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ABSTRACT: A droplet that impacts on a superhydrophobic surface will
undergo a process of unfolding, contracting, and finally rebounding from the
surface. With regards to the pancake bouncing behavior of a droplet, since the
retraction process of the droplet is omitted, the contact time is greatly
shortened compared to the normal type of bouncing. However, the
quantitative prediction to the range of droplet pancake bouncing and the
adjustment of pancake bouncing state have yet to be probed into. In this
paper, we reported the controllable pancake bouncing of droplets by adjusting
the size of the superhydrophobic surface with microstructures. In addition, we
also discovered a dimensional effect with regards to pancake bouncing,
namely, the pancake bouncing would be more likely to happen on the surfaces
with large post spacing for the droplet with the larger radius. The contact time
could be reduced to 2 ms by adjusting the size of the microstructures and the
radius of the droplets. Based on the relationship between the droplet bouncing
state and the surface microstructure size, we are able to propose reasonable dimensions for the surfaces in order to control
pancake bouncing.

■ INTRODUCTION

Research related to the dynamic wettability of solid material
surfaces has attracted much attention, especially for the
investigation concerning the reduction of liquid−solid contact
time.1−6 The ability of droplets to rapidly bounce on the
surface is of great importance to industrial applications,
particularly with regards to the surface with self-cleaning,
anti-corrosion, and icing resistance.7−19 When a droplet
impacts on a superhydrophobic surface, it will first spread to
a maximum diameter on the solid surface, then retract, and
finally leave the substrate or stick to it through heterogeneous
surface wettability regulation.20−25 It has been reported that
the contact time in the spreading stage is independent of the
substrate’s microstructure or droplet’s impact velocity.26−28 In
order to reduce the contact time of the droplets with the
surface, shortening the contact time of droplets in the
retracting stage is the key.
Methods of shortening the contact time of the droplets with

the surface can be roughly divided into three types. From the
perspective of redistributing liquid quality, Bird et al.29 reduced
the contact time of the droplet by nearly 37% compared to
control experiments by splitting the droplet into two parts
during the retracting stage.30,31 Liu et al.32 found that droplets

rebounded from the Echeveria surface with distinctly different
retraction rates along two perpendicular directions. The
asymmetry of the droplets’ bouncing lead to a 40% reduction
in contact time, which was primarily driven by an asymmetric
momentum transfer on the cylindrical leaves.33 Additionally,
the contact time of the droplets can also be shortened via
capillary forces, that is, the liquid infiltrates the microstructures
and pushes the droplets upwards.34,35 In this case, the
retraction process of the droplets is mitigated, and the droplets
rebound from the surface in the shape of a pancake. It has been
reported that the pancake bouncing of droplets can be
observed on anisotropic surfaces, superhydrophobic meshes,
and superhydrophobic conical array surfaces (SCASs).36,37

The contact time of the droplets rebounding on the
superhydrophobic cone arrays was reduced by nearly 80%,
which was the reported shortest contact time.34 Furthermore,
the sizes of the microstructures and the droplets, the elastic
substrate, and triple contact line pinning can also affect the
pancake bouncing.38−43 Although many research groups are
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still studying the pancake bouncing of droplets,44−46 a reliable
and suitable method to achieve pancake bouncing is necessary
to be proposed, which will be helpful for controlling the rapid
detachment of droplets from the surface.
In this paper, we focus on the dynamic rebound behavior of

droplets on microstructured surfaces with different sizes and
the relation between the droplet size and pancake bouncing
state. We first analyzed the wettability of the surface with
superhydrophobic tapered arrays using a thermodynamic
approach and the principle of minimum free energy, and
three constraints that must be satisfied were listed to achieve
the pancake bounce of droplets. Next, the accuracy of the
theoretical derivation was verified experimentally by comparing
the bouncing states of droplets on the SCAS with different
microstructure sizes, and the influence of the microstructure
size on the contact time was analyzed. Finally, in rebound
experiments related to the droplet sizes, we found that smaller
droplets were more suitable for pancake bouncing on surfaces
with denser microstructure spacing, and reducing the volume
of the droplet could shorten the pancake bouncing time. The
report focuses on the pancake bouncing caused by the low-
speed impact of droplets, and droplets will not splash before
detaching from the surface in this range. In general, our
purpose is to find a solution for adjusting the rebound behavior
of droplets and providing a reference for a microstructure
surface design under different working conditions.

■ THEORETICAL BASIS
The Wettability of the Surface. The rebound behavior of

the droplet on a surface with a tapered microstructure is very
significant,34,36,37 which is also more susceptible to super-
hydrophobic surfaces. Therefore, we first analyze the
wettability of the SCAS with the conical array height H, top
surface diameter Dt, bottom surface diameter Db, half apex
angle of the tapered column α, and bottom spacing between
two posts S, as shown in the schematic diagram (Figure 1).

Furthermore, the surface of the conical posts is uniformly
covered with a layer of a nanosphere with a diameter a and
spacing b. The radius of the droplet is R(θ), the outer surface
area of the spherical droplet is Sext, and the cross-sectional area
in contact with the microstructure is Sbase. The contact angles
of the droplets on the surface with two microstructures are θ

and θ1, the depths of infiltration are x1 and x2, and the ratios of
the area of the droplet to the projected area on the
corresponding surface are y1 and y2. S/Db is defined as the
ratio between the spacing of the conical arrays and the
diameter of the posts’ underside, and b/a is the ratio of the
pitch between the nanosphere structures and the diameter.
In our previous studies, a thermodynamic approach and the

principle of minimum free energy were used to analyze the
wetting states of a droplet on a microstructured surface.47,48

Ordinarily, a droplet has two stable wetting states (Cassie−
Baxter and Wenzel) on the surface with a single-scale
microstructure. The wetting states are usually more compli-
cated for the droplet on dual-scale rough surfaces. It is assumed
that the droplets possess four stable wetting states on the
SCAS, namely CB−CB (conical arrays and nanospheres are all
in Cassie−Baxter states), CB−W (conical arrays are in a
Wenzel state, and the nanospheres are in a Cassie−Baxter
one), W−CB (conical arrays are in a Cassie−Baxter state, and
the nanospheres are in a Wenzel one), and W−W (conical
arrays and nanospheres are all in Wenzel states). The
corresponding equations of the apparent contact angle θ are
demonstrated in Table 1, where θ0 is the intrinsic contact angle
on the SCAS. The specific derivation details of the formula are
demonstrated in the C1 Section in the Supporting
Information.

According to the principle of thermodynamics and
minimum free energy, the numerical values of the free energy
of the four wetting states under different sizes (S/Db and b/a)
are calculated, and the state with the smaller free energy is
selected as the stable state, as shown in Figure 2a. According to
previous studies, the CB−W region is called as the “Petal
effect” region, which exhibits a strong adhesive force to water,
whereas the CB−CB region corresponds to low contact angle
hysteresis, and is called as the “Lotus effect”.49 In order to
reduce the energy loss of the droplet during the rebound, the
Lotus effect region instead of the Petal effect one should be
aimed. Consequently, by reasonably adjusting the parameter of
microstructures (S/Db and b/a), the droplets can be mostly
controlled in the CB state (Figure 2a). Similarly, Figure 2b
presents the wetting phase diagram of H and S/Db. This
indicates that the conical posts require a certain height to keep
the droplets in the CB−CB region.

Rebound Energy of the Droplets. Throughout the
whole bouncing process, the total energy of the system is
conserved. The initial energy of the droplet Wtotal can be

Figure 1. Schematic of a droplet on the superhydrophobic conical
array surface (SCAS).

Table 1. Apparent Contact Angle Equations of Four
Wetting States on the SCAS
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expressed by its gravitational potential energy and surface
energy, and can be determined by

W mgh R R gh R4 4 /3 4total 0
2

0
3

0
2π γ ρπ π γ= + = + (1)

where m, γ , ρ , h and R0 are the mass, surface tension, density,
drop height, and the initial radius of the droplets, respectively.
We assume that the drop can jump as a pancake, with a

maximum spreading diameter Dmax = ξD0We1/450,51 and height
hmax, where the prefactor ξ is close to unity. The Weber
number can be expressed as We = ρv0

2R0/γ, where v0 is the
impact velocity at which the droplet contacts the top surface.
D0 is the initial diameter of the droplets. hmax can be expressed
by volume conservation. Therefore, when the droplets leave
the surface as a pancake, the interface energy Es can be
expressed as Es = (πDmax

2 /2 + πDmaxhmax) γ, and the final kinetic
energy is defined as Ef. The liquid friction against the pillars
during the spreading process is scaled as52
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According to the literature,8 the penetrating distance of liquid
is approximately equivalent to the initial drop diameter.
Therefore, the distance D of the liquid front is approximately
equal to D0/2. μ is the viscosity, Hx is the penetration depth,
and V is the averaged velocity, which can be expressed as V =
D0/τ where τ = D0/v0 is the characteristic time. Da is the
average diameter of the pillar, which can be expressed as Da =
(Db + Dt)/2. The energy dissipation by liquid fraction against
the pillars during spreading and receding is expressed as53
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The liquid friction from the bottom is expressed as53

F
V
H

D
22

2
πμ=

(4)

and the energy dissipation by liquid fraction against the
bottom during spreading and receding is expressed as

W
D v
H62

0
3

0πμ
=

(5)

The viscous dissipative energy of the droplet against the
pillars’ top is expressed as54

W v D f Re
83 0 max

2
s

π μ=
(6)

Here, fs is the fraction of the liquid−solid contact area, which
can be expressed as fs = π(Dt/2)

2/(S + Db)
2, and Re is the

Reynolds number, which can be expressed as Re = ρD0v0/μ.
The energy conservation between the initial stage and the

final stage can be expressed asWtotal = Ef + Es +W1 +W2 +W3.
In order to allow the droplets to bounce off the surface, it is
necessary that the final kinetic energy Ef ≥ 0, and therefore45

W W W W E .total 1 2 3 s− − − ≥ (7)

The Timescale of Pancake Bouncing. We determine the
time interval between the first contact of the droplet to the
surface and the complete emptying of the substrate as t↑, the
time when the droplet reaches its maximum lateral extension as
tmax, and the ratio of them as k = t↑/tmax. According to the
research of Liu et al.,34 pancake bouncing occurs at 0.5 < k <
1.7 on the SCAS. The maximum lateral extension time tmax can
be expressed as36,38

t R /max 0
3ρ γ∼ (8)

with a fitting coefficient of 0.62. When the droplet can touch
the bottom surface, the t↑ can be split into three parts and
expressed as t↑ = tdown + ttouch + tup, namely, the sum of falling
time tdown, touching time ttouch, and rising time tup.

36 For
tapered posts, the acceleration is linear with penetration depth.
The capillary force Fcf can be approximately expressed as Fcf =
nπγ(Dt + 2xtanα) cos α sin (θ1 − 90 ° )55 during filling, which
is given by −Fcf = m*d2x/dt2, and the boundary conditions are
expressed as (dx/dt)t = 0 = v0 and xt = 0 = 0, where x is the
penetration depth. Then, the falling time of the droplet can be
obtained as
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with Ff0 = nπγDt cos α sin (θ1 − 90 ° ) and k = 2nπγtanα cos α
sin (θ1 − 90 ° ). m* is the effective mass, which can be
expressed as m* = f tm. v(Hx) is the velocity of the droplet when
reaching the maximum penetration depth Hx, which can be

Figure 2. Wetting phase diagram of a droplet on the SCAS with (a) different S/Db and b/a, (b) different H and S/Db. S/Db is defined as the ratio
between the spacing of the conical arrays and the diameter of the posts’ underside, b/a is the ratio of the pitch between the nanosphere structures
and the diameter, H is the height of posts. The dashed lines indicate that two adjacent wetting states have same apparent contact angles.
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expressed as v v H F m H k m2 / /H( x) 0
2

x f0 x
2= − * − * . Hx is

determined via the boundary condition v(Hx)= 0 as

l
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where n = πR0
2/(S + Db)

2 is the number of posts covered by the
penetrating liquids.
When the droplet does not touch the bottom surface, v(Hx) =

0 and ttouch = 0. However, if the droplet touches the bottom
surface, the total reactive force acting on the droplet contains
the capillary force Fc and the force from the bottom substrate
Fb. According to the momentum conservation law, Fb = m*v0/
tmax. Then, the total force can be expressed as Ft = Fb + Fc,
where Fc = nπγDb cos α sin (θ1 − 90 ° ) when the droplet
touches the bottom surface. Then, the touching time of the
droplet can be obtained as

t m v F/Htouch ( x) t= * (11)

During emptying, the capillary force Fce can be approx-
imately expressed as Fce = nπγ(Dt + 2Hxtanα − 2ytanα) cos α
sin (θ1 − 90 ° ), which is given by Fce = m*d2y/dt2, and the
boundary conditions are expressed as (dy/dt)t = 0 = 0 and yt = 0
= 0, where y is the emptying height. Then, the falling time of
the droplet can be obtained as
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with Fe0 = nπγ(Dt + 2Hxtanα) cos α sin (θ1 − 90 ° ).
Through experiments, we find that only part of the droplet

mass affects the rebound effectively. We assume that the
droplet mass is the same at all stages, and the scaling factor f t =
0.67.45 The effect of gravity, the Laplace pressure, and liquid
friction on the vertical motion are neglected. According to the
research of Liu et al.,34 the contact time tc is approximately
equal to the t↑ over the pancake bouncing range. Using this
theory, experimental values can be predicted relatively
accurately.

■ EXPERIMENTAL SECTION
Substrate Preparation. For the preparation of the substrates, we

predominantly used trimethoxyoctadecylsilane TMOS (Aladdin),
titanium dioxide TiO2 nanoparticles (anatase and rutile, <40 nm,
99.7% trace, Sigma Aldrich), and poly(dimethylsiloxane) PDMS
(Dow Corning Sylgard 184). Additionally, a copper mold with a
square lattice of tapered holes, with diameters of 100 μm and depth of
600 μm was used as a template. A brief experimental outline was
displayed in Figure 3. First, the base polymer and the curing agent of
PDMS were mixed at a mass ratio of 5:1 w/w. The bubbles were then
removed from the PDMS before it was poured onto the copper
template. After the PDMS was cured, it was carefully separated from
the copper template to provide a surface with conical arrays. Next, the
solution composed of TMOS, absolute ethanol (∼99 wt%, Eagle
Chemical Reagent Co., Ltd., Zhejiang), and TiO2 was spin-coated on
the surface of the conical arrays, and finally the substrate with SCAS
was obtained.
Characterization. The surface morphology of the sample was

observed with scanning electron microscopy (SEM, Hitachi S4800).
In order to characterize the wettability of the SCAS, the water contact
angle (CA, θ) was measured using 4 μL droplets of deionized water
with a contact angle instrument (OCA 50AF, Dataphysics Instru-

ments). The water droplets were dispensed using a syringe pump
through a needle with a 100 μm inner diameter.

Figure 4a,b shows the SEM images of the conical arrays with S/Db
= 1.0 and the nanosphere structures, respectively. The SEM images of

the SCAS with different microstructure spacings are also demon-
strated in Figure S1 in the Supporting Information. The surface with
S/Db = 1.0 exhibits a superhydrophobic property with an apparent
contact angle of 160 ± 1.0° (Figure 4c).

Droplet Impact. In the droplet impact experiments, the radius of
the droplets was controlled by replacing the needles of the syringe
with different inner diameters (R0 = 0.89−2.6 mm) and adjusting the
impact velocity v0 of droplets by changing the release height h,
corresponding to 0 < We < 50. A high-speed camera (pco.dimax HD
900000587) was utilized to capture the details of the droplet impact
at 10,000 frames per second. In all cases, the droplets were maintained
at room temperature, and the indoor humidity was approximately
55%.

Droplet Bouncing Experiment. The impact experiment of the
droplets was performed on the SCAS with the ratio of conical arrays
S/Db being 0.5, 1, 1.5, 2, 2.5, and 3. Specific geometrical parameters of
the SCAS are displayed in Table S2 in the Supporting Information.
Figure 5a−e shows selected snapshots of a droplet impacting on the
SCAS with R0 = 1.45 mm andWe = 16. For surfaces with conical array
ratios of S/Db = 0.5 and S/Db = 2.5, as shown in Figure 5a,e, the
droplets undergo the usual rebound on the SCAS with a contact time
tc of approximately 15.5 ms, similar to the regular rebound in previous

studies23 ( R2.55 /0
3ρ γ ). However, when the droplets impact on the

surface with S/Db = 1, 1.5, and 2, as shown in Figure 5b−d, the
droplets rebound from the SCAS in the form of a pancake, which is
termed as pancake bouncing of the droplets. In this case, the liquid
penetrates into the microstructure and the drop detaches from the
surface immediately after capillary emptying without retraction.34 It
can be seen that as the array spacing increases, the pancake bouncing
time of the droplets also tends to increase. As the S/Db increases from

Figure 3. Schematic diagram of the preparation of a SCAS by the
template method and spin-coating technology.

Figure 4. (a) SEM image of the conical arrays with S/Db = 1.0. (b)
SEM image of the nanosphere structures. (c) Apparent contact angle
of SCAS with S/Db = 1.0 is 160 ± 1.0°.
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1 to 1.5 and then to 2, the tc becomes 3.5, 5.3, and 6.8 ms,
respectively, and the pancake shape appears when the droplet
rebounds more irregularly (Videos S1−S5 in the Supporting
Information). According to previous studies, it can be concluded
that the following conditions should be satisfied when the pancake
bouncing occurs for the droplet, namely: (i) wetting states become
the Lotus effect region through an appropriate size, (ii) the energy
criterion is satisfied, and (iii) an appropriate timescale k. The lack of
any of these three will prevent pancake bouncing.34

■ RESULTS AND DISCUSSION
The Apparent Contact Angle of the Droplets. In order

to analyze the wettability of the SCAS more intuitively, the
relationship between the apparent contact angle θ and
microstructural sizes was investigated. Figure S2 presents the
wetting states of a droplet on the SCAS with different half-apex
angles (S/Db = 1). The θ can be improved by appropriately
increasing the α of the tapered column. In Figure 6a, different
colored lines represent the wetting states and θ of the droplets
with different b/a, and the black solid points are the values
obtained from previous experiments conducted by Chen and
Bertola33 and Liu et al.,34,44 with ranges of b/a between 0.5 and
1.5 and between 0.5 and 1, respectively. In order to verify this

theory, the SCASs with different spacings (S/Db) are studied,
as shown by the red solid pointed line in the figure. Similarly,
the estimated ratio b/a of the nanostructures is between 0.5
and 1.5. It can be seen that when the droplets are in a CB−CB
state, the θ can be improved by appropriately increasing the S/
Db of the conical arrays. However, a very large spacing will
result in the droplets being in the CB−W area. Furthermore,
the nanospheres with different size ratios have little effect on
the wettability of the droplets, and the theoretical results are in
good agreement with the experimental ones. Figure 6b plots
the relationship between b/a and θ in which S/Db = 1. Taking
the average value and assuming that b/a = 0.75 in the
experiment of Liu et al.34 and b/a = 1 in this paper, the
theoretical results are in good agreement with the experimental
ones. Generally speaking, S/Db < 2.2 and 0.4 < b/a < 2.2 when
S/Db = 1 are required in order to make the surface
superhydrophobic and keep droplets in the Lotus effect region
so that the viscous resistance they suffer during the rebound
stage is reduced.

The Phase Diagram and the Contact Time of Pancake
Bouncing. The range of microstructure size and contact time
of droplets required for pancake bouncing were further
analyzed. The pointed line, dash-dotted line, and dashed line
in Figure 7 represent the appropriate wetting states, energy

criterion, and comparable timescales for pancake bouncing,
respectively. As can be seen from Figure 7a, the ratio of the
nanosphere (b/a) in the range between 0.5 and 1.5 has little
effect on the energy storage of the droplets, but the wetting
state range is greatest at these sizes. For the conical arrays, a
very small S/Db results in insufficient energy storage, and no
pancake bouncing occurs. The reason is that the spaces
between the posts are too dense, and the penetration depth of
the liquid is not enough to store rebound energy. Similarly,
when the ratio of the conical arrays S/Db exceeds 2, the
droplets will not be able to conduct the pancake bounce due to
being in the CB−W area. The black solid points in Figure 7a
are the points at which the pancake bouncing occurred in
previously reported experiments.34,44 They are located in the
theoretical region of pancake bouncing (the blue region).
Furthermore, for a droplet impacting on the SCAS, in this case,
the comparable timescale does not limit the pancake bouncing
of the droplets, as indicated by the dashed lines in the figure.

Figure 5. Selected snapshots of the droplet’s rebounding behavior on
the SCAS with (a) S/Db = 0.5, (b) S/Db = 1.0, (c) S/Db = 1.5, (d) S/
Db = 2.0, and (e) S/Db = 2.5. The droplet radius is R0 = 1.45 mm at
We = 16.

Figure 6.Wetting states of the droplet (R0 = 1.45 mm) on the surface
with different sizes of (a) conical arrays and (b) nanospheres. The
black solid points on the graph are the experimental values of the
previous experiments, and the red solid points are the experimental
values reported in this research.

Figure 7. (a) Phase diagram showing the range of pancake bouncing
and the effect of the ratio S/Db of the conical array and the ratio of
the nanosphere structures b/a on pancake bouncing. R0 = 1.45 mm
and We ≈ 16. (b) Relationship between the contact time tc of the
droplets and the array spacing S/Db under pancake bouncing
conditions. The ratio of the nanosphere structures b/a = 1, R0 =
1.45 mm, and We ≈ 16. The pointed line represents the appropriate
wetting states S/Db ≤ 2.2 when b/a = 1, as shown in Figure 2a, the
dash-dotted line represents the energy criterion (based on Equation
7) when S/Db ≥ 0.76, and the dashed lines represent the comparable
timescales k when 0 ≤ S/Db ≤ 2.75 for pancake bouncing.
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Points at which pancake bouncing does not occur are located
in the normal bouncing area (the red region). Figure 7b shows
the effect of the microstructure size on droplet contact time for
We = 16. The triangular points are experimental values, and the
red area indicates the portion where the droplet cannot
rebound like a pancake. The contact time of normal bouncing
droplets is approximately 16.5 ms. But for pancake bouncing,
the contact time of the droplets is much smaller than that of
normal bouncing droplets and increases with an increase in
microstructure spacing (3.35 to 5.97 ms).
Next, in order to reveal the effect of the impact energy of the

droplet (herein indicated by the Weber number We) on
pancake bouncing, a nanosphere structure (b/a = 1) is used, as
shown in Figure 8a. Due to the limitations of the wetting
states, pancake bouncing cannot occur in the area where S/Db
> 2.2. When the size of the spacing is reduced, a larger We is
required to allow the droplets to store enough rebound energy.
For the SCAS with an array spacing of S/Db ≈ 0.5, the droplets
require substantial initial kinetic energy for pancake bouncing.
Therefore, increasing the spacing between the posts is
conducive to increasing energy storage, which is beneficial to
pancake bouncing. Figure 8b presents the relationship between
the contact time of the droplets, We, and the spacing of the
microstructures. For the surface with a conical array ratio of S/
Db = 0.5 and S/Db = 2.5, due to the conditional limitations of
pancake bouncing, the droplets rebound as normal, and the
contact time is independent ofWe, which is approximately 16.5
ms. However, for the surface with S/Db = 1 when We = 9, the
droplet will rebound from the surface in the form of a pancake,
and the contact time is sharply reduced to approximately 3.7
ms. In addition, as the spacing increases, the We required for
the pancake bouncing of the droplet will be reduced. In
contrast, the contact time tc of the pancake bouncing will

increase. For the surface with S/Db = 2, pancake bouncing
requires only We = 2.5, but the contact time increases to 5.6−
5.9 ms. t↑ is related to the impact velocity v0 (based on
Equation 9), and tc is fixed over the pancake bouncing range.
Specific images are demonstrated in the C2 section in the
Supporting Informations.

The Effect of the Droplet Size on the Rebound. The
above studies are based on a droplet radius of R0 = 1.45 mm.
However, the size of the droplet will also affect pancake
bouncing. In order to determine the relationship between the
size of the droplet and pancake bouncing, we conducted an
experiment on the rebounding of droplets on a surface with S/
Db = 1, as shown in Figure S4 in the Supporting Information.
In the case where the droplet volume is too small (V ≤ 3 μL)
or too large (V ≥ 75 μL), pancake bouncing cannot occur due
to the unfavorable timescales. When the volume of the droplet
is at 5 μL ≤ V ≤ 50 μL, the pancake bouncing phenomenon
can be clearly observed, and the contact time tc increases as the
droplet volume increases. Additionally, we also conducted an
experimental study concerning the rebounding of droplets on
surfaces of S/Db = 0.5, S/Db = 1.0, and S/Db = 1.5 (specific
information is demonstrated in Figure S5 in the Supporting
Information). The effect of the size of the droplets and
microstructure size on the pancake bouncing can be seen in
Figure S6 in the Supporting Information. In order to facilitate
the observation, the radius of the droplet is obtained via its
volume, giving a We value of 20. It can be seen that as the
spacing of the conical array increases, the pancake bouncing
range of the droplets also gradually increases. In addition, a
dimensional effect between the droplet and the microstructure
can be observed. The pancake bouncing would be more likely
to happen on the surfaces with large post spacing for the
droplet with the larger radius (Figure S6).

Figure 8. (a) Phase diagram showing the range of bouncing states of a droplet (R0 = 1.45 mm) rebounded under different S/Db and We under the
limitations of the pancake bouncing. The pointed line represents the appropriate wetting states S/Db ≤ 2.2 when b/a = 1, as shown in Figure 2a,
and the dash-dotted line represents the energy criterion for pancake bouncing. (b) Rebound situation of the droplets (R0 = 1.45 mm) under a
different Weber number We of the SCAS with b/a = 1.

Figure 9. Variation of (a) the contact time tc and (b) the degree of shortening of the contact time Δt according to the ratio of the conical arrays
and the radii of the droplets at We ≈ 20. The red, blue, and green dash-dotted lines represent the energy criterion of R0 = 1.0 mm, R0 = 1.5 mm,
and R0 = 2.0 mm, respectively. The pointed line represents the appropriate wetting states S/Db ≤ 2.2 when b/a = 1, as shown in Figure 2a; the red
dashed line represents the comparable timescales k of R0 = 1.0 mm.
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By above results analysis, a relationship between the contact
time tc of the droplets, the droplet’s size R0, and the spacing of
the microstructures S/Db is obtained as shown in Figure 9,
which is a good linear relationship between the contact time tc
of the droplets and the size of the microstructures. As a result,
for a droplet with radius R = 1 mm, the microstructure size on
which pancake bouncing can occur is in the range of 0.6 < S/
Db < 1.6. The contact time of the experiment can be shortened
to 2 ms. Relating the contact time when the droplets are
pancake bouncing (tc) and bouncing normally (tc′), the degree
of the shortening of the contact time can be obtained with Δt
= (tc′ − tc)/tc′. The relationship between the reduction in the
contact time of impacting droplets and the size of the
microstructures on the SCAS is displayed in Figure 9b. The
dash-dotted lines of different colors on the graph indicate the
minimum microstructure spacing on which pancake bouncing
will occur. The uncolored points on the graph represent the
data from previous experiments and the colored points
represent the results obtained from our experiments in this
work. The result implies that the pancake bouncing of droplets
has a dimensional effect. For droplets with different radii, the
maximum reduction of the contact times Δt is very similar,
approximately 83.2%. In our experiments, the rebounding time
of the droplets is reduced by nearly 80%, approaching the
theoretical limit.
In addition to the above factors, the half apex angle α of

microstructures also affects the rebounding of droplets. For the
microstructures with a top surface diameter Db = 100 μm and
column height H = 600 μm, as shown in Figure S7 in the
Supporting Information, with the increase of the α, the size
spacing range of pancake bounce increases because the
increased α is beneficial to the storage of the droplet rebound
energy.

■ CONCLUSIONS
In summary, we have investigated the phenomenon of the
pancake bouncing of droplets on a superhydrophobic conical
array surface. First, the dynamic wetting states of the droplets
were studied theoretically and experimentally. Second, we
theoretically obtained a droplet bounce phase diagram,
determined the droplet contact time on the superhydrophobic
conical array, and concluded that the elastic energy and contact
time could be adjusted by altering the size of the micro-
structures. Furthermore, the influence of droplet size and
conical microstructural spacing on droplet resilience was
analyzed, and a quantitative relationship between the droplet
volume and conical microstructural spacing was determined. It
is believed that our studies will allow for the reasonable design
of surfaces for many practical applications in the future.
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on Superhydrophobic Macrotextures. Nat. Commun. 2015, 6, 8001.
(31) Shen, Y.; Tao, J.; Tao, H.; Chen, S.; Pan, L.; Wang, T.
Approaching the Theoretical Contact Time of a Bouncing Droplet on
the Rational Macrostructured Superhydrophobic Surfaces. Appl. Phys.
Lett. 2015, 107, 111604.
(32) Liu, Y.; Andrew, M.; Li, J.; Yeomans, J. M.; Wang, Z. Symmetry
Breaking in Drop Bouncing on Curved Surfaces. Nat. Commun. 2015,
6, 10034.
(33) Chen, S.; Bertola, V. Drop Impact on Spherical Soft Surfaces.
Phys. Fluids 2017, 29, No. 082106.

(34) Liu, Y.; Moevius, L.; Xu, X.; Qian, T.; Yeomans, J. M.; Wang, Z.
Pancake Bouncing on Superhydrophobic Surfaces. Nat. Phys. 2014,
10, 515−519.
(35) Song, J.; Gao, M.; Zhao, C.; Lu, Y.; Huang, L.; Liu, X.; Carmalt,
C. J.; Deng, X.; Parkin, I. P. Large-Area Fabrication of Droplet
Pancake Bouncing Surface and Control of Bouncing State. ACS Nano
2017, 11, 9259−9267.
(36) Guo, C.; Zhao, D.; Sun, Y.; Wang, M.; Liu, Y. Droplet Impact
on Anisotropic Superhydrophobic Surfaces. Langmuir 2018, 34,
3533−3540.
(37) Kumar, A.; Tripathy, A.; Nam, Y.; Lee, C.; Sen, P. Effect of
Geometrical Parameters on Rebound of Impacting Droplets on Leaky
Superhydrophobic Meshes. Soft Matter 2018, 14, 1571−1580.
(38) Bro, J. A.; Jensen, K. S. B.; Larsen, A. N.; Yeomans, J. M.;
Hecksher, T. The Macroscopic Pancake Bounce. Eur. J. Phys. 2017,
38, No. 015006.
(39) Wu, H.; Yu, S.; Xu, Z.; Cao, B.; Peng, X.; Zhang, Z.; Chai, G.;
Liu, A. Theoretical and Experimental Study of Reversible and Stable
Wetting States of a Hierarchically Wrinkled Surface Tuned by
Mechanical Strain. Langmuir 2019, 35, 6870−6877.
(40) Graeber, G.; Martin Kieliger, O. B.; Schutzius, T. M.;
Poulikakos, D. 3D-Printed Surface Architecture Enhancing Super-
hydrophobicity and Viscous Droplet Repellency. ACS Appl. Mater.
Interfaces 2018, 10, 43275−43281.
(41) Liu, Y.; Wang, Z. Superhydrophobic Porous Networks for
Enhanced Droplet Shedding. Sci. Rep. 2016, 6, 33817.
(42) Dong, X.; Huang, X.; Liu, J. Modeling and Simulation of
Droplet Impact on Elastic Beams Based on SPH. Eur. J. Mech. A-
Solids. 2019, 75, 237−257.
(43) Liu, J.; Mei, Y.; Xia, R. A New Wetting Mechanism Based upon
Triple Contact Line Pinning. Langmuir 2011, 27, 196−200.
(44) Liu, Y.; Mhyman, G.; Bormashenko, E.; Hao, C.; Wang, Z.
Controlling Drop Bouncing Using Surfaces with Gradient Features.
Appl. Phys. Lett. 2015, 107, No. 051604.
(45) Moevius, L.; Liu, Y.; Wang, Z.; Yeomans, J. M. Pancake
Bouncing: Simulations and Theory and Experimental Verification.
Langmuir 2014, 30, 13021−13032.
(46) Moqaddam, A. M.; Chikatamarla, S. S.; Karlin, I. V. Drops
Bouncing Off Macro-textured Superhydrophobic Surfaces. J. Fluid
Mech. 2017, 824, 866−885.
(47) Wu, H.; Zhu, K.; Wu, B.; Lou, J.; Zhang, Z.; Chai, G. Influence
of Structured Sidewalls on the Wetting States and Superhydrophobic
Stability of Surfaces with Dual-scale Roughness. Appl. Surf. Sci. 2016,
382, 111−120.
(48) Wu, H.; Yang, Z.; Cao, B.; Zhang, Z.; Zhu, K.; Wu, B.; Jiang, S.;
Chai, G. Wetting and Dewetting Transitions on Submerged
Superhydrophobic Surfaces with Hierarchical Structures. Langmuir
2017, 33, 407−416.
(49) Feng, L.; Zhang, Y. A.; Xi, J. M.; Zhu, Y.; Wang, N.; Xia, F.;
Jiang, L. Petal Effect: A Superhydrophobic State with High Adhesive
Force. Langmuir 2008, 24, 4114−4119.
(50) Laan, N.; de Bruin, K. G.; Bartolo, D.; Josserand, C.; Bonn, D.
Maximum Diameter of Impacting Liquid Droplets. Phys. Rev. Appl.
2014, 2, No. 044018.
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