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Impact of nanodroplets on cone-textured surfaces
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Molecular dynamics simulations have been performed to study the dynamics of nanodroplets impacting on
a flat superhydrophobic surface and surfaces covered with nanocone structures. We present a panorama of
nanodroplet behaviors for a wide range of impact velocities and different cone geometrics, and develop a model
to predict whether a nanodroplet impacting onto cone-textured surfaces will touch the underlying substrate
during impact. The advantages and disadvantages of applying nanocone structures to the solid surface are
revealed by the investigations into restitution coefficient and contact time. The effects of nanocone structures
on droplet bouncing dynamics are probed using momentum analysis rather than conventional energy analysis.
We further demonstrate that a single Weber number is inadequate for unifying the dynamics of macroscale and
nanoscale droplets on cone-textured surfaces, and propose a combined dimensionless number to address it. The
extensive findings of this study carry noteworthy implications for engineering applications, such as nanoprinting
and nanomedicine on functional patterned surfaces, providing fundamental support for these technologies.
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I. INTRODUCTION

Interest in, and demand for nanodroplet research has un-
dergone a decade of rapid growth owing to the remarkable
achievements in related applications at the nanoscale, such
as electrochemical three-dimensional nanoprinting [1], spray
cooling using nanoencapsulated phase-change materials [2],
and even new concepts of cancer treatment by conjugating
anticancer antibodies with the nanodroplets [3], to name a few.
The necessity of obtaining a detailed understanding of nan-
odroplet dynamics is also driven by the fact that many models
based on classical fluid dynamics fail at the nanoscale because
of various scale effects [4-9]. Owing to the rapid develop-
ment of computational facilities, molecular dynamics (MD)
simulation is becoming one of the most widely used methods
to probe complex dynamics of nanoscale flows (by solving
the Newtonian equations of motion to track the trajectories
of individual atoms). We strive for a better understanding
of nanodroplet dynamics and complementary state-of-the-art
nanoscale applications with the help of this powerful tool.

Nanodroplets impacting on solid surfaces is common in
applications such as nanoprinting and nanomedicine, where
droplets are used as the solvent for colloidal ink [10] or
as a carrier of biological elements [11]. In these scenarios,
nanodroplets require access to patterned surfaces of vary-
ing topological construct [12], and thus it is meaningful to
probe the dynamics of nanodroplets on surfaces with dif-
ferent morphologies. Recent works relevant to nanodroplet
impact focus mainly on flat surfaces with wettability gradients
[13-16], on groups of flat surfaces with different wettabilities
[12,17-25], or on textured surfaces covered with nanopillar
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arrays [13,19,26-31]. Other interesting works involve inclined
surfaces [32], moving surfaces [33], vibrating surfaces [34],
stripe-textured surfaces [35], ridge-textured surfaces [36],
point-textured surfaces [37], and spherical structures [38].
However, to the best of our knowledge, nanodroplet impact
on the cone, which is another basic geometrical shape, has not
yet been well studied. Since cone structures are ubiquitous
in nature (e.g., pine needles) as well as in industry (e.g., the
aeroengine rotating cone [39] and advanced bionic surfaces
[40]), it is imperative to study the dynamics of nanodroplets
impacting on such structures.

In addition to a relatively poor understanding of nan-
odroplets on cone-textured surfaces, there are two issues
relevant to nanodroplet impact that are worth exploring. The
first is the quantitative representation for nanodroplet re-
bound. Existing theoretical studies of nanodroplet impact
dynamics have primarily utilized an energy-conservation-
based approach. This approach employs a balance equation,
namely,

Ek +E1v +Esv =E/k +E,lv +E/sl+Ev» (1)

that considers, on the left-hand side, the kinetic energy and
interfacial energies (liquid-vapor and solid-vapor) at the initial
state, and on the right-hand side, the kinetic energy, inter-
facial energies (liquid-vapor and solid-liquid) at any time
instant after the droplet comes into contact with the solid
surface, and viscous dissipation that occurs during this pe-
riod. More elaborate models have been developed by better
quantifying the solid-liquid interfacial energy (E;l) and the
dissipation (E,) terms. This has been achieved through var-
ious means, such as optimizing the flow-field distribution
hypothesis when deriving E, [41,42], or incorporating the
effects of surface wettability into either the ES'1 [12,26,29]
or E, terms [20]. Obviously, accurately validating these
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energy-conservation-based models requires precise measure-
ments of interfacial energy and viscous dissipation, which
can be challenging to obtain through MD simulations. An
alternative approach is to reframe these models in terms of
the maximum spreading factor [12,20,26,29,41-43], which is
defined as the ratio of the maximum spreading radius (which
can be easily measured using MD) to the initial radius of a
droplet, i.e., Bmax = rmax/R. However, validating and applying
these models in the case of rebound scenarios may still be
challenging, as there is no morphological parameter akin to
Bmax that fully characterizes the entire impact-rebound process
of the droplet. The forces that a solid surface exerts on a
nanodroplet, instead, are much more accessible than the inter-
facial and dissipation energy in MD simulations. Therefore,
investigating the rebound dynamics of nanodroplets through
the lens of momentum analysis holds promise and is a valu-
able pursuit.

Describing and comparing droplet behaviors across dif-
ferent scales is another intriguing challenge that needs to be
effectively addressed. While the Weber number is the most
commonly utilized dimensionless parameter for character-
izing the impact dynamics of droplets at both macro- and
nanoscales, little attention has been given to the differences in
the impact dynamics of droplets with the same Weber number
but varying sizes. Li and Zhang conducted both nanoscale
MD simulations and macroscale experiments to investigate
droplets impacting on superhydrophobic surfaces, and con-
cluded that the trends of characteristic quantities (specifically,
the Bmax, Te, and B, vs the Weber number) were consistent
between the simulation and experimental results [27]. Here
and hereinafter, t. is the contact time between the droplet and
solid surface, while 8, = v,/v; is the restitution coefficient
defined by the ratio of bounce velocity to impact velocity.
However, other studies have shown that using a single We-
ber number is not sufficient for quantitative comparison of
droplet dynamics across different scales—for instance, the
critical Weber number required for nanodroplets to rebound
[19,22,36] is significantly higher than for millimeter-sized
droplets [44]. The limitations of utilizing a single Weber
number for evaluating droplet dynamics can be attributed
to the several distinct features [25] in nanodroplet impacts,
with the amplified effects of viscous dissipation being the
most notable—unlike millimeter-sized droplets that exhibit
velocity gradients mainly in the boundary layer, nanodroplets
display velocity gradients throughout their entire volume [41].
However, recent research has shown that the bulk viscous
dissipation, previously considered a unique mechanism for
nanodroplets, can also become dominant at the macroscale by
increasing the liquid viscosity [45]. This suggests a simple but
plausible approach to link the nanodroplet and macrodroplet
dynamics, namely, by combining appropriate dimensionless
parameters that accurately capture the contribution of various
forces during droplet impact, without relying on the explo-
ration of additional scale effects for the viscous dissipation.

In this work, we perform MD simulations to study the
impact dynamics of nanodroplets on solid surfaces decorated
with cone structures. We explore the behavior of nanodroplets
over a wide range of impact velocities and cone geometries,
and develop a model to predict whether a nanodroplet will
touch the underlying substrate during impact. We evaluate

TABLE I. Parameters of the TIP4P/2005 model [49], where &g
and oo are the Lennard-Jones parameters of oxygen; gy and gy
are the charges of the hydrogen atom and the virtual massless site,
respectively, and gy is the vacuum permittivity.

£o (eV) oo (A)

8.031 x 1073

qm (&) &o (F/m)

-1.1128

qu ()
0.5564

3.159 8.854 x 10712

the advantages and disadvantages of introducing nanocone
structures to a solid surface by analyzing the restitution co-
efficient and contact time of the nanodroplets. Furthermore,
we explore why nanocone structures can enhance the droplet
bouncing, and propose a model based on momentum analysis
that predicts whether a nanodroplet will rebound from a solid
surface. Finally, we discuss a feasible approach to connect the
dynamics of macrodroplet and nanodroplet, drawing on the
recent research into millimeter-sized droplets impacting on
cone structures [46] as a point of reference.

II. SIMULATION METHODS

All the MD simulations in this work are performed using
the large-scale atomic/molecular massively parallel simulator
(LAMMPS) [47], and the results are visualized using the open
visualization tool (OVITO) [48]. The nanodroplets studied in
this work are 32 A in radius (R) and are composed of 4582
water molecules. Each water molecule is constructed with the
acknowledged TIP4P/2005 model [49], for which the interac-
tions between any two water molecules i and j are represented
by a van der Waals term plus a Coulomb term, namely,

Oo 12 Oy 6 1 qaqb
Uj=4&|(2) —(2) |+ L L)
rij rij 47'[80 ab Vab

where 7;; is the distance between the Lennard-Jones centers
(i.e., the oxygen atom), while a and b stand for the charged
sites (including two hydrogen atoms and a virtual massless
site) of two molecules. Other parameters in Eq. (2) are listed
in Table I. The SHAKE algorithm [50] is applied to fix the
oxygen-hydrogen bond length and the H-O-H bond angle as
0.9572 A and 104.52°, respectively.

The solid surfaces are composed of copperlike atoms,
which are fcc structured with a lattice constant L. = 3.615 A.
The Lennard-Jones potential is implemented for the inter-
action between two solid atoms, with the parameters &c, =
0.4093 eV and ocy = 2.338A [51], as well as for the in-
teraction between the solid atoms and oxygen atoms, with
the parameters determined by the Lorentz-Berthelot mixing
rule, ie., ocy0 = (0cu +00)/2 and §cu0 = ken/Ecuéo- In
this work, we tune the scaling parameter k¢ to simulate a
superhydrophobic surface with an equilibrium contact angle
6, = 158° + 2°, which is identical to our macroscopic coun-
terpart [46]. We refer the reader to Zhang et al. [52] for a
detailed approach to measure the contact angles.

The initial system of the simulation is shown schematically
in Fig. 1(a). Nanocones with a series of height and apex
angle combinations are placed on the top of the flat substrate,
where the height (H,,) ranges from 4 to 192 A, and the apex
angle () is set as 50°, 90°, 130°, and 170°. The distance
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FIG. 1. (a) Schematic diagram of the initial system. The pink, red, and blue particles represent oxygen, hydrogen, and solid atoms,
respectively. Note that the substrate (dark blue) and nanocone (light blue) consist of the same type of copperlike atoms, while the different
coloring is provided solely for a clearer distinction. (b) The pairwise potential (Ucy o, the red curve) and force (Foy,0 = —9Ucy.0/07cu.0. the
blue curve) between the oxygen and solid atoms with respect to the distance (r¢,,0) between them. A positive force on the droplet means
“repulsed by the solid,” while a negative one means “attracted by the solid.”

from the initial height of the droplet center of mass to the
substrate is

Hyy = Heo + rewe + 100000, A7 4 R, 3)

where oy = 3.50¢y,0 is the cutoff radius, beyond which the
pairwise forces between oxygen and solid atoms are dis-
missed; v; is the impact velocity of the droplet; and At =
0.001 ps is the time step of the simulations. Each droplet
first experiences sufficient relaxation at 293.15 K using the
Nosé-Hoover thermostat, then a vertically downward velocity
ranging from 0.5 to 15 A/ps is applied to the droplet, cov-
ering a wide range of Weber numbers from 0.11 to 94.73
and Reynolds numbers from 0.16 to 4.77. In this work, the
Weber and Reynolds numbers are defined as We = pv?R/y
and Re = pv;R/u, where p, y, and pu are, respectively, the
mass density, surface tension, and dynamic viscosity of the
droplet. The surface tension of the initial droplet is evaluated
using the Tolman approximation to account for the curvature
dependence effects [53,54], and a value of 75.8 mN/m is
obtained for a nanodroplet of 32 A in radius. For the sake
of clarity, we also define two near-wall layers: the space
below d = «B/EUCU,O of the surface is named as layer 1, where
the liquid atoms are repulsed by the solid, while the space
between the d and ry, of the surface is named as layer 2,
where the liquid atoms are attracted by the solid, as shown in
Fig. 1(b).

III. RESULTS AND DISCUSSION

A. Overview of the outcomes

We start by recognizing six typical behaviors of nan-
odroplets after impacting on the solid surfaces, with the
corresponding snapshots shown in Fig. 2. We name them as
state 1: deposition; state 2: regular rebound; state 3: impaled

rebound; state 4: ring-ruptured rebound; state 5: film-ruptured
rebound; and state 6: breakup. All the states exist on both
the flat and cone-textured surfaces except for states 3 and
4, under which the droplet is impaled by the cone to form a
ring. The liquid ring then either contracts and rebounds from
the cone tip as a whole droplet (state 3), or ruptures to form
several subdrops that leave the cone-textured surface radially
(state 4). States 5 and 6 occur under high impact velocity
conditions, in which the droplet first spreads to form a liquid
film, and then holes emerge in the film owing to the larger
amplitude of the surface capillary wave than the mean height
of the liquid film [42]. The partially ruptured film then either
contracts and bounces off the surface as a whole droplet (state
5), or splashes out molecules and finally breaks into pieces
(state 6).

With the identification of the six types of droplet behaviors,
we plot a panorama of the outcomes in the parameter space
of impact velocity and cone geometrics (height and vertex
angle), as shown in Fig. 3. Figure 3(a) shows the overall
characteristic of each nanocone structure with certain geomet-
rics, while Fig. 3(b) shows how the droplet behaviors change
with the impact velocity on each cone geometric. It can be
seen that the introduction of nanocone structures generally
changes the behavior of the droplet, even when the height of
the cone is only one-eighth of the radius of the droplet [cf.
the point and column labeled as I in Figs. 3(a) and 3(b)].
Only when the apex angle of the nanocone is close to 180°
is the droplet likely to present almost identical behaviors as
on the flat surface [cf. the point and column labeled as II
in Figs. 3(a) and 3(b)]. Note that a nanocone with an apex
angle less than 50°, or with an apex angle of 50° but of
height less than 16 10\, cannot be constructed due to limita-
tions of the lattice structure [e.g., the point labeled as III in
Fig. 3(a)].
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FIG. 2. Snapshots of the six typical behaviors of nanodroplets impacting on solid surfaces: (a) deposition, (b) regular rebound, (c) impaled
rebound, (d) ring-ruptured rebound, (e) film-ruptured rebound, and (f) breakup.
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FIG. 3. (a) Phase diagram of the overall characteristics of nanodroplets impacting on the nanocone structures with different geometrics
(apex angle o and dimensionless height H = H.,/R). The gray points represent the nanocone geometrics that cannot be constructed due
to limitations of the lattice structure. The black points correspond to nanocone geometries that are not investigated in this study due to
considerations of cone structure self-similarity and computational cost. The red and blue points represent cone structures on which the
nanodroplet behaviors are different from, or identical to, those observed on a flat surface (within the scope of impact velocities studied).
Each red and blue point in (a) corresponds to a column in (b). (b) Panorama of the outcomes of nanodroplets impacting on flat and nanoconed
surfaces, in the parameter space of impact velocity and cone geometrics. The square, upward-pointing triangle, circle, right-pointing triangle,
diamond, and star symbols represent states 1-6, respectively. Solid or open interior symbols represent the droplet touching or not touching the
substrate during impact, respectively.
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With the increase of impact velocity, the nanodroplet on the
flat surface goes through deposition (state 1), regular rebound
(state 2), film-ruptured rebound (state 5), and breakup (state
6), as shown in Fig. 3(b). The introduction of nanocone struc-
tures changes the droplet dynamics in the following ways.
At low impact velocities, the nanocones promote droplet
bouncing, reducing the critical Weber number for rebound
from approximately 20 to 0.1 at most; the reasons will be
discussed in Sec. III D using momentum analysis. At moder-
ate impact velocities, the introduction of a nanocone changes
the droplet behavior from regular rebound (state 2) to impaled
rebound (state 3) or ring-ruptured rebound (state 4), and the
corresponding changes in restitution coefficient and contact
time will be discussed in Sec. IITI C. At high impact velocities,
a nanocone postpones the breakup of the droplet, and this
is achieved by changing state 6 to state 4; i.e., the droplet
spreads as a liquid ring rather than a thin film on the cone-
textured surfaces. Since the rupture of liquids occurs when
the amplitude of the surface capillary wave becomes larger
than the characteristic scale of the liquid ring or film, and
the base circle diameter of the ring is generally larger than
the mean height of the film owing to volume conservation,
the number of rupture sites in the liquid ring should be less
than in the film. As a result, the droplet finally bounces
off the cone-textured surfaces in the form of several sub-
drops, rather than breaking into numerous pieces on the flat
surface.

B. Touching or not touching the substrate: A model for the
maximum descending height of droplets on nanocone structures

In addition to the previously mentioned six final states,
there are two process states that need to be considered, i.e.,
whether the nanodroplet touches the underlying substrate or
not during impact. Hereinafter, we refer to them as “touching
states” for convenience. Owing to the self-similarity of cone
structures, as long as the droplet does not touch the substrate
(or more strictly, never enters the near-wall layers as defined
in Fig. 1), the droplet dynamics should only depend on the im-
pact velocity and apex angle, and be independent of the cone
height. This is demonstrated in columns labeled as IV and V in
Fig. 3(b), where the droplet dynamics on the nanocones with
an apex angle of 130 ° remains the same despite the increase
in cone height from 64 to 96 A. By examining the touching
states, we can eliminate the influence of cone height, which
can simplify theoretical analysis and facilitate industrial
design.

It can also be seen in Fig. 3(b) that increasing the impact
velocity enables the droplets to touch the substrate, while
increasing the apex angle of the cones prevents the droplets
from touching the substrate. To investigate the quantitative
relations between the touching states and the impact velocity,
as well as the apex angle of nanocone structures, we define the
descending height of a droplet on such structures (h,) as the
vertical distance from the lowest point of the droplet surface
to the tip of the cone, and examine the maximum descend-
ing height of the droplet during the complete impact process
(hg max)- For state 1, hy max refers to the descending height
at which the droplet comes to rest after impact. For states
2-5, hg max denotes the descending height at which the vertical

velocity of the droplet (or subdrops in state 4) decelerates to
zero, just before rebound. State 6 has been excluded from our
analysis due to its unclear definition for /1 max.

As shown in Fig. 4(a), the dimensionless maximum de-
scending height (h;’max = hg max/R) varies with the impact
velocity and apex angle as expected, with a fitted relation,

hz,maxtan(a/z) = (033 + 0.04)W€0'45i0'04’

“4)
We € (0.1, 100),

holding for all the final states except for state 4 (ring-ruptured
rebound). Since A} tan(a/2) also characterizes the spread-
ing dynamics of droplets on the cone structures, and the
scaling law of We’® is between the We'!/* law for the no-
slip surfaces and the We!/? law for the free-slip surfaces
[55], it is indicated that the spreading of droplets on the
conical inclined surface is akin to partial-slip walls. Using
this semiempirical relation and the definition of a droplet not
touching the substrate (the droplet never enters the near-wall
layers, i.e., g max + reut < Heo), we obtain the condition for
the untouched state:

045
H > W T (5)
3tan(a/2) R

As shown in Fig. 4(b), Eq. (5) accurately predicts the range
of parameters in which a nanodroplet does not touch the
substrate, except for a few cases corresponding to state 4. For
state 4, the subdrops generated from the rupture of the liquid
ring can slide down and along the inclined conical surface,
resulting in a sharp increase in the maximum descending
height.

In order to better understand the conditions under which
Eq. (5) fails, it is necessary to investigate the critical descend-
ing height (hy ) at which the liquid ring ruptures. Consider
a nanodroplet impaled by the cone to form a liquid ring, as
shown in Fig. 5(a), and note that this liquid ring is not of equal
section owing to the generation and growth of the surface
capillary waves [56]. The capillary waves loop through the
liquid ring, resulting in the radius of the ring section fluctu-
ating between r at the trough and n times r at the crest. The
average cross-sectional area of the liquid ring can be estimated
by approximating it as a series of conical frustums spliced
together, which yields a value of

S~ n[(nr)2+nr(r)+r2]=%(nz—l—n—i—l)rz. (6)

1
3

The average distance from the center of the ring section to
the axis of the ring is approximately

¢~ 0.5(c; + ), (7N
where
c1=hy tan% + nrtan ¢, (8)
02=[hd—(n—l)r]tan%—i—rtanl/f, )
/7 «o
=-(=-2). 10
4 2(2 2) (10)
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FIG. 4. (a) The dimensionless maximum descending height of the nanodroplet with respect to the Weber number and apex angles. The
nanocones are large enough to ensure that the droplets do not touch the substrate during impact. (b) Phase diagram of the nanodroplet in the
parameter space of dimensionless cone height and We®*/tan(cr/2). The black curve predicts the boundary between two touching states except

in a few cases of state 4.
The volume of the liquid ring then sets to
Vring = §27T5, (1 1)

which is equal to the initial volume of the nanodroplet owing
to volume conservation, that is,

12)

(@)

With Egs. (6)—(12), we obtain the expression for the di-
mensionless descending height of an impaled nanodroplet as

ha(a) 2 R\’

() = = <—>

d R (n?+n+ Dmtan (a/2) \ r
n+1

i
+ [" ~ 2sin (a/z)} (13)'

From the microscopic perspective, a liquid ring can be con-
sidered ruptured if the radius of the ring section at the trough

(13)
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FIG. 5. (a) Schematic diagram of a liquid ring formed by an impaled droplet on the nanocone structure. Below the schematic diagram are
typical snapshots from top and front views when the liquid ring is about to rupture. (b) The dimensionless maximum descending height and
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(r) approaches reu0/2, wWhere rey0 = 3.500 is the range
of action of intermolecular forces between water molecules,
whose value actually measures the thickness of the lig-
uid surface [42]. As a result, the critical descending height
when the liquid ring is about to rupture can be calculated
via

) ~ 8
hd,cr(a) = (1+1/n+ 1/;12)7[ tan («/2)
1 1+ 1/n
5 ) "

where we have used an approximation of n ~ R/rcu.0. As
shown in Fig. 5(b), Eq. (14) accurately predicts the boundary
between states 3 and 4. This implies that if the descending
height of an impaled nanodroplet surpasses this critical value
during impact, the liquid ring will rupture and the relations
described by Egs. (4) and (5) will no longer hold. We note
that a complete modeling of » would need to take into ac-
count the growth of Rayleigh-Plateau instability coupled with
thermal fluctuations [57], which is challenging due to the
average radius of the liquid ring varying with time as the liquid
ring descends and spreads on the cone structures. Fortunately,
Eq. (14) is not highly dependent on the value of n when it
exceeds 3, which is applicable to the majority of practical
cases.

C. Pros or cons of the nanocone structures: In terms of the
restitution coefficient and contact time

In Sec. IIT A, we showed that nanocone structures promote
bouncing at low impact velocities and postpone breakup at
high impact velocities. At moderate impact velocities, the
droplet rebounds from both the flat surface and the cone-
textured surface, and thus the effects of the nanocone structure
need to be further investigated. The restitution coefficient and
contact time are two of the most used properties to evaluate
the bouncing performance of a droplet. Therefore, in this
section, we compare these two properties of nanodroplets
on the flat surface with those on the cone-textured surfaces,
where nanocone structures of height 64 A are used as the
example.

The values of restitution coefficient may vary depending
on the specific procedures employed to determine the rebound
velocity. Our approach involves calculating the velocity of a
nanodroplet by averaging the velocity of all water molecules
that remain in the droplet (or in any subdrops when the droplet
fragments) during impact. The rebound velocity is then mea-
sured once the nanodroplet (or all subdrops) have bounced
off the surface and left the near-wall layers. In this context,
the measured velocity should be time independent due to the
cutoff of solid-liquid intermolecular forces and the negligi-
ble effects of gravity (the Froude number Fr = v//gR > 1,
where g is the gravitational acceleration). However, some
small fluctuations may occur in the velocity due to the long-
range interactions and numerical disturbances. To account for
this, we take an average of the rebound velocity over thou-
sands of time steps and use the resulting value to calculate the
restitution coefficient.

As shown in Fig. 6(a), the restitution coefficient of a
nanodroplet on cone-textured surfaces presents two distinct
changing rules, marked by whether the liquid ring ruptures.
For the nonruptured rebound regimes (i.e., states 2 and 3),
the restitution coefficient on cone-textured surfaces generally
decays with the Weber number, but is consistently larger than
on the flat surface. A qualitative explanation for this might be
that there is less viscous dissipation on cone-textured surfaces
owing to the partial-slip characteristics of the conical inclined
surface, as discussed in Sec. III B. In these regimes, the resti-
tution coefficient can be fitted as

Bultan(@/2)1%5 = (0.25 + 0.02)We 0252004,
We € (0.1, 30), (15)

as depicted in Fig. 6(b), providing practical value for the
designs of nanocone structures. For state 4, nevertheless,
the restitution coefficient on cone-textured surfaces decreases
sharply to a value below that found on the flat surface. In
this regime, a nanodroplet splits into several subdrops, and
the increase in the surface energy can lead to a decrease in the
kinetic energy for rebound. Since a large restitution coefficient
is commonly expected to facilitate collection and discharge of
the droplets, it is overall beneficial to introduce the nanocone
structure on the flat surface, while the impact velocity range
that gives rise to state 4 should be avoided.

Regarding the contact time, there is more than one rea-
sonable definition at the nanoscale [36,58]. In this work, we
define the “contact” as there being at least 8 (& 0.5v/4582)
oxygen atoms located inside the near-wall layers. Such a
definition conforms to the nature of contact, i.e., the mass, mo-
mentum, and energy transfers between the droplet and surface.
The contact time measured using this definition is presented
in Fig. 6(c) (note that the contact time has been normalized by
the inertial-capillary timescale, i.e., T} = 7./ VPR3/y [59)).
Three interesting phenomena can be found from the results.
First, with increased Weber number, the dimensionless contact
time on cone-textured surfaces initially decreases and then
increases, and the Weber number at which the contact time is
minimum is inversely related to tan(«/2), as shown in the in-
set of Fig. 6(c). Second, for the droplets with the same Weber
number, despite the smaller restitution coefficient on blunter
nanocone structures (i.e., with a larger apex angle), the contact
time on such cone-textured surface is also smaller. Third,
contrary to our intuition, the contact times of nanodroplets on
cone-textured surfaces are larger than on the flat surface in
most of the cases.

To explain these phenomena, we divide the whole impact-
rebound process of the droplets into four stages, namely, stage
1 (from entering the near-wall layers to touching the flat
surface or cone tip), stage 2 (spreading on the flat surface or
descending along the cone structure), stage 3 (retracting on
the flat surface or lifting along the cone structure), and stage
4 (from detaching from the flat surface or cone tip to leaving
the near-wall layers), and measure the duration of each stage.
As shown in Fig. 6(d), the large contact time at low impact
velocities is mainly attributable to the long duration of falling
and rising through the near-wall layers (i.e., stages 1 and 4). At
large impact velocities, despite the very short duration of stage
1, stage 4 still takes a long period of time owing to the very
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FIG. 6. (a) The restitution coefficient, (c) dimensionless contact time, and (d) duration of each stage in the impact-rebound process of
nanodroplets that impact on the flat surface or on cone-textured surfaces with the cone height of 64 A. (b) The fitted relation for the restitution
coefficient of nanodroplets that rebound from the cone-textured surfaces in the nonruptured regimes.

small restitution coefficient and thus lower rebound velocity.
As a result, it is at the moderate impact velocities that the
contact time reaches a minimum. For the nanodroplets with
the same Weber number, as the apex angle of the nanocone
increases, it is obvious that the duration of stage 1 remains
the constant, while the duration of stage 4 increases owing to
the smaller restitution coefficient resulting from the blunter
cone structures—the decrease in the total contact time at the
blunter nanocones is essentially originated from stages 2 and
3, as the maximum descending height of nanodroplets along
the nanocone structures is negatively correlated with the apex
angle [cf. Eq. (4)]. This also explains why the contact time
on the flat surface, which can be regarded as a “cone” of o =
180°, is smaller than most of the nanocone cases. Therefore,
introducing nanocone structures to the surface avails appli-
cations that require heat and mass transfers such as cooling,
but is detrimental to those with opposite purposes such as
anti-icing.

D. How nanocones promote bouncing: Forces and momentum
analysis in nanodroplets impact

In Sec. IIT A, we mention that the introduction of nanocone
structures enables nanodroplets with low impact velocities to
bounce off, rather than deposit on the surface. In the fol-
lowing, we discuss this phenomenon from the perspective of
momentum analysis rather than the classical energy analysis,
given that the forces exerted on the droplet by the solid surface
can be directly calculated in MD simulations via

F,= Cu,0

0
25
3 | (ocuo)"” ocuo\°
:_4§Cu,0 Z Z 8_2 <T> _<VT) )
ij

icoxygen jesolid Fij
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FIG. 7. The temporal evolution of the dimensionless intermolec-
ular forces exerted by solid atoms on the nanodroplet as it impacts
on the flat surface at varying velocities. The S1 and S2 values corre-
spond to the area of the force curve integrated over time before and
after the peak force, respectively. Note that the intermolecular force
can be negative, indicating an overall attraction between the droplet
and the surface. The inset compares the dimensionless force peak
and the area ratio $2/S1 of the impacting nanodroplet to the trend
lines reported at the macroscale [60], and note that the x-coordinate
variable is 2Re because we define the Reynolds number using the
droplet radius instead of the diameter used in the literature [60].

where a negative or positive value signifies the attractive or
repulsive force, respectively. Figure 7 depicts the temporal
evolution of the measured intermolecular forces that solid
atoms exert on the nanodroplet as it impacts on the flat surface

<
=5
o 5 =%
~
3 3
e -~
o E"
&9
0
1 —— Nanoconed surface
--------- Flat surface
-2 1 " 1 " 1 n 1 " 1 L1 " -40
0 20 40 60 80 460
(@) t (ps)

at various velocities. The qualitative features of this evolution
are similar to those reported at the macroscale [60], where the
impact forces rise quickly, and then decay over a longer period
after they reach the maximum, resulting in an asymmetric
force-time curve with respect to the peak force. The inset
in Fig. 7 demonstrates that the dependencies of character-
istic quantities of solid-liquid intermolecular forces on the
Reynolds number exhibit remarkable similarity to those of the
impact force observed at the macroscale [60], which further
confirms the reliability of our calculations.

Figure 8(a) shows the temporal evolution of the solid-liquid
intermolecular forces and the resulting impulse on the nan-
odroplet with an impact velocity of 4 A/ps. This velocity is
a good example of a scenario in which the nanodroplet will
deposit on the flat surface, but bounce off the cone-textured
surfaces. Generally, there are two reasons to account for this
discrepancy. First, despite the smaller first force peak, the
droplet experiences a greater upward impulse on the cone-
textured surface compared to the flat surface, owing to the
longer duration of the repulsive force, as shown in Fig. 8(a).
To investigate this phenomenon, we compare the number of
water molecules inside the repulsive layer over time, as shown
in Fig. 8(b). We observe that when a nanodroplet impacts on
the flat surface, the center of mass reaches its minimum height
(t) prior to the maximum spreading time (t,) (cf. the inset in
Fig. 8(b) and more evidence in Refs. [61,62]). It is not our
focus to further discuss the reasons for #; < t,, but we note
that the droplet lifting prior to retracting leads to the num-
ber of water molecules in layer 1 rapidly decreasing. These
remaining molecules experience insufficient repulsive forces
to balance the attractive forces acting on the water molecules
in layer 2, causing the droplet to eventually deposit on the
surface. In contrast, the presence of a nanocone structure
allows the droplet to cling to the solid surface during retraction

0.15 0.30
—— Nanoconed surface 15
~~~~~~ Flat surface
5 - 2
v 4 5
S 0.10 ’ 4020 ©
% Impact on the flat surface: E
= " Peam/ R (height) S
- —— 1,/R (base radius) ~
o} f‘z rlz 20 40 60 80 o
] g
T 0.05 4010 3
3 2
3 5
EQ ~~~~~ | EQ
= ) =
0.00 sami=vemd g g
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FIG. 8. Nanodroplet of 4A/ps eventually deposits on the flat surface but bounces off the nanoconed surface (H,, = 32 A, & =90°). (a)
The forces and impulse on the nanodroplet exerted by the solid surfaces. The chronologically displayed snapshots depict characteristic instants
of the nanodroplet on the cone-textured surface, including initial contact with the cone tip, the first force peak during spreading, maximum
spreading, the second force peak during retraction, maximum upward impulse with solid-liquid intermolecular forces initially fluctuating
around zero, detachment from the cone tip, and departure from the near-wall layer. (b) Ratio of the number of oxygen atoms inside the
near-wall layers to the total oxygen atoms. The inset shows the temporal evolution of the base radius and the height of the center of mass of

the nanodroplet impacting on the flat surface.
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FIG. 9. (a) Schematic diagram of a nanodroplet that has just departed from layer 1. The long black dashed line approximates the farthest
limit at which a solid atom can interact with the droplet (if not considering the long-range forces). (b) The measured impulse on the nanodroplet
exerted by the solid atoms (solid lines) and the predicted critical impulse for rebound (dashed lines). The impact velocity of the nanodroplet is

0.5 A/ps.

and lifting, maintaining 1%-5% of the water molecules within
layer 1 until the droplet gains the upward impulse required for
bouncing off the surface.

Two other intriguing phenomena shown in Fig. 8(a) are
worth mentioning. Firstly, the second force peak of the nan-
odroplet during retraction is less prominent than that observed
in the macroscale situation [63], as the the singular cavity
collapse may not occur at the nanoscale where the Ohne-
sorge number is typically Oh = u//pyR = O(1). Secondly,
as the nanodroplet rises to the upper half of the nanocone
(well before the droplet detaches from the cone tip or leaves
the near-wall layers), the overall solid-liquid intermolecular

J

forces become insignificant, despite there still being over 5%
of the water molecules present within layer 2 [cf. Fig. 8(b)].
This phenomenon indicates the second reason why nanocones
can promote bouncing, namely, the reduced adhesion effect of
cone-textured surfaces compared to the flat surface.

To further illuminate this, consider a nanodroplet that has
just departed from layer 1 to cross layer 2, where the distance
from the bottom of the droplet to the flat surface or cone tip
is d, as depicted in Fig. 9(a). We neglect the oscillation of the
droplet and assume it remains spherical; then the ratio of the
attractive force exerted on the droplet by the nanocones and
flat surface is estimated as

d+a—b 2 d+
[T Bpr (v — dytan §] dy + [i, Ko R — (R—d —a+y)ldy
n= a+
ST Epm R — (R—d —a+y)ldy
2 1 2d 4>\ |d+a—b 1 2(d+a—R)  (d+a)QR—d—a)7|d+a
tan %(_272 Rl W) d tlae = T3 yie ] d4a—b
= a7

1 2d+a—R) _ (d+a)(2R—d—a)] d+a
[2)’2 3y3 4y* d

where Ry is the approximate scaling law for the van der
Waals force between a sphere and a molecular, p, is the
number density of solid molecules, and the two geometric
parameters a and b are calculated via

(18)

a=re—d,

[(a—b)tan %]2+(R—b)2 =R (19)

The results give n =~ 0.12%, 0.55%, 2.30%, and 26.41%
for @ = 50°, 90°, 130°, and 170°, respectively. We observe
that the attractive force from most of the cone-textured sur-

(

faces is almost negligible compared to that of the flat surface,
and even a cone structure of ¢ = 170° reduces the attractive
force on the droplet by 75%. This reduction in adhesion is
most notable for those nanodroplets with small impact ve-
locities, as the condition for a nanodroplet to bounce off the
surface can be expressed as

7]
I = / Edt > 1j = m(v; + N4 min), (20)
o

where 1, is the critical impulse for rebound, and vy min is
the minimum speed required for the droplet to cross through
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layer 2 on the flat surface. It can be seen from Eq. (20) that
the second term will make an equivalent contribution to the
critical impulse when the impact velocity is small. Therefore,
a small 5 significantly decreases the value of I, which
makes it possible for the nanodroplets even with considerably
low Weber number to rebound (note that n = 1 for the flat
surface).

Due to the negligible effects of gravity on the nanodroplet,
the value of v; min can be estimated via

1 AgR (1 1 1
ot~ PR (L LYy g
2 ’ 6 \d 71 2

where Ay is the Hamaker constant, approximately corre-
sponding to the geometric mean of the values for water-water
and copper-copper interactions that can be found in [64,65].
Using Eqgs. (17)-(21), one can calculate the critical impulse
required for a nanodroplet with a certain impact velocity to
rebound, and this can be directly verified by measuring the
vertical force exerted on the droplet by the solid atoms. An
example is shown in Fig. 9(b), where the nanodroplet of
vi = 0.5 A/ps requires an impulse larger than 7.652 eV ps/A
to rebound from the flat surface, while on the cone-textured
surfaces with apex angles of 50°, 90°, and 130°, the value
decreases to 4.279, 4.293, and 4.353 eV ps/A, respectively.
As a result, the droplet deposits on the flat surface, while it
successfully rebounds from these three kinds of cone-textured
surfaces.

, 2L

Vp =0

E. Links between nanodroplets and millimeter-sized droplets:
Beyond the Weber number

Finally, we discuss the links between nanodroplets and
millimeter-sized droplets, where a single Weber number is
not adequate to unify their dynamics, as clarified in Sec. L.
A similar phenomenon can be observed in a droplet im-
pacting on cone-textured surfaces, where the critical Weber
numbers for nanodroplets to experience “impaled rebound” or
“ring-ruptured rebound” from cone structures are significantly
higher than those for millimeter-sized droplets, as depicted in
Fig. 10(a). This suggests that the nanodroplets require a much
larger Weber number to exhibit equivalent inertia effects as the
millimeter-sized droplets, possibly because of the amplified
effects of viscous and solid-liquid intermolecular forces at the
nanoscale. To further illustrate this, we define two dimension-
less numbers to describe the relative magnitudes of adhesion
and dissipation to the inertia of a droplet during the impact
process,

bus = % _ 2AHR3/62d _ Ay 1 ’ 22)
s mpRv; /3 4myd RWe
. E, 7 uR? v;(ﬁﬁm - 2/3)
st 27 pR3v? /3

E,
o M(3ﬂ§1ax/2 B 1) 1
B N33 VRWe'

where the adhesion energy (E,q) is estimated via the work
done by the droplet to overcome the attractive force exerted by
the solid atoms in leaving the surface, the viscous dissipation
(E,) is expressed via the acknowledged model proposed by Li

(23)
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FIG. 10. The droplet behaviors after impacting on the cone
structures. The symbols are the MD simulation results of the nan-
odroplets, while the solid lines are extracted from the work of Luo
et al. [46] who studied millimeter-sized droplets.

et al. [41], and the kinetic energy (Ey) is calculated via the
impact velocity of the droplet. It can be seen that ¢, ; and ¢, ;
for the nanodroplets will be orders of magnitude larger than
for their macroscopic counterparts despite having the same
Weber number [note that Bi,.x = O(1) at both scales]. There-
fore, droplets with the same Weber number, but of different
scales, present different dynamics.
Equations (22) and (23) can be further rewritten as

A (24)
d)a,z - Wea
Oh
Pvi = —(3Bna/2— 1), (25)

VWe

where A = Ay /47 ydR. This indicates that to compare the dy-
namics of droplets of different sizes, it is essential to consider
a combination of dimensionless numbers that incorporate the
A, We, Oh, and B, to accurately describe the relative roles
of adhesion, capillary, viscosity, and inertia at different scales.
Among these effects, adhesion plays a less important role on
cone-textured surfaces, as explained in Sec. IIID. Besides,
the maximum spreading factor has analytical solutions in
the forms of Bn.x = f(We, Re) [20,26] or Bmax = f(We, Ca)
[12], where Ca = pv;/y is the capillary number, and it should
be noted that only two of these dimensionless parameters
(We, Oh, Re, and Ca) are independent [66]. As a result,
the anticipated combined dimensionless number is primarily
expressed in terms of We and Oh, i.e., O = WeOh*, where
x is the undetermined exponent. As shown in Fig. 10(b), we
observe that the dynamics of nanodroplets and millimeter-
sized droplets can be well unified in the framework of such
a combined dimensionless number with x = —1/5. This en-
ables the prediction of droplet behaviors, such as whether a
droplet will undergo “regular rebound,” “impaled rebound,” or
“ring-ruptured rebound” from cone structures—once the num-
ber Q has been determined—regardless of the droplet scales.
This approach shows promise for studying the multiscale dy-
namics of droplet impacts, and constructing a corresponding
combined dimensionless number for other kinds of textured

065101-11



LIU, ZHANG, LUO, AND WEN

PHYSICAL REVIEW E 107, 065101 (2023)

surfaces should be similar. Developing a universal scaling law
for the number Q (essentially, developing a universal model
for evaluating the exponent x) would be a valuable issue for
the future.

IV. CONCLUSIONS

In this work, we performed molecular dynamic simulations
to study the dynamics of nanodroplets impacting on a flat su-
perhydrophobic surface and cone-textured surfaces. The main
conclusions are as follows.

(1) There exist six typical final states (i.e., deposition,
regular rebound, impaled rebound, ring-ruptured rebound,
film-ruptured rebound, and breakup) and two process states
(i.e., touching and not touching the underlying substrate dur-
ing the impact process) for a nanodroplet impacting on the
cone-textured surfaces. A model that accurately predicts the
process states of nanodroplets is developed.

(2) Introducing even a tiny cone with the height as small
as one-eighth the radius of the nanodroplet to the flat sub-
strate can change the droplet dynamics. The introduction
of nanocone structures generally promotes bouncing at low

impact velocities, postpones breakup at high impact veloci-
ties, and facilitates an increased restitution coefficient, but is
detrimental in reducing contact time.

(3) The nanocone structures enhance bouncing by increas-
ing the upward impulse that a nanodroplet gains from the
solid surface due to the longer duration of repulsive force,
and by reducing the critical upward impulse required for a
nanodroplet to rebound due to the decreased adhesion of the
surfaces. A momentum-analysis-based model is developed to
describe the effects of nanocone structures on the droplet
bouncing dynamics.

(4) The impact dynamics of the nanoscale and macroscale
droplets cannot be unified by a single Weber number owing to
the larger contribution of adhesion and dissipation effects at
the nanoscale. A combined dimensionless number, i.e., Q =
WeOh~!/3_ is proposed to link the dynamics of droplets with
different scales that impact on the cone structures.
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