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Abstract

A numerical study was carried out using a molecular dynamics program to examine the wetting characteristics of nano-sized water
droplets on surfaces with various pillar surface fractions under different conditions. Square-shaped pillars had surface fractions that in-
creased from 11.1 % to 69.4 %. The pillars had 4 different heights and 3 different surface energies. When the pillar surface fraction
changed, the contact angle of a water droplet also changed due to the attraction between the droplet and the pillar surface or the inner
attraction of the water molecules. The pillar height also has different effects on the water droplet depending on the magnitude of surface

energy.
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1. Introduction

Nano- or microscale structures can be observed on the sur-
face of a variety of plants and animals, such as lotus leaves,
water strider legs, and amphibian feet. Various enhancements
of solid surfaces with nano- or microscale structures are being
developed. A super-hydrophobic effect can appear on a sur-
face with various structures. This surface can also be made
using a biomimetic scheme [1-3]. There are many studies on
applying these hydrophobic surfaces. Antifouling and self-
cleaning surfaces can be created by using a biomimetic
scheme [4]. These enhancements are used in a wide range of
fields. A riblet surface that is similar to shark skin is helpful
for reducing drag, which was used to develop a full-length
body suit to reduce resistance in water. This concept could
also be applied to aircraft or ocean vessels [5].

Contact angle measurement is the most general method for
evaluating wetting. Water droplets on rough surfaces typically
exhibit either a Wenzel state or a Cassie-Baxter state [6, 7].
The Wenzel model asserts that the water droplet intrudes
spaces between the pillars on solid surfaces. However, there
are other cases where the water droplet does not permeate into
the between the pillar structures and air is trapped in the gaps
instead. In these circumstances, the water rests on top of the
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pillar structures. This is explained by the Cassie-Baxter model.

Computational and experimental investigations have been
reported on wetting phenomena, and the results have been
applied to diverse fields. Many studies have focused on super-
hydrophobic surfaces that are similar to lotus leaves or water
strider legs [8-18]. Guo et al. [16] demonstrated wettability on
super-hydrophobic surfaces. They created super-hydrophobic
surfaces by applying a treatment to aluminum alloy, which
had long-term stability in a wide pH range. Gao et al. [17]
made an artificial hydrophobic “leg” from quartz fiber based
on the non-wetting legs of water striders with similar size and
shape. Using Cassie’s law, they found that the air fraction
between the water surface and the leg forms a cushioning
effect that keeps the leg from being wetted. Wu et al. [18]
designed and fabricated artificial water strider legs using a
high-performance polymer with high mechanical strength and
thermal stability. The legs were refined with nano-groove
structures that have high water-repelling performance and
thermal stability.

Koishi et al. [19] studied coexisting Wenzel and Cassie-
Baxter states and transitions between them on hydrophobic
pillar surfaces. They performed simulations of water droplets
on pillared surfaces demonstrated both the Cassie-Baxter and
Wengzel states. The state depended on the water droplet’s ini-
tial location when the pillar height was very high. They also
examined the free energy barrier separating the Wenzel and
Cassie-Baxter states. Murakami et al. [20] investigated the
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wetting transition of water droplets from the metastable
Cassie-Baxter state to the Wenzel state on rough polymer
surfaces. They investigated the wetting behaviors of solid
surfaces with various pillar surface fractions using various
liquids.

Many studies on wetting characteristics have used computa-
tional methods. Ambrosia et al. [21] focused on the effects of
the pillar surface fractions on the wetting of a surface with
nano-scale structures. Jeong et al. [22] studied the static and
dynamic characteristics of a water droplet on various surfaces.
They considered the effect of the pillar height, pillar gap, and
an applied force.

Previous studies have been concerned with the wetting
characteristics of water droplets on surfaces according to the
changes of the surface texture and structures. However, there
are few studies on pillar surface fractions. Pillar surface frac-
tions were not considered or they were fixed at 25 %.

In this study, we investigated the wetting characteristics of
water droplets on surfaces with various pillar surface fractions
to understand the effect of surface fractions on wetting of sur-
faces. We control not only pillar surface fractions but also
pillar heights and surface energies. And the results are com-
pared with the shapes and contact angles.

2. Numerical method

Molecular dynamics is a computer simulation method for
studying the nanoscopic movement of each atom and mole-
cule in gas, liquid, and solid states. The open source program,
nanoscale molecular dynamics (NAMD) is computer software
used for molecular dynamics simulations and was developed
by the University of Illinois at Urbana-Champaign [23]. It
uses the CHARMM force field to calculate the interactions of
molecules. This program is used for analyzing situations such
as a water droplet on a solid surface. It can also be linked to
visualization in molecular visualization program, visual mo-
lecular dynamics (VMD). NAMD uses a common potential
energy function form:
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The interaction between the water droplet and the solid sur-
face is most important in this study. U,, represents the Len-
nard-Jones potential:
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The term ¢, of Eq. (2) is the characteristic energy, o, is
the characteristic length, and 7, represents the distance be-
tween atoms. The Lorentz-Bertholet mixing rule determines
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Fig. 1. Schematic view (top view) of pillar patterned surface and W,
is x -direction pillar edge and W, is z -direction pillar edge.

o, =(0,+0,)/2. 4)

The surface energy is a physical property of solid materials.
It is similar to the surface tension of a liquid. It quantifies the
disruption of intermolecular bonds that occur when a surface
is created. The contact angle is decided by the solid surface
energy and liquid surface tension. In this paper, it was con-
trolled by using the characteristic energy of the surface and
was calculated from the contact angle according to Egs. (5)
and (6) [24].

1+4cos0=2,fy" [ﬂ] 2" {E] (5)
Y Y
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The term € is the contact angle and y is the surface ten-
sion. The subscripts s and w refer to solid and water. And, the
superscripts d and 4 refer to the dispersion force and hydrogen
bonding components.

The system uses the NVT ensemble, which is the canonical
ensemble in which there is a fixed number of atoms, volume,
and temperature.

Variables related to water molecules were adapted from the
TIP3 model. The charge of the TIP3 oxygen atom is -0.834e,
and that of the TIP3 hydrogen atom is +0.417e. The bond
length between oxygen and hydrogen is 0.9572 A, and the
angle between the two hydrogen atoms is 104.52°. 3921 water
molecules are used in this study.

The surface is made of a face-centered cubic (FCC) struc-
ture with a distance of 2.12 A to the nearest neighbor. This
surface consists of 10200—-5000 solid atoms. The entire sur-
face is modeled in the x—z plane, and the lengths in the x -
direction, L, and z -direction, L  are both 152.6 A. All
boundaries are set to periodic conditions. We considered three
different pillar heights, four different pillar surface fractions,
and three different surface energies. The pillars are spaced at
regular intervals on the solid surface, and the pillar shape is a
regular quadrilateral. # indicates the thickness and width of
the pillar in the x -direction and z -direction, as shown in Fig.
1, while H indicates the height.

The thickness of the pillar was increased from 8.48 A to
21.2 A, which results in an increase in the pillar surface from
11.1 % to 69.4 %, as shown in Fig. 2. The pillar height was
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Fig. 2. Schematic view (top view) of variable unit pillar structure and
each structure’s pillar surface fractions: (a) 11.1 %; (b) 25 %; (c)
44.4 %; (d) 69.4 %.

also varied (H = 4.24 A, 848 A, 12.72 A). Three different
surface energies were controlled by changing the characteris-
tic energy (&,=0.1, 0.3, 0.5 kcal/mol).

To simulate a water droplet on the solid surface, water
molecules were initially positioned in a 50 A x 50 A x
50 A cube shape. During the simulation, the water droplet falls
toward the solid surface with the nano-structured pillars, and
the simulations were run until equilibrium. A time step of 2 fs
was used in the 15 ns simulations. After the calculation, the
water molecule data were recorded every 2 ps during the last 1
ns and used for post-processing.

The water droplet forms a contact angle on the surface, and
it is used to indicate the wetting characteristics [22, 25]. It is
measured by considering the density field of the droplet,
which is expressed using a density value distribution of 0 to 1.
The contact angle is measured at the water droplet’s edge
where the density had a value of 0.5. In order to ensure accu-
racy and reliability of the contact angle, it was measured on
four sides. There is little difference in the value of the contact
angles in the x -direction and z -direction, so the 6_, and
0,_. contact angles are considered.

3. Results

At first, the water droplets on smooth surfaces were consid-
ered to find the surface energy of each surface with different
characteristic energies from 0.1 to 0.5 kcal/mol. Figs. 3(a)-(c)
show water droplets on the smooth surfaces. In these cases,
the contact angles of the water droplets were 136.68°, 113.66°
and 96.29°, respectively. With these contact angles, the sur-
face energies can be calculated using Eq. (5). Therefore the
cases with the characteristic energy are rewritten with surface
energies of 4.85, 23.41 and 51.78 mN/m.

In order to validate this study, the results were compared
with previous numerical results due to the lack of experimen-
tal data at this scale. Kwon et al. [26] studied the behavior of
water droplets under similar conditions. The number of water
molecules was also about 4000 in the previous paper. The

(a) 0.1 kcal/mol

(b) 0.3 kcal/mol

(c) 0.5 kcal/mol

Fig. 3. Snapshots of water droplets on the smooth surface for three
different surface energy: (a) y, =4.85 mN/m (&, = 0.1 kcal/mol); (b)
7, = 23.41 mN/m (&g = 0.3 kcal/mol); (¢) y,= 51.78 mN/m (&, =
0.5 kcal/mol).
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Fig. 4. The validation result of the contact angle as the characteristic
energy of surface.

smooth surface had a FCC structure and its characteristic en-
ergy was from 0.1 kcal/mol to 0.5 kcal/mol. Fig. 4 compares
the characteristic energy and contact angle values the previous
study and the current study. The figure shows the results were
nearly the same so the results of this study are reasonable.

3.1 Surface energy of 4.85 mN/m

Fig. 5 shows images of the x—y view and the y-z
view of the water droplet on the pillar surface at the surface
energy of 4.85 mN/m (the characteristic energy of 0.1
kcal/mol). The pillars are square with the x and z widths
the same (W, =W, ). As the thickness of the pillar increases
from 8.48 A to 21.2 A, the pillar surface fraction increases
from 11.1 % to 69.4 %. Figs. 5(a)-(d) show the shape of the
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Fig. 5. Snapshots of water droplets on the pillar surface in the x—y
view and y-z view with four different pillar surface fraction

11.1 %, 25.0 %, 44.4 %, 69.4 %, and three different pillar height
424 A, 848 A, 12.72 A when the surface energy is 4.85 mN/m.
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water droplet with a low pillar height of H =4.24 A and four
different pillar surface fractions of 11.1 %, 25 %, 44.4 % and
69.4 %. In these cases, the surfaces are hydrophobic, forming
Wenzel state droplets. The water molecules permeate into two
gaps between pillars in the y—z view with the pillar surface
fraction of 11.1 % and into one and a half gaps in the x—y
view with the pillar surface fraction of 25 %. However, at
larger pillar surface fractions, water molecules cannot perme-
ate into more than one gap. In other words, the larger the area
ratio of the pillar, the less the water molecules permeate be-
tween the pillar structures.

Figs. 5(e)-(h) show the water droplet shapes for a pillar
height of H = 8.48 A and the four different pillar surface
fractions. In these cases, the surfaces are very hydrophobic, so
there is no permeation of water molecules into the gaps except
at 11.1 % pillar surface fraction. The water molecules fill one
gap in the x—y view and one gap in the y—z view. Figs.
5(i)-(1) show the water droplet shapes for a pillar height H =
12.72 A. There is little conformational change of the water
droplet on the higher pillars since it is in the Cassie-Baxter
state. The result is attributed to the stronger attractions be-
tween the water molecules than that between the water droplet
and the surface base. As a result, the water droplet cannot
permeate into the gaps and coheres in a spherical shape on top
of the pillars, especially at the 11.1 % and 25 % pillar surface
fractions.

Fig. 6 and Table 1 show the contact angles for the pillar sur-
face fractions and pillar heights with a 4.85 mN/m surface
energy. The x -axis represents the pillar surface fraction, and
the y -axis represents the contact angle of the water droplet.
The smooth surface without pillars in Fig. 3(a) is indicated by
a pillar surface fraction of 100 % in Fig. 6. The contact angle
in this case is 136.7°. The low surface energy of 4.85 mN/m
has less attraction on the water droplet, so the contact angle is
high.

Table 1. Contact angles for different pillar surface when the surface
energy is 4.85 mN/m and the pillar height is 4.24 A, 8.48 A, 12.72 A.

Contact angles (°) : Surface energy 4.85 mN/m

Pillar surface
fractions (%) 11.1 25 444 69.4 100
I 4.24 134.05 136.01 | 138.53 | 136.74 | 136.68
Pillar
height (A\ 8.48 135.68 14228 | 139.32 | 137.37 | 136.68
12.72 142.72 142.64 | 140.04 | 136.40 | 136.68
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Fig. 6. Contact angles for different pillar surface fractions: x -axis
show the variable pillar surface fraction from 11.1 % to 100 % and
v -axis shows each case’s contact angle when the surface energy is
4.85 mN/m and the pillar height is 4.24 A, 8.48 A, 12.72 A.

At a 424 A pillar height, as the pillar surface fraction in-
creases from 11.1 % to 100 %, the contact angle for each case
increases slightly from 134.05° to 138.53° at a pillar surface
fraction of 44.4 %, and then it decreases to 136.68°. All of
these are Wenzel state cases, it can be seen that the more gaps
the droplet fills, the smaller the contact angle is. The peak
contact angle is at a pillar surface fraction of 44.4 % where the
droplet fills only one gap in the x—y and y—z views.
Because of small gaps in high surface fraction, water mole-
cules cannot permeate so most of the water molecules are on
top of the structure.

The H =8.48 A pillar height cases have a similar trend. As
the pillar surface fraction increases from 11.1 % to 100 %, the
contact angle first increases and then decreases. For these
cases, the peak occurs just after making a transition in state
from Wenzel to Cassie-Baxter, which occurs at the pillar sur-
face fraction of 25 %.

The cases with a H = 12.72 A pillar height are different
from those at H =4.24 A and H = 8.48 A. The contact an-
gle is the highest at the pillar surface fraction of 11.1 %, and
the contact angle decreases as the pillar surface fraction in-
creases. All of these cases are in the Cassie-Baxter state and
the pillars are tall, so the attraction of the base surface has no
effect on the water molecules. However, as the pillar surface
fraction increases, the gaps between the pillars decrease and
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Table 2. Contact angles for different pillar surface when the surface
energy is 23.41 mN/m and the pillar height is 4.24 A, 8.48 A, 12.72 A.

Contact angles (°) : Surface energy 23.41 mN/m

Pillar surface
fractions (%) 11.1 25 44.4 69.4 100
4.24 115.81 118.25 | 119.88 | 121.54 | 113.66
Pillar
height (A) 8.48 115.75 | 12429 | 131.19 | 122.83 | 113.66
12.72 125.74 | 131.11 | 132.13 | 121.19 | 113.66
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Fig. 7. The map of wetting characteristics when the surface energy is
4.85 mN/m and the pillar height is 4.24 A, 8.48 A, 12.72 A.

the surface appears more and more like a flat surface. This
causes the contact angle to decrease.

Fig. 7 shows a map of the wetting characteristics for the
surface energy of 4.85 mN/m. There are more cases of the
Cassie-Baxter state than the Wenzel state. Many cases in
Wenzel state occur at the low pillar height. Low pillars cannot
prevent the attraction of the plate. However, high pillars play a
role as resistance to water permeation resulting in water drop-
lets being in the Cassie-Baxter state in those cases.

3.2 Surface energy of 23.41 mN/m

The x—y and y-—z views of the water droplet are seen
in Fig. 8 for the surface energy of 23.41 mN/m (the character-
istic energy of 0.3 kcal/mol). Figs. 8(a)-(d) show the shape of
the water droplet at H = 4.24 A and the four different pillar
surface fractions. All cases show the permeation of water into
two or more gaps in the x—y view and y-z view. Figs.
8(a) and (b) show the water molecule permeation into a third
gap when the pillar surface fractions are 11.1 % and 25.0 %.

Figs. 8(e)-(h) show the shape of the water droplet at H =
8.48 A | and Figs. 8(i)-(1) show the shape at H = 12.72 A. As
the pillar surface fraction increases from 11.1 % to 44.4 %, the
water permeation between the gaps decreases. At 69.4 % pil-
lar surface fraction, there is hardly any permeation because the
distance between the pillars is very small restricting the infil-
tration, and water droplets adhere to the surface because the
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Fig. 8. Snapshots of water droplets on the pillar surface in the x—y
view and y-—z view with four different pillar surface fraction

11.1 %, 25.0 %, 44.4 %, 69.4 %, and three different pillar height
424 A, 8.48 A, 12.72 A when the surface energy is 23.41 mN/m.

150
140 -
- |
~
%ﬂ 130 |
=
-
g |
‘§ 120 -
D -
1mof ——8—— Height 4.24 A
i - - -A— - - Height 8.48 A
* Height 12. 724
n M | | e L | -
100 20 0 50 30 700

Pillar surface fractions [%]

Fig. 9. Contact angles for different pillar surface fractions: x -axis
show the variable pillar surface fraction from 11.1 % to 100 % and
y -axis shows each case’s contact angle when the surface energy is
23.41 mN/m and the pillar height is 4.24 A, 8.48 A, 12.72 A.

surface shape is similar to a smooth surface.

Fig. 9 and Table 2 show the wetting characteristics using
the contact angles in Fig. 3(b) and Fig. 8. The variation of the
contact angles with the different pillar surface fractions and
the pillar heights is seen in Fig. 9 for the surface energy of
23.41 mN/m. The smooth surface without pillars has a pillar
surface fraction of 100 % and a contact angle of 113.7°.

The 23.41 mN/m trend is somewhat similar to that of the
4.85 mN/m cases seen in Fig. 6. As the pillar surface fraction
increases from 11.1 % to 100 %, the contact angles increase
and then decrease. The increase in the pillar surface fraction
causes the permeation of the water molecules to decrease, and
more of the water droplet sits on the top of the surface. This
increases the contact angle. However, with larger pillar sur-
face fractions, the contact angle decreases because the surface
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Table 3. Contact angles for different pillar surface when the surface
energy is 51.78 mN/m and the pillar height is 4.24 A, 8.48 A, 12.72 A.

Contact angles (°) : Surface energy 51.78 mN/m

Pillar surface
fractions (%) 11.1 25 444 69.4 100
I 424 84.93 90.49 91.99 99.72 96.29
Pillar
height (&) 8.48 75.48 81.12 92.35 94.41 96.29
12.72 84.14 102.99 | 103.42 | 101.49 | 96.29
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Fig. 10. The map of wetting characteristics when the surface energy is
23.41 mN/m and the pillar height is 4.24 A, 8.48 A, 12.72 A.

shape becomes more like a smooth surface. This effect is
much stronger than the one that increases the contact angle
due to the narrowing gaps preventing water molecules from
permeating between the pillars. As a result, the attraction be-
tween the water droplet and the surface is greater than that
between the water molecules, and the contact angle becomes
smaller at larger pillar surface fractions.

Fig. 10 shows a map of the wetting characteristics for the
surface energy of 23.41 mN/m. In this condition, almost all
cases were in the Wenzel state. There are only two cases in the
Cassie-Baxter state. Because of the increased surface energy,
the attraction between the water molecules and the pillars
increases so that pillars cannot act as resistance to water per-
meation. As a result, the effect of pillars on the state of the
water droplet decreases as the surface energy of the solid sur-
face increases.

3.3 Surface energy of 51.78 mN/m

The x—y view and the y—z view of the water droplet
can be seen in Fig. 11 for the surface energy of 51.78 mN/m
(the characteristic energy of 0.5 kcal/mol). Figs. 11(a)-(h)
show the water droplet shape for the different cases at H =
424 A and H =848 A. Overall, there is permeation into the
gaps of the pillars in all cases in the x—y view and y-z
view. Figs. 11(i)-(1) show the shape for at H = 12.72 A. In
these cases, there is a different tendency with different per-

H=424A H=848 A H=1272A
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Fig. 11. Snapshots of water droplets on the pillar surface in the x—y
view and y-z view with four different pillar surface fraction
11.1 %, 25.0 %, 44.4 %, 69.4 %, and three different pillar height
424 A, 8.48 A, 12.72 A when the surface energy is 51.78 mN/m.
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Fig. 12. Contact angles for different pillar surface fractions: x -axis
show the variable pillar surface fraction from 11.1 % to 100 % and
v -axis shows each case’s contact angle when the surface energy is
51.78 mN/m and the pillar height is 4.24 A, 8.48 A, 12.72 A.

meation from the cases at H = 4.24 A and 8.48 A. Two to
three gaps are filled, and the taller pillars prevent the water
molecules from running over into three gaps.

Fig. 12 and Table 3 show the wetting characteristics using
the contact angles in Figs. 3(c) and 11. The variation of the
contact angles at a surface energy of 51.78 mN/m is seen in
Fig. 12. The smooth surface without pillars, the pillar surface
fraction of 100 %, has a contact angle of 96.3°. Generally,
there are small contact angles that result from the high attrac
tion at this surface energy.

For each pillar height, the lowest contact angle occurs at the
smallest pillar surface fraction. The reason is that with a larger
surface energy and small pillar surface fraction, a large share
of the droplet sinks into gaps of the pillars, which decreases
the contact angle and making the surface more hydrophilic.
Except at the 8.48 A pillar height, as the pillar surface fraction
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Fig. 13. The map of wetting characteristics when the surface energy is
mN/m and the pillar height is 4.24 A, 8.48 A, 12.72 A.

increases, the contact angle increases and then decreases. At
H = 848 A, as the gaps decrease, fewer water molecules
permeate the gaps, and the contact angle increases. At H =
4.24 A, the contact angles are larger than at H = 8.48 A. The
reason is that the added mass of the high surface energy pillars
attract more water to the surface, and the gaps at H = 8.48 A
are deeper than those at H = 4.24 A, so more water is pulled
into the gaps. This reduces the contact angle if the same num-
ber of gaps are filled. However, with H = 12.72 A pillars,
even though the gaps are even deeper, the droplet does not fill
three gaps in both the x—y» and y—z views in any cases.
The smaller number of gaps filled produces a higher contact
angle. Furthermore, the peak contact angles occur at the pillar
surface fractions of 25 % and 44.4 %, where the water droplet
fills only two gaps inboththe x—y and y—z views.

Fig. 13 shows the map of wetting characteristics at this sur-
face energy. All of the cases are in the Wenzel state. Due to
the large surface energy, the pillars also attract the water
molecules so that the water molecules can permeate the gaps
easier than those of the other cases.

4. Conclusions

The wetting characteristics of various pillar surfaces were
evaluated using molecular dynamics simulation. Regular
quadrilateral pillars with different pillar surface fractions, sur-
face energies, and pillar heights were considered to compare
the wetting characteristics of various pillar surfaces.

For the surface energy of 4.85 mN/m with pillar heights of
424 A and 8.48 A, the contact angle of water droplet slightly
increases and has the largest value at the pillar surface fraction
of 25 % or 44.4 %. The contact angle decreases as the pillar
surface fraction increases. However, the case for the pillar
height of H = 12.72 A shows a different trend. In this case,
the contact angle gradually decreases as the pillar surface frac-
tion increases.

At the surface energy of 23.41 mN/m, the results show the
similar trend comparing with those at the surface energy of
4.85 mN/m and low pillar height. The contact angle increases
and then decreases as the pillar surface fraction increases.
However, in these cases, the peak contact angles are seen at
the pillar surface fraction of 44.4 % or 69.4 % which are larger
than those in the case with the surface energy 4.85 mN/m.

At the largest surface energy, 51.78 mN/m, with the pillar
heights of H =4.24 A and 8.48 A, the contact angles become
larger as the pillar surface fraction increases. However, at
H =12.72 A, the peak contact angles occur at pillar surface
fractions of 25 % and 44.4 %.

The contact angles and wetting characteristics of the water
droplets on the surface are dependent on the surface energy as
well as the pillar characteristics such as pillar the surface frac-
tion and pillar height. This study may give some guidelines to
control the wetting characteristics of surfaces according to the
pillar characteristics.
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Nomenclature

W, : x-direction pillar edge
/8 : z-direction pillar edge
H : Pillar height

: Distance between atom i and atom j

~

& : Lennard-Jones characteristic energy of the surface

& : Lennard-Jones characteristic energy between atom 7 and
atom j

o, : Lennard-Jones characteristic length between atoms i and
J

¥ : Surface energy of the surface

17 : Contact angle of the droplet
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