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We study here by direct numerical simulations how geometrical and wetting properties of rectangular pillar-
shaped microstructured superhydrophobic surfaces affect the process of particle-droplet coalescence and
jumping. Such a process represents a passive mechanism of self cleaning where a single droplet coalesces
with a particle of micrometer size, spreads on the particle and drives particle-droplet jumping. An in-house
volume of fluid-immersed boundary framework is used to study the influence of characteristic dimensions of
pillars (width, solid area fraction and height) and contact angles on particle-droplet coalescence and jumping.
We relate our results for pillared surfaces to those obtained when using corresponding planar superhydrophobic
surfaces. A range of different behaviors are disclosed when it comes to energy dissipation mechanisms and
outcome of the coalescence and jumping process for these two types of superhydrophobic surfaces. We quantify
and explain how the detachment of the particle-droplet system from a pillared substrate takes place at a
later stage than that from a corresponding planar substrate. A reduced effect is demonstrated on the process
of having configurations with a larger distance between the pillars and that longer pillars facilitate earlier
jumping as compared to that on surfaces with shorter pillars. We also look at the transition between Cassie-
Baxter and Wenzel states (determining whether jumping of the particle-droplet system will take place at all)
as a function of wetting properties of the surfaces. Our results contribute to optimization of superhydrophobic
surfaces aiming to achieve an enhanced self-cleaning efficiency.

1. Introduction

Superhydrophobic surfaces have found numerous industrial applica-
tions featuring water-repellent [1], self-cleaning [2,3], anti-icing [4,5],
anti-corrosion [5], defrosting [6] and enhanced heat-transfer proper-
ties [7,8]. Inspired by natural surfaces found in lotus leaves, mosquitoes
and cicadas, these surfaces promote high-contact angles with water-
based liquids [9-13]. One method to achieve superhydrophobicity in
the mentioned applications involves the use of strategically placed
micron-sized pillar-shaped vertical structures or protrusions [1,12,14].
They take advantage of the innate hydrophobicity of the outer sur-
face layer of a substrate to attain to the surface superhydrophobic
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properties. Typically, superhydrophobic surfaces exhibit low surface
energy [15] and low work of adhesion [16], which is the energy
required to separate a liquid from a solid surface. These properties,
often provided by the chemical composition of a surface, potentially
induce a number of mechanisms for removal of droplets from the
surfaces. However, microstructured surfaces do not necessarily possess
low surface energy [16], leading to a wide range of behaviors present
in different applications.

Previous research has established links between roughness (and
textured patterns in general, such as those with pillars) and the high ap-
parent contact angles of superhydrophobic surfaces [17]. Cassie-Baxter
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wetting theory explains how air pockets trapped between a droplet
and surface roughness structures influence droplet interaction with the
substrate, create liquid bridges and enhance contact angles [18,19]. In
this respect, the droplet-to-pillar size ratios are of great relevance for
determining the overall dynamics of the wetting process. While pillars
tend to enhance the apparent contact angles and the Laplace pressure
inside a droplet, dynamic situations cause pinning formations during
droplet movement [20]. Studies have shown that nano-scale roughness,
with hair-like structures of up to 500 nm, can reduce pinning and limit
the sliding angle and the contact angle hysteresis for the surface in
question [21].

A notable feature of superhydrophobic surfaces is that they enable
a specific scenario of self-removal of droplets, known as the jumping
droplets phenomenon [22,23]. There, two droplets coalesce on a su-
perhydrophobic surface, involving the following sequence of events
that lead to an eventual jumping of the merged droplet: interaction
of the liquid bridge between the droplets with the superhydrophobic
substrate, a series of the merged droplet shape oscillations and, finally,
its departure from the surface. The process is driven by the interaction
of capillary and inertial forces after the release of the surface energy
during coalescence, accompanied by a low viscous dissipation [23,24].
Numerous studies looked at, among other things, the jumping velocity
and efficiency of the process [25-27], as well as the influence of sur-
face modifications such as ridges and pillars [7,28-30]. However, the
jumping droplets phenomenon as a mechanism for removal of droplets
from structured superhydrophobic surfaces can be of low efficiency at
certain scales and configurations [28,31].

Self-cleaning on superhydrophobic surfaces can occur both with and
without microstructures present [21,28,32]. Having a microstructured
surface, however, facilitates decreasing the contact angle in order to
achieve similar wetting behaviors, while reducing the need for applying
complex surface treatments such as nanocoatings and similar [33,34].
The droplets residing on structured surfaces exhibit strong capillary
and surface tension forces since they are typically smaller than the
capillary length and they thus belong to a more general capillary-
inertial dominated transport mode [22]. In several studies that dealt
with self-cleaning benefiting from the jumping droplets process, a
relatively small influence of microstructures was found [35]. Different
conclusions were, however, drawn for the cases where the charac-
teristic microstructure dimensions (typically, the size of the pillars)
become comparable to the involved droplet sizes [28]. The question
of the influence of the type of surface becomes even more interesting
when we look at the removal of contaminants (i.e. particles) from
superhydrophobic surfaces by a single droplet. Yan et al. [36] were the
first to show experimentally that a droplet, settled on a homogeneous
superhydrophobic substrate with very high apparent contact angles
and a low degree of hysteresis, spontaneously initiates spreading to a
spherical hydrophilic particle. This leads to droplet shape oscillations,
caused by the expansion of the contact area with the particle, while
the body mass of the droplet approaches the particle. When the droplet
expands on the superhydrophobic surface, this droplet-surface interac-
tion initiates an upwards motion for the particle-droplet agglomerate
(system). After jumping, the system keeps oscillating around the ideal
contact area, and in the same time it rotates around its common center
of gravity. Konstantinidis et al. [37] performed a numerical study to
investigate the behavior of a particle-droplet system on a planar super-
hydrophobic surface. The authors suggested a representation for the
capillary force acting on the particle and revealed a range of scenarios
related to different energy dissipation mechanisms as a function of
the droplet-to-particle size ratio, wettability of the particle and the
surface contact angles and contact-angle hysteresis. In this work we will
analyze, explain and quantify the effect of having a microstructured
surface on the particle-droplet coalescence and jumping process.

Studies involving different patterned (or microstructured) surfaces
often focus on identifying and obtaining maximum contact angles [33,
35], but also look at droplet pinning phenomena that are of great
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relevance in dynamic situations [38]. Pinning is, for example, observed
during the movement or shedding of the droplet on top of pillared struc-
tures [39]. Sun et al. [16] increased and afterwards reduced the volume
of droplets on top of structured surfaces to measure the adhesive and
repelling forces, and then compared them with simplified analytical
estimations. The authors pointed out that the dynamic behavior of such
forces differs from that of the capillary forces during a shedding motion
of a droplet. Yeong et al. [40] also studied the contact line behavior
during vertical movement of droplets and highlighted the differences
in the pinning force between that case and the one when shedding
movement is present. The same study demonstrated that the receding
forces peak in the middle of the top region of the pillar and that at the
same location the dynamic receding contact angle obtains its lowest
value.

The interaction of droplets with structured surfaces has also been
studied numerically. In general, numerical studies have introduced pil-
lars in rectangular or cylindrical forms. Attarzadeh and Dolatabadi [28]
simulated the droplet coalescence and jumping from a structured sur-
face. The authors used the microscopic intrinsic contact angle of the
surface for the contact-angle implementation on the pillars. In the same
study a dynamic contact-angle model was implemented to estimate the
contact-angle hysteresis present on the surfaces of the pillars, effec-
tively modeling the pinning phenomenon. We note that introducing
a moving hydrophilic particle in such a system, where a droplet is
simultaneously spreading on both the particle and on top of the pillars
dramatically increases the complexity of such simulations. We are at
the moment not aware of any numerical study that looks at the complex
dynamical behavior and the dissipative influence of a structured surface
on the process of particle-droplet coalescence and jumping.

In this work we thus present direct numerical simulations of all
stages of particle-droplet coalescence and jumping from a microstruc-
tured surface. We provide a comprehensive analysis on how geomet-
rical and wetting properties of rectangular pillared surfaces define
various scenarios and outcomes of the process. In particular, we look at
the influence on the overall jumping efficiency of the width and height
of the pillars, their relative placement and the wetting properties. We
also examine qualitatively and quantitatively the wetting area of the
substrate through a series of advancing and retracting motions of the
contact line on top of the pillars. Finally, we quantify the energy losses
when varying the mentioned parameters. It is to be noted that, to
the best of our knowledge, the present work is the first multiphase
DNS study that aims at revealing fundamental features of this complex
interaction between a coalescing and jumping particle-droplet system
and a pillared supehydrophobic surface. Our task is not made easier
having in mind the absence of corresponding experimental studies.
Numerous challenges exist when attempting to study numerically the
synergetic effect of the presence of complex interfaces, movement of
the three-phase contact line, wetting of a (highly) curved boundary
(such as that of the particle surface), and interaction of the particle-
droplet system with complex geometrical structures (pillars). Open
research questions comprise the lack of knowledge related to the ad-
hesion physics, particularly in dynamic spreading during the liquid
bridge formation and the limited (and insufficiently validated) models
formulated to describe capillarity adhesion in Eulerian frameworks.
By accounting for the mentioned phenomena in a rigorous manner
within a comprehensive multiphase DNS framework, our work provides
guidelines for designing superhydrophobic surfaces that facilitate the
type of the self-cleaning process treated in this study.

The remainder of the paper is structured as follows: in Section 2
we present the comprehensive volume of fluid-immersed boundary
numerical framework used in the present work. Then, we go into the
configuration of the simulation cases and illustrate geometrical and
wetting properties of the different substrates used. Following, in Sec-
tion 4, we present the results of our study followed by a discussion and
analysis of the observed outcomes. Lastly, in Section 5 we summarize
our main findings.
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2. Methods and configuration
2.1. Methods

In this study we use the in-house software IPS IBOFlow to compute
the droplet hydrodynamics and its spreading on the particle, interaction
of the particle-droplet system with the microstructured surface and to
calculate the forces acting on the particle and its resulting motion.
The software comprises the volume-of-fluid (VOF) and the immersed
boundary methods (IBM) to capture the sharp interface movements and
to take into account the conditions at the solid surfaces of the substrate
and the particle. The use of IBM in our work is essential for capturing
the dynamics of a moving particle, as well as for the inclusion of pillars
and proper implementation of the boundary conditions on their surface.
With the developed framework, the computational mesh does not need
to adjust to any new locations of the particle, as well as that it can
accommodate the existence of pillars under a grid resolution reduced
to that required if a boundary-adjacent mesh were used. The continuum
surface force approach (CSF) [41] is used for the surface tension force,
while the curvature of the interface is represented by the gradient of
the volume fraction field.

While detailed descriptions of the numerical framework were pro-
vided in our previous work [37], we highlight here that the framework
uses the mirrored immersed boundary method [42,43], a dynamic
contact angle model by Kistler [44] for both advancing and receding
contact line movements, and a Navier slip boundary condition to
remove the moving contact line stress singularity problem [27,45].
Additionally, the continuum capillary force (CCF) [46,47] is used on
the moving particle as adopted in Konstantinidis et al. [37]. The most
important parts of the framework are given below.

The two-phase flow is represented by a single—fluid approach,
solved for the velocity v and pressure p fields:

V.-v=0,
d
(;tv‘) +v-V(pv)=-Vp+ V- -(uVv)+pg+fs . W

The density p and dynamic viscosity 4 depend on the interface location,
g stands for the gravitational acceleration and f is the normal surface
tension force per unit volume acting at the interface. In VOF the
interface advection is given by:

Ja
— +v-Va=0, 2
5 TV Ve (2)
where « is the volume fraction.

The surface tension body force fg, as mentioned, is given by the

continuum surface force (CSF) model:
fsp = okn, 3

where ¢ is the surface tension at the interface, x is the curvature and
n the interface normal vector at the interface.

The curvature « of the interface is given by x = —V - i, with the unit
normal vector i obtained from:

n Va

A=l =

Il 1IVall

€]

The advancing and receding contact angles are given with the
Kistler dynamic contact angle model, utilizing a modified Hoffman
function [48]. The IBM equations provide the total hydrodynamic force
Fiz and torque Tjz by computing the fluid stress ¢y projected to the
unit normal vector of the particle surface figg:

FIB = / tdS . ﬁds as and (5)

tr

TIB =/ rX (tdS . ﬁds) ds . (6)
e

T
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The equation that gives the capillary force F,,, at the contact line
C, and that is tangential to the interface (i,,,) is obtained from:

F.o :/ ol dl . )
G

Then, the CCF model returns a force per unit volume f. . for each cell
according to:

fecr = otim(Va - 1c)(Vy - nyg), (8)

where y is the solid fraction at the cells close to the solid surface. ¢, is
the interface outwards vector, a tangent to the solid surface. The total
capillary force on the particle Fo. is given by integrating for all the
cells Feop = 214 fccr AV;, with V; as the cell volume.

The analytical capillary force for a spherically-shaped droplet wet-
ting a spherical particle is given by:

Foup ideas = 270 R, sinacosy , (C)]

where R, is the particle radius, a is the spreading angle on the particle
and y = f(0, a) is the angle between the local force at the interface and
the total force to the particle, which is parallel to the direction of the
centerline of the spheres. The angle y is a function of the contact angle
on the particle and of the angle a.

When adapting the CCF model to the case of a droplet spreading
over a spherical particle and the subsequent particle-droplet jumping,
Konstantinidis et al. [37] proposed the capillary force as the average
value between the analytical force F,, 4., and the computed CCF
value F. . Such a representation was supported by a grid study for the
balance of the capillary- and the hydrodynamic forces on the particle
and validated by comparing with experimental data.

In Section 4 we will analyze the energy budget in different cases
by normalizing the calculated values of different components of the
droplet and particle-droplet kinetic energies with the total released
surface energy of the system. To obtain the latter, we use the procedure
described in detail in our previous work and the reader is advised to
check those references [36,37].

Finally, the motion of the particle is a result of the fluid stresses
acting on it, capillary and gravitational forces. The following equations
provide the motion of the particle for each time step of the calculations:

dvp
mp— - = 2 F; =Fip + Fecp + Fgravity - (10)
i
dw
I_dt" =2Ti—wp><(1~mp). 1n)
i

where wp is the rotational velocity of the particle and I is the moment
of inertia.

2.2. Configuration of the simulation cases

The structured surface with square-shaped pillars is created by an
automated process that has as inputs the width w, the pitch (or step)
between pillars s and height 4, placing the pillars in a rectangular grid
arrangement. The solid area fraction @ = w?/(w + s)* characterizes
the contact area of the liquid that wets only the top of the pillars as
a factor to the total equivalent spreading area if the substrate were
flat. Rectangular pillars are chosen having in mind a dual goal of our
work, namely to both reveal the fundamental physics of the particle-
droplet coalescence and jumping on microstructured surfaces and, in
the same time, to follow the guidelines obtained from manufacturing
and experimental practices. Such pillar shapes are also present in
theoretical [35,49,50] and numerical studies that looked into their
effect on the energy dissipation of jumping droplets [28,51] or into
droplets bouncing from superhydrophobic surfaces [52].

We present in Table 1 five geometrical configurations used for this
study. Note that the case termed S6 in the table only changes the
wetting properties of S1, with reducing the advanced and receding
static contact angles by 15°. The benchmark substrate (S1) has w = 14
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Table 1
Overview of geometrical and wetting properties of the substrates used.

Substrate ~ Width Pitch Height  Solid area fraction  Contact Angle

S# w [pm] s [pm] A [pm] @ [-] Oaay [°] e [°]
S1 14 28 24 0.11 107.5 102.5
S2 14 16.5 24 0.21 107.5 102.5
S3 20 40 24 0.11 107.5 102.5
S4 20 31 24 0.15 107.5 102.5
S5 20 40 45 0.11 107.5 102.5
S6 14 28 24 0.11 92.5 87.5

pm, s =28 pm, @ = 0.11 and A = 8 pm. The substrate S2 has a reduced
pitch and therefore @ increases to 0.21. In S3 we increase the width
of pillars to w = 20 pm and adjust the pitch to retain the same @
as S1. With the substrate S4 we want to observe the influence of the
pitch size but with the larger width than that of S3, so s is reduced to
approximately 30 pm, which is very close to the pitch length used for
S1 (the slight difference is due to forced grid adjustments). With the
substrate S5 we want to investigate the effect of increasing the height
of the pillars as compared to that in the benchmark S1 surface.

The values for the setup and shown in the table are selected in
accordance with guidelines from previous experimental [35] and nu-
merical studies [28] on microstructured (or heterogeneous) surfaces,
which suggested a superhydrophobic nature of substrates having pillars
with width w ~ 10-30, the solid area fraction between @ ~ 0.05-0.20
and the contact angles between 100°-115°. The droplet-to-pitch size
ratio (Ry/s) is suggested to be 3-10, which defines our pillar sizes
to the range of 1040 pm. This choice comes from the fact that we
adopt the droplet size from the experimental study of Yan et al. [36],
where the authors worked with the droplet radius Ry = 120 pm and the
particle radius R, = 80 pm (the particle density is p, = 7800 kg/m>).
The minimum size limitation is motivated by our decision to cover a
pillar in our numerical framework with the grid resolution of at least 3
cells per pillar length. Our minimum cell resolution is 40 times smaller
than the droplet radius and represents the biggest contribution to the
computational costs, with using advanced mesh refinement for the fluid
cells. We acknowledge that the degree of our resolution of the shorter
pillars could be further discussed, but it was governed by the trade
off between the available computational resources and the accepted
standards of doing multiphase DNS in such cases.

We have selected other parameters in accordance with our previous
numerical study on planar superhydrophobic surfaces [37] and thus
chosen the particle contact angle of 55°. The normalization factors for
the contact area and the contact line length at the droplet-substrate
interface are provided by the contact area that a droplet would have if
it resided on a superhydrophobic surface wetting it fully at an angle of
170°. The domain size, as well as the way we carry out the analysis of
the available energy in the system also follow our previous numerical
work [37]. Finally, we present the velocity and time as normalized with
the corresponding capillary-inertial velocity- and temporal scales. The
velocity v is scaled by the capillary-inertial scaling Uq; = m.
The normalized simulation time 7 is obtained by dividing ¢ with the
capillary-inertial time scale (r = t/7¢[), where 7 is defined as 7¢; =

\/ /(R ; ).
3. Validation of the simulation framework
3.1. Jumping from a structured vs. planar surface

As mentioned previously, there exists no experimental study with
which we could directly compare our results. We thus have two goals
in this section: (i) to show that the chosen representations of a pil-
lared substrate indeed (and at least) qualitatively behave like a super-
hydrophobic surface that facilitates particle-droplet coalescence and
jumping, and (ii) to point out already here that there are differences
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to expect in the quantitative outcomes (energy-wise and in the moment
of jumping) related to the particle-droplet system’s behaviors between
the pillared and planar superhydrophobic surfaces. We fulfill both
goals by comparing our results with those experimentally obtained
by Yan et al. [36]. It is reasonable to expect that, when a planar
substrate is substituted by a structured one with rectangular micro-
pillars and superhydrophobic (but smaller) apparent contact angles,
the nature of the interaction between the solid and liquid phases
will be different in the two cases. In the same time, we expect that
with introducing appropriate intrinsic contact angles the behavior of
the structured surface will be superhydrophobic. In the mentioned
experimental study, Yan et al. [36] used a planar nanostructured
surface of CuO nanoblades, whereas Konstantinidis et al. [37] used
that study to successfully validate their numerical results by creating a
simplified planar surface through implementing dynamic contact angles
equivalent to an extreme superhydrophobic surface (6, = 170° and
hysteresis of 3°). We make a step further in this section and validate our
simulations against experiments [36] using the selected settings for the
benchmark configuration S1, presented in Section 2.2. We see in Fig.
1 that we are able to reproduce also with a structured surface all the
phases of a particle-droplet coalescence and jumping process, provided
that we use the same droplet and particle properties as in the previous
study [37]. To be more specific, in Fig. 1 we compare the snapshots
made at the corresponding instants for the simulation on a structured
substrate with those obtained experimentally [36] and numerically on a
planar surface [37]. By comparing the images, we observe that, firstly,
the chosen pillared surface behaves like a hydrophobic surface that
facilitates jumping of the particle-droplet system and, secondly, that
there is a delay of the moment of jumping of the system from the
pillared as compared to that from the planar surface. Furthermore, we
notice that the variations of the droplet shape are accurately captured
by both numerical investigations. The planar surface facilitates a higher
degree of elevation of the particle-droplet system than does the pillared
one. Therefore, this validation test confirms that both our goals are
fulfilled: (i) that the particle-droplet system on a structured surface also
goes through all the stages previously identified [37], and (ii) that the
jumping occurs at a later instant and with having the system’s vertical
displacement reduced. Such an outcome makes us confident that we
can continue using our framework to carry out a systematic analysis
of the influence of geometrical and wetting properties of pillars on the
behavior of a particle-droplet system.

3.2. Grid independence study

We have already validated the numerical framework in the time
domain in our previous studies [27,37], and we note that we have nei-
ther experienced difficulties nor limitations in that domain for all our
simulations (irrespective of whether we deal with planar or pillared sur-
faces). We use a constant time step which retains the Courant number
below 0.5 for the duration of the computations. We also demonstrated
spatial convergence of our simulations on planar surfaces [37]. It is
now needed to prove spatial convergence in the cases where pillars are
introduced. We have varied the grid resolution in the vicinity of the
pillars and first we want to find out if we can reach satisfactory results
using a default configuration of our framework. The default grid has
40 cells per droplet radius (also the simulation presented in Fig. 1).
We have then tested a coarser mesh with 30 cells per droplet radius
for the simulations on our benchmark surface (S1), with the following
argument: since for that surface the size of the pillars is the smallest
of all the configurations used, we argue that if a simulation is grid
independent for that case, the same can be said for the cases when
larger pillars are used.

In the higher resolution case (40 cells per radius), the pillars are
resolved with 4.65 cells per pillar side, whereas for the 30 cells per
radius case the same resolution reduces to 3.5 cells. In Fig. 2 we present
variations of the different components of the kinetic energy for the
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t=0.000 ms

t=0.136 ms
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t=0.682 ms

t= 0.955 ms

t=0.273 ms

t= 0.409 ms

< 1\

Fig. 1. Particle-droplet coalescence and jumping - comparison between experimental observations by Yan et al. [36] (left column), numerical results by Konstantinidis et al. [37]
using a planar superhydrophobic surface and the contact angle 6., = 170°(middle column), and the numerical results from the present work using the microstructured (pillared)
substrate S1 with an intrinsic contact angle 6.4 = 105° (right column). Evolution takes place top to bottom, column wise, with the corresponding instants indicated row-wise for
the three types of results. The droplet has a radius R, = 120 pm (right object) and the particle R, = 80 pm (left object). The top left image shows the gravitational vector with a
black arrow. The experimental images are reprinted (adapted) with permission from ACS Nano 16, 8 (2022). Copyright 2022 American Chemical Society, whereas the numerical
images for the middle columns are reprinted (adapted) with permission from Physics of Fluids 36, 8 (2024). Copyright 2024 AIP Publishing.
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Fig. 2. Different components of kinetic energy for surface S1 (vertical in z direction for
the system (top figure), the summed droplet and particle translational energy (middle
figure) and the droplet’s oscillating energy (K., - K )), (bottom figure) for the coarse
and the refined mesh with the resolutions of 30 and 40 cells/R,, respectively. The
components are normalized by the total released surface energy. The asterisk symbols

indicate the moment of particle-droplet jumping in the respective cases.

two grids. The components are the kinetic energy of the system in the
vertical z-direction (translational energy), followed by the sum of the
translational kinetic energies of the droplet-particle system and, finally,
the oscillational energy of the droplet (the kinetic energy minus the
translational kinetic energy). There is a great agreement between the

two simulations, which permits us to go ahead with our investigations
using our default grid with 40 cells per droplet radius. Although it
may appear tempting to use a coarser mesh for the simulations, we
argue that using the finer one will provide even more trustworthy
representations of the flow fields between the pillars, and thus achieve
a better understanding of the dissipative mechanisms in that region.

4. Results and discussion
4.1. Particle-droplet coalescence and jumping from a pillared surface

We start the analysis by comparing the behavior of a particle-droplet
system during coalescence and jumping from the planar surface (ex-
tremely homogeneous, with a very low degree of hysteresis) and the mi-
crostructured (pillared) surface S1. When working with planar surfaces,
the jumping velocity (or energy) is often connected to the apparent
contact angle that a stationary droplet has on a superhydrophobic
surface, both for droplet-droplet jumping and particle-droplet jumping.
For pillared surfaces, we note again that we have selected their geo-
metrical and wetting properties by looking at available experimental
publications and taking similar pillar sizes (in relation to droplet radius)
and solid areas, while in the same time facilitating a comparison
between the processes on those and planar surfaces. In Figs. 3 and 4 we
compare the kinetic energies and the available surface energy for the
two types of substrates. Fig. 3 demonstrates that the upwards velocity
and the kinetic energy of the jumping particle-droplet aggregate are
lower on the pillared surface S1 than those on a planar surface (with
Geq = 170°). For the former surface, the detachment of the particle-
droplet system takes place later, with the correct capturing of the trends
related to the droplet oscillation sequences throughout the process. We
also note that the patterns of the particle and droplet motions show
strong resemblance for the two types of surfaces.

The results shown in Fig. 4 also point out to the decrease in both
cases of the total contact area of the droplet to the substrate. We have
also verified that no changes are observed for the particle-substrate
contact area. For both surfaces, the sequence of events qualitatively
looks the same: when a droplet initiates spreading to a hydrophilic
particle, it displaces itself towards the particle and the created liquid
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Fig. 4. Surface energy of the system for the planar and pillared substrates, as computed
from the free interface between the droplet and the gas and from the contact interfaces
between the droplet and the particle or substrate. The values are normalized by the
total released surface energy. The asterisk symbols indicate the moment of jumping.
In the early phase of the process, energy is decreased at same rate, but afterwards the
droplet acting on the planar surface recovers surface energy more efficiently than that
on the pillared surface.

bridge interacts with a substrate. Then, the droplet alternates between
prolate and oblate shapes and experiences an expansion of its contact
area with the substrate. When comparing the available surface energy
at different instants between the two surfaces, the planar surface case
has a larger contact area in relation to the structured surface. With
a highly efficient superhydrophobic surface as the one used in the
study of Yan et al. [21], this area is considered to provide additional
surface energy which will be then given back to the droplet during
the retraction and detachment steps. Conversely, the microstructures
of pillared surfaces and having a lower intrinsic contact angle will not
return this energy in the same way. Such surfaces facilitate an increase
of the liquid-gas interface area due to the presence of the pillars, and
the surface energy will be released at a later stage of the adhesion
process of the droplet to the particle. We argue that this reduction
of the available surface energy at least partly explains the increased
dissipation of the kinetic energy in the pillared configuration cases.
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Fig. 5. Evolution of contact parameters between the droplet and the substrate for
the two types of surfaces (planar and the pillared surface S1). The figures show the
normalized contact areas (top), the normalized total contact lines (middle) and the
averaged dynamic contact angles imposed in the vicinity of the contact line (bottom).
The calculated contact area and the length of the contact line are normalized by the
initial wetting area and contact line length of a static droplet on a homogeneous planar
surface. The asterisk symbols indicate the moment of jumping.

In Fig. 5 we compare the contact areas of the droplet with the
two substrates (top figure). The contact areas are normalized by the
initial wetting area that a sessile droplet of the same size would have
when residing on a homogeneous planar surface. In addition, we show
the cumulative length of the contact lines for the two cases (figure
in the middle) and the plot of the contact angle values as adopted
at the contact line location for each cell and averaged across the
contact line (bottom figure). With the latter figure we want to show the
relative influence of the advancing and receding motions. We observe
that the microstructured surface has a reduced maximum contact area
since, in that case, the droplet is in contact with only the top of the
pillars. On the other hand, the planar surface has a more pronounced
expansion of the contact area, but facilitates retraction of that area at a
higher rate and thus makes it possible for the particle-droplet system to
detach earlier from the surface. We also note that the contact line was
measured significantly longer for the pillared substrate. The properties
of the contact line strongly influence the capillary forces at the triple-
phase contact, with the length of that line being connected to higher
viscous dissipation at the contact line. We see that the contact angles for
the two surfaces are rather different, even if a dynamic contact-angle
representation is implemented for both cases. In addition, no significant
variations are observed for the spreading and jumping stages, with the
trends of the evolution of the system parameters being consistent. We
argue that regarding the type of the contact angle the advancing mode
is a dominant one in the entire process, as compared to the receding
motion of the contact line.

4.2. Influence of geometrical properties of pillars
4.2.1. Variation of width of pillars and of solid area fraction

We here look at the influence of geometrical properties of the pillars
on the coalescence and jumping process, where we work with a series
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Fig. 6. Different components of kinetic energy for a particle-droplet system for S1-S4
(see Table 1). The components are the same as those shown in Fig. 2. The energy is
dissipated primarily due to the increase of the width of the pillars, with a reduced
influence of the pitch sizes. The asterisk symbols indicate the moment of jumping.

of configurations regarding their location and cross-section area. The
surface S1 has the width of w = 14 pm and pitch of s = 28 pm. These
dimensions correspond to w = 4.65 cells and s = 9.35 cells in the
current grid configuration, while the solid area fraction is @ = 0.11. The
results for S1 are compared to those from the following substrates: the
substrate S2 with w = 14 pm and @ = 0.21, the substrate S3 with w = 20
pm (or 6.65 cells) and @ = 0.11 and the substrate S4 with w = 20 pm
and @ = 0.15. Our findings are best demonstrated when looking at Figs.
6 and 7 together. In Fig. 6 we present for the different configurations
the evolution of the total upwards translational kinetic energy of the
system (top), the summed droplet-particle translational kinetic energy
(middle) and the oscillatory kinetic energy of the droplet (bottom).
In Fig. 7 we show the evolution of the contact area and corroborate
an expectation that increasing the width of the pillars increases the
droplet-substrate wetting area. When we combine the latter observation
with the reduction in the jumping energy for wider pillars (see Fig. 6),
we argue that the total dissipation in the system has increased in such
cases. Observations from looking at different instants in the simulations
suggest that wider pillars increase the area of the side contact for the
substrates with the same solid area fraction @. Finally, our results show
that increasing the size of the pitch (and thereby reducing the solid area
fraction) has a rather limited effect on the jumping energy, although a
small increase in that energy is observed for the substrates having larger
valleys/grooves.

4.2.2. Influence of height of pillars

We want to see here whether the presence of pillars influences
differently the Cassie-Baxter behavior of a sessile droplet from that
involving a particle-droplet coalescence and jumping. Namely, with the
former it is likely that the height of the pillars does not influence the
droplet behavior. On the other hand, one would expect that in dynamic
situations, such as a droplet impact on a pillared surface or coalescence-
induced droplet jumping from a microstructured surface, there exists
an effect of the pillar height. To quantify this effect on our particle-
droplet system, we introduce the new configuration S5, the same as S3
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but with elongated pillars (see Table 1). The energy budgets for the
two substrates are presented in Fig. 8. When the pillars are elongated
from h = 24 pm to h = 45 pm, the upwards kinetic energy (top
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Fig. 9. Three-dimensional close-up visualization of the droplet spreading on the particle and the subsequent particle-droplet jumping for substrates S3 (left column) and S5 (right
column) with different pillar heights (see Table 1). The wetted area on top and along the side of the pillars is highlighted, and the apparent contact line is given in black color.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

figure) suggests an increased degree of dissipation for shorter pillars.
We argue that in this dynamical case the interaction with the side of the
pillars and the bottom of the surface will have a significant effect. Such
a conclusion holds below a certain threshold above which the pillar
height will again become of lesser importance.

A series of instants presented in Fig. 9 show the variations for the
two substrates in the contact formations during different oscillatory
shapes of the spreading droplet. We emphasize here the liquid pene-
tration at the side of the pillars for the case with the higher pillars.
The contact angle calculated at the contact line, including the situations
when the contact line resides on the side of a pillar, is also presented in
Fig. 10. In addition, we notice the larger contact area and the contact
line for the substrate S5 during the wetting phase. On the other hand,
the same substrate experiences a higher rate of dewetting, as observed
in the contact area evolution and before the jumping instant. These
observations are connected to the reduced influence of the bottom of

the grooves for the case with the higher pillars. As a result, the duration
of the droplet-substrate attachment before the jumping takes place is
connected to the ability of the interface to penetrate the area between
pillars and to regain a higher velocity during dewetting, thus neglecting
the possible pressure interaction due to the presence of the bottom wall.

4.3. Influence of contact angle

Having gone through the different scenarios related to the jumping
energy and contact parameters for the particle-droplet system when
different geometric properties for the structured surfaces are used, we
now focus on the influence of the intrinsic contact angle. For that
purpose, the contact angles implemented in the configuration S6 are
reduced by 15° comparing to those used for S1. We are particularly
interested in whether such a change will facilitate a transition from
the Cassie-Baxter to the Wenzel wetting behavior. With the latter, we
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Fig. 11. Different components of kinetic energy for a particle-droplet system - com-
parison between the results obtained for substrates S1 and S6 with different intrinsic
contact angles (see Table 1). The components are the same as in Fig. 2. The energies
are normalized by the total released surface energy. When 6 = 90° there is no jumping
of the system and the translational energy is dissipated at a significantly higher rate
compared to that for the substrate S1. The asterisk symbols indicate the moment of
jumping.

expect that the bottom of the structured surface will almost be fully
wetted already during the spreading of the droplet to the particle. As
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a result, the dissipation of energy increases from the excess wetting
area and the resulting interaction of the droplet with the surrounding
pillars. The gained upwards kinetic energy from the interaction of the
oscillatory droplet with the substrate S6 is not sufficient to overcome
the droplet-surface adhesive forces, and, consequently, the particle-
droplet system will not jump in this case. In Fig. 11 we show how the
energy of the system for the substrate S6 is dissipated in such a way
that there is almost no upwards momentum whatsoever, as compared
to the case with the substrate S1.

These observations appear even more straightforward when looking
at the results presented in Figs. 12 and 13. The figures show zoomed-
in and the absolute values of the wetted area for the two substrates.
The extent of penetration of the droplet (and thus the transition to
a Wenzel state) between the pillars for the substrate S6 makes it not
possible to overcome the adhesive forces, and we see that the droplet-
surface contact area is increased three-fold in that case (Fig. 13, top).
The average contact angle, that is implemented by using the dynamic
Kistler model, appears in advancing motion slightly above 90 degrees
for most of the simulation, approximately 15° less than the default case
(substrate S1). We note here that in order to identify a threshold value
of an intrinsic contact angle when the transition between the states hap-
pens, further studies are required not only dealing with a combination
of contact angles with the configuration of pillars, but also taking into
consideration the droplet and particle characteristic dimensions. These
dimensions play an important role when characterizing the capillary-
inertial forces, which dictate the dynamics of spreading and, therefore,
govern the penetration of the droplet to a structured surface in a very
dynamic process such as the one of particle-droplet coalescence and
jumping.

5. Conclusions

We have carried out a multiphase direct numerical study of particle-
droplet coalescence and jumping from a series of microstructured su-
perhydrophobic substrates with rectangular pillars. We have used a
combined volume of fluid-immersed boundary framework, introduced
a systematic variation of geometrical and wetting properties of the
pillars and studied their combined effects on a number of identified
scenarios of the particle-droplet behavior on microstructured surfaces.
We have varied width and height of the pillars, pitch between them
(thus governing the total solid area fraction) and their contact angles.

Our findings confirm that the chosen microstructured surfaces be-
have in a similar quantitative and qualitative way as do homogeneous
planar surfaces with significantly higher intrinsic contact angles. Our
simulations on pillared surfaces have been able to reproduce correct
dynamics of all relevant stages of the particle-droplet coalescence and
jumping process: (i) initial spreading of the droplet on the particle
and creation of a liquid bridge, (ii) variations of droplet shape during
its spreading on the particle and (iii) departure of the particle-droplet
system from a microstructured surface.

Within the chosen parameter space, we have quantified energy ef-
ficiencies and dissipation and made comparisons between fundamental
features of the process on microstructured and planar homogeneous
surfaces. On former surfaces, detachment of the particle-droplet system
takes place later than that on planar superhydrophobic surfaces. We
have identified width and height of the pillars as important geometrical
properties that affect efficiency of the process, whereas a reduced effect
has been found of the distance between the pillars. In general, we
have shown how the presence of rectangular pillars affects the energy
dissipation, causing a decreased upwards momentum of the particle-
droplet system for all the tests made with the pillared surfaces. We have
also studied a transition between Cassie-Baxter and Wenzel wetting
states by reducing the intrinsic contact angles of the pillars. We have
shown and explained why the particle-droplet system does not jump
when the Wenzel wetting state is reached.

In the future we plan to focus on exploring additional types of
structures such as hill-like features or grooves and to consider the
flexibility of the structures as possible ways to achieve higher efficiency
utilizing the particle-droplet jumping phenomenon.
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Fig. 12. Three-dimensional close-up visualizations of the droplet spreading on the particle and the subsequent jumping (only for the left column!) for substrates S1 (left) and S6
(right) with different intrinsic contact angles (see Table 1). The interface in contact between the droplet and the substrate is highlighted, and the apparent contact line is given
in black color (right column). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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13. Evolution of contact parameters between the droplet and the substrate for

substrates S1 and S6 with different intrinsic contact angles. The plots show the
normalized contact area (top), the normalized total contact line (middle) and the
averaged dynamic contact angle imposed in the vicinity of the contact line (bottom).

The

calculated contact area and the length of the contact line are normalized by the

initial wetting area and contact line length of a static droplet on a homogeneous planar
surface. The asterisk symbols indicate the moment of jumping.

» Video visualization of the coalescence and jumping of a water
droplet with radius of R; = 120 pm merging with a spherical
solid particle R, = 80 pm for the case with substrate S1. The
video frame-rate is 5 fps, the time interval between frames is
t;; = 0.00789 ms and the total duration of the simulation is

o = 1.64 ms.
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