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Abstract This study conducted molecular dynamics simulations to estimate the behavior
of water and oil droplets on the same surface and to investigate how oil droplets respond to
varying surface conditions. The surfaces were considered from a flat plate to pillared surfaces
with varying heights. Additionally, three surface conditions were examined by altering the solid-
surface characteristic energy: lipophobic (weakly hydrophobic), weak lipophobic, and lipophilic
conditions. The results showed that as the pillar height increased, the contact angle of the
water droplet on the weak hydrophobic surfaces increased, while that of the 1, 2-dichloroethane
(DCE) droplet remained relatively constant. In the case of weak lipophobic conditions, the top
and bottom parts of the DCE droplet exhibited distinct behaviors as the pillar height increased.
Furthermore, under lipophilic conditions, the oil droplets displayed varying patterns in their
shape changes with increasing pillar height. These findings imply that droplet behavior on
surfaces can be manipulated by engineering structures without necessitating additional external
forces or energy inputs. This research provides valuable insights into the potential for
separating and merging different types of liquids.

1. Introduction

The lotus effect, a well-known phenomenon, describes the repulsion of water by lotus leaves.
This phenomenon is attributed to the countless nanosized textures on lotus leaves, which pre-
vent water from permeating the surface and promote the formation of water droplets [1]. Similar
nanosized protrusions can also be found on the wings of butterflies and the antennae of insects,
which enable water repellency and the formation of droplets without wetting the surface.
Biomimetic technologies that mimic the hydrophobicity of lotus leaves have been applied in
various devices and products, such as advanced smart displays, functional optical films, and
automotive glass [2]. Extensive experimental and numerical studies have been conducted to
comprehend and apply this surface hydrophobicity in various fields [3-6].

Apart from water, the behavior of oil on surfaces in nature has also been a subject of study.
Research has been carried out to understand the lipophobicity of surfaces, aiming to compre-
hend oil-solid surface interactions and compare them with water-solid surface interactions.
Lipophobicity-based techniques have gained significant attention because of their potential
effectiveness in oil extraction and recovery. Especially, given the presence of oil on surfaces
like rocks, research and development efforts have been devoted to recovering oil by leveraging
surface characteristics. Consequently, numerous studies have explored the surface character-
istics of ail to optimize oil-recovery efficiency [7-10].

Ji et al. [7] conducted molecular dynamics simulations to investigate the adsorption behavior
of heavy oil droplets on silica surfaces with varying hydrophobicity properties. Their findings
indicated that fully hydrophobic surfaces create a favorable environment for the interaction of
active oil molecules, resulting in the rapid absorption of oil droplets. Guo et al. [8] analyzed the
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behavior of water droplets on slippery liquid-infused porous
surfaces with hexane between the nanostructures. They ob-
served that the behavior of the hexane layer and the water
droplet depended on the thickness of the hexane layer and the
characteristics of the nanostructures. Gao et al. [9] fabricated
nanostructures on a surface and studied the behavior of oil
droplets in three-phase (oil-air-solid) and four-phase (oil-air-
solid-water) systems. They considered different droplet states
and multiphase systems and found that the behavior of oil
droplets varied depending on these factors. Finally, Xu et al.
[10] employed molecular dynamics simulations to estimate the
dynamic characteristics of oil droplets on charged surfaces in a
three-phase system consisting of water, oil, and rock. Their
findings revealed that the surface charge strongly influences
the contact angle of oil droplets, resulting in a transition from an
oil-wet to a water-wet state as the surface charge changes
from negative to positive.

The objective of this study is to estimate the behavior of oil
droplets on a nanostructured surface with square pillars using
molecular dynamics simulations. The behavior of oil droplets
was compared with that of water droplets under the same con-
ditions. Furthermore, we examine various conditions for oil
droplets, including different solid-surface characteristic ener-
gies, lipophobic, weak lipophobic, and lipophilic conditions.
Additionally, the height of the square pillars was also adjusted
to study the droplet behaviors. The analysis involved assessing
changes in droplet shape and calculating contact angles for
comparison purposes.

2. Numerical methodology
2.1 Molecular dynamics simulation

This study conducted molecular dynamics simulations to es-
timate the behaviors of water and oil droplets on a nanostruc-
tured surface with square pillars. Molecular dynamics simula-
tions enable the prediction and estimation of atomic and mo-
lecular movements by calculating interatomic potentials. It is
useful tool to investigate the phenomena at the nanoscale such
as the behaviors of nano-sized droplets [3-5], vaporization

under extreme conditions [11], and multi-scale approaches [12].

The open-source software LAMMPS [13] was employed to
perform molecular dynamics simulations. For molecular model-
ing and potential calculations, the CHARMM force field was
selected. The interatomic potential function used in this study
was described using the Lennard-Jones (LJ) potential, which
effectively captures the interactions between atoms or mole-
cules within the system.

The potential energy function on molecules was expressed
using the following interatomic potential [13]:

U

total

u,.tu,.+tU

bond angle dihedral

+U +U,,. (1)

coulomb
Here, U, represents the summation of the potentials be-
tween the atoms and molecules; U, ,, U,.., and U, ...

angle

represent the potentials of the tensile force acting between two
atoms, the bending between three atoms, and the interatomic
torsion among four atoms, respectively. These three potentials
act between and among atoms present in the same molecule.
Conversely, the other potentials, U, and U,,, in Eq. (1)
represent the potentials acting between a pair of atoms in dif-
ferent molecules. U, describes the Coulomb potential of
the electrical force, and U,, represents LJ potential of van der
Waals interaction. As the surface in this study was electrically
neutral, the Coulomb potential was not taken into account.
Therefore, only the LJ potential was considered between the
droplet molecules and the surface atoms. The LJ potential is
expressed as follows:
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where ¢,, o,, and r, represent the characteristic energy,
characteristic length, and distance between a pair of atoms i

and j , respectively. The characteristic energy and length can
be calculated using the Lorentz—Bertholet mixing rule [14].

2.2 Computational details

Fig. 1 shows the molecular structures of water and oil, as
well as the solid atom structure used in this study. For the wa-
ter molecule, we used the “transferable intermolecular potential
3 points” (TIP3P) model implemented in the CHARMM force
field since it is suitable for a standard state with the pressure of
1 atm and the temperature of 300 K [15, 16]. The TIP3P model
uses three sites to represent the three atoms in the water
molecule and considers non-bonded interactions, as shown in
Fig. 1(a).

Since oil molecules have a macromolecular structure in
which numerous molecules are bonded, the molecular weight
is significant, and the molecular structure is quite complicated.
Moreover, these multiply bonded molecular structures increase
the difficulty associated with the simulation of the behaviors of
the oil droplet. Thus, in this study, 1, 2-dichloroethane (DCE;
C,H,Cl,) was used for the oil molecule because of its relatively
simple structure [17], as shown in Fig. 1(b). One carbon atom
and two hydrogen atoms were combined and assumed as one
atom of CH2. Thereafter, the simplified DCE molecule had two
CH2 and two chlorines. Table 1 shows the detailed parameters
of the water and DCE models for the calculation of the poten-
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o
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Fig. 1. The molecular structures of (a) water; (b) oil; (c) the solid atom.
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Table 1. The detail parameters of water and DCE models.

LJ/Columb Bond

£ K,
mom | camop| © [ Al | Aom oAy | o
H 0 0 0415 H-0 450 0.9572
o} 0102 | 3188 | -0.830 | C-CH2 232 1.787
CH2 | 0144 | 3980 | 0227

CH2-CH2 310 1.530

cl 2090 | 3785 | -0.227

Angle Dihedral
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mol]
H-O-H 55 10452 CLCH?
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C'CCHT 4 | 10802 | CH2CI

Fig. 2. The computational domain and the initial state of the simulation.

tials in Eq. (1).

Fig. 1(c) shows the structure of the solid atom considered in
this study. The hypothetical atoms were assigned to the con-
sidered surfaces to exclude the effect of the atom structure.
The hypothetical atoms were constructed with a simple cubic
structure having a minimum spacing (, ) of 2.12 A. To change
the surface characteristics of the water and DCE droplets, the
characteristic energy of the surface (&, ) was controlled and
employed in the calculation of the LJ potential.

Fig. 2 shows the computational domain and the initial state of
the simulation. The solid surface was composed of a flat plate
as well as square-pillared structures. The width and depths of
the flat plate (Z, x L. ) were 125 A x 125 A, and the height of
the flat plate ( Z, ) was 23.3 A. The square pillar was designed
as a square column with a width ( P ) of 14.7 A. The gap be-
tween the pillars ( G ) was fixed at 7.33 A. The height of square
pillar ( H ) varied from 0 to 16.96 A by a unit of 2.12 A, which is
the minimum spacing in the solid atom structure. The number
of solid atoms constituting the surface varied from 43200 to
57312, as the pillar height increased.

To realize the initial spherical shape of the droplets, as
shown in Fig. 2, a pre-simulation was performed with only wa-
ter or DCE molecules. First, 3921 water molecules or 1728
DCE molecules were randomly located in a cube with a dimen-

(b)

Density

0.9
I 0.85

Fig. 3. (a) Normalized density field of droplet; (b) the definition of the con-
tact angle.

sion of 50 A x 50 A x 50 A. Afterward, the molecules were
assembled by interactions during the simulation, and they as-
sumed a spherical shape at equilibrium. Finally, the spherical
droplet was set on the surface, as shown in Fig. 2.

Periodic boundary conditions were implemented in the com-
putational domain along x, y, and z directions. Based on
the canonical NVT ensemble, the number of atoms (N) and the
volume of the computational domain (V) were fixed during the
simulation. In addition, the temperature (T) of the domain was
fixed at 300 K. In these simulations, the cutoff distance was
selected as 12.0 A.

The time steps were set differently, corresponding to the
kinds of molecules and the progress of the simulation. For the
water molecules, the time step was selected as 1.0 fs through-
out the simulation. Conversely, considering the strong interac-
tions between the DCE molecules, the time step for the DCE
molecules was selected as 0.01 fs during the first 0.5 ns to
stabilize the simulation. After the first 0.5 ns, it was changed to
1.0 fs, which was the same as that for the water molecules.

To realize the bond and angle potentials used when perform-
ing the calculation, the SHAKE algorithm was employed [18].
Wall conditions were applied to solid atoms to exclude their
vibration and heat transfer. To integrate the differential equa-
tions for the potentials, LAMMPS was used [19-21].

2.3 Contact angle

The contact angles of the water and DCE droplets were de-
fined and measured by the following method. First, the density
fields of the water and DCE droplets were derived on the
x—y and z-y planes. Furthermore, the density field was
normalized by the maximum density value so that the values
were between 0 and 1, as shown in Fig. 3(a). Subsequently,
the droplet's shape was determined based on a curve that
corresponds to a normalized density of 0.5. Fig. 3(b) shows the
detailed definition of the contact angle. Point O is defined as
the point at which the boundaries of the droplet and the solid
surface contact. Point A is a point at the boundary of the drop-
let, and point B is a point at the center of the droplet—solid inter-
face. Thus, vectors O4 and OB represent the tangential
vector on the droplet and the vector directing to the center of
the droplet—solid interface, respectively. Finally, the angle be-
tween these two vectors, @, is defined as the contact angle,
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Fig. 4. Comparison of contact angles obtained from this study with Kwon et
al. [22].

as shown in Fig. 3(b).

Since the droplet’'s shape was asymmetric, contact angles
were obtained at a total of four positions: two in the +x and
—x directions on the x—y plane and two in the +z and
—z directions onthe z—y plane. The measured four contact
angles were averaged. In addition, the time-averaged contact
angle was calculated during the final 0.5 ns at the equilibrium
state to minimize the effect of the fluctuation of the droplet’s
shape. The fluctuation of the contact angle is shown in the
figures using error bars.

Fig. 4 shows a comparison of the contact angles of the water
droplets obtained in this study and those reported from Kwon
et al. [22]. The water droplets were located on a flat surface
with solid characteristic energies in the range of 0.1-0.3
kcal/mol. In this study, the contact angles were measured as
114.7°, 91.9°, and 68.7° with the solid-surface characteristic
energy of 0.1, 0.2, and 0.3 kcal/mol. These values were within
the range of the results’ fluctuation in the previous study. The
comparison of the results verified the simulation method.

3. Results and discussion
3.1 Water and DCE droplets

At first, at the solid characteristic energy of 0.2 kcal/mol, the
water and DCE droplets were considered. To study the behav-
iors of the water and DCE droplets, molecular dynamics simu-
lations were conducted. Based on the validation results at the
surface characteristic energy of 0.2 kcal/mol, the water droplet
had a contact angle of 91.9°, indicating weak hydrophobicity,
and the droplet exhibited a hemispherical shape. Conversely,
the DCE droplet exhibited considerably weak interactions with
the surface at the solid-surface characteristic energy of 0.2
kcal/mol, resulting in an almost perfect spherical shape. The
contact angle of the DCE droplet was 147.91°, demonstrating
the lipophobic properties of the surface.

Fig. 5 shows snapshots of the water and DCE droplets at
various pillar heights on the solid surface at a solid characteris-

H o
X

Flat surface (H =0)

Flat surface (H =0)

H=10.60A
X

@) ::llll

H=16.96A

(Water droplets) (DCE droplets)

Fig. 5. Snapshots of water: (a)-(d) and DCE; (e)-(h) droplets for different
pillar heights at the solid surface characteristic energy of 0.2 kcal/mol.

tic energy of 0.2 kcal/mol. Specifically, Figs. 5(a)-(d) show the
shapes of the water droplets at pillar heights ranging from 0 to
2.12 A, 10.60 A, and 16.96 A, respectively. As the pillar height
increased, more water molecules penetrated the gaps between
the pillars, causing water droplets to reach the Wenzel state.
Therefore, the water droplet changed from a hemisphere to a
near-sphere, as shown in Figs. 5(a)-(d).

Figs. 5(e)-(h) show the shapes of the DCE droplets relative
to the pillar height at the solid-surface characteristic energy of
0.2 kcal/mol. The DCE droplet exhibited a nearly spherical
shape and maintained its shape as the pillar height increased.
The intermolecular attraction in DCE was stronger than that in
water because of its higher molecular weight. Thus, the inter-
molecular attraction in DCE dominated the droplet's shape,
whereas that in water did not. Therefore, at the solid-surface
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Fig. 7. Contact angles of water and DCE droplets according to the pillar
height at the solid surface characteristic energy of 0.2 kcal/mol.

characteristic energy of 0.2 kcal/mol, the DCE droplet formed a
spherical shape in the Cassie—Baxter state, regardless of the
pillar height.

In the detail view of Fig. 5(h), the DCE molecules penetrated
about half of the pillar height, although the DCE droplet was in
the Cassie-Baxter state. The DCE molecules penetrated the
gaps only about 8.48 A, not fully because of a potential bridge
which is determined by the balance of gravity, attracting force
and repelling force [23, 24], as shown in Fig. 6. The DCE drop-
let on the surface with the solid-surface characteristic energy of
0.2 kcal/mol seems to make a potential bridge at the depth
about 8.48 A from the top of the pillars.

Fig. 7 shows the contact angle of the water and DCE drop-
lets corresponding to the pillar height at the solid-surface char-
acteristic energy of 0.2 kcal/mol. The blue square and red tri-
angle symbols represent the contact angles of the water and
DCE droplets, respectively. For the water droplet, as the pillar
height increased from 0 to 12.72 A, the contact angle gradually
increased from 91.93° to 98.97°, 101.90°, 104.19°, 111.01°,
112.85°, and 117.22°, resulting in a change in the droplet
shape, as shown in Figs. 5(a)-(d). When the pillar height ex-
ceeded 12.72 A, the interaction between the water droplet and
the solid surface weakened because of the increased distance
from the flat plate. Consequently, at pillar heights over 12.72 A,
no significant effect on the behavior of the water droplet was

observed. Thus, at the solid-surface characteristic energy of
0.2 kcal/mol, the hydrophobicity of the surface increased and
converged as the pillar height increased.

For the DCE droplet, at the solid-surface characteristic en-
ergy of 0.2 kcal/mol, the contact angle remained constant as
the pillar height increased. The DCE droplet exhibited contact
angles of approximately 147.91 + 2.53° at all pillar heights,
indicating the significant lipophobicity of the surface. The rela-
tively strong intermolecular attractions in DCE, attributed to its
large molecular weight, caused the DCE molecules to be more
clustered than the water molecules, resulting in a spherical
shape. Thus, the large intermolecular attractions in DCE main-
tained the DCE droplet shape.

At the solid-surface characteristic energy of 0.2 kcal/mol, the
water and DCE droplets exhibited different shapes on the
same surface.

3.2 DCE droplets on various surfaces

This study investigated the behaviors of the DCE droplets on
various surfaces. To implement a weak lipophobic surface or a
lipophilic surface, the solid-surface characteristic energy of the
surface was changed to 1.0 kcal/mol and 20.0 kcal/mol.

At the solid-surface energy of 1.0 kcal/mol, the DCE droplet
on the flat plate had an instinct contact angle of 91.7°, indicat-
ing a weak lipophobic surface, similar to that of the water drop-
let at the solid-surface characteristic energy of 0.2 kcal/mol. On
the other hand, the solid-surface characteristic energy of
20.0 kcal/mol indicated the lipophilic characteristics for the
DCE droplet. The DCE droplets exhibited a contact angle of
62.31° on the surface with a solid characteristic energy of
20.0 kcal/mol, which shows a lipophilic surface.

Fig. 8 shows snapshots of the DCE droplets at the solid-
surface characteristic energy of 1.0 kcal/mol. Figs. 8(a)-(c)
show snapshots of the DCE droplets corresponding to the pillar
height, while Figs. 8(d)-(f) show schematic diagrams of the
droplet shapes. Fig. 8(a) shows the shape of the DCE droplet
formed on the flat plate (H = 0). The DCE droplet on the flat
plate exhibited a hemispherical shape on the cylinder, as sim-
plified in Fig. 8(d). The top part of the DCE droplet was hemi-
spherical because of the intermolecular attraction in DCE.
Conversely, the bottom part of the droplet interacted with the
flat plate, resulting in a cylindrical shape.

Fig. 8(b) shows the shape of the DCE droplet at the pillar
height of 8.48 A when the solid-surface characteristic energy
was 1.0 kcal/mol. The top part of the DCE droplet almost main-
tained its shape. However, the bottom part of the DCE droplet
permeated the gaps between the pillars and spread on the
surface. The contact area between the droplet and the surface
was relatively wide, corresponding to the pillar height. Finally,
as shown in Fig. 8(e), the shape of the bottom part changed
from a cylindrical shape into a conical frustum.

Fig. 8(c) shows the shape of the DCE droplets at the pillar
height of 16.96 A when the solid-surface characteristic energy
was 1.0 kcal/mol. When the pillar height increased further, the
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Fig. 8. Snapshots of DCE droplets corresponding to the pillar height of (a) 0; (b) 2.12 A; (c) 16.96 A, and their schematics for pillar heights of (d) 0; (e) 2.12 A,

(f) 16.96 A, at the solid surface characteristic energy of 1.0 kcal/mol.
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Fig. 9. Snapshots of DCE droplets corresponding to the pillar height of (a) 0; (b) 8.48 A; (c) 16.96 A, and their schematics for pillar heights of (d) 0; (e) 16.96

A at the solid surface characteristic energy of 20.0 kcal/mol.

distance between the DCE droplet and the flat plate increased,
which weakened the influence of the flat plate on the top part of
the DCE droplet. The bottom part of the DCE droplet concur-
rently interacted with the pillar and flat plate, causing only the
bottom part of the DCE droplet to permeate the gaps due to the
interaction with the surface. Consequently, the DCE droplet
appeared to separate into two parts in terms of its shape. The
top part of the DCE droplet still maintained its shape as a
hemisphere, whereas the bottom part of the DCE droplet took
on an hourglass shape, as shown in Fig. 8(f).

Fig. 9 shows snapshots of the water and oil droplets at vari-
ous pillar heights under lipophilic conditions, along with sche-
matic diagrams of the oil droplets.

Figs. 9(a)-(c) show snapshots of the DCE droplets at differ-
ent pillar heights, corresponding to a solid-surface characteris-
tic energy of 20.0 kcal/mol. Due to the strong attraction of the
lipophilic pillars and the plate, the DCE droplet adopted a
hemispherical shape. Interestingly, the DCE droplet exhibited
spreading patterns on the surface, corresponding to the pillar

height. On a flat lipophilic surface, the DCE droplet formed a
hemispherical shape, but DCE molecules near the flat plate
spread widely to create a coating-like layer, as shown in Fig.
9(a). As the pillar height increased from 0 to 8.48 A, the DCE
molecules permeated the gaps between the pillars, decreasing
the spreading range. Finally, at a pillar height of 16.96 A, the
DCE molecules at the bottom of the droplet filled the gaps be-
tween the pillars, further decreasing the spreading range.

Figs. 9(d) and (e) show schematic diagrams of the DCE
droplets on a lipophilic surface with a solid characteristic en-
ergy of 20.0 kcal/mol. Similar to the DCE droplet’s shape on a
weak lipophobic surface, the DCE droplet's shape on the lipo-
philic surface could be considered as two parts: the top and
bottom parts. Irrespective of the pillar height, the top part of the
droplet maintained its shape as a hemisphere, as shown in
Figs. 9(d) and (e). Contrarily, the bottom part of the droplet
changed depending on the pillar height. On a flat surface, the
bottom part of the droplet spread and formed a layered shape,
as shown in Fig. 9(d). As the pillar height increased, however,
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Fig. 10. Contact angles of DCE droplets corresponding to the pillar height
and schematics for the DCE droplets’ shapes.

the DCE molecules permeated the gaps of the pillars, and the
bottom part of the droplet transformed into a conical frustum,
as illustrated in Fig. 9(e). Furthermore, the spreading range
decreased as the pillar height increased.

Fig. 10 shows the contact angles of the DCE droplets corre-
sponding to pillar heights on various surfaces, accompanied by
schematic representations of changes in DCE droplet shapes.
The symbols in red, purple, and gray correspond to solid-
surface characteristic energies ¢, of 0.2, 1.0, and 20.0
kcal/mol, respectively. Similarly, the schematics in red, purple,
and dark purple represent solid-surface characteristic energies
g, 0f0.2,1.0, and 20.0 kcal/mol, respectively.

As explained in Fig. 7, at the solid-characteristic energy of
0.2 kcal/mol, the contact angle and the shape of DCE droplet
maintains as the pillar height increased. On the other hands, at
the solid-characteristic energy of 1.0 and 20.0 kcal/mol, the
contact angle of the DCE droplet significantly related with the
pillar height.

At the solid characteristic energy of 1.0 kcal/mol, the contact
angle of DCE droplet slightly increased from 91.70° to 96.10°
and 98.75° as the pillar height increased from 0, 2.12 A, and
424 A. At6.36 A and 8.48 A, the bottom part of the DCE drop-
let transformed into a conical frustum, and the contact angles
were 97.94° and 99.25°, respectively, with a smaller change in
contact angle compared with that at 4.24 A. As the pillar height
increased further to 10.6 A and 12.72 A, the bottom part of the
DCE droplet adopted an hourglass shape, whereas the top
part remained hemispherical, resulting in contact angles of
107.11° and 115.57°, respectively. The pillar height higher than
8.48 A, which seems the depth of a potential bridge, signifi-
cantly changed the contact angle and shape of the DCE drop-
let. At pillar heights higher than 12.72 A, the contact angle con-
verged to a value near 115°, similar to the converged contact
angle of a water droplet at a solid-surface characteristic energy
of 0.2 kcal/mol. Therefore, on the weak lipophobic surface, the
variation in the contact angle of the DCE droplet was slight at
low pillar heights but increased as the pillar height exceeded
848 A

For the lipophilic surface, whose solid-surface characteristic
energy was 20.0 kcal/mol, the contact angle increased from
62.31° to 67.07° and 77.9° as the pillar height increased from 0
to 2.12 A and 4.24 A, respectively. The low-height pillars at-
tracted the DCE molecules permeating the gaps between the
pillars. Then, the bottom part of the DCE droplet transformed
from a layer into a convex, increasing the contact angle. After
transforming its shape, the contact angle remained almost
constant about 82.63 + 4.20°, with relatively small changes
corresponding to the pillar height. The DCE molecules gath-
ered around the DCE droplet and did not spread at these pillar
heights. Thus, the DCE droplet maintained its shape as a
hemisphere on a conical frustum, as shown in Figs. 9(c) and

(e).

4. Conclusions

This study conducted molecular dynamics simulations to
compare the behavior of water and oil droplets on the same
surface, as well as to investigate the behavior of oil droplets on
various surface conditions. In summary, the results demon-
strated that, similar to water droplets, the behavior of oil drop-
lets is significantly influenced by surface characteristics, includ-
ing hydrophobicity, as well as surface geometry, particularly the
presence of pillars and their height. However, it was observed
that the behavior of oil droplets differs depending on the spe-
cific part within the droplet, in contrast to water droplets.

Under conditions with consistent solid-surface characteristic
energy, it was observed that as the pillar height increased, the
water droplet exhibited an increasing hydrophobic tendency,
while the behavior of the oil droplet (DCE) remained largely
consistent.

On weak lipophobic surfaces, the DCE droplet exhibited dis-
tinct behaviors in its top and bottom parts. The top part of drop-
let maintained a hemispherical shape, while the bottom part
underwent a transformation from a cylindrical shape to a coni-
cal frustum, ultimately resembling an hourglass with increasing
pillar height. Under lipophilic conditions, oil droplets exhibited
permeation into the spaces between pillars due to strong inter-
actions with surface atoms. Similar to DCE droplets on weak
lipophobic surfaces, the top and bottom parts showed different
shapes. While the top part of the droplet remains its hemi-
spherical shape with increasing pillar height, the DCE mole-
cules at the bottom, which initially spread on the surface and
formed a coating-like layer, aggregate within the droplet. This
aggregation leads to an increase in the contact angle of the
DCE droplet, eventually converging to a specific value.

The implications of these findings extend to potential applica-
tions in the precise control of droplet behavior on surfaces,
facilitating the separation and merging of diverse liquid types.
By crafting structures with specific surface characteristics and
morphologies, it becomes feasible to manipulate droplet be-
havior without the need for additional external forces or energy
inputs. This research yields valuable insights for the design of
surfaces with tailored wettability properties, thereby advancing
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fields such as microfluidics, coatings, and biomedical devices.
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Nomenclature

As : Dihedral coefficient

H : Pillar height

Kange @ Angle constant

Kbond  : Bond constant

q : Electric charge

i1 : Distance between a pair of atoms i and j

Uwtar  : Total potential between atom and molecules
Ubong  : Potential by bonding

Uange  : Potential by bending

Udinedrar : Potential by torsion

Ucouoms : Coulomb potential

Uy : Lennard-Jones potential

& : Characteristic energy between a pair of atoms i and
o : Characteristic length between a pair of atoms i and
6 : Angle between three atoms

Yie : Surface tension of the liquid
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