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A comprehensive understanding of the wetting dynamics of rough hydrophobic surfaces is necessary for
the optimization of practical applications. Molecular dynamics simulations have been used to study the
impact and sliding of a nanosized water droplet on nanostructured polyethylene (PE) and poly(vinyl chlo-
ride) (PVC) polymer surfaces. The impact velocity on collision with pillar surfaces mainly influences the
maximal deformation of the drop from spherical and its intrusion depth between the pillars. There is no
effect on the observed equilibrium state, with the exception of the most hydrophobic PE surface, but the
equilibrium shape of a droplet at the Wenzel state may be asymmetrical. A bounce of the water droplet
from the most hydrophobic PE surface with smaller pillars is observed at intermediate velocity. A bounce
occurs at a lower impact velocity if the collision angle is decreased or the mass of the droplet is increased.
The friction against sliding was higher on the PVC surfaces than on the PE surfaces due to the less hydro-
phobic nature of the corresponding polymer and clear pinning of the receding contact line. The sliding
distances on the PVC pillar and grooved surfaces were all short and within a small range, whereas on
the surfaces the differences were more substantial. The highest friction was observed on the grooved
surface for sliding orthogonal to the grooves and the lowest friction was observed on the pillar surface
with the smallest pillars. The friction increased with the size of the pillars due to the decreased hydro-
phobicity and increased resisting force of the pillar edges. The collisions with the pillar edges decreased
the sliding distance on the more hydrophobic pillar surface such that it was equal to that on the grooved
surface in the groove direction.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

The equilibrium water contact angle is commonly used to char-
acterize the hydrophobicity of surfaces. The surface covered by
hexagonal closest packed –CF3 groups has the maximum contact
angle of about 120� for smooth surfaces [1]. Higher contact angles
can be achieved only on rough surfaces, like on Taro plant leaves in
Fig. 1. The theoretical predictions of Wenzel [2] and Cassie and
Baxter [3] describe the effect of surface roughness on hydrophobic-
ity for different equilibrium states. Homogeneous wetting with a
continuous liquid–surface interface (Fig. 2a) can be expressed
mathematically by the Wenzel equation

cos hW
r ¼ r cos he; ð1Þ

in which hW
r is the Wenzel contact angle on the rough surface, he is

the equilibrium contact angle on the smooth surface, and r is the
roughness factor defined as a ratio of the actual surface area to
the projected surface area. In the Cassie state (Fig. 2b), the liquid–
surface interface is heterogeneous, with air trapped between the
ll rights reserved.
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Pakkanen).
surface structures beneath the droplet base, and the apparent con-
tact angle ðhC

r Þ is given by the equation

cos hC
r ¼ /s cos he � ð1� /sÞ; ð2Þ

in which /s is the surface fraction. The equilibrium state with the
lower contact angle on the rough surface corresponds to the mini-
mum energy state [4]. The Wenzel and Cassie equations are gener-
ally accepted, although there has recently been discussion on their
validity [5–8]. They are formally based on the liquid–solid interface
area beneath the droplet base, while the contact angle is dependent
on the nature of the three-phase contact line.

The contact angle of a gently positioned water droplet on a
rough surface provides only partial information about the wetting
properties of the surface. The experimentally observed Cassie state,
which is favored in many practical applications, may be metastable
and separated from the global energy minimum by an energy bar-
rier [4,9]. It has been suggested that a such Cassie state would be
the key to superhydrophobicity on Lotus and Taro leaves [10].
However, the transition from the metastable Cassie state to the
Wenzel state may occur due to an impact [11], an increased drop-
let mass [9,12], pressure [13], or mechanical vibrations [7]. The
study of droplet impact dynamics, with its rich variety of possi-
ble phenomena, such as spreading, splashing, and rebound, gives
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Fig. 1. A water droplet on a hydrophobic Taro plant leaf.

Fig. 2. Schematic views for (a) wetted and (b) composite states.
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practical insight into surface wettability [14]. The maximum
spread of a droplet upon impact is pronounced for a liquid with
low viscosity and low surface tension and it increases with an
increasing velocity and a decreasing contact angle [15,16]. A large
maximum spread increases energy available for recoil and subse-
quent bounce from a hydrophobic surface. On a highly hydropho-
bic surface, an almost spherical droplet can be observed to bounce
at moderate impact velocities [17]. At low velocities, a droplet at-
taches to the surface and at high velocities a droplet may break up
and bounce partially. On a less hydrophobic surface, the extreme
spread of a droplet causes splash, which occurs at lower impact
velocities on a rough surface than on a smooth surface [16]. The
splash can exist only in the presence of a surrounding gas phase
[18]. The impact velocity and position also affect the observed
equilibrium shape on chemically heterogeneous surface [19].

An experimentally measured high water contact angle, which
can vary between the receding and advancing contact angles
depending on how the droplet is formed, is not a guarantee that
the surface has excellent water-shedding properties. The force re-
quired to move a droplet is directly proportional to contact angle
hysteresis [20], which is defined as the difference between the
receding and advancing contact angles. Generally, a droplet has a
lower contact angle hysteresis in the Cassie state than in the Wen-
zel state [21–23] and hence a lower sliding angle [12]. A water
droplet also slides more easily on an only slightly hydrophobic sur-
face with a flexible, liquid-like covalently attached monolayer than
on some more hydrophobic rough surfaces [24]. Even molecular le-
vel topography can affect contact angle hysteresis [25], but it can
be minimized with proper design of the three-phase contact line
[24,26–28]. The contact line on hydrophobic pillar surfaces in the
Cassie state is more tortuous and unstable if the rectangular pillars
are beveled. An increase in the ground-state energy decreases the
activation energy barrier between the metastable states. Such an
increase in ground-state energy causes pinning of the receding
perimeter to decrease, and the receding contact angle to increase,
which results in an overall decrease of the contact angle hysteresis.
An increase in the pillar spacing [27] or two length scales of topog-
raphy, as on hydrophobic plant leaves, increases the receding con-
tact angle due to a decrease in the contact length [29,30]. A surface
with a high apparent Cassie contact angle has a low sliding angle,
which is even smaller for a larger droplet [12,31,32]. However, if
the sliding angles on a pillar surface and on a grooved surface par-
allel and perpendicular directions are compared, it can be seen that
a continuous contact line in the sliding direction and a short line in
the perpendicular direction are preferred [12,33].

The preceding summary reveals the variety of complicated phe-
nomena which affect droplet dynamics, especially on rough hydro-
phobic surfaces. Experimental studies and theoretical predictions
have been responsible for most of our advances in understanding
at the macroscopic scale, but molecular dynamics simulations offer
a method for the study of these phenomena at the atomic level in
nanoscale. Roughness in simulation scale limits largely to features,
which are about 10 times smaller than the smallest nanostructures
of the dual-scale roughness of the superhydrophobic plant leaves,
while the larger micrometer roughness scale is clearly unattain-
able. Regardless of the differences in roughness scale and also in
droplet size, simulated water contact angles on smooth [34] and
structured surfaces [35,36] are in good agreement with experi-
ments and macroscopic theories with some special characteristics.
Hence, we extend our previous simulations on structured polymer
surfaces [35,36] to non-zero initial velocities. A low impact velocity
has only a minor influence on the shape of a simulated nanodroplet
during collision with a smooth surface [37]; hence, here we also
present results on the effect of high impact velocities. Actually,
small droplets in simulation scale require higher velocities for
the occurrence of experimentally observed phenomena. The sur-
face effects dominates in nanoscale and an increase in the surface
area due to the compression is energetically more unfavorable and
additional energy is also needed to defeat the emphasized liquid-
surface interactions. The variety of impact velocities, collision an-
gles, and droplet sizes is expected to reveal the wetting dynamic
differences of polyethylene (PE) and poly(vinyl chloride) (PVC) pil-
lar surfaces with different surface fractions. A droplet actually
bounces from the most hydrophobic pillar surface at intermediate
velocity. Moreover, friction and its direction dependence for differ-
ent surface structures was studied by comparing the sliding dis-
tances on pillar surfaces and on grooved surfaces in both the
parallel and perpendicular directions.

 

2. Models and methods

Molecular dynamics simulations were used to study the wet-
ting of structured PE and PVC polymer surfaces during nanodroplet
impact and sliding or, to be exact, motion parallel to the surface.
The initial velocities of droplets (v) varied from 10 m/s to 500 m/
s. The impact on pillar surfaces was studied with collision angles
(\) of 45� and 90�, of which the latter is equivalent to perpendicu-
lar collision with the surface. Sliding, which corresponds to a colli-
sion angle of 0�, was studied on both pillar and grooved PE and PVC
surfaces.

The periodically structured surfaces were cut from the smooth
crystalline (100) surfaces, which were duplicated from the exper-
imental orthorhombic unit cells of PE [38] and PVC [39] crystal
structures. The lateral dimensions of the surfaces were at least
160 Å and the height was eight polymer layers, of which the lowest
two were complete and six layers above were partial. The grooves
of 2C6P22 surfaces were cut in the direction of the polymer chains
and only whole chains were removed, leaving the crystal structure
otherwise undisturbed. The first part of the name 2C6P22 refers to
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the complete (2C) and partial (6P) polymer layers and the two sub-
scripted values refer to the number of remaining and removed
polymer chains respectively in the period of the topmost layer. Part
of the polymer chains were broken in the construction of pillar
structures and the broken chains were terminated by C–H bonds
in the direction of the original C–C bond. The pillar surfaces with
the smallest lateral pillar dimensions, namely S6 for PE and M6
for PVC, are cut directly from the grooved surface of the corre-
sponding polymer. The other pillar structure for both polymers
has both lateral dimensions larger than the preceding surface.
The names S6, M6, and L6 refer to small, medium, and large lateral
pillar sizes with a height of six partial polymer layers. The surfaces
with small pillars (S6) and with large pillars (L6) are the most
hydrophobic of the structured PE and PVC surfaces, respectively.
The most hydrophilic surfaces for both polymers are the grooved
2C6P22 surfaces [35,36]. The projected dimensional parameters,
heights, and solid surface fractions (/s) of the surface structures
are presented in Table 1 and visualized in Fig. 3.

A water nanodroplet consisted of simple point charge (SPC) [40]
molecules for which bond distances and bond angles were fixed
with the SETTLE algorithm [41]. The impact and sliding simulations
on the pillar surfaces were performed for a droplet consisting of
8788 water molecules, analogous to the simulations with no initial
velocity [35]. The effect of a larger momentum at impact, due to a
heavier droplet, was also studied with one simulation for an eight
fold larger droplet. The droplet was composed of 70,304 molecules
and the radius of the free droplet was almost 8 nm. The sliding
Table 1
Dimensional parameters for the pillar (S6, M6, L6) and grooved (2C6P22) structures on
PE and PVC surfacesa

ax (Å) ay (Å) bx (Å) by (Å) H (Å) /s

PE
S6 6.7 10.0 13.6 9.7 22.2 0.167
M6 11.8 12.5 8.5 7.3 22.2 0.367
2C6P22 1 10.0 0.0 9.7 22.2 0.507

PVC
M6 11.9 12.0 8.5 8.9 30.7 0.335
L6 14.4 17.3 5.9 3.7 30.7 0.584
2C6P22 1 12.0 0.0 8.9 30.7 0.573

a See Fig. 3 for explanations of parameters.

Fig. 3. Schematic views of the structure parameters from (a) the side and (b) the
top and snapshots of (c) the S6 pillar structure and (d) 2C6P22 groove structure of
the PE surface.
simulations on the grooved surfaces were performed for droplets
consisting of 8788 and 13,500 molecules, allowing comparison
with the sliding simulations on pillar surfaces and with the simu-
lations on the grooved surfaces with no initial velocity [36].

A 300 K relaxed nanodroplet with an initial velocity was cen-
tered at a specific height on top of a frozen structured surface.
For the collision simulations, the center of mass of the droplet
was positioned 10 nm above the surface and for the sliding simu-
lations, the lowest atom of a droplet was at surface level between
the surface structures. In the latter case, contact between a droplet
and a surface was already established at the initial configuration.
The lateral dimensions of the surface were equal to those of the
simulation box and the system was treated periodically. The height
of the simulation box was three times as large as the maximal lat-
eral dimension, to avoid interactions of the periodic images in the
direction perpendicular to the surface plane. The equations of mo-
tion were solved in the constant volume and energy (NVE) ensem-
ble, without an effect of temperature coupling to the velocities,
using the GROMACS 3.3.1 molecular dynamics package [42]. The
total simulation time with an integration time step of 2.0 fs varied
from 1.0 ns to over 5.0 ns when the simulations were continued at
least 0.5 ns after the stabilization of system. The analysis of the
equilibration is based on the droplet velocity, and the stabilization
of the height of the center of mass of the droplet and the water–
surface interaction energy according to Fig. 4.

The potential energy of the system consists of intermolecular
interactions among rigid water molecules and between water mol-
ecules and the frozen surface. The partial charges and Lennard–
Jones 12–6 potential (3) parameters for the system are presented

 

Fig. 4. The height of the center of mass of the water droplet (zc.m) (dotted lines) and
the Lennard–Jones energy of water–surface interactions (VLJ) (solid lines) for the
collision of a nanodroplet with the M6 PE (black) and PVC (gray) pillar surfaces with
an impact velocity of 100 m/s. Different equilibrium states reflect to the equilibra-
tion times.

Table 2
Partial charges for the system

Water PE PVC

CH2 CH3 CHCl CH2 CH3

qO (e) �0.820 – – – – –
qH (e) 0.410 0.053 0.053 0.1486 0.0990 0.0628
qC (e) – �0.106 �0.159 0.0313 �0.1792 �0.1790
qCl (e) – – – �0.1987 – – 



Table 3
Lennard–Jones 12–6 interaction parameters for the system

Water–water PE–water PVC–water

O/O C/O H/O C/O H/O Cl/O

Rij (Å) 3.5532322 3.7378448 3.2303345 3.6745935 3.3269082 3.6992652
eij (kJ mol�1) 0.6501940 0.3832783 0.2332557 0.5487710 0.2194340 0.9472021

Table 4
Simulated equilibrium contact angles (hr) on the PE pillar surfaces for a droplet with
an impact velocity (v) and a collision angle (\) with a comparison to the results for no
initial velocity

v (ms�1) \ (deg) hr (deg)c hr (deg)c

PE S6 PE M6
0a – 156.4C 145.8C

10 90 158.3C 143.5C

100 90 158.3C 142.7C

100b 90 180.0 –
100 45 180.0 143.8C

200 90 180.0 141.1C

500 90 161.3C 145.3C

a Ref. [35].
b A droplet consisting of 70304 water molecules.
c C refers to the observed composite contact.
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in Tables 2 and 3. The Lennard–Jones parameters for water–surface
interactions are the geometric means of the corresponding collision
diameters (r) and well depths (e). The interaction parameters of the
polymer consistent force field (PCFF) from the Cerius2 program
were used for PE [43]. The analogous parameters for PVC were ta-
ken from the more specific force field derived especially for PVC
[44,45]. A switch function from 10 Å to 11 Å was used to truncate
van der Waals interactions when the neighbor searching was per-
formed within a distance of 12 Å at every time step. A direct space
cutoff for Coulombic interactions, modeled by the Particle Mesh
Ewald (PME) [46,47] method with slab correction (3dc) [48], was
also 12 Å and a tolerance edir = 10�8. In the reciprocal space, a max-
imum grid spacing of 1.0 Å with sixth order interpolation was used.

VLJðrijÞ ¼ eij
Rij

rij

� �12

—2
Rij

rij

� �6
 !

ð3Þ

The equilibrium shape of a nanodroplet after impact or sliding was
specified with a contact angle (hr), which was calculated using a
three-step procedure [49,50]. At first, a water density profile was
defined from the coordinate data stored at intervals of 0.5 ps. On
pillar surfaces, a droplet has a spherical shape, and cylindrical aver-
aging around the center of mass of the droplet was used. However,
on the grooved surfaces, a droplet shape may be asymmetrical and
hence two profiles, one in the groove direction and one in the per-
pendicular direction, were calculated, averaging only in the line
passing through the center of mass of the droplet. Next, the spher-
ical liquid–vapor interface was defined for the density profile as the
location where the density falls below 0.5 g/cm3. Only data beyond
than 8 Å from the surface was taken into account. Finally, the con-
tact angle was determined at the intersection of the liquid–vapor
interface and the surface plane.

3. Results and discussion

The impact or initial sliding velocity, varying from 10 m/s to
500 m/s, induced additional translational energy beyond the ther-
mal kinetic energy, which was released at collision or during fric-
tional deceleration. A quick and complete release of translational
energy to other energy components took place at collision if the
droplet attached to the surface in place. During lateral motion,
either due to an initial collision angle of 0� or possibly after impact
with a collision angle of 45�, the energy exchange was also com-
plete but occurred slowly, together with a decrease in droplet
velocity. Only partial energy exchange was observed when a drop-
let bounced from the surface with a velocity less than the impact
velocity. Because of the frozen surfaces employed the translational
energy released turned into the potential and kinetic energy of the
liquid droplet and formed water gas phase.

An impact velocity of 10 m/s has hardly any effect on the tem-
perature of a droplet and even an impact velocity or initial sliding
velocity of 100 m/s increases the droplet temperature by less than
2 K. Actually, the equilibrium configuration in the Wenzel state
warms up the droplet, due to the stabilization of the potential en-
ergy, approximately as much as the released translational energy
corresponding to a velocity of 100 m/s. Only for the simulations
with the highest initial velocity (500 m/s) could the warming, of
about 25 K, be considered significant. However, a somewhat higher
temperature seems to have no clear effect on the simulated contact
angles and equilibrium states nor on overall behavior of the drop-
let on structured surfaces, but it influences evaporation of water
molecules during simulation. Water vapor pressures and densities
calculated with the ideal gas equation from the number of evapo-
rated water molecules at the end of the simulation correlate with
experimental values at the corresponding temperature. Simulated
vapor pressures at 300–305 K vary from 0.02 to 0.08 bar and at
324–328 K from 0.17 to 0.26 bar, whereas the corresponding
experimental values at 302.5 K and 326 K are 0.04 bar and
0.14 bar, respectively [51]. A heavy collision with an impact veloc-
ity of 500 m/s may slightly increase evaporation and hence also in-
crease the simulated vapor pressures.

3.1. Impact on polyethylene pillar surfaces

The PE surface with smaller pillars (S6) is more hydrophobic
than the surface with larger pillars (M6) and a gently positioned
water droplet has about a 10� larger contact angle on the S6 surface
than on the M6 surface [35]. The wettability difference of the PE
surfaces with two pillar sizes is emphasized in the collision simu-
lations. The simulated contact angles (hr) and the observed equilib-
rium states for a nanodroplet consisting of 8788 water molecules,
after impact on PE surfaces with pillar structures, are presented in
Table 4. A droplet attaches to the less hydrophobic M6 surface
regardless of the impact velocity and collision angle, but may
bounce from the more hydrophobic S6 surface.

The impact velocity and collision angle have no influence on the
equilibrium contact angle, equilibrium state and shape of the
water droplet after collision with the PE surface with larger pillars
(M6). A droplet finally stabilizes at the Cassie state, touching only
the tops of the pillars, with a contact angle equal to the simulated
angle with no impact velocity. However, impact velocity has a
drastic effect on the shape of the droplet during collision. A higher
velocity causes larger deformations and the droplet shape becomes
more flattened, and it intrudes deeper between the pillars, as can
be seen in Fig. 5. A droplet with a velocity of 500 m/s even touches
the bottom between the pillars, but finally it rises from the Wenzel
state to the Cassie state. A simulated nanodroplet, even at high
velocities, remains in one piece, except for evaporated water mol-
ecules, due to strong cohesive forces, and no break up or splashing



Fig. 5. The collision of a droplet with the PE pillar surface (M6) with an impact velocity of (a) 10 m/s, (b) 100 m/s, (c) 200 m/s, and (d) 500 m/s.
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is observed. On the other hand, a velocity of 10 m/s has no effect on
the droplet’s shape at collision and the simulation is basically equal
to the simulations with no impact velocity. This similarity is due to
the favorable interactions between the droplet and the surface,
which significantly accelerate a droplet, without or with a slow im-
pact velocity, within the interaction distance.

On the PE surface with smaller pillars (S6), a water droplet with
an impact velocity of 10 m/s or 100 m/s also equilibrates to the Cas-
sie state with a contact angle equal to that without an impact veloc-
ity on the corresponding surface. However, a droplet with a velocity
of 100 m/s almost detaches from the surface just after the impact
and before stabilization on the tops of the pillars. A bounce from
the surface is observed if the size of the droplet colliding with the
surface is increased from 8788 to 70,304 molecules. The heavier
droplet has larger momentum, which makes detachment from the
surface easier. Increasing the velocity to 200 m/s also causes the
droplet to bounce from the surface, according to the snapshots pre-
sented in Fig. 6. A droplet intrudes deeper between the smaller pil-
lars of the S6 surface than the larger pillars of the M6 surface, which
induces a larger repulsive force, providing the droplet with a high
enough velocity to escape from the interaction field of the surface.
However, if the impact velocity is increased to 500 m/s, no bounce
is observed and the droplet again attaches to the S6 surface. The
high impact velocity provides the droplet with enough kinetic en-
ergy to intrude all the way down to the bulk surface, which maxi-
mizes favorable water–surface interactions. The larger free space
between the pillars of the S6 surface than the M6 surface also sta-
bilize water–water interactions in the Wenzel state just after the
collision and a metastable Wenzel state is actually observed. The
Cassie state is achieved stepwise and slowly in about 5 ns.

A nanodroplet consisting of 8788 water molecules has not quite
enough kinetic energy to be able to detach from the S6 surface
after a collision with an impact velocity of 100 m/s. A bounce is ob-
served if the size of the droplet is increased or the impact velocity
is doubled to 200 m/s. Detachment can also be made easier by
decreasing the collision angle, in which case not all of the transla-
tional energy is directed perpendicular to the surface. The decrease
of the collision angle from 90� to 45� enables a droplet to bounce
from the S6 surface after a collision with an impact velocity of
100 m/s. On the less hydrophobic M6 surface, a droplet with an
equal impact velocity attaches to the surface even though the col-
lision angle is decreased from 90� to 45�, but now the translational
energy enables the droplet to continue motion 13.6 nm on top of
the pillars before it stops.

3.2. Impact on poly(vinyl chloride) pillar surfaces

In contrast to the PE surfaces with pillars, the PVC surface with
larger pillars (L6) is more hydrophobic than the surface with smal-
ler pillars (M6). A gently positioned water droplet on larger pillars
stabilizes to the Cassie state with a contact angle about 10� larger
than on the M6 surface in the Wenzel state [35]. The simulated
equilibrium contact angles (hr), with the corresponding equilib-
rium states, for a nanodroplet consisting of 8788 water molecules
after collision with the PVC pillar surfaces are presented in Table 5.
The equilibrium contact angles and states after collision are equal
to those obtained without an impact with only one exception and
no drastic differences between the two pillars sizes are observed,
in contrast to the more hydrophobic PE surfaces.

The impact velocity mainly has an effect on the shape of the
droplet on collision with the PVC pillar surfaces, and even then
only at high velocities. A spherical droplet shape is preserved on
collision with an impact velocity of 10 m/s. No drastic change in
droplet shape is observed if impact velocity is increased to
100 m/s, but the translational energy enables a direct but partial
intrusion between the pillars of the M6 surface. The intrusion be-
tween the larger pillars of the L6 surface is only minor, even if
the impact velocity is increased to 500 m/s, whereas the bulk

 



Fig. 6. Snapshots at times (a) 25 ps, (b) 53.5 ps, (c) 150 ps, and (d) 200 ps of the collision of a nanodroplet with the PE pillar surface (S6) with an impact velocity of 200 m/s.
The arrows indicate the direction and magnitude of droplet velocity.

Table 5
Simulated equilibrium contact angles (hr) on the PVC pillar surfaces for a droplet with
an impact velocity (v) and a collision angle (\) with a comparison to the results for no
initial velocity

v (ms�1) \ (deg) hr (deg)b hr (deg)b

PVC M6 PVC L6
0a – 106.2W 116.9C

10 90 105.8W 116.9C

100 90 106.5W 117.2C

100 45 106.3W 116.7C

500 90 91.2/103.1Wc 114.5C

a Ref. [35].
b W refers to the observed wetted contact and C to the observed composite

contact.
c The values correspond to the projected contact angles in the x and y directions.
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surface between the pillars of the M6 surface is reached directly on
collision at high impact velocity. A nanodroplet flattens out totally
on impact with a velocity of 500 m/s, regardless of the surface, but
the spherical shape of the cap of the droplet is rapidly restored. De-
crease in the collision angle from 90� to 45� results in receding
perimeter of a droplet being stuck in place, while the advancing
perimeter still continues moving; however, the droplet attaches al-
most in place and no clear lateral motion is observed.

The Wenzel state after a low energy collision on the PVC surface
with smaller pillars (M6) is achieved slowly by the slow intrusion
of water molecules between the pillars. An increase in impact
velocity enables at least partial direct intrusion and speeds up
the transition. Extremely high velocities may lead directly to
achievement of the complete Wenzel state at collision and even in-
duce asymmetrical equilibrium shapes. On the M6 surface, the
nanodroplet equilibrium contact angle in the direction of the
slightly smaller pillar gap is over 10� smaller than in the perpendic-
ular direction after collision with a velocity of 500 m/s.

3.3. Sliding on pillar surfaces

A decrease of the collision angle to 0� corresponds to a nanodro-
plet sliding on a surface with an initial velocity. Actually, first
touches to the surface give rise to the rotational energy of the drop-
let, but no clear rolling is observed and the rotational energy fades
away while the lateral motion still continues by sliding. The sliding
or more precisely lateral motion distance of a nanodroplet in the
direction of the initial velocity was used as a measure of surface
friction. The momentary rotational energy and the shape of the
moving droplet provide additional valuable information about
the nanodroplet dynamics on pillar and grooved surfaces.The slid-
ing distances (d) and the simulated contact angles (hr), with the ob-
served equilibrium states for a nanodroplet consisting of 8788
water molecules, on the PE and PVC surfaces with pillars are given
in Table 6. The sliding distances are longer on the more hydropho-
bic PE surfaces than on the PVC surfaces, indicating lower friction

 



Table 6
The sliding distance (d) in x direction on the pillar surfaces for a droplet of 8788
molecules with non-zero initial velocity (v) and the simulated equilibrium contact
angles (hr) with a comparison to the results for no initial velocity

v (ms�1) d (nm) hr (deg)b d (nm) hr (deg)b

PE S6 PE M6
0a 0 156.4C 0 145.8C

100 95.9 154.1C 24.1 143.5C

500 1 180.0 274.0 145.9C

PVC M6 PVC L6
0a 0 106.2W 0 116.9C

100 8.9 89.2/100.3Wc 7.8 116.9C

500 46.8 106.8W 33.3 112.6C

a Ref. [35].
b W refers to the observed wetted contact and C to the observed composite

contact.
c The values correspond to the projected contact angles in the x and y directions.
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due to a higher contact angle and a smaller water-surface contact
area. Lower friction for the both polymers is observed if the size of
Fig. 7. Snapshots at times (a) 0 ps, (b) 480 ps (x projection), (c) 480 ps (y projection), and
with an initial velocity of 500 m/s.
the pillars is decreased, even though the equilibrium contact angle
on the PVC surface with smaller pillars (M6) is lower than on the
PVC surface with larger pillars (L6) due differences in the equilib-
rium states. However, comparison of the results for the PE and
PVC M6 surfaces reveals that the motion on the PVC surface is
more hindered, even if the pillars of the PVC surface are somewhat
smaller than the pillars of the PE surface.

The initial sliding velocity has no effect on the equilibrium con-
tact angle and state on the PE pillar surfaces if a droplet stays at-
tached to the surface. The shape of a droplet is well preserved
while it is in motion, with an initial velocity of 100 m/s, and the
sliding distance on the larger pillars (M6) is one-fourth of that on
the more hydrophobic smaller pillars (S6). If the velocity on the
M6 surface is increased from 100 m/s to 500 m/s, the sliding dis-
tance increases by approximately a factor of 10. Classical mechan-
ics predicts an increase proportional to the square of the velocity
ratio, predicting a 25 times longer sliding distance if the friction
coefficient remains unchanged. Actually, deformation of the spher-
ical shape of a droplet in motion with a high velocity is observed

 

(d) 3000 ps showing the shape of a moving nanodroplet on the PE pillar surface (M6) 
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due to the increased frictional forces. The projected area of a drop-
let increases in the direction of motion, like a rolling snowball,
while the perpendicular projected area is squeezed as shown in
Fig. 7. The spherical shape of the nanodroplet on the PE surface
with larger pillars (M6) is re-established when the velocity de-
creases and the droplet stops. On the PE surface with smaller pil-
lars (S6) deformation of a sliding droplet continues, forming a
rotating rod, which detaches from the surface until finally a spher-
ical shape returns.

On the PVC pillar surfaces, differences in the sliding distances
are much smaller than on the more hydrophobic PE pillar surfaces.
The sliding distance increases by less than a factor of 1.5 if the size
of the pillars is decreased and by approximately a factor of 5 if the
initial velocity is increased from 100 m/s to 500 m/s. The droplet
shape deviates from spherical with a velocity of 100 m/s, but this
effect is pronounced only at higher velocities, as can be seen from
Fig. 8. The receding perimeter of the droplet sticks to the surface
due to the more hydrophilic nature of the PVC surface than the cor-
responding PE surface. The elongation of a droplet may even lead
to an asymmetric Wenzel state for which the contact angle in
the direction of the motion is smaller than that in the perpendicu-
lar direction.

3.4. Sliding on grooved surfaces

The movement of nanodroplets on the grooved polymer sur-
faces was studied with two droplet sizes. A smaller droplet, con-
sisting of 8788 water molecules, enabled a direct comparison
with the results from the corresponding pillar surfaces, and a larger
Fig. 8. Snapshots at times (a) 0 ps, (b) 37 ps, (c) 70 ps, and (d) 1000 ps showing the shap
500 m/s.
droplet, consisting of 13,500 water molecules, allowed a compari-
son of the simulations with no initial velocity [36]. The sliding dis-
tances (d) and the simulated contact angles parallel (hII

r ) and
perpendicular (h?r ) to the grooves with the observed equilibrium
states for both droplet sizes are presented in Table 7.

The spherical symmetry of the droplet is maintained on the
grooved PE surfaces and the simulated contact angles and equilib-
rium states are equal to those without an initial velocity. The slid-
ing distances are affected by the size of the droplet, being 1.2–1.4
times longer for the larger droplet than for the smaller nanodro-
plet. However, the ratio of the sliding distances in the groove direc-
tion and in the perpendicular direction on the PE surface is
approximately 2.5 for the both droplet sizes. The movement is hin-
dered in the direction perpendicular to the grooves, which can also
be seen as a momentary increase in the rotational energy of a drop-
let moving in that direction due to collisions with the groove edges.

The smallest friction on the structured PE surfaces is observed
for the movement of a nanodroplet on the smallest pillars (S6),
with a sliding distance of 95.9 nm. If the pillars of the S6 surface
are connected to the stripes of the 2C6P22 surface, the sliding dis-
tance decreases to one-fourth of that on the S6 pillar surface. This
is a consequence of the increased surface fraction beneath the
moving droplet, which decreases the Cassie contact angle by over
20�. However, the sliding distance on the grooved PE surface in
the groove direction is equal to the sliding distance on the M6 pil-
lar surface, although the water contact angle on the grooved sur-
face is over 10� smaller than on the pillar surface. The resistance
of the pillar edges of the M6 surface offsets the benefit from the
higher hydrophobicity. A discontinuous contact line in the sliding

 

e of a moving nanodroplet on the PVC pillar surface (L6) with an initial velocity of 



Table 7
The sliding distance (d) parallel or perpendicular to the grooves for a droplet with a
non-zero initial velocity (v) in the corresponding direction and the projected
equilibrium contact angles parallel ðhII

r Þ and perpendicular ðh?r Þ to the grooves with
a comparison to the results for no initial velocity

v (ms�1) d (nm) hII
r (deg)b h?r (deg)b

PE 2C6P22/8788
0 – – –
100II 22.4 130.6C 129.7C

100? 9.5 134.5C 130.5C

PE 2C6P22/13,500
0a 0 133.9C 134.9C

100II 31.2 131.7C 133.7C

100? 11.9 132.8C 133.3C

PVC 2C6P22/13,500
0a 0 58.4W 88.0W

100II 8.4 53.6W 84.4W

100? 6.4 54.2W 65.4W

a Ref. [36].
b W refers to the observed wetted contact and C to the observed composite

contact.
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direction and a continuous one in the perpendicular direction max-
imize the friction and hence the highest friction is observed on the
grooved surface in the direction perpendicular to the grooves. A
droplet on the structured surfaces moves more freely if the
water–surface contact area is low and there is a continuous contact
line in the direction of the motion [12].

The sliding distances on the more hydrophilic PVC surfaces are
quite short and no significant difference due to the mass of the
droplet was expected, so the sliding simulations on the grooved
PVC surface were performed only for the larger droplet. Compari-
son with the results for the PVC pillar surfaces with an initial slid-
ing velocity of 100 m/s reveals that all the sliding distances are
almost identical, varying from 6.5 to 8.9 nm. However, the highest
friction is once again observed on the grooved surface when the
motion is perpendicular to the grooves, and the lowest is seen on
the surface with smaller pillars (M6), which is cut from the
2C6P22 grooved surface. The droplet stretches slightly in the sliding
direction, which is due to sticking of the receding perimeter of the
droplet to the PVC surface. Elongation during sliding perpendicular
to the grooves causes the droplet to spread to one extra groove, and
hence the projected contact angle perpendicular to the grooves is
smaller than the corresponding one with no initial velocity or with
a velocity in the groove direction.

4. Conclusions

Dynamic wetting of structured PE and PVC polymer surfaces on
collision and sliding of a nanosized water droplet were studied by
molecular dynamics simulations. Collisions on the pillar surfaces
were simulated with a variety of impact velocities and collision an-
gles. An impact velocity of 10 m/s has no effect on the shape of a
droplet during collision but at higher velocities, droplet flattening
and intrusion between the pillars occurs and increases with an
increasing velocity. The final equilibrium shape and state are
mainly independent of impact velocity. However, an asymmetric
droplet shape at the Wenzel state was observed on the most
hydrophilic PVC surface after a high velocity collision, and a
bounce of the droplet from the most hydrophobic PE surface was
observed at intermediate collision velocity. If the collision angle
was decreased or the mass of a droplet was increased, a bounce oc-
curred at lower velocities.

Friction against lateral motion on the pillar and grooved sur-
faces was studied based on the sliding distances. The sliding dis-
tance increased with an increase in initial velocity and mass of
the droplet, and with a decrease in the surface fraction. The differ-
ences in the sliding distances were more pronounced on the more
hydrophobic PE surfaces than on the less hydrophobic PVC surfaces
due to the smaller liquid–surface contact area and lower friction.
Sliding on the grooved surfaces is favored in the direction of a con-
tinuous contact line and hence the friction in the groove direction
was smaller than in the perpendicular direction. Actually, the max-
imal friction is observed for sliding perpendicular to the grooves
because there is a continuous contact line orthogonal to the sliding
direction. The corresponding contact line on the pillar surfaces is
discontinuous, like the one in the sliding direction. A discontinuity
in the sliding direction on the one hand increases the friction due
the collisions with the pillar edges, and on the other hand de-
creases it due to the smaller liquid–surface contact area in compar-
ison to sliding on the grooved surface in the groove direction.
Sliding distance on the grooved surface in the groove direction is
comparable to that on a more hydrophobic pillar surface.
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