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Velocity-Switched Droplet Rebound Direction on Anisotropic

Superhydrophobic Surfaces

Peiliu Li, Fei Zhan, and Lei Wang*

Droplet well-controlled directional motion being an essential function has
attracted much interest in academic and industrial applications, such as
self-cleaning, micro-/nano-electro-mechanical systems, drug delivery, and
heat-transferring. Conventional understanding has it that a droplet impacted
on an anisotropic surface tends to bounce along the microstructural direction,
which is mainly dictated by surface properties rather than initial conditions. In
contrast to previous findings, it demonstrates that the direction of a droplet’s
rebound on an anisotropic surface can be switched by designing the initial
impacting velocity. With an increase in impacting height from 2 to 10 cm, the
droplet successively shows a backward, vertical, and forward motion on
anisotropic surfaces. Theoretical demonstrations establish that the transition
of droplet bouncing on the anisotropic surface is related to its dynamic
wettability during impacting process. Characterized by the liquid-solid
interaction, it is demonstrated that the contact state at small and large
impacting heights induces an opposite resultant force in microstructures.
Furthermore, energy balance analysis reveals that the energy conversion
efficiency of backward motion is almost three times as that of traditional
bouncing. This work, including experiments, theoretical models, and energy
balance analysis provides insight view in droplet motions on the anisotropic

self-cleaning,[®#] and heat-transferring.[*1°]

Owing to the fact that the directional trans-
port of droplets is very important in applica-
tions, several strategies have been pursued
to manipulate the conditions to achieve
preferential transport, including coercive
and self-propelled methods. Examples of
coercive methods that induce a directional
motion of liquid droplets are generally
achieved by applying external fields, in-
cluding electric,''2) magnetic,'*!* and
thermal™>1° fields. In addition, there
are approaches that achieve directional
bouncing by controlling the incident angle
and velocity of the droplets.'7-211 Self-
propelled methods are achieved by surface

heterogeneity,!22-24] topographic,!25-28]
chemical modulation,[?*% and elec-
trical modification of surface-wetting

gradients,3!) which disrupt the asymmetric
contact line and overcome resistance forces
to drive droplets along a specific direction.
While both methods can achieve directed

surfaces and opens a new way for the droplet transport.

1. Introduction

The directed and long-range transport of droplets on solid sur-
faces being a universal function with a variety of outstand-
ing properties has been widely investigated and used in funda-
mental studies and applications, such as water harvesting,['-!

droplet transport, self-propelled methods
are preferred in applications due to their

simplicity and low energy consumption.
In contrast to chemical modulation and
electrical modification of surface-wetting
gradients, the directional transport of droplets achieved by topog-
raphy can serve as a simple physical self-propelled method that is
realized by the asymmetric liquid-solid interaction. For instance,
substrates with gradient micro-structures induce liquid droplets
impacting the surface to move toward regions with larger
scales,*?l micro-patterned surfaces inhibit droplet breakage,
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Figure 1. Experimental setup and the characteristics of microstructure for droplet bouncing transition. a) Experimental apparatus setup. The liquid
droplet with a volume of Vj is freely dripped at the impacting height of hy. Microstructural direction is the horizontal project orientation of the mi-
crostructures. b,c) SEM images of microstructural topography on the anisotropic superhydrophobic surface. The space Iy, height I,, and tilt angle 6 of
the microstructural array are 300 pm, 300 um, and 30°, respectively. The contact angle of a liquid droplet with a volume of 10 pL on the anisotropic surface
is #150°. d) Transitions of droplet bouncing motion on the anisotropic superhydrophobic surface. At the impacting height of 2.3, 6.0, and 15.0 cm, liquid
droplet bounces against, perpendicular to, and along the microstructural direction, respectively. White dashed lines are the centerline of the droplet as

it impacts. The scale bars in (d) are 2 mm.

enabling directional bouncing,** and anisotropic microstruc-

tures induce the asymmetric solid-liquid—gas three-phase con-
tact lines in the impacting process,?*l facilitating directed trans-
port. Wherein the surfaces fabricated with anisotropic mi-
crostructures are widely employed for directed droplet transport,
both in natural biology and artificial products. Recent research
has shown that the contact state in the microstructural array
would be affected by the initial condition, which may change the
liquid-solid interaction on an anisotropic surface.l1%* Due
to the complexity of microstructural parameters, clarifying the
solid-liquid—gas three-phase contact lines in the impacting pro-
cess is challenging. Understanding the evolution of liquid—solid
interaction on anisotropic surfaces is crucial for explaining di-
rected droplet transport. In addition, the droplet impacted the
anisotropic surface involves the conversion of gravitational po-
tential energy into horizontal kinetic energy of liquid droplets.
Without this conversion, the droplet would break up due to
its large gravitational potential energy, resulting in short-range
transport. Therefore, achieving a long-distance, self-propelled,
and controllable on the anisotropic surface remains a big chal-
lenge.

In this study, we investigated the bouncing behavior of liquid
droplets on an anisotropic surface featuring an inclined micro-
cone array wherein low-impacting-velocity liquid droplets follow
a pathway opposite to the microstructure-tilting direction, while
high-impacting-velocity liquid droplets tend to bounce along the
microstructure-tilting direction. In contrast to conventional un-
derstanding, the liquid droplet presents different contact states
at a low and high impacting velocity, resulting in distinct load-
ing conditions that determine the bouncing motion. Moreover,
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by comparing the energy conversion efficiency, it is demonstrated
that the new way of droplet transport on an anisotropic surface
would be preferable for high energy conversion efficiency and
transport sustainability.

2. Results

2.1. Experimental Setup and the Characterization of Droplet
Bouncing Motion

Figure 1a shows an experimental setup of the droplet bounc-
ing motion on the anisotropic superhydrophobic surface that
mainly includes three core elements: an anisotropic superhy-
drophobic surface, a micropump, and a height adjuster. Initially,
the anisotropic superhydrophobic surface was fabricated using
soft lithography and crystal growth methods (see Experimental
Section). Optical and SEM images of microstructural topogra-
phy and nano-modified characterization on the anisotropic su-
perhydrophobic surface are presented in Figure 1b,c and Figure
S1 (Supporting Information), respectively. It is shown that an in-
clined cone array on the tested surface has a height I, of 300 pm,
a space I, of 300 pm, and an inclined angle 8 of 30°, and ZnO
nano-rods were used to improve the surface roughness and low
hysteresis. The contact angle of the anisotropic superhydropho-
bic surface is #150° and the sliding angle is shown in Figure
S2 (Supporting Information). Second, a liquid droplet with a vol-
ume of V, was freely released at the height of h, directly above
the anisotropic superhydrophobic surface. This releasing height
h, is defined as the droplet impacting height that is altered pre-
cisely by the height adjuster (see Experimental Section). After the
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Figure 2. Transitions of droplet bouncing motion on the anisotropic surface. a) Characterization of droplet bouncing motion on the anisotropic surface. s,
and 6, are the bouncing distance and the rebound angle, respectively. b) Liquid droplet rebound track on the anisotropic surface with various impacting
heights. Yellow and red dotted lines label the rebound track of backward/vertical and forward motion. c,d) Statistic results of the droplet bouncing
distance and the rebound angle on the anisotropic surface. The blue, green, and red areas are used to mark the impacting height of backward, vertical,
and forward motion on the anisotropic surface with various spaces. All experiments were repeated six times, and error bars in (c,d) are the standard

deviation of raw data. Here, scale bars in (a,b) are 1 mm.

liquid droplet is freely released, a high-speed camera is used to
capture its behavior at 1000 frames per second. Contrary to the
conventional understanding that a liquid droplet impacted on an
anisotropic surface tends to bounce along the microstructural di-
rection, itis observed that the droplet shows three distinct types of
bouncing motions at different impacting heights (Figure 1d). At
an impacting height of 2.3, 6.0, and 15.0 cm, the droplet bounces
along the opposite (backward motion), the vertical (vertical mo-
tion), and the same (forward motion) direction as microstruc-
tures (Movie S1, Supporting Information). Experimental obser-
vations show that the transition of droplet bouncing direction
on the anisotropic surface can be controlled by the impacting
height.

2.2. Transitions of Droplet Bouncing Motion at Various
Impacting Heights

As mentioned above, the liquid droplet bouncing motion shows
three types of bouncing motion on the anisotropic surface: Back-
ward, Vertical, and Forward motion. To quantitatively describe
the transitions of bouncing motions, observations of the bounc-
ing distance (s,) and the bouncing angle (6,) were conducted
with a broad range of impacting heights. Wherein the bounc-
ing distance (s,) describes the first horizontal bouncing displace-
ment of the droplet, and the bouncing angle (6,) represents
the included angle between the rebound track and the verti-
cal direction (Figure 2a). During the impacting process, both s,
and 6, are positive, zero, and negative, indicating the forward,
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vertical, and backward motion, respectively. Figure 2b shows the
rebound track of the liquid droplet with the impacting height
from 2.0 to 15.0 cm. Observations show that s, and 6, initially
exhibit negative values at small impacting heights (h, = 0.7,
1.6 cm), but subsequently decrease at first and then increase as
the impacting height changes from 0.7 to 2.8 cm. When the im-
pacting height is larger than 2.8 cm, both s, and 6, are posi-
tive, and resulting in a transition of the droplet bouncing mo-
tion from the opposite to the same direction of the microstruc-
tures. On the contrary, the liquid droplet bouncing distance and
angle increase first and subsequently decrease with increasing
impacting height. The statistical results of the bouncing dis-
tance and angle at various impacting heights are presented in
Figure 2¢,d. On the three types of anisotropic surfaces (space =
300, 600, 800 pm), the droplet bouncing motion shows a sim-
ilar relationship with the impacting heights. At the small im-
pacting height (blue area), the liquid droplet tends to bounce in
the opposite direction of the microstructures when impacting
the anisotropic surface. As the impacting height reaches a crit-
ical value (green area), the liquid droplet shows a non-directional
bouncing motion, similar to impacting a smooth surface. When
the impacting height is larger than the critical value (red area),
the liquid droplet motion on the anisotropic surface becomes
the well-known result in previous studies!”*1l that a droplet im-
pacted on an anisotropic surface tends to bounce along the mi-
crostructural direction. In conclusion, the bouncing motion of a
liquid droplet on an anisotropic surface is influenced not only
by the microstructural topography but also by the initial condi-
tions.
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2.3. Working Mechanism and Theoretical Model of Droplet
Bouncing Transition

The interaction between the liquid and the solid surface is the
primary factor influencing the motion of liquid droplets on the
anisotropic surface. To explain the mechanism responsible for
the bouncing transition, we first examined the dynamic wetting
state of liquid droplet on the anisotropic surface at various im-
pacting heights. Observations presented in Figure 3a,b reveal sig-

a)SmaII impacting height:

C) Micro-structure array:

)Large impacting heights

www.small-journal.com

nificant variations in the dynamic wetting state at different im-
pacting heights. The droplet with a small impacting height (b, =
3.0 cm) only contacts with the top of the microstructure, which
is similar to the Cassie state. And the droplet with a large im-
pacting height would wet the whole microstructure and this con-
tact state is similar to the Wenzel state (b, = 10.0 cm). These
two dynamic contact states have a diverse liquid—solid interac-
tion, to influence the droplet bouncing motion in impacting the

process.
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Figure 3. Working mechanism of droplet bouncing motion on the anisotropic surface. a,b) Two distinct wetting sate of droplet on the anisotropic
surface. The droplet with an impacting height of 3.5 cm does not wet the microstructural gap, whereas droplet with a impacting height of 10.0 cm wets
the microstructural gap. The droplet state in (a,b) is in spreading process at 20 and 15 ms, respectively. The scale bar in (a,b) is 1 cm. c) Characteristics
of microstructural array. 64, 0,, and 0 are the angles between the bottom surface and the generatrix of the micro-cone for the left and right sides, and the
half-apex angle of the axial section of the micro-cone, respectively. d,e) Force analysis of droplet bouncing motion at small and large impacting height.
p is dynamic pressure of droplet. y is the surface tension. The red arrow is used to mark the normal line in the microstructural surface. f) Phase map
for the Transition of droplet bouncing motion on the anisotropic surface. When We > We,, the droplet bounces forward (orange region marked with a
circle). When We < We,, the droplet bounces backward (blue region marked with a triangle). When We, < We < We,, the droplet bounces vertically (blue
region marked with a square).
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To describe the liquid—solid interaction at the small and large
impacting heights, we then resorted to a force analysis to probe
how a liquid selects its rebound direction (Figure 3c—e). Liquid
droplet with a density of p, surface tension of y, and radius of r,
is freely released at a height of h, (Corresponding to Figure 1a).
Due to the working characteristic length of droplet (10~ m) and
the release height (1072 m) being much small, the air resistance
is neglectable in the falling process. When the droplet impacts
the anisotropic superhydrophobic surface, the velocity of droplet
v = 4/2gh,. Substituting the velocity of droplet in the dynamic
pressure for convenience, we have

2
AP, = p? = pgh, 1)

in which g is the gravitational acceleration. Therefore, the dy-
namic pressure of the droplet is linear with the impacting height.
Due to the microstructural array with a micro-gap and a large
contact angle, there is a large Laplace pressure needed to be over-
come when the liquid droplet wets the microstructure. According
to the Young-Laplace equation, the Laplace pressure for wetting
microstructures can be described as®® AP =y, (1/r, + 1/r)) =
8y,,6/12, where y,, is the liquid—vapor interfacial tension, § is the
height of a meniscus between the micro-stripes, r, and r, are the
two principal curvature radii, respectively. Thus, the Laplace pres-
sure on the microstructure is decreased with increasing the mi-
crostructural space. Balancing the Laplace pressure with the dy-
namic pressure, the critical impacting velocity and height can be
given as

16y,,6 8,0
v, = }’;v ) hc _ YZVZ 2)
ol gl

Substituting the height of a meniscus and the microstructural
space in Equation (2), it could be obtained that the critical im-
pacting heights (h.) are x17.5, 7.1, and 6.4 mm when [, is 300,
600, and 800 um, respectively (Figure S3, Supporting Informa-
tion). When h, < h,, there is a too small dynamic pressure of
liquid droplet to overcome the Laplace pressure for wetting the
microstructural gap. On the contrary, the liquid droplet would
wet microstructural gap when h, > h_ (Movie S2, Supporting In-
formation). Corresponding to Figure 2c¢,d, the critical impacting
height is 16.0, 9.0, and 5.6 mm on the anisotropic surface with
space of 300, 600, and 800 um, which increases with the rise of
microstructural space that consistent with the theoretical analy-
sis.

When h < h, the liquid-solid interaction and the contact line
are presented in Figure 3d. The resultant force of the surface ten-
sion loading on the droplet can be expressed as

L
F, = / y cos 6, sin 0,dl (3)
0

where [, is the length of the contact line, 6. is the contact angle
and 0, is the angle between the normal line of contact point and
the ZAB plane (Figure 3d). At this contact state, its 2D physical
model is presented in Figure 3d and the resultant force is along
the vertical direction of AZ due to the axisymmetric contact line.

Small 2024, 20, 2305568
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When h, > h, the contact line is like a circle shape, the resultant
force of surface tension is described by

!
F, = / y cos 6, cos 0,dl “4)
0

in which 6, is the half-apex angle of the micro-cone’s axial sec-
tion. Because the surface tension is balanced in the radial direc-
tion, F, is along the microstructural axial direction. In the impact-
ing process, the liquid—solid wetting state consists of two contact
states, and the surface tension loading the droplet induced by mi-
crostructures is made by F; and F,. Therefore, the momentum in-
duced by surface tension on the microstructure can be expressed
as

o rh
I=L+L=mn / / y cos 6, cos 8, dldt
0 0

o b
—n, / / y cos 8, cos 0, dldt (5)
o Jo

I =n f(;” fol‘ y cos 6, cos 6, dldt, L=
-1, [, fol‘ycos 0,sin 0,dldt, t, is the rebound time, n, and
n, are the number of micro-structures contacted with the droplet
in “Cassie and Wenzel states”, respectively. Interfering from
Equation (2), we obtain there is only the first contribution,
I,, to dominate the droplet rebound motion when h, < h,.
At such liquid—solid interaction, the droplet would prefect to
bounce off anisotropic surface along the opposite direction as
the microstructure, and the bouncing distance and rebound
angle would be greater due to t,, n,, and |, being increased with
the rise of the impacting height. When h, > h_, the one part
of microstructure contacted with liquid droplet remains only
wet the top of microstructure, while another part would wet the
whole of micro-gap due to the dynamic pressure being greater
than the Laplace pressure. And then the droplet bouncing
motion is determined by the competition between I, and I, due
to the liquid droplet contact with the microstructure being in a
composite state. If the effect of I; is dominant, the droplet would
still show a backward motion. Yet, n,, and I, would be reduced
for the contact mode changing with increasing of impacting
height. Hence, the droplet gradually changes from a backward
motion to a forward motion, which would present a vertical
motion when I; and I, are in balance in microstructural direc-
tion. Figure 3f presents the phase graph of droplet bouncing
motion transitions on the anisotropic surface with the space
of 300-800 pm. For larger space, its critical Weber number is
smaller, easily presenting a forward motion. Inferring from the
Weber number (We = 2pgh,r,/7), its critical impacting height
(hy) is smaller for larger droplets (r,). Thus, the larger droplet
would easily present a forward motion.

where

2.4. Long-Range Transport of Forward and Backward Motion

Long-range transport of droplets on the solid surface being a
significant challenge for functional devices with anisotropic mi-
crostructures. Therefore, investigating a convey way with low-
energy and long-distance is significant in applications. To char-
acterize the transport sustainability and energy consumption of

© 2023 Wiley-VCH GmbH

85UB017 SUOWIWIOD dA18.D 3 [deotdde au Ag peusenob a.e sajoliie VO ‘SN JO o[ 10y Afeld18UIIUO AB[IA UO (SUORIPUOD-PUR-SLLIBI WD A8 |1 Afed|1|Bul UO//SdNY) SUOTIPUOD Pue SWie | 8u1 89S *[¥202/y0/TT] uo AkeidiTauliuo AB|IM ‘(SeD) SOILeyoe N JO aInisul Aq 89SS0£202"1IWS/Z00T 0T/10p/Luoo" A 1M Alelq1jpuljuo//SAny Wouy papeojumoq ‘9 ‘%202 ‘62895TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

a)Trend transition

Forward motion

Backward motion

Trend transition

Vertical motion

Backward motion

Trend continuation b)

Backward motion

www.small-journal.com

1512

’E‘ 6
- L _9-> -3 9
c . 23 0099 %0,
@ ,3319‘2 S Wi T T
T i v TR P
o iy T8 Tee . T-o
(—g_'\?’— ‘3\.&\3\ ‘3\‘}9\6 ~2 0 s
2 210 cm b N i - s
T .6 e8cm i T 3 :33\00
E’ 26cm ‘ oo \3‘3
©-9F oe4cm 200,
= @2cm T
m 1 1 1 1 1 1
0 100 200 300 400 500
- Time (ms)
8 T
o 0.5t 1
50 3 :
= 1
20.4- 1
S |
(9]
50'3_ i
> 1
)
0.2 |
(&) 1
> ! 9 3
(@)] | 1
< 1
w 1 1! 1 L 1
2 4 6 8 10
Impacting height (cm)
T
) 10 @ @ @ @, @ @ @ o o o
o Antigravitybounlcing @ No antigravity bouncing
& 8 i
S i
o 6 !
2 ! 6,
®© 4t !
e 1
8 o o o 1 9 o o "] o * ]
S 2fk @ 9 O @, 0 @ o o o o
£ @ @ 90 9, @ 0 o o o o
1 Ll 1 1 1
2 4 8 10

6
Impacting height (cm)

Figure 4. Long-range transport of forward and backward motion. a) The evolution of forward, vertical, and backward motions on the anisotropic surface.
With dotted lines mark the centerline of liquid droplet, and scale bar is 2 mm (Movie S3, Supporting Information). b) Statistical results of transport
displacement of liquid droplet with impacting heights of 2, 4, 6, 8, and 10 cm. c) Energy conversion efficiency of liquid droplet at diverse impacting
heights. Detailed of energy conversion efficiency analyzed is presented in Experimental Section. d) Phase diagram anti-gravity motion of liquid droplet
on the tilted surface. The tested surface with tilting angles is 1°, 2°, 3°, and 10°, respectively (Figure S4 and Movie S4, Supporting Information).

different bouncing motions, we investigate the evolution of lig-
uid droplet motion at a range of impacting heights (Figure 4a).
Observations present that regardless of whether the initial mo-
tion is forward or vertical, the droplet ultimately present a back-
ward motion when the impacting velocity lower than the critical
velocity. Therefore, even if the droplet with a large impacting ve-
locity shows a forward motion, it bouncing direction would turn
into the opposite direction, bouncing back to initial position. This
type of bouncing motion would not be preferable in the long-
range transport application. In comparison, the liquid droplet
with a low impacting velocity shows a backward motion with a
lager bouncing displacement at the end (Figure 4b). In addition,
energy balance analysis reveals that the energy conversion effi-
ciency of backward and forward motion is 46.3% and 9.3%, re-
spectively. The disparity in energy conversion efficiency between
these two types of bouncing motions can be as much as fivefold
(Figure 4c). Considering the displacement and energy consump-
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tion, the backward motion would an attractive way for long-range
transport of droplets. Ultimately, we also compare the perfor-
mance of two types of bouncing motions in anti-gravity delivery.
The phase diagram presented in Figure 4d illustrate that the back-
ward motion at a lower stimulus speed enables an anti-gravity
delivery while the forward motion requires a higher impacting
speed to achieve the same. Yet, at a large tile angle of surface, the
backward motion is unable to achieve anti-gravity motion.

3. Discussion

Above, we have provided experimental evidence of the velocity-
switched droplet rebound direction on the anisotropic surface.
Observations present that, as the impacting height increases
from 2 to 10 cm, the liquid droplet successively shows a back-
ward, vertical, and forward motion after impacting on the
asymmetric surface. In contrast to previous studies, this study
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provides the first experimental evidence that the rebound direc-
tion of a droplet impacted on the asymmetric surface is not only
determined by surface properties but also affected by the initial
impacting condition. Characterized by the liquid-solid inter-
action, it is revealed that the transition in the liquid rebound
direction is accompanied by a contact state change. Analyzed
from the perspective of force balance, it is demonstrated that the
contact state of a liquid droplet on the anisotropic surface is
determined by the competition of droplet dynamic pressure
and the Laplace pressure in the microstructure, and the critical

1/ 167,,6/(p?). The droplet wet the

top of microstructure and is loaded by a surface tension along the
opposite microstructural direction when the dynamic pressure
is less than the microstructural Laplace pressure, otherwise wet
the whole of microstructure and is loaded by a surface tension
along the microstructural direction. Therefore, even if the asym-
metric surface has been fabricated, a broad range of bouncing
motion can still be achieved by a designed initial velocity. This
work, including experiments, theoretical models, and dynamics
analysis provides valuable insight view into the droplet motions
on the anisotropic surface and the functional surface designing.

The directed, long-range, and self-propelled transport of
droplets on solid surfaces plays a crucial role in various applica-
tions, ranging from harvesting to bio-analysis. Typically, prefer-
ential transport is achieved by topographic or chemical modula-
tion of surface wetting gradients that break the asymmetric con-
tactline and overcome the resistance force to move droplets along
a particular direction. In contrast to complex chemical modula-
tion, the liquid transport on the asymmetric surface is a physical
and straightforward approach. In this work, we detailed investi-
gate the transport displacement and the energy conversion effi-
ciency in long-range transport. The results reveal that, regardless
of the initial motion is forward or vertical, the droplet ultimately
present a backward motion due to the decrease in impacting ve-
locity. And the droplet with a backward motion on the anisotropic
surface remain its transport direction until it stops moving. In ad-
dition, the energy conversion efficiency indicates that the droplet
with a backward motion can efficiently convert vertical kinetic en-
ergy into horizontal kinetic energy, which reaches 45.8%. Com-
parative analysis reveals that the energy conversion efficiency in
backward motion is three times than that in forward motion,
which may be attributed to the different contact states during the
transport process (Corresponding to Figures 3 and 4). Therefore,
the backward bouncing motion would be preferred in long-range
transport due to the high energy conversion efficiency and sus-
tainability.

velocity is expressed as v, =

4. Conclusion

Herein, we present that the liquid droplet rebound direction on
the anisotropic surface can be switched by controlling the im-
pacting velocity. Observations show that the liquid droplet suc-
cessively shows a backward, vertical, and forward motion on the
asymmetric surface increases from 2 to 10 cm. Characterized by
the liquid-solid interaction and analyzed from the perspective of
loading force, it is demonstrated that the contact state and resul-
tant force induced by microstructures determines the bouncing
motion on the anisotropic surface, which presents diverse perfor-
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mance at different impacting velocity. The critical velocity and im-
\/167,,6/(pl2) and 8y,,6 / pgl’. Fur-
thermore, the backward motion is preferred in long-range trans-
port due to the high energy conversion efficiency and transport
sustainability. With its advantages, this study highlights that the
initial impacting condition is another principal factor to alter the
droplet rebound direction. This finding is expected to garner sig-
nificant interest from academia and industry, potentially promot-
ing the practical applications of “backward transport”.

pacting height are described by

5. Experimental Section

Preparation of Anisotropic Superhydrophobic Surfaces: The superhy-
drophobic tilted micro cone array was achieved by soft lithography and
crystal growth methods (Figure S1a, Supporting Information). This struc-
ture was achieved through a 3D dispensing machine, and the entire pro-
cess was fully automatic. A steel needle was equipped on the 3D dispens-
ing machine and it was inserted into the PVC template at an oblique angle
for producing the hole arrays. Polydimethylsiloxane (PDMS, Sylgard 184)
and the curing solution were mixed with the weight ratio of 10:1 for du-
plicating the flexible tile cone arrays. The PDMS prepolymer was poured
on the surface of the template, and after removing the excess gas inside
by vacuuming, then it was placed on a heating plate at 80 °C for 2 h. After
the PDMS wa cured, it was stripped from the template surface to obtain
a structure with an anisotropic cone array. After being modified by ZnO
nano-rod and (Heptadecafluoro-1,1,2,2-tetradecyl) trimethoxysilane (FAS-
17), the surface was equipped with superhydrophobic function. Gallium,
indium, and zinc were melted at a mass ratio of 89.5:10:0.5 at 150 °C to
form alloy, which was used to generate crystal seed on the PDMS sur-
face. The liquid metal was repeatedly rubbed on the surface of the sam-
ple until the surface of the sample was all black, and then the excess lig-
uid metal was removed. After being cleaned with deionized water for >
1 min, the sample could be placed in a 100 mL reactor to prepare and
grow the liquid for reaction. Hexamethylenetetramine (0.30 g) and 0.72 g
of Zn(NOj3),-6H,0 were mixed into 100 mL of deionized water and re-
acted with the PDMS in a reactor at 85 °C for 12 h to generate ZnO nano-
rod. After the sample with ZnO nano-rod was washed by deionized water
and dried, FAS-17 was used to tailor the surface energy of the as-fabricated
samples at 90 °C for 5 h (at a vacuum degree of 0.1 MPa).

Electron Microscopy and Wettability Characterization of Anisotropic Super-
hydrophobic Surfaces: Observation of the topographies of anisotropic su-
perhydrophobic surfaces and the characterization of ZnO nano-rods were
obtained by environmental scanning electron microscopy (ESEM, Quanta
FEG-250, FEI, USA) at a voltage of 10-15 kV. The contact angle of a liquid
droplet with a volume of 10 uL on the anisotropic superhydrophobic sur-
faces was tested by a video-based contact angle measuring device (OCA
20, Dataphysics, Germany) with a precision of +0.1°.

Characterization of Droplet Bouncing Motion: The droplet was injected
by a micro pump (Pump 11 Elite, Harvard Apparatus, USA) to impact the
anisotropic superhydrophobic surfaces. Observation of the droplet bounc-
ing motion was recorded by a high speed camera (CrashCam Stick HD,
America) mounted on an independent XYZ stage at 1000 frames per sec-
ond. The displacement of the droplet was obtained by using Image) soft-
ware.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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