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ABSTRACT

The vibration of solids is ubiquitous in nature and in industrial applications and gives rise to alternative droplet dynamics during impact. Using
many-body dissipative particle dynamics, we investigate the impact of droplets on superhydrophobic solid surfaces vibrating in the vertical direc-
tion at a vibration period similar to the contact time. Specifically, we study the influence of the impact phase and vibration frequency. We evaluate
the influence from the aspects of maximum spreading diameter, the solid–liquid contact time and area, and the momentum variation during the
impact. To quantitatively evaluate the solid–liquid contact, we introduce the area-time integral, which is the integral of the contact area over the
whole contact time. It is meaningful when the heat exchange between solid and liquid is considered. One characteristic phenomenon of droplets
impacting vibrating substrate is that multiple contacts may occur before the final rebound. Unlike previous studies defining the contact time as the
time span from the first impact to the final detachment, we define the contact time as the summation of each individual contact time. Using this
definition, we show that the discontinuity at the critical impact phase disappears. The fact that the area-time integral also changes continually with
the impact phase supports the assumption that the effect of impact phase on the solid–liquid contact may be continuous. Moreover, we show that
the probability of impact phase is affected by the vibrating frequency and use it to calculate the weighted averaged outcome when the impact phase
is not controlled. This study not only offers insights into the physics of droplet impact on vibrating surfaces but also can be used to guide the design
of surfaces to achieve manageable wetting using vibration.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0090184

I. INTRODUCTION

Droplets impacting solid surfaces is a key element of a wide vari-
ety of phenomena encountered in both nature1,2 and industry.3–5

Different outcomes, such as bounce off, splash, or fully/partially depos-
ited on the surface, depend on many factors, such as impact velocity,
droplet size, surface morphology, and wettability. In applications such
as anti-dew/icing6 and anti-corrosion,7 droplet rebound is favorable,
and contact between liquid and solid should be reduced. On the con-
trary, in spray cooling,8 ink-jet printing,9 and other applications
involving droplet deposition, contact between liquid and solid should
be maximized.

Many studies have been conducted on droplet impact on stationary
solid substrates. One of the essential outcomes of droplets impacting a

solid is the maximum spreading diameter. This quantity, pertinent in
the absence of splash, has applications in ink-jet printing10 and forensic
science.11 Numerous relations between the maximum spreading diame-
ter and the impact parameters have been established based on the bal-
ance between inertia and viscous and capillary contributions.12,13

Another essential factor is the contact time. Richard et al.14 demon-
strated that the contact time of a droplet impacting a smooth hydropho-
bic surface is almost constant, independent of the impact velocity, but
grows linearly with droplet size. More aspects of droplet impact station-
ary substrate can be found in the review papers.12,15,16

On the other hand, vibrating is ubiquitous. Many surfaces are
not stationary and oscillate at frequencies ranging from a few Hz to
hundreds of Hz, for example, flying insect wings,17 turbine blades,18
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pumps and compressors,19 and automotive systems.20 These solids
vibrate either actively or passively. For active vibrating, people have
realized that vibration can help us to enhance condensation,21 control
droplet spreading,22 or promote the droplet to transient from Wenzel
state to Cassie–Baxter state on textured surfaces.23–25 For passive
vibrating in applications like aircraft, it is vitally important to consider
vibration in droplet impact research because it is related to safety.
However, only a handful of studies have characterized the physics of
droplet impact in the presence of solid vibration.

Weisensee et al.26 investigated the dynamics of droplet impact by
conducting experiments on vibrating rigid and elastic superhydropho-
bic surfaces. They reported a variation of 60%–160% in terms of con-
tact time compared to the stationary surfaces. Moreover, a
discontinuity of contact time is observed at a specific impact phase.
We comment here that the definition of contact time accounts for this
discontinuity, and we will discuss it in detail in our paper. They also
stated that the most influential factor on impact dynamics is the phase
difference between the droplet and solid motions, while amplitude
does not directly change the impact outcomes. Moradi et al.27 numeri-
cally investigated the impact of droplets on low-adhesion solid surfaces
vibrating in the vertical direction. According to their findings, surface
wettability also affects the outcomes. As the surface contact angle is
reduced, surface vibration exhibits a more substantial influence, and
the dependency of the contact time and droplet rebound velocity on
the phase angle become more apparent. Lee and Kim28 conducted
experiments on the recoiling dynamics of droplets upon impact vibrat-
ing solids and found that upward motion of the solid at the moment
of impact promotes droplet rebound, while downward motion sup-
presses the rebound.

One motivation of our work is that the contact area was usually
neglected in previous studies. The contact area is essential as well as
the contact time if heat exchange is involved. The spreading lamella
along the substrate can dramatically increase the contact area, thus
increasing the contact. Girard et al.29 pointed out the problem and
used the integral of contact area over time to determine the contact on
a stationary patterned substrate. Inspired by Girard et al., in this paper,
we first apply the concept of area-time integral on the vibration surface
to inspect the influence of vibration from a new perspective.

Another motivation of our work is the reported phenomenon of
contact time’s discontinuity at the critical impact phase, which has
been reported for relatively high frequencies.26 Since area-time integral
characterizes the solid–liquid contact as well as contact time but from
a different perspective, we hope to further explore the cause of the dis-
continuity andmake the conclusion consistent with the area-time inte-
gral results.

In addition to the experimental research, various numerical models
have been applied to approach the droplet impact problem, for example,
computational fluid mechanics,13 lattice Boltzmann methods,27,30 and
dissipative particle dynamics (DPD).31 DPD32,33 is a mesoscale particle-
based method, and it has been widely used in problems like red blood
cells,34–37 droplets or bubbles,38–42 colloids,43 and polymer.44,45 There is
also some pioneering work integrating machine learning techniques
with the DPD simulations.46

DPD is a relatively mature research tool for droplet impacting
problems. The simulation results have been compared with the experi-
mental footage from a morphological perspective and showed good
agreement.31 The transient impacting force on the solid is also

measured and validated with experimental data.47 The results showed
that the dimensionless DPD temporal evolution of impact force agrees
well with the dimensionless equation,48 which captures the similarity
of experimental data covering a wide range of We and Re. Compared
to the experimental method, DPD has many advantages. For example,
the contact area can be easily measured by counting the particles
within a cutoff range of solid, while, in the experiment, it can only be
inferred indirectly with many difficulties, such as limitation of view
and the distortion from the liquid. Therefore, DPD has been applied
in many related research, including droplet impacting stationary solid
cylinder,49,50 solid sphere,51 ring decorated substrate,31 crater-like sub-
strate,47 etc.

This paper focuses on the droplet impact on vibrating hydropho-
bic substrates. The aim is to investigate the effects of impact phase and
vibration frequency on the dynamics of droplets, including the maxi-
mum spreading diameter, the solid–liquid contact time and area, and
the momentum variation during the impact. First, we introduce the
DPD method and the setup in Sec. II. Then, we discuss the computa-
tional results in Sec. III. Finally, we end the paper with a summary in
Sec. IV.

II. METHODS ANDMODEL CONFIGURATIONS
A. Methods

Our model is built on the framework of dissipative particle
dynamics (DPD). As a discrete particle methods, DPD inherits the
same algorithm as a molecular dynamics system, which is based on
Newton’s second law:

mi
d2ri
dt2

¼ mi
dvi
dt

¼ Fi ¼
X
j6¼i

FCij þ FDij þ FRij
� �

; (1)

where mi, ri; vi; andFi denote mass, position vector, velocity vector,
and force vector, respectively, of particle with index i. The calculation
of Fi is carried out over all neighboring particles within a cutoff range.
Beyond the cutoff range, all interactions are neglected. The pairwise
force contains three parts: the conservative force FCij , the dissipative
force FDij , and the random force FRij , which can be written as

FCij ¼ aijx
CðrijÞeij;

FDij ¼ �cijx
DðrijÞðvijeijÞeij;

FRij ¼ rijx
RðrijÞhijdt�1=2eij;

(2)

where the coefficients aij, cij, and rij reflect the strength of conserva-
tive, dissipative, and random force, respectively. Here, rij ¼ jrijj
¼ jri � rjj is the distance between two neighboring particles i and j,
eij ¼ rij=rij is the unit vector, vij ¼ vi � vj is the difference of their
velocities, and h is a Gaussian white noise (hij ¼ hji). To satisfy the
fluctuation-dissipation theorem (FDT),52 two conditions must be
enforced: r2ij ¼ 2cijkBT andxDðrijÞ ¼ ½xRðrijÞ�2.

Because the equation of state of DPD does not contain a van der
Waals loop, the standard DPD formalism excludes the possibility of
simulating phenomena involving free surface or vapor–liquid coexis-
tence. To this end, Warren53 modified the conservative force term to
include both attractive and repulsive components and established the
many-body dissipative particle method (MDPD). The conservative
force of MDPD depends not only on the inter-particle distance but
also on the instantaneous local particle density,
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FCij ¼ AijwcðrijÞeij þ Bijðqi þ qjÞwdðrijÞeij: (3)

The repulsive contribution in Eq. (3) is set to act within a shorter
range rd < rc than the soft pair attractive potential to maintain a stable
interface. The many-body repulsion is chosen in the form of a self-
energy per particle, which is quadratic in the local density,
Bijðqi þ qjÞwdðrijÞ, where B> 0. The density of each particle is
defined as qi ¼

P
j 6¼i wqðrijÞ, and its weight function wq is defined as

wq ¼ 15
2pr3d

ð1 � r
rd
Þ2; where wq vanishes for r > rd .

B. Modeling of droplets and vibrating substrates

We construct a system consisting of a liquid droplet and a vibrat-
ing solid substrate, see Fig. 1(a). The simulation box has dimensions
fLx; Ly; Lzg ¼ f200; 200; 200g, with periodic boundary conditions
imposed on the x and y boundaries. Figure 1(b) is the diagram of the
setup. The solid plate is comprised of frozen thermal equilibrium
MDPD particles, and it can be treated as smooth macroscopically.54

Throughout the paper, the droplet radius is denoted by R, and the
impacting speed is denoted by U0.

Figure 1(c) shows the position of the solid substrate as a function
of time. The solid is vibrating around z¼ 0 following a sinusoidal sig-
nal. The magnitude is denoted by a, and the vibration period of solid
is denoted by Ts. We denote the phase angle of solid when the droplet
impacts the substrate by /, which is presented in degrees in this study.

The DPD potential parameters used in this study are the same as in
Lin et al.,31 which have been validated with experimental data in droplet
impacting problems. The parameters are as follows: All ¼ �80, Bll¼ 20,
Als ¼ �5, Bls ¼ 20, rc ¼ 1:0; rd ¼ 0:75; cll ¼ 0:5; and cls ¼ 0:5. The
subscript ll means liquid–liquid interaction, and ls means solid–liquid
interaction. A and B are parameters in Eq. (3), and they control the
attractive and repulsive force between MDPD particles, respectively. rc
and rd are cutoff range of attractive and repulsive force in Eq. (3), respec-
tively. c controls the MDPD fluid viscosity. These values are widely used
parameters for MDPD liquid/vapor systems, and more details on choos-
ing the parameters can be found in Arienti et al.32

The measured liquid properties are as follows in DPD units: den-
sity q ¼ 10:91, dynamic viscosity l ¼ 27:25, surface tension
r ¼ 49:82, and contact angle CA � 155�. The droplet contains
753571 DPD particles with radius R¼ 25.0. The default impact veloc-
ity U0 ¼ 2:8, which leads to We ¼ qU2

0D=r ¼ 85:8. Other

dimensionless numbers are Re ¼ qU0D=l ¼ 56:1; Ca ¼ lU0=r ¼
1:53; andOh ¼ l=

ffiffiffiffiffiffiffiffiffi
qrD

p ¼ 0:16. To ensure the no-slip boundary
condition and no penetration of liquid particles into the solid struc-
ture, we adopt the boundary condition method for arbitrary complex
geometries proposed by Li et al.55

To better evaluate the behaviors of droplets, in addition to the
maximum spreading diameter and contact time, we focus on the area-
time integral during the impacting process. The area-time integral, I, is
the integral of the liquid–solid contact area over time,29

I ¼
ðTc

0
AcðtÞdt; (4)

where AcðtÞ is the contact area at time t and Tc is the overall contact
time. It is used to quantitatively evaluate the influence on the contact
time and contact area. We set the I with a stationary plane surface as
the reference I0. Then, we could easily learn the effect of a vibrating
surface by comparing I with I0. The AcðtÞ is measured by counting the
liquid particles within the unit length range of solid particles and
dividing it by the liquid density.

Droplets impacting a non-vibrating solid surface displayed the
traditional spreading, recoil, and liftoff. The contact time has been
proven to be irrelevant of the impacting speed.14 For DPD droplets
with an initial diameter D0 ¼ 50, the contact time Tc ¼ 112:0. We
use it as a reference time, Tc;ref , to evaluate the influence of vibration.
Since the rebound of droplet can be understood as an oscillation (the
droplet is a spring of stiffness r and mass of qD3

0, which oscillates with
a constant period

ffiffiffiffiffiffiffiffiffiffiffiffiffi
qD3

0=r
p

), the reference contact time also reflects
the eigenfrequency of the droplet.56

In this study, Tc;ref is also used to determine the dimensionless
vibrational frequency, f̂ � Tc;ref=Ts. We set default f̂ ¼ 1:0 in this
study unless stated otherwise. The impacting speed U0 ¼ �2:8 is con-
stant throughout the paper, which is 2 times of the maximum solid
speed when f̂ ¼ 1:0.

All properties in the DPD model are in DPD units, which are
non-dimensional. Once the target liquid properties are determined,
the scaling relationships can be established. For example, to map the
above-mentioned MDPD liquid properties (q, l, and r) to liquid
water at room temperature, the explicit DPD units are as follows:
½lDPD� ¼ 5:56 � 10�5 m; ½tDPD� ¼ 1:04 � 10�4 s; and ½mDPD� ¼ 1:57
� 10�11 kg. Any values in non-dimensional DPD units can be con-
verted to physical properties using these relationships and vice versa.

FIG. 1. (a) The 3-D view of the initial state of a spherical droplet to impact a vibrating solid surface. (b) The schematic diagram of the model setup. (c) The trajectory of the
solid substrate as a function of time.
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To map to another liquid, like silicon oil, the scaling relationships
should be derived again, and they will all be different. For generality,
we show simulation results in DPD units in Secs. III and IV as most
previous DPD works do.

Before showing results on vibrating solids, we conducted a simple
comparison of our MDPD model and experimental results. The com-
parison is for droplets impacting stationary flat surfaces, where plenty
of experimental observations exist. Figure 2(a) shows the contact time,
T, as a function of We. The contact time has been studied and shown
to scale as

ffiffiffiffiffiffiffiffiffiffiffiffiffi
qD3

0=r
p

and is independent of the impact velocity U0.
14,57

The measured T of simulation is also invariant with U0, showing good
agreement with the experimental observation. Figure 2(b) shows the
maximum spreading diameter, Dmax, as a function of We. The dashed
line indicates the slope 1/4, which is the law obtained by fitting experi-
mental data.57 Our MDPD results generally follow the trend but start
to deviate as the spreading is close to splashing, where the Dmax

becomes difficult to determine and measure. The results show that our
model captures the dynamic characteristics of droplet well.

III. RESULTS AND DISCUSSION
A. The effect of impacting phase

From previous studies,26,27 we know the impact phase is the most
important factor affecting droplet dynamics. In this section, we

evaluate the influence of the impact phase from many aspects, includ-
ing the maximum diameter, the momentum variation, the contact
time, and the area-time integral.

Figure 3 is the snapshots of the droplets impacting the solid
at different phases. The impact phase (/) is presented in degrees.
/ ¼ 90� [Fig. 3(b)] and / ¼ 270� [Fig. 3(d)] denote that the impact
happens when the solid plate is at its highest and lowest point; / ¼ 0�

[Fig. 3(a)] and / ¼ 180� [Fig. 3(c)] denote that the impact happens
when the solid plate is moving through the equilibrium position
(z¼ 0) at maximum speed upward and downward.

The snapshots show how the impacting phase affects the droplet’s
shape evolution. For / ¼ 0�, the droplets spread more expansive than
the other cases and detach from the solid before the droplet recoils. On
the contrary, the / ¼ 180� case shows the smallest spreading diameter.
Due to the interplay of surface tension and the movement of solid, many
shapes emerge, which have not been observed in traditional impact
problems, such as the conical chocolate shape (/ ¼ 90�; tDPD ¼ 72)
and the mushroom shape (/ ¼ 270�; tDPD ¼ 60). Furthermore, the
contact time varies with / when the impact speed is the same. In addi-
tion, the detach shape is also strongly dependent on /. For / ¼ 0�, the
droplet detaches from the solid substrate as it is widely spread
(tDPD ¼ 39). For / ¼ 180�, the droplet detaches from the solid as it is
vertically elongated (tDPD ¼ 108).

Figures 4(a) and 4(b) show the horizontal spreading diameter as
a function of time. Figure 4(a) shows the cases as the solid substrate is
moving upward when impact happens (/ 2 ½�90�; 90��), and Fig. 4(b)
shows the cases as the solid substrate is moving downward
(/ 2 ½90�; 270��). The results on a stationary substrate are plotted
as a reference. Generally, the profiles have many similarities. For
example, the time reaching the maximum diameter (Dmax) is very
close. However, the value of Dmax changes significantly and is highly
dependent on /. As /moves from the highest position to the lowest
position, the Dmax increases and then decreases. On the other hand,
as / moves from the lowest position to the highest position, the
Dmax decreases and then increases. We also notice some abnormal
in the later stage, like in the cases of / ¼ 90� and / ¼ 60�. It is
because the solid is moving upward, and the recoil of the droplet is
suppressed.

Figure 4(c) summarizes Dmax in each case and plots them against
the solid vertical position. The left end is the highest point (/ ¼ 90�),
and the right end is the lowest point (/ ¼ 270�). All Dmax results are
normalized by the initial droplet diameter (D0). The Dmax on non-
vibrating substrate is plotted as reference. The green and purple colors
indicate the solid is moving upward and downward when the impact
happens, respectively.

We notice that the footprint of Dmax formed a closed loop.
Generally, at the same impact height, the Dmax is always larger when
the solid is moving upward than downward. The smallest Dmax is
around / ¼ 135�, and the largest Dmax is around / ¼ 0�. The posi-
tion with largest Dmax divergence is near the equilibrium position
(/ ¼ 0� and / ¼ 180�). Overall, half of the data points are above the
reference value, and half are below it.

Figures 5(a) and 5(b) show the vertical trajectories of the droplet
(COMz) as a function of time. The COMz is defined as the center of
mass and is normalized by R0. The time that impact happens is
defined as TDPD ¼ 0 for all cases. Figures 5(a) and 5(b) show the cases
in which the solid is moving upward and downward when impact

FIG. 2. Validation of our model for droplet impacting stationary solid surface. (a)
The contact time as a function of We. The contact time should be independent of
the impact velocity (dashed line). (b) The maximum spreading diameter, Dmax, as a
function of We. The dashed line indicates the slope 1/4, which is the law obtained
by fitting experimental data.
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FIG. 3. The snapshots of droplet impact on different phases of vibrating superhydrophobic substrate with We ¼ 85:8 and Ts ¼ Tc;ref . (a) / ¼ 0�; (b) / ¼ 90�; (c)
/ ¼ 180�; (d) / ¼ 270�. The droplets displayed the traditional spreading, recoil, and liftoff as impacting a traditional stationary solid surface, but show different contact time,
area, and morphology.

FIG. 4. The temporal evolution of droplet diameter for different impact phases, (a) from the lowest point (/ ¼ �90�) to the highest point (/ ¼ 90�) and (b) from the highest
point (/ ¼ 90�) to the lowest point (/ ¼ 270�). (c) The maximum spreading diameter for different impact positions.

FIG. 5. The temporal evolution of vertical position of the droplet’s center of mass for different impact phases, (a) from the lowest point (/ ¼ �90�) to the highest point
(/ ¼ 90�) and (b) from the highest point (/ ¼ 90�) to the lowest point (/ ¼ 270�). (c) The momentum variation caused by the vibrating solid for different impact positions.
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happens, respectively. The trajectory of COMz on a non-vibrating sur-
face is plotted as reference (dashed line). In the reference case, COMz

first descends at the speed of U0 and then keeps steady as the droplet is
spreading horizontally. Then, COMz starts to ascend because the
droplet recoils and rebounds. The ascending speed keeps constant
after the droplet detaches from the solid because there is no gravity in
our DPD system.

In most Fig. 5(a) cases, the droplet velocity is reversed much
faster than the reference. While in Fig. 5(b), velocity is reversed
more gently. For the rebound speed (slope of the trajectory at the
end), it is larger than the reference in most cases of both Figs. 5(a)
and 5(b). We calculate the variation of momentum (Dpz) of each
case based on the detach velocity and the impact velocity and plot
them against the vertical position of impact in Fig. 5(c). The larger
Dpz implies a larger rebound speed, and Dpz ¼ 1:0 implies a hypo-
thetical scenario with zero rebound velocity. The results show that
the maximum Dpz happens at / ¼ 195�, and the minimum Dpz
happens at / ¼ 30�. Generally, most of the Dpz is greater than the
reference, indicating that the vibration overall promotes the drop-
let to rebound at a higher speed. Interestingly, the Dpz or the

rebound speed at the highest and lowest position (/ ¼ 90� and
/ ¼ 270�) is almost the same.

Figure 6 shows the evolution of contact area (Ac) with time
for different /. Figures 6(a) and 6(b) summarize the results of
/ 2 ½�90�; 90�� and / 2 ½90�; 270��, respectively. All Ac results are
normalized by the droplet’s projection area, pR2

0. The results show
that the maximum Ac is very sensitive to /, and the maximum in
/ ¼ �60� is nearly three times larger than that in / ¼ 120�. In addi-
tion to the peak value, the duration of the contact is also sensitive to /.
Generally, the higher peak value is accompanied by a faster decay. We
also notice some multiple contacts cases. For example, / ¼ 60� in Fig.
6(a), and Ac rises again at tDPD ¼ 85 and decreases to zero at
tDPD ¼ 155. The second contact can be far from the first contact, see
/ ¼ �30�, or very near to the first contact, even merged to the first
contact, see / ¼ 0�.

Figures 7(a) and 7(b) illustrate a single contact case and a multi-
ple contacts case, respectively. The droplet position is featured by the
highest point (orange), the lowest point (green), and the center of
mass (blue). The solid position is presented by the upper boundary of
the solid (black). In Fig. 7(a), the impact phase is 90�. The droplet first

FIG. 6. The temporal evolution of the contact area for different impact phases, (a) from the lowest point (/ ¼ �90�) to the highest point (/ ¼ 90�) and (b) from the highest
point (/ ¼ 90�) to the lowest point (/ ¼ 270�).

FIG. 7. The droplet position as a function of time (featured by the highest, lowest, and the center point). The vibrating solid is presented by the black line. The impact phase is
a little different for (a) and (b); however, droplets experience single contact before final detach (a), while experience multiple contacts before final detach (b).
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descends (< tDPD ¼ 38) at a constant speed and then impacts the
solid with the lower boundary moves with the solid immediately.
Meanwhile, the upper boundary moves at the initial speed for a long
time if the impact does not happen and does not slow down until
tDPD ¼ 60. This phenomenon has also been observed and discussed in
literature.47,58 Then, the droplet spreads and recoils, while the droplet
attaches to the solid all the time. Finally, the droplet detaches from the
solid since the solid decelerates and moves downward.

In Fig. 7(b), the impact phase (/ ¼ 60�) is slightly ahead of
Fig. 7(a). However, the whole contact is split into two, and the multiple
contacts phenomenon appears. The difference starts from tDPD ¼ 50
when the droplet is fully spread. The velocity of the droplet’s center is
smaller than that in Fig. 7(a). As the solid keeps going down and the
droplet starts to recoil, the droplet detaches from the solid. After that,
the droplet turns into vertical elongated, and the contact happens
again. As for the final detachment, it is similar to Fig. 7(a). We note
that Figs. 7(a) and 7(b) only provide a simple comparison of the single
and two contact phenomenon. With different combination of Ts and
U0, there may occur three or more contacts before the droplet finally
rebound from the vibrating solid.

Due to the existence of multiple contacts phenomena, the mea-
surement of Tc is more complicated than the traditional impact case.
A common method is to use the time span from the first contact to
the final detach as Tc. Using this method, Weisensee et al.26 observed
a critical impact phase at which the contact time transitions from a
minimum to a maximum, leaving a discontinuity at the Tcð/Þ func-
tion. Here, we propose a new definition of Tc: the summation of each
individual contact time. This definition is also physically meaningful
and leads to different results.

Figure 8(a) shows the comparison of Tc by the two different defini-
tions: span and summation. All Tc results are normalized by the reference
contact time on non-vibrating surface (Tc;ref ). The resulting Tc is plotted
as a function of impacting position. To start with, we check the duration
of first contact, which is presented by hollow circles. For single contact
cases, the first contact time equals the whole contact time. The most sig-
nificant feature of the profile is the big gap at/ ¼ 90�. Moreover, it is rel-
atively smooth elsewhere. Then, we check the total contact time (span),
which is presented by hollow diamonds. Like the first contact time, the

loop exhibits a huge gap but at a different impact phase, / ¼ 0�.
Comparing the results with the first contact results, it is easy to identify
the multiple contacts range (/ 2 ð0�; 90�Þ). This function reproduces
the phenomenon that Weisensee et al.26 presented in their paper, in
which the contact time jumps from the minimum to the maximum at a
critical phase. Finally, we check the results using our definition, presented
by filled circles. In the multiple contacts range, the results fall between the
first contact time and the total contact time (span). Take / ¼ 30� for
example, comparing the three results, we conclude that the second con-
tact only lasts for a short time, but happens much later after the first con-
tact finishes. This makes that the presence of a quick and soft second
contact dramatically increases the Tc by the time span definition and cre-
ates a discontinuity. On the other hand, the Tc by our definition seam-
lessly connects to the range of single contact and leaves no gap at both
ends. By using our definition, the results formed a complete loop again.

The area-time integral characterizes the solid–liquid contact
from another perspective other than contact time. Since its calculation
is the integral of the contact area over time, it has no ambiguity regard-
less of single contact or multiple contacts. Figure 8(b) is the measured
I as a function of /. The area-time integral results are continuous, like
Tc by our definition. These results support the assumption that the
effect of vibration on the solid–liquid contact may change continu-
ously as / varies. Opposite to Fig. 8(a), which Tc is larger at / ¼ 90�

than / ¼ 270�, the I at / ¼ 90� is smaller than / ¼ 270�. The / for
maximum and minimum I (/ ¼ �60� and / ¼ 30�) are also quite
different for that for Tc (/ ¼ 90� and / ¼ 0�). This deviation pro-
motes us to design the vibration based on which aspect of contact is
more of interest, Tc or I.

B. The effect of vibrational frequency

The solid’s vibrational frequency is another important factor
affecting the dynamics of impacting droplets. In this section, we
change f̂ from 1/16 to 2 to check the droplet’s response. The dynamics
of droplet are evaluated from the aspects of Dmax; Dp; Tc, and I. First,
we illustrate that the probability of / is strongly influenced by f̂ , espe-
cially when f̂ is high. The probability analysis is necessary because it
affects the average outcome when the droplet is randomly released or
the impact phase is not controlled.

FIG. 8. (a) Contact time for different impact positions. For multiple contact cases, the first contact time, the total time as the span of all contacts, and the total time as the sum-
mation of each individual contact are compared. (b) Integral of contact area over time for different impact positions. The results show the area-time integral is continuous across
different phases. The maximum and minimum values both occur when the solid is moving upward.
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Figure 9 shows the probability of different / under different f̂ .
We define /0 as the phase of the solid when the droplet’s lowest part
passes a marked height (z¼ a), and / as the impact phase when the
droplet first contacts the substrate. The inset of Fig. 9(a) illustrates the
definition of the two variables. We run 3600 individual cases with uni-
formly distributed /0, and Fig. 9(a) shows the resulting / as a function
of /0. For non-vibrating substrate, the results (blue cross) lie on the
diagonal line, indicating that the probability of / equals the probability
of /0, which is uniform. If the substrate is vibrating slowly, for example,
f̂ ¼ 1=4, the / is slightly twisted from the diagonal line. As the vibra-
tional period decrease, the results are influenced more obviously. For
example, as f̂ ¼ 2, no droplet can hit the substrate when / ¼ 180�.

Figure 9(b) is the probability of /; pð/Þ, for different vibration fre-
quencies. Generally, the probability profile deviates more from the refer-
ence horizontal line as f̂ gets higher. If the substrate’s maximum speed
is smaller thanU0, the probability profile is similar to a sinusoidal shape.
Once the substrate’s maximum speed exceeds U0, the probability near
/ ¼ 180� drops to zero. Moreover, pð/Þ exhibits a discontinuity in the
range of 180�–360�. This pð/Þ will be used to calculate the weighted
averaged outcome for a specific substrate frequency.

Figure 10 summarizes the effect of vibrational frequency on
Dmax; Dpz; Tc, and I. Six different substrate frequencies are tested, i.e.,
f̂ ¼ 2; 1; 1=2; 1=4; 1=8; and 1=16. The results are plotted against 1=f̂ .
For each frequency, 16 different / with D/ ¼ 22:5� are tested. The
corresponding results on stationary substrates are plotted for compari-
son. These quantities are all normalized by the internal quantities of
the dynamic system as in Sec. IIIA.

Figure 10(a) shows the influence of f̂ on Dmax. Each data point
presents a simulation case. Considering some points are highly over-
lapped, we use color to present the data density. The dark and light
colors indicate low and high density, respectively. One primary finding

from Fig. 10(a) is that the larger 1=f̂ generally leads to more converged
results of different /. This is reasonable since extremely slowly moving

substrate during contact is like stationary for the droplet. For 1=f̂
¼ 0:5 case, the data are more scattered. Note some data are marked
with a cross at Dmax=D0 ¼ 4:0, this implies the droplet splashes in
these cases. The Dmax is no longer applicable for the splashing

phenomenon. Overall, all data points seem to fall in an exponential
envelope (dotted lines). It is helpful if we need to control the upper
and lower limits of droplet spreading. The weighted averaged result

(purple dashed line) for each f̂ is also plotted. The results show that
the f̂ has less effect on the averaged Dmax rather than the distribution
of Dmax.

Different from averaged Dmax, the averaged Dpz is strongly
affected by f̂ [Fig. 10(b)]. For 1=f̂ ¼ 0:5, the averaged momentum
droplet get from the substrate is 40%more of that on a stationary sub-
strate. All data points also exhibit some constraints of exponential
boundaries (dotted lines).

Figure 10(c) summarizes the Tc results. One finding is that for
1=f̂ ¼ 4:0 and above, the results are highly converged to the reference
Tc. It indicates that 1=f̂ ¼ 4:0 is a threshold for manipulating Tc via
vibrating solid. On the contrary, 1=f̂ ¼ 2:0 leads to more scattered Tc

data points, and the averaged result is slightly larger than the reference
Tc. As 1=f̂ decreases, the averaged Tc dramatically reduces. For
1=f̂ ¼ 0:5, the averaged result is only 30% of reference Tc. We note
again that the Tc is measured as the summation of multiple individual
contact time. These results are meaningful for applications in which
reducing the contact time is of interest.

Figure 10(d) shows the results of I. Overall, the I is reduced by
the vibrating substrate for every f̂ tested. The reduction effect is more
obvious for higher vibrational frequencies. To obtain considerable
reduction effect on I, setting 1=f̂ � 1:0 is necessary. For 1=f̂ ¼ 0:5,
the weighted average I reaches 40% of I on stationary substrate.

IV. CONCLUSIONS

In this work, we use the MDPD method to investigate droplet
impact on a vibrating superhydrophobic solid. The main findings are
summarized as follows:

• On vibrating solids, the droplet may contact the substrate multi-
ple times before finally rebounding away from the solid. We
show that contact time’s discontinuity at specific impact phase is
associated with the definition of contact time for the multiple
contacts scenario. Using the time span of all contacts, the defini-
tion will result in sudden change, while using the summation of

FIG. 9. The probability of different impact phases. (a) The impact phase as a function of the initial phase. The schematic inset shows the definition of initial and impact phases.
(b) Probability density function for droplet impact at a certain phase. For f̂ ¼ 1=4, impact becomes physically impossible for 120� < / < 307�.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 052005 (2022); doi: 10.1063/5.0090184 34, 052005-8

Published under an exclusive license by AIP Publishing

 28 January 2025 03:09:32

https://scitation.org/journal/phf


each individual contact time, the definition leads to continuous
results. The contact time of the two definitions diverges only in
multiple contacts scenario. This also explains why the disconti-
nuity using the span definition was only observed with high
vibrational frequencies.

• The integral of contact area over time can be considerably
reduced at nearly all impact phases for dimensionless frequency
f̂ ¼ 1. The maximum reduction effect can reach over 60% when
the impact phase is 30�. Moreover, the fact that the area-time
integral changes continually with the impact phase supports the
assumption that the effect of impact phase on the solid–liquid
contact may be continuous.

• The probability of a droplet impacting certain / is affected by f̂ ,
especially when f̂ is small. The impact is even physically impossi-
ble for a specific range of /. This probability knowledge helps us
to estimate the overall performance of vibrating substrate when
the impact phase is not controlled.

• As f̂ decreases, generally, the distribution of Dmax; Dpz , and I for
different phases is more converged, and the weighted averaged
results get closer to the reference results on a stationary substrate.

Since many surfaces are not stationary and oscillating, this study
can be useful to achieve controllable droplet impact outcomes.
Considering our work is limited to the spread-recoil-rebound phe-
nomenon, future work may extend the research to splashing, which
involves higher vibrational frequencies.
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