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ABSTRACT
Extensive studies of anti-wetting have been restricted to stationary substrates, while dewetting

mechanisms on moving interfaces are still poorly understood. Due to the hydrophobic and anisotropic
surface characteristics of kingfishers, they are able to easily change flight direction even under high-
intensity precipitation. The present study aims to mechanistically analyze how the synergy of
interfacial movement, anisotropy, and superhydrophobicity affects rapid dehydration. We have
designed a droplet-conveyor system to simulate the bouncing of droplets on moving anisotropic
superhydrophobic targets and performed simulations via the lattice Boltzmann algorithm. The moving
interface can induce a directional tumbling behavior of the droplet and effectively avoid continuous
wetting in the same region. We found that droplet tumbling is essentially caused by transformed de-
pinning velocity vectors at interface the downstream. Also, the hang time of a tumbling droplet is
positively related to the angle between the motion vector and the texture. The oriented anisotropic
motion facilitates the tumbling of droplets and decreases their hang time by up to 23% as compared to
that on a stationary inclined superhydrophobic surface. Similar interfacial process dehydration also
occurs on a non-wet kingfisher flying in the rain, and we believe that these findings provide valuable
new insights for high-efficiency water repellency of surfaces.

KEYWORDS: droplet-conveyer, rapid-dewetting, superhydrophobic anisotropy, de-pinning,
kingfisher

1. INTRODUCTION
Raindrops hitting the wings of birds can severely disrupt flight balance by creating additional

momentum and torque!, particularly for lightweight birds with low rotational inertia. The occurrence
of adherent water caused by rainfall may significantly increase acrodynamic drag. Previous studies of
bats have shown that flight energy costs dramatically increase after a heavy rain’. Experiments have
also shown that wetted feathers increase wing loading during takeoff; thus, sea birds tend to keep their

feathers dry?. However, some small volant taxa, such as Wilson's storm petrel (Oceanites oceanicus),
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can maintain high-speed and low-drag flight in severe storms*. Moreover, the excellent hovering
performance of hummingbirds during rainfall has also been confirmed in a laboratory setting?.
Kingfishers can dive and then exit the water-air interface to accomplish foraging yet remain dry even
during rain (Figure 1, see Supporting Movie 1)°. As rainfall appears to create no potential challenges
for small taxa, their striking water-repellent mechanism has been a long-term focus for researchers.
Much like the lotus leaf effect, which is characterized by a self-cleaning superhydrophobic function’,
both a high apparent contact angle (CA = 160°) and resistance to water penetration have been observed
in the twofold-structure of pigeon feathers®®. Feathers exhibit excellent anisotropic wettability, due to

which droplets flow more easily and transfer along the veins'?, helping to keep birds dry in the rain.

Figure 1. Remarkable water repellency of kingfishers in both natural and laboratory

environments. (a) Heavy rain appears to have no effect on a kingfisher, and its feathers remain dry
despite the splashing of raindrops in various directions. (b-¢) A liquid jet impacting a moving
kingfisher under laboratory conditions (v = 0.13 m/s). The liquid jet is split into droplets of multiple
sizes and then bounces off directionally, with no residual moisture being observed on the kingfisher
(see Supporting Movie 1). The scale bar represents 400 um. Refer to section S3 in the Supporting

Information.

The feather dehydration state of birds is a synergistic effect of multiple dynamic factors, of which
the static water-repellency of feathers is not the sole feature. Flying Anna's hummingbirds have
developed a robust wetting control strategy that regulates the oscillation frequency of the various parts
of their body. Combined with the flexibility of their hydrophobic feathers, this mechanism works to
break the balance between centrifugal and capillary forces. The elasticity of kingfisher feathers has
recently been confirmed to reduce the contact time of the solid-liquid interface by completely
modifying the receding dynamics of a droplet during flight!!. Therefore, the water-repellent

mechanism of the coupling between anisotropic hydrophobic feathers and the movement before
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takeoff or during flight may be beneficial to the reduction of any negative effects caused by added
moisture mass, such as diminished aerodynamic performance. So far, many studies have only explored
the bionic manufacture and wetting of stationary substrates!>?!, but obviously, the dewetting
previously described processes all occur on birds’ moving exteriors, as they are movable.
Contemporary research of the wetting phenomenon on anisotropic superhydrophobic substrates
(ASHSs) has revealed that the novel droplet morphology and significant reduction in solid-liquid
contact time are attributed to the macroscopic, anisotropically-textured surface. Yet the dynamic
wetting behavior of movable substrates has been analyzed only recently by Almohammadi and Buksh
et al.?>2*, who confirmed that the occurrence of an asymmetric droplet interaction results in a smaller
wetted area while a superhydrophobic substrate is being impacted. To the best of our knowledge, no
previous works have involved how linear motion vectors affect surface water repellency. Thus, the
mechanism of water repellency of moving substrates, especially on anisotropic surfaces, is still far
from being understood.

In this study, the influences of various natural factors, such as vibrating winds and differences in
species diversity, can be dramatically reduced or even eliminated in a laboratory environment, thereby
facilitating the analysis of the water-repellent mechanisms of moving substrates. We prepared
anisotropic superhydrophobic copper plates and designed a conveyor belt to drive the substrate to
maintain linear motion, in order to simulate the dewetting behavior of the kingfisher flying in the rain.
How the droplet bounce dynamics is affected by the angle between the surface texture direction and
the motion vector is investigated. Also, the relationship between the asymmetrical "pinning" effect and
the direction of the motion vector were given, and we have summarized the mechanism of the tumbling

droplets induced by unbalanced de-pinning effects.

2. EXPERIMENT AND METHODS
2.1. Droplet impact configuration and data analysis

To provide additional details in this experiment, an indoor analysis system consisting of two high-
speed cameras was installed in both the vertical and horizontal directions, as shown in Figure 2a.
Deionized water (extra interference, e.g., chloride, was eliminated) was used to generate droplets in
conjunction with a needle-syringe-stepper motor system controlled by a computer. Using this system,
droplets of 2.06 mm in diameter were adjusted to fall from various heights of #;= 6-46 mm (i =1, 2, ...,
25,v=0.34-0.95 m/s). The corresponding crucial dimensionless parameters that characterize sensitive
hydrodynamic phenomena are listed in Table S2 in the Supporting Information; the selected physical

parameters of the water at an indoor temperature included an initial diameter Dy of 2.06 mm, a density
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p 0f 997 kg/m?, a dynamic viscosity coefficient u of 0.0009 Pa-s, and a surface tension y of 0.072 N/m.
The Weber number (We = pv’Dy/y= 3.3-25.6) is usually used to characterize the equilibrium
relationship between inertial force and surface tension during the droplets impacting experiments. Here,
We is varies only if different height for droplet free fall.

The target substrate was mounted on a conveyor belt with uniform rectilinear motion at 0.13 m/s.
To simulate the relative true state of raindrops impacting a feather, the configurations of the three
selected typical substrates included the angle between the direction of the grooves with velocity vectors
of 0°,45°, and 90°, respectively, as shown in Figure 2b. In addition, the analysis of droplets impacting

a stationary ASHS was also taken into account for comparative verification.

Figure 2. Schematic diagram of droplets impacting the three selected moving anisotropic
substrates. (a) Schematic diagram of a droplet impinging on a moving target substrate in which the
droplet falls and collides with the passing substrate (vy = 0.13 m/s). (b) Configurations of the moving
target substrates. The angles 0°, 45°, and 90° can be defined as the angle between the direction of the
arrangement of the grooves and the speed vector. This means that the three typical experiences of
raindrops impacting feathers are taken into account under normal circumstances. The insets indicate
that the contact angles of the substrate were 155° (from the perspective of the direction along the
veining) and 157° (from the perspective of the direction perpendicular to the veining), respectively.

The scale bar for all SEM frames represents 1000 um. See Figure S4 for more information.

As the falling droplets impacted the moving target substrate, the visual data was simultaneously
captured by two high-speed cameras (Phantom v711, Vision Research, Inc.) with sample rates of
13,000 frames per second, resolutions of 800x600 pixels, and exposure times of 76.6 us. All captured
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videos were then discretized into images and analyzed on a computer using both MATLAB code and
the open-source software ImageJ. No splashing phenomenon was observed to ensure that the volume
of droplets was maintained under all testing condition, and all experiments were performed at least

three times.

2.2. Fabrication and characterization of target substrates

Inspired by the superhydrophobic and anisotropy of the kingfisher bird feathers, we fabricated
substrates to mimic the corresponding wettability. The design of the ASHS was based on the
characterization of kingfisher feathers on the macro scale (Figure S2 in the Supporting Information).
The microstructures were characterized by arrays of trenches and ribbings that were fabricated on
copper plates (99.9% purity, purchased from Southwest of copper Co., Ltd., Kunming, China) based
on previous observations of the kingfisher feather structure (refer to section S3 in the Supporting
Information). A unidirectional groove-textured surface similar to the parallel ribbings of the
kingfisher's feathers was formed using wire electrical discharge machining (EDM). The surface was
then descaled in acetone (Analytical Reagent, AR), absolute ethanol (AR), and hydrochloric acid (AR),
respectively. After further ultrasonic cleaning with absolute ethanol, the surface was treated with
1H,1H,2H,2H-perfluorodecyl trichlorosilane to reduce(fluoridize) its surface energy via chemical
vapor deposition?>26, All the chemicals mentioned above were purchased from Aladdin Bio-Chem
Technology Co., LTD, Shanghai, China. The aim of this process was to fabricate a surface comparable
to that of kingfisher feathers while avoiding the pancake bouncing of droplets, which can significantly
reduce the solid-liquid interface contact time ¢ 2”. As such, ribbings with a width of 0.1 mm, height of
0.8 mm, and center-to-center spacing of 0.2 mm were arranged on a 3-mm thick copper plate. The
static wettability of the samples was measured using a contact angle analysis system (OCA 20,
DataPhysics, Germany), and the microstructure morphology was characterized via scanning electron
microscopy (S-4800, HITACHI Corp., Tokyo, Japan). The contact angles of the target substrates were
155° (from the perspective of the direction along the veining) and 157° (from the perspective of the
direction perpendicular to the veining), and the corresponding sliding angles were 3° and 7°,

respectively (see the insets of Figure 2b).

2.3. Simulated investigation

Numerical simulations were performed to analyze the velocity fields and morphological changes
of the particles inside the droplets, thereby promoting an understanding of droplet dynamics on the
moving substrates. To qualitatively analyze the intrinsic phenomenon of the solid-liquid interaction,

an algorithm based on lattice Boltzmann methods was implemented using a D3Q19 grid 28-30. Refer to
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section S1 in the Supporting Information for simulation details.

3. RESULTS AND DISCUSSION
3.1. Coupling effect of the translational motion and oriented included angle

To verify the dynamic anisotropy of the target substrate, the interaction of a droplet impacting a
stationary ASHS was first investigated. When the droplet impacted the stationary anisotropic surface,
the dynamic behavior of the droplet was symmetrical from the side view; however, for the ASHS, the
asymmetric wetting state was primarily due to the discontinuous topology (e.g., the obvious directional
difference in the edge of the solid) on the moving contact line. This process eventually led to the
asymmetry of the droplets in the spreading and receding stages. It should be noted that the effect of
anisotropy is negligible because the difference in directionality of the droplets is not significant under
low Weber number regimes, such as We = 3.3 (see Figure SSA and Supporting Movie 2), a finding
that is consistent with previous studies on the morphology of droplets impacting superhydrophobic
substrates 123!, However, an approximately elliptical morphology of a droplet was also observed, and
the droplet was found to be more likely to spread along the groove direction rather than the
perpendicular direction from the overhead perspective at We = 14.4. This finding corresponds well to
droplet behavior on other anisotropic substrates 323, as shown in Figure S5B (see Supporting Movie
3).

Birds will adjust various flight attitudes to weaken or even eliminate extra flight energy costs
during a storm 3¢, Diversiform flight attitudes or situations in which variable winds cause the trajectory
of raindrops to no longer be vertical inevitably lead to a change in the angle of interaction between the
feather and the raindrops. Therefore, the combination of the velocity vector and motion of hydrophobic
feathers may have a positive effect on the rapid dehydration of birds. Available statistics on the growth
direction of bird feathers are beyond the scope of the present study. Therefore, only three typical cases,
namely velocity vectors of 0°, 45°, and 90° (the included angle between the veining and the motion
vector), were selected to investigate the mechanism of this coupling effect on efficient hydrophobicity
in an indoor laboratory environment.

The morphological symmetry of the droplets during the spreading and receding phases under the
selected Weber number regimes and angles was investigated from an overhead view. It was also
experimentally confirmed that the included angle coupled with a moving ASHS can significantly affect
the droplet interfacial dynamics. Note that directional spreading was significantly suppressed in the
direction of the motion vector during the interaction, as illustrated in the areas respectively indicated

by green, yellow, and red lines in Figure 3. Images of the droplets spreading to their maximum size at
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the three angles (from left to right) with the increase of the Weber number (from top to bottom) are
provided in Figure 3(a-c). The positions of the centers were revised slightly because the droplets did
not bounce from the ribbing where they first interacted with the moving ASHS, and are respectively
indicated by vertical dashed lines (red, yellow, and green) in Figure 3. The efficiency of the anisotropy
and displacement cooperation was not significant, resulting in a symmetrical dynamic droplet
topography at a low impact velocity (We = 3.3), as shown in Figure 3a. However, the modification of
the wetting dynamics by movement is reflected in the higher Weber number regime (We = 25.6). It
can also be observed that the spreading and receding phases of the lamella were thinner downstream
at a given time (see the right side of the dotted lines in Figure 3b and 3c), which corresponds
reasonably well with the findings of previous studies 2224, No distinguishable morphology of the
droplets was observed during the spreading phase within 3.00 ms, as illustrated in Figure 3a, and once
the droplets began to spread in the direction of the texture and downstream (¢ = 3.08 ms, Figure 3b),
their centers of gravity began to change transiently with the direction of motion. The non-equilibrium
wettability of the droplets thus contributed to the direction of the grooves as the velocity of the
substrates remained constant (¢ = 3.85 ms, Figure 3c). There were two directions of droplets during
diffusion, namely one parallel to the velocity and the other perpendicular to the velocity, and it is clear
that the spreading velocity of the three-phase contact line was governed by the anisotropy and velocity
vector in both directions. Additionally, the retraction force of the droplets is primarily attributed to the
central liquid film (with radius r), which maintained a low surface energy (E,=zry*(1-cos#)) during the
receding phase, and could pull the circumferential rim inward 37. The decrease in r led to an increase
in the volume of the circumferential liquid during the recession, resulting in a high value of E, and
retraction force. In other words, the central liquid film was continuously elongated and the droplets
then exhibited an unbalanced morphology on the moving ASHSs, resulting in a greater £, and
retraction force. as shown in Figure 3d, further numerical simulations verified this inference, and
revealed that the velocity distribution of the receding droplets is governed by the included angle
between the veining and motion vector. Combined with velocity vector analysis, the analyses of the
experiments and simulation support this conclusion well (as indicated by the corresponding green,
yellow, and red circles at around 4 ms). With the increase of the angle, the velocity vector increased
at least fivefold, which remarkably suppressed the retraction of the droplet; this was observed on the
right side of the droplet as compared to the liquid film on the other side of the central axis. Thus, as
illustrated in Figure 4, the synergy between the large retraction force and droplet volume redistribution
governed by substrate motion and the included angle of anisotropy drove the droplets obliquely away

from the moving substrate (see Supporting Movie 4).
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Figure 3. Overhead views of droplets impacting moving substrates with directional anisotropy.
(a-c) The coupling of anisotropy and velocity vectors (0°, 45°, and 90°) is increasingly noticeable due
to the increase in the Weber number (from 3.3 to 25.6). The green, yellow, and red lines are the
respective central axes of the droplets, indicating that the morphologies of the droplets are downstream
of the substrate displacement. (d) Comparative analysis of the typical coupling effects in experiments
and simulations under a high Weber number regime (~25). The simulation analysis confirms that the
asymmetric interaction of the droplets is indeed due to the synergy between the velocity and the angle
of the texture. Larger inward and upward velocity vectors tend to be distributed downstream in the

direction of movement (see Supporting Movie 4).

000 @
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Figure 4. (a) Snapshots of a droplet impacting a moving ASHS (We = 20, 90°, v, = 0.13). The

significant asymmetric morphology of the droplet occurs after 2.15 ms. (b) The simulation results of
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a droplet with We = 25 at a velocity vector of 90° (v, = 0.13). The non-equilibrium penetration of the
liquid into the groove begins at 0.6 ms, and asymmetric permeation adjacent to the substrate ultimately
induces an unbalanced morphology of the upper liquid film from a translucent analytical perspective

(see Supporting Movie 4).

3.2. Qualitative and quantitative analysis of enhanced de-pinning effect via the moving ASHS

It is anecdotally known that the penetration of droplets into a microstructure results in pinning
states 3%, which are detrimental to water repellency. A droplet can only penetrate and evacuate the gas
between ridges at a higher Weber number (¢ = 0.62 ms in Figure S5b), as the downward penetrating
force is greater than the stored capillary force, while the stored capillary force is a more dominant
power than the upward emptying processes. The trend of the three-phases contact line, in which the
more severe the pinning effect, the lesser the ability of the moving contact line to recede, has been
used to investigate the extent of the pinning effect 2.

For the analysis of the penetration and pinning effect of the moving substrates, the circumstance
in which the velocity vector is at an angle of 90° to the direction of the ribbings (corresponding to
Figure 2b) was investigated via the optimal side-view visualization. Figure Sa-b show the selected
high-speed images of droplets impacting the ASHS with uniform rectilinear motion at v = 0.13 m/s
when We = 3.3 and We = 14.4, respectively (see Supporting Movie 5). While the substrate remained
moving from left to right (Figure Sa), although the droplet also moved through the spreading, receding,
and rebounding process, it exhibited an original differentiation associated with the direction of the
velocity vector at ¢ = 2.38 ms (within the spreading phase). Once the differentiation was initialized,
the velocity vector could combine with the substrate to more efficiently modify the moving contact
line dynamics. The moving contact line was found to be pinned downstream, whereas it retracted faster
upstream, causing the droplet to appear to be inclined downstream during the receding phase (around
4 ms in Figure 5). A more noteworthy initial asymmetric droplet only occurred as the Weber number
regime increased (We = 14.4), and the unbalanced contact line was observed at t = 0.62 ms. A
comparison of the diameters of the droplets D (scaled as D) at We = 3.3 and We = 14.4 as a function
of the normalized time #/t,,1s presented in Figure 6¢ (see Supporting Movies 2, 3, and 5). The droplets
appear to have more easily spread on the movable substrate under both low and high Weber number
regimes, and the movement of the contact line stopped at the edge of the solid or encapsulated air as
the energy was minimized 3. Notably, the droplet appears to have been inclined to lift off from the
upstream ribbing (marked in red), rather than from the first conflicting ribbing (marked in yellow),

which is essentially different from the stationary ASHS. The interval of the two aforementioned ribs
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was then reduced from four to two grooves with the increase of We to 14.4 (Figure Sb). The
penetration of the droplets became more apparent at high Weber numbers, while the penetrative liquid
moved with the substrate, and the liquid near the solid edge drove the droplets to the right due to the
viscous force. As illustrated in Figure 5 c-d, simulation analysis revealed qualitative similarities from
the perspectives of the morphology and the internal particle velocity field. High-speed particles replace
the air at the bottom of the groove and collide with the moving solid boundary at 1.54 ms, and the
purple and blue rectangles in Figure 5d reveal a typical process of unbalanced de-pinning. The
velocity vector of the right portion of the droplet is significantly higher than that of the other side
(upstream region) as the droplet is about to lift-off, and it is given the ability to eject to the left. This
process indicates that the moving substrate has a greater influence on dewetting than an enlarged

wetted area.
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Figure 5. Sequential images of a droplet impacting the moving target ASHS (90°). (a) Side-view
images of the impinging of a droplet on the moving ASHS (90°) at We = 3.3. The orientation of the
droplet was initialized in the direction of the motion vector at # = 2.38 ms, eventually resulting in a
slight tilt when receding at # = 5.15 ms. The ribbing site of the initial liquid-solid collision is marked
in yellow, while that at which the droplets bounced is marked in red, and the interval between them is
four grooves at = 11.0 ms. (b) Image sequences of a droplet impacting the moving ASHS (90°) at We
= 14.4. As the substrate moved to the right, a more severe uneven distribution of mass in the direction
of motion occurred at 7 =5.23 ms as compared to that under the low Weber number regimes. Eventually,
the interval between the red and yellow lines reduced from four to two grooves at # = 11.0 ms, as

compared to that at We = 3.3 (see Supporting Movie 5). (¢-d) Simulation of droplet interaction and the
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corresponding internal velocity field at We = 25.0. The qualitative similarity confirms that a moving
ASHS combined with the unbalanced de-pinning effect can both efficiently enhance de-pinning and
drive the bouncing droplets upstream. Additionally, wetting does not always occur in the same region,
which may reduce the chance of certain areas being wetted (see Supporting Movie 4).

Generally, transverse effective slip lengths can be used to quantitatively verify and estimate the
influences of the pinning effect and wettability during liquid-solid interactions 0. The pinning effect
can directionally drive the liquid near the solid wall, resulting in an elongated three-phase contact line.
For the non-wetting Cassie state, the anisotropic transverse effective slip length (corresponding to 90°,
Figure 2b) can be estimated according to the following equation:

In {sec(w)}
o0 _ L 2
B == , (1)
T 2 L e e
1+ ——In| sec(——) + tan(—-)
27b 2 2

where ¢ denotes an evaluation value of the proportions of liquids and gases at the interface, and b =
50 x H can be defined as the finite slip length at the interfacial condition (yield gas cushion model).
Here H can be estimated as height of macrostructures (the thickness of the gas layer) #!. However, the
slipping at nano-structures (1H,1H,2H,2H-perfluorodecyl trichlorosilane) is negligible as compared to
the magnitude of that at the macro-groove. Combining ¢ and width W = 200 um via image analysis in
MATLAB results in the slip transverse effective lengths of 29.4 um and 39.8 um on the stationary
substrate at We = 3 and We = 14, respectively. For the moving ASHS, the corresponding lengths are
32.4 um and 42.7 um, which is qualitatively consistent with the conclusions indicated in Figure 5Sa-b
and with previous work (~23.6 um and 37.5 um, respectively) 3°. When the substrate is in translational
motion, the results illustrate that the liquid-solid contact areas will likely be no lower than that on the
stationary substrate.

However, increasing the wetting area does not mean that the ASHS water-repelling strategy is
underestimated when considering that the substrate is movable. A droplet undergoes a receding state
before it bounces off the substrate like an elastic ball, and the process of eliminating the pinning effect
is embodied by a decreasing three-phase contact line. This asymmetric bouncing has been illustrated
as an efficient way to passively reduce the liquid-solid contact time 42, whereas, in the present study,
the symmetry-breaking of the droplets was reconfigured due to the motion of the moving ASHS, and
this modification significantly affected the contact time. The interaction between water droplets and a
substrate can be regard as a low-viscosity inertia-capillary-dominated system, which directly affects

the contact time ¢ and the theoretical contact time ¢, of the superhydrophobic substrate 43

1, =2.6 pD; /(8 )
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This process is not governed by the microstructure of the substrate, and only depends on the initial
physical parameters of the droplet, which are Dy = 2.06 mm and ¢, = 10.12 ms. It is intuitive to
investigate the decline in the number of wetted ribbings from a side view. Figure 6a presents a
comparison of the elapsed time (scaled by #;, = 10.12 ms) of the de-pinning process, in which the
number of wetted ribbings is reduced from three to two. Note that the time spent on de-pinning is
consistent with the liquid-solid contact time, as shown in Figure 6b, which also demonstrates that the
process of de-pinning dominates the contact time. Furthermore, the moving ASHS can not only reduce
the contact time at almost all impacting velocities, but can also produce a more rapid de-pinning
behavior as compared to that of the stationary ASHS. Repeated wetting can also be easily avoided

because the points of the initial interaction and lift-off do not coincide.
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Figure 6. Comparisons of the time-resolved evolution of the droplet diameter and time-scale
comparisons of the selected typical de-pinning process. (a) Comparison of the time-resolved evolution
(¢ is normalized by #,,) as a function of We on stationary and moving substrates. The time in which the
number of selected typical interactive ribbings (marked in gray) change from three to two is
investigated, and it is revealed that the moving ASHS reduces the pinning time. (b) Comparative
analysis of the solid-liquid contact time (¢ is normalized by ¢,,). The green line divides the fitted dotted
curve into low (3.3 < We <8.8), medium (8.8 < We < 20.0), and high (20.0 < We <25.6) Weber number

regimes. The moving ASHS is shown to reduce the contact time. (¢) Comparison of the diameter of a
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droplet (normalized by D) impacting the stationary and moving ASHSs (We = 3.3 and We = 14.4) as
a function of time-resolved evolution (normalized by #,,). The droplets can spread more quickly to their
maximum size when impinging on the moving ASHS under the higher Weber number regime (see the
purple solid line). In addition, a larger liquid-solid contiguous area is observed on the moving ASHS,
in which the dotted line is almost below the solid line (see Supporting Movies 2, 3, and 5). The error
bars are based on three repeated experiments; (d) The hang time of the droplet as a function of We.

The fitted dotted line indicates that an included angle of ~45° can significantly reduce the hang time

in the Weber number range (see Supporting Movie 6).

3.3. The tumbling droplet: a unique, active, and efficient dewatering strategy

Despite previous insight into the directed rebounding of droplets being attributed to an inclined
substrate 27 or microstructures with extraordinary microscale gradients 44, little is known about how
directed rebounding is affected by a flat substrate with a uniform gradient. Note that the directed
rebounding of droplets was observed on the selected moving ASHSs (the included angles were 0°,
45°, and 90°) containing horizontal and uniform ribbings via chronophotography #°, as shown in
Figure 7a (We = 14.4, see also Supporting Movie 6). All droplets were emitted at an oblique angle
and tumbled downstream instead of repeatedly bouncing and falling vertically '3. The hang times of
the droplets from the initial contact with the substrate to their first landing downstream were quantified
for the three included angles (Figure 6d). It is clear that the bouncing mode of droplets is dominated
by the angle, and the droplet at a 45° angle was confirmed to land first in the downstream substrate
below the medium Weber numbers (We = 3.3-20.0). A more noticeable oscillation occurred in the
parabolic trajectory as the angle increased. This phenomenon is attributed to the increasing unbalanced
de-pinning velocities, which are positively correlated with the included angle as the droplet is about to
bounce off. Qualitative simulation (Figure 7a insets, We = 17.8) confirms this inference, and strong
consistency is exhibited in Figure 3d.

The unbalanced de-pinning mechanism that creates the parabolic effect was also evaluated via
simulation. The purple (6.54 ms) and blue (6.66 ms) rectangles in Figure 7b respectively correspond
to the typical de-pinning step in Figure 5d, as the droplet is able to rebound backward (see Supporting
Movie 4). Initially, the liquid in the groove is ejected vertically (the upward velocity vector, Vp,,) and
is then replaced by air (purple rectangle, = 6.54 ms). As the substrate moves, the liquid closest to the
solid edge is given the rightward velocity vector, while the adjacent upper liquid remains toward the
center due to surface tension and viscous forces during the retraction process (blue rectangle, ¢ = 6.66

ms). Eventually, the upward and inward velocity vectors are synthesized (the de-pinning velocity
13
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vector, Vp,), causing directed rebounding. In addition, the synthesized vectors accelerate the tumbling
of the droplet with the synergistic effect of anisotropic superhydrophobicity and translational motion.
It is therefore reasonable to assume that the criteria used to characterize the rapidly-shedding water is
not solely the contact time of the solid-liquid interface !2, but also the directed rebounding of droplets
from essential aspects. Similar conditions that contribute to dehydration also occur when raindrops hit
birds during flight. As predicted in this paper, the moving ASHS can actively drive the droplets to
maintain directional rebounding for excellent droplet shedding, which should occur on an inclined
substrate. Furthermore, even a flat moving ASHS can reduce the hang time by up to 23% as compared

to a stationary superhydrophobic surface under a tilt angle of ~5°, as confirmed by Hao et al. 4.

9c = Y
¢=6.54 ms L LUIMMERFNE |
Velocity [m/s] i

5.000e-01 !

I4A167e—01 E

3.333e-01

De-pinning  2500e-01 !

1.667e-01

I&333e-02 i
i

0.000e+00 !

Ve e

% i
90° el *ﬁ
¢=6.66 ms LLILUBDNSEERNND

Figure 7. (a) Chronophotography of droplets impacting the moving ASHS with the included
angles 0°, 45°, and 90°, respectively (We = 14.4). The superposition of successive frames reveals the
parabolic paths of the directed bouncing droplets. The green dotted line represents the initial moment
of collision, and the other corresponding colored dotted lines are the first landing moments. The insets
illustrate that the simulations are qualitatively similar to the experimental parabolic trajectory. As the
unbalanced velocity field is enhanced, the droplets tend to release and oscillate. (b) Mechanism of the
de-pinning of directed rebounding droplets. The liquid in the groove with upward vertical velocities
Vpey creates ascending movement (purple rectangle at ¢ = 6.54 ms). When the droplet is about to
accomplish de-pinning, the liquid adjacent to the substrate is driven to the right, while the upper portion
remains in centripetal motion, resulting in a composite velocity consisting of upward and inward
vectors (Vpey, blue rectangle at = 6.66 ms, see Supporting Movie 6).

The understanding of the hydrophobic effects of moving interfaces is critical for applications in

daily life, aerospace and defense industry; however, the mechanistic assessment of this new strategy
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is challenging and often overlooked (the target substrates in previous studies were mainly stationary,
vibrating, elastic, inclined, and curved). Thus, an analogy analysis inspired by the rapid dehydration
behavior of kingfishers during the flight was carried out in this work. The new dewetting strategy is
inspired by a non-wetting kingfisher that flying in the rain. To some extent, kingfishers can fly in
heavy rains due to their hydrophobic feathers and flight behavior. A rapid dehydration concept by
combining the motion and orientation of an anisotropic superhydrophobic substrate has been
confirmed.

4. CONCLUSIONS
A fundamental investigation of a moving anisotropic superhydrophobic surface that facilities the

tumbling of droplets was undertaken. The synergistic effect of anisotropy and velocity vectors was
found to modify the droplet wetting kinetics of the superhydrophobic interface, resulting in an oriented
de-pinning effect. The unbalanced de-pinning process was then analyzed via experiments and
simulation, revealing that the moving horizontal ASHS, rather than an inclined ASHS or surfaces with
multiple gradients, can also cause directed rebounding droplets, which helps to prevent the continuous
wetting of the interface. These results provide a deeper understanding of the fundamental aspects
underlying anisotropic wettability, and confirm a simple, general, and highly efficient strategy for

water-repellent applications.

ASSOCIATED CONTENT
A liquid jet impacting a moving kingfisher in a laboratory environment (Supporting Movie S1) (AVI)

Side and overhead views of a droplet (Dy = 2.06 mm, We = 3.3) impacting the stationary ASHS
(Supporting Movie S2) (AVI)

Side and overhead views of a droplet (Dy = 2.06 mm, We = 14.4) impacting the stationary ASHS
(Supporting Movie S3) (AVI)

Overhead view of droplets impacting the moving substrates with directional anisotropy (Supporting
Movie S4) (AVI)

Side views of droplets impacting the moving ASHS with the included angles 0°, 45°, and 90°,
respectively (Supporting Movie S5) (AVI)

Side view of droplets impacting on the moving ASHS with the included angles, 0°, 45°, and 90°,
respectively (We =14.4) (Supporting Movie S6) (AVI)

Images of the selected kingfisher feathers (Figure S1); SEM frames of the selected kingfisher feathers
(Figure S2). Wettability characterization of a kingfisher's wing feathers (Figure S3). SEM frames of
the ASHS (Figure S4). Snapshots of a droplet impacting a stationary target ASHS (Figure S5) (PDF)
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18 Remarkable water repellency of kingfishers in both natural and laboratory environments.
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25 Sequential images of a droplet impacting the moving target ASHS (90°).
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