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Abstract: The adhesion of water to the surfaces of unmanned aerial vehicles (UAVs) adversely affects
the function. The proposed UAVs will have underwater as well as flight capability, and these aquatic
UAVs must shed water to resume flight. The efficient separation of the adhering water from aquatic-
UAV surfaces is a challenging problem; we investigated the application of hydrophobic surfaces
as a potential solution. Using aquatic-UAV models, one with hydrophilic surfaces and the other
with superhydrophobic anisotropic textured surfaces, the antiwetting mechanism of the hydrophobic
surfaces was investigated using a simulated-precipitation system and instrumentation to measure
the load of the water adhering to the aquatic UAV, and to measure the impact energies. When the
model was stationary (passive antiwetting), no adhesion occurred on the superhydrophobic surfaces,
while continuous asymmetric thick liquid films were observed on the hydrophilic surfaces. The
superhydrophobic surfaces reduced the rain loading by 87.5%. The vibration and movement of
the model (dynamic antiwetting, simulating flight motions) accelerated the separation process and
reduced the contact time. The observed results were augmented by the use of computational fluid
dynamics with lattice Boltzmann methods (LBM) to analyze the particle traces inside the droplets, the
liquid phase velocity-field and pressure-field strengths, and the backward bouncing behavior of the
derived droplet group induced by the moving surface. The synergy between the superhydrophobic
surfaces and the kinetic energy of the droplets promotes the breakup of drops, which avoids the
significant lateral unbalance observed with hydrophilic surfaces during simulated flight.

Keywords: aircraft; UAV; aquatic UAV; hydrophobic; superhydrophobic; hydrophilic; lattice
Boltzmann; antiwetting; rain

1. Introduction

Over a twenty-year period, 40% of all weather-related aircraft accidents that involved
U.S. airlines were related to rainfall, which is more than the share of accidents attributed
to wind shear and turbulence [1], and the majority occurred during takeoff and landing.
It has historically been difficult to explore the impact of rain-induced penalties on the
flight performance, and to develop countermeasures; so far, there is no certain way to deal
with the threat of extremely heavy rainfall to flight safety. For commercial aircraft, the
safest procedure has been simple avoidance: not taking off, or flying at a distance, until the
torrent passes.

Unlike heavy and powerful commercial and military aircraft, the aquatic UAV [2] has
a small size, light mass, and low rotational inertia [3], and so it is more sensitive to the
impact of precipitation and the drag force of adhering water; the adhesion of the liquid film
has a more significant adverse effect on its flight in air and its exit from water [4,5]. Very
few physical tests of aircraft in rain have been reported, and most of them are relatively
outdated [6–8]. At present, the methods for evaluating the impact of precipitation on aircraft
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are mainly the real-world evaluation of the aircraft [9], model tests [10], and numerical
simulations using computational fluid dynamics [11]. Testing with the actual aircraft is
the closest to the actual situation in the natural environment, but factors such as high
costs, environmental-variable interference, and safety risks limit this research method. A
cost-saving yet accurate research method is to select a rationalized model, use it in physical
precipitation experiments, and combine the results with numerical simulations.

If the rapid and efficient desorption of the adherent water from the surfaces of aquatic
UAVs [2,12] can be achieved, then the negative flight effects from precipitation and adherent
water can be reduced to low levels. Aquatic UAVs can enter the water, and they also require
excellent dehydration capabilities; the solution for precipitation may be the same one that
enables flight promptly after submersion, but there are few reports on how to actively
reduce the water adhesion on the model after extended solid–liquid interaction. The
aquatic UAV [13,14] is subject to rapid density changes and complex solid–liquid–gas
phase transients that can impair the flight balance when transitioning from water to air.

The current micro aerial vehicles (MAVs) are limited in their application because they
can only fly. Once the MAVs can be both underwater and in the air [15], they potentially
have applications in search and rescue, expeditions, and even military reconnaissance.
However, because an MAV has no high-power propulsion system, it must be designed
to minimize drag under water and to be efficient upon returning to flight. The inability
to rapidly and efficiently desorb the adherent water from surfaces is one of the main
bottlenecks that is currently limiting the development of aquatic UAVs.

Unique biomimetic surfaces [16] can substantially reduce the adhesion of water. The
water droplets on lotus leaves after rain are almost spherical, and they easily roll off,
even at a very low inclination; this phenomenon is known as the “Lotus effect” [17]. To
characterize the “lotus effect”, the static contact angle (θ) and roll-off angle (θs) should be
considered simultaneously [18], and the superhydrophobic state is achieved when θ > 150◦

and θs < 10◦ [19]. The feathers of some small aquatic birds, such as kingfishers [20–22]
and pigeons [23], also exhibit similar superhydrophobicity, which is not only due to the
hydrophobicity of the feathers (θ as high as 160◦), but also to the anisotropy [24,25]. There
are essential differences in the mechanisms of the liquid repellency exhibited by super-
hydrophobic feathers and the “lotus effect”. The Cassie state is maintained due to the
high critical wetting-pressure value on the feather, which means that the energy required
to convert the Cassie state to a fully wet state is high [26,27], and thus can withstand
greater hydrodynamic pressure and still maintain the superhydrophobic state. Given the
dramatic wetting-control abilities of organisms such as lotuses and birds, researchers in
this field expect that applying superhydrophobicity to aquatic-UAV surfaces will reduce
the aerodynamic penalty induced by the adherence to water.

Here, the two aquatic-UAV models, with hydrophilic and superhydrophobic surfaces,
were used for comparison, according to the biomimetic dynamic wetting control theory [28].
A torque sensor was used to measure the loading of the adhering water on the aquatic UAV;
the adhering precipitation was provided by the simulated-precipitation system. The effect
of the wettability of the aquatic-UAV surface on the antiwetting behavior was quantitatively
analyzed in several trials, where the uniformly repeatable rain and quality instrumentation
were critical factors in controlling the variability and obtaining valid useful data.

We investigated the passive antiwetting performance by weighing the model with the
torque transducer, which allowed for the determination of the respectable performance
mentioned above, where the application of superhydrophilicity reduced the water load by
87.5%. We investigated the dynamic antiwetting [29–31] performance and, in particular,
the motions and trajectories of the adhering water, by shaking the model in a reliably
repeatable pattern. We measured the contact time and motion details at selected shaking
amplitudes and frequencies. The backward bouncing behavior of a single droplet and the
directional bouncing tendency of the derived droplet group on the surface of the aquatic
UAV were experimentally determined in these trials. The results from the subsequent LBM
numerical simulations [32] explain the law of the wettability of the aquatic-UAV surface
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on the adhesion of multiple droplets in the moving state. We analyzed the particle traces
inside the droplets, the velocity field, and the lateral pressure to reveal the mechanism of
directional bounce; finally, we verified how the vibrating and moving model more quickly
desorbed the incident water.

2. Materials and Methods
2.1. Fabrication and Characterization

The models of the aquatic UAV were fabricated via 3D-printing technology [33], using
white photosensitive resin (Xiamen Jiecheng 3D Technology Co., Ltd., Xiamen, China). The
dimensions of the aquatic-UAV model in the axial and spanwise directions are 103 mm and
99 mm, respectively. A textured microstructure was constructed on both models’ surfaces;
its direction is perpendicular to the longitudinal axis of the model, and the grooves and ribs
are equidistant. A 3D super-depth-of-field microscope (KEYENCE Co., Ltd., Osaka, Japan,
VHX-6000) was used to characterize the surface microstructure, with a magnification of
100 (Figure 1c). The rib length, groove width, and groove depth on the surface of the aircraft
are 100 µm, 70 µm, and 50 µm, respectively. Where the model has significant curvature,
such as the head and fuselage, the textured structure is annular.
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θS = 3°) on the right; (b,c) show the anisotropic structure of the surface, which promotes the direc-
tional flow of liquids, observed by ultra-depth-of-field microscopy; the yellow scale bar is 400 μm, 
and the magnification is 100. 
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to the torque sensor. The lever length increases the delivered torque, improving the relia-
bility of the measurements. The same cantilever was used to transmit the shaking motions 
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The structure was designed as a hollow shell to minimize its mass and eliminate the po-
tential impact on the measurements; the material is stiff, and so it transmits torque and 
driven vibrations without significant effects. The surface of the cantilever was also made 
superhydrophobic by the coating method described above. Through this connection, the 
torque sensor can directly measure the multidrop impact load (equivalent to torque). The 
measurement range of the miniature torque sensor is from 0 to 2 Nm, the sampling rate is 
200 Hz, and the sensitivity is 1.5 ± 0.001 mV/V. It is connected to the computer through a 
signal amplifier, and the measured torque is calculated, converted, and written into the 
computer through the supporting software. The configuration of the cantilever in both its 
uses is shown in Figure 2. 

A high-speed-camera system was designed to quantitatively capture images of the 
simulated precipitation as it interacted with the models. The small water pump with the 
adjustable flow has a lift of 5 m and a water-output range from 0 to 10 L/min. The water 
is filtered by a reverse-osmosis device, and the water outlet of the pump is connected to a 
transient flowmeter. The working range of the transient flowmeter is from 1 to 10 L/min, 
and the measurement accuracy is ±1%. By controlling the flowmeter to read 1.10 L/min, 
the water level in the sprinkler can be kept constant. The model was placed in the simu-
lated-precipitation area; images were captured by the high-speed camera (Phantom v711, 
Vision Research, Inc., Wayne, NJ, USA), and the physical parameters (speed, vibration 

Figure 1. Surface texture and hydrophobicity characterizations of the models: (a) the 3D-printed mod-
els of aquatic UAV for comparative experiments; the insets indicate static wettability characterization
of each model, indicating hydrophilic (θ = 88◦) on the left, and superhydrophobic (θ = 155◦, θS = 3◦)
on the right; (b,c) show the anisotropic structure of the surface, which promotes the directional flow
of liquids, observed by ultra-depth-of-field microscopy; the yellow scale bar is 400 µm, and the
magnification is 100.

A contact-angle meter (DataPhysics Instruments OCA20, Filderstadt, Germany) char-
acterized the static hydrophobicity using a single-droplet volume of 4 µL (diameter of about
3 mm) at an observation point on the airfoil. The surface with a textured microstructure
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has a contact angle of about 88◦ without modification, which is hydrophilic. To create the
hydrophobic model, commercial coatings [34] were applied to one model (to the right in
Figure 1a) to reduce the surface energy. The modified surface with a low-surface-energy
coating has a contact angle of about 155◦ and a roll-off angle of 3◦, which is an anisotropic
superhydrophobic surface (see “S6. Superhydrophobicization and Characterization of
Surfaces” in the Supplementary Material).

2.2. Devices and Analysis
2.2.1. Experimental Equipment Configuration and Analysis

A rigid “cantilever” structure [35] was used to transmit the weight and impact forces to
the torque sensor. The lever length increases the delivered torque, improving the reliability
of the measurements. The same cantilever was used to transmit the shaking motions to
the model. The cantilever structure also distances other equipment from the rain field.
The structure was designed as a hollow shell to minimize its mass and eliminate the
potential impact on the measurements; the material is stiff, and so it transmits torque and
driven vibrations without significant effects. The surface of the cantilever was also made
superhydrophobic by the coating method described above. Through this connection, the
torque sensor can directly measure the multidrop impact load (equivalent to torque). The
measurement range of the miniature torque sensor is from 0 to 2 Nm, the sampling rate is
200 Hz, and the sensitivity is 1.5 ± 0.001 mV/V. It is connected to the computer through
a signal amplifier, and the measured torque is calculated, converted, and written into the
computer through the supporting software. The configuration of the cantilever in both its
uses is shown in Figure 2.

A high-speed-camera system was designed to quantitatively capture images of the
simulated precipitation as it interacted with the models. The small water pump with the
adjustable flow has a lift of 5 m and a water-output range from 0 to 10 L/min. The water is
filtered by a reverse-osmosis device, and the water outlet of the pump is connected to a
transient flowmeter. The working range of the transient flowmeter is from 1 to 10 L/min,
and the measurement accuracy is ±1%. By controlling the flowmeter to read 1.10 L/min,
the water level in the sprinkler can be kept constant. The model was placed in the simulated-
precipitation area; images were captured by the high-speed camera (Phantom v711, Vision
Research, Inc., Wayne, NJ, USA), and the physical parameters (speed, vibration status, etc.)
were determined by customized open-source image-processing software (ImageJ). The
resolution of the images was 1280 × 800 pixels, the sampling rate was 3000 frames per
second (fps), and the exposure time was 330 µs. All droplets were released from the same
height. The diameter (D0) of the droplets was 4.2 mm, and the critical velocity (v0) of the
impact was kept at 1.9 m/s.

Three experimental modes were selected: The first mode was to drive the aircraft
with a stepping motor to keep it moving in a straight line at a constant speed of 0.3 m/s
(Figure 2b). The second mode was to use resonant speakers to induce the vibration of the
aircraft model, simulating the vibration generated by aircraft during flight (Figure 2c); the
vibration in this mode was controlled by a computer and analyzed by the Fourier transform
method [36] (see “S2. Vibration Control” in the Supplementary Material). The third mode
had the model stationary in the rain field to obtain data for comparing the responses of the
hydrophilic and superhydrophobic models.

2.2.2. Simulations

We comparatively simulated the moving model in the hydrophilic and superhy-
drophobic states. The numerical-simulation method of the antiwetting performance of the
aquatic UAV was based on the LBM algorithm of the D3Q19 model [22,36] (see details in
“S3. Simulation Setup and Analysis” in the Supplementary Material).
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droplets to be consistent; the droplets fall vertically and hit the model. (b) Configuration of stepper 
motors. The model, cantilever beam, and linear stepping motor are connected; the model moving 
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Figure 2. High-speed-camera system: (a) Settings for zones of simulated precipitation. The model is
placed in a simulated-precipitation area, and the instantaneous flowmeter controls the size of the
droplets to be consistent; the droplets fall vertically and hit the model. (b) Configuration of stepper
motors. The model, cantilever beam, and linear stepping motor are connected; the model moving
speed is 0.3 m/s. (c) Attachment of cantilever for resonant-speaker testing. The computer controls
the vibration, driving selected frequencies through the power amplifier to the resonant speaker (see
“S1. Devices and Analysis” and “S2. Vibration Control” in the Supplementary Material).

3. Results
3.1. Antiwetting Behavior of the Stationary Model
3.1.1. Droplets Impacting on Static Hydrophilic Model

The adhesive behavior of water is evident on the hydrophilic-model surface (Figure 3).
It can be seen from the image of the partially enlarged area that, upon initialization
(t = 0.00 ms), the surface of the model was in a dry state. A droplet spread rapidly after im-
pacting the upper surface of the wing, and it reached the maximum spread at t = 52.33 ms.
The large droplet size (D0 = 4.2 mm), high impact velocity (v0 = 1.9 m/s), and hydrophilic
surface together led to the higher viscous force and lower retraction force of the droplet. Af-
ter a period of time (t = 1125.63 ms), low-thickness liquid films appeared on the hydrophilic
surface. The deposition of water on the hydrophilic surface was observed, and the droplet
impingement caused the typical “crown splash” phenomenon [5,37] (t = 1758.95 ms), which
showed that the liquid film here was remarkably thick. Over time, as more raindrops
impinged on the surface of the model, these liquid films became markedly thicker and
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more continuous and asymmetrical (see more details in “Supporting Movie S1” in the
Supplementary Material).
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Figure 3. A liquid film develops on the surface of the hydrophilic model as droplets fail to escape
from the hydrophilic surface after impact; the crown phenomenon appears as the liquid film continues
to accumulate (see more details in “Supporting Movie S1” in the Supplementary Material).

3.1.2. Promotion of Antiwetting by Static Superhydrophobic Surfaces

When immobile, the superhydrophobic surface can remain dry, unlike in models
with hydrophilic surfaces. Due to the high droplet-impact velocity and superhydrophobic
surface, the energy loss of the droplet is low. After impact, the droplet still has high kinetic
energy, and the low-thickness liquid film can sputter many derived droplets during the re-
traction stage and then break away from the surface. No “crown splashes” [37–39] were ob-
served (Figure 4a–c) (see details in “Supporting Movie S2” in the Supplementary Material).

The multiple-fusion process of droplets on superhydrophobic surfaces facilitates the
derived droplet bounce-off. Theoretically, the behavior of a derived droplet is still domi-
nated by inertia after detaching from the original droplet, and its energy (including kinetic
energy and surface energy) must be much lower than that of the original droplet. After the
droplet merges with the low-energy-derived droplet (from t = 1347.96 to 1355.29 ms), the
internal energy is converted, the energy of the newly formed droplet is increased through
the fusion phenomenon, and a larger high-energy droplet is formed (from t = 1366.63 to
1422.62 ms), which finally promotes the ejection of all the droplets (see details in Figure S4
in the Supplementary Material). The splitting and detachment behaviors of the droplets
significantly reduce the loads caused by the droplet impact and adhesion, and there is
no continuous wetting phenomenon on superhydrophobic surfaces. The torque peak
measured by the torque sensor was 0.001 Nm, compared with having a hydrophilic sur-
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face (0.008 Nm peak torque), and so the superhydrophobicity reduced the sensor torque
measurement by 87.5%, as shown in Figure 4d.
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Figure 4. Multiple droplets hit a stationary superhydrophobic model; the graph shows the impact-
level analysis. As indicated from (a–c), the impinging droplets break up and bounce off, and the
superhydrophobic surface remains dry. (d) The superhydrophobic surface significantly weakens the
impact force (qualitatively equivalent to torque), and the peak torque is only 1/8 of that of hydrophilic
surfaces (see details in “Supporting Movie S2” in the Supplementary Material).

The “edge effect” of the droplet significantly affects the fluid-mass distribution within
the droplet and accelerates the solid–liquid separation process (see Figure S5 in the
Supplementary Material). For the droplet size D0 = 4.2 mm, the theoretical contact time [22]
is tc = 2.6

√
ρD30/(8γ) = 29.45 ms. At t = 1754.28 ms, the liquid on the suspended side was

the first to leave the surface, and it took 9.66 ms, which was 67% less than the theoretical
contact time (tc). The remaining droplets on the surface were completely detached from the
surface within 17.66 ms (t = 1762.28 ms), which was 40% less than the theoretical contact
time (tc).
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3.2. Antiwetting Properties of Models in Motion
3.2.1. Coupled Desorption Properties of Vibration and Wettability

We compared the downshifts of the measured vibration frequencies before and after
the impact with successive droplets to evaluate the effect of the droplets adhering to the
model surface. The initialization model at t = 1000 ms was selected for analysis. The red
dotted line in Figure 5 is the wave crest during vibration, and the yellow dotted line is the
wave trough. The images at each moment correspond to the tag numbers from 1© to 4© in
Figure 5, and the arrows in the figure indicate the direction in which the model is about
to move.
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Figure 5. Multiple droplets impinge on hydrophilic and superhydrophobic vibrating aquatic-UAV
models. The peaks and troughs of vibration are indicated by red and yellow dashed lines, respectively.
The arrows are the vector directions of motion. From 1© to 4© represent the corresponding vibration
phases. (a) The hydrophilic model with a deep liquid film, even under vibration. (b) The superhy-
drophobic model, and vibrations promoting liquid repellency (see details in “Supporting Movie S3”
and “Supporting Movie S4” in the Supplementary Material).

Although the model is vibrating, continuous liquid films are observed on the hy-
drophilic surfaces (Figure 5a). When analysis begins (corresponding to the peak at 1© in
Figure 5a), the high-thickness liquid films have already existed on the surface and have
overflowed to the lower surface. In about half a cycle, when t = 1010.00 ms, the device has
reached its lowest point (corresponding to the trough labeled 2© in Figure 5a). Even after
about a one-half-cycle oscillation (corresponding to the portion from 3© to 4© in Figure 5a),
the antiwetting ability of the hydrophilic surface is still at a low level, and the wetting
on its surface does not change significantly. Theoretically, the natural frequency of the
resonant-speaker system can be represented by the natural frequency (ω = (k/m)0.5) of the
single-degree-of-freedom system. When the stiffness (k) is constant, the system mass (m)
is inversely proportional to the natural frequency (ω). The theoretical output frequency
of the resonant speaker is 60 Hz, the measured amplitude when the model is in a stable
state is 0.3062 mm, and the measured frequency is 28 Hz, which is 53.3% lower than the
theoretical output frequency (60 Hz). This shows that the adhering water on the hydrophilic
surface increases the effective mass of the model, the vibration frequency is lowered, and
the amplitude of the model oscillation is significantly lessened by the substantial thickness
of the liquid film (see details in “Supporting Movie S3” in the Supplementary Material).

We found that the superhydrophobic surface has excellent antiwetting properties
and maintains high antiwetting stability, compared with the model with a hydrophilic
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surface under vibration (Figure 5b). A large number of derived droplets are created in
a full oscillation cycle, and they fall away in the next half cycle (corresponding to 3© to
4© in Figure 5b); as this process continues, the surface can maintain a long-term dry state

(see details in “Supporting Movie S4” in the Supplementary Material). Through Fourier
transform analysis, the measured amplitude of the model’s oscillation is 0.3294 mm, which
is 7.0% (0.3062 mm) higher than the hydrophilic model, and the measured frequency is
52 Hz, which is only 13.3% lower than the theoretical resultant frequency of 60 Hz. This
additionally shows that the negative effect of the continuous impact on the superhydropho-
bic surface is significantly reduced compared with the hydrophilic model. Many derived
droplets are generated, and these droplets are accelerated and detached under the action of
vibration, which greatly reduces the contact time, and their contribution to the model mass
is not as significant as it is for the hydrophilic model.

3.2.2. Liquid Repellency of the Linearly Moving Aquatic UAV

A stepper motor was used to drive the hydrophilic model in a uniform linear motion
(vs = 0.3 m/s), passing through the virtual-precipitation area, and the arrow indicates
the vector direction (Figure 6a). At t = 583.98 ms, the device moved to the middle of the
precipitation area, and obvious water adhesion was observed at the front of the model
and at the leading edge of the wing. Due to the short residence time of the device in
the precipitation area, only a few discontinuous liquid films were observed on the upper
surface of the wing, where, as previously observed, continuous liquid films were prone
to occur (the yellow dotted rectangular area in Figure 6a, t = 583.98 ms). Compared with
the static state (Figure 3), the thickness of the liquid film on the surface was significantly
reduced, and the attached water was mainly located at the junction of the curved surfaces
and the upper surface of the wing. When the model was about to exit the field of view of the
camera (t = 698.31 ms), only a small area of wetting was observed at its tail. This shows that
the motion of the model slightly impairs the wetting, even on hydrophilic surfaces, which
reduces the chance of it being continuously wetted (see details in “Supporting Movie S5”
in the Supplementary Material).
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Figure 6. Comparison of antiwetting properties on the moving hydrophilic and superhydrophobic
models. (a) Adhesion of water on moving hydrophilic surfaces. Moving reduces wetting of the surface
compared with when the model is stationary; only the trailing edge of the wing is wetted (see the
area selected in the yellow square). (b) Excellent antiwetting based on motion and superhydrophobic
coupling. The movement of the surface and the superhydrophobicity together promote dynamic
water repellency, with smaller-sized droplets occurring in the upstream direction (see elliptical area).
No areas were wetted. (See details in “Supporting Movie S5” and “Supporting Movie S6” in the
Supplementary Material).
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The positive antiwetting behavior of the moving model with a superhydrophobic
surface is shown in Figure 6b. At t = 143.66 ms, the impact point of the droplet was on the
side of the front of the model (part of the easily wetted area), and the droplet spread and
sputtered. After 258.99 ms (t = 402.65 ms), the model was in a nonwetted state, and the eas-
ily wetted area was still in a dry state. The difference from the hydrophilic model was that
more derived droplets appeared behind the model (the dashed area of the yellow ellipse in
Figure 6b). When t = 492.65 ms, the derived droplet had a significant backward-movement
trend. In the final stage (t = 638.98 ms), the derived droplets moved backward to the tail
of the model. The overall antiwetting of the model is excellent, and its superhydropho-
bic surface can always maintain a dry state (see details in “Supporting Movie S6” in the
Supplementary Material).

3.3. Simulated Antiwetting Properties of Surfaces of Moving Models

The residual kinetic energy of the droplet after impacting the surface is significantly
related to its ability to detach from the surface. If the kinetic energy stored by the droplet
after impact is sufficient to drive it off, then the droplet can bounce off, whereas low-kinetic-
energy droplets will cause pinning. As shown in the trapezoidal region in Figure 7a left, on
the hydrophilic surface, excessive dissipation leads to the accumulation of the continuous
liquid film. When the model is moving forward, the liquid film slides backward due to
inertia. However, as seen in Figure 7a right, the liquid on the superhydrophobic surface has
higher kinetic energy at t = 0.018 s. The superhydrophobic surface has a very low droplet-
adhesion effect, and the high kinetic energy-derived droplet group moves backward on
the surface. Compared with the hydrophilic surface, the derived droplet group on the
superhydrophobic surface can maintain high kinetic energy continuously, maintain the
directional bounce ability, and thus effectively avoid the repeated wetting of the same area
(see the right trapezoid area in Figure 7a).

At the instant of impact, the kinetic energy of the liquid on the superhydrophobic
surface increased significantly (the peak of the solid red line in Figure 7b). The rapid
dissipation of the internal energy after the shock and the downward trend eventually
stabilized. The mean velocity on the superhydrophobic surface was larger than that
on the hydrophilic surface. At t = 0.027 s, the mean velocity on the superhydrophobic
surface (0.43686 m/s) was 32% higher than that on the hydrophilic surface (0.29708 m/s).
Therefore, on the superhydrophobic surface, after the fusion of the droplet group, the
internal energy and surface energy were dissipated to a higher degree, so that the bouncing
could be maintained.

The analysis of the mean pressure values showed that the liquid-pressure changes
were gentle on the superhydrophobic surfaces, while those on the hydrophilic surfaces were
more drastic (Figure 7c). At t = 0.054 s, the pressure of the liquid on the superhydrophobic
surface (1734.57 Pa) was 43.33% higher than that on the hydrophilic surface (982.99 Pa),
although the pressure on the superhydrophobic surface suddenly increased to 2589.57 Pa
at t = 0.069 s. However, at this time, most of the liquid was already detached (see the right
trapezoid area in Figure 7a), and the rapid increase in pressure had little effect on the flight
stability of the superhydrophobic model.

The droplet fusion is obvious in the hydrophilic case, and continuous liquid film
typically forms on the hydrophilic surface in the rain field. A continuous high-thickness
liquid film can be observed on the hydrophilic surface of the model, and, when t = 0.081 s, a
transient liquid-phase high-pressure region (the black-outlined rectangular area in Figure 8)
can be observed. The movement of the model still cannot completely disperse the liquid
film, and the liquid film in the high-pressure region is observed to overflow and detach,
which is qualitatively similar to the result shown in Figure 6a. The multiple fusion of
the liquid film on the hydrophilic surface exacerbates the asymmetry of the liquid film
across the width of the model, which causes a large-scale nonuniform distribution of the
lateral pressure (see details in “Supporting Movie S5” and” Supporting Movie S7” in the
Supplementary Material).
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Figure 7. Simulation and comparative analysis of the effect of surface wettability on antiwetting.
(a) Antiwetting properties of moving hydrophilic and superhydrophobic surfaces. The trapezoidal
regions indicate a hydrophilic surface producing continuous backward-moving liquid films. How-
ever, on the superhydrophobic surfaces, no wetting was observed, and the raindrops bounced off
downstream. (b,c) show the velocity and pressure fields, respectively. Overall, hydrophilicity reduces
velocity and pressure, while superhydrophobicity and mobile coupling provide the droplet with
sufficient energy to bounce off.

The droplets fall into three regions: the upper surface of the fuselage, and the wing
on each side, shown by the red “Λ-shaped” dotted line in Figure 8. In these three regions,
for the superhydrophilic model, the derived droplets appeared clearly spaced, and the
interdrop distance gradually increased as time increased (from top to bottom in Figure 8).
No large-scale continuous high-pressure liquid film was observed in any of the three
regions, and the pressure distribution of the derived droplet population was relatively
uniform. The derived droplets on the upper surfaces of the wings on both sides continued
to merge and fragmented again to produce numerous derived droplets, which were then
synchronously ejected to both sides of the wing. The lateral-pressure distribution of the
fluids on the superhydrophobic surfaces was relatively uniform. In addition, the derived
droplet groups on both sides can bounce laterally and symmetrically in blocks, which, in a
moving state, helps maintain a uniform lateral distribution of drops, eliminating the lateral
nonuniform loading of multiple droplets, as occurs on the hydrophilic model (the black
rectangle of Figure 8).
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Figure 8. Comparison of the effects of surface curvature and wettability on lateral-pressure dis-
tribution. Water adhering to the hydrophilic surfaces of the wings quickly creates areas of high
pressure on the wings, but asymmetrically, which induces nonequilibrium mechanical flight penalties.
However, the coupling of superhydrophobicity to the surface curvature can disperse the impact
force, no obvious high-pressure region is observed on the superhydrophobic surface, and the lateral
interference is thus weakened (see details in “Supporting Movie S5” and “Supporting Movie S7” in
the Supplementary Material).

4. Discussion
Effects of Surface Wettability and Motion on Liquid Adhesion and Bouncing Behavior

The traces of fluid particles [40] can reveal the intrinsic flow behavior of droplets.
Traces can be obtained by numerical solution (computer simulation, see “S3. Simulation
Setup and Analysis” in the Supplementary Material). The left and right sides of the center
line in Figure 9 are the analysis results of models with hydrophilic and superhydropho-
bic surfaces, respectively. The tracking target is determined by a cube with a size of
10 mm × 10 mm × 0.3 mm, which contains the upper parts of nine droplets, with a total
number of 199 particles (black dotted area in Figure 9 left). The motion range of droplet
particles on hydrophilic surfaces is small, and, as can be seen from the analysis of the
coordinates (Figure 9), most of the particles exhibit irregular slow outward-sliding behavior.
In contrast, there is a regularity in the traces on the superhydrophobic surface, where the
particles bounced in a direction and their traces were “parabolic”.

We use the z-axis and y-axis coordinates as examples to reveal the directional bounce
behavior of droplets on superhydrophobic surfaces (Figure 10b). When the particle re-
bounds from the superhydrophobic surface for the first time, its z-coordinate-curve trend
changes from falling to rising (the first inflection point). Due to the different projection
angles of the droplet rebound, and to some droplets hitting the wall again, some particles
show a rapid downward trend, while another portion of the particles rises again after the
rapid drop due to the additional collision’s kinetic energy (the second inflection point in
Figure 10b). The state of the y-axis coordinate means that the particles on the hydrophilic
surface fluctuate randomly (Figure 10 left) due to the pinning of the water adhering to
the hydrophilic surface, which is difficult to detach. Motion induces multiple droplets
to bounce backward (Figure 10 right, while differences in the surface curvature lead to
diverse bounce directions. On the superhydrophobic surface, the bouncing direction is
opposite to the motion direction, which accelerates the solid–liquid separation process; the
trace is parabolic, and the y-axis coordinate increases monotonically with time. We have
been able to confirm that, when the surface is made superhydrophobic, the motion of the
model promotes the directionality of the droplet bounce-off, and the wetting phenomenon
in the same area is minimized. These findings provide a confirmatory reference for the
potential application of superhydrophobic surfaces on aircrafts and, in particular, in the
development of aquatic UAVs.
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Figure 9. Comparative analysis of simulated-particle traces on hydrophilic- and superhydrophobic-
model surfaces. For hydrophilic surfaces, the traces are staggered, which indicates that the attached
water bodies create pinning on the surface (see the selected square area on the left), the adhering
water already exists on the surface, and it is difficult to detach. However, regular traces were observed
on the superhydrophobic surface, which implies regular directional bouncing during the desorption
process (see the selected square area on the right). Directional flow, induced by both motion and
superhydrophobicity, can minimize the wetted area (see details in “Supporting Movie S5” and
“Supporting Movie S7” in the Supplementary Material).
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Figure 10. Coordinate changes of the simulated traces on the hydrophilic and superhydrophobic
models. The staggered traces shown on the left (a,c,e) are on a hydrophilic substrate, implying that
wetting occurs even while moving. The difference appears in the model after superhydrophobic
modification, and the trend increases or decreases significantly. This suggests that droplets impacting
a moving model are accelerated to bounce off (b,d,f).
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5. Conclusions

To evaluate the passive antiwetting performance of the aquatic-UAV model and verify
its surface-based antiwetting performance using the properties of superhydrophilicity, we
provided a quantitative simulated-precipitation system, and we inserted models of the
aquatic UAV into the rain field by using a superhydrophobic cantilever to support the
model and to connect it to a torque sensor and other instrumentation to evaluate the passive
and dynamic antiwetting performance of the aquatic-UAV model with superhydrophobic
surfaces to verify its surface-based antiwetting performance, and additionally, to compare
the characteristics of an identical model with hydrophilic surfaces. We also performed
numeric simulations and found the results to be similar to the experimental results. We
conclude the following:

(1) The “edge effect” produced by the superhydrophobic surface significantly affects the
mass redistribution within the droplet, so that the time for the first detachment of the
derived droplet is reduced by 67% compared with the theoretical contact time, and
the time required for complete detachment from the surface is reduced by 40%;

(2) Compared with models with hydrophilic surfaces, the superhydrophobicity of the sur-
face enables an 87.5% reduction in precipitation loading, so that the model behaviors
are almost unaffected by precipitation;

(3) The superhydrophobic surface has an excellent antiwetting effect when combined
with model vibration and forward motion; the motion reduces the surface-droplet
adhesion, accelerates the solid–liquid separation, produces directional bounce, and
maintains flight stability;

(4) LBM numerical simulations show that, in forward motion, the lateral-pressure distri-
bution of the fluid on a model with hydrophilic surfaces is uneven, which affects the
lateral mechanical balance of the aquatic UAV. The lateral-pressure distribution of the
fluid on the model with superhydrophobic surfaces is relatively uniform, which is
beneficial in maintaining flight balance;

(5) A rain droplet falling onto a hydrophilic surface loses kinetic energy, which diminishes
its chance of separation. After falling onto a superhydrophobic substrate, rain droplets
can still maintain a high level of kinetic energy, the average absolute velocity is
increased by up to 32%, and the derived droplets have enough kinetic energy to
quickly separate, with no inclination to pin or adsorb onto the surface. The details of
the superhydrophobicity can affect the direction of bounce favorably toward the rear
of the craft.
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Supplementary Materials.
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