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ABSTRACT

We investigate the dynamics of droplet impacts on a ring-decorated solid surface, which is reported to reduce the integral of contact area
over contact time by up to 80%. By using many-body dissipative particle dynamics (MDPD), a particle-based simulation method, we measure
the temporal evolution of the shape and the impact force of two specific types of phenomena, overrun and ejection. The numerical model is
first validated with experimental data on a plain surface from literature. Then, it is used to extract the impacting force of the ring and sub-
strate separately, showing the ring does not provide the majority of vertical force to redirect the horizontal spreading. The impacting pressure
in different concentric rings is also present as a function of time, showing pressure waves traveling from ring to center. The effect of the ring’s
height and radius on the impacting force is also discussed. To the best of our knowledge, this is the first MDPD study on droplets impacting
on a solid surface with a validated force analysis.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0074977

I. INTRODUCTION

Droplets impacting a surface are found in a variety of both natu-
ral and industrial phenomena. For example, in nature, droplet impacts
can erode soil,1 disrupt mosquito flight,2 and even lead damaged leaf
to early abscission.3 In industrial applications, it is related to inkjet
printing,4 thermal or agricultural sprays,5 erosion of steam or wind
turbine blades,6 and scouring aircraft.7

In each case, the force evolution associated with the droplet
impact is highly important since it characterizes the time duration and
the impulse. Furthermore, the force–time profile is essential to charac-
terize material erosion in designing material processing applications
since it provides an evolution of the time-dependent loading. This
allows the calculation of stresses and strains experienced by the solid.

Many experimental studies8–11 have investigated various aspects
of the normal impingement of a liquid droplet onto a plain surface.
The measurements reveal that the impact force is characterized by a
rapid rise to a maximum, followed by a gradual decay to zero. Li et al.8

found that the total time when a droplet imparts a normal force
decreases with the impact velocity and increases with the increased
droplet diameter. Zhang et al.9 showed that the force–time profile is
Reynolds number (Re ¼ qU0D=l) invariant above 230, where q, U0,

D, and l denote the liquid density, impact velocity, droplet diameter,
and liquid viscosity. Conversely, viscosity plays a more dominant role
as the Re decreases below 230, with the normalized peak force increas-
ing and the normalized time duration decreasing.

More quantitatively, Philippi et al.12 theoretically determined
that during the initial pre-peak rise in force, the velocity and pressure
fields adhere to a self-similar form and the normal impact force fol-
lows a

ffiffi
t

p
-growth in time. This

ffiffi
t

p
-force dependence is later verified

by Gordillo et al.,10 who has done a large number of experiments with
a wide range of Re. However, the equations from Philippi et al.12 or
Gordillo et al.10 all diverge from the measurements after the peak
force; thus, they are only applicable at early times (dimensionless time
t̂ ¼ tU0=D < 0:05). However, considering the early-time force evolu-
tion has credible establishment both theoretically and experimentally,
it is useful for validating new computational methods or new measure-
ment tools.

After the peak force, a subsequent pressure decay begins. The
exponential form of e�t is used and discussed by many studies.13,14

Although theoretical support is needed for the exponential decay, the
use of e�t to describe the post-peak decay observed in experiments is
quite effective. Building on the previous work of the initial impact
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model and post-peak model, Mitchell et al.11 constructed a single
model equation that accurately incorporates the early-time

ffiffi
t

p
-force

dependence and the post-peak e�t decay across a wide range of Re and
Weber numbers (We ¼ qU2

0D=r, where r denotes the surface ten-
sion). This unified dimensionless model provides a useful contribution
to applications, as well as validating new computational models.

For experimental research, which is the main approach in study-
ing the impacting force evolution, the piezoelectric force sensor is
widely used to measure the normal force.9,15,16 A drawback of piezo-
electric force sensors is the resonant ringing. Even though they have a
high natural frequency (� 50 kHz), they present strong resonant ring-
ing since the interested time span is one or two milliseconds, which is
not far from the natural frequency. One common method is applying
the filter to obtain a smooth curve. However, the filter has many disad-
vantages, for example, the sharp increase is smoothed, or the whole
signal is shifted.17 Gordillo et al.10 tackled this problem by targeting
the impinging drops slightly off the center of the force sensor, which
can reduce resonant ringing to some degree. Another drawback of pie-
zoelectric force sensors is the dipolar interactions between droplets
and the piezoelectric sensors, which infect the measured impacting
normal force.10 To minimize the effect, non-polar liquids like silicone
oils must be used.

These drawbacks are opportunities for computational simula-
tions. In addition to the absence of natural frequency when measuring,
the sampling frequency can also be higher without cost. Moreover, the
observation can be made from any angle, free from tight space or
obstacles. For force measurement, the piezoelectric force sensors can
only measure the impacting force on solid as a whole, while in simula-
tion, the force can be measured in different user-defined regions. For
example, we could analyze the distribution of forces along the radial
distance by defining concentric rings. Furthermore, if the solid surface
is geometrically heterogeneous, the force on different components can
be measured separately. The flexibility of measurement makes the
computational approach have exclusive advantages. However, the sim-
ulation results may deviate from the ground truth due to many rea-
sons, such as the different prerequisites of computational models or
different problem setups. In order to obtain credible results, the com-
putational model must be validated with widely recognized experi-
mental results or analytical results.

Many computational methods have been applied in the literature
to droplet impacting problems, for example, computational fluid
mechanics,18 lattice Boltzmann methods,19 and dissipative particle
dynamics (DPD).20,21 DPD is a mesoscale particle-based method, and
it has been widely used in problems like red blood cells,22–24 droplets
or bubbles,25,26 polymer,27,28 and colloids.29 There is also some pio-
neering work integrating machine learning technique with the DPD
simulations.26,30

DPD has approached the droplet problem from many
aspects,31–34 but mainly from a morphology aspect. Among all the
reported features, the impact force of liquid droplets leads to argu-
ably the most important consequence of impact events. However,
to the best of our knowledge, no previous DPD studies have mea-
sured the impacting force between solid and liquid. As a computa-
tional method, the force in DPD simulation is worth validating
before further analysis. In this paper, we will compare the force in
DPD simulation with experimental data, thus bridging up the gap
in this field.

Among all kinds of surfaces, the plain surface is fundamental,
and a droplet impacting on the plain surface has been studied the
most thoroughly. A large number of studies can be found approaching
this problem from different aspects under various conditions.35,36 In
the last decade, patterned surfaces have attracted much attention.
These geometrically modified surfaces have proven to cause different
dynamics when droplets impact on them, which could be useful in
various applications. For example, Girard et al.37 reported that a super-
hydrophobic surface decorated with a ring structure could redirect the
spreading droplet into the air, thus reducing the interaction parameter
up to 80%. The interaction parameter is defined as the integral of the
liquid–solid contact area over time. It is more objective to use the
interaction parameter rather than the contact time as criteria if our
goal is to reduce or enhance the heat transfer between solid and drop-
lets. They also reported two specific droplet phenomena after impact-
ing on the ring, namely, overrun and ejection. In overrun, the
spreading droplet would overrun the ring and continue spreading
along the plain surface, while in ejection, the spreading liquid is redir-
ected to the air and forming a waterbowl, and none of the solid outside
the ring is wetted. As the ring radius increases, the shape evolution
transits from overrun to ejection, and the interaction parameter associ-
ated with it drops sharply. Lin et al.38 showed similar findings on the
crater-like surface, which is a plain surface subtracted by a spherical
cap. The measured interaction parameter can be reduced up to 75%.
The authors also investigated the off-center impacting and the crater
arrays to prove the effectiveness of this design. The ring surface, along
with the crater-like surface, is promising in reducing the contact time
and area; however, this direction is still in the early stage of explora-
tion. Many aspects, such as the role of the ring in reducing the interac-
tion parameter and the cause of overrun and ejection, need more
insight. The previous studies mainly approach this problem from the
aspects of contact parameter and the droplet morphology, hardly from
the force aspect.

In this paper, we investigate the dynamics of a droplet impacting
on the ring surface. First, we introduce the DPD method and the setup
for the system in Sec. II. Specially, we tweak the DPD model a little for
the problem. Then, in Sec. III, we validate the temporal force evolution
on the plain surface with experimental and theoretical results from lit-
erature, and explore different aspects of the dynamics of droplets
impacting on ring surface, including the force profiles of overrun and
ejection, the pressure evolution along the horizontal radial direction,
and the role of the ring. Finally, we end the paper with a summary in
Sec. IV.

II. METHODS ANDMODEL CONFIGURATIONS
A. Methods

A particle-based simulation method DPD is used in this study.39

Similar to a molecular dynamics system, a DPD model consists of
many interacting particles governed by Newton’s equation of
motion,40

mi
d2ri
dt2

¼ mi
dvi
dt

¼ Fi ¼
X
j6¼i

FCij þ FDij þ FRij
� �

; (1)

where mi is the mass of the particle i, ri and vi are the position and
velocity vectors of the particle i, and Fi is the total force acting on the
particle i due to the presence of neighboring particles. The summation
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for computing Fi is carried out over all neighboring particles within a
cutoff range. Beyond the cutoff, all pairwise interactions are considered
zero. The pairwise force is comprised of a conservative force FCij , a dis-
sipative force FDij , and a random force FRij , which, respectively, are of
the form

FCij ¼ aijxCðrijÞeij; (2)

FDij ¼ �cijxDðrijÞðvijeijÞeij; (3)

FRij � dt ¼ rijxRðrijÞd ~Wijeij; (4)

where rij ¼ jrijj ¼ jri � rjj is the distance between particles i and j,
eij ¼ rij=rij is the unit vector, vij ¼ vi � vj is the velocity difference,
and d ~Wij is an independent increment of the Wiener process.41 The
coefficients aij, cij, and rij determine the strength of the three forces,
respectively. To satisfy the fluctuation-dissipation theorem41 and to
maintain the DPD system at a constant temperature T, the dissipative
force and the random force are constrained by r2ij ¼ 2cijkBT and
xDðrijÞ ¼ x2

RðrijÞ, where kB is the Boltzmann’s constant. Common
choices for weight functions are xCðrijÞ ¼ 1� rij=rc; xDðrijÞ
¼ x2

RðrijÞ ¼ ð1� rij=rcÞ1=2 with rc being the cutoff radius.
With the purely repulsive conservative forces, DPD cannot

achieve the vapor–liquid coexistence. To break this limitation,
Warren42 modified the conservative force term to include an attractive
force and established the many-body dissipative particle dynamics
(MDPD). The repulsive force of MDPD depends on a weighted aver-
age of the local density, whereas the attractive force is density
independent,

FCij ¼ AijwcðrijÞeij þ Bijðqi þ qjÞswdðrijÞeij: (5)

The first term with A< 0 represents the attractive force within a
cutoff range rc, and the second term with B> 0 is the repulsive
force within a cutoff range rd. Because a DPD model with a single
interaction range cannot maintain a stable interface,43 the repul-
sive contribution in Eq. (5) is set to act within a shorter range rd
< rc than the soft pair attractive potential. The weight functions
are defined as wcðrijÞ ¼ 1� rij=rc and wdðrijÞ ¼ 1� rij=rd . The
density of each particle is defined as

qi ¼
X
j 6¼i

wqðrijÞ; (6)

and its weight function wq is defined as

wq ¼ 15
2pr3d

1� r
rd

� �2

; (7)

where wq vanishes for r > rd .
We generalize the local density term ðqi þ qjÞ in Eq. (5) with an

exponent s. When s¼ 1, the local density term used in Warren’s
MDPD system42 is recovered. The motivation to introduce the tunable
exponent is to adjust the Mach number (impact velocity/sound speed).
For impacting velocity 1.0 in the DPD system, which is used in this
study, the Mach number Ma � 1=20, which is not low-speed impact
anymore.44 One way to lowerMa is to decrease the impact velocity. In
order to maintain theWe, the droplet size should increase, resulting in
an exponentially increasing computational cost. Another approach is
to increase the sound speed which is related to the compressibility of

media. Even the MDPD liquid is relatively incompressible compared
to the highly compressible DPD fluid; its compressibility still needs to
be enhanced in this problem. By adding the exponent s of the local
density term, we have a direct way to tune the compressibility of the
MDPD fluid. By tuning s from 1 to 3, we report a seven times increase
in the sound speed and a decrease in Ma from � 1=20 to � 1=130.
With the exponent s increasing from 1 to 3, the computational cost
still remains in the same order. As a comparison, the computational
cost would increase more than 46 000 times by tuning the droplet size.
The Ma � 1=130 indicates a common low-speed impact and is in the
range of most relevant experiments. The following results are all con-
ducted at thisMa.

B. Modeling of droplets and substrates

We construct a system consists of a liquid droplet (MDPD par-
ticles) and a solid surface (frozen MDPD particles). The simulation
box has dimensions fLx; Ly; Lzg ¼ f200; 200; 100g, with periodic
boundary conditions imposed on the x and y boundaries. We note
here that all the properties in DPD simulation are in DPD units, which
can be converted to physical units once the scaling relationships are
established. The MDPD parameters are as follows: All ¼ �40, Bll ¼ 3,
Als ¼ 0, Bls ¼ 10, rc ¼ 1:0; rd ¼ 0:75; cll ¼ 8; cls ¼ 8, and s¼ 3. A
and B are parameters in Eq. (5), which control the attractive and repul-
sive force between MDPD particles, respectively. rc and rd are the cut-
off range of attractive and repulsive force in Eq. (5). c controls the
MDPD viscosity. Subscript ll or ls indicates the parameter applied to
liquid–liquid interaction or liquid–solid interaction. s is the exponent
of local density in Eq. (5). The measured liquid properties are as fol-
lows in DPD units: density q ¼ 5:82, dynamic viscosity l ¼ 7:44, sur-
face tension r ¼ 4:92, and contact angle CA � 155�. The droplet
contains 658 503 DPD particles resulting in a radius of 30.0. The
default impact velocity U0 ¼ 1:0, which leads to We¼ 71.1. Other
dimensionless numbers are Re¼ 46.9, capillary number Ca ¼ lU0=r
¼ 1:52, and Ohnesorge number Oh ¼ l=

ffiffiffiffiffiffiffiffiffi
qrD

p ¼ 0:18. We adopt
the boundary condition scheme proposed by Li et al.45 throughout the
paper. In this scheme, by introducing an indicator variable of bound-
ary volume fraction for each fluid particle, the boundary of arbitrary-
shape object is detected on-the-fly for the moving fluid particles using
only the local particle configuration. The scheme has been verified to
yield correct no-slip boundary conditions for velocity and generate
negligible fluctuations of density and temperature in the vicinity of the
wall surface.

Figure 1 is the diagram of the setup. The left half is the DPD par-
ticle view, and the right half is the rendered view. Throughout the
paper, the radius of the liquid droplet is denoted by R, the radius of
the ring is denoted by r, and the height of the ring is denoted by h. All
of them are depicted in Fig. 1. The solid substrate is on the xy plain,
and z is the vertical direction.

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 scaling relationships are
as follows: lDPD ¼ 7:1� 10�9 m; tDPD ¼ 6:2� 10�23 s; mDPD ¼ 6:5
�10�11 kg. Any values in non-dimensional DPD units can be con-
verted to physical properties using these relationships and vice versa.
To map to another liquid, like silicon oil, the scaling relationships
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should be derived again, and they will all be different. For generality,
we show simulation results in DPD units in Sec. III as most previous
DPD works do.

Moreover, we dimensionalize some quantities (length l, force F,
time t, and pressure P) using the inertial scales (liquid density q, initial
impact velocity U0, and droplet diameter D). We rewrite their dimen-
sionless counterparts as follows:

l̂ � l
D
; F̂ � F

qU2
0D

; t̂ � tU0

D
; P̂ � P

qU2
0
: (8)

These dimensionless properties are used in Sec. III for comparing with
experimental results.

III. RESULTS AND DISCUSSION

The droplet impacting ring surface and plain surface are compar-
atively studied. We approach the problem from the following perspec-
tive, the different liquid shape evolution, the velocity field, the force
profile, the spatiotemporal pressure evolution, the contribution of dif-
ferent solid regions, and the effect of ring radius and height. Through
these numerical experiments, we aim to better understand the process
of droplet landing on the simple but interesting ring structure.

A. The interaction parameter and overrun/ejection
phenomenon

To quantitatively evaluate the contact time and contact area, we
define the interaction parameter, I, which is the integral of the liquid-
solid contact area over time,38

I ¼
ðT
0
AðtÞdt; (9)

where A(t) is the contact area at time t, and T is the overall contact
time. We set the I with a plane surface as the reference I0. Then, we
could easily evaluate the reduction effect of a new solid surface by
comparing I with I0. The A(t) is measured by counting the liquid par-
ticles within the unit length range of solid particles and dividing it by
the liquid density. This is an advantage of DPD compared to experi-
ments, which can only infer the contact area indirectly with many dif-
ficulties, such as the limitation of view and the distortion from the
liquid.

Figure 2 shows the normalized interaction parameter, I=I0, vs the
normalized ring size, r/R. The insets are the corresponding slice view
snapshots. When r is smaller than R, the droplet overruns and spreads
horizontally on the plane. We notice the ring hardly has any effect on
the spreading and the I=I0 is around 1.0. Once r is bigger than R, the
ring redirects the spreading lamella to the air and avoids wetting out-
side the ring. The I is dramatically reduced by around 60% in this case.
Bigger rings eject the liquid lamella too; however, the I continues to
increase until the ring is bigger than the maximum lamella spreading
radius.

In Fig. 2, the I=I0 shows a sharp transition near r=R ¼ 1:1. It is
concurrent with the transition of two phenomena: overrun and ejec-
tion. Next, we will discuss these characteristic phenomena and investi-
gate them from a velocity field aspect.

Figure 3 shows three shape evolution as droplet impacting on a
plain and two ring surfaces. Figures 3(a) and 3(b) show the initial state
and snapshots as a droplet landing on the plain substrate. Figures 3(c)
and 3(d) are the overrun phenomenon on ring substrate. Figure 3(e)
and 3(f) are the ejection phenomenon on ring substrate where ring is
slightly bigger than that in the overrun case. In order to show the
structure of solid substrate clearly, we use the cross section view in all
snapshots, which means the front half of the liquid and solid are invisi-
ble. All the drops impact the substrate at the same speed (vDPD ¼ 1:0).
For better comparison, the snapshots are captured at the same time
between different groups.

FIG. 1. Schematic diagram of the model setup for droplet impacting solid deco-
rated with a ring structure. The left side is the MDPD particle view, and the right
side is the rendered view. The droplet is characterized by radius R, and the ring
structure is characterized by radius r and height h.

FIG. 2. Interaction parameter of an impacting droplet on a surface decorated with a
ring structure. The interaction parameter is normalized by that obtained in the refer-
ence case of a regular superhydrophobic surface. When the ring is slightly larger
than the droplet, the interaction parameter decreases dramatically. The sharp tran-
sition is concurrent with the transition of the overrun and ejection phenomena.
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In the initial stage (tDPD ¼ 7), the droplet starts to spread along
the solid. All three shapes are the same because the lamella has not
reached the ring structure. In the second stage (tDPD ¼ 19), the droplet
spreads horizontally on the plain surface; the spreading lamella is
redirected by the obstacle and spread into the air on the ring surface.
In the third stage (tDPD ¼ 37), the droplet on the plain keeps expand-
ing along the solid; in the overrun case, the downward momentum of
the bulk droplet suppresses the flying lamella and the flying lamella
returns to spread along the solid; in the ejection case, the upward
momentum of the flying lamella is larger than the suppressing down-
ward momentum and the lamella keeps spreading in the air. In the
last stage (tDPD ¼ 72), three droplets reach their maximum radius.

We notice the radius in overrun case is smaller compared with that in
plain case. This is reasonable because the horizontal spreading is inter-
rupted by the ring and the radial outward momentum is redirected. In
the ejection case, the maximum radius is even smaller, as more hori-
zontal momentum is redirected upward. The lamella in the air keeps
the solid outside the ring dry from the beginning to the end.

What causes that small difference in ring structure to end up
with different droplet phenomena and sharp transition in interaction
parameter? In Fig. 4, we further investigate the velocity field.
Considering the water bowl is basically rotationally symmetrical, we
divide the space into cylindrical bins, each bin has a height of 1.0 and a
radical increment of 1.0. We first average the vertical velocity, vz, and

FIG. 3. Shape evolution as droplet impacting on different substrates with same speed. (a) Plain surface. (b) The droplet spreads along the plain surface and finally reaches its
maximum radius. (c) Ring surface (overrun). (d) The spreading lamella overruns the ring and spreads along the solid. (e) Ring surface (ejection). (f) The spreading lamella is
ejected and spreads into the air.

FIG. 4. The velocity field of overrun and ejection phenomena. The ring radius is a little larger in the ejection case than that in the overrun case. The yellow line indicates the
slope of the free surface, showing where the downward momentum hits.
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radial velocity, vr, of all the particles in each bin, then time-average 50
snapshots with 0.0005 time step. In Fig. 4, the liquid shape is outlined
for clarity by averaging the particle number density in each bin and
coloring the space occupied by liquid. The space covered with black
represents the solid surface.

Figure 4 shows that the lower part of the droplet starts to deceler-
ate as soon as it contacts the solid. Meanwhile, the upper part of the
droplet remains the initial impacting speed as the impact has not hap-
pened. The trajectory of the droplet’s apex shows more evidence
[Fig. 5(a)] as we will discuss later. After the impact, the liquid near the
contact line starts to spread outward, and the traveling speed is much
faster than the initial speed.

In the middle stage, the centroid of mass keeps descending. The
movement near the free surface is much faster than that near the cen-
terline. In the overrun case, the huge descending momentum near the
free surface finally lands on the flying lamella and suppresses the
lamella back to the substrate. In the ejection case, most of the descend-
ing momentum lands inside the ring. Those liquids will be redirected
by the ring and gain upward momentum later. In the competition
between the upward lamella and the downward droplet free surface,
the upward lamella prevails until the end of spreading.

B. The transient force profile of impact

In this section, we investigate the time-varying impacting force.
Although the force consists of two parts: the vertical force and the hor-
izontal force, we refer to the vertical force throughout the paper, unless
otherwise stated. In the DPD simulation, the force at time t is calcu-
lated as follows: first, compute the interaction force of each pair which
includes one solid particle and one liquid particle (this is not extra bur-
den for a DPD simulation); next, calculate the summation across the
system; finally, average across a time window (50 snapshots with a
time step of 0.0005).

Before we start to investigate the impacting force on ring sub-
strate, we first validate our model on a plain substrate where plentiful

experimental data exist. These data cover different liquid materials,
various droplet sizes, and a wide range of impacting velocities.
Fortunately, some similarities in the dimensionless form of the impact-
ing force have been reported.10–12

Figure 5 shows our simulation results along with the correspond-
ing theoretical and experimental reference. Figure 5(b) is the impact-
ing force as a function of time. The snapshots of the droplet are shown
next to the curve. The blue thin lines are the raw DPD force with
noticeable noise. To reduce the noise, we conduct five separate simula-
tions and plot the ensemble average with the orange color. The force
profile displays a sharp increase upon impact at t̂ ¼ 0, reaches a maxi-
mum at t̂ ¼ t̂max, and then slowly decays to zero in t̂ � 1:6. In the
regime of initial impact before t̂max, the impact of liquid drops is dom-
inated by inertia. Strong pressure gradients develop near the solid sur-
face, which drives a rapid deformation of the droplet and redirects the
flow from the vertical to the horizontal direction. The self-similar pres-
sure and velocity fields are reported by many researchers.10,12 From a
theoretical point of view, the self-similar length scale of the self-similar
fields is given by

ffiffiffiffiffiffiffiffiffiffiffi
U0Dt

p
. The predicted self-similar pressure gives an

instantaneous impact force following

FðtÞ ¼ 3
2

ffiffiffi
6

p
qU5=2

0 D3=2t1=2: (10)

Its dimensionless form can be written as

F̂ ð̂tÞ ¼ 3
2

ffiffiffi
6

p
t̂
1=2

: (11)

As for experiments, Gordillo et al.10 have done systematic
research on the dynamics of droplet impacting on solid surfaces under
various conditions and concluded that the force follows the form

F̂ ð̂tÞ ¼ a t̂
b
; (12)

where a � 4:1 and b ¼ 0:5 for Re¼ 46.9 which is our case.
The above estimation only covers the initial stage of impact.

Mitchell et al.11 construct a single, accurate model equation for the

FIG. 5. A droplet impacts on a plain sur-
face. (a) Temporal evolution of the shape
of the impacting drop, quantified by the
apex position of the droplet hapexðtÞ, and
the radius of the spreading contact line,
rmaxðtÞ. The linear dashed line has a slope
of—U (or −1 in the dimensionless form),
indicating the trajectory of the droplet as if
the impact never happened. The dotted
line indicates the

ffiffi
t

p
scaling of rmax. (b)

Temporal evolution of the impact force,
FzðtÞ. Five separate simulations are con-
ducted, and the raw data and ensemble
average are both plotted. The green dot-
ted line is the prediction of the self-similar
theory of initial impacts from Philippi
et al.12 The red dashed line is the predic-
tion model proposed by Mitchell et al.,11

which can capture the full force evolution
including the initial impacts and the expo-
nential decay thereafter.
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force profiles, incorporating the
ffiffi
t

p
short-time behavior and the e�t

long-time exponential post-peak decay behavior. The dimensionless
form of the equation is

F̂ ð̂tÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1000pt̂
243

s
e�10̂t=3: (13)

Comparing the initial region with Eq. (12) and the entire force
profile with Eq. (13), we find our results generally agree with the previ-
ous studies. The dimensionless peak force, F̂max, and dimensionless
peak time, t̂max, are two essential features of the force profile. The mea-
sured values from our simulation are F̂max � 0:95 and t̂max � 0:17,
which match the experimental data quite well.10

Previous studies also claim that the existence of upward expand-
ing self-similar pressure fields during the initial impact, from both
simulations12 and experiments.10 Before the upper bound of the high-
pressure region reaches the top surface of the liquid drop, the motion
of the droplet apex should remain unchanged as if the droplet had not
experienced any impact. In Fig. 5(a), the apex of the drop (see defini-
tion in Fig. 3), hapex, keeps descending at the initial speed U0 without
any perceptible changes. Here, our simulation results provide further
evidence that this unusual phenomenon arises from the finite

propagation speed of the high-pressure fields, and this is the first time
MDPD simulations confirm this phenomenon. Since the pressure field
may touch the upper surface of the droplet before reaching the apex,
the impact force may start to deviate from the prediction of the initial
impact self-similar theory, when hapex is still outside the self-similar
region and maintains its constant-velocity descent. This phenomenon
is reported in experimental studies10 and also observed in our MDPD
simulation. In Fig. 5, the impact force reaches its maximum and begins
to decrease before the apex of the droplet showing any clear deviation
from U0. The 1� t̂ dashed line provides a guideline for descending
with constantU0 in dimensionless form.

During the initial impact, the deformation of the droplet is lim-
ited within the self-similar high-pressure region. It has been suggested
that this high-pressure region occupies a volume with the same radius
as the contact area between the droplet and the solid surface. Indeed,
previous studies and our simulations have all confirmed that the
radius of the spreading contact line increases as rmax �

ffiffî
t

p
at short

times during initial impact [Fig. 5(a)].
After validating our MDPD model on a plain surface, we explore

the kinematics and dynamics of the impact on a ring surface. We
show results of an overrun and an ejection cases in Fig. 6. The impact-
ing velocity is 1.0 and the height of the ring is h=R ¼ 0:067. The only

FIG. 6. A droplet impacts on a ring sur-
face. (a) and (b) Overrun. The ring struc-
ture has a radius of r=R ¼ 1:0. The rmax
reflects the overrun process with a sudden
jump at t̂ ¼ 0:47. After the lamella hits
the ring, the Fz increases sharply and
almost doubles. Then, the force
decreases rapidly and experiences some
fluctuations, finally, it overlaps with the
prediction of Mitchell which represents the
force profile on a plain substrate. (c) and
(d) Ejection. The ring structure has a
radius r=R ¼ 1:2. The plateau of rmax
reveals the lamella never reaches the
outer solid. Compared to the overrun
case, the peak Fz is weaker and appears
later. It is worth noting that the contact
area is totally different when the force
reduces to zero. In overrun case, the
droplet is widely spread on solid, while in
ejection case, the droplet has a liftoff.
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input difference between the two cases is the ring radius (r=R ¼ 1:0
for overrun and r=R ¼ 1:2 for ejection).

Figures 6(a) and 6(b) are the overrun case. In Fig. 6(a), the hapex
is similar to that of a plain case. rmax stops growing at t̂ ¼ 0:19 since
the ring blocks the lamella. Later, rmax shows a sudden jump, because
the lamella overruns the ring and touches the ground again, approxi-
mately at t̂ ¼ 0:48. The rmax increases gradually thereafter and shows
some instability in the late stage. The instability of rmax is due to the
detaching of the droplet and the definition of rmax, which is the max
radius of the contacting liquid particles.

In Fig. 6(b), the force profile is the same as Fig. 5 at the beginning.
Then the force increases sharply and is almost doubled. It subse-
quently experiences a rapid decrease ensued by some fluctuations and
finally overlaps with the prediction of Mitchell et al.11 which repre-
sents the force profile on a plain surface. The time at which force
returns to zero is only slightly ahead of that on a plain.

Figures 6(c) and 6(d) are the overrun case. In Fig. 6(c), rmax stops
growing at t̂ ¼ 0:27 since lamella is blocked by the ring. This confine-
ment effect persists and the rmax gradually shrinks in the late stage.

In Fig. 6(b), the force reaches the peak later compared to the over-
run case due to the bigger ring. The peak force is also weaker because
the liquid velocity is slower when it reaches the ring structure. After sev-
eral fluctuations, the force returns to zero, and the time is slightly earlier
than that in the overrun or plain case. It is worth noting that the contact

area is quite different when force reduces to zero in different cases. For
example, at t¼ 100, the droplet is in wide contact with solid in the over-
run and plain cases, but liftoff in the ejection case.

C. Spatiotemporal evolution of pressure on substrate

In this section, we investigate the spatiotemporal evolution of
interface pressure and compare the results of plain surfaces with ring
surfaces. Due to the rotational symmetry, we divide the interface into
concentric rings, each ring has a thickness of 0.5 in the radial direction.
The results are shown in Fig. 7. The time (x axis) and radial distance
(y axis) are both presented in their dimensionless form. The pressure
value is displayed by color.

First, we check the heatmap of pressure on the plain surface [Fig.
7(a)]. The high-pressure region appears at the center (near I) where
the droplet first contacts the solid. Then, it moves along the contact
line (near II) rather than stays at the center. This is consistent with the
findings in Philippi et al.12 As the droplet spreads, the pressure near
the contact line is decaying faster (near III) compared to that near the
center (near IV). We also note that the data near the center (near IV)
is noisier, it is because the rings near the center are smaller and have
fewer DPD particles to average.

Figure 7(b) is the overrun case on a ring surface. Compared to
the plain case, the biggest difference is the huge and sharp force

FIG. 7. Radical distribution of dimension-
less pressure as a function of time. (a)
Plain. The high pressure appears at the
center (near I) where the droplet first con-
tacts the solid and then moves along the
contact line (near II). As droplet spreads,
the pressure near the contact line (near
III) decays faster than that near the center
(near IV). (b) Ring-overrun. Compared to
the plain case, the biggest difference is
the highlight high-pressure belt at the ring
position (near V). The spreading of the
pressure field is truncated by the ring, and
the solid outside the ring provides trivial
upward force (near VI). Another difference
is the pressure waves propagating from
ring to center and backward (near VII and
VIII). (c) Ring-ejection. Similar to ring-
overrun, the pressure outside the ring is
totally zero, and the high-pressure belt
(near IX) is weaker.
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appears at the ring location (near V). The expansion of the pressure
field is truncated by the ring, but some liquid still touches the outside
later (near VI). From the plot, we can tell the impact outside the ring
is very soft and blur. Moreover, we observe a clear high-pressure wave
(near VII) which is not presented in plain case. The high pressure
arises when the spreading lamella first hits the ring. Then, it propa-
gates backward to the center at a constant speed. Instead of bouncing
back immediately, the second high-pressure wave (near VIII) arises
with some time lap. These waves damp out after t̂ ¼ 0:7.

The results of the ejection case are shown in Fig. 7(c). It is similar
to the overrun case. One difference is the location of the high-pressure
belt (near IX), which is determined by the location of the ring.
Another difference is that there is no pressure detected beyond
r̂ ¼ 0:63. The high-pressure wave also exists (near X), but the inten-
sity is lower than that in the overrun case. The slope of the wave (wave
speed) is the same as that in Fig. 7(b), and similarly, a second and
weaker wave (near XI) is observed.

D. The role of ring

The difference in force profile between the plain surface and ring
surface is obvious [Figs. 5(b), 6(b), and 6(d)]. How does a relatively
small ring (h=D ¼ 0:03) cause such a big difference? In this section,
we split the ring-decorated substrate into three parts: the ring (solid
above the plain), the inner (plain inside the ring), and the outer (plain
outside the ring). See Fig. 8(a) for the example of the three regions.

The dark green, medium green, and light green indicate the inner,
ring, and outer region, respectively, and the blue particles are liquid
spreading toward the ring. Similar to the previous approach, the Fz
provided by different parts (Fring; Finner; Fouter) are computed by the
summation of the forces between liquid particles and corresponding
solid particles in different regions. All the solid structures have a thick-
ness of 2.0, which is larger than the DPD cutoff distance 1.0 to elimi-
nate the solid thickness effect.

Figure 8(b) is the force profiles of the three parts. Both ejection
and overrun cases are presented. The solid lines are the total force
from the solid, including the ring, inner, and outer. The dashed and
dotted lines are the separate force from the three parts. The force on
the plain surface is also presented for reference.

Even the force spike is caused by the presence of ring structure,
the results indicate that the ring itself contributes a small amount of Fz
in both overrun and ejection cases. Instead, the inner solid part makes
the main contribution, which is almost decisive for the force profile.

The Fring arises when lamella hit the ring. It is rather stable and
decays very slowly compared to Finner. What’s more, the Fring profile
for both overrun and ejection cases are quite similar.

The Fouter is the weakest in the three portions. For overrun case,
it start at tDPD ¼ 30, with a soft start compared to that of Fring. For the
ejection case, it remains 0 all the time. Considering their magnitude,
both Fouter and Fring are trivial in the total force.

From the results, we conclude that the ring’s role is not providing
Fz by itself, but redirecting the horizontal spreading liquid to the

FIG. 8. (a) Definition of the ring, inner, and outer regions. (b) The total vertical force (Fz) and its three components (ring, inner, and outer). The results show that the force from
the inner is the majority. The force from the ring is relatively small. (c) The horizontal radial force (Fr) and its three components.
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vertical direction. A portion of the liquid goes upward, and the rest
goes downward. The downward stream increases the pressure on the
inner solid part and results in growing Fz.

Additionally, we show the horizontal radial force (Fr) results
in Fig. 8(c). The outward direction is defined as the positive direc-
tion. We notice the relative increment induced by the ring is
much larger than that in Fz. In overrun case, the Fr increases
almost tenfold after hitting the ring. Different from the Fz analysis
where the inner part plays the major role, here the ring is the
dominant part.

E. The effect of ring height and ring radius

In this section, we investigate the effect of ring height h and ring
radius r on Fz.

Figure 9(a) is the results of the h effect. The tested h ranges from
h=R ¼ 0:0 to h=R ¼ 0:133, while r=R ¼ 1:133 keeps constant. Same
as previous figures, the DPD time and dimensionless time are both
labeled, so are the DPD force and dimensionless force.

The variation of h seems to only affect the peak force but not the
tmax, the time instant associated with the peak force. The invariance of
tmax is reasonable because the ring radius is the same in all cases. The
main difference for different h is the magnitude of peak force, which
increases monotonously as h increases. In the decaying regime, a
higher peak force is always followed by stronger oscillation and faster
decay.

From a morphology perspective, h=R � 0:07 is the critical value
for overrun and ejection phenomena. Even though the droplet shapes

are quite different, their impact force profiles are changing rather con-
tinually, not showing a sharp transition as the interaction parameter
does.

Figure 9(b) is the result of r effect. The tested r ranges from
r=R ¼ 0:87 to r=R ¼ 1:33, while h=R ¼ 0:067 keeps constant.
Compared to the effect of h, the effect of r is more complex. It affects
both the peak force and the tmax at the same time. As r increases, the
peak force decreases monotonously. We believe the main factor affect-
ing the peak force is the speed of lamella when hitting the ring, consid-
ering other factors, such as the ring height, the initial droplet speed,
and the liquid density, are invariant in these cases. As for the tmax, it
increases monotonously as r increases. The tmax basically denotes the
time lamella reaches the ring.

The time of Fz decaying to zero is slightly different in different
cases. Generally, the case with lower peak force decays faster. This is
opposite to the h effect, where a higher peak force case decays faster.

The critical value for overrun and ejection phenomena is
r=R � 1:10. It is marked near the peak force. There is a modest gap
between the overrun and ejection force profiles. Overall, the force pro-
files change continuously, in contrast to the sharp transition of interac-
tion parameter.

IV. CONCLUSIONS

In this work, we use the MDPDmethod to investigate the droplet
impacting on a ring surface. A tunable exponent in MDPD conserva-
tive force is introduced to adjust theMa of the system. The main find-
ings are summarized as follows:

FIG. 9. The effect of ring height h and
ring radius r on the impacting force. There
is no obvious gap in force profiles
between overrun and ejection phenom-
ena, unlike the interaction parameter.
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• The impacting force on a plain surface computed by our MDPD
model is validated with experimental data from the literature in
dimensionless form.

• The force profile of overrun phenomenon on ring surface has a
higher peak force and a shorter tmax; the force profile of ejection
phenomenon shows a lower peak force and a longer tmax. Both
peak forces are greater than that on a plain surface.

• The pressure field on the fluid–solid interface show that in the
initial stage, the high-pressure region moves with the contact
line; after the lamella hits the ring, a high-pressure wave emerges
and propagates from ring to center.

• The ring structure does not directly provide the rapid and mas-
sive upward momentum to the droplet but induces the inner sub-
strate to do so.

• Unlike the interaction parameter which shows a sharp transition,
the impacting force profiles change rather continuously as a
function of ring radius or height.
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