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Abstract
The spontaneous dewetting transition (SDT) of nanoscale droplets on the nanopillared surface is
studied by molecular dynamics simulations. Three typical SDT modes, i.e. condensing, merging
and coalescing with flying droplets are observed, and the underlying physical mechanism is
clearly revealed by the potential energy analysis of droplets. We find that there exists a
dimensionless parameter of the relative critical volume of droplet Ccri which completely controls
the SDT of nanodroplets. Furthermore, the Ccri remains constant for geometrically similar
surfaces, which indicates an intrinsic similarity of nanoscale SDT. The effect of pillar height,
diameter and spacing on SDT has also been studied and it is likely to occur on the surface with
longer, wider and thicker pillars, as well as pillars with cone-like shape and larger
hydrophobicity. These results should be useful for a complete understanding of the nanoscale
SDT and shed light on the design of smart superhydrophobic surfaces.

Supplementary material for this article is available online

Keywords: spontaneous dewetting transition, nanoscale droplets, wettability, smart surfaces,
molecular dynamics simulation

(Some figures may appear in colour only in the online journal)

1. Introduction

Droplets on a rough surface always show sticky Wenzel [1] or
slippery Cassie [2] state depending on the intrinsic topological
and physicochemical properties of the surface. The two wetting
states are convertible under certain conditions [3–6] and the
transition from a Wenzel state to a Cassie one is called as
dewetting [7, 8]. It has received much attention in recent years
due to its critical importance for a wide range of applications,
such as heat exchangers [9, 10], anti-icing [11], water harvest
[12, 13] and drag reduction [14]. Several methods of external
stimuli, like magnetic force [15, 16], electrowetting [17],

heating [18], pressure [19] and mechanical vibration [20–22],
etc, have been proposed to overcome the energy barrier
between the two states to activate dewetting transition. These
methods of the externally stimulated dewetting transition have
an intrinsic limitation: specific instruments and settings are
always required to input external electric, thermal or vibrational
energy, which are not always accessible in some practical
applications, such as biological systems or micro-/nanoscale
lab-on-a-chip systems [23]. So, alternative schemes of the
spontaneous dewetting transition (SDT) is highly required, in
which, without any external stimuli, the transition is driven
only by the spontaneous condensation and coalescence of
droplets through the design of nano/microstructures and che-
mical properties of the surface.
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Wang et al [24] gave an interesting example from nature
about the SDT of condensed microdroplets from the legs of
water striders. They found that smaller droplets can stably
sink inside arrays of inclined tapered setae on strider’s legs,
but as droplets grow bigger and bigger from femtoliter to
microliter by condensation, they become unstable due to the
elastic squeezing of setae arrays and are expelled finally by
the recovery force of setae, leading to the robust super-
hydrophobicity of striders’ legs. Lv et al [23] conducted an
in situ observation of the SDT of condensed microdroplets
occurring on two-tier nano/micro-structured rigid surfaces.
They clearly observed that isolated microdroplets emerge
initially at the valley of micropillars, as they grow bigger
during condensation, some of them climb to the top of the
micropillars unexpectedly to make the transition. They further
found three typical modes of the SDT induced by the indi-
vidual droplet condensation, the merging of two neighboring
droplets, and the coalescence induced by a flying droplet from
another location. After that, Zhang et al [25] found that the
SDT is more likely to happen for larger droplets, on the
surface with higher wettability and cone-shaped structures
through experiments and lattice Boltzmann simulations. Yan
et al [26] developed a visualization technique to study the
coalescence-induced droplet jumping, in which the effect of
droplet size, droplet-surface interaction and condensate ther-
mophysical properties are considered. Orejon et al [27] fab-
ricated and studied the continuous dropwise condensation on
a hierarchical bioinspired lotus leaf metallic surface without
the need for a conformal hydrophobic coating. Dong et al
[28] established theoretical models and numerical methods to
predict the wetting state transmission energy barrier.

Although the SDT has been experimentally proved to be
feasible, the underlying mechanism and multiple aspects
affecting SDT phenomenon is not clearly revealed, limiting
the further design of dewetting functional surface. For
example, what’s the underling mechanism and under which
conditions the SDT will be triggered?How does the size and
shape of superhydrophobic surface affect the SDT beha-
vior?How to judge and predict whether an SDT will be
triggered?For a complete understanding of the SDT
phenomenon, it is necessary to study these issues thoroughly,
which should shed light on the design of smart super-
hydrophobic surfaces.

In this paper, we study these issues by applying sys-
tematic molecular dynamics (MD) simulations. The rest of
this article is organized as follows. The numerical model of
nanoscale droplet-pillared surface is established first. Then,
the underlying mechanism of the nanoscale SDT is unveiled
and an interesting similarity is given accordingly. Further-
more, the effect of geometric parameters of the height, dia-
meter, spacing and shape of nanopillars, the substrate
wettability on the SDT is examined carefully in the following
section. The results are summarized at the end of the paper.

2. Numerical model and methodology

Figure 1(a) shows the structure unit of the nano-pillared
surface with geometrical settings of height (h), diameter (d)
and spacing (D) of pillars simulated by single-walled carbon
nanotubes (SWCNTs). The pillared surface is then obtained
by periodically extending the structure unit on a single-layer
graphene sheet as shown in figure 1(b). Three typical states of
small, mediate and large droplet volume V are depicted in
figure 1(c).

To enable SDT, the settings of h, d and D for pillared
surface in all simulations should be chosen carefully to meet
equation 1 which is the criterion of Wenzel-to-Cassie trans-
ition [4, 29] for the extreme case that the pillared surface is
invaded by plenty of liquid as shown in figure S1 of the
supporting information, which is available online at stacks.
iop.org/NANO/31/225502/mmedia.

q q< , 1cri ( )

where θcri and θ are the critical contact angle and the contact
angle, θ is determined by the physicochemical property of
materials; θcri is determined by the structural properties of the
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fraction occupied by pillars.
The AIREBO potential is adopted to describe the C–C

interaction in SWCNTs and graphene. The simple point
charge-extended (SPC/E) model [30, 31] with the SHAKE
algorithm [32] is used to describe the water droplet, and the
long-range Coulomb interactions in water droplet are

Figure 1. Schematic of the SDT system. (a) Front view of a unit of pillared surface with the height h, spacing D and diameter d; (b)
perspective view of the pillared surface; (c) front view of the simulation system with (c1) small, (c2) middle and (c3) large water droplet.
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computed using the particle–particle particle-mesh algorithm
[33]. The interactions between oxygen atoms of water and
carbon atoms of SWCNTs/graphene are described by the
Lennard-Jones potential j(r)=4ε[(σ/r)12–(σ/r)6], with the
equilibrium distance σ of 0.319 nm and the well depth ε of
1.95 meV. The σ and ε are tuned directly to study the effect of
surface hydrophobicity of pillars and substrate qualitatively,
which has been widely used to study the movement of droplet
with different wettability [34–36]. The contact angle of nano-
pillars is set to be 138° and zero contact angle hysteresis is
adopted in this model as done in the [35]. In experiments, the
large hydrophobicity of graphene material can be achieved
through charge carrier density [37], oxygen-containing func-
tional groups [38] or even hierarchical structures [39], despite
the differences of scales, the wetting property of pillars in
experiments can also be simulated by fitting the parameters of
potential function. A NVT ensemble with Nosé–Hoover ther-
mostats [40] is used to keep the temperature of water droplet at
300 K, and the carbon atom keep still during the simulation to
depict a rigid pillared surface. All simulations are performed
using the open-source large-scale atomic/molecular massively
parallel simulator software [41]. All figures and movies are
made by the open source software Ovito [42].

3. SDT and influencing factors

3.1. Transition modes and underlying mechanism

Figure 2(a) shows the SDT of a nanodroplet during con-
densation. Initially, a small droplet containing 516 water
molecules condenses and stays in the valley of pillars. Due to
the condensation which is simulated by adding water mole-
cules gradually near droplet surface, the droplet grows bigger
and bigger and fills the valley gradually as shown in the
snapshot at 0.5 ns. As the droplet grows to a certain size, an
SDT is triggered suddenly at ∼0.9 ns and the droplet climbs
to the pillars top in a very short interval of 0.9–1.05 ns. After
that, the droplet remains Cassie state at the top of the pillared
surface (see movie S1 in the supporting information for the
whole process). The SDT can also be triggered by the

merging of two neighboring droplets. As shown in figure 2(b)
and movie S2, as the two neighboring droplets grow to a
certain size, they merge into a large one and climb up to the
top of pillared surface. To verify that the SDT is triggered by
droplets merging, we separate them initially and let them
grow independently to the same size, the SDT is not observed
any more as shown in figure S2f and movie S3 of the sup-
porting information. Besides, the SDT can also be triggered
by the coalescence induced by a flying droplet. As shown in
figure 2(c) and movie S4, a droplet marked as ‘2’ flies on the
surface from another location, and rans into the Sunk droplet
marked as ‘1’, then the Sunk droplet is pulled up from the
groove and merges with the flying one. These three modes of
SDT is consistent with ‘Mode I’, ‘Mode II’ and ‘Mode III’
classified by Lv et al [23] in experiment, initiating the relia-
bility of our simulation.

To clarify the underlying mechanism of the nanoscale SDT
as simulated in figure 2, we calculate the potential energy of a
nano-droplet fixed at different position along the z-axis in the
pillared valley. For a smaller droplet, as shown in figure 3(a),
the nonlinear potential energy is dependent on droplet position
and the smallest value of potential energy can only be observed
when droplet lie at the bottom of the valley, i.e. in the Wenzel
state as the first inset in figure 3(a). There is a large energy
barrier (EW2C) between the Wenzel and Cassie state, which
makes the Wenzel state more stable and prevent the sponta-
neous transition to a Cassie state for smaller droplets. However,
the opposite is true for larger droplets, as shown in figure 3(b),
the potential energy of a larger droplet in Wenzel state (the first
inset) is larger than that in the Cassie one (the second inset),
which leads to the SDT as observed in figure 2. It indicates that
the droplet volume is a key factor dominating its wetting state in
pillared valley, and there should be a critical volume Vcri, above
which, the nanoscale SDT occurs. The similar conclusion has
been reported for the SDT of microscale droplets using the
lattice Boltzmann simulations in the [25].

3.2. The similarity of nanoscale SDT

To further study the effect of droplet volume on the nanoscale
SDT quantitatively, a dimensionless parameter of relative

Figure 2. The three modes of the SDT for nanodroplets induced by (a) Mode I: the droplet condensation; (b) Mode II: the merging of two
neighboring droplets; (c) Mode III: the coalescence induced by a flying droplet. D=3 nm, d=0.68 nm, h=5 nm for all cases.
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volume is defined as C=V/V0, where V0 and V are the
volume when droplet is just full of pillar valley as shown in
figure 1c2 and the current one, respectively. Similarly, the
relative critical volume Ccri is defined as Ccri=Vcri/V0,
where Vcri is the critical droplet volume discussed above. We
study the SDT for the droplet with different volume C on
eight similar surfaces with the geometrical parameters of h, D
and d increased proportionally with the scale factor γ in the
range of 1–2.4, (γ=h/h0=D/D0=d/d0, h0, D0 and d0 are
5, 2 and 0.68 nm, respectively). For a large γ>2.4, it will
cost too much computational time to conduct simulations
because the number of atoms in the system increases expo-
nentially with γ. Figure 4(a) gives the SDT of smaller/bigger
droplets on four typical similar surfaces with the scale factor
γ=1, 1.6, 2.0, and 2.4, respectively. The SDT occurs for
bigger droplets with C=2.5 on the four similar surfaces as
shown in the top row in figure 4(a) while it fails for the
smaller droplet with C=1.5 as shown in the bottom row.
Figure 4(b) shows all simulation results that the red triangles
indicate successful SDT cases as the top row in figure 4(a)
while the blue ones indicate unsuccessful SDT as the exam-
ples in the bottom row in figure 4(a). It is reasonable that the
relative critical volume Ccri of droplets falls in the range

between the ‘red’ and ‘blue’ ones as indicated by the solid
line in figure 4(b). Interestingly, the Ccri approaches to a
constant with an increased γ as the solid line in figure 4(b),
i.e. the nanoscale SDT has an intrinsic similarity, which is
also independent on the initial geometric parameters (h0, D0

and d0) chosen in simulations as discussed in figure S5 in
supporting information. The Ccri deviates a little from the
convergence for the system with smaller γ, this is because, the
volume of the gap between nanopillars and droplets is com-
parable to the volume of droplet for the system with smaller γ,
while it is negligible for the system with larger γ. A detailed
explanation can be found in the supporting information.

3.3. The effect of pillar height, diameter and spacing

Figure 5(a) shows the Ccri as a function of h for D=3 nm and
d=0.68 nm. The Ccri decreases nonlinearly with increased h,
showing that the SDT of a droplet can be triggered more easily
on the surface with higher nanopillars. To test this point, we
simulate the SDT of the two pillar-droplet systems with the same
C and different h of 3 and 5 nm, as the two insets shown in
figure 5(a), the SDT only occurs in the system with higher pillars
of 5 nm (the red triangle), where the C>Ccri is achieved. It is
explained as blow: the droplet in the surface of higher pillars

Figure 3. Variation of potential energy as a function of Z-coordinate of mass center for a (a) small and (b) large droplet. D=3 nm, d=
0.68 nm, h=5 nm for both cases.

Figure 4. The similarity of the nanoscale SDT. (a) Typical examples of SDT systems with different relative volume C but similar pillared
surface. The geometrical parameters of h, D and d with the unit of nanometer are shown below the corresponding graph; (b) the
SDT results for droplets with a series of relative volume C on similar pillared surface characterized by variable scale factor γ, where
γ=h/h0=D/D0=d/d0, h0, D0 and d0 are 5, 2 and 0.68 nm, respectively.
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exhibits lathy state which has more surface energy than that in
an approximately spherical state in a short-pillar surface, hence,
it is more likely to move out of the valley to be spherical state to
release the excess surface energy. It is noted that the Ccri would
increase to a high value of 7 as h decreases to 2 nm, indicating
that the SDT can occur only for much large droplets. We also
test in our simulations that the droplet will always be in Wenzel
state no matter how large the droplet is if h further decreases to
1 nm. This is consistent with the prediction by the criterion of
Wenzel-to-Cassie transition according to equation 1, as shown in
figure 5(b), the critical contact angle θcri increases greatly as h
decreases and it will be larger than θ (138° as marked by the red
dotted line) if h is lower than 1.40 nm, as a result, the SDT
cannot be triggered no matter how large the droplet is. Mean-
while, the h cannot be too large as well, otherwise, the con-
densed droplet will move to the neighboring groove rather than
jump to the top as shown in figure S6.

Figure 5(c) shows the Ccri as a function of D. The Ccri

decreases with the decrease of D, indicating that the SDT is
more likely to be triggered for droplets on the surface having
smaller gap between neighboring pillars. We also simulate the
dewetting behavior of the two pillar-droplet systems with the
same C=2, d=0.68 nm and h=5 nm, but different D of 2
and 3 nm, respectively. As shown in the two insets in figure 5(c),
the SDT only occurs in the system with D=2 nm (the red
triangle) due to the condition of C>Ccri is satisfied. With an
increasing D, the contact area of solid-liquid interface increases,
which results in larger potential energy barrier need to be
overcome for the dewetting transition. Figure 5(d) shows that the
critical contact angle θcri will be larger than θ if D is larger than
5.59 nm according to the criterion of Wenzel-to-Cassie

transition, in which the SDT cannot be triggered any more no
matter how large the droplet is.

Figure 5(e) shows the Ccri as a function of d. The Ccri

decreases with an increase of d, indicating that the SDT is more
likely to occur on the surface with wider pillars for given h andD.
To test this point, we simulate the dewetting behavior of the two
pillar-droplet systems with the same C=2,D=3 nm and h=5
nm, but different d of 0.68 and 1.76 nm, respectively. As shown
in the two insets in figure 5(e), the dewetting transition can only
occur in the system with wider pillars of 1.76 nm (the red triangle)
due to the condition of C>Ccri is only satisfied in this case.
Figure 5(f) shows that the critical contact angle θcri increases
greatly as pillar diameter d decreases and θcri will be larger than θ
if d is lower than 0.20 nm, theoretically. In fact, the diameter of
nanopillars in experiments is always larger than 0.20 nm, so this
condition can always be satisfied in real applications.

Figure 6(a) shows the Ccri as a function of the substrate
hydrophobicity measured through contact angle. The Ccri

decreases sharply with increasing contact angle, which indicates
that the SDT prefers to occur on the surface having higher
hydrophobicity. We simulate the dewetting behavior of the two
pillar-droplet systems with the same settings of C, D, h and d,
but different contact angle of 121° and 138°, respectively. As the
insets shown in figure 6(a), only the droplet with the higher
contact angle (138°) moves to the top of the pillar to make the
transition. It is qualitatively consistent with the experimental
finding [25] that the SDT of microscale droplets is more likely to
happen on the surface with higher wettability.

Figure 6(b) shows the Ccri as a function of D for the surface
having three shapes of cone-like, inverted cone-like and
columnar nanopillars. The Ccri increases with D for both cone-
like and columnar structure surface, and for a given D, the Ccri

Figure 5. The relative critical volume Ccir and the critical contact angle θcir as a function of (a), (b) pillar height h, (c), (d) spacing D and (e),
(f) diameter d.
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for cone-like structure surface is a little smaller than that for a
columnar one. Furthermore, the Ccri is always larger than 1 for
columnar structure surface while it could be smaller than 1 for a
cone-like surface, which proves that the cone-like structure
surface is an optimal choice for SDT. By contrast, the inverted
cone-like structure surface is not optimal because the corresp-
onding Ccri is larger compared other two kinds of structures.

4. Conclusions

In this paper, we study the SDT of nanoscale water droplets on
the nano-pillared hydrophobic surface driven by the spontaneous
droplet condensation and coalescence through systematic MD
simulations. It is found that the nanoscale SDT can be triggered
by three modes: the individual droplet condensation, the mer-
ging of neighboring droplets and the coalescence induced by a
flying droplet from another location, which are similar to the
SDT of microscale droplets found in experiments by Lv et al
[23]. By the analysis of the potential energy of the droplet with
different size in pillared valley, we found that it is the droplet
volume that dominates the wetting state, i.e. smaller droplets
prefer to be in Wenzel state while larger droplets are more likely
to be in Cassie one. There is a relative critical volume Ccri, and
the SDT occurs only when the condition C>Ccri is achieved.
Furthermore, it is found that the SDT has an intrinsic similarity
that the Ccri remains unchanged as the geometrical parameters of
pillar height h, diameter d and spacing D increased proportion-
ally. Using the two crucial parameters, i.e. critical contact angle
θcri and relative critical volume Ccri, we study the effect of the
geometrical settings of the substrate, and found that both para-
meters increases with the increasing D but decreases with the
increasing h and d, indicating that SDT is more likely to occur
on the pillared surface with higher height, larger diameter and
smaller spacing. The relative critical volume Ccri decreases with
the increasing contact angle of surface. The relative critical
volume Ccri increases with the spacing D for cone-like structure
surface, for a given D, the Ccri for cone-like structure surface is a
little smaller than that for a columnar one, which indicates that

the cone-like structure surface is an optimal choice for SDT. By
contrast, the inverted cone-like structure surface is not the
optimal choice due to the larger corresponding Ccri relative to
other two kinds of structures. The results should be benefit for a
complete understanding of the nanoscale SDT and shed light on
the design of smart superhydrophobic surfaces.
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