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ABSTRACT

Understanding the underlying hydrodynamics and developing strategies to
control bouncing droplets on superhydrophobic surfaces are of fundamental and
practical significance. While recent efforts have mainly focused on regulating the
contact time of bouncing droplets, less attention was given to manipulating droplet
rebound from the perspective of energy optimization, which determines the long-term
successive dynamics. Here, we investigate the impact of water droplets on
superhydrophobic cones at low Weber numbers, where ideally complete rebounds
arise. In sharp contrast to flat superhydrophobic surfaces, an impinging droplet on a
cone-shaped superhydrophobic surface undergoes almost inversion-symmetric
spreading and retracting processes with prolonged contact time, and more strikingly, it
rebounds with a higher restitution coefficient. Such enhanced droplet rebound is
beyond the prediction of existing theoretical models, in which the viscous boundary
layer is recognized as the dominant channel of energy dissipation and thus an increase
in the contact time would result in a lower restitution coefficient; nevertheless,
numerical simulations have confirmed the increase of the restitution coefficient. The
quantitative energy and flow field analyses of our numerical results reveal that the
suppression of the boundary layer in early impact and the weakening of the viscous

flow near the moving edge in the subsequent impact phases, which were not
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accounted for yet in existing theoretical models, are the causes for the enhancement of

droplet rebound on superhydrophobic cones.
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NOMENCLATURE
E; interfacial energy during droplet impact (J)
Eio initial interfacial energy (J)
Ex instantaneous kinetic energy (J)
Ex_1 kinetic energy of impinging droplet before impact (J)
Ex_r kinetic energy of impinging droplet after rebound (J)
E, accumul ated viscous dissipation energy (J)
Ey_s viscous dissipation energy in spreading stage (J)
Ey_r viscous dissipation energy in retraction stage (J)
Ey_¢ total viscous dissipation energy (J)
AE; change of theinterfacia energy (J)
F, gravitational force per unit volume (N/m?)
| surface tension force per unit volume (N/m?)
g gravitational acceleration (m/s?)
hye centre of gravity of droplet (m)
hy releasing height of impinging droplet (m)
hr_m maximum height of droplet rebound (m)
I identity tensor
Ly characteristic thickness of viscous boundary layer (m)
n unit normal vector at the interface
p pressure (Pa)
P, viscous dissipation power (J/s)
Py viscous dissipation power in aliquid layer with a thickness of the
boundary layer (J/s)
Ro initial radius of droplet (m)
re droplet-surface contact radius (m)
Sc droplet-surface contact area (m?)
t impact time (s)
te contact time (s)
te retraction time (s)
ts spreading time (s)
u velocity vector (m/s)
Vi impact velocity (m/s)
VR rebound velocity (m/s)
We Weber number (= pVZRo/Y)
a taper angle of tungsten-steel conical drill (°)
B reinitialization parameter of level-set function
S Dirac deltafunction
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€sim

€exp

restitution coefficient
restitution coefficient from numerical simulations
restitution coefficient from experimental results

characteristic volume of viscous boundary flow (m?)
density of fluid (kg/m?3)

density of air (kg/m?)

density of liquid (kg/m?)

surface tension of liquid (N/m)
viscosity of fluid (Pa - s)

viscosity of air (Pa - s)

viscosity of liquid (Pa - s)
characteristic capillary-inertial time (s)
level-set function

thickness of interface (m)

curvature of interface (m=1)
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I. INTRODUCTION

Endowing solid substrates with hydrophobic microstructures can result in the
entrapment of small air pockets when they are brought into contact with water,'
leading to the formation of a thin but strong and stable air cushion. This air cushion
separates the liquid from the solid, imparting unique superhydrophobic characteristics
to solid surfaces."> * 3 Statically, a sessile droplet would appear with an apparent
contact angle greater than 150° on such a surface, due to the minimized liquid-solid
contact.* ® Dynamically, titling the solid surface by just a few degrees can cause the
droplet to overcome the weak adhesion and hence roll off.> More strikingly, the
powerful ability of the surface to resist liquid impalement can enable an impinging
droplet to rebound off after a short period of contact.” It is noteworthy that an ideally
complete rebound, where the droplet spreads, retracts and eventually leaves the
surface as a whole body, is only achievable in low-velocity impacts; if the impact
velocity becomes sufficiently high, a small part of the droplet would be ejected
upwards via jetting before the droplet takes off.5!!

The rebound of impinging droplets on solid surfaces has gained considerable
attention in recent years not only because it is a definitive feature of surface
superhydrophobicity,'? but also because of its decisive role in developing new
fluid-based techniques, such as printing surface charge for liquid manipulation,'3

14, 15

harvesting electricity from raindrops, and fabricating fluid microdispensing

devices.® Specifically, strenuous efforts have been made to regulate the contact time
of bouncing droplets, which sets the duration of mass, momentum, and energy

transfer occurring on the surface.!® Since the droplet dynamics is primarily governed

5,17

by inertia and capillarity,> 7 and considerably affected by liquid-solid interaction': '

19-21

and internal fluid dissipation, existing strategies for controlling droplet rebounds

involve tuning the interplay among these terms. Whereas decorating

2223 and curved architectures®® can

superhydrophobic surfaces with macrotextures
render asymmetric droplet spreading and recoiling with much shorter contact time

compared to ordinary rebounds,’ adding of a small amount of flexible polymers into
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the liquid®» 2 would strengthen both the droplet-surface adhesion and viscous
dissipation, thereby prolonging the residence time on the surface or even thoroughly
suppressing droplet rebound. In another line of research, the ratio of the kinetic
energies after and before impact, known as the restitution coefficient,?’ provides a
quantitative measurement of the energy loss during droplet impact.!”-?8 Although this
quantity has been broadly used to characterize the dynamic behaviors of bouncing

droplets,'® %

its hydrodynamic origins and influencing factors have not been
adequately resolved. In most practical applications, maximizing the restitution
coefficient is preferred, especially in those ones exploiting the bouncing behaviors.!>
14

In this work, we investigate the effects of surface geometry on the ideally
complete rebound of water droplets on superhydrophobic surfaces at low Weber
numbers. Our experimental results show that a liquid droplet can regain more energy
after impinging on cone-shaped superhydrophobic surfaces than on flat ones, leading
to a significant increase in the restitution coefficient. By reproducing and analyzing
the impact process using numerical simulations, we explicitly demonstrate that such
rebound enhancement is achieved by compromising the flow redirection effect on the
cone-shaped surface architecture, which weakens the viscous boundary flow and thus
reduces the energy loss. Our findings shed new light on the hydrodynamics of droplet

impact and provide fresh insights and novel strategies for dynamically manipulating

liquid droplets on solid surfaces.

1. EXPERIMENTAL AND NUMERICAL METHODS

Fabrication of Superhydrophobic surfaces. Superhydrophobic surfaces were
created by coating solid substrates with hydrophobic silica nanoparticles that were
dispersed in an organic reagent (Glaco Mirror Coat “Zero” from Soft 99 Co.). Smooth
silicon wafers were used to prepare flat superhydrophobic surfaces, while
tungsten-steel conical drills with taper angles (a) of 60°, 90°, and 120° were used
for superhydrophobic cones. These surfaces were successively cleaned with acetone,
isopropanol and ethanol in an ultrasonic bath for 5 min each, and then dried with
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nitrogen blowing before being sprayed with a layer of ~2 um-thick superhydrophobic
coating. After curing at 100°C for 15 min, these hydrophobic nanoparticles
assembled into a loosely porous layer (as shown in Fig. S1) to achieve excellent
water-repellence.® The apparent, advancing and receding contact angles of 4 pL
water droplets on these surfaces were measured to be 152.0° + 1.0°, 154.0° + 1.2°,
and 148.0° + 1.0°, respectively.

Droplet impact experiment. To conduct droplet impact experiments, we
released Millipore Synergy water droplets with radii Ry = 1.1 mm onto the
superhydrophobic surfaces using a syringe pump, as illustrated in Fig. S2. For
cone-shaped superhydrophobic surfaces, a two-camera system with orthogonal optical
axes was employed to ensure the impact of the droplet at their center. The impact
process was recorded at 40000 fps using a high-speed camera (Phantom v2012, Vision
Research Inc., USA). The illumination light was provided by a cold light source and a
tracing paper was used to enhance the uniformity of illumination. Our study focused
on ideally complete rebounds happening at Weber numbers We = p|VZR,/y S 1.5
(where V; is the impact velocity, while p; and y denote the density and surface
tension of the liquid, respectively), above which the well-known Worthington jet
would be stimulated, with the ejection of a satellite droplet prior to bouncing off.%°
Each impact test was repeated at least three times, and we analyzed the recorded
videos using image processing algorithms in MATLAB (MathWorks Inc., USA).

Numerical simulations. Numerical simulations were carried out to reproduce
the impact phenomena observed in the experiments and analyze the underlying
hydrodynamics. The simulations were performed using the commercial finite element
software COMSOL Multiphysics v5.3a. In each simulation, an axisymmetric water
droplet was set to impinge on a flat, impermeable solid surface with ultra-low surface
energy in air, and the two-dimensional Navier—Stokes equations were solved under
the incompressibility condition in a computational domain of approximately 3 mm x

3 mm, as illustrated in Fig. S3. The solved equations are*”

du

Poe +p(u-V)u=V-[-pl+ p(Vu + Vu")] + F, + Fy, )
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V-u=0, 2)
where p denotes the density of the fluid, p is the viscosity of the fluid, u is the
velocity vector, t is the impact time, p is the pressure, I is the identity tensor;

Fg = pg is the gravitational force with g being the gravitational acceleration; Fg; =

Yk8sn represents the surface tension force per unit volume, where k denotes the
curvature of the interface, &5 denotesthe Dirac deltafunction which is non-zero only
on the interface, and n is the unit normal vector at the interface. The surface of the
impinging droplet was defined by the level-set function ¢, which has a value

between 0 to 1, with ¢ > 0.5 representing the liquid phase and ¢ < 0.5

denoting the air phase. Its motion is described by a convection equation®!- 32
¢ Vo
2 hu-V=BV- eV — o1 — —] 3
Fraa ¢=8 ¢[Sls ¢ — ( ¢)|V¢| 3)

where [ represents the reinitialization parameter of the level-set function, and it is
set to 1, while g defines the thickness of the interface. The fluid density is a
function of the level-set function, which is thus given by p = p, + (p; — p.)®, and
the fluid viscosity is expressed as p = p, + (W — Ha)d, with p, being the air
density, W being the liquid viscosity and p, being the air viscosity. The unit normal

vector of the interface and its curvature would be determined by n = Jo and

Vol p=0.5

k = —V - n, respectively.®

Following the numerical method in previous works33 the Navier—Stokes
equations concerning the surface tension force [i.e. Equations (1)-(2)] were still
employed to describe the local fluid flow near the solid wall after droplet touches the
solid surface, and the effects of the solid-liquid contact on the impact dynamics were
considered by imposing two boundary conditions: i) the dynamic contact angle of the
impinging droplet,® %6 38 which can be obtained from the experiments; 2) the sip
boundary condition with a dip length of 20 um, which is of the same order of
magnitude as the value measured in experimental studies.®® The domain in Fig. S3
was discretized to approximately 270,000 triangular mesh cells, and the mesh size
was kept at 6-10 um intheregion of 200 um above the solid wall, while the mesh
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size of the remaining region was 10-25 um to ensure the reliability of numerical

simulations and reduce the computational cost.

I11.RESULTS AND DISCUSSION

We first revisit the bouncing behavior of water droplets on flat superhydrophobic
surfaces. The representative phenomenon occurring at We =~ 1.2 (V; = 0.28 m/s) is
shown in Fig. 1(a) (Multimedia view). Upon hitting the surface at t = 0 ms, the
incoming vertical flow is redirected radially outwards, and droplet spreading begins
immediately. The comparison of the trajectory of the droplet gravity center and that of
a free-falling body released from the same height in Fig. 1(c¢) implies that, the
downward droplet motion during the early spreading is still inertia-dominated, which
lasts for ~1.8 ms before decelerating. That is, we have identified a short-time
buffering impact due to liquid fluidity and deformability. Here, we assume that
impinging droplets are axisymmetric, and thus their center of gravity is calculated as
the centroid of the three-dimensional solid formed by rotating the two-dimensional
droplet profile about its axis of symmetry, and its distance to the solid surface is
denoted as hg.. Moreover, the spreading would be accompanied by the propagation
of capillary waves [indicated by the green arrow in Fig. 1(a) (Multimedia view)], if
the impact Weber number is larger than one.® %’ After attaining its maximum lateral
extension at t = 3.4 ms, the droplet subsequently retracts back under the drive of the
capillary force, and eventually lifts off the surface at ~10.6 ms. The overall contact

time t. = 10.6 ms is about 2.5 times the characteristic capillary-inertial time t =

VPR3 /y = 4.3 ms, matching well with the theoretical prediction.” It should be noted

that the retraction time (~7.2 ms) is much longer than the spreading time (~3.4 ms),
suggesting that the impact process is inversion-asymmetric.

Previous studies have demonstrated that bending superhydrophobic surfaces to
have a positive curvature would result in shorter contact times for bouncing water
droplets.* # For example, on curved superhydrophobic surfaces with
millimeter-scale curvature radii, the contact time is reduced by about 40% compared

to that on regular flat superhydrophobic surfaces,’* and the time reduction can be up
8
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to ~80% on superhydrophobic surfaces patterned with lattices of
submillimeter-scale conical posts.?? Given these findings, we consider the impact of
water droplets on millimeter-sized tapered superhydrophobic surfaces, and selected
snapshots of an impinging droplet on such a cone-shaped superhydrophobic surface
with a taper angle o = 90° at We = 1.2 are illustrated in Fig. 1(b) (Multimedia
view). After touching the sharp tip, the droplet moves down along the cone-shaped
architecture as a free-falling body for about 3.6 ms, which is roughly twice the
duration of that on a flat superhydrophobic surface, as indicated in Fig. 1(c).
Consequently, the droplet expansion in the radially outward direction is dampened,
and the time to reach the maximum deformation is postponed to ~8.0 ms. Another
interesting observation is that the capillary wave, stimulated by the transient droplet
compression upon impact,*’ is almost inhibited [Fig. 1(b) (Multimedia view)]. Unlike
on the flat superhydrophobic surface, the droplet undergoes a retraction process
(~6.7 ms) with a comparable duration as the spreading process (~8.0 ms) on the
cone-shaped superhydrophobic surface; however, the overall contact time is
prolonged to ~14.7 ms =~ 3.4t, which is opposite to that observed on curved surfaces
with finite positive curvatures.?* *! More strikingly, the final height to which the
droplet can rebound is apparently higher on the cone-shaped surface than on the flat

surface, as displayed in Figs. 1(a)—(c) (Multimedia views).
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FIG. 1. [(a)-(b)] Selected snapshots of the impact and rebound of a water droplet on a

flat superhydrophobic surface (o= 180°) and a cone-shaped superhydrophobic
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surface with o =90° at We = 1.2 (V; = 0.28 m/s), respectively. (c) Temporal
evolutions of the center of gravity hg. with respect to the superhydrophobic surface

for the impact events in (a) and (b). (d) Plot of the restitution coefficient € as a
function of the impact Weber number We for diverse bouncing droplets on the flat

and cone-shaped superhydrophobic surfaces. Multimedia views: (a) and (b).

To reveal the effects of surface geometry on the rebound phenomenon in finer
details, impact experiments were performed on superhydrophobic surfaces with a =
60° — 180°. We adopted the definition of the restitution coefficient in terms of the
energy ratio, which directly quantifies the energy recovery or loss in droplet impact.
Recognizing that air drag plays a negligible role during the droplet rise after
rebound,!” ¥ the restitution coefficient can be expressed and calculated as € =
Ex—r/Ex-1 = (VR/V))? = hg_pm/h;. The results for all bouncing droplets are plotted
as a function of the Weber number and the impact velocity in Fig. 1(d). Here Ey_;
and Ep_gr are the kinetic energy of the impinging droplet before impact and after
rebound, respectively, while h; and hg_p, are the corresponding releasing height
and the maximum height of rebound, respectively; Vi denotes the rebound velocity.
We find that € of complete rebounds on cone-shaped surfaces is in the range of
90 % — 97 %, which is always higher than that on the flat surface (of 70 % — 85 %).

The enhancement of droplet rebound on superhydrophobic cones cannot be
explained by existing theoretical models in a straightforward manner. In the context of
droplet impact dynamics, the energy dissipation in the spreading stage has mainly

been attributed to the development of a thin viscous boundary layer above the solid

16,29 20,42

which can be expressed as

E —ftsf Oui ;) 0 40 4e ~ (VI)ZQ t 4
v—s — 0 o W 6Xj aXi aX]- ~ W Lv vis, ( )

surface,

where tg is the total spreading time, Q, ~ L,R% is the volume of the viscous flow
with L, being the characteristic thickness of the boundary layer. Equation (4) has
been successfully employed to describe the spreading dynamics of impinging droplets

on diverse wettable surfaces.'®2° Though the detailed flow field in the retraction stage
10
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is different from that during spreading, it was shown that the key features of these
internal flows, such as the flow structure, the flow velocity, and its duration, have
some similarities—at least their characteristic parameters are on the same order of
magnitude.'> 43 Therefore, the scaling argument on Eq. (4) is also applicable to

estimate the viscous dissipation during droplet retraction on superhydrophobic

vi\? . . . . .
L—') Q,t. with t. being the retraction time. It is
'V

surfaces,” yielding E,_, = ul(
worth reminding that the energy loss after rebound—either by air drag or by liquid
viscosity—is negligible.!”> ' Thereby, a simple expression for the restitution
coefficient can be obtained from the energy conservation condition, Ey_; = Ex_g +

Ey_s + Ey_r, which reads
€= 1_Ev—s+Ev—r ~1— 3|J~1tc
E-1 2pLyR,

The equation predicts that an increase in t. would lead to a decrease in €, whereas in

®)

the experiments on superhydrophobic cones, higher restitution coefficients for

bouncing droplets with longer contact times were observed [Fig. 1(d)].

11
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FIG. 2. [(a)-(b)] Comparison of the experimentally observed and numerically
simulated droplet configurations for impinging water droplets in Figs. 1(a) and 1(b).
In the right-half images, the hydrodynamic pressure distribution and internal flow
fields are also shown. (¢) Comparison of the experimental and numerical results of the
droplet-surface contact area Sc as a function of impact time t for these two
impinging droplets. [(d)-(f)] Plot of the kinetic energy Ey and its proportion with
respect to the initial kinetic energy Ey/Ey_;, increased interfacial energy AE;, and

accumulated viscous dissipation energy E, as a function of the impact time t.

Multimedia views: (a) and (b).

To investigate the hydrodynamics underlying bouncing droplets on
superhydrophobic  surfaces, finite-element-based numerical simulations were

conducted. In brief, we solved the two-dimensional Navier-Stokes equations with a
12
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slip boundary condition®* 3% 46

and used the level-set method to track the moving
liquid-air interface, while imposing the experimentally measured dynamic contact
angle of impinging droplets as the other boundary condition in the simulations. More
details of the numerical simulation methods are provided in the experimental section.
Figures 2(a) and 2(b) (Multimedia views) compare the experimental and numerical
results of the droplet shape evolutions for the impact events in Figs. 1(a) and 1(b)
(Multimedia views), and the corresponding temporal evolutions of the droplet-surface

contact area (S¢) are shown in Fig. 2(c). Note that the droplet-surface contact area

was determined using S = mr2 on the flat superhydrophobic surface and S¢ =
mr? sing on the superhydrophobic cone, where r. is the contact radius as defined in

Figs. 1(a) and 1(b) (Multimedia views). Obviously, the numerical simulations have
fairly well reproduced the dynamic behaviors of these impinging droplets, as both the
simulated droplet shape and Sc are in good agreement with the experimental
observations.

Based on the numerical results, we first explain the different kinetics of
impinging water droplets on flat and cone-shaped superhydrophobic surfaces. When a
droplet touches the flat superhydrophobic surface, the transient impact results in
remarkable increases in the liquid pressure at the droplet bottom [0 ms in Fig. 2(a)
(Multimedia view)]. This pressure buildup causes the droplet to quickly spread out,
which in turn, generates a viscous force in the liquid and a capillary force aong the
contact line to counteract spreading. The fast liquid motion near the solid surface also
promotes the stimulation of the capillary wave and its subsequent propagation along
the droplet surface [0.8 — 1.7 ms in Fig. 2(a) (Multimedia view)]. The high pressure
at the droplet bottom gradually decreases with the ongoing of spreading, while the
pressure in the liquid near the droplet edge begins to increase due to the liquid surface
tension [0.8 — 3.4 ms in Fig. 2(a) (Multimedia view)]. After reaching maximum
spreading, this capillary pressure drives the droplet to recoil back and eventually to
leave the surface [3.4 —10.4ms in Fig. 2(a) (Multimedia view)]. Tilting the
superhydrophobic surface considerably lessens the impact force and accordingly the

13
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hydrodynamic pressure at the bottom of the impinging droplet, as shown in the
simulation results in Fig. 2(b) (Multimedia view), Fig. S4(a) and Fig. S5(a). As a
result, instead of quickly spreading radially outwards, the droplet slides down along
the cone structure until its kinetic energy is completely transformed. Similar to that on
the flat superhydrophobic surface, droplet deformation during spreading leads to a
local buildup of capillary pressure in the region of the droplet edge [0 — 8.0 ms in
Fig. 2(b) (Multimedia view)], which later serves as the driving force of droplet
retraction and rebound [8.0 — 14.5 ms in Fig. 2(b) (Multimedia view)].

The simulated droplet shapes and flow fields enable us to quantitatively calculate
and evaluate the temporal evolutions of all energy terms involved in the impact
process: the kinetic energy Ej, the change of interfacial energy AE; = E; — E;,, and
the accumulated viscous dissipation energy E,, where E;q and E; are the initial and
dynamic interfacial energies, respectively. As shown in Figs. 2(d) and 2(e), E; and
AE; exhibit opposite trends during the impact, and their values are in the same broad
order of magnitude. More specifically, after contact with the superhydrophobic
surface, Er decreases until the maximum spreading is reached and subsequently
increases during droplet recoiling, while AE; first increases and then decreases. By
contrast, E, was found to increase continuously with the impact time and is typically
one order of magnitude smaller than Ei and AE;, as illustrated in Fig. 2(f). These
findings suggest that the initial kinetic energy of the impinging droplet has been
mostly converted into the interfacial energy during droplet spreading, which is
subsequently retrieved to promote droplet retraction and rebound, and partially
dissipated by liquid viscosity during the whole impact process. It is also observed that
the viscous dissipation on the flat superhydrophobic surface is much higher than that
on the cone-shaped superhydrophobic surface, particularly in the spreading stage [t <
5.0 ms in Fig. 2(f)], where the increase of E, is more evident. As a consequence,
more kinetic energy is stored as the interfacial energy at the maximum spreading on
the cone-shaped surface [i.e. ~7.0 ms in Fig. 2(d)], driving the droplet to rebound

higher [Fig. 1(c)]. Moreover, Fig. 2(f) also shows that E,, barely increases after the

14
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rebound, indicating that the viscous dissipation mainly occurs during droplet contact

with the solid surface. In fact, this finding has been widely presumed in theoretical

16, 18, 20, 34

models for bouncing droplets, whereas our numerical results provide a

conclusive validation of such an assumption.
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FIG. 3. [(a)-(b)] Accumulated viscous dissipation energy E,_; and its proportion to

the kinetic energy of impact E,_;/Ey_; as a function of the Weber number We. (c)

Comparison of the experimental (€qxp) and simulated (€gir,) restitution coefficients

for all bouncing water droplets. The dashed line denotes €qy, = €gim-

Figure 3(a) shows the total energy loss due to liquid viscosity for diverse
impinging droplets until rebound, denoted as E,_;, as a function of We, while the
proportion of the total energy loss to the input kinetic energy upon impact, E,_;/Ex_i,
is summarized in Fig. 3(b). Generally, E,_, increases with increasing We and is
typically on the order of 107], occupying approximately 10 % — 30 % of the
input kinetic energy. At any given We, the viscous loss of an impinging droplet on the
flat superhydrophobic surface is always higher than that on superhydrophobic cones,
for which a slight increase with increasing the tapered angle has also been observed.

Similarly, E,_;/Ex_; is generally higher on the flat surface than on cone-shaped
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surfaces; however, it exhibits an overall increasing trend for increasing We on the
flat surface, but decreases with increasing We or decreasing a on cone-shaped
surfaces. We determined the restitution coefficients for impinging droplets in the
numerical simulations using €gm, = 1 — Ey_¢/Ex_|, and compared the results with

experimental data in Fig. 3(c). Evidently, €4, shows a linearly increasing
correlation with €y, and all data points lie around the straight line €gjm = €cxp. The

good agreement between the experimental observations and numerical results not only
verifies the reliability of our computational method but, more importantly, also
confirms that the cone-shaped architecture can effectively alter the energy budgets of
impinging droplets and thus regulate their rebound behaviors.

To gain more insight into how surface architecture affects the energy loss in
droplet impact, the instantaneous viscous dissipation, or equivalently, the dissipation
power, P,, was calculated. The results for the two representative impacts are
displayed in Figs. 4(a) and 4(b) (Multimedia views). Note that the integral of the

viscous dissipation power over the contact time would be the total energy dissipation
during droplet impact on superhydrophobic surfaces, i.e., E,_; = fot ‘P, dt. It was

found that P, abruptly increases to a maximum of ~3.7 x 1073 ]/s after impact on
the flat superhydrophobic surface and then quickly decreases by approximately one
order of magnitude to ~7.3 X 107¢]/s, which holds for the remaining time of the
dynamics with some fluctuations [Fig. 4(a) (Multimedia view)]. By comparison, P,
remains on the order of 107®]/s throughout the whole impact process on the
superhydrophobic cone, as shown in Fig. 4(b) (Multimedia view). Similar results
were also obtained on superhydrophobic cones with o = 60° and 120° [Figs. S4(b)
and Fig. S5(b)]. It is thus clear that the difference in energy loss for impinging
droplets on the flat and cone-shaped superhydrophobic surfaces stems from the early

dynamics of impact.
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FIG. 4. [(a)-(b)] Temporal evolution of the viscous dissipation power P, as a
function of the impact time t for an impinging droplet on the flat and cone-shaped
superhydrophobic surfaces at We ~ 1.2 , respectively. Insets show spatial
distributions of the kinetic energy (left) and viscous dissipation (right) with flow
fields (white arrows) at selected impact times. [(c)-(d)] Zoom-in view of the spatial
distributions of the viscous dissipation and flow field near the solid surface of
impinging droplets in (a) and (b). The tapered surface in (b) was rotated toward the

horizontal plane in (d). Multimedia views: (a) and (b).

Two channels of hydrodynamic dissipation have been reported for the impact of
liquid droplets on solid surfaces: the viscous dissipation in the boundary layer flow,

16,20,29, 34,42 and the viscous

which has been widely recognized as the dominant one,
loss due to the propagation of the capillary wave, which was recently considered.*’ By
zooming in the boundary region of the impinging droplet on the flat superhydrophobic
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surface, we identified the development of a thin shearing layer with a thickness of
Ly, = 40 pum around the impact point in numerical simulations [see 0.2 — 0.6 ms in
Fig. 4(c)], due to the redirection of the incoming flow from vertical to horizontal by
the solid surface. However, once the kinetic energy of the flow in this layer is
completely transferred during spreading, partly into the increased interfacial energy
and partly into the viscous dissipation [Figs. 2(b) and 2(d)], a stagnation zone is
established, as illustrated in Fig. 4(c). This type of flow field evolution bears a
striking similarity to that of impinging liquid jets on solid surfaces.*® Thereafter, the
dissipative region shifts to a small zone near the droplet contact line for the rest of
impact, where the shearing flow is much weaker [0.8 — 10.6 ms in Fig. 4(c)]. By
contrast, the redirection of the impinging flow is effectively weakened on the
cone-shaped superhydrophobic surface, and the development of a boundary layer with
a well-defined thickness around the impact point has been fatally compromised or
even inhibited, as shown in Fig. 4(d), Fig. S4(c) and Fig. S5(c). Instead, the weak
shearing flow near the moving contact line becomes the main cause of the energy loss
in the local region close to the solid surface. On the other hand, when droplets
impinge on flat superhydrophobic surfaces at We = 1, visible capillary wave
propagations are observed, as displayed in Fig. 1(a) (Multimedia view) and Fig. 4(a)
(Multimedia view). However, such capillary waves were not observed during droplet
impact on superhydrophobic cones [Fig. 1(b) (Multimedia view) and Fig. 4(b)
(Multimedia view)]. These distinct flow characteristics call for an identification of
their role in determining the energy budgets of impinging droplets.

Given that the viscous boundary flow is located in a thin layer adjacent to the
solid surface, while the stimulated capillary wave would travel from the droplet
bottom to its top, we analyzed the spatial distribution of the viscous dissipation power
in the direction perpendicular to the solid surface. As illustrated in Fig. 5(a),
impinging droplets were decomposed into several liquid layers with heights equal to
the thickness of the well-developed boundary layer on the flat superhydrophobic

surface L, and the viscous dissipation in each layer, p,, was computed. The sum of
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py in the entire droplet yields P,. In Figs. 5(b) and 5(d), we plot p, as a function of
the distance to the solid surface (i.e., the vertical coordinate of the liquid layer z) for
the representative impinging droplets in Figs. 4(a) and 4(b) (Multimedia views) at
different impact times. It is seen that at any given time p, has a value of 1076 —
1075 ]/s in the region close to the flat superhydrophobic surface [i.e. 6 — 11% of
the droplet height H, Fig. 5(c)], which is about 1-2 orders of magnitude higher than
that in the top region (of 1077]/s), wherein the capillary wave travels. This
non-uniform energy dissipation is more pronounced in the early spreading at t <
0.9 ms, which exactly corresponds to the buildup of a thin boundary layer [as shown
in Fig. 4(a) (Multimedia view)], and p, in the boundary region accounts for more
than 80 % of the total viscous dissipation power in the impinging droplet, i.e.,
pv/Py > 80 % as shown in Fig. 5(b). In the further spreading, the viscous flow layer
shrinks to a local region around the contact line [Fig. 4(c)] and accordingly p,
decreases, but it still plays a dominant role as p, /P, > 60 %. For the impinging
droplet on the cone-shaped superhydrophobic surface, where no well-defined
boundary layer has been observed, p, has a value of 1078 — 1077 ]/s, as depicted
in Fig. 5(d). Although the viscous dissipation is relatively higher at the bottom
(z/H < 20%) and top (z/H = 75%) of the droplet, the maximum p,/P, is only
~10 % [Fig. S5(e)]. All of the above analyses suggest that the reduced energy loss and,
consequently, the enhanced droplet rebound on superhydrophobic cones are mainly
due to the suppression of the formation of the boundary layer and the weakening of
the viscous flow near the moving droplet edge, whereas capillary wave propagations
and other interfacial distortions of the droplet shape play a minor role in energy

dissipation.
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FIG. 5. (a) Illustration of the method to calculate the spatial distribution of the
viscous dissipation power p, in the direction perpendicular to the solid surface. (b)
Plot of p, as a function of the distance to the solid surface z for the impinging
droplet on the flat superhydrophobic surface with We = 1.2 at different impact times.
(c) Replot of the data in (b) in the form of p,/P, vs. z/H. (d) Plot of p, as a
function of z for the impinging droplet on the cone-shaped superhydrophobic surface

with We = 1.2 at different impact times. (e) Replot of the data in (d) in the form of

pv/Py vs. z/H.

Looking back at the failure of existing theoretical models to explain the
enhancement of droplet rebound on cone-shaped superhydrophobic surfaces, we have
also examined the validity of the previous scaling analysis on viscous energy

dissipation. It has been generally assumed that a laminar boundary layer with a
20
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well-defined thickness always exists at the droplet-surface contact region,'® 2 and the
corresponding dissipation energy can be derived by integrating the dissipation

function in this viscous layer over the timescale of concern (i.e., ts, t,. or t.)*%2%%

4.4 yielding an expression like Eq. (4). This assumption is partially confirmed in our
numerical simulations, where a thin boundary layer with thickness increasing with
increasing We [Fig. S6(a)] is established upon impact on the flat superhydrophobic
surface [0 — 0.4 ms in Fig. 4(c)]. However, this boundary layer can only exist for a
short period, decreasing with increasing We [Fig. S6(b)], before shrinking to a small
region of irregular structure close to the contact line [0.6 — 4.5 ms in Fig. 4(c)].
Nevertheless, substituting typical experimental values (=~ 1073Pa-s, V=
0.28m/s, Ry ® 1.1 mm, L, = 40 um, and t = 4.3 ms) into Eq. (4), we obtained a
viscous dissipation energy of the order of 1078], consistent with the results of
numerical simulations [Fig. 2(f)]. Based on these findings, we conclude that although
the boundary layer theory cannot precisely describe the flow structure of impinging
droplets on flat superhydrophobic surfaces, it does allow for a proper estimation of the
energy loss at the magnitude level. By comparison, given the weak effect of the
tapered architecture on boundary layer formation, the viscous flow near the moving
edge, and the prolongation of contact time, using the same scaling analysis for flat
surfaces would reasonably cause overestimation of dissipation energy, and thereby

underestimation of the restitution coefficient.

IV.CONCLUSION

In summary, we present a novel strategy for enhancing the rebound of liquid
droplets on superhydrophobic surfaces by exploiting sharp cone geometries. In
comparison with the dynamic behavior on flat superhydrophobic surfaces,”® 1226 45
an impinging droplet stays longer on cone-shaped superhydrophobic surfaces with
tapered angles of 60° — 120°, and eventually rebounds with a higher coefficient of
restitution (> 90%). This nontrivial observation cannot be directly rationalized by the
scaling analyses based on the boundary layer theory,'®2° which predict that increasing
the contact time would lead to a decrease in the restitution coefficient of droplet
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rebound. Nonetheless, numerical ssimulations performed in this study have fairly
reproduced al bouncing characteristics of impinging droplets. The coupling analyses
of the flow structures and the energy budgets indicate that the promoted rebounds on
superhydrophobic cones originate from the suppression of the boundary layer buildup
in early impact and the weakening of the viscous flow in the moving edge for the
remaining time. This notably lowers the overall energy loss and raise the restitution
coefficient. We envision that our findings will provoke broad applications in
technological processes where maximizing the contact time and minimizing energy
loss are beneficial, such as charge'® and electricity* 1> generation using bouncing

droplets.

SUPPLEMENTARY MATERIAL
See the supplementary material for the microscopic structures of superhydrophobic
surfaces, the illustration of the experimental setup and the computational domains,

and representative numerical simulation results.
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