a multilevel 3D topological configuration. After being
subjected to chemical modification to reduce the surface
energy and infuse silicon oil, SLIPS with 3D topology was
therefore obtained as sketched in Figure 3e.

Static and Dynamic Wetting Behavior on the 3D
Topological SLIPS. Unlike the liquid—solid interface on a
superhydrophobic surface, a water droplet on a SLIPS contacts
oil lubricant directly and oil may spread along the liquid—air
interface, cloaking the water droplet (Figure 1b). The
condition for cloaking is given by the spreading coefficient

SCk = }/wa - ywo - }/oa (5)

where ¥, Vwo and 7,, represent the surface tension of the
water—air, water—oil, and oil—air interfaces, respectively.
Positive Sy indicates cloaking, while a negative value implies
otherwise.” Silicon oil was used as the lubricant in this work;
the spreading coefficient was thereby calculated to 10 mN-m ™
by using the 72, 42, and 20 mN-m ™" values for y,,,, Yyyor and 7oy
respectively, manifesting that the lubricant cloaked the water
droplet. This can also be identified by the phenomenon of
cloaking lubricant flowing on the droplet interface (Movie S6).
The cloaked water droplet on the SLIPS appeared like a
spherical cap with a large footprint, showing a different shape
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Figure S. Edge effect of nanotextured SLIPS: (a) experimentally measured and model-predicted sliding resistance of droplets inside and at
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schematic of footprint evolution inside and at the edge of SLIPS; (d) time-lapse photos of guiding water droplet movement using a strip-

ridge-shaped nanotextured SLIPS with a ridge width of 1.5 mm.

from the spherical-like beads on the superhydrophobic surfaces
(Figure 1c). The apparent contact angle & on SLIPS is given by
the modified Young’s equation.

cos O = %o~ Yow
v+, (6)

By using the equation, 6 can be deduced to ~110.8°, which
is close to the experimentally measured value of 111.5° + 2.4°.
On the one hand, despite the relatively small contact angle and
large footprint, the water droplet easily slid inside the surface
with an ultralow sliding angle (~2°) but hardly changed its
shape during the motion due to the uniform lubricating layer
and liquid—liquid interface with an ultralow detaining force.
On the other hand, the contact angle 6 and the area of
footprint A,, determine the contact energy, which has a
positive relationship with the perpendicular adhering force Fy
of the droplet, given by the Young-Dupre equation.””*’

FxEg=y (1+cosf)A,, 7)

For SLIPS, small € and large A, generate increased Fy;
therefore, a droplet impacting on both horizontal and tilted
SLIPS would be dragged by the F,; during the rebounding
process, resulting in a low rebounding height and a splitting
satellite droplet (Figure S4), which was different from the
droplet bouncing behavior on superhydrophobic surfaces.*®

Knowing the rules of ultralow inside detaining force and
high perpendicular adhering force on SLIPS, a 3D topological
SLIPS in an anisotropic-slippery-Wenzel state (Figure 2b) can
be created for more sophisticated droplet manipulations by the
combination of sub-millimeter rice leaflike grooved structures
and nanograss on the grooves (Figure 2a). For a solid—liquid
interface, textures with high roughness enlarge the contact
energy, making liquid fully contact with the textured solid
substrates (Wenzel state). Similarly, for a liquid—liquid
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interface of SLIPS, the water droplet dispensed on the grooved
nanotextured SLIPS would be cloaked, then sucked and
adhered firmly into the 3D topology, establishing anisotropic-
slippery-Wenzel state (see the Supporting Information, Movie
S7). Profiles of the grooves can be found in Figure SS5. A
droplet sliding parallel to the grooves had a low energy barrier,
the same as sliding on a homogeneous SLIPS due to the
continuous footprint interface; however, droplets need to
overcome a high energy barrier because of the large adhering
force when moving perpendicular to the grooves. Sliding
resistance parallel and perpendicular to the grooves measured
in the experiments further confirmed the significant sliding
anisotropy (Figure 4a). The experimental measurements
showed that the sliding anisotropy increased slightly with the
increased groove width, because, when moving across a groove
with a large width, a droplet needs to overcome a higher
contact energy produced by the large inner surface area A,,
(inset of Figure 4a) of the grooves according to eq 7. Similarly,
the sliding anisotropy also showed a significant increase with
the increased groove depth (Figure 4b, also see Supporting
Information, Movie S8). A groove with a large depth not only
has a large contact energy (energy barrier) for perpendicular
moving due to the large contact area A, but also produces a
high downward Laplace pressure, which further increases the
perpendicular sliding resistance. Figure 4c displayed that the
contact angle hysteresis perpendicular to the grooves increased
sharply with the groove depth. The largest sliding resistance
anisotropy on the grooved nanotextured SLIPS inspired by the
combination rice leaf and Nepenthes pitcher is ~109.8 uN,
which is 27 times larger than that of a natural rice leaf (4.1
uN). This combination endowed the artificial surface with
anisotropic-slippery-Wenzel-state wettability. In this case,
droplets exhibit significant sliding anisotropy across the
whole surface, which can be utilized to achieve droplet motion
control in a more efficient and stable way compared with
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Figure 6. Self-driven droplet transport on wedge-shaped nanotextured SLIPS: (a) schematic of self-driven droplet transport on SLIPS; (b)
schematic of merging-trigger self-driven droplet transport on SLIPS; (c) time-lapse photos of transporting a 20 uL droplet on SLIPS with a
wedge angle of 8° using the merging-triggered transport process; (d) schematic showing the influence of wedge angle on the driving force
and sliding resistance for droplet transport; (e) transport distance and (f) velocity as a function of droplet volumes on wedge-shaped
nanotextured SLIPS with different wedge angles. Note that the volumes of 10 and 20 uL were the data for the merged droplet in the
merging-triggered self-driven transport process instead of the initially dispensed droplet.

previous works, which generally use a hydrophilic line to guide
the droplet movement.*”*’ As shown in time-lapse photos in
Figure 4d, a droplet was transported exactly along winding
grooves (Movie S9). More dynamic behavior of droplets on
the grooved nanotextured SLIPS with anisotropic-slippery-
Wenzel state can be found in Movie S10. In practical
microfluidic applications, the manipulated liquid could be
acid, alkali, and salt solution; therefore, dynamic behavior
including perpendicular and parallel sliding resistance, as well
as the sliding anisotropy of droplets of 5 wt % salt (NaCl), acid
(CH,;COOH), and alkali (NaHCO,) solutions as a function of
the groove width and groove depth on the grooved
nanotextured SLIPS were measured (Figure S6a—d). Results
showed no significant difference from the data of deionized
water. Droplets of the acid, alkali, and salt solutions can be
efficiently transported by using the grooved nanotextured
SLIPS (Figure S6e,f and Movie S11). For demonstrating the
teasibility of diverse droplet manipulations, droplet storage and
mixing were also implemented by using the grooved
nanotextured SLIPS (Figure S7 and Movie S12).
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In addition to the high perpendicular adhering force on
SLIPS, which can be used to create a surface with anisotropic-
slippery-Wenzel-state for precise droplet transport, another
interesting phenomenon was that water droplets easily slid
inside SLIPS with droplet shape hardly changing but would be
pinned at the edge of the surface, which was rather different
from the situation of a superhydrophobic surface (Figure le).
This is ascribed to the SLIPS having a small static contact
angle, and the interface of the droplet footprint at the surface
would be confined until the advancing contact angle 6g,
increased from 112.5° with small curvature C; to 180° of
water in air with large curvature C; before sliding off the surface
(edge effect). The increment of inner Laplace pressure AP,
which is proportional to curvature, can thereby be calculated
using the following formula.**

AP~ 2y, (C,-C) = Zywo[

(8)
Here, R, and R, represent the radii of a water droplet when
sliding off the edge and inside the surface of SLIPS,
respectively. The gravity component of a water droplet at the
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edge is supposed to deform the droplet until AP reaches the
threshold; as a result, the resistance for droplets sliding off the
edge is significantly larger than that sliding inside the surface as
depicted in Figure Sa. The sliding resistance on in-air and in-
water superwetting surfaces can be well-described by a classical
dragging resistance model, which is known as the Furmidge
equation“g_52

E, = y-Wy(cos O — cos 6,) 9)
where y is the surface tension of the interface between the
droplet and surrounding medium, Wy, is the interfacial width
of droplet perpendicular to the sliding direction, while @ and
0, represent receding and advancing contact angles,
respectively. For cloaking SLIPS, a water—oil interfacial surface
tension y,, was adopted as y in the equation. The sliding
resistance for inside and at the edge of SLIPS can then be
predicted by using experimentally measured Wy, O, and 0, as
depicted in Figure Sa. Note that a key difference between the
inside and at the edge of SLIPS is that 8, is 112.5° inside the
surface, while it is 180° at the edge. The 6y value of 110.5° is
constant for these two situations. As can be seen, the model
that predicted a sliding resistance inside and at the edge of
SLIPS exhibited an obvious anisotropy, showing a good
agreement with the experimental measurements (Figure Sa).
This edge-effect-induced anisotropic sliding was further
verified by using a strip-ridge-shaped nanotextured SLIPS
with a sharp edge. Sliding angle anisotropy parallel and
perpendicular to the ridge was detected and was found to
decrease with increased droplet volumes and decreased ridge
width (Figure Sb). That is because the droplet on the SLIPS
has a small contact angle hysteresis parallel to the ridge;
meanwhile, the footprint of a droplet would be confined until
Op, increased from the initial value to 180° before
perpendicular sliding off the edge of the ridge (edge effect),
which was the same as the situation of sliding off the edge of
SLIPS. Both decreased ridge width and increased droplet
volume would raise the initial value and accelerate the
perpendicular sliding off process (Figure Sc). This sliding
anisotropy caused by the footprint confinement of the edge
effect can also be utilized to transport a water droplet
efficiently without mass loss as demonstrated in the time-lapse
photos in Figure 5d (Movie S13).

By taking advantage of the above-discussed edge effect,
droplet transport without the need of gravity can be achieved
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with a wedge-shaped nanotextured SLIPS. In the literature,
self-driven droplet transport on a wedge-shaped SLIPS has
been reported by Huang et al.,*® but the underlying interfacial
mechanism was not discussed. Herein, the edge effect was
applied to explain this self-driven droplet transport process. As
shown in Figure 6a, a droplet dispensed on the narrowing end
of a wedge-shaped nanotextured SLIPS was squeezed along the
wedge to the widening direction, resulting in an egglike shape
with varied radius from the tail to the head, as the footprint
was confined by the edge of SLIPS. The difference between the
tail radius R, and the head radius Ry, of the droplet generates
inner Laplace pressure gradient AP for the impelling force F,
which can be qualitatively described by the following equation.

R s

In addition, the droplet should overcome the sliding
resistance F,, which is proportional to the equivalent
interfacial width W4, perpendicular to the sliding direction
according to eq 9. As displayed in Movie S5, F; can impel the
droplet to move along the wedge to the widening direction.
But as the movement proceeded, the difference between R, and
Ry, as well as the AP and the induced F,, decreased gradually,
until the squeezed droplet was unfolded to a level at which the
impelling force was equal to the sliding resistance F,, (Figure
6a), and the droplet finally stopped. This forward movement
can restart when the droplet grows bigger, and its footprint can
then be confined again after merging with another dispensed
droplet (labeled as Droplet 2 in Figure 6b). In this way, a
droplet can be continuously transported by following the steps
of merging-confined-transported as long as we keep dispensing
droplets at the narrowing end of the wedge. For example, a 20
uL droplet was transported to the end of the wedge by using
this merging-triggered transport for illustration (Figure 6c).
For SLIPS with a smaller wedge angle, the droplet needed to
be transported to a farther place to unfold its footprint, and the
sliding resistance F,, during the transport was smaller than that
with a large wedge angle because of the smaller equivalent
interfacial width W, (Figure 6d); as a result, both the
transported distance and velocity increased with the decreased
wedge angle (Figure 6e,f).

The concept proposed in this work was demonstrated and
discussed by using SLIPS that were infused by silicon oil,
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which was a very common lubricant for fabricating SLIPS.
However, the SLIPS would be invalid when the silicon oil
volatilized under extreme circumstances, such as in vacuum. In
addition, the water droplet was cloaked on the silicon oil-
infused SLIPS; as a result, some applications, for example, cell
screening and high-accuracy molecular sensing, cannot be
achieved. However, the uncloaked situation was possible when
a proper lubricant with a negative spreading coefficient was
chosen. For instance, the ionic liquid (1-butyl-3-methylimida-
zolium bis (trifluoromethylsulfonyl) imide (BMI-TFSI) was
used for the infusion to illustrate the feasibility. In this
situation, lubricant loss through evaporation was not a
concerning issue due to the extremely low vapor pressure
(~1.33 X 107'% Pa)** of the ionic liquid, and the manipulated
droplets would not be cloaked for meeting the requirement of
direct sensing and screening, as the ionic liquid-infused SLIPS
had a negative spreading coefficient Sy (—5 mN-m™).*** To
validate this assumption, grooved nanotextured SLIPS were
fabricated by machining sub-millimeter grooved structures
with micro/nano porous via laser milling, reducing the surface
energy and subsequently infusing the ionic liquid (BMI-TFSI).
The sliding resistance anisotropy of the ionic liquid-infused
SLIPS was measured and compared with those infused by
silicon oil, hydroxy-terminated poly(dimethylsiloxane)
(HTPDMS), and liquid paraffin. The results showed that the
sliding resistance anisotropy generally increased with the
decreased water contact angle 6 of the plain SLIPS (Figure
7a—c). This is ascribed to the small @ generating a large
contact energy (energy barrier) for a droplet moving across the
grooves. Therefore, the ionic liquid-infused SLIPS with a small
0 had a large perpendicular sliding resistance and a significant
sliding resistance anisotropy (Figure S8 and Movie S14). The
teasibility of fabricating diverse 3D topological SLIPS that were
infused with different liquids provided alternates for more
applications in both lab-on-a-chip and heat-transfer devices.

CONCLUSION

A configuration of 3D topological SLIPS was proposed to
shape the droplet footprint and therefore control the droplet
sliding resistance or inner Laplace pressure for droplet
manipulations. A fabrication process that consists of laser-
milling 3D structures and alkaline oxidation for creating
nanograss was proposed, and this technique can be applied to
fabricate large-area 3D topological SLIPS on both flat and
curved metal substrates. Similar with a superhydrophobic
Wengzel state, a droplet footprint made full contact with the 3D
structure due to the high adhering force between the water
droplet and the lubricant, resulting in an anisotropic-slippery-
Wengzel state. The sliding anisotropy in this wettability state is
27 times larger than that of a natural rice leaf and is constant
across the whole surface, which can be utilized to realize
efficient and stable droplet transport. Moreover, applying more
topologies to nanotextured SLIPS for diverse droplet
manipulation is feasible, for example, inspired by shore bird
beak, which feeds water using a Laplace pressure gradient
induced by the wedge-shaped structure. A wedge-shaped
nanotextured SLIPS was created to confine the droplet
footprint and squeeze the droplet to produce a Laplace
pressure gradient for continuous self-driven droplet transport.

The design strategy of the 3D topological SLIPS, fabrication
process, and rules of droplet motion control on the surface can
be extended to create functional surfaces for applications from
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lab-on-a-chip devices to energy fields, for example, dropwise-
enhanced heat-transfer components.

METHODS

Materials. Copper sheets (40 X 40 X 3 mm) were purchased from
Suzhou Metal Material Manufacturer. Potassium persulfate (K,S,0,)
and potassium hydroxide (KOH) were purchased from Nanjing
Reagent. Fluoroalkylsilane [FAS, CgF;;H,Si (OCH,CH,);] was
purchased from Macklin Co. Ltd., and silicon oil (viscosity ~20 cst
at 25 °C) was obtained from Dow Corning Co. Ltd. HTPDMS
(viscosity ~40 cst at 25 °C), liquid paraffin (viscosity ~43 cst at 40
°C), and ionic liquid (BMI-TFSI, viscosity ~S1 at 25 °C) were
obtained from Sigma-Aldrich. All chemicals are analytically pure and
were used as received.

Fabrication of Homogeneous Nanotextured SLIPS. The
copper sheet was polished and cleaned in DI water before being
oxidized in the mixed aqueous solution of 2.5 mol-L™' KOH and
0.065 mol-L™! K,S,05 at 70 °C for 45 min. The oxidized sample was
subsequently cleaned in DI water and subjected to a drying process at
200 °C for an hour. After it was cooled, the sample was immersed in a
1 wt % ethanol solution with fluoroalkylsilane [FAS, CgF3H,Si-
(OCH,CH,;);] for 90 min, to lower the surface energy, and dried at
120 °C for 30 min. Homogeneous SLIPS can then be obtained by
infusing silicon oil on the as-prepared surface, which was tilted at
~45° and held still for 3 h to drain away extra floating oil (Figure
S1a).

Fabrication of 3D Topological SLIPS. Sub-millimeter grooved
structures were first milled on the polished copper sheets by using a
UV laser marking machine (KY-M-UV3L, Wuhan Keyi). The
frequency of 40 Hz and the pulse width of 1 ys were held constant
during the process. The milled sample was then ultrasonically cleaned
in DI water to remove impurities and oxide layers before being
subjected to the oxidation process, chemical modification, and silicon
oil infusion in sequence to obtain the ultraslippery property, as shown
in Figure S1b.

Characterization. The micromorphology and 3D profile of the
as-prepared surface were analyzed using a scanning electron
microscope (SEM, Ultra60, Zeiss), a digital microscope (VHX-600,
Keyence), and an optical profiling system (ContourGT-K, Bruker),
respectively. The crystal structures and elements of the surface were
characterized with X-ray diffraction (XRD-6000) and energy-
dispersive spectroscopy (EDS, Ultim Max), respectively. Static and
dynamic contact angles were characterized with a goniometer (Rame-
Hart 290). Sliding angles were measured with a vertically mounted
rotary table. Sliding resistance was obtained by the measured sliding
angles and force equilibrium equation. Images and videos of the
droplet motion on the SLIPS were taken by a digital camera with
1000 ftp high-speed recording function (RX100MS, Sony).
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