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ABSTRACT: The solid surfaces with different profile levels
impact the liquid—solid contact nature and hence wetting
characteristics, showing a vital role in liquid droplets’ mobility
and dynamic behaviors. Therefore, engineering nanostructured
features ultimately enables tuning and controlling the dynamic
motion of droplets. In this study, we demonstrate an approach to
manipulate nanodroplets’ motion behaviors in contact with a
surface through tailoring the surface morphological profile. By
tracking the trajectories of water molecules at the interface, we find
that the motions of a nanodroplet subjected to different levels of
lateral force reveal various modes that are identified as creeping,
rolling, and jumping motions. Interestingly, the elastic deformation
of the droplet and sudden changes in the receding contact angle
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provide the mechanistic origin for droplet jumping. Guided by computational simulations, a regime map delineating the droplet
motion modes with surface profile levels and applied forces is constructed, providing a design strategy for controlling droplet

motions via surface engineering.

B INTRODUCTION

Nanoscale interfacial phenomena are ubiquitous, and their
behavior plays an important role in manipulating interfacial
and phase change performnaces. The examples utilizing
interfacial phenomena in nature (Figure 1a,b) include plant
leaves (e.g,, lotus) that enable self-cleaning and anti—icing
performances through their hydrophobic characteristics.”
Among multiple interfacial phenomena, engineering droplet
dynamics can benefit broad applications,” such as phase change
surfaces (by facilliating dropwise condensation),”” water-
repellent surfaces® (that can be used for water harvesting and
collection), and the design of batteries or electrolytes. Utilizing
nano- or micropatterns (e.g., grooves” and pillars”) on surfaces
is known to transform their solid—liquid contact behavior by
enabling superhydrophobicity.”” Surface roughness can be
modified across a wide range' by fabricating microscale and
nanoscale structures with various shapes'' such as sintered
particles,12 pillars and grooves,5’7’13”14 meshes,"”'® and nano-
wires.'” In addition to this, the thicknesses and length scales of
such structures can range from a few angstroms to several
nano'® or micrometers."

There have been several studies in the literature dedicated to
the investigation of surface interactions with water from a
molecular perspective, such as the wettability of flat surfaces of
carbon nanotubes,”* crystalline polyethylene surfaces,” quartz
surfaces,”® and graphene-coated surfaces.”” However, the
majority of previous studies has investigated the effects of
the geometrical attributes and chemistry of surfaces on the
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equilibrium or static state of droplets.”” Examples of previous
studies focused on the effects of pillar heights and interfacial
area on wetting states”"** or external fields (e.g. electric field*
or external body forces'*).

Although the effects of surface structures on their wetting
characteristics have been extensively studied, it is still unclear
how these surface structures can alter droplet dynamics on
such surfaces,”® which is necessary for engineering moving
droplets. In addition, it has been nearly impossible to
experimentally capture nanodroplets and their dynamic
motions near the contact area with solid. The dynamic
interfacial contact line between solid and liquid surfaces is
affected by the molecular-scale structures;”’ therefore, most of
the available models lack the accuracy required for dealing with
molecular interactions in surfaces with nanoscale rough-
nesses.’’ *> A proper understanding of the dominant
mechanisms of droplet motion on rough surfaces is essential
for eflicient control of droplet motion and tailoring of their
dynamics for specific applications.*®

In this study, we investigate the combined effect of
morphological characteristics and external body forces on
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Figure 1. Dynamic motion behaviors of water droplets on rough surfaces. The images show water droplets on a (a) butterfly wing and (b) a leaf.
The nanostructured textures of the butterfly wing enable superhydrophobic wettability. Our simulations illustrate how nanodroplets behave on
surfaces with different profile factors, as represented in time-lapse snapshots. A nanodroplet on the surface with a high profile factor has a smaller
contact area and maintains its spherical shape with minimum deformation when subjected to external forces, leading to rolling—jumping motions. A
droplet on a surface with a low profile factor results in the deformation of the droplet shape and creeping motion. The surfaces observed from
nature motivate us to mimic these profiles to control the droplet dynamics.
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Figure 2. Dynamic contact angle of a droplet on hydrophobic and hydrophilic surfaces. (a—c) Plots showing the effects of force on the dynamic
advancing (circle) and receding (square) contact angles of a nanodroplet on a flat hydrophobic surface (where the van der Waals energy between
solid and liquid atoms is 0.0073 eV). As the value of force increases from F1 = 3.12 X 1075 eV/A to F3 = 1.24 X 107™* eV/A, the difference between
the advancing and receding contact angle (that is contact angle hysteresis) decreases. (d—f) Plots showing the effects of force on the dynamic
advancing and receding contact angle of a droplet on a flat hydrophilic surface (where the van der Waals energy between solid and liquid atoms is
0.0111 eV). In contrast to the hydrophobic surface, the contact angle hysteresis increases as the force increases on a hydrophilic surface, evidencing

a crawling motion.

droplet dynamics from a nanoscale perspective by employing
molecular dynamics simulations. Moving droplets are simu-
lated on surfaces with different surface profile factors. Their
motions are identified as creeping, rolling, or jumping depending
on the combination of the location and velocity of water
molecules in a droplet, the droplet rotations, and the evolution
in liquid—vapor—solid contact lines (Figure 1). This allows us
to gain a deeper understanding of the change in droplet
motion modes due to surface engineering, which is critical to
elucidate the physics behind droplet dynamics and to design
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surfaces with desired characteristics. The knowledge can be
used to develop a regime map and guidelines for the design of
efficient water collecting surfaces where the control of
nanosized water droplets is essential.

B RESULTS

Droplets on Flat Surfaces. We first investigate the
evolution of the droplet on a flat surface with either
hydrophobic or hydrophilic characteristics (with van der
Waals energies of 0.0073 and 0.0111 eV, corresponding to
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Figure 3. Droplet motion modes. (a) Surface profile factor P is defined based on the geometrical parameters of the grooves, such as width (W),
channel size (W; same with the width), and height (H), as well as a droplet diameter (D). Time-lapse images of droplets are shown from molecular
dynamics simulations where the initial molecules that contact with a solid surface are shown in dark colors in (b—d). (b) Time-lapse captures show
the creeping motion of a droplet where there is a significant velocity gradient between the interfacial water molecules and the surface molecules.
The large gradient results in the deformation of the droplet and its creeping motion. (c) Captures show the jumping motion of a droplet. Jumping
occurs when the body force overcomes the interaction forces between the liquid and solid molecules and causes the droplet to deattach from the
surface. (d) Captures show the rolling motion of a droplet. In the rolling motion mode, the surface and interfacial molecules constantly change their
locations, while the center of mass of the droplet only moves in the direction of the force.

the static contact angles of 120 and 87°, respectively; see the
Methods section for the details). Once an external force is
applied to all the molecules, we calculate the dynamic contact
angles (e.g., advancing and receding contact angles represent-
ing the contact angles of leading and receding edges of the
droplet, respectively). Here, the applied external force
represents various potential boundary conditions, such as the
gravitational force for a droplet on a tilted surface,”* vapor
expansion forces during boiling phenomena,®>*® electrostatic
forces (e.g., charged droplets can react to electrostatic
forces),”’ magnetic forces (e.g, droplets containing metallic
particles can react to magnetic forces), van der Waals forces
between adjacent droplets, and attractive forces between a
single droplet and the surface.”® For example, when a droplet
sits on a tilted surface, it deforms with the presence of the
gravitational force. Before the droplet starts moving, this
gravitational force is in balance with the adhesion force
between the droplet and the rough surface. However,
increasing the inclination angle of the surface results in an
increase in the gravitational body force, which further results in
a decrease in the receding contact angle and an increase in the
advancing contact angle.

To identify the combined impact of surface wettability and
external force on droplet dynamics, the dynamic contact angles
of a nanodroplet with a diameter of 60 A, consisting of 8000
water molecules on a flat surface, are obtained and presented in
Figure 2. Figure 2a—c shows the dynamic advancing and
receding contact angles of a nanodroplet on a hydrophobic
surface, where the van der Waals energy between solid and
liquid atoms is 0.0073 eV (static contact angle = 120°). Figure
2d—f shows a nanodroplet on a hydrophilic surface with the
van der Waals energy of 0.0111 €V (static contact angle = 87°).
For small external forces (F1 = 3.12 X 107 eV/A) in Figure
2a, the droplet tends to slightly deform with an increase in the
advancing contact angle and a consequent decrease in the
receding contact angle. Therefore, as the droplet moves on the
flat surface, the contact angle hysteresis, which is defined as the
difference between advancing and receding contact angles,
increases. Inversely, for larger forces (F3 = 1.24 X 107" eV/A)
in Figure 2c, the contact area between the droplet and the
surface becomes smaller as the droplet regains its spherical
shape; hence, the contact angle hysteresis decreases. On
hydrophilic surfaces (Figure 2d—f), increasing the external
force from F1 to F3 results in more deformation of the
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nanodroplet and an increase in the contact angle hysteresis.
Our results suggest that the combination of surface wettability
and external force allows droplets to move on flat surfaces;
however, any significant variations of the droplet motion mode
are not observed. The droplets on a flat surface mostly creep,
crawl, or slide instead of showing any dynamic phenomena like
jumping.

B DESIGN OF NANOPROFILE

In real-life applications, surfaces are rarely smooth, and most
surfaces show a certain level of surface profile or roughness.
For example, Figure 1a shows that surfaces from nature, such
as butterfly wings and plant leaves, show different droplet
dynamics due to their inherent natural roughness attributed to
their micro- and nanoscale structures. Butterfly wings are
known as self-cleaning surfaces due to their capability to make
droplets always roll and keep the wings dry. Therefore, there
have been significant efforts to understand and mimic the
architectures of butterfly wings, but the understanding of the
roughness’s impact on the dynamic droplet behavior at the
nanoscale is still lacking. To address this challenge, we cover a
wide range of surface roughnesses by systematically manipulat-
ing the surface parameters and investigate their impact on
droplet dynamics with hydrophobic characteristics (with a
static contact angle of >100°).

Here, the surface profile factor is defined by using
geometrical parameters, including the aspect ratio of grooves
(H/W) and the nondimensional characteristic length of a

droplet (W/D): P = % + % , where H and W are the height

and width of a groove, respectively, and D is the diameter of a
water droplet (see Figure 3a). The profile factor in this study
ranges from P1 = 0.85 to P6 = 4.47, representing various types
of geometrical attributes for nanostructured surfaces, which are
summarized in Table 1. Figure 3a illustrates the profile factor
in a simulation cell (see the Methods section for the details of
the MD models).

Dynamic Motion Modes of Nanodroplets on Rough-
ened Surfaces. Geometrical attributes of the surface and
consequently the surface profile factors, as well as the level of
external forces can induce various dynamic behaviors of
droplets. During droplet motion on a rough surface, there is a
competition between the external force and lateral friction
forces. As a result of this competition between different forces,
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Table 1. Geometrical Attributes and Corresponding Profile
Factor for Nanostructured Surfaces

Pl P2 P3 P4 PS P6
height (A) 10.84 2530 1084 5061 2530  50.61
width (A) 2530 2530 1084 2530  10.84  10.84

profile factor 0.85 1.18 1.42 2.26 2.51 4.47

various droplet behaviors are categorized into three motions:
creeping, rolling, and jumping (Figure 3). To identify different
motion modes in simulations, we quantify dyanmic features
such as angular velocity, center of mass velocity, and dynamic
contact angles. To compute the angular or linear velocities, the
water molecules that initially are contacted with the solid
interface are separately marked. Further, the location of these
molecules is tracked with respect to the center of mass of the
droplet as the droplet moves along the surface.

Creeping. Creeping occurs when the motion of the
molecules at the interface is suppressed due to strong
interactions between the solid and liquid molecules, while
the molecules at the interface of the droplet are less impacted
by strong adhesions and have more freedom to move. Instead,
the marked molecules spread near the liquid—vapor interface
region as the droplet moves on the surface. The difference in
movements leads to significant velocity gradients along the
vertical direction and makes the water droplet deform and
further spread on the surface, called the creeping motion mode
(Figures 3b and 4a). In this mode, the difference between the
receding and advancing contact angles increases with time as
the receding angle continuously decreases.

Rolling. Water molecules on hydrophobic surfaces in many
cases often rotate around the center of mass of the droplet as it
advances on the rough surface, called the rolling motion mode.
Due to this continuous exchange of molecules from the
interface to the surface of the droplet, droplets roll on the
surface while maintaining their spherical shapes (Figures 3d
and 4b,c). In this case, the center of mass of the droplet moves
with a velocity that corresponds to the applied body force in

the motion direction. The constant rotation of surface
molecules around the center of mass of the droplet can be
observed in Figure 4b,c. The different colors within droplets
help us quantify droplet rotation by calculating droplet angular
velocities.

Jumping. Jumping is a motion mode that typically follows
the rolling motion and occurs when the interaction forces
between the liquid droplet and the surface are much smaller
than the interatomic interactions between liquid particles
(Figure 3c). The applied force on the droplet overcomes the
attractive forces between the liquid droplet and solid surface,
resulting in the separation of the droplet from the surface. This
mode occurs mostly with high external forces regardless of the
surface profile factors. A jumping mode is indicated by a
sudden increase in the value of the receding contact angle or
height. This occurs since the contact area of the droplet with
the surface rapidly decreases as the droplet gradually regains its
spherical shape. The asymmetric shape of the droplet with a
small contact area with the surface creates a favorable
condition for the droplet to deattach from the surface.

Effects of Profile Factor on Motion Modes. The surface
profile factor is one of the most contributing parameters to
droplet dynamic behaviors if the external force is relatively
small. A series of snapshots with a time interval of 50 ps of the
droplet motion on different heights and associated profile
factors are shown in Figure 4, in which the droplets are
subjected to the same force of F1 = 3.12 X 107° eV/A. As the
groove height increases from 10.84 to 50.61 A and the groove
widths decreases from 25.30 to 10.84 A (ie., surface profile
factor increases from P1 = 0.85 to P6 = 4.47 from Figure 4a—
c), the motion exhibits a transition from creeping to rolling
motion mode. Correspondingly, the steady-state linear velocity
of the droplet increases from 1 to ~9 A/ps where its angular
velocity increases up to 0.01 7/ps, as the color gradient within
droplets indicates.

Effects of Force on Motion Modes. The level of external
force dominates the droplet dynamic behaviors for the surfaces
with smaller profile factors. Therefore, we separately

a b

C 5nm

iy .l.l...l.l.l.l.l.l. 1

Time

= -I-I-I-I-I-B-I-I-I. l.ll.l.l.l.l.l.l.l.l.l.ll.lm.l.l.l.ll.l
= .I.I..I.I.I.I.l.s.l.

3114,

0.85

447

Surface Profile Factor

Figure 4. Effects of the surface profile factor on droplet motion. (a—c) Snapshot time series show the droplet motion mode for profile factor in the
range of P1 = 0.85 to P6 = 4.47, subject to an external force equal to F1 = 3.12 X 107> eV/A. For a small force (F1), the surface profile factor plays
a key role in determining the most dominant factor in droplet motions. For surfaces with a low profile factor (with a small groove height of 10.84 A;
P1 = 0.85), the droplet tends to deform with a large contact area with the solid surface and moves in the creeping motion mode. The same small
force causes a droplet on a rough surface (with a groove height of 50.61 A; P6 = 4.47) to move with the rolling motion mode. The water molecules
near the solid surface are marked with dark blue color to locate their positions and angular velocities in later stages of the simulation.
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Figure 5. Dynamic motion of the droplet as a result of applied force. (a—c) Time-lapse images of droplets on a rough surface (P3) for different
external forces (F1, F2, and F4). As the force increases from F1 to F4, the motion modes change from the creeping to rolling and eventually
jumping motion. (d) Plot showing the velocity of the center of mass of the droplet for different forces applied (P1 surface), describing two different
mechanisms: for small forces (F1 and F2), the velocity of the center remains almost constant with time due to droplet deformation and creeping
motion mode. For large forces (F3 and F4), the steady-state velocity increases and then converges to a constant value, where the dominant motion
mode of the droplet is rolling and jumping. (e) Plot showing the steady-state velocity of the droplet for two different surface profile factors of P1
(circle) and P6 (square). The creeping motion mode at small forces changes to rolling and jumping for larger forces.

investigate dynamic droplet motion modes by varying the
applied force from F1 =3.12 X 107> to F4 = 2.49 X 10™* eV/A
with a surface profile factor of P3 = 1.42. The time-lapse
droplet images in Figure Sa—c show the transition from
creeping motion mode for small forces to rolling and jumping
for larger forces. At smaller forces (F1 or F2), the velocity of
the center of mass reaches a constant value after a certain
simulation time (less than 100 ps), and the droplet motion
reaches steady-state motion, showing a creeping motion mode
based on the velocities. in Figure Sd. At larger forces (F3 or
F4), the steady-state velocity is reached at later stages of the
simulation (>300 ps), where the droplet motion mode is
considered as the rolling—jumping. The effect of force on the
droplet mobility is summarized in Figure Se, where the
transition between the creeping motion mode and rolling and
jumping is emphasized.

Transient Phenomena of Droplet Motions. To fully
explore the transition between the droplet motion modes with
varying surface profile factors and external forces, the time-
dependent velocities of the center of mass of the droplet for
different combinations (e.g., F1 = 3.12 X 107> eV/A to F4 =
249 X 10~ eV/A and P1 = 0.85 to P6 = 4.47) are recorded.
Here, for smaller forces (F1) in Figure 6a, the surface profile
factor is dominant to determine the modes of motion. As
forces increase from Figure 6b to 6d (compared to Figure 6a),
the transitions from creeping to rolling and jumping are
observed. In general, as the profile factor and force increase,
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the steady-state velocity tends to converge to a constant and
equal value; however, the sharp transition between the
creeping and rolling motion mode occurs for a surface with
the largest groove height (where the groove height is 63.2 A;
P3 = 1.42). In summary, the droplet motion mode changes
from the creeping motion mode to rolling and eventually
jumping from the surface with either a larger profile factor or
an external force.

Combined Effects of Profile Factor and Force toward
Design Guidelines. The dynamic contact angles of droplets
and corresponding motion modes are reported in Figure 7a.
The various behaviors in the shape of the droplet, as it moves
on the surface, result in different trends in the dynamic contact
angles, which can serve as indicators for the droplet motion
behavior. For instance, on surfaces with a low profile factor
(ie, P1, P2, and P3) and force F1, droplets deform
significantly, resulting in a continuous drop in the receding
angle while the advancing contact angle increases (Figure 7a).
This diverging trend in the contact angle hysteresis is an
indicator of the creeping motion mode. In contrast, on surfaces
with a low profile factor and large forces, initially, the droplet
experiences large elastic deformations; however, eventually, the
external force overcomes the adhesion forces, which results in a
sudden increase in the receding angle. This sudden increase
indicates the jumping motion mode due to the decreasing
contact area of the droplet with the surface and results in an
asymmetric and deformed droplet.
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Figure 6. Transition behaviors of droplet mobility with varying profile factors and forces. Plots showing the transient velocity of droplets for
different profile factors in the range of P1 to P6 with an external force of F1 to F4 (a—d). (a, b) For smaller forces, there is a significant difference
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heights, a droplet tends to deform showing a creeping motion mode. The same small force causes droplets with a high profile factor to move with a
rolling motion mode. (c, d) As the forces increase to F3 and F4, the dominant mode of motion becomes rolling and jumping. The difference

between the surface profiles becomes less significant.

The understanding of the combined effects of these two
parameters on droplet motions is essential for controlling the
mobility of water nanodroplets subject to external forces on
rough surfaces. Considering the combined effects of surface
profile factor and external body force, we have categorized the
motion modes of the droplet into four distinct regions in a
regime map in Figure 7b by quantifying the dynamic
characteristics of droplets. The regime map is a valuable
measure that can aid researchers in developing a design
strategy for tuning and controlling droplet motion via surface
engineering.

B DISCUSSION AND CONCLUSIONS

The goal of this paper is to explore a previously undefined
regime using molecular dynamics models. In this study,
dynamic characteristics of moving droplets, such as dynamic
wetting, molecule positions, and velocities, are directly
computed from molecular dynamics simulations, which can
not be obtained from either continuum scale models or by
experimental methods.”” Molecular dynamics models allow the
understanding of how nanodroglets can physically behave
differently from larger droplets,"’~** which have not been
observed through experiments. The simulation models are
developed and performed carefully (by using suitable force
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fields and models such as TIP4P that have proven to predict
thermophysical properties of both water and solid surfaces) to
investigate the fundamental and dynamic behaviors at the
atomic level.

As the scale goes down, it becomes extremely challenging to
maintain thermally stable nanodroplets without experiencing
heat and mass transfer across their liquid—vapor interfaces.
Therefore, the next level goal of this study is to further
understand the dynamic motion of nanodroplets on roughned
surfaces, subjected to external forces. Different combinations of
morphological parameters, surface wettability, and external
forces have been tested that lead to various modes of droplet
motions. Three different motion modes such as creeping,
rolling, and jumping motions are identified based on linear and
angular trajectory on rough surfaces, and a regime map is
integrated to predict droplet motion based on different
combinations of geometrical parameters and external forces.
The insights provide profound implications for the design of
specific surfaces for certain applications, for instance, the
engineered jumping motion of the droplet toward self-
cleaning*® and anti-icing"” and anti-frosting*® properties.
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Figure 7. Regime map showing droplet motion modes. (a) Plots showing the dynamic advancing and receding contact angles as a result of the
surface profile factor and the external force applied. (b) The nanodroplet velocities are used to create a regime map, showing the droplet velocity
ranges. The values of velocity magnitude are indicated with different colors, identifying different modes of droplet motion ranging from creeping,
rolling, and jumping. For surfaces with low profile factor values (i.e., P1, P2, and P3) and small forces (i.e, F1 and F2), droplets tend to creep on
the surface with large shape deformation. As the profile factor increases (P4, PS, and P6), the motion changes toward rolling.

B METHODS

The goal of this study is to explore previous undefined regime by
taking advantages of using MD models. The MD models allow us to
explore how nanodroplets can physically behave differently, which
have not been observed through experiments. MD simulations are
performed using LAMMPS (large scale atomic/molecular massively
parallel simulator).”” A water droplet consisting of 8000 water
molecules is placed on nanostructured surfaces with different heights
and widths to account for various surface profile factor. Solid atoms
are arranged in a face-centered cubic (FCC) structure with a lattice
parameter of 3.615 A. The solid—solid interactions are not considered
in this study and solid atoms only interact with the liquid molecules.
The solid atoms are excluded from time integration and therefore are
fixed through all the simulations.

Water molecules are modeled by the TIP4P-Ew water model,*
which is a four-site water model and allocates two sites from
hydrogen, one site for oxygen and one site for the negative charge of
the oxygen atom along the bisector of the H-O—H angle. The
SHAKE algorithm is used to keep the O—H and H—H bonds and the
H—O—H angle rigid. This model represents atomistic behaviors of
water molecules and predicts their thermophysical properties. To
describe the interactions between the solid atoms and the oxygen
atoms and oxygen—oxygen interactions, Lennard Jones (LJ) potential
is used with a cutoff distance of 12 A and & = 2.75185 A. The depth of
the potential well € is changed from 0.00737 to 0.0111 eV to
represent hydrophobic and hydrophilic flat surfaces, respectively.
Long-range coulombic interactions are calculated by using a particle—
particle—particle—mesh (PPPM) solver.”’

Nanostructures are created as rectangular grooves on a solid slab
with a thickness of 12.56 A. To account for various surface profile
factors, we consider different groove heights, groove widths, and
channel sizes. Six profile factors are considered in this study, ranging
from P1 = 0.85 to P6 = 4.47. The surface profile factor is a unitless
parameter, defined with two terms based on the aspect ratio of the
grooves and the nondimensional characteristic length of the droplet,
which is defined as the diameter of the droplet divided by the groove
width. In this study, for consistency, the width and the channel size
between the grooves are considered to be equal and are varied
between 10.84 and 25.30 A, while three different groove heights of
10.84, 25.30, and 50.61 A are considered. The details of the groove
geometrical dimensions are shown in Table 1.
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Initially, the water droplet is placed on top of the grooves in a cubic
arrangement. Then, the system is relaxed in NVT ensemble (constant
number of particles, constant volume, and constant temperature) at
300 K for 1 ns. After the equilibrium has been reached, the droplet
obtains its relaxed shape in contact with each surface, depending on
the properties of the surface, i.e., the characteristic energy between the
liquid molecules and solid atoms that are defined based on LJ
potentials. Periodic boundary conditions are posed in the ¥, y, and z
directions to ensure particle interactions across the boundary of the
system. It should be noted that the length of the system in the x and y
directions is chosen such that the periodic image of the droplet does
not affect the simulation results.
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