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Spontaneous droplet aggregation has great potential applications in liquid transportation, droplet-based mi-
crofluidics and water collection in deserts. Several novel hierarchical functional surfaces have been well pre-
pared experimentally, on which small droplets would aggregate to form large droplets. The common feature of
the hierarchical surface is wedge-shaped functional zone. However, how to guarantee the stability of water
collecting function in real design and application is still lack of theoretical guidance. Based on molecular dy-
namics simulations, numerical experiments are systematically carried out in the present paper. Several im-
portant influencing factors of droplet spontaneous aggregation are studied. It is found that three typical size-
dependent moving patterns of droplets may exist on such a hierarchical functional surface, i.e. lingering, pinning
and directional transporting. The physical mechanism is further revealed for each pattern in terms of potential
energy, which significantly depends on the wedge angle, direction of the wedge and symmetry of the bifurcation
of each level. In order to achieve spontaneous droplet aggregation effectively, three conditions need to be met: a
relatively small wedge angle at each level, wedges in the same direction at different levels, and asymmetric
arrangement of wedges at the same level. A three-level functional surface is further numerically designed, which
can realize water collection successfully. The results in this paper should be useful for the precise design of
hierarchical functional surfaces of water collection in practical application.

1. Introduction

The spontaneous transportation and aggregation of droplets have
attracted increasing attention in both scientific and engineering fields,
such as liquid transportation [1], droplet-based microfluidics [2], lab-
on-a-chip [3], atmospheric water collection [4,5] and so forth. Recent
studies [6-9] on biological surfaces have already shown amazing water
collecting abilities, which benefit from their heterogeneous wetting
properties. For example, the back of a desert beetle [7] consists of se-
parated no-waxy hydrophilic and wax-coated hydrophobic areas;
Spider silk [8,9] has a periodic structure comprising highly hydrophilic
spindle-knots and hydrophobic joints.

Inspired by the natural design, various regular hydrophilic patterns
of square [10], circle [11], star [12], line [13] and mesh [14] dis-
persedly on a hydrophobic substrate were printed to introduce

“wettability gradient” [15]. On such surfaces, droplets near the
boundary between the hydrophilic and hydrophobic regions would
spontaneously move into the hydrophilic zone, which induces the
droplets to grow [16,17]. Hydrophilic patterns with wedge-like shapes
rather than regular circles or square spots were further designed to
introduce the “shape gradient” [18-23]. On such surfaces, droplets can
not only be agglomerated into the wedge-shaped hydrophilic regions
but also be transported a long distance from the narrow end to the wide
end in the hydrophilic band. Zheng et al. [24] and Zhang et al. [19]
indicated that droplets on such a single wedge-like region were ac-
tuated by the unbalanced interfacial tension induced by both the wet-
ting gradient and the shape gradient. Using the molecular dynamics
simulation method, Wang et al. [25] gave an explanation for the droplet
spontaneous transportation from the perspective of potential energy, in
which surfaces with functions of droplet turning, pinning, accelerating,
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gathering and path selecting, were further designed numerically.

Based on the design of the single wedge-like hydrophilic region, a
tree-like hierarchical wedge-shaped scheme was further well proposed
[26-28] in order to realize water collection in practical applications
[4,29]. Zheng et al. [24] fabricated a two-level wedge-shaped surface,
on which droplets deposited onto the tip of hydrophilic wedge-like
branches could spontaneously move to the main trunk effectively. In-
spired by the leaf vein, Lin et al. [27] fabricated four-level wedge-
shaped trunks on flexible hydrophobic polyethylene terephthalates, on
which the water-collecting efficiency increases more than 10 times due
to the shape gradient and gravity. Wang et al. [26] directly wrote a tree-
shaped hierarchical structure on a superhydrophobic film with laser
and obtained an improved efficiency of water collection with a factor of
about 36 compared with the superhydrophobic surface. Liu et al. [28]
proposed a hybrid scheme to combine both regular mesh and irregular
wedge-shaped trunk to obtain a higher coverage rate of hydrophilic
region, and obtained a notable enhancement in water collection effi-
ciency compared with the conventional superhydrophobic surfaces.

Although hierarchical wedge-shaped designs do enhance droplet
aggregation in comparison with conventional surfaces, precise design of
hierarchical wedge-shaped surfaces can ensure the stability of water
collecting function in practical applications. Main factors that may in-
fluence droplet transportation and aggregation on a hierarchical wedge-
shaped surface should be systematically studied, for example, the
connecting topology of wedge-like branches, the size of each-level
wedge region and the wedge angle, etc.

In order to investigate the influencing factors, numerical experiment
is a better choice. Compared with a real experiment, numerical ex-
periment is not only more convenient to change parameters, but also
can give a reasonable influencing law. All-atom molecular dynamics
simulation is adopted in this paper. Spontaneous transportation and
aggregation of droplets on a hierarchical wedge-shaped functional
surface are systematically studied. Both the influence of droplet volume
and that of the hierarchical topology, such as the level number, wedge
angle, wedge direction and symmetry of bifurcations, are investigated.
All the results are explained by the method of potential energy com-
parison. This study should be helpful for the precise design of hier-
archical functional surfaces of water collection in practical application.

2. Simulation model and method

As a representative numerical model, a two-level functional surface
is shown in Fig. 1, in which Fig. 1a denotes the top view and Fig. 1b is
the front view. The two-level functional surface is represented by a
rectangle graphene sheet with a size of 30 X 10 nm, which is assumed
to be rigid. The surface consists of a purple hydrophobic area and a
yellow hydrophilic area as shown in Fig. 1a. The two-level functional
surface refers to the hydrophilic regions, including a main trunk and
four small branches. Both the main trunk and small branches have a
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Fig. 1. Schematic of a two-level functional surface. (a) The top and (b) front
view.
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wedge-like shape. The cross point (CP) between the main trunk and
branches is numbered as CP1 and CP2 in this paper. Five water droplets
are initially placed at the narrow ends of the main trunk and four
branches.

The standard model (SPC/E) [30,31] with the SHAKE algorithm
[32] is adopted to simulate the behavior of water droplets. The particle-
particle particle-mesh (PPPM) algorithm [33] is adopted to achieve the
long-range Coulomb interaction of droplets. Both the hydrophilic and
hydrophobic regions on the substrate surface are characterized by
Lennard-Jones potential ¢(r) = 4e[(0/r)'? — (0/r°®] with the same
equilibrium distance of 0 = 0.319 nm, but different depths of energy
well of e = 5.85 meV and ¢ = 1.95 meV, which have been widely used
to study the wettability of surface [25,34,35]. Contact angles corre-
sponding to the two depths of energy well ¢ are 51° and 138°, which can
be actually achieved through different techniques in experiments, for
examples, charge carrier density [36], oxygen-containing functional
groups [37] or the hierarchically structure [38]. The droplets are in-
itially kept at 300 K with Nosé-Hoover thermostats [39] for enough
time to reach the corresponding thermal equilibrium and optimal
configuration. Then, the droplets are placed at the narrow ends of the
main trunk and branches. The cutoff distance is set to 1 nm and the time
step is 1 fs in all simulations. All simulations are implemented with an
open source software Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS). [40]

3. Spontaneous droplet aggregation on a two-level functional
surface

As the treated droplets are placed at the narrow ends of the hy-
drophilic main trunk and branches, all droplets spontaneously move in
the wider direction of the wedge. Snapshots are shown in Fig. 2. At the
initial stage as shown in Fig. 2a, the droplet “1” on the narrow end of
the hydrophilic main trunk moves towards the wider direction, as in-
dicated by the arrow, while the other droplets “2”, “3”, “4” and “5” on
the narrow ends of branches move towards the main trunk. The me-
chanism of these motions should be consistent with the case of a droplet
on a single wedge, which abides by the principle of minimum potential
energy [25]. At 0.06 ns, droplets “4” and “5” obtain a very high speed
of about 128 m/s and 101 m/s, respectively, and aggregate with each
other to form a new droplet labeled as “4 ~ 5” near CP2 as shown in
Fig. 2b. The aggregated droplet “4 ~ 5” keeps moving with a speed of
about 106 m/s. Eventually, droplet “4 ~ 5” stops at a certain point,
where the driving force vanishes [19,24,25]. At the same time, droplets
“17, “2” and “3” move toward CP1 and aggregate to form a bigger
droplet “1 ~ 3” at about 0.1 ns as shown in Fig. 2c. The emerging
droplet “1 ~ 3” keeps moving forward. When the droplet “1 ~ 3”
reaches the place that the droplet “4 ~ 5” stays, the two come together
to form a larger droplet “1 ~ 5” as shown in Fig. 2d. At this time, the
gradient wedge shape and the large size of droplet “1 ~ 5” would in-
duce a new driving force on the new droplet “1 ~ 5”, causing the
droplet to move further forward as shown in Fig. 2e. Here, it should be
noted that the high moving velocity is a unique feature for the trans-
portation of nano-objects [25,35]. The whole aggregation process is
given by Movie S1 in Supporting Information. Similar spontaneous
droplet aggregation has been well observed in experiments. For ex-
ample, Wang et al. [26] showed that droplets condensed from fog could
move along multiple wedge-shaped paths and gather into larger dro-
plets. However, pinning behavior of droplets is widely observed in
experiments, which is not conducive to water collection. How can we
design a functional surface with high water collection efficiency? A
systematic study of factors that affect the efficiency of water collection
should be carried out.
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Fig. 2. Snapshots of droplets spontaneously moving on the surface.

4. The mechanism of spontaneous droplet aggregation and its
influencing factors

In order to find the mechanism of multiple droplet aggregation on a
hierarchical wedge-shaped functional surface, the transport behavior of
a single droplet on such a surface with only a cross point is first studied.
The width at the cross point is fixed as W, = 2 nm. Three droplets with
a respective diameter d of 1.5, 2.5, 5 nm are adopted, which are placed
on the cross point of wedge-shaped hydrophilic main trunk, three ty-
pical moving behaviors are found. For the small droplet with a diameter
1.5 nm, it will randomly linger between the cross point and the right
region of the hydrophilic wedge-shaped zone and the arrow indicates
the path of the droplet as shown in Fig. 3al. For the medium sized
droplet with a diameter 2.5 nm, it will be pinned at the cross point as
shown in Fig. 3a2. For the large droplet with a diameter 5 nm, the
droplet will pass through the cross point and keep moving toward the
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larger area of the hydrophilic wedge-shaped zone as shown in Fig. 3a3.
Systematic simulation gives two critical ratios ~1.25 and ~1.75 of the
droplet diameter to the cross point width d/W,, as shown in Fig. S1 in
Supporting Information. The two values divide the behavior of droplets
of different diameters into three typical cases, i.e., randomly lingering,
pinning and directional moving, as shown in Movie S2 in Supporting
Information. It means when the ratio of droplet diameter to the cross
point width is less than 1.25, droplets will linger on the functional
surface similar to that shown in Fig. 3al. When the ratio of droplet
diameter to the cross point width is larger than 1.75, droplets will move
directionally on the functional surface similar to that shown in Fig. 3a3.
When this ratio is between 1.25 and 1.75, droplets will be pinned at the
cross point as shown in Fig. 3a2. Similar behaviors of pinning and di-
rectional moving of droplets on hierarchical wedge-shaped functional
surface were also be observed in experiments [24,26], while the
random motion is not obvious in experiments due to the negligible

0 10 20 30
Coordinate of droplet center (nm)

(b)

Fig. 3. The effect of droplet diameter on the moving behavior of a single droplet on a hierarchical wedge-shaped functional surface. (a) Three typical moving
behaviors of droplets with a diameter d of 1.5, 2.5, 5 nm, respectively, the width of cross point W, is 2 nm. (b) The potential energy as a function of the droplet

diameter.
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thermal fluctuation effect of macroscopic droplets. Such a finding
should be helpful for the design of functional surfaces for faster and
more efficient water collection in practice.

The above size-dependent moving behavior is further explained by
the change in potential energy of droplets at different positions as
shown in Fig. 3b, where the potential energy of droplets of different
diameters as a function of the position of droplets is given. It is found
that the potential energy of the small droplet with a diameter of 1.5 nm
keeps almost constant with a little fluctuation, indicating a negligible
driving force. Such a result is consistent with the previous study [25]
that a droplet immersed in a hydrophilic or hydrophobic region would
not suffer a driving force but thermal fluctuation [41], inducing
Brownian-like random motion. Similar phenomena have also been ob-
served for other nanoscale objects, such as single-molecule [42], cluster
[43], nanoparticle [41,44] and nanodroplet [45]. For the medium-sized
droplet with a diameter of 2.5 nm, the potential energy decreases with
the position far away from the wedge tip, but an obvious energy barrier
AE labeled by a black cycle exists at the cross point position as shown in
Fig. 3b. Here, the potential energy of a droplet at each point is achieved
by placing the droplet directly at that point. If a droplet is placed at the
cross point, it needs to overcome the energy barrier to move, otherwise
it will be pinned. Sometimes, the limited thermal fluctuation energy is
not enough to overcome the barrier. If a droplet is released at a position
near the cross point, the droplet may also be pinned, similar to the case
shown in Fig. 3a2. However, if a droplet is released at a position far
away from the cross point, enough kinetic energy may help the droplet
get over the energy barrier and keep going. An example is illustrated in
Fig. S2 in Supporting information. For the large droplet with a diameter
of 5 nm, the potential energy decreases monotonically as the distance
from the wedge tip increases, which is conducive to the directional
motion of the droplet along the main trunk. Therefore, for a two-level
wedge-shaped functional surface, on the one hand, the second-level
branches can help small droplets gather on the first-level main trunk to
form a large droplet and continue to move directionally; on the other
hand, it also increases the hydrophilic area at the cross point and hin-
ders the movement of droplets. Such a result puts forward higher re-
quirements for the design of hierarchical wedge-shaped functional
surface: on the one hand, small droplets from branches can converge on
the main trunk, and on the other hand, the hydrophilic area at the cross
point cannot be increased too much.

Inspired by the above problems, we further investigate the effect of
the second-level wedge-shaped branch on the spontaneous droplet ag-
gregation behavior, including the wedge angle, wedge direction and the
symmetry of the hierarchical structure as shown in Fig. 4.

The effect of the wedge angle in the second-level structure is given
in Fig. 4a, where cases of two wedge angles of 3.4° and 8.7° are studied
as shown in Fig. 4al and a2, respectively. Three droplets are initially
placed at the second-level and the main paths. Once all droplets are
released, they spontaneously move towards the cross point and then
aggregate with each other at about 0.11 ns. Afterwards, the aggregated
droplet moves further and reaches the right boundary at 0.33 ns in the
case with a wedge angle of 3.4° as shown in Fig. 4al. Nevertheless, in
the case with a wedge angle of 8.7° as shown in Fig. 4a2, the aggregated
droplet will be tightly pinned at the cross point. Such different beha-
viors caused by different wedge angles can be explained by the com-
parison of potential energy at different positions as shown in Fig. 4a3.
In the case with an angle of 3.4°, the further away from the tip of the
main trunk, the potential energy monotonically decreases. In the case of
a slightly larger angle, i.e. 8.7°, the potential energy near the cross point
has a larger energy barrier. Even if the aggregated droplet has some
kinetic energy, it does not overcome the energy barrier and stops at the
cross point.

The effect of bifurcation (the second-level branch) orientation on
the droplet aggregation and moving behaviors is shown in Fig. 4b, in
which cases of forward bifurcation and backward bifurcation are con-
sidered as shown in Fig. 4bl and b2, respectively. In both cases, the
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droplet has the same volume and the branch has the same wedge angle.
It shows that spontaneous droplet aggregation and subsequent motion
successfully happen in the forward bifurcation case while motion after
aggregation fails in the backward bifurcation case. It is very interesting
to find that the potential energy at each point in two respective systems
is nearly the same as shown in Fig. 4b3. Specially, an energy barrier
exits near the cross point. What causes these two different phenomena?
The velocity of the aggregated droplet is further analyzed. In the former
case, the velocity of the aggregated droplet is 104.7 m/s near the cross
point and has a forward direction, while in the latter it is —15.3 m/s
with a backward direction.

The effect of bifurcation symmetry on the droplet aggregation and
motion is given in Fig. 4c, where symmetrical distribution and alternant
distribution of the second-level structures along the main trunk are
analyzed. It is easy to find that aggregated droplet may be pinned at the
cross point in the symmetric distribution case, while subsequent motion
after aggregation successfully happens in the alternant distribution
case, as shown in Fig. 4cl and c2, respectively. The distribution of
potential energy along the main trunk is further achieved for the two
cases as shown in Fig. 4c3. It is easy to find that a relatively large en-
ergy barrier AE.; exists in the symmetric distribution case, which
should be responsible for the failure of subsequent motion.

The effect of hydrophobic defect in hydrophilic paths and shape
gradient of hydrophilic paths on the spontaneous droplet aggregation
and motion is further investigated, in which the hydrophobic defect is
assumed to be circular as shown in Fig. 5a, b and the hydrophilic path
has no shape gradient, i.e., a rectangular one is shown in Fig. 5c. A
relatively small circular defect and a relatively large one are con-
sidered, the results of which are shown in Fig. 5a and b, respectively.
All small droplets are placed near the wedge tips of the second-level
paths and the main trunk. In Fig. 5a, it is found that three droplets on
the left of the relatively small defect will aggregate and further pass
through the defect. Two droplets on the right of the small defect will
aggregate too. Finally, both aggregated droplets will merge and move
on as shown in Fig. 5a. However, a relatively large hydrophobic defect
in the main trunk will prevent the two aggregated droplets from mer-
ging as shown in Fig. 5b. Therefore, in practical applications, it is better
to avoid the introduction of defects in transport paths.

It should be noted that both droplet aggregation and motion depend
on the unbalanced force, which has been analytically analyzed in
[46,47]. Shape gradient is a necessary condition for such a functional
surface. Of course, some other functional surfaces could be designed
through wettability gradient [34], but which are difficult to fabricate.
In order to emphasize the condition of shape gradient, we also simply
give the result without shape gradient as shown in Fig. 5c. Even though
it is a two-level structure, droplets on the rectangular hydrophilic paths
do not move and only undergo thermal oscillations.

Based on the above study of spontaneous droplet aggregation and
motion on a two-level functional surface, a three-level wedge-shaped
hierarchical functional surface is designed as shown in Fig. 6. The three-
level functional surface looks like a tree root. Both sides of the trunk
branch into several secondary branches, which further branch into
smaller branches. All branches at the same-level have a forward and
asymmetric arrangement. Such a hierarchical wedge-shaped functional
surface should have high water collection efficiency, the mechanism of
which can be found from the water collecting behavior in a local area.
Snapshots at some typical steps are shown in Fig. 6. Initially, four
droplets labeled as “1”, 2”7, “3” and “4” will spontaneously transport
towards the main trunk and aggregate to form a larger moving droplet
“1 ~ 4” at 0.05 ns. Meanwhile, droplets “5” and “6” move randomly to
the main trunk and meet droplet “1 ~ 4”. A new droplet “1 ~ 6” forms
and is pinned at a cross point at 0.1 ns. When the droplet “7” converges
with droplet “1 ~ 6”, a larger droplet “1 ~ 7” forms and moves forward
at 0.2 ns. At the same time, droplet “10” comes close to the main trunk.
Finally, a behavior of “moving-pinned-converging-moving-pinned-
converging-...... “occurs repeatedly, realizing efficient water collection.
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Fig. 4. Spontaneous droplet aggregation and motion on hierarchical wedge-shaped functional surfaces of different configurations. (a) The effect of wedge angle of
branches (second-level structure); (b) The effect of bifurcation direction; (c) The effect of bifurcation symmetry.

An intuitional demonstration of such a process is given in Movie S3 in droplet aggregation and motion are found and explained from the po-
Supporting Information. tential energy point of view. It is found that three main conditions need
to be met: small wedge angles at each level, same orientation at each-
level and different levels and asymmetric branches at the same level. A
three-level wedge-shaped hierarchical functional surface is further nu-
merically designed, which can realize efficient water collection. The
results in this paper should be helpful for the precise design of hier-
archical functional surfaces of water collection in practical application.

5. Conclusion

Based on molecular dynamics simulations, numerical experiments
are systematically carried out in order to study the influencing factors
of spontaneous water collection on a hierarchical wedge-shaped func-
tional surface. Several important influencing factors, such as the vo-
lume of droplet, wedge angle, wedge orientation and symmetry of each-
level bifurcation, are systematically analyzed. Typical behaviors of
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Fig. 5. The effect of hydrophobic defect and shape gradient on the spontaneous droplet aggregation and motion. (a) A circular hydrophobic defect with a diameter of
0.8 nm; (b) A circular hydrophobic defect with a diameter of 1.6 nm; (c) Surface consisting of rectangular hydrophilic strips.
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Fig. 6. Snapshots of spontaneous water collection on a three-level hierarchical wedge-shaped functional surface. Wedge angles of the main trunk, secondary branches

and the smallest ones are 6.54°, 3.41° and 2.14°, respectively.
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