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ABSTRACT

While the droplet impact dynamics on stationary superhydrophobic surfaces has been extensively studied, the dynamic behaviors of impact
droplets on moving superhydrophobic surfaces have received less attention. Here, we report the droplet impact dynamics on a moving
superhydrophobic surface. We show that compared to the stationary surface, the moving superhydrophobic surface breaks the symmetry in
both droplet spreading and retracting. Specifically, the shear force exerted by the moving surface acting on the impact droplet enlarges the
maximum spreading in the moving direction, and thus, the droplet contact time is reduced. The contact time of impact droplets was
examined thoroughly under the effects of the droplet impact (normal) and the wall moving (tangential) Weber numbers. We provide a
scaling analysis to explain how the contact time depends on the normal and tangential Weber numbers. Our experimental investigation and
theoretical analysis provide insight into the droplet impact dynamics on moving superhydrophobic surfaces.
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Droplet impact on solid surfaces is a ubiquitous phenomenon
related to many natural and industrial processes such as aircrafts,1,2

wind turbines,3 spray cooling,4 chemical coating,5 and inkjet printing.6

Droplet impact dynamics is heavily dependent on the surface
characteristics.7,8 In recent years, owing to their high nucleation
barrier, low adhesion force, and self-cleaning features,9–11 superhydro-
phobic surfaces (SHPSs) have shown promising applications in anti-
icing/frosting,12,13 anti-corrosion,14 and water desalination.15 These
excellent capabilities of SHPSs are associated with the contact time (tc)
when a droplet impacts on such surfaces. The contact time (tc) is
described as the duration from a droplet contacting to rebounding off
the SHPSs. Previous studies found that the dimensionless contact time
tc/t0 (where t0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
qR3

0=r
p

is the capillary-inertia time and q, R0, and r
are the droplet density, radius, and surface tension, respectively) of a
droplet is almost constant, i.e., tc/t0¼ 2.66 0.1.16–18 To reduce this
value for achieving the complete rebound, the inclined,19,20 curved21–23

SHPSs or SHPSs with macrotextures22,24,25 were considered, and the
results amply showed that breaking of the spreading and bouncing sym-
metry during the impact process play vital roles in shortening the dimen-
sionless contact time.19–27 However, these studies on reducing the
droplet contact time were conducted exclusively on stationary SHPSs.

Due to the practical importance of moving surfaces such as
aircraft wings, turbine blades, and inkjet printing, the droplet

impact on moving hydrophilic and hydrophobic surfaces has been
investigated.28–32 The effects of these moving surfaces on the droplet
spreading,28–30 splashing,31,32 and deposition pattern29 were studied
under different surface wettabilities.30 The asymmetric spreading and
retraction on the moving surfaces were also observed, in a similar fash-
ion to those on the inclined, curved SHPSs or SHPSs with macrotex-
tures. Since the SHPS has lower surface energy than the hydrophilic
and hydrophobic surfaces, the droplets at impact on moving SHPSs
will not only get reshaped but also rebound off. So far, we have not
seen any research examining the effects of the moving SHPS on the
asymmetric spreading, retraction, and rebound of impact droplets.
Exploration of such effects will deepen our understanding of the inter-
actions between an impacting droplet and the moving SHPS, and the
findings will be of importance to related applications.

In this Letter, we investigate the droplet impact dynamics on
stationary and moving SHPSs. We find that compared to the sta-
tionary SHPS, the moving SHPS shows a significant reduction in
the droplet contact time. Depending on the velocities of the mov-
ing surface and impact droplet, the dimensionless contact time can
be reduced by 20% under our experimental conditions. We also
provide scaling analyses to elucidate the variations of retracting
velocity and contact time with the droplet impact velocity and sur-
face moving velocity.

Appl. Phys. Lett. 117, 151602 (2020); doi: 10.1063/5.0023896 117, 151602-1

Published under license by AIP Publishing

Applied Physics Letters ARTICLE scitation.org/journal/apl



We prepared our SHPSs by spraying nano-SiO2 coating21,33

(Glaco Mirror Coat Zero, Soft 99 Co.) on bare aluminum substrates.
The aggregations of nano-SiO2 particles (30–50 nm) in the coating
form hierarchical structures and, thus, make the bare aluminum sub-
strate surfaces become superhydrophobic. The static contact angle of
our prepared surfaces is 150.76 2.8�, which was obtained on the basis
of five measurements using the “First Ten Angstroms (FTA) 200” sys-
tem. The detailed information about the fabrication and characteristics
of our experimental surfaces is provided in supplementary material S1.
We built up an experimental setup mainly including a motorized lin-
ear stage for allowing the experimental surface to move horizontally
(tangentially) in a velocity (Ut) range of 0–1.5 m/s, and the detailed
description of the setup can be found in supplementary material S2.
The water droplet has a fixed volume of 8.56 0.2ll (with its typical
diameter of D0 � 2.53mm), and the droplet (normal) impact velocity
(Un) is changed by altering the droplet’s initial falling height. We intro-
duce the tangential and normal Weber numbers as Wet ¼ qU2

t D0=r
and Wen ¼ qU2

nD0=r, respectively, where Ut and Un are the tangen-
tial moving velocity of the experimental surface and the normal impact
velocity of the falling water droplet, respectively.

Figures 1(a) and 1(b) (Multimedia view) show the droplet impact
behaviors, including spreading and retracting stages on both stationary
and moving (at a speed of 1.5 m/s) smooth SHPSs, corresponding to
Wen¼ 52 and Wet¼ 78, respectively. Both the side view and the top
view (with 30� from the horizontal plane) are presented. During the
spreading stage (0–4.0ms), the droplet contact line on the stationary
surface spreads symmetrically and, thus, appears as a circle.7 In our
experiments, since the top view has an angle of 30�, the droplet contact
line actually looks like an ellipse [Fig. 1(a)]. As a comparison, on the
moving surface, the presence of tangential momentum imparts a wall
shear force on the droplet upon impacting and, thus, drives the contact
line to spread faster and more along the moving direction than

perpendicular to the moving direction, breaking the hydrodynamic
spreading symmetry. Consequently, the contact line exhibits a 2D egg
shape with its head pointing to the moving direction [Fig. 1(b)].
During the retracting stage (after 4.0ms and before rebound), different
from the stationary surface on which the droplet contact line retracts
symmetrically and the contact time is tc¼ 13.2ms (tc/t0¼ 2.51),
the droplet contact line on the moving surface retracts faster perpen-
dicular to the moving direction and the contact time is tc¼ 10.6ms
(tc/t0¼ 2.01), leading to about 20% reduction in the contact time.
Additionally, at the rebounding moment, the reduced contact time
shortens the jumping distance of the droplet. It should be pointed out
in the literature that the asymmetric spreading and retraction behav-
iors of impacting droplets were also reported, not only on the moving
hydrophilic28,30,32 and hydrophobic29,30,32 flat surfaces but also on the
inclined,19,20,34 curved21–23,35 surfaces or surfaces with macrotex-
tures.22,24,25 However, the reduction in the contact time resulting from
the asymmetric behaviors occurs only on the SHPS.19–25

For ease of quantifying the dynamic behaviors of impact droplets
on the stationary and moving SHPSs, Fig. 2 depicts schematic illustra-
tions of the droplet impact processes to describe the experimental
observations presented in Fig. 1, defining the spreading diameters and
factors. On the stationary SHPS [Fig. 2(a)], the droplet spreading is
symmetric, which can be denoted by the spreading factor as D/D0.
The droplet impact point [blue cross in Fig. 2(a)] stands at its initial
position [green hexagon in Fig. 2(a)] and, thus, coincides with the con-
tact line center [red square in Fig. 2(a)] in the side view. However, on
the moving SHPS [Fig. 2(b)], the asymmetric spreading leads to differ-
ent spreading factors, Dx/D0 and Dy/D0 (with Dx � Dy) along the x
and y directions, respectively. The droplet impact point [blue cross in
Fig. 2(b)] also moves at the same velocity of the moving surface and
will be different from the contact line center [red square in Fig. 2(b)]
relative to the droplet initial impact position [green hexagon in

FIG. 1. Dynamic behaviors of impact droplets on superhydrophobic surfaces at Wen¼ 52. For all top view images, the top view angle is 30� from the horizontal plane.
The droplet diameter is D0 � 2.53mm, yielding a capillary-inertia time of t0 � 5.27 ms. (a) The surface is stationary, Wet¼ 0 (Ut¼ 0.0 m/s). The contact time is tc¼ 13.2 ms
(tc/t0¼ 2.51). (b) The surface is moving at a velocity of Ut¼ 1.5 m/s and Wet¼ 78. The contact time is tc¼ 10.6 ms (tc/t0¼ 2.01). Multimedia views: https://doi.org/10.1063/
5.0023896.1; https://doi.org/10.1063/5.0023896.2
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Fig. 2(b)]. This initial position is the position where the droplet first
touches the moving surface and remains unchanged. The spreading
factors relative to the initial impact position and the moving impact
point can be found in supplementary material S3, which supports that
choosing the initial impact position as the reference position makes it
much easier to compare the droplet impact dynamics on the stationary
and moving SHPSs. This is also caused by the significant slip between
the moving SHPS and the droplet bottom. At the rebounding
moment, the droplet departure point also shifts from the initial impact
position, generating a shift distance of XShift.

Based on the descriptions in Fig. 2, Fig. 3 shows the quantitative
evolution of the positions of the moving impact point and the contact
line center, the upstream, downstream, and x-axis spreading factors at
different tangential and normal Weber numbers. Of note, the quanti-
tative results are obtained from the side-view based experimental
images. At different tangential Weber numbers, Wet [Fig. 3(a)], both
the upstream and downstream contact lines on the moving SHPS yield
the same spreading velocities as those on the stationary one at the early
spreading stage. The evolution of the upstream and downstream
spreading factors on the moving surface acts different from those on

the stationary one at the late spreading and retracting stages. The mov-
ing surface yields a larger maximum downstream spreading factor
than the stationary one, while the maximum upstream spreading
factor shows the same in all cases, suggesting a greater influence of the
tangential force on the motion of the downstream contact line. After
the maximum spreading, although the upstream and downstream
contact lines on the moving surface retract at different speeds, both of
them retract much faster than on the stationary one, thereby causing
the decrease in the contact time. Figure 3(b) further shows that upon
increasing Wet, the maximum spreading factor becomes larger,
whereas the contact time goes down.

Additionally, the position evolution of the moving impact point
and contact line center [see Fig. 3(a)] shows that the contact line center
has a much slower moving velocity than the moving impact point and
it even remains at its initial position at the early spreading stage, indi-
cating that the tangential velocity has little effect on the droplet early
spreading because of the fast motion of the contact line at this stage.
This is the reason why the initial impact position is chosen as the refer-
ence position rather than the moving impact point, as shown in Fig. 2.
Supplementary material S4 presents more experimental data on the

FIG. 2. Schematic illustrations of the droplet impact processes on (a) stationary and (b) moving superhydrophobic surfaces. For simplicity, the top view angle is 90� from the
horizontal plane. The x and y directions are set to be parallel and perpendicular to the moving direction. The green hexagon, blue cross, and red square symbols represent the
initial droplet impact position (keeping unchanged), the moving droplet impact point (on the surface), and the contact line center in the side view, respectively. They coincide
with each other on the stationary SHPS but are different on the moving SHPS. For convenience, the initial droplet impact position is selected as the reference position when
measuring all the distances, including XUp, XDown, XShift, and XCenter¼ (XDownþXUp)/2.
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evolution of the upstream and downstream spreading factors and
their center position relative to the moving impact point. With an
increase in Wet, the moving surface imparts stronger momentum
to the impact droplet and, thus, a greater shear force between the
droplet and the surface, leading to the longer shift distance of the
departure point (where a droplet rebounds) from the initial impact
position.

Figures 3(c) and 3(d) show that the increasing normal Weber
number (Wen) strengthens the spreading of upstream and down-
stream contact lines and increases the maximum spreading factor. The
contact time is also slightly reduced. However, the time reaching the
maximum spreading state remains almost the same at different Wen
values. As Wen becomes larger, the departure point of the rebounding
droplet on the moving SHPS goes farther from the initial impact posi-
tion, suggesting higher momentum imposed by the moving surface on
the droplet. More detailed experimental results of the y-axis spreading
factors at different tangential and normal Weber numbers are pro-
vided in supplementary material S4, which reveals that the droplet
spreading and retracting perpendicular to the moving direction are
hardly affected by the tangential moving surface.

The contact time is related to the maximum spreading diameter
and retracting velocity. In the maximum spreading state, the impact
droplet on a stationary SHPS can be treated as a pancake shape with a
uniform film thickness of hmax.

36 Then, the retracting velocity Ur of
the contact line can be estimated from balancing the surface energy
with the kinetic energy, given by 37

Ur ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2r 1� cos hð Þ= qhmaxð Þ

q
: (1)

Based on our experimental observations and Ref. 30, the contact line
on the moving SHPS is simply modeled as a combination of a half-
circle upstream and a half-ellipse downstream. Then, the relationship
of the film thicknesses at the maximum spreading on stationary and
moving surfaces can be obtained on the basis of droplet volume con-
servation as

pD2
max; Shmax; S=4 ¼ pDy�max;M XUp þ XDownð Þhmax;M=4

¼ pDx�max;MDy�max;Mhmax;M=4; (2)

where hmax; S and hmax;M are the film thicknesses on stationary and
moving surfaces, respectively, Dmax; S is the maximum spreading

FIG. 3. Evolution of the positions of the moving impact point and the contact line center, the upstream, downstream, and x-axis spreading factors at different tangential (Wet)
and normal (Wen) Weber numbers. In (a) and (c), the initial impact position is selected as the reference position when calculating all the dimensionless factors and
XCenter¼ (XDownþXUp)/2. (b) and (d) are obtained from (a) and (c) since Dx¼ XDown – XUp, respectively.
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diameter on the stationary surface, Dx�max;M and Dy�max;M are the
x-axis and y-axis maximum spreading diameters on the moving sur-
face, respectively [shown in Fig. 2(b)]. Accordingly, we have

hmax;M=hmax; S ¼ D2
max; S= Dx�max;MDy�max;Mð Þ: (3)

Hence, the retracting velocities on moving and stationary surfaces
satisfy

Ur;M=Ur; S ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hmax; S=hmax;M

q

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dx�max;M=Dmax; S
� �

� Dy�max;M=Dmax; S
� �q

: (4)

As the droplet will rebound off the surface when the short axis y
retracts completely, the contact time is estimated as tc�Dy�max=Ur by
assuming constant retracting velocity. Consequently, the ratio of the
contact time on the moving SHPS to that on the stationary one is
scaled as

tc;M=tc; S � Dy�max;MUR; S=Dmax; SUR;M

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dy�max;M=Dx�max;M

q
< 1; (5)

which obviously reveals that the contact time reduction on the moving
SHPS is directly related to the asymmetry of spreading and retracting
denoted by Dy�max;M=Dx�max;M. A more asymmetric impact process
results in a smaller aspect ratio value and, thus, a shorter contact time.
Of note, similar asymmetric dynamic behaviors and reduced contact
time are observed when a droplet impacted on an inclined,24 curved
SHPS19,21,23 or surface with macrotextures.24,25 The reduced contact
time is promising for applications of SHPSs in anti-icing/frosting and
self-cleaning.

Based on our experimental results, the y-axis maximum spreading
diameter on the moving SHPS is nearly the same as that on the station-
ary SHPS, i.e., Dy�max;M � Dmax; S (see supplementary material S4).
Thus, we have a scaling formula as below:

tc;M=tc; S �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dy�max;M=Dx�max;M

q
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dmax; S=Dx�max;M

q
: (6)

Since both Dmax; S and Dx�max;M can be extracted from
Figs. 3(b) and 3(d), we make a comparison between the scaling
contact time (shown by lines) and our experimentally obtained
contact time (shown by symbols) for different Wet and Wen values
and the comparison results are depicted in Fig. 4. The contact time
is reduced with increasing Wet and Wen. Under our experimental
conditions, the decrease in the contact time is 8%, 20%, and 18%
corresponding to Wen¼ 25, 52, and 80, respectively. Clearly, our
scaling formula can well capture the trend of our experimental
results and it reasonably agrees with the experimental results, espe-
cially in the low Wet region (Wet < 30). The deviation from the
experiments mainly results from the simplicity of the retracting
stage assumed in the analysis. The droplet retracting velocity, in
fact, varies with the film thickness during the retracting stage in
the experiments (Fig. 3), while the scaling analysis assumes a con-
stant retracting velocity to estimate the contact time using the
value in the maximum spreading state. The downward trend in the
contact time reveals that increasing the SHPS moving velocity will
further shorten the contact time. In practical applications, the

tangential Weber number of moving surfaces (such aircraft wing
and wind turbine blade) is usually one order of magnitude higher
than that used in our experiments, demonstrating the good poten-
tial of using SHPSs.

In summary, we investigated the droplet impact dynamics on
moving and stationary SPHSs. We found that the droplet impacting
on the moving surface exhibits asymmetric spreading and retracting.
Specifically, we observed that with the increasing moving surface
velocity, the spreading of the impact droplet is enhanced in the
moving direction, leading to a larger maximum spreading diameter,
thinner film, and faster retracting velocity. Accordingly, the droplet
contact time on the moving SPHSs is reduced (compared to that on
the stationary SPHS), and such a contact time reduction is dependent
on the droplet impact (normal) and the wall moving (tangential)
Weber numbers. To explain our experimental findings, we derived a
scaling analysis to show that the ratio of the droplet contact time on
the moving surface to the stationary surface is proportional to the
square root of the ratio of the maximum droplet spreading on the
moving surface to that on the stationary surface. Through comparing
with the experimental results, we showed that our scaling analysis can
reasonably describe how the droplet contact time depends on the nor-
mal and tangential Weber numbers. We envisage that the present
study can not only provide insight into the interaction mechanisms
between the impact droplet and a moving superhydrophobic surface
but also show good potential of using moving SPHSs for anti-icing/
frosting and self-cleaning.

See the supplementary material for more details about the experi-
mental surfaces and system and more data on the spreading factors.

This research was funded by the Ministry of Education of Singapore
via Tier 2 Academic Research Fund (No. MOE2016-T2-1-114).

FIG. 4. Contact times obtained from our experiments (symbols) and scaling
analysis-based predictions (lines) at different tangential (Wet) and normal (Wen)
Weber numbers. The left coordinate shows t0/t0, where tc is the contact time and t0

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
qR3

0=r
q

is the capillary-inertia time, with q, R0, and r being the droplet density,

radius, and surface tension, respectively. The predicted contact time on the moving
superhydrophobic surfaces is calculated by using the scaling formula derived in this
study. The dotted horizontal line is the reference case that the surface is stationary,
Wet¼ 0 (Ut¼ 0.0 m/s), and the contact time is tc¼ 13.2 ms.
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DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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