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ABSTRACT:

Surface functionalization has important application prospect in many aspects, for
example, anti-drag, anti-pollution, anti-icing, self-cleaning, reversible adhesion, water
collection, etc. Recently, a new technique of functional surface was proposed, in which
a droplet can be activated to move from the narrow end of a wedge-shaped hydrophilic
region imbedded in a hydrophobic surface to the wide end. Systematic molecular
dynamic simulations and theoretical analysis are carried out in this paper in order to
understand the motion mechanism and more systematic designs for advanced functional
surfaces are further proposed. It is found that the potential energy of droplet decreases
continuously as a function of distance when the droplet moves from the narrow end of
the wedge-shaped track to the wide end and the corresponding potential energy
achieves the minimum when the droplet completely enters the hydrophilic region.
Effects of the wedge angle of hydrophilic area and the size of droplet on the moving

behavior are systematically investigated. It is interesting to find that both factors would
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show significantly influence on the moving behavior of droplets, which is well
consistent with the experimental observations. Theoretical analysis is further carried
out, where driving force of droplet transport is well achieved. All the MD simulation
results and experimental observations can be well explained by the nonlinearly changed
driving force. Finally, several new designs of functional surfaces for controlling droplet
transport, including droplet turning, pinning, accelerating, gathering and moving path
selection are suggested, the feasibilities of which are further verified and discussed. The
results in this paper would be helpful for the design of advanced functional surfaces to

manipulate droplets in real applications.
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1. INTRODUCTION

Besides the transport of solid particles,!-> motion of liquid droplets on a solid surface has
achieved wide interests in both scientific and industrial fields due to its vital role in many fields,
like self-cleaning textiles fabrication,®”’ corrosion inhibition,? anti-freezing,” water collection,'%-
1 liquid transportation,'?-13 droplet-based micro-fluidics!# and oil-water separation,'s etc. Lu et
al.'® gave a good summary on recent research on dynamic wetting from newtonian fluids to non-
newtonian fluids and nanofluids while others focus on solid surfaces. The wettability of solid
surfaces is the main factor of concern, which can be modified fortunately and effectively by
changing the surface chemical composition'” and/or microstructures.!®!° For example, the
hydrophobicity of surfaces with pillar and groove micro-structures can be enhanced by
increasing the pillar height or roughness and becomes constant beyond certain values of pillar
height.'® It can also be tuned dynamically by varying the external fields, for example, electrical
potential,?® ultraviolet irradiation,?! extension?’ and temperature.> Based on the wettability
gradient of surfaces, several approaches regarding the drive of droplet motion have been
reported.'? 2426 Zhang et al.?’” proposed another interesting concept of shape gradient, i.e., a
wedge-shaped or triangular-shaped hydrophilic surface embedded in a hydrophobic surface to
obtain a composite surface (called as a wedge-shaped or triangular-shaped functional surface),
to drive water droplet self-running. Hkoo and Tseng fabricated a wedge-shaped chemically
patterned gradient surface to obtain the spontaneous motion of water droplets for a wide range
of water droplet volume, in which the highest reported velocity of water droplets on such a
gradient surface is 0.5 m/s so far.?® Alheshibri et al.?® made a hydrophilic aluminum wedge

surface based on a hydrophobic copper and found that water droplets move towards the end of

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

the wedge and contact more aluminum surface area. They found that the mode of droplet motion
depends on the wedge angle and the moving speed depends on both the wedge angle and contact
angles on Al and Cu surfaces. Zheng et al.® made a wedge-shaped super-hydrophobic copper
surface with a polydimethylsiloxane (PDMS) oil layer to achieve droplet motion, in which the
wedge angle was also found to be a key factor influencing the maximum moving velocity and
position of droplets. Ghosh et al.3! and Ody et al.?? adopted the similar shape-gradient scheme to
study more complex manipulations, including liquid metering, merging, dispensing, splitting and
stop of an individual ferrofluid droplet with a uniform magnetic field.

Although the wedge-shaped functional surface has been experimentally proved to be a
feasible way for actuation of droplet motion and some simple functions have been achieved, it
is not enough to meet the requirement of many real applications, like lab-on-a-chip'# 33 to study
aggregation and mixing of droplets required for the kinetics of biological and chemical reactions.
Controlling path would be much helpful for the separation and classification of droplets
containing different substances. Rapid and precise control of droplets should also be useful in
some real applications, which may be realized by the pinning method. Therefore, more efforts
are still required to find potential skills for more real functions, such as controlling the moving
direction of droplets, accelerating, pinning or stopping a moving droplet, gathering discrete
droplets, etc.

In this paper, both the molecular dynamic simulation method (MD) and theoretical model
are adopted to study the mechanical mechanism of droplet motion on wedge-shaped functional
surfaces. The main influencing factors of droplet transport, such as the wedge angle and size of

the droplet are discussed, the results of which are compared with the existing experimental
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observations. Some new techniques of controlling droplet motion, including the further transport,
turning, pinning and gathering of droplets, are further proposed. The feasibility is verified

numerically and theoretically.

2. SIMULATION DETAILS

2.1 Numerical model

70 nm

20 nm

(a) top view

(b) front view
Figure 1. Schematic of the simulation system. (a) the top view; (b) the front view.

A wedge-shaped hydrophilic zone is embedded in a 20 nm-wide and 70 nm-long rectangular
hydrophobic substrate surface, where the wedge angle is 15°. Without loss of generality, we use
graphene as the substrate. A spherical water droplet of diameter d is put at the wedge end as
shown in Figure 1a. In our simulation, the water droplet is treated as a standard model (SPC/E)3*
35 with the SHAKE algorithm.?¢ Besides the SPC/E model, TIP3P37 and TIP4P3® models have
also been considered, the spontaneous motion simulated by three models are almost the same,
the corresponding analysis can be found in Figure S1 of Supporting Information. The long-range

Coulomb interaction in water droplet is computed by particle-particle particle-mesh (PPPM)
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algorithm.3® The C-C interaction in the graphene substrate with different wettability is described
through AIREBO potential.*? Interaction between the oxygen atom in water droplet and carbon
atom in graphene is described by Lennard-Jones potential ¢(r)=4¢[(o/r)'?-(o/r)¢], in which the
equilibrium distance o takes 0.319nm. However, the well depth ¢ would take two values of 5.85
and 1.95 meV, which correspond to 51° and 138° contact angles, respectively*!-#> and could be
achieved through charge-carrier density*® or oxygen-containing functional groups*
experimentally. The temperature of water droplet remains 300 K with the Nosé-Hoover
thermostat. The cutoff distance is set as 1 nm and 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).43

2.2 Numerical analysis
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Figure 2. A water droplet moves spontaneously within an embedded wedge-shaped region on a graphene sheet.
(a) Snapshots of the position of droplet on the wedge-shaped functional surface at 0, 0.2, 0.4, 0.6 and 1 ns; (b)
Position and velocity of the water droplet as a function of the collapsed time; (c) Snapshots of the configuration
of a moving droplet observed in different directions. The diameter of the droplet d is 5 nm.
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In order to achieve the energy minimization, the droplet is initially placed far away from
the interface of the hydrophobic and hydrophilic areas, after which the droplet is kept at 300 K
with Nosé-Hoover thermostats for a long time to reach thermal equilibrium and optimal
configuration. Then, the droplet is put at the narrow end of the wedge-shaped hydrophilic region
to study its transport mechanism as shown in Figure 2a. Once the droplet is released, it moves
spontaneously to the right tail in the wedge-shaped hydrophilic region. Finally, it stops after
completely entering the hydrophilic region without contact between the boundary of water
droplets and the boundary between hydrophobic and hydrophilic areas. Snapshots at 0, 0.2, 0.4,
0.6 and 1ns are shown in Figure 2a and a typical movie S1 is given in Supporting Information.
The instant position and velocity of the droplet are recorded in Figure 2b. From Figure 2b, it
shows that the distance from the initial wedge end increases very quickly at the early stage and
then increases slowly at the consequent stage. Finally, the droplet will oscillate at a certain place.
While the instant moving velocity of the droplet increases sharply at the initial stage and achieves
the maximum before the moment of the whole droplet entering the hydrophilic area.

The varying trend of velocity can be easily explained by the net force acted on the droplet
as shown in Figure S2 of Supporting Information, which can be directly achieved in MD
simulation. Initially, the net force is positive, which leads to a positive acceleration and an
increasing velocity of droplets. When the net force vanishes at about 0.15 ns, the velocity of
droplets reaches to the maximum. At this moment, the droplet is about 20.7 nm far away from
the narrow end of the wedge-shaped hydrophilic region as shown in Figure 2b and the
corresponding configuration is shown in Figure 2c. After that, the net force becomes negative,

which leads to a negative acceleration and a decreasing velocity. All the phenomena agree well
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with the understanding of mechanics. Afterwards, the droplet slows down very quickly
accompanying with an increasing distance from the left wedge end. Finally, the velocity will
oscillate near zero, corresponding to a small oscillating distance from the left wedge end. The
largest distance from the left wedge end is about 31.9 nm at this case and the maximum velocity
of droplet is about 132.4 m/s, which is much faster than the achieved velocity of 1m/s on a
wettability gradient surface using molecular dynamics simulations [18]. Similar comparable
results are also reported in different experiments. The velocity of a droplet measured
experimentally on a wedge-shaped surface is about 0.5 m/s?®, which is much higher than the
experimental velocity 0.001 m/s on a wettability gradient surface*®. The present results directly
verify the view of Khoo and Tseng?® that the design of a wedge-shaped functional surface may
be of specific value to applications requiring higher moving velocity of droplets, such as fuel
cells and semiconductors. Note that the maximum droplet velocity obtained in the MD
simulations is actually much higher than that yielded experimentally?®, which is due to two
factors. (1) The substrate in MD simulations is always ideal atomically-smooth, which leads to
a much smaller friction force, while the roughness and defects on a real surface are inevitable.
(2) The driving force per unit volume decreases as the droplet diameter increases as shown in
Figure 4b (details will be discussed later), leading to a larger driving force per unit volume acted
on nano-droplets in MD simulations than that of a micro- or even macro-droplet in experiments.

During the motion, the instant configuration of droplets would change continuously due to
the varying contact length between the boundary of water droplets and the boundary between
hydrophobic and hydrophilic areas as shown in Figure 2¢, where the configuration of a moving

droplet is observed at different moments. It shows that the contact angle at each point on the
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contact line is not a constant at least until the droplet completely enters the hydrophilic wedge.
At the initial stage, the droplet has a spherical shape. At the moment of 0.15 ns, the droplet looks
like a rugby, which is longer in the moving direction. As shown in the front view, both the trailing
and leading sides of the droplet are in the hydrophilic region, the contact angle at the trailing side
is about 55° and the one at the leading side is 45° as shown in Figure 2c. Several reasons may
induce different contact angles at the leading and trailing edges. (1) The shape of the droplet at
0.15 ns is not symmetric due to the wedge-shaped hydrophilic substrate surface, which is
different from the case of a droplet on a symmetric surface. (2) The recorded contact angle is an
instantaneous one since the droplet is moving. (3) It may be attributed to the less molecule
number employed in the simulations, since the droplet adopted in the present simulation is
relatively small. As a result, a strong fluctuation cannot be avoided. In the left view, the contact
angle is about 100° due to the effect of boundary of the hydrophobic and hydrophilic regions.
As the droplet continues to move along the middle line, the droplet will totally enter the
hydrophilic region. Finally, the droplet stops and achieves static equilibrium, the contact angle

is about 51° at all points on the contact line and the droplet becomes a spherical-cap.

2.3 Theoretical model and analysis

In order to disclose the mechanical mechanism, the potential energy of the water droplet
during motion is shown in Figure 3a. It shows that the potential energy of the droplet decreases
continuously as it moves forward and reaches to the minimum finally when the droplet stops in

the hydrophilic zone.
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Figure 3. (a) Variation of the potential energy of water droplet during motion; (b) Comparison of the driving
force on the water droplet predicted numerically and theoretically. The diameter of water droplet is d 5 nm
and the wedge angle o is 7/12.

A simple theoretical model can be adopted to further analyze the motion of droplet, in which
both the driving force and friction force on the droplet are considered. The net force acted on the
moving water droplet can be written as:

F=F,~F, @)
in which F, and F, denote the driving force and the friction force. For simplicity, it is
assumed that the droplet is always spherical cap with a constant volume. The contact radius is
assumed linearly increase as the droplet move from hydrophobic region to the hydrophilic one.

Then, we have

0, (I:x0<—R2)
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where 6, and 6, are contact angles of water droplet on the hydrophilic and hydrophobic regions,
respectively. y is the liquid-gas interfacial tension, a is the wedge angle. The detailed parameters
are given in Table 1. x is the x-coordinate with its origin at the center of the contact area. ¢; and
¢, represent azimuthal angles to the hydrophilic/hydrophobic boundary as shown in the inset of
Figure 3b. R is the radius of the contact area, which linearly increases with x. R; and R, are the
corresponding radii when the droplet is in hydrophilic and hydrophobic areas, respectively. Ry is
the radius when the trailing side lies at the wedge vertex.

Detailed expressions and analysis are given in Supporting Information.

Table 1: The parameter of the theoretical model

6:(°)  6:(°)  y(mN/m) a

51° 138 72.8 /12

According to the characteristic of driving force on the droplet, the whole moving process
can be divided into 4 parts. For the I and IV part, the droplet is on hydrophobic and hydrophilic
region, respectively, the corresponding driving forces are both zero. As for the II or III part, the
droplet is across both hydrophobic and hydrophilic region, leading to a nonzero driving force.
The contact radius R and azimuthal angles ¢; and ¢, are function of x-coordinate of droplet
center. Hence driving force varies with x-coordinate of droplet center. The whole variation
tendency of the driving force is shown in Figure 3b.

According to the reference®’, the friction force of water droplet across the wettability

gradient interface can be written as:

Fi z_(gl/llAl +g2/12A2)v “4)
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Where v is the velocity of droplet. The subscripts 1 and 2 denote the hydrophilic and hydrophobic

region, respectively. The parameters g,and 4, are geometry factors and friction coefficients of
droplet on corresponding substrates, which are related to the wettability of substrates and can be
found in reference?’. The parameters A are contact areas for droplet on substrates with
different wettability.

From Eq. (4), it is found that the friction force is zero for a static droplet. However, the
friction force would increase with the moving velocity of droplets. Once the friction force is
larger than the driving force, the droplet would decelerate.

In order to arrive the driving force, we move the droplet on different positions along the
middle line of the substrate and minimize its potential energy by fixing the center of mass of
droplet. The force between the relaxed droplet and both hydrophilic and hydrophobic substrates
is regarded as the driving force of droplet on the corresponding position. In this way, the driving
force of droplet on any point along the middle line of substrate can be found. Both the driving
force predicted theoretically and that achieved numerically as a function of its position are shown
in Figure 3b, which can be divided into four parts according to its varying characteristics. Though
the driving force varies nonlinearly, it is interesting to find that both results agree well with each
other, at least for the overall trend. In part I, the driving force is zero since the whole droplet lies
in the hydrophobic region, the droplet will never move. In part II, the leading side of the droplet
starts to enter the hydrophilic region, the driving force increases almost linearly. When both the
leading and trailing sides of the droplet enter the wedge-shaped hydrophilic area, the driving

force would increase nonlinearly and then decrease nonlinearly until the entire droplet is
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completely in the hydrophilic zone. Finally, the driving force vanishes in part IV since the whole
droplet lies in the hydrophilic region.

Difference between the theoretical value and the numerical one cannot be avoided, which
is essentially induced by the assumption of spherical cap shape and linearly increasing radius of
the droplet without considering the exact configurations as observed in Figure 2c. Similar
prediction was carried out by Alheshibri?®, however, only the corresponding III part was
analyzed, and the contact radius was assumed as a constant. Our result is more accurate in

predicting the driving force.

2.4 The effect of droplet size and wedge angle on droplet motion
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Figure 4. The effect of droplet diameter and wedge angle on the motion of droplet. (a) The snapshots, (b) net
force and (c) the driving force per volume of water droplet for cases with droplets of different diameters d=3,
4 and 5 nm on the wedge-shaped functional surface, where the wedge angle is fixed as o=r/24. (d) The
snapshots, (e) net force and (f) the driving force per volume of water droplet for cases with different wedge
angles a=n/12, 7/18 and 7/24, but with a fixed droplet diameter 5 nm.

The effect of droplet size and wedge angle of the hydrophilic zone on the moving behavior
of droplets is further analyzed as shown in Figure 4. When the wedge angle is fixed as a=nr/24,

droplets of different diameters 3, 4 and 5 nm are studied. We find that both the moving velocity
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and the final distance are influenced by the size of droplet. The smaller the droplet, the faster the
initially moving velocity is. As shown in Figure 4a, at the moment of 0.2 ns, the smallest droplet
moves the fastest. The maximum velocity of droplet decreases from 156.7 m/s to 117.7 m/s as
the droplet diameter increases from 3 nm to 5 nm. Such a result is consistent well with the
experimental observation?®. However, the smaller the droplet, the smaller the final distance will
be. The droplets will stop at about 0.3, 0.5 and 0.6 ns, respectively, for droplets of different
diameters 3, 4 and 5 nm as shown in Figure 4a, which is because of the varying net force as
shown in Figure 4b. The net force per volume of droplet at the initial stage increases as the
droplet diameter decreases, leading to the largest velocity in the initial stage of the smallest
droplet. As the droplet moves forward, the smaller the droplet, the faster the net force decreases,
leading to a smaller moving distance for a smaller droplet. The driving force for droplets of
different sizes is also given in Figure 4c¢ for comparison.

For a droplet with a fixed diameter, we vary the wedge angle to check the moving behavior
of the droplet as shown in Figure 4d, where the wedge angle a decreases from #/12 to 7/24. It is
found that with the smaller wedge angle, the initial moving velocity of droplet will be lower.
Such a conclusion can be verified by the position of droplet at the moment of 0.2 ns as shown in
Figure 4d. However, with the smaller wedge angle, the droplet will move farther as shown in
Figure 4d, which can be explained by the net force acted on the droplet as shown in Figure 4e.
The initial net force is the largest in the case with the largest wedge angle, leading to the fastest
moving velocity of droplet on largest wedge angle. However, the net force will decrease faster
in the case with a larger wedge angle, which leads to a shorter moving distance as shown in

Figure 4d. The corresponding driving force is also given in Figure 4f for comparison.
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All the results are consistent with the experimental observation®?. At the bottom of the
matter, the driving force of droplet comes from the unbalanced one of the droplets in the
hydrophobic and hydrophilic regions. When the droplet totally enters the hydrophilic wedge-
shaped region without any contact with the boundary between the hydrophobic and hydrophilic
areas, the driving force acted on the droplet will vanish. As a result, droplets will slow down and

stop at a certain position finally.

3. RESULTS AND DISCUSSION

0 ns /18 0 ns
Yn/18 /12
)n/18

0.05 ns 0.05 ns

0.2 ns 0.1 ns

1 ns 1 ns

10 nm 20 nm 30 nm 10 nm 20 nm 30 nm

(a) (b)

Figure 5. The pinning behavior of water droplet on different patterned surfaces. The droplet diameter is set to

> 1 >

be 3 nm. The yellow/pink indicates the hydrophilic/hydrophobic surface. (a) Multiple wedge-shaped
functional strips owning the same angle 7/18 and sharing a common vertex. (b) A wedge-shaped hydrophilic
strip with a wedge angle /12 decorated by a circular hydrophobic defect of diameter 2 nm.

In order to control the stopping point of water droplets, several kinds of patterned surfaces
are designed numerically as shown in Figure 5. A patterned surface containing three wedge-
shaped functional strips with the same wedge angle /18 and a common vertex is shown in Figure

5a, where two hydrophilic strips are separated by a hydrophobic one. When a droplet locates at
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the vertex, it will move to the right due to the unbalanced force. Finally, it will stop and be pinned
at a certain position, where the net force acted on the droplet should vanish. Numerical
calculations demonstrate that the pinned position could be tuned flexibly by adjusting the wedge
angle of the hydrophobic or hydrophilic area. The pinned position is farther whether a smaller
hydrophilic wedge-shaped angle or a smaller hydrophobic wedge-shaped angle is adopted, for
which typical examples can be found in Figures S7-8 of Supporting Information. Another
simpler design is shown in Figure 5b in order to pin a droplet with diameter 3 nm. It is found
that a circular hydrophobic defect at least 2 nm in diameter is needed in the hydrophilic region.
Otherwise, the droplet may move over the defect. Detailed discussion can be found in Figure S4

of Supporting Information.

Figure 6. Nonlinear motion of a water droplet of diameter 3 nm on a patterned surface. The corner angles of
the curve path are (a) 90° and (b) 40°. The hydrophilic path is designed as (c) a spiral or (d) a sinusoid curve.

In order to control the moving direction of droplets, different curve paths could also be
designed as the moving trajectory as shown in Figure 6. When a droplet is placed at the narrow

end of the wedge-shaped curve path, it will move forward, turn 90 degrees, and keep going, as
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shown in Figure 6a. The wedge-shaped curve path with 40 degrees has been carefully studied.
The droplet even placed near the corner can move over the corner for a droplet with diameter 3
nm, as shown in Figure S5c, which may be due to the unbalanced force. The inertia of droplet
does not play a role in this case. However, for a smaller droplet, 2.5 nm in diameter for example,
the droplet placed near the corner will oscillate at the corner and does not move forward, which
may be due to an approximately balanced force. Interestingly, if the droplet placed far from the
corner, it can move over the corner as shown in Figures S5b,d. Therefore, it can be inferred that
whether the droplet could move over the corner or not may depend on the coupling effect of its
inertia and the net force. Furthermore, droplets can also be guided on a nonlinear path as shown
in Figures 6¢ and 6d, it will move along the desired spiral or sinusoid curve path. Such a droplet
path guidance should be of great value for droplet manipulations, which is highly expected in
drug delivery and biomolecular motility*®. The manipulation of droplets along a desirable
nonlinear path is also presented in*?, in which only a simple arc path was achieved based on the
concept of wetting gradient. Actually, it is relatively difficult to fabricate a wettability gradient
surface with complex trajectories in*?, like a sinusoidal or spiral path. However, only two
surfaces of different wettability are enough to realize the path control of droplets in the present

way.
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(b) 0.1 ns

4+5

(c) 0.2 ns

14243 44+5

(d) 1 ns

14+2+344+5

Figure 7. Snapshots of water aggregation on a patterned surface with multiple wedge-shaped tracks. The
diameter of each water droplet is 2 nm. The angles of the main track and lateral branches are 6.5° and 3.4°,

respectively.

Based on the above single wedge-shaped moving trajectory, more complicated system can
be designed to realize an upgraded function of water aggregation as shown in Figure 7, where a
root-like hydrophilic area can be designed on a hydrophobic surface. Small droplets of diameter
2nm are placed at each end of four wedge-shaped lateral branches with wedge angle 3.4°, all of
which are connected to a main trunk of wedge angle 6.5°. Each droplet is number as shown in
Figure 7. It is found that droplets 1, 2 and 3 move toward the main trunk and aggregate from
start to 0.1ns. Then, the aggregated droplet moves forward. Meantime, the same thing happens
with droplets 4 and 5, which induces another aggregated droplet. The moving velocity of the
aggregated droplet forming by droplets 1, 2 and 3 is faster than that forming by droplets 4 and 5,
consistent with the result in the above single wedge-shaped case. Finally, two aggregated
droplets combine into a larger one at 0.2 ns as shown in Figure 7c, which moves forward and
stops at a certain position. Typical movie can be found in S2 of Supporting Information. Such a

multi-track wedge-shaped surface has been successfully reported recently in experiments3. All
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the numerical results agree well with the experimental observations. Based on such an interesting
phenomenon, systematic study is feasible, including the effect of lateral branch angle,
symmetrical feature of lateral branches, existence of defects, etc. For reasons of length,

interesting results in this area will be presented systematically in the near future.

0ns :
& ros —«
38

Ons

(a)

Figure 8. Snapshots of water acceleration and path selection on a patterned surface with multiple wedge-shaped
tracks. The diameter of water droplets is set to be 3 nm. (a) Contact angles of the pink, yellow and green areas
are 138°, 51° and 15°, respectively. (b) Contact angles of the pink, blue, yellow and green are 138°, 79°, 51°
and 15°, respectively.

The moving velocity and the transport distance of droplets can also be improved by the
combination of simple wedge-shaped surfaces with different wettability. Different designs can
be simply realized as shown in Figure 8. The pink hydrophobic surface has a contact angle of
138°, while the yellow and green hydrophilic wedge-shaped parts have contact angles of 51° and
15°, respectively, as shown in Figure 8a. When a droplet of diameter 3 nm is placed at the end
of the yellow wedge-shaped part, it will move forward. If the green hydrophilic wedge-shaped
part is well designed, the droplet could get to the end of green part. Subsequently, the droplet

will enter the green wedge-shaped area and move forward. Not only the transport distance but
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also the effective moving velocity can be significantly improved. Furthermore, if the functional
surface is well designed as that shown in Figure 8b, where contact angles of the pink, blue,
yellow and green areas are 138°, 79°, 51° and 15°, respectively, a water droplet could be
transported from the end of the blue wedge-shaped area to the more hydrophilic green area with
a contact angle of 15° to realize path selection. Such a design may be useful for the separation
of droplets of different wettability.

In fact, it is feasible to fabricate the above design of functional surfaces. The wettability of
a solid surface can be modified effectively by the surface chemical composition!” and
microstructures'®1°, With these methods, patterned surfaces with different wettability could be
achieved. A pillar-structured surface with gradient pillar sizes was designed to drive droplet!?,
the stripe-patterned gradient surface was created via fluorinated self-assembled mono-layers and
SiO, substrate to control droplet motion?. In addition, the surface wettability could also be
modified by external fields, for example, a reversibly switching surface could be design in

response to electrical potential by controlling the molecular conformations?’.

4. CONCLUSIONS

Using MD simulations and theoretical analysis, we present the novel idea that includes the
study of driving mechanism of water droplet moving on a wedge-shaped functional surface and
is capable of designing complex manipulation methods for droplet motion. Spontaneous droplet
motion on hydrophilic wedge-shape surface by inset on hydrophobic surface are achieved. Along
with the moving velocity, we can also tune the transport distance by changing the wedge angle
and water droplet size. Based on the wedge-shaped transport technique, several novel designs of

functional surfaces are proposed above, through which complicated manipulations can be
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achieved. The transport distance of droplets can be controlled precisely through the pinning

behavior on a multiple wedge-shaped surface or wedge-shaped surface with hydrophobic defect.

oNOYTULT D WN =

9 The transport direction can also be controlled by the area-gradient hydrophilic surface, even with
12 a sharp turning angle, spiral or sinusoidal curve path. Combination of multiple wedge-shaped
functional paths, the droplet aggregation will be achieved finally. Furthermore, the moving
17 velocity and transport distance could be improved through multiple tracks with different
20 wettability, based on which path selection can be achieved simultaneously. The results and the
novel technique presented in this paper can be very useful for the design of functional surfaces
25 to control and manipulate droplet motion, even also for separation of droplets of different

wettability. This work may lead foundation for further exploration in this area of research.
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Figure 2. A water droplet moves spontaneously within an embedded wedge-shaped region on a graphene
sheet. (a) Snapshots of the position of droplet on the wedge-shaped functional surface at 0, 0.2, 0.4, 0.6
and 1 ns; (b) Position and velocity of the water droplet as a function of the collapsed time; (c) Snapshots of
the configuration of a moving droplet observed in different directions. The diameter of the droplet d is 5 nm.
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Figure 6. Nonlinear motion of a water droplet of diameter 3 nm on a patterned surface. The corner angles of
the curve path are (a) 90° and (b) 40°. The hydrophilic path is designed as (c) a spiral or (d) a sinusoid
curve.
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Figure 8: Snapshots of water acceleration and path selection on a patterned surface with multiple wedge-
shaped tracks. The diameter of water droplets is set to be 3 nm. (a) Contact angles of the pink, yellow and
green areas are 138°, 51° and 15°, respectively. (b) Contact angles of the pink, blue, yellow and green are

138°, 79°, 51° and 15°, respectively.
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