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The dynamical wetting behavior has been observed under vertical vibration of a water droplet placed on a micropillared surface.
Thewetting transition takes place under the different processes. In compression process, the droplet is transited fromCassie state to
Wenzel state. The droplet undergoes a Wenzel-Cassie wetting transition in restoring process and the droplet bounces off from the
surface in bouncing process. Meanwhile, the wetting and dewetting models during vibration are proposed. The wetting transition
is confirmed by the model calculation. This study has potential to be used to control the wetting state.

1. Introduction

With the development of micro- and nanotechnology, super-
hydrophobic surface with a high static contact angle (CA)
above 150∘ and low contact angle hysteresis plays an impor-
tant role in technical applications, such as drag reduction
in microfluidic devices and dropwise condensation [1–3]. In
particular, achieving a high CA of these superhydrophobic
surfaces is not crucial; the behavior of the droplet moving
on these surfaces and the velocity of the liquid leaving from
these surfaces are important in most of the applications.
And superhydrophobic surfaces are not always water repel-
lent, such as condensation [4, 5]. Therefore, restoring the
characteristics of the superhydrophobic surfaces has gained
widespread attention [6, 7].

In the previous research, theoretical models for liquid
droplets wetting on rough and chemically inhomogeneous
surfaces have been investigated [8–11]. Wetting of these
surfaces is governed by the Wenzel model, where the liquid
wets both peaks and valleys of rough surfaces, as shown in
Figure 1(a). An apparent contact angle 𝜃

𝑤
of a liquid droplet

on a rough surface is given by the classical Wenzel equation

cos 𝜃
𝑤
= 𝑟
𝑤
cos 𝜃
𝐸
, (1)

where 𝑟
𝑤
is roughness factor, defined as the ratio of the actual

area of a rough surface to the geometric projected area. This

factor is always larger than unity. And 𝜃
𝐸
is an equilibrium

contact angle of a liquid droplet on a corresponding flat
surface.

Chemically heterogeneous surface is characterized by the
apparent CA, predicted by the Cassie-Baxter wetting model,
as shown in Figure 1(b). The apparent CA 𝜃CB is defined by
the Cassie-Baxter equation

cos 𝜃CB = 𝑓 cos 𝜃𝐸 + 𝑓 − 1, (2)

where 𝑓 is the fraction of the projected area of the solid
surface that is wetted by the liquid. Although these two well-
established theoretical models, Wenzel model and Cassie
model, are frequently employed in demonstrating different
wetting phenomena, the wetting mechanisms on the rough
surface are not fully investigated yet, especially in the transi-
tion region between the Wenzel and Cassie states.

Recently, wetting transitions have been studied in a series
of experimental and theoretical works [12–16]. It is shown that
the wetting transitions are achieved by external stimuli, such
as pressure [17, 18], vibration [19, 20], electric voltage [21, 22],
evaporation or heat [23, 24], thermal chemical methods [25],
solvent method [26], and magnetism [27]. Jung and Bhushan
[12] found that the inertia force imposed on the droplet
by vibration can overcome the adhesion force between the
droplet and the rough surfaces; the droplet can bounce off
from the surface and transit from Wenzel state to Cassie
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Figure 1: Wetting state of rough surfaces.
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Figure 2: (a) SEM image of pillar structures made of PDMS (𝑎 is the pillar spacing, 𝐻 is the height of the pillars, and 𝑏 is the width). (b)
Wetting state and contact angle of droplet of 4 𝜇L on the microstructured surface.

state. Bormashenko et al. [28] showed that the dynamic
Cassie-Wenzel transition under vibration is more likely a
1D than a 2D affair. Meanwhile, the oscillations of droplets
werewidely studied on the hydrophobic or superhydrophobic
surfaces [29–31]. However, most of them were focused on
drop vibration models, and few experimental studies have
been reported on the dynamic wetting behavior of vibrated
droplets on patterned surfaces.

In this paper, dynamic properties (such as the droplet
contact diameter, the CA, and the liquid height) of a vibrated
droplet on patterned surfaces at resonance frequency are
studied. The influence of vibration on the dynamic wetting
states of a water droplet is investigated. And the wetting and
dewetting models during the vibration are presented.

2. Experimental Section

2.1. Fabrication of Polydimethylsiloxane (PDMS) Rough Sur-
faces. Microstructured surfaces are fabricated using PDMS
material by soft lithography, with pillars of 30 𝜇m in width,
30 𝜇m in height, and 30 𝜇m in pitch value. PDMS stamps
were prepared in a replication molding process with a 6-
inch silicon wafer, which was covered with one layer of

microstructured photoresist as a master. For preparation
of the master, a layer (30 𝜇m thickness ) of photoresist
(SU-8, formulation 25, and a new negative near-UV thick
photoresist) is spin-coated on a hydrophilic silicon wafer.
Subsequently, the photoresist is patterned with the desired
features, utilizing a printed foil mask.The polymer is allowed
to cure for one hour at 90∘C and to be cooled to room
temperature before being removed from the master.

The surface morphology of the pillars, which is observed
with a scanning electron microscope (SEM, QUANTA FEG
450), is shown in Figure 2(a). Deionized water is used as the
liquid and the volume of each droplet is kept at 4 𝜇L. Droplets
are gently deposited on the substrate using a CAmeter for the
static CA. The CA value is 148.5∘± 2.5∘, which is the average
value of ten independent points, so the fabricated surface is a
superhydrophobic surface [32]. As shown in Figure 2(b), the
water droplet penetration into the space between the pillars
is relatively small and it could be easily seen that the initial
wetting state for PDMS surface is the Cassie state. Wetting
of rough surfaces is characterized by the apparent contact
angle; the apparent CA value is 113.7∘ for PDMS surface in
this work. According to the Wenzel and Cassie equations (1)
and (2), the local apparent contact angles are 143.5∘ and 148.3∘,
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Figure 3: Experimental setup.

respectively.Thus, the experimental results are in accordance
with the theoretical analysis: the initial wetting state is the
Cassie state here.

2.2. Experimental Apparatus and Procedure. The experimen-
tal setup is shown in Figure 3. The droplet is rested on a
microstructured surface and the surface is vertically vibrated
with a loudspeaker (maximum peak-to-peak displacement
2mm). It is linked to a power amplifier connected to a
digital function generator. The frequency and amplitude of
a sinusoidal wave from a function generator can be adjusted.
The vibration frequencywas controlled between 0 and 250Hz
for measurement of the resonance frequency of a droplet.
The process of the dynamic behavior was obtained with
a high speed camera (OLYMPUS i-SPEED 3) operated at
2000 frames/s for each experimental run, and the dynamic
properties of the droplets were then determined as a function
of time. All experiments were carried out at 20 ± 1∘C and 50
± 5% relative humidity (RH).

3. Results and Discussion

In this work, the droplet is exposed to a vertical vibration.The
amplitude increases during the experiment until the droplet
first bounces off from the solid surface.Thedroplet oscillation
gets vigorous with its shape and the triple line is moving.
Figure 4 shows the images of droplets from the pillars PDMS
surface at external forcing vibration frequency of 70Hz and
vibration amplitude of 0.31mm.

It reveals that the instantaneous dynamic characteristics
of the vibrated droplets, such as the droplet contact diameter
𝐷(𝑡), CA 𝜃(𝑡), and the droplet height 𝐻(𝑡), are different
at various time points. Meanwhile, the input waveform is
sinusoidal signal, and the amplitude 𝐴 is a function of time
𝑡, 𝐴(𝑡) = 𝐴

0
sin(2𝜋𝑓𝑡), where 𝑓 is the frequency and 𝐴

0
is

the half of the peak-to-peak amplitude of vibration.
Figure 5 shows the transient evolution of the droplet

and amplitude 𝐴(𝑡) prior to the droplet bouncing-off. In
one hand, 𝐻(𝑡), 𝐷(𝑡), and 𝜃(𝑡) increase or decrease with
the speaker vibration amplitude (𝐴), indicating that the
droplet motion and external forcing are harmonious. It is
in a resonance mode, which had been discussed in detail

in our recent work [33]. Meanwhile, because of fluid elas-
tic deformation, there is a time interval Δ𝑡 between the
amplitude and the instantaneous dynamic characteristics of
vibrated droplets, as shown in Figure 5(a). On the other hand,
with the amplitude increasing and decreasing, the dynamic
behaviors of a droplet can generally be classified into three
different categories: compression process, restoring process,
and bouncing process.

The compression process corresponds to the case where
the vibrated droplet is continuously compressed as the top
portion of the droplet is moving at a lower velocity in the
positive 𝑦-direction than the bottom portion of the droplet.
This behavior results in considerable decreasing of the liquid
height during its vibration in the 𝑦-direction, as shown
in Figures 4(a)–4(c) and 5(a). Also, the contact diameter
between the droplet and the substrate is increasing (see
Figure 5(b)) and the CA is decreasing (see Figure 5(c)). Such
a situation occurs because of the partial filling of pillars with
water and that results in a wetting transition. Generally, there
are two main scenarios of wetting transitions, 1D and 2D, as
shown in Figure 6 [34]. In this case, as shown in Figure 6, the
triple line and contact angle are continuously slowly changing
and the triple line is not pinned. Thus, the dynamic Cassie-
Wenzel transition is more likely a 1D than a 2D affair. Also,
it has been established that the transition occurs under the
constant force per unit length of the triple contact line. It
is not necessary to fill all surface intrusions but only those
adjacent to the triple line [28].

On the rough substrate manufactured from strongly
hydrophobicmaterial, the Cassie wetting state corresponds to
a higher free energy of the droplet/substrate system than the
Wenzel wetting state. Vibrations provide the droplet with the
necessary energy for penetration into pillars on the surface.
The energy required when one “cell” is wetting is

Δ𝐸cell = 4𝑏ℎ (𝛾SL − 𝛾SA) = −4𝑏ℎ𝛾LA cos 𝜃𝐸, (3)

where 𝛾LA, 𝛾SL, and 𝛾SA are surface tensions on the liquid-
air, solid-liquid, and solid-air interfaces, respectively. 𝜃

𝐸
is

the Young contact angle of a flat surface. The number of
such cells depends on the scenarios of wetting transition.
As mentioned above, the transition corresponds to the 1D
scenario of wetting transitions. Figure 7 shows the wetting
behavior models. As it is shown in Figure 6, the number of
“cells” is

𝑁 =
(𝜋𝑅
2

max − 𝜋𝑅
2

0

)

(𝑎 + 𝑏)
2

. (4)

Thus, the necessary energy for wetting the surface in this
process is

𝐸 = 𝑁Δ𝐸cell =
−4𝑏ℎ𝛾LA𝜋 (𝑅

2

max − 𝑅
2

0

) cos 𝜃
𝐸

(𝑎 + 𝑏)
2

, (5)

where 𝑅max and 𝑅0 are the maximum and the initial contact
diameters between the droplet and substrate, respectively. 𝑎
is the pillar spacing, ℎ is the wetting height of pillars, and 𝑏 is
the width, respectively.
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Figure 4: High speed images of the droplet bouncing-off from a vibrating plane (𝑓 = 70Hz, 𝐴 = 0.31mm). The value of 𝑡 for each image
indicates a time relative to the moment (𝑡 = 0) the drop bounces off from the surface.
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Figure 5: The transient evolution of the droplet and amplitude 𝐴(𝑡) prior to the droplet bouncing-off. (a) The droplet height 𝐻(𝑡), (b) the
droplet contact diameter𝐷(𝑡), and (c) the CA 𝜃(𝑡).The characteristics of the vibrated droplet on the pillared surface can generally be classified
into three different categories: compression process (A)–(C), restoring process (C)–(E), and bouncing process (E)–(G).
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Figure 6: Scheme illustrating 1D and 2D scenarios of wetting transitions [28].

The kinetic energy imparted to the drop 𝐸
𝐾
scales as [15]

𝐸
𝐾
∝
1

2
𝜌𝑉 (2𝜋𝑓𝐴)

2

, (6)

where 𝜌 and𝑉 are the density and volume of the droplet, 𝑓 is
the external forcing frequency, 𝐴 is half of the peak-to-peak
amplitude of vibration, and 2𝜋𝑓𝐴 is the maximum speed of
the speaker.

Meanwhile, the external forcing frequency 𝑓 = 70Hz is
consistent with the resonant frequency of the droplet [33].
At resonance, the droplet picks up the kinetic energy at the
highest efficiency. Assuming that the highest efficiency is
100%, therefore, the kinetic energy imparted to the droplet
𝐸
𝑘𝑜
is

𝐸
𝑘𝑜
=
1

2
𝜌𝑉 (2𝜋𝑓𝐴)

2

. (7)

Vibrations provide the droplet with the necessary energy for
penetration into pillars:

𝐸
𝑘𝑜
= 𝐸. (8)

In this paper, 2𝑅max = 𝐷max = 1.71mm, 2𝑅
0
= 𝐷
0
=

1.05mm, 𝐴 = 0.31mm, 𝑓 = 70Hz, 𝑉 = 4𝜇L, 𝛾LA = 72 ×
10
−3 J/m, 𝜌 = 1000 kg/m3, and 𝜃

𝐸
= 113.7∘. When substituted

into (1)–(8), the wetting height ℎ can be deduced:

ℎ = −
𝜌𝑉 (2𝜋𝑓𝐴)

2

(𝑎 + 𝑏)
2

8𝑏𝛾LA𝜋 (𝑅
2

max − 𝑅
2

0

) cos 𝜃
𝐸

≈ 27 𝜇m. (9)

Obviously, the droplet comes close to the Wenzel state
(the height of the pillars 𝐻 = 30 𝜇m). Therefore, in the
compression process, the droplet achieves a Cassie toWenzel
transition, and the transition corresponds to the 1D scenario
of wetting transitions, which verify the analysis before.

The restoring process consists of water droplets that
are considerably restored during their motion on the solid
surface from themaximum positive amplitude to the equilib-
rium position, as shown in Figure 7(b). In the presence of the
adhesion force and inertia force, the top portion of the droplet
is moving towards the positive 𝑦-direction, but the bottom
portion of the droplet is moving in the opposite direction;
the droplet is stretched in the 𝑦-direction. Meanwhile, it
results in the increasing of the liquid height and decreasing
of the contact diameter between the droplet and substrate

(see Figure 5), and the wetting state changed. Comparing the
time points 𝑡 = −10.5ms (Figure 4(a)) and 𝑡 = −3.5ms
(Figure 4(e)), the contact diameter is nearly the same and
the droplet is restored to Cassie state. However, because the
droplet is stretched in the 𝑦-direction, the liquid-air line
is moving and we can observe that the CAs for the two
moments are very different. Namely, the CAs for the Cassie
state are different and theCassie equation is not applied to this
situation. The restoring process is approximately a reversible
process of the compression process, and the droplet transits
fromWenzel state to Cassie state.

The bouncing process corresponds to the case where the
amplitude is increased in the negative 𝑦-direction and the
water droplet is continuously stretched as the top portion
of the droplet is moving slower than the bottom portion
of the droplet. In this case, the contact diameter between
the droplet and substrate is decreasing until the droplet
bouncing-off from the surface, as shown in Figure 7(c).
Meanwhile, droplets bouncing from the superhydrophobic
patterned surface only at a certain frequency and amplitude
were observed. It is reasonable to suggest that only when the
imparted kinetic energy is greater than the adhesion energy,
the droplet can bounce from the surface.

4. Conclusions

The dynamic behaviors of a vibrated droplet at resonance
frequency on a micropillared surface were investigated in
this paper. We considered the effect of vibration on the
droplet contact diameter, the CA, and the droplet height
during its movement along a micropillared surface. As the
amplitude of vibration increases and decreases, the dynamic
behavior of a water droplet can generally be classified into
three different categories: compression process, restoring
process, and bouncing process. In compression process, the
contact diameter between the droplet and the substrate
is increasing and the liquid height and contact angle are
continuously slowly decreasing.The droplet is transited from
Cassie state to Wenzel state and the transition corresponds
to the 1D scenario of wetting transitions. The restoring is
an inverse process of the compression, and a Wenzel-Cassie
wetting transition is observed. In the bouncing process, the
contact diameter is decreasing until the droplet bouncing-
off from the surface and the bouncing only happened at
certain amplitude. For themicropillared surfaces, the wetting
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Figure 7: Scheme illustrating the droplet wetting behaviors.

regime could be controlled with vibration. The possibility of
controlling the wetting regime with vibration may be of the
utmost importance in the context of the rapid development
of the applications of superhydrophobic surfaces.
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