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T
he contact angle for a liquid droplet
on a surface is commonly used to
characterizewettability of the surface.

However, if molecules are added or re-
moved from the liquid droplet, the droplet
can spread or retract on the surface, and as
such, the apparent contact angle is gener-
ally different from the equilibrium contact
angle. When the extraction of maximum
liquid volumes from the droplet is achieved
without reducing the contact area, the re-
ceding contact angle is measured. When
the addition of maximum volumes to the
droplet is achieved without increasing the
contact area, the advancing contact angle is
measured. The difference between the ad-
vancing contact angle and the receding
contact angle is defined as the contact-
angle hysteresis. This conventional defini-
tion of the contact-angle hysteresis (here-
after we call it definition I) is widely used in
experiments. To our knowledge, the earliest
measurement of the contact-angle hyster-
esis was reported by Johnson and Dettre in
1964.1 They measured the contact-angle
hysteresis for water droplets on rough hy-
drophobic surfaces.
It is known that the measured contact-

angle hysteresis can be strongly dependent
on the state of the droplet especially if the
surface is rough. Typically, on a rough hydro-
phobic surface, water droplets can be either
in the Wenzel state2 (for which the water
droplets are in full contact with the surface
grooves) or in the Cassie state3 (for which the
water droplets are in contact with only the
tips of the surface structures, while “air pock-
ets” can be trapped between grooves of the

surface structure4). Hence, if a surface is en-
gineered such that the droplet can exhibit
both Cassie andWenzel states (i.e., bistability)
on the surface, the measurement of contact-
angle hysteresis can be tricky because the
measured hysteresis would depend on
whether the droplet is in the Cassie or in
the Wenzel state or whether or not a transi-
tion from Cassie to Wenzel state would occur
during the measurement. Patanker and co-
workers conducted such a measurement on
well-designed micropillared surfaces.5 They
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ABSTRACT We perform large-scale molecular dynamics simulations to measure the contact-

angle hysteresis for a nanodroplet of water placed on a nanopillared surface. The water droplet can

be in either the Cassie state (droplet being on top of the nanopillared surface) or the Wenzel state

(droplet being in contact with the bottom of nanopillar grooves). To measure the contact-angle

hysteresis in a quantitative fashion, the molecular dynamics simulation is designed such that

the number of water molecules in the droplets can be systematically varied, but the number of base

nanopillars that are in direct contact with the droplets is fixed. We find that the contact-angle

hysteresis for the droplet in the Cassie state is weaker than that in the Wenzel state. This conclusion

is consistent with the experimental observation. We also test a different definition of the contact-

angle hysteresis, which can be extended to estimate hysteresis between the Cassie and Wenzel state.

The idea is motivated from the appearance of the hysteresis loop typically seen in computer

simulation of the first-order phase transition, which stems from the metastability of a system in

different thermodynamic states. Since the initial shape of the droplet can be controlled arbitrarily in

the computer simulation, the number of base nanopillars that are in contact with the droplet can be

controlled as well. We show that the measured contact-angle hysteresis according to the second

definition is indeed very sensitive to the initial shape of the droplet. Nevertheless, the contact-angle

hystereses measured based on the conventional and new definition seem converging in the large

droplet limit.

KEYWORDS: contact angle . hysteresis . Wenzel and Cassie states . nanopillared
surface . molecular dynamics simulation
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showed that the advancing contact angle and the
receding contact angle of the droplets were different
in the Cassie state when the aspect ratio of the micro-
pillars was very large. They observed that when a
droplet was placed gently on the surface, the contact
angle was larger than that when it was dropped from
some height. Their results indicate that the measured
contact angle can be dependent on how the droplet is
placed on the surface.
Lafuma and Quéré6 also measured the contact-

angle hysteresis for water droplets (in the Wenzel or
Cassie state) on amicrotextured surface. They reported
that the contact angle of a water droplet was 164� and
the contact-angle hysteresis was 5�, which was very
small. They found that there were air pockets between
the droplet and the textured surface so that the droplet
was in the Cassie state. They alsomeasured the contact
angle of a droplet in the Wenzel state (obtained by
condensing water vapor). The contact angle was 141�,
and the contact-angle hysteresis was 100�105� . They
concluded that the contact-angle hysteresis in the
Cassie state was much weaker than that in the Wenzel
state. In addition, they demonstrated that a direct
transition from the Cassie state to the Wenzel state
can be induced by applying a pressure, and this
transition was irreversible. Reyssat and Quéré7 mea-
sured the contact-angle hysteresis in the Cassie state
on designed pillared surfaces. They found that the
contact-angle hysteresis became largerwith increasing
the pillar density, and the hysteresis was independent
of the droplet volume. Meanwhile, they calculated the
contact-angle hysteresis theoretically as a function of
the pillar density. The agreement between the experi-
mental measurement and theoretical calculation was
good except for regions of low andhighpillar densities.
Extrand8 suggested that droplet conditions on a rough
surface depended on the contact line density. The
latter is defined as the length of the pillar perimeter
(per unit area) that can potentially suspend a droplet.
This density can be used to predict whether the droplet
favors the Wenzel state or the Cassie state and the
magnitude of the contact-angle hysteresis. Recently,
Liu et al. demonstrated that certain superhydrophobic
surfaces can lose their water repellency when the
water is hot, and this change of wetting state of water
droplets was attributed to the transition from the
Cassie state to the Wenzel state.9

Several computer simulations and theoretical calcu-
lations were performed to understand the contact-
angle hysteresis phenomena.10�14 Hong et al.13 com-
puted the contact angle of moving droplets by means
of molecular dynamics (MD) simulation. They applied a
body force to move droplets on three different solid
surfaces; each entailed different interaction with water.
Their results showed that the contact-angle hysteresis
became larger with increasing the strength of attrac-
tive force between the surface and water molecules.

Recently we reported results of two independent
MD simulations of water15 and urea�water droplets16

on nanopillared surfaces. We observed the coexistence
of the Wenzel and Cassie states and estimated the
height of the free energy barrier separating theWenzel
and Cassie states. In this article, we report, to our
knowledge, the first systematic simulation study of
the contact-angle hysteresis for water droplets on a
nanopillared surface. To compute the contact angles
and contact-angle hysteresis, we have devised a series
of MD simulations of water droplets with different
sizes. In addition, we have tested a different computa-
tional approach to characterize the contact-angle hys-
teresis, namely, initial-condition-dependent contact-
angle hysteresis. This definition is for computer simula-
tion only, which is motivated from the behavior of the
hysteresis loop typically seen in computer simulation
of the first-order phase transition, owing to metast-
ability of a system in different states.

SIMULATION RESULTS

The simulation supercell contains awater droplet and
a nanopillared surface (Figure 1). The surface is the
(0001) graphite surface with hexagonally arranged car-
bon atoms. During the simulation carbon atoms are
fixed. The nanopillared surface consists of an ordered
array of quadrangular nanopillars whose lateral size is
12.3 Å � 12.8 Å. The spatial interval between the
nanopillars is 12.3 Å and 12.8 Å in the x and y direction,
respectively. This near-square-lattice arrangement for
the nanopillar array has been used previously by
Lundgren et al.21,22 The height of the nanopillars is
13.4 Å, equivalent to the height of four stacked gra-
phene layers. The lateral length scale of the nanopillared
array is 139 Å, and the supercell contains 6 � 6 nano-
pillars. By gradually changing the number of water mol-
ecules in the droplet, we can study the effect of adding or
reducing the volume of a droplet, as in the experimental
measurement of the contact-angle hysteresis.
First, we examine droplet size dependence of the

contact angle on a flat surface in order to detect the

Figure 1. Schematic plot of the simulation system.
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line tension effect on the apparent contact angle. This
effect has been studied by several groups using MD or
Monte Carlo (MC) simulations.17�20 The line tension
can be computed from the size dependence of the
contact angle.17 We compute the contact angle of a
droplet in the size range N = 12 000�100 000 on the
flat surface (see Simulation Method). In this size range,
the variation in the contact angle is less than 1�. Hence,
we conclude that the line tension effect is very small for
our system.
In all subsequent simulations, the numbers of base

nanopillars in contact with the droplet are either 2� 2,
3� 3, or 4� 4. Initially, the droplet can be either in the
Wenzel or in the Cassie state. To record the number of
base nanopillars that are in direct contact with the
droplet during the simulation, we identify those car-
bon atoms that are in close contact to watermolecules.
At an instant, any carbon atom that has two or more
water molecules located within 5.26 Å distance from it
is referred to as the contact carbon atom. The reason
for choosing at least two water molecules is to avoid
counting the collision between a water molecule (in
the vapor) with a carbon atom as a contact. The value
of 5.26 Å corresponds to the first minimumof the radial
distribution function of carbon�water.
Figure 2 shows the calculated contact angle as a

function of the size of a droplet in four different initial
conditions: the droplet is (1) in contact with 2� 2 base
nanopillars and in the Cassie state; (2) in contact with
2 � 2 base nanopillars and in the Wenzel state; (3) in
contact with 3 � 3 base nanopillars and in the Cassie
state; and (4) in contact with 3� 3 base nanopillars and
in the Wenzel state. The crosses in Figure 2 indicate
that the size of the droplet becomes too small or too

large to be supported by the initial number of base
nanopillars. For most of these states marked by the
crosses, the number of base nanopillars in contact with
the droplet increases during the simulation, indicating
that the contact angle decreases.
Figure 3 shows the initial configuration of water

droplets, snapshots of the droplets at t = 1.0 ns, and
carbon atoms directly in contact with water. All the
simulations start from the same initial condition for the
droplet; that is, the droplet is located on the 2� 2 base
nanopillars and in the Cassie state (see top panel in
Figure 3). In Figure 3, we also display snapshots of
those carbon atoms in direct contact with water. Here,
we use the degree of brightness for carbon atoms to
illustrate the probability of being in contact with water
during the 1.0 ns simulations. The white-colored car-
bon atoms indicate that they are always in contact with
the water molecules during the simulation. As shown
in Figure 3a and b, the number of base nanopillars
supporting the droplet is unchanged for smaller dro-
plets. In this case, the contact angle of the droplets
increases with increasing the number of water mol-
ecules (i.e., effect of adding volume of water) as the
bottom of the droplets is pinned by the edges of the
base nanopillars. With the 2 � 2 base nanopillars, the
maximum number of water molecules supported is
about N = 10 000, as shown in Figure 2. When the size
of the droplet is greater than this size, the droplet starts
to make contact with nanopillars beyond the initial
base nanopillars and the contact angle starts to de-
crease, as shown in Figure 3c and Supporting Informa-
tion (SI) Movie S1. To estimate the error bar for the
maximum number of water molecules shown in

Figure 2. Droplet size dependenceof the computed contact
angles for a droplet in four initial conditions: in contact with
2 � 2 base nanopillars and in the Cassie state (filled circles
with dotted line); in contact with 2� 2 base nanopillars and
in theWenzel state (open circleswith dotted line); in contact
with 3 � 3 base nanopillars and in the Cassie state (filled
circles with solid line); and in contact with 3 � 3 base
nanopillars and in the Wenzel state (filled circles with solid
line). The crosses indicate that the size of the droplet
becomes too small or too large to be supported by the
initially assigned base nanopillars.

Figure 3. Initial configurations (top panel), snapshots of
droplets at t=1.0 ns (middlepanel), and the carbon atoms in
contact with the droplet (bottom panel, highlighted by
white color) on the 2� 2 base nanopillars and in the Cassie
state. Themeasured contact angle and the number of water
molecules are (a) (129�, 2040), (b) (146�, 8296), and (c) (137�,
12 692).
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Figure 2,we assume that the true value of themaximum
is between values of the last circle and the first cross on
the same curve and that the error bar is less than one-
half of the difference between the two values.With both
assumptions, the error bar of the maximum number of
water molecules is estimated to be less than 10%. On
the other hand, when the size of the droplet is less than
the lower-size limit plotted in Figure 2, we find that the
state of the water droplet changes from the Cassie state
to theWenzel state because the droplet size is too small
to stay in the Cassie state.
Figure 4 shows the initial configuration of the drop-

lets and snapshots of droplets at 1.0 ns when the
droplets are initially in the Wenzel state. Again, the
contact angle increases with increasing the size of
the droplet. The difference in the recorded contact
angle between this case (Wenzel initial state) and the
previous one (Cassie initial state) is about 4�. The
maximum number of water molecules that can be
supported by the 2 � 2 base nanopillars is about N =
5182 (Figure 4b). Under the initial condition of
Figure 4c (top panel), the droplet starts to make
contact with more nanopillars beyond the initially
assigned base nanopillars. As such, the number of base
nanopillars changes from 2 � 2 to 2 � 3 in the final
state (t = 1.0 ns), as shown in SI Movie S2 . The
maximum size is less than that under the initial condi-
tion of being in the Cassie state. The reason is possibly
because water molecules can be present between the
base nanopillars when the droplet is in the Wenzel
state. Thus, the center ofmass of the droplet is closer to
the substrate. As such, water molecules in the lower
half of the droplet tend to be driven further from the

initially assigned nanopillars. Therefore, the probability
of the droplets being in contact with more nanopillars
is higher than that when the droplet is initially in the
Cassie state. Note that if the size of the droplets is less
than the lower size limit as shown in Figure 2, the
droplets are always in theWenzel state. In this case, the
contact angle is difficult to estimate due to large
fluctuation in the shape of the droplets. So the mini-
mum droplet size that the 2 � 2 base nanopillars can
support is not given here.
Next, we consider droplets initially in contact with

the larger 3� 3base nanopillars and in the Cassie state.
Snapshots of water droplets at 1.0 ns are shown in
Figure 5. For the smallest droplet, the brightness of the
corner nanopillars among the 3� 3 base nanopillars is
weaker than that of other nanopillars (Figure 5a). This
indicates that the droplet periodically attaches to or
detaches from the corner nanopillars as shown in SI
Movie S3 . The size of the droplet in this case is close to
the minimum size. If the droplet is less than the
minimum size, the number of base nanopillars in
contact with water would decrease to 3 � 2 or 2 � 2.
Recall that in Figure 2 we show the contact angle
increases with increasing the size of droplets, and it
reaches the maximum at N = 24 204 (Figure 5b). In that
case, the size of the maximum droplet is close to the
minimum size in this case. On the other hand, if the
droplet size is larger than the maximum size in this
case, the number of base nanopillars in contact with
the droplet would become larger than 3 � 3, and the
contact angle would then start to decrease (see
Figure 5c and SI Movie S4).

Figure 4. Initial configurations (top panel), snapshots of
droplets at t=1.0 ns (middlepanel), and the carbonatoms in
contact with the droplet (bottom panel, highlighted by
white color) on the 2 � 2 base nanopillars in the Wenzel
state. Themeasured contact angle and the number of water
molecules are (a) (124�, 2182) (left column), (b) (138�, 5182)
(middle column), and (c) (130�, 6614) (right column).

Figure 5. Initial configurations (top panel), snapshots of
droplets at t=1.0 ns (middlepanel), and the carbon atoms in
contact with the droplet (bottom panel, highlighted by
white color) on the 3� 3 base nanopillars and in the Cassie
state. Themeasured contact angle and the number of water
molecules are (a) (134�, 8412) (left column), (b) (143�,
24 204) (middle column), and (c) (140�, 26 532) (right
column).
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For the droplets being initially in the Wenzel state,
snapshots of water droplets at 1.0 ns are shown in
Figure 6. For the smallest droplet (Figure 6a), it is
pinned by the inner faces of four nanopillars next to
the center pillar (all belong to the base nanopillars).
Since the fluctuation of the contact angle is large, the
contact angle of the droplet is not presented here. The
maximum size of a droplet that can be supported by
the 3 � 3 base nanopillars is about N = 22 220
(Figure 6b) when the droplet is initially in the Wenzel
state, corresponding to the peak shown in Figure 2. If
the droplet is larger than the maximum size, the
droplet would start to be in contact with more nano-
pillars beyond the initially assigned 3 � 3 base nano-
pillars, thereby reducing the contact angle (see
Figure 6c and SI Movie S5). The difference between
the contact angle in the Cassie and in the Wenzel state
decreases with increasing the size of droplets, ranging
from about 6� to 1�.
Figure 7 shows the contact angle of a droplet in

contact with 4 � 4 base nanopillars in the Cassie state
and Wenzel state. The difference in the contact angle
between the Cassie and Wenzel states is about 6�. The
crosses in Figure 7 also refer to the size of the droplet,
which becomes too small or too large to be supported
by the original base nanopillars in the same manner as
in Figure 2. The triangles correspond to the contact
angle of a droplet in which the base nanopillars are
4 � 4 without the corner nanopillars. We discuss this
behavior below.
Lastly, we consider the largest 4� 4 base nanopillars

initially assigned to be in contact with droplets. Snap-
shots of water droplets are shown in Figure 8. The

droplets are initially in the Cassie state. We find that the
maximum size of a droplet that can be supported by
the 4� 4 base nanopillars is N = 82 856 (Figure 8c), and
for this size, the contact angle is 148�. When the size of
a droplet is greater than themaximum size, the droplet
will make contact with additional nanopillars beyond
the initial base nanopillars and the contact angle starts
to decrease (see Figure 8d and SI Movie S6). In the
lower size limit region (N = 16 620�28 716), the dro-
plets are still in contact with 4� 4 base nanopillars, but
excluding the four corner nanopillars (see Figure 8b
and SI Movie S7). (Hereafter this nanopillar configura-
tion will be referred to 4 � 4 � 4.) The calculated
contact angles in this region are marked by triangles in
Figure 7. When the size of a droplet is further reduced,
the number of base nanopillars in contact with water
decreases to 3� 3 (see Figure 8a and SIMovie S8), while
the contact angle increases. Including the calculated

Figure 6. Initial configurations (top panel), snapshots of
droplets at t=1.0 ns (middlepanel), and the carbonatoms in
contact with the droplet (bottom panel, highlighted by
white color) on the 3� 3 base nanopillars and in theWenzel
state. Themeasured contact angle and the number of water
molecules are (a) (91�, 1228) (left column), (b) (141�, 22 220)
(middle column), and (c) (140�, 24 476) (right column).

Figure 7. Droplet size dependence of contact angle for a
droplet in contact with 4� 4 base nanopillars, in the Cassie
state (filled circles and triangles) and in the Wenzel state
(open circles and triangles). The triangles refer to the
contact angle for the droplet in contact with 4� 4� 4 base
nanopillars (see the text).

Figure 8. Initial configurations (top panel), snapshots of
droplets at t=1.0 ns (middlepanel), and the carbon atoms in
contact with the droplet (bottom panel, highlighted by
white color) on the 4� 4 base nanopillars and in the Cassie
state. Themeasured contact angle and the number of water
molecules are (a) (134�, 12 148), (b) (138�, 28 716), (c) (148�,
82 856), and (c) (142�, 98 644) .
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contact angles for droplets in contact with 4 � 4 � 4
nanopillars in Figure 8, the minimum size of a droplet is
N = 16620 and the corresponding contact angle is 133�.
Therefore, the contact-angle hysteresis is 15� in this case.
When the droplets are initially in the Wenzel state,

the maximum size of a droplet that can be supported
by the 4 � 4 base nanopillars is N = 46 968 (Figure 9c)
and the corresponding contact angle is 139�. If the
droplet is larger than the maximum droplet, the con-
tact angle is less than that of the maximum droplet as
shown in Figure 9d and SI Movie S9. For droplets in the
size range N = 2888�9196, the number of base nano-
pillars in contact with the droplets is 4 � 4 � 4, as
shown by triangles in Figure 7. A snapshot at 1.0 ns and
the corresponding trajectory are shown in Figure 9b
and SI Movie S10, respectively. The contact area for the
droplet with size N = 1888 cannot fully cover the inner
area of the 4� 4 base nanopillars as shown in Figure 9a
and SIMovie S11. Thus, theminimumdroplet size isN=
2888 and the corresponding contact angle is 79�. Thus,
the contact angle hysteresis is 56� when droplets are
initially in the Wenzel state and in contact with 4 � 4
base nanopillars. This hysteresis is greater than that
when the droplets are initially in the Cassie state.

DISCUSSION

Figure 10 summarizes calculated contact angle ver-

sus droplet size. Also, in Table 1, we list all the calcu-
lated advancing angles. Note that due to the large
fluctuation of droplets, the receding angles cannot be
accurately determined except for droplets on 3� 3 and
4 � 4 base nanopillars and in the Cassie state and on
4 � 4 base nanopillars and in the Wenzel state. For
other cases, we use the angles that correspond to the
lower size limit angles shown in Figure 10 to estimate
the contact-angle hysteresis (definition I), as shown in
Table 1. For the larger droplets, it is clear that the

contact-angle hysteresis in the Cassie state is less than
that in the Wenzel state. The difference in the advan-
cing angle between the Cassie andWenzel state is very
small. On the other hand, the difference in the receding
angle is quite large. Especially, in the Wenzel state, the
droplets can be in contact with the inner faces of the
outer nanopillars, as shown Figure 6a. Hence, the
minimum contact angle in the Wenzel state is much
smaller than that in the Cassie state.
We note that in the conventional definition of

contact-angle hysteresis, the hysteresis is associatedwith

Figure 9. Initial configurations (top panel), snapshots of
droplets at t=1.0 ns (middlepanel), and the carbonatoms in
contact with the droplet (bottom panel, highlighted by
white color) on the 4� 4 base nanopillars and in theWenzel
state. Themeasured contact angle and the number of water
molecules are (a) (75�, 1888), (b) (111�, 9196), (c) (139�,
46 968), and (d) (135�, 57 768).

Figure 10. Droplet size dependence of the contact angles
based on all data collected from Figure 2 and Figure 7. The
x-axis is in logarithmic scale. The contact-angle hysteresis
based on definition I can be simply calculated as the
difference between the angles corresponding to the two
end points on any single data line. An example is marked by
a green bar (right), for the droplet being placed on the 4� 4
base nanopillars and in theWenzel initial state. The contact-
angle hysteresis is about 60� (see Table 1). The contact-
angle hysteresis based on definition II can be simply cal-
culated by first drawing a vertical line connecting any two
data lines and then recording the difference in contact
angles corresponding to the two cross points. Each cross
point between the vertical line and a data line refers to a
different initial state (Cassie or Wenzel, and the number of
base nanopillars in contact with the droplet). An example is
markedby agreenbar (left) between2� 2 and 4� 4Wenzel
states, which gives rise to the contact-angle hysteresis of
42�. Note that definition II can be extended to estimate
hysteresis between the Cassie and Wenzel state. An exam-
ple is the green bar (left) between the 2� 2 Cassie state and
4� 4Wenzel state; that is, one of initial states of the droplet
is in the Cassie state and another in the Wenzel state.

TABLE 1. Computed Receding and Advancing Angles for

the Droplets on 2� 2, 3� 3, or 4� 4 Base Nanopillars and

Either in the Cassie or Wenzel Statea

condition receding angle advancing angle hysteresis

2 � 2, Cassie (<129�) 148� (>19�)
2 � 2, Wenzel (<124�) 138� (>14�)
3 � 3, Cassie 131� 143� 12�
3 � 3, Wenzel (<91�) 141� (>51�)
4 � 4, Cassie 133� 148� 15�
4 � 4, Wenzel 79� 139� 60�
a The values in parentheses are lower-size-limit contact angle values shown in
Figure 2 (see the text).
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advancing/receding of the contact line. In experimental
measurements, the contact area between the droplet
and the substrate is fixed, while the size (or volume) of
the droplet is varied by control. Hence, the conventional
definition describes the hysteresis for droplets being
either in the Wenzel state or in the Cassie state. The
Cassie�Wenzel transition is not addressed in the con-
ventional definition.On the other hand, onemay ask the
question of how the physics behind the contact-angle
hysteresismanifests if the size (or volume) of thedroplet
is fixed while the contact area between the droplet and
the substrate is be varied through controlling the shape
of the droplet. Can the effect of the Cassie�Wenzel
transition be included as part of contact-angle hyster-
esis? Answers to the two questions lead to a test of a
different definition of the contact-angle hysteresis. Un-
like the conventional definition that the hysteresis is
associated with advancing/receding of the contact line,
in the seconddefinition, thehysteresis is associatedwith
different energy states of the droplet when it is in
contact with different areas of the substrate. The idea
is motivated from the appearance of the so-called
hysteresis loop typically seen in computer simulation
of the first-order phase transition, where the loop stems
from metastability of the system in different thermo-
dynamic states. Since the initial shape of the droplet can
be controlled quite arbitrarily in the computer simula-
tion, the number of base nanopillars that are in contact
with the droplet can be controlled as well. As an
illustration of metastability of the droplet in contact
with a different number of base nanopillars, in Table 2,
we list the potential energies, Epot, due to water�water
andwater�graphite (substrate) contribution for a drop-
let on 2� 2, 3� 3, or 4� 4 base nanopillars and in the
Wenzel state. The number of water molecules in the
droplet was about 5000. The difference in the potential
energy reflects that the droplet is in a different energy
state, due in part to a different contact area between the
droplet and base nanopillars. The droplet on the 2 � 2
basenanopillars has a nearly spherical shape (Figure S1),
and in this case, the water�water potential energy is
expected to be the lowest. As the size of droplet
increases, it is expected that the energy differences
amongmetastable states of the droplet become smaller
so that the droplet could transform spontaneously from
the Cassie to the Wenzel state.
The new definition is particularly suited for computer

simulation because the initial shape of the droplet and
the contact area between the droplet and substrate can
be conveniently controlled by design (in experiments,
the initial shape of the droplet can be controlled to a
certain extent, e.g., by either placing the droplet very
gently on a surface or by dropping the droplet from
different heights5). It offers an alternative way to char-
acterize the magnitude of the contact-angle hysteresis
on a rough surface. Specifically, the contact-angle hys-
teresis based on the second definition can be estimated

by using the contact angles collected in Figure 10. In the
Cassie state, the droplets can be placed on the 2� 2 or
3� 3 base nanopillars, with the size of droplets ranging
from 8400 to 10000, or on the 3 � 3 or 4 � 4� 4 base
nanopillarswith thenumberofwatermolecules ranging
from 16000 to 24000. In the Wenzel state, the droplets
can be placed on the 2 � 2, 3 � 3, or 4 � 4 base
nanopillars, with the number of water molecules rang-
ing from 3000 to 5000, or on the 3 � 3 or 4 � 4 base
nanopillarswith thenumberofwatermolecules ranging
from 3000 to 23000. In these size ranges of water
molecules, there are many variances for the contact
area between the droplet and the base nanopillars,
depending on the initial shape of the droplets. The
difference in the contact angle between the cases of
2� 2 and 3� 3 base nanopillars amounts to about 13�
in the Cassie state and 23� in the Wenzel state. The
difference in the calculated contact angle between the
cases with 3� 3 and 4� 4 base nanopillars amounts to
about 7� in the Cassie state and 18� in the Wenzel state.
In addition, the difference in the contact angle between
the caseswith 2� 2 and 4� 4basenanopillars amounts
to about 46� when the droplets are in the Wenzel state.
These differences can beused to quantify contact-angle
hysteresis based on definition II. Moreover, definition II
can be extended to estimate hysteresis between the
Cassie and Wenzel state (see Figure 10).
Again, we find that the contact-angle hysteresis in the

Cassie state is weaker than that in the Wenzel state,
regardless of the definition. If a droplet size is much
larger than themicroscopic roughness of the surface, the
contact area between the droplet and the rough surface
could be changed continuously. More importantly, the
contact angle would be independent of the size of
droplets in the large-size limit. Hence, the contact-angle
hystereses calculated based on definitions I and II are
expected to be consistent with each other in this limit.
Note that the Wenzel formula2 is given by

cos θw ¼ r cos θ (1)

where θw is the contact angle in the Wenzel state on
the rough surface, r is the ratio of the actual area of the
rough surface to the projected area, and θ is the
equilibrium contact angle on a flat surface. The Cassie

TABLE 2. Potential Energy, Epot, of Water�Water and

Water�Graphite Contribution at 2 � 2, 3 � 3, and 4 � 4

Base Nanopillars Either in the Cassie or Wenzel Statea

condition number of molecules Epot (kcal/mol) ΔEpot
b (kcal/mol)

2 � 2, Wenzel 4890 �8.55
3 � 3, Wenzel 4885 �8.32 0.23
4 � 4, Wenzel 4764 �2.54 6.01
2 � 2, Cassie 4864 �7.31 1.23

a The numbers of molecules are almost the same and correspond to the position
under the vertical arrow of definition II in Figure 10. b The difference of the potential
energy from Epot of 2 � 2, Wenzel.
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formula3 is given by

cos θc ¼ φs(cos θþ 1) � 1 (2)

where θc is the contact angle on the composite surface
and φs is the area fraction of the solid surface. Using the
Cassie and Wenzel formulas, the calculated contact
angles are 139� and 94�, respectively. Here, 92� is used
for the contact angle on a flat surface, which is taken
from our previous paper.15 The value 139� is very close
to the contact angle value corresponding to the mid-
point of the three Cassie curves (solid points) in
Figure 10. The value 94� is fairly close to the minimum
value of the contact angle for a droplet on the 3 � 3
basenanopillars and in theWenzel state (see Figure 10).
Although the Cassie formula does not take into ac-
count size and pinning effects, the calculated contact
angle seems quite close to the mid-point value
of the contact angle curve measured from the MD
simulations.

CONCLUSION

We have performed MD simulations to study the
contact-angle hysteresis of water droplets on a
nanopillared surface and in two possible states
(Cassie and Wenzel). The number of water molecules
in the droplets is varied by design to simulate addi-
tion or removal of volumes of droplets as done in the
experiments. We consider three initial contact areas
(on a rough substrate) for the droplets: the 2 � 2,
3 � 3, and 4 � 4 base nanopillars. The Cassie and
Wenzel states are assigned as two possible initial
states for the droplets. From MD simulations, we can
measure the contact-angle hysteresis by using either

the conventional approach (based on definition I) or
a new approach (based on definition II). In definition
I, the contact-angle hysteresis refers to the differ-
ence in themeasured contact angle for the droplet in
direct contact with the same base nanopillars but
with gradually changed volumes, while in definition
II, the contact-angle hysteresis refers to the differ-
ence in the measured contact angle for the droplet
with the same volume but having different initial
contact area with the substrate. According to defini-
tion I, the contact angles of droplets with the mini-
mum or the maximum volumes are designated as
the receding and advancing contact angle, respec-
tively. We have measured the advancing contact
angles for all initial conditions. The receding contact
angles are measured only under the initial contact
with 3 � 3 base nanopillars in the Cassie state and
with 4� 4 base nanopillars in the Cassie and Wenzel
states. Although only nanoscale droplets are in-
volved in our simulation, the contact-angle hyster-
esis in the Cassie state is evidently smaller than that
in the Wenzel state. This conclusion seems universal
and is consistent with the experimental measure-
ment.6 Alternatively, we find that droplets with the
same volume can reach different metastable states
on either the 2 � 2, 3 � 3, or 4 � 4 base nanopillars
within a certain range of droplet sizes. This phenom-
enon leads to definition II of contact-angle hyster-
esis. We note that definition II can be extended to
estimate hysteresis between the Cassie and Wenzel
state. Again, with the new definition, we find that the
contact-angle hysteresis in the Cassie state is still
weaker than that in the Wenzel state.

SIMULATION METHOD
Our MD simulations are carried out in the constant-volume

and constant-temperature (298 K) ensemble. The temperature
is controlled by using the velocity scaling method. The peri-
odic boundary condition is applied in all three spatial dimen-
sions. A rigid-body model of water, i.e., the SPC/E model,23 is
employed. The potential function of the SPC/E model includes
two terms, a Coulomb term and a Lennard-Jones (LJ) term. The
long-range charge�charge interaction between water mol-
ecules is calculated by using the Ewald method. Carbon atoms
of the graphite are treated as LJ particles whose size and
energy parameters are 3.4 Å and 0.2325 kJ/mol, respectively.24

The time integration of the translational and rotational motion
is undertaken using the velocity Verlet method and time-
reversible algorithm.25 The MD time step is set at 2.0 fs. Each
MD simulation is 1.0 ns.
In the initial configuration, the contact area of a droplet is

predetermined; that is, the droplet is in contact with a known
number of base nanopillars. The initial coordination of water
molecules is set as that of a simple cubic lattice with the same
density as bulk water. The initial droplet can be in either the
Wenzel or Cassie state. The number of water molecules, N,
ranges from 2000 to 100 000. In the beginning of MD simula-
tions, translationalmotion ofwatermolecules is not involved for
2.0 ps so that only orientational degrees of freedom of water
molecules are relaxed.

To measure the contact angle, we use the following compu-
tational approach to map out the surface locus of a water
nanodroplet. We divide the entire simulation cell into many
cubic meshes, each with length scale of 5 Å. The average local
water density in each cubicmesh is recorded. With the obtained
local water density, we can identify the spatial points where the
local density is half of the bulk water density. The locus of these
points represents the surface of the droplet. The contact angle is
defined as the angle between a tangential line of the droplet
surface (described by a fitting curve) through any three-phase
contact point and another line within the flat surface (through
the top of the nanopillars) and through the same three-phase
contact point. Both lines must be in the plane through the
center of the droplet. We use the late 500 ps of MD runs to
compute the contact angles. The computed contact angle for a
water droplet on a graphite surface is 92�.15
Because the system size involved in the simulation is fairly

large, a special-purpose computer, “MDGRAPE-3”,26�28 is used
to perform the MD simulations. The peak performance of a
MDGRAPE-3 board at 250 MHz is 2.16 TFLOPS. We have utilized
two special-purpose computers for the MD simulation: one for
the real part of the Ewald calculation and the other for the
reciprocal-space part of the Ewald calculation.
Finally, we note that all simulations presented above are

based on the system with identical nanopillars whose cross-
section is square-shaped. We have also examined a systemwith
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identical cylinder nanopillars but with a smaller cross-section
area than the square-shaped nanopillars. An independent
simulation is performed with droplets initially placed on the
3 � 3 base nanopillars and in either the Wenzel or Cassie initial
state. We find that the size and shape of the nanopillar cross-
section can affect the final state of the droplet, especially in the
Cassie state (see Figure S2).
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