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ABSTRACT: Recently, numerous studies focused on the
wetting process of droplets on various surfaces at a microscale
level. However, there are a limited number of studies about
the mechanism of condensation on patterned surfaces. The
present study performed the dynamic wetting behavior of
water droplets and condensation process of water molecules
on substrates with different pillar structure parameters, through
molecular dynamic simulation. The dynamic wetting results
indicated that droplets exhibit Cassie state, PW state, and
Wenzel state successively on textured surfaces with decreasing
solid fraction. The droplets possess a higher static contact
angle and a smaller spreading exponent on textured surfaces than those on smooth surfaces. The condensation processes,
including the formation, growth, and coalescence of a nanodroplet, are simulated and quantitatively recorded, which are difficult
to be observed by experiments. In addition, a wetting transition and a dewetting transition were observed and analyzed in
condensation on textured surfaces. Combining these simulation results with previous theoretical and experimental studies will
guide us to understand the hypostasis and mechanism of the condensation more clearly.

■ INTRODUCTION
It is well-known that several physical phenomena occur on
surfaces. Consequently, surface morphology and structure and
its physicochemical property significantly impact system per-
formance. Superhydrophobic surfaces (SHS) with a composite
micronano structure are a result of interactions between living
organisms and environments during the long-term evolution
process.1−4 Superhydrophobic materials attracted increasing
attention and were gradually investigated due to their many
special properties, such as self-repelling,5,6 antisticking,7 anti-
fouling,8 and self-cleaning,3,9,10 which have potential applications
in several fields including self-cleaning,5 thermal diodes,11 anti-
icing,12 vapor chambers,13 electrostatic energy harvesting,14 and
condensation heat transfer enhancement.15 Synthetic super-
hydrophobic surfaces are fabricated through the following two
procedures: first micro-nano structures are manufactured with
methods of corrosion or photoetching to increase the surface
roughness, and subsequently, a thin coating is formed by using
a chemical vapor deposition (CVD) method to reduce surface
energy.
Recently, superhydrophobic materials with composite micro-

nano structure have been increasingly investigated by many
scholars, and this has widespread application prospects in actual
industry. A large number of experimental studies focused on the
behavior of droplets on different textured surfaces in different
environment,16−19 the studies mainly include the wetting pro-
cess of droplet20,21 and condensation process.22−26 Hyeongyun
et al.27 proposed a “focal plane shift imaging” technique to
studied the effects of droplet mismatch, multidroplet coales-
cence, and multihop coalescence on droplet jumping speed. This
technique resolved the full 3D trajectory of multiple jumping

events and found that the departure angle during droplet
jumping is not a function of droplet mismatch or number of
droplets coalescing prior to jumping. Shreyas et al.28 combined
numerical simulation with experiment to study individual droplet
heat transfer on nonwetting surfaces. The results reveal that the
majority of heat transfer occurs at the three phases contact line.
Current studies are not limited at the macro-scale level, and

the rapid development of molecular simulation provides a
valuable research instrument in investigating numerous inter-
facial phenomena at the microscale level. However, a significant
amount of attention focused on the wetting process of droplets
on various textured surfaces,29−40 there is paucity of studies
examining a simulation study of a condensation process on pat-
terned surfaces. There are several gaps in droplet formation,
growth, and coalescence processes on textured surfaces when
compared with those on a smooth surface. The aim of the present
study involved the fore-mentioned differences, and thus the
above-mentioned processes were simulated and numerically
based on molecular dynamics simulation.
The present study involves visualizing water droplet dynamic

wetting behavior and the course of vapor condensation on
various silicon surfaces, including smooth surfaces and surfaces
featuring various pillared structures. This is followed by obtaining
similarities and differences between the aforementioned two
processes by comparing smooth surfaces and textured surfaces.
With respect to the wetting process, the results indicate that the
contact angle of droplets on textured surfaces exceeds those on
smooth surfaces and that droplets on a roughened surface exhibit
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the Cassie state, PW (partially wetted) state, and Wenzel state
successively with decreasing solid fraction. With respect to the
condensation process, the findings revealed that water molecules
are more inclined to gather at the top of nano pillars to form
nucleation points on textured surfaces with higher solid fraction,
which tend to develop the nonwetting state correspondingly.
The formation, growth, and coalescence of a nanodroplet are
simulated and quantitatively recorded. In addition, a wetting
transition and a dewetting transition were observed and analyzed
in condensation on textured surfaces. This study has implications
for understanding the detailed behavior and mechanism of
condensation on textured surfaces.

■ MODEL AND METHODOLOGY
Molecular dynamics simulation is used in all simulations to
visualize wetting courses of nanodroplets on different textured
surfaces and aggregative behavior of water molecules on various
textured surfaces in the process of condensation. A large-scale
atomic/molecular massively parallel simulator (LAMMPS)
package is used to conduct all simulations in which water is con-
sidered as a condensation material, and silicon atoms construct
the substrate. The building block of the surface includes a
diamond lattice consisting of 8 silicon atoms, and the lattice
constant of the unit cell corresponds to 5.43 Å. The water region
is built with a face-centered cubic unit (FCC) with a different
lattice constant that is determined by water density at different
temperatures.
Physical Model. In order to study the effects of surface

fraction on droplet wetting morphology, six sets of simula-
tions were conducted in the present study including behavior of
nanodroplets on a smooth surface and five textured surfaces
consisting of a pillar array with heightH = 18.1 Å, different width
W, and different interpillar spacing S (as shown in Figure 1 c).
Detailed structure parameters are listed in Table 1. Physical
models at initial moment are shown in Figure 1a,b, horizontal
dimensions of all substrates correspond to 142.8 Å × 142.8 Å,
and a spherical water droplet with a diameter of 73.2 Å is placed
on the surface.
With respect to the condensation process, the surface is main-

tained equivalent to that described above, although the length of
the simulation box in the z direction is twice that in the horizontal
dimension to contain more gaseous water molecules.
SimulationDetails. In all simulations, the periodic boundary

conditions are only applied in the horizontal direction while the
fixed boundary condition and bounce-back boundary condi-
tion are applied in the lower and upper boundaries, respectively.

The computational domain is divided into three regions, namely,
vapor, liquid, and solid regions. Both vapor and liquid regions are
filled with water molecules, and the solid region corresponds to a
silica surface. With respect to water, the TIP4P model is adopted
by several researchers; most studies consider that the TIP4P
model of water is effective and approximate41 and proved the
model accuracy by using an equation of state (EOS). Hence, the
TIP4P model is used in the present study. The TIP4P models
have four interaction points that are obtained by adding a dummy
atom near the oxygen atom along the bisector of the HOH angle
of the 3-site models. The dummy atom only includes a negative
charge, and the oxygen atom only includes mass. The model
improves electrostatic distribution around the water molecule.
The potential for the TIP4P model is represented by the fol-
lowing expression:
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where i and j denote different water molecules, and a and b
denote different interaction sites in a water molecule. Addition-
ally, a and b possess three identical numeric values, which are
defined as oxygen atoms, hydrogen atoms, and dummy atoms
when their values correspond to 1, 2, and 3, respectively. Fur-
thermore, riarjb corresponds to the distance between two interac-
tion sites of a and b in water molecules, and the interaction sites
could be located on the atoms or on dummy sites. The first term
in the above formula corresponds to the 12−6 type Lennard-
Jones potential, which represents the van der Waals nonbonding

Figure 1. Physical models of wetting simulation on (a) a smooth surface and (b) a textured surface at initial moment, and (c) schematics of the modeled
structured surface.

Table 1. Physical Dimensions of Pillars: Width W, Distance
between Pillars S, and Height Ha

S (Å) W (Å) H (Å) ϕS (%)

Structure 1    100
Structure 2 9.04 27.11 18.1 56.24
Structure 3 12.65 23.49 18.1 42.23
Structure 4 16.27 19.88 18.1 30.24
Structure 5 19.88 16.27 18.1 20.26
Structure 6 23.49 12.65 18.1 12.25

aStructural properties of rough surfaces: solid fraction ϕS = W2/
(W + S)2.
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force between two water molecules. The Lennard-Jones term
only applies to the interaction between the oxygen atoms. More-
over, σ and ε correspond to LJ potential parameters with ε cor-
responding to the interaction energy well-depth, and σ cor-
responding to the finite distance where the LJ potential
corresponds to zero. The second term represents electrostatic
interaction with ε0 denoting vacuum permittivity, qia denoting
the charge of an interaction site of a in the ith water molecule, and
qjb denoting the charge of the interaction site of b in the jth water
molecule in a similar manner. Additionally, the bond distance
and bond angle for water molecules are fixed by using the Shake
algorithm throughout the MD simulations.
The force between every silica atoms is implemented by using

the SW potential, and the form is shown as follows:

∑ ∑ ∑ ∑ ∑ϕ ϕ θ= +
> ≠ >

E r r r( ) ( , , )
i j

ij
i j i k j

ij jk ijk
1

2 3
(2)

where ϕ2 represents a two-body term and ϕ3 denotes a three-
body term. The summations in the formula are over all neighbors
j and k of atom i within a cutoff distance.
The interaction parameter between surface atoms and water

molecules is calculated by using the Lorentz−Berthelot mixing
rules as follows:

ε ε ε=ij i j (3)

σ σ σ= +( )/2ij i j (4)

where i and j represent different atom species, and only surface-
oxygen LJ interactions are calculated in a manner similar to the
TIP4P water model. The processing of the surface is as follows:
several layers on the bottom of substrate are fixed around
their original positions to prevent atoms from penetration, and
remaining layers are applied from the thermostat to heating
surface. A cutoff distance of 10 Å is used for LJ and electrostatic
interaction calculations, and the electrostatic interactions are
incorporated with a particle mesh Ewald method to evaluate the
long-range effect.

A time step of 1 fs is adopted in all cases. The simulations of
wetting courses are performed in the following two stages: water
molecules are equilibrated with Nose−Hoover thermostat in an
NVT ensemble until the temperature of water achieves a stable
value of 298 K, and the substrate is simultaneously heated to
298 K with a Langevin thermostat in an NVE ensemble. This is
followed by removing the thermostat that is applied on the water
molecules. The NVE ensemble is used for the water, and the
water droplet subsequently begins to spread on the surface.
Similar reactions are involved in a process in which gaseous

water molecules condense on different surfaces, and the only
difference involves water temperature that is initially controlled
at a stable value of 363 K. Additionally, a circle is introduced to
ensure that the presence of sufficient gaseous water molecules
forms droplets as follows: the general condensation of a specific
number of water molecules on a surface causes another set of
water molecules to be appended to the gas phase space and the
processing steps of newly added molecules completely cor-
respond to the fore-mentioned steps.
Furthermore, surface tension and interface tension are cal-

culated in the following manner.42 Solid−vapor surface tension
γSV is computed based on two NVT simulations, namely, using
models with and without two additional surfaces (as shown in
Figure 2a,b). Each of the boxes possesses the same dimensions,
contains the same number of atoms, and is subjected to NVT
molecular dynamics simulation at 298 K for 1000 ps. The differ-
ence in average total energy between the separated structure ES
and the unified structure EU is equal to the cleavage energy per
surface area 2A, and the surface tension γSV is expressed as
follows:

γ =
−

−
−

≈
−E E

A
T

S S
A

E E
A2 2 2SV

S U S U S U
(5)

The entropy contribution− T(SS− SU)/2A is negligible when
compared to the cohesive energy contribution (ES − EU)/2A.
Analogously, water-vapor surface intension is calculated in the
fore-mentioned manner.

Figure 2. An illustration of the calculation of the surface tension for a surface using two boxes with (a) unified surfaces and (b) separated surfaces.
The calculation of the silicon−water interface tension by using three boxes with (c) a silicon−water interface, (d) pure water, and (e) pure silicon.
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As shown in Figure 2c,d,e, solid−water interface tension γSL is
computed in a similar manner based on three NVT simulations.
The difference in average energies, and ESL, EL, and ES yields the
interfacial energy (ESL − ES − EL)/2A, and the interface tension
is as follows:

γ =
− −

−
− −E E E

A
T

S S S
A2 2SL

SL S L SL S L
(6)

The entropy contribution in the formula cannot be ignored,
and it is approximately equal to 0.06 ± 0.03J/m2.

■ RESULTS AND DISCUSSION

Dynamic Wetting. The snapshots shown in Figure 3 illus-
trate morphological changes in droplets from initial states to
stable states for the six systems. The droplets exhibit the Cassie
state on surfaces with higher surface fraction (Structure 2 and
Structure 3) because the smaller gaps limit the number of water

molecules that move down between the pillars. The transition
from the Cassie state to theWenzel state occurs with decreases in
the pillar surface fraction as follows: droplets exhibit the PW state
in Structure 4 and Structure 5, and the droplets finally exhibit the
Wenzel state in Structure 6.
The static contact angles of water droplets on each surface

are first computed to measure wettability of different surfaces.
The density of a water droplet is defined as the number of water
molecules in a unit cubic cell and the boundary between liquid
and vapor for a given droplet is determined at the position
in which the density corresponds to half the bulk water density.
The density contour of droplet is shown in Figure 4a. A density
profile along the centerline of the water droplet is described in
Figure 4b, and the solid line denotes the fit using the hyperbolic
function. The coordinates of the atoms that are near the liquid−
gas interface were extracted to fit a curve, and a contact angle was
obtained by computing the slope of tangent line at a three-phase
contact point as shown in Figure 4c. The solid fraction is

Figure 3. An illustration of the spreading progression of water nanodroplets on the silicon substrate with different structures and solid fractions
(front view).
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determined by the geometry structure parameters such that it is
possible to obtain the state of change in the contact angle with
respect to the solid fraction (as shown in Figure 4d).
Simultaneously, the contact angle computed by the theoretical

formula is used as a standard of comparison as follows: the
contact angle can be obtained based on Young’s equation for a

droplet on a smooth surface:43 θ = γ γ
γ
−

cos 0
SV SL

LV
. With respect to

a rough surface, the apparent contact angle for Wenzel state,

PW state, and Cassie state is calculated by using the following
formula separately:44,45

θ θ= rcos cosW W 0 (7)

θ ϕ θ ϕ= + −cos cos 1C S 0 S (8)

Specifically, rw denotes the roughness ratio of the total sur-
face area in contact with liquid over the projected area in the
penetrated Wenzel state, and ϕS denotes the fraction of the

Figure 4.Measurement of the static contact angle. (a) Density contours of water droplets. (b) Black points denote atoms near the gas−liquid interface to
characterize the surface of droplet, the red curve is a fit to the black points, and the blue curve denotes the contact angle. (c) Density profile along the
centerline of the water droplet. The red line corresponds to the fit using the hyperbolic function. (d) The dependency of the theoretical and numerical
values of the contact angle with respect to the solid fraction in which circles denote the numerical values and triangles denote the theoretical values.

Figure 5. Simulative values of the spreading radius that are plotted as a function of time for different substrates in which black points denote the
simulation value and the red curve is a fit to the black points.
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solid surface in contact with liquid in the Cassie state and
PW state. As previously mentioned, the surface intension and

interface tension used in the above formula are computed by the
excess free energy method, and their concrete values correspond

Figure 6. Condensation process of water molecules on the silicon substrate with different structures and solid fractions (orthogonal perspective).
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to γSV = 1.3504 N/m, γSL = 1.3442 N/m, and γLV = 0.0614 N/m
at 298 K.
As observed above, a liquid droplet on a roughened surface

can exhibit a Cassie state, PW state, and Wenzel state succes-
sively with a decreasing solid fraction. However, the Cassie state
corresponds to the preferred hydrophobic state in which a
droplet possesses a much smaller contact angle hysteresis and
therefore a higher mobility. This state is guaranteed by increasing
the pillar surface fraction.
The change of spreading radius with respect to time is

recorded for different substrates in the slower spreading stage.
The spreading exponent is obtained by a linear fit as shown
as Figure 5. It is observed that the spreading radius is expressed
as the power law of spreading time, R(t)∼ tα, in which α denotes
the spreading exponent, and a droplet on the textured surface has
a smaller spreading exponent when compared to that on the
smooth surface. The spreading exponents of all surfaces are close
to 1/7 in MKT.46

Condensation.The condensation processes are implemented
on various surfaces with decreasing pillar surface fraction. Typical
time-lapse images of each case are shown in Figure 6.
With respect to a smooth surface, the water molecules can

be slowed down during the condensation process after they
impact with surface atoms. The kinetic energy decreases accord-
ingly, and the aggregation of low energy molecules provides
a favorable environment for the formation of clusters on the
surface.
With respect to textured surfaces, gaseous water molecules

tend to gather on the top of pillars to form clusters, and the
clusters merge and grow into droplets that invariably correspond
to the Cassie state (Structure 2 and Structure 3). Thus, the
decrease in the fraction of the solid surface is accompanied by an
increasing number of water molecules that collect at the bottom
of pillars to form clusters. As a result, droplets that consist of

grown-up clusters gradually transform into the Wenzel state
(Structure 5 and Structure 6).
The formation and coalescence of clusters are observed across

all condensation processes. The change of clusters on smooth
surfaces is demonstrated in Figure 7a, and observations indi-
cate that the number of clusters increases rapidly in the initial
stage and decreases gradually due to coalescence. As shown in
Figure 7b, the findings reveal that the cluster size is proportional
to time in the growth stage, and the growth of cluster size
becomes slower as time progresses. This is followed by an abrupt
increase due to the coalescence of clusters.
The droplets that formed on the surface migrated randomly

around certain areas as opposed to stabilizing on a specific
location (Structure 2 and Structure 3). This is because the inter-
actions exerted on droplets by vapor molecules were asymmetric
due to the relatively low vapor density. Hence, the random forces
that were provided by the impacting vapor molecules actually
drove the droplets to migrate slightly. However, the droplets that
formed between the pillars stabilized on a specific location due to
the significantly high resistance between the substrate and water.
These results suggest that the mobility of the Cassie state exceeds
that of the Wenzel state.
Wetting transition and dewetting transition of dropwise

condensation on textured surfaces are observed in Structure 4.
As shown in the Figure 8a,b, at the beginning, a few water molec-
ules collected on the top of pillars to form droplets in Cassie
state, and subsequently, the droplets slid into the valley of the
pillars to exhibit the Wenzel state. The diameter of a droplet is
smaller than the spacing between pillars, and it is expected to stay
at the valley of the pillars when the droplet grows to a size that
is comparable to the structure spacing scale. The droplet then
begins to interact with the pillars confining it and fills the unit cell
to the top of the structures. However, the gap between the
neighboring pillars is filled when the size of the droplet exceeds

Figure 7. Evolution of the number of clusters and growth of the maximum cluster size on the surface.

Figure 8. Wetting transition on the silicon substrate (Structure 4): (a) front view; (b) orthogonal view. Dewetting transition on the silicon substrate
(Structure 4): (c) front view; (d) orthogonal view. (e) An equipotential curve of potential function between water molecules and textured surface
(Structure 4).
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21/2S, and the droplet is squeezed by the surrounding four pillars
and deforms naturally away from a spherical shape. A distinct
phenomenon occurs when the droplet in the valley continues to
grow, namely, a dewetting transition gradually occurs, which is
shown in Figure 8c,d. This causes the droplet to remain on the
top of four pillars. Additionally, the droplet possesses a higher
contact angle. This simulative dewetting transition have been
confirmed by past experiments. Zhang Bo et al.47 perform experi-
ments, theoretical analysis, and lattice Boltzmann simulations of
droplet condensation on a patterned superhydrophobic sur-
face and demonstrate that the dewetting energy barrier can be
reduced by manipulating the adhesion forces.
An equipotential curve of potential between water molecules

and textured substrate (Structure 4) are mapped in Figure 8e,
which helps us to analyze the aforementioned wetting and
dewetting transition from the point of the potential energy.
The region near the top of pillars and the region near the valley of
pillars are defined as top region and bottom region, respectively.
Both of them are regions with low potential energy. The water
molecules prefer to gather at the bottom region, because the
bottom region has a lower potential energy. At the beginning of
condensation, water molecules more easily gather on the top and
form droplets, because the top of the pillars is closer to the gas
phase region. As the droplet size exceeds the top region, more
and more water molecules move to the bottom region due to the
lower potential energy in bottom region. It leads to the droplet
slide into the valley of the pillars, namely, the occurrence of
wetting transition. Subsequently, with the sustained growth of
droplet, the valley of the pillars is filled up with water molecules,
and then the new liquid water molecules will gather on the top
of droplet. The increasing water molecules in top region will
gradually pull the bottom water molecules out of the valley of

pillars, namely, a dewetting transition occurs. Finally, the droplet
is inclined to stay on the top of pillars with sublowest potential
energy and exhibit a Cassie state.
Figure 9a shows the evolution of vapor temperature during

condensation process on various surfaces. The findings indicate
that vapor temperature decrease rapidly and linearly. Further-
more, the heat exchange between the water vapor and the cold
wall is calculated as shown in Figure 9b. The accumulation of
heat transfer is calculated for six cold walls with different solid
surface fractions. The results reveal that all the six curves
generally exhibit linearity, and this illustrates that the heat flux
that is defined as the ratio of the slope of each curve to the cold
surface area is constant during condensation process. The results
indicate that the smooth surface (Structure 1) and the textured
surface with higher solid fraction (Structure 2) exhibit a higher
heat transfer performance when compared to the textured
surfaces with lower solid fractions, which is different from pre-
vious experiments. To explain this contradictory phenomenon
and elucidate the underlying mechanism, equipotential curves
between water molecules and different substrate are shown
in Figure 9c,d. We calculated the average potential of a water
molecule when located in three different regions, namely surface
region, top region, and bottom region. The results in Figure 9e
show that the average potential of a water molecule in surface
region increase with decreasing solid fraction. Therefore, for a
single water molecule, the quantity of heat released during con-
densation process will reduce. In our simulations, the number
of water molecules is constant, which leads to surface with
higher solid fraction exhibit a higher heat transfer performance.
However, there is unlimited amount of water molecules in those
experiments. The water mass flow of the MD simulations herein
is obviously different from that of those experiments. In addition,

Figure 9. (a) Evolution of vapor temperature during the condensation process on various surfaces. (b) Total heat transfer accumulation with respect to
time for surfaces with different solid fractions. (c) Equipotential curve of potential between water molecules and smooth surface. (d) Equipotential curve
of potential between water molecules and textured surface. (e) The average potential energy of a water molecule in different regions.
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the droplets on textured surfaces can be removed from the
surface more easily due to higher average potential, coalescence-
induced jump or gravity. The higher mass flow of phase-changed
water molecules on textured surfaces than that on a smooth
surface may lead to high heat transfer performance of textured
surfaces.

■ CONCLUSIONS
In this work we applied molecular dynamics simulation to
investigate the effects of solid fraction on droplet wetting and
vapor condensation, showing that droplets exhibit the Cassie
state on textured surfaces with a high fraction of solid surface and
gradually transforms into the Wenzel state when the fraction of
the solid surface decreases. The droplets possess a higher static
contact angle and a smaller spreading exponent on textured
surfaces than those on smooth surfaces. Furthermore, in the
condensation, droplets nucleation, growth and coalescence
processes were all visualized and quantitatively recorded at the
molecular level, and we showed that the wetting transition and
dewetting transition were caused by the inhomogeneity of water
molecules potential energy on textured surfaces. We will under-
stand the mechanism of the droplet wetting and condensa-
tion more clearly through a combination of this simulation’s
outcomes and previous theoretical and experimental studies.
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