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Abstract: This paper presents a comprehensive investigation into the collision dynamics of equal
and unequal-sized nanodroplets on a flat surface using molecular dynamics (MD) simulations,
revealing new insights into scaling laws and energy dissipation mechanisms. The simulations,
conducted with the Large-Scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
software, involved an initially stationary droplet on the surface and a suspended droplet with varying
diameter ratios (1) and impact velocities. The results show that at low Weber numbers (We<24.15),
the droplets tend to deposit after impact, while at higher Weber numbers (We>24.15), they undergo
spreading and retraction, ultimately rebounding. The study reveals that the dimensionless contact time
() and maximum spreading factor (8"max) in collisions between droplets of different sizes do not
follow the same scaling relationship observed in single nanodroplet impacts. By redefining the Weber
and Reynolds numbers (Re), the new scaling relationships '~We?>Re™ > A3 and B max~We?*Re™ 3 1
13 are proposed and validated. This work represents a further in-depth study of previous research on
single nanodroplet impact, introducing for the first time the diameter ratio in unequal droplet impacts
into the variation patterns of contact time and maximum spreading diameter. Moreover, these findings
highlight the importance of revisiting and potentially revising classical theories to accommodate the
unique physical phenomena that emerge at smaller scales.
Keywords: impact; bouncing; diameter ratio; contact time; maximum spreading factor.
1. Introduction

Droplet dynamics, particularly during collision events, are of paramount importance in a wide
array of scientific and industrial processes, including inkjet printing,' pesticide spraying,? coating

technologies,® and raindrop formation.* These processes demand a precise understanding of droplet



AIP
é Publishing

behavior to optimize efficiency and effectiveness in applications ranging from high-resolution
printing to efficient pesticide delivery.>®

Over the past decades, extensive research has focused on the impact dynamics of a single droplet
on solid surfaces, exploring phenomena such as spreading, rebounding, and splashing under varying
conditions of surface roughness, wettability, and material properties.”® For instance, studies by Singh
et al.”and Aziz et al.'” investigated the effects of surface roughness and fibrous structures on droplet
impact dynamics, emphasizing the critical role of surface energy dissipation in determining outcomes
like rebound and spreading. The different outcomes such as rebounding or spreading under the given
conditions are particularly relevant to self-cleaning surfaces and anti-icing technologies, where
controlling droplet behavior can significantly enhance performance.

However, the complexity increases significantly when considering binary droplet collisions,
which are common in applications such as inkjet printing, where droplets of different sizes, velocities,
and compositions frequently interact.'"'? Binary droplet collisions introduce additional variables,
such as the relative sizes and velocities of the droplets, which can lead to a wide range of outcomes,
including coalescence, bouncing, and fragmentation.!* Early studies by Brazier-Smith et al.!* and
Estrade et al.'” provided foundational insights into the outcomes of binary droplet collisions under
varying impact conditions, highlighting the significant influence of Weber number and surface
tension on the collision behavior. Sommerfeld & Pasternak'® further extended this understanding by
modeling binary droplet collision outcomes in sprays, elucidating the complex interplay between
droplet size, velocity, and environmental conditions.

Despite these advances, most research has traditionally focused on macroscopic droplets, which

limits our understanding of droplet behavior at the nanoscale.!” At smaller scales, where droplet sizes
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approach the nanometer range, the influence of viscous forces, surface tension, and intermolecular
interactions becomes much more pronounced.'® Xie et al.'"” demonstrated that nanoscale droplets
exhibit significantly stronger viscous effects and higher energy dissipation during impacts, which can
drastically alter their dynamic behavior compared with larger, macroscopic droplets. Zhao et al.’
further explored the role of surface chemistry in nanoscale droplet collisions, revealing that even
minor variations in surface properties can lead to drastically different outcomes, such as enhanced
spreading or suppressed rebound.

The shift from macroscopic to nanoscale droplets necessitates a reevaluation of traditional

models that describe droplet collision dynamics.?!

Classical scaling laws, which have been
extensively validated for larger droplets, often fail to accurately predict the behavior of nanoscale
droplets due to the increased relevance of surface forces and energy dissipation mechanisms.??> For
example, while macroscopic droplet collisions are often governed by inertial forces, nanoscale
droplets are more influenced by surface tension and viscosity, leading to unique collision outcomes
that are not observed at larger scales.”> Ren et al.'* highlighted this discrepancy by showing that the
maximum spreading diameter of binary nanoscale droplets is strongly dependent on both the Weber
and Reynolds numbers, as well as the specific material properties of the surface.

In addition to these general observations, specific studies have examined the collision dynamics
of unequal-sized droplets, a scenario that is particularly relevant in applications such as inkjet printing
and coating processes.?*?> Cheng et al.?® conducted numerical simulations to investigate head-on
collisions of unequal-sized droplets on superhydrophobic surfaces, finding that size disparities
significantly influence the collision outcome, with larger droplets tending to dominate the interaction.

1.27

Similarly, Qian et al.”’ used molecular dynamics simulations to explore the collision behavior of
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micro- and nanoscale droplets, revealing that the size ratio between droplets plays a crucial role in
determining the energy conversion and ultimate fate of the droplets after collision.

However, while these studies provide valuable insights, they also underscore the need for more
comprehensive models that can account for the wide range of variables influencing nanoscale droplet
collisions.?? This is particularly important given the increasing use of nanoscale droplets in
advanced manufacturing processes, such as nanomaterial deposition and drug delivery systems,
where precise control over droplet behavior is critical.*® The challenge lies in developing models that
can accurately predict the behavior of droplets across different scales and under varying
environmental conditions, a task that requires a deep understanding of the underlying physical
mechanisms at play.3!-*

To address these gaps, the present study employs molecular dynamics (MD) simulations to
investigate the collision dynamics of equal and unequal-sized nanodroplets on solid surfaces. By
systematically varying impact velocities and droplet size ratios, this research aims to establish new
scaling laws that more accurately describe the behavior of nanoscale droplets, particularly in
scenarios where traditional macroscopic models fail.>* The findings from this study are expected to
provide critical insights into energy dissipation mechanisms and scaling relationships, offering a more
comprehensive framework for predicting and controlling droplet interactions in various applications.

This research builds on the extensive body of work exploring droplet dynamics by extending the
investigation into the nanoscale, where new physical phenomena emerge due to the increased
influence of surface forces and energy dissipation. By focusing on the collision dynamics of binary

nanodroplets, particularly those of unequal size, this study not only contributes to the theoretical
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understanding of droplet behavior but also offers practical insights for the design and optimization of
advanced technologies that rely on precise control over nanoscale droplet interactions.

2. Model and method

(€)) (b)
©
—_—
Impact Drop
Di=10 nm
D=6 nm

40 nm

Fig. 1 The initial configuration of the collision of equal (a) and unequal (b) sized nanodroplets, and
the simulation system (c).

In this study, MD simulations were conducted using the Large-Scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) to investigate the collision dynamics of equal (Fig. 1a) and
unequal (Fig. 1b) sized nanodroplets on a flat surface. The initial configuration of the simulation is

shown in Fig. 1c. The simulation box dimensions are set to 60 nm x 60 nm x 40 nm, with periodic
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boundary conditions applied in the x and y directions, and a reflective wall in the z direction. It should
be mentioned that while this approach provides a controlled environment for studying droplet
collisions, it simplifies the complexity of real-world surface chemistries and material heterogeneity.
These assumptions are necessary to balance accuracy with computational efficiency, but they may
limit the direct applicability of the results to more complex systems. Therefore, if complex system
simulation is required, further verification of boundary conditions is needed. The flat surface is
located at the bottom of the box and consists of a platinum (Pt) solid with a thickness of 1.17 nm,
containing 327,726 Pt atoms. While platinum typically exhibits a lower contact angle due to its high
surface energy, in MD simulations, Pt is frequently employed as substrates to achieve the desired
contact angle by modifying interaction parameters. This allows researchers to simulate a wide range
of surface wettabilities, from hydrophilic to superhydrophobic, by controlling the Lennard-Jones
potential between the atoms.”'®?235 Such flexibility enables the exploration of various droplet
behaviors, including those that extend beyond the natural wettability of the surface material. Due to
considerations of computational resources, the diameter of the droplet on the flat surface varies, set
at Ds=4 nm, 6 nm, 8 nm, and 10 nm, and it remains stationary on the flat surface with a contact angle
of 6=145°. The diameter of the suspended droplet is fixed at Di=10 nm, where the bottom of the
suspended droplet positioned 2 nm above the top of the stationary droplet. Impact velocities (vi) for
the suspended droplet were selected based on a range of Weber numbers, ensuring a comprehensive
exploration of both low and high-energy collision regimes. The simulations followed a two-stage
process: initial equilibration and subsequent impact, with detailed attention to energy conservation
and distribution to accurately capture the collision dynamics. To prevent deformation of the substrate

during the droplet impact, the bottom two layers of Pt atoms are fully fixed with zero force applied,
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while the remaining atoms are fixed using virtual springs.

The monatomic water (mW) model**

is used to describe the water molecules, which has been
widely employed in studies involving water impact on surfaces.”*>37 The advantage of this model
lies in its computational efficiency and ability to accurately reproduce the surface tension, density,
and energetics of liquid water compared with traditional water modeling methods. However it should
be noted that this model does not account for hydrogen bonding interactions. This omission could
influence certain dynamic behaviors, particularly at smaller scales where molecular interactions play
amore significant role. Nonetheless, for the scope of this study, which focuses on droplet behaviors
like rebound, contact time, and sliding distance, the use of the mW model remains appropriate and

does not undermine the validity of the results. The interaction between water molecules is described

by the Lennard-Jones 12-6 potential function:**
un :4€|:(O'/ r)12 —(U/f)6:|
)
where ¢ represents the potential well depth, o represents the zero-crossing distance, and 7 is the inter-
molecular distance. To save computational resources, the cutoff distance rcut is set to 1 nm, meaning
that when 7>rcu, the inter-molecular force is negligible, and the potential function is only calculated
for distances less than the cutoff distance. Both the Pt plate and water droplets are constructed by
face-centered cubic (FCC) with corresponding lattice constants of 0.39 nm and 0.49 nm. The
interaction parameters between Pt-Pt atoms are £,=0.69375 eV and 6,=0.247 nm, while the interaction
parameters between water and Pt are ew—=0.0051 eV and ow-5=0.28155 nm. According to Li et al.,’’
the density and surface tension of the water molecules are 0.997 g/cm® and 66 mN/m, respectively,

with a viscosity of 283.7 uPa-s (the mW model has a viscosity three times lower than the experimental

value due to the neglect of hydrogen atom polarization). In the simulations, the time unit is defined
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as 1 ps, and a timestep of 2 fs is employed, with the Velocity-Verlet algorithm utilized to solve the
Newtonian equations of motion for each atom.

All simulation processes are divided into two stages. The first stage is system equilibration:
initially, the system is run in the NVT (canonical) ensemble using the Nose-Hoover thermostat to
maintain the temperature at 300 K for 0.6 ns. Then the thermostat is removed, and the system switches
to the NVE (microcanonical) ensemble to ensure constant energy, running for an additional 0.4 ns
until the system energy stabilizes. During this period, the suspended droplet is fixed at its initial
position, allowing only the stationary droplet on the wall to spread in the z direction. After 1 ns of
running, the system's energy, temperature, and pressure are uniformly distributed, indicating that the
system has reached equilibrium. It is important to note that the stationary droplet remains stable and
does not spread uncontrollably during this stage. This is ensured by achieving equilibrium during the
initial NVT ensemble equilibration stage. As a result, the droplet maintains its shape and contact angle
throughout the simulation. The second stage is the droplet impact stage: in the NVE ensemble, the
system energy is maintained constant during the impact process. The suspended droplet is given an
initial downward velocity to collide with the stationary droplet. The dynamic evolution process is
recorded every 1 ps for subsequent analysis. The Open Visualization Tool (OVITO) software is used
for visualization and analysis of the simulation results. After each simulation, the maximum spreading
diameter of the droplet is extracted to study the dynamic collision behavior.

3. Verification of the simulation results

3.1 Comparison and validation with experimental results
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=210 ps

o=160° =0 ps =51 ps =179 ps =216 ps

Fig. 2. Comparison of simulation and experimental results® for binary droplets impacting substrates
at different contact angles. (a) Results for a contact angle of 90°; (b) Results for a contact angle of
160°.

In this study, the MD simulation results were validated against macroscopic experimental data
for droplet impact behavior.* While nanoscale and macroscopic droplet collisions differ significantly
in terms of energy dissipation and the influence of surface forces, the fundamental stages of collision,
such as spreading, retraction, and rebound, are governed by similar physical principles across scales.
Therefore, validating these shared behaviors ensures that the simulation model accurately captures
the essential dynamics of droplet impact, even at the nanoscale. The experiment offers a
comprehensive analysis of how different wettability characteristics and Weber numbers influence the
coalescence dynamics of droplets on solid surfaces. Here numerical simulations using the same
parameters as the experiments were conducted to compare with the experimental results of droplet

impact at contact angles of 90° and 160° (see Fig. 2). Both the simulation and experimental results
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identify four stages in droplet collision: coalescence, spreading, retraction, and deposition/rebound.
At a contact angle of 90°, droplets adhere to the substrate during the retraction stage, while at 160°,
they completely bounce off. The numerical simulations align perfectly with the experimental
observations concerning the deformation characteristics and coalescence from post-collision, thereby
confirming the model’s accuracy and its potential for predicting nanoscale droplet behaviors.

3.2 Comparison and validation with previous simulation results

. 3.0
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Fig. 3. Temporal evolution of spreading diameter and maximum spreading factor. (a) Evolution of D
over time compared with previous studies;*” (b) fmax compared with previous studies.*’

To further validate the accuracy of the present model, a series of simulations of nanodroplet
impacts on solid surfaces were conducted, and the quantitative results were compared with those of
Li et al..’” They studied the spreading and breakup behavior of nanodroplets impacting solid surfaces.
Through numerical simulations and experiments, they analyzed the dynamic processes of droplets
under different surface conditions, exploring droplet spreading speed, breakup mechanisms, and the
influence of surface properties on droplet behavior. The same initial conditions as Ref.3” were used
in the present study, including droplet diameter, contact angle, and impact velocity. By comparing the

temporal evolution of droplet spreading diameter (D) and maximum spreading factor (Bmnax=Dmax/Di,

1
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where Dmax is the maximum spreading diameter), it was found that the current simulation results were
in excellent agreement with those of Ref.’” as shown in Fig. 3. This comparison demonstrates the
high accuracy and reliability of our MD simulation method.
4. Results and discussion

To get further insights into the dynamics of the head-on impact, it is first necessary to understand
the forms of energy involved in this process and the corresponding energy conversion processes,
which are similar to those described by Wildeman et al.** and Ray et al..*! The total energy E is
composed of four parts: mechanical energy (Em), surface energy (Es), viscous dissipation (Evis), and
work of adhesion (Ew), expressed as:

E=E,.+E+E,+E, (N
where Em=FEx+Eg, Ex is the kinetic energy and Ey is the gravitational potential energy. Since this work
studies the impact of nano-droplets, gravity can be neglected, so Em simplifies to Ex.>”*? Here, Ex
encompasses translational kinetic energy, as well as oscillation and rotational energies. The energy

terms can be expressed as follows:

Ek:[)%p(u-u)dg 2)
ES:LydAJr[I'y(lfcosé‘)dA' 3)
E = L l( A ¢dQ>dt 4

E, =myR*(1+ cos0)sin’0 (5)

where dQ is the differential volume, d4 is the surface area at the liquid—gas interface, d4' is the surface
area at the liquid—solid interface, and ¢ represents the viscous dissipation rate, given by:
([ (30Y (2w (2 v\ (v, ow\?, (aw  du)
s=ul(G) + (5) (&) [+(G 5 G5+ (F 2] ©
where u, v, and w are the velocity components in the X, Y, and Z directions, respectively.

1
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4.1 Impact of equal-sized droplets

The impact dynamics of equal-sized nanodroplets were first examined under varying We
numbers, revealing significant differences in behavior across different energy regimes. Fig. 4
illustrates the impact process of two droplets, each with a diameter of 10 nm, at We numbers of 1.5,
73.9,150.9, and 217.3. It has been found that at We<24.15, the droplets tend to deposit on the surface
after collision, primarily due to insufficient kinetic energy to overcome the viscous dissipation during
the impact process. This is consistent with previous findings where low-energy collisions are
dominated by viscous forces, leading to energy dissipation rather than rebounding.!* As We increases
(We>24.15), the droplets transition from deposition to rebound, demonstrating more significant
spreading and retraction phases. The conversion of kinetic energy into surface energy and its
subsequent re-conversion during retraction plays a critical role in determining whether the droplet
will rebound or not.>!**-5! Taking Fig. 4b as an example, 0-56 ps is the spreading phase of the
droplets. During this process, both the falling and the sessile droplets deform and spread rapidly until
they reach the maximum spreading state, converting the kinetic energy of the falling droplet into the
surface energy of the two droplets. During the subsequent retraction and rebound phase (56-248 ps),
the surface energy stored in the two droplets is gradually released, converting back into kinetic energy,

causing the merged droplets to bounce off the surface.
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Fig. 4 Temporal evolutions of droplet profiles on the surface at We = (a) 1.5, (b) 73.9, (c) 150.9, and

(d)217.3.
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To demonstrate the impact of Evis on droplet collisions, the restitution coefficients (e=vj/vi, where
vj is the rebound velocity) under different We numbers were calculated, as shown in Fig. 5a. The
maximum value of ¢ is only 0.1, indicating that the majority of the energy is dissipated in the form of
Evis, with only a small portion of the impact kinetic energy converted into the final rebound kinetic
energy of the merged droplets. This finding is consistent with the conclusions of Ma et al..”> The
value of ¢ is much lower than the results obtained at the macroscopic scale,*' because at the

3356 whereas at the

macroscopic scale, viscous dissipation only occurs in the boundary layer,
nanoscale, the velocity gradient extends throughout the entire droplet,'®>7 significantly increasing
viscous dissipation. This results in lower final rebound kinetic energy, particularly at lower We
numbers, indicating that nanoscale collisions are more dissipative compared with their macroscopic
counterparts. Fig. 5a also shows that as the We number increases, the ¢ first increases and then
decreases. This is because, with the increase in impact kinetic energy, viscous dissipation does not
increase as rapidly. To accurately represent the trend of viscous dissipation with impact velocity, the
viscous dissipation energy is calculated according to
Ei=E—E,—E.—E, @)
Fig. 5b shows that viscous dissipation increases with increasing We number. However, based on
the slope of the fitted line being 0.17, it can be seen that the rate of increase in viscous dissipation is
much less than 1. Therefore, the ¢ gradually increases with the increase in We number. On the other
hand, based on the ratio between viscous dissipation and initial kinetic energy (Evis/Ex0), it can be
seen more clearly that this ratio rapidly decreases at lower We stages. However, when We exceeds

122.2, although the ratio of Evis/Ek,0 has remained largely unchanged, it can be seen from Fig. 4c that

holes start to appear at this point. Those holes lead to a loss of surface energy, which reduces the
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kinetic energy available for the droplet to bounce back. As a result, the & decreases rapidly as the

number of holes increases.

1.5
010} @ s —®-D=10nm 42 (b).
./ " D=10 nm \ 114
0.08 - - 36
- )
—~ 30t L} 11.3
oosl / . < 30 mi
@ u - o4 e
+ 4 >
0.04 | S BN LY
- vis
218 .
.02 w L TR E B 111
] e
12 —a
000 1 1 1 1 1 1 1 1 10
0 50 100 150 200 250 0 50 100 150 200 250
We We

Fig. 5 (a) The relationship between the restitution coefficients ¢ and We for equal sized droplets of 10
nm. (b) The relationship between viscous dissipation Evis, the ratio of viscous dissipation to initial
kinetic energy Evis/Ek,0, and We.

Fig. 6a presents the trend of the spreading coefficient (f=D/D;) over time, showing that at all We
numbers, £ increases and then decreases with time. As the impact process progresses, both droplets
start spreading simultaneously. After reaching maximum spreading, they gradually retract and
eventually reach zero, bouncing off the surface. Fig. 6b shows that the maximum spreading
coefficient increases with the We number.? The scaling law it follows will be discussed in detail in
section 4.3. The time required to reach the maximum spreading diameter (fmax) is shown in Fig. 6c.
When We<182.6, tmax gradually decreases with increasing impact velocity, as the degree of droplet
deformation increases and the spreading speed increases. However, Fig. 4d shows that many holes
appear in the central region of the droplet during spreading, which actually increases fmax. For the
contact time of the droplets (#, the time from when the impacting droplet just contacts the stationary

droplet to when the merged droplet bounces off), as shown in Fig. 6d, it starts to increase at We=150.9.
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This is because, at this We number, holes already appear during the droplet impact (Fig. 4c), causing

4 to increase. Therefore, the appearance of holes increases #j, but only when holes appear during the

spreading phase do they cause fmax to increase.
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Fig. 6 (a) The evolutions of the spreading coefficient # for equal sized nanodroplet of 10 nm in a We

range from 24.1 to 217.3. The relationship between (b) the maximum spreading coefticient Smax, (c)

the maximum spreading diameter fmax, (d) the contact time ¢ and We for equal sized nanodroplet of

10 nm.

4.2 Impact of unequal-sized droplets
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Fig. 7 Temporal evolutions of droplet profiles on the surface at We = (a) 1.5, (b) 73.9, (c) 122.2, and

(d) 150.9.
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When considering unequal-sized droplet collisions, the diameter ratio (A=Ds/Di) significantly
influences the collision outcomes. The present study explores the impact of varying the size of fixed
droplets on a surface, with A of 0.4, 0.6, and 0.8, during collision processes. At We=1.5 (low impact
velocity), the collision process shown Fig. 7a is quite similar to the collision of droplets of equal size
(Fig. 4a), and the droplets deposit on the surface after collision. As the impact velocity increases, the
diameter ratio influences the collision outcome, causing the appearance of holes to occur earlier in
the collision process. At We=150.9 with 4=0.6, numerous holes appear during the spreading phase,
and the droplets eventually break up into two rebounding droplets (Fig. 7d). In contrast, under the
same We number, droplets of equal size form only one hole during the retraction phase and eventually
retract into a single rebounding droplet (Fig. 4c).

Further evidence of the influence of A on droplet collision is presented in Fig. 8a. By comparing
the variations of ¢ with We numbers under four different diameter ratios, it is observed that, similar
to the collision of equal-sized droplets, ¢ initially increases and then decreases. The increase is
attributed to Evis/Ex,0, which first rapidly decreases and then basically unchanged with the We number
(Figs. 5b and 8b). While at higher We values, the decrease of ¢ is due to the loss of surface energy
caused by the appearance of holes, similar to the discussion in Section 4.1. Additionally, as A
decreases, ¢ gradually increases (Fig. 8a), indicating that a smaller diameter of the fixed droplet favors
droplet rebound. Comparing Evis at A=0.6 and 1.0 (Fig. 8b), it is evident that the reduction in A leads
to decreased Evis, thus increasing the kinetic energy available for rebound (Ej). The reduction in Evis
can be attributed to the decrease in contact time during the collision, as shown in Fig. 8c. At a diameter
ratio of 1.0, the contact time for all We conditions is greater than that for other values at the same

impact velocity. According to Equation 8, Evis is directly proportional to contact time. Therefore, the
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increase in contact time with increasing diameter ratio is the fundamental reason for the increase in

Evis.58
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relationship between viscous dissipation Evis, the ratio of viscous dissipation to initial kinetic energy
E\is/Ex, and We for various A. (c) The relationship between the contact time ¢ and We for various A.
(d) The relationship between the maximum spreading coefficient fmax and We for various A. (e) The
evolutions of the spreading coefficient S for various A in a We range from 24.1 to 122.2. (f) The
relationship between the maximum spreading diameter fmax and We for various A.

Although the maximum spreading diameter of droplets varies under different A (Fig. 8d), the
difference is relatively small compared with the significant increase in contact time (Fig. 8c). The
maximum spreading diameter increases with increasing We number. Using 1=0.6 as an example, the
relationship between the spreading diameter and time for all rebounding cases is calculated, as shown
in Fig. 8e. Similar to the collision of equal-sized droplets (Fig. 6a), after the droplets make contact,
they spread, retract, and rebound, resulting in an initial increase followed by a decrease, with the peak
value increasing with We number. The time required to reach the maximum spreading diameter is
similar to the contact time, initially decreasing and then increasing with increasing We number (Fig.
8f). This is because the increase in impact velocity causes greater deformation of the colliding
droplets, shortening the time to reach the maximum spreading diameter. However, at a certain impact
velocity, holes appear during the spreading phase, leading to an increase in time. It is noteworthy that
smaller diameter ratios cause holes to appear earlier, resulting in the earlier breakup of the liquid film
into two or more droplets. This finding also suggests that A not only affects the energy dissipation but
also the dynamics of droplet spreading and retraction. These observations are consistent with the

scaling laws proposed by Ma et al.,>

where they highlighted that nanoscale droplet collisions are
governed by different scaling relationships compared with macroscopic droplets.

4.3 Universal scaling laws of the impact of binary droplets
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When a single nanoscale droplet impacts a surface, the contact time remains relatively constant
at higher Weber numbers, following the scaling relationship t~te= (Di/vi)We**Re™3,'® which differs
from the macroscopic scaling relationship ~(pDi*/y)">=(Di/vi)We'?>° At the nanoscale, viscous
dissipation becomes non-negligible, meaning that contact time is influenced not only by the Weber
number but also by the Reynolds number (Re). The question arises: during the collision of two
nanoscale droplets, does the contact time follow the same scaling relationship as that of a single
droplet?

To investigate this, we first define #'= #/(Di/vi) in a similar manner and extract the data from Fig.
8c, where the contact time remains relatively unchanged, for validation of the scaling relationship.
As shown in Fig. 9a, the distribution of contact times is scattered, indicating that when two droplets
of different diameters collide, the contact time does not conform to the scaling relationship observed
in single nanoscale droplet impacts. This discrepancy arises because the diameter ratio plays a

significant role during the collision, which must be taken into account.
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Fig. 9 (a) The relationship between the dimensionless contact time £ and We**Re™”. (b) Revised
dimensionless contact time ¢ as a function of We**Re™3 21 for various A, fitted with a power-law
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To address this discrepancy, the We and Re numbers are redefined as We'=We/A, Re"=Re/A.50-¢?
The new scaling relationship becomes t~(Di/vi)We?*Re*3=(Di/vi)We**Re > that more
accurately describes the dynamic behavior of droplet collisions under varying diameter ratios. This
new scaling law effectively captures the influence of A on collision dynamics, providing a more
comprehensive framework for understanding droplet interactions at the nanoscale. After validating
all the contact times under different conditions using the new scaling, it has been found that all the
data aligns along a single straight line, as shown by the fitted line in Fig. 9b, thus confirming the

correctness of the new scaling relationship.
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Fig. 10 (a) The relationship between the maximum spreading factor fmax and We*3Re 3113, (b)
Revised the maximum spreading factor 8" max as a function of We*>Re”'* 11" for various 4, fitted with
a power-law S max~We? Re 31713,

Wang et al.,>> based on the scaling relationship followed by ¢, further demonstrated that the
maximum spreading factor during the impact of a single nanoscale droplet on a surface follows a
similar scaling relationship: Bmax~We?*Re™. Following the same approach for handling the impact
time of droplets with unequal sizes, if substituting the newly We* and Re" into We?*Re’', the

maximum spreading factor should also follow the new scaling relationship, i.e., fmax~We?*Re '3 113,

2
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When validating all fimax values under different conditions according to the new scaling, as shown in
Fig. 10a, the data are surprisingly scattered, indicating that this theory does not apply to the collision
of two droplets of unequal sizes. However, it has also been observed that the slope of the data variation
is generally consistent across different values. Therefore, we further corrected Pmax, defining
S max=Dmax/Dm, where Dm=(Di> + Ds*)3=(1+213)"3D;. Intriguingly, all four sets of data collapse onto
a single universal curve, thereby verifying this scaling.

The present study’s findings challenge some traditional assumptions about droplet impact
dynamics, particularly at the nanoscale. While classical theories, such as those by Clanet et al.,* have
been successful in describing macroscopic droplet impacts, they fall short in accurately predicting
nanoscale behaviors. The discrepancies arise primarily from the increased significance of surface
forces and viscous dissipation at smaller scales, which are often underestimated in classical models.

The newly proposed scaling relationship in this study offers a novel approach to understanding
nanoscale droplet collisions by taking into account the unique characteristics of energy dissipation
and spreading dynamics at this scale. This contrasts with previous models that primarily focused on
inertial-capillary or viscous regimes, without considering the crossover states that are prevalent in
nanoscale collisions. The new model in this work not only provides new insights into the collision
dynamics of nanodroplets but also proposes a refined theoretical framework that better aligns with
the observed behaviors at the nanoscale. The findings highlight the importance of revisiting and
potentially revising classical theories to accommodate the unique physical phenomena that emerge at
smaller scales.

4. Conclusion
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This study utilizes MD simulations to thoroughly explore the collision behavior of equal and
unequal-sized nanodroplets on a flat surface, uncovering the dynamic processes and energy
conversion mechanisms involved. By setting different Weber numbers and diameter ratios, the
research examines the spreading, retraction, and rebound behaviors of droplets under various
conditions. In collisions between droplets of equal size, it is found that as the Weber number increases,
the droplets transition from deposition to rebound, undergoing noticeable spreading and retraction. A
detailed energy analysis reveals that during droplet collisions, kinetic energy conversion into surface
energy is modulated by viscous dissipation, particularly at the nanoscale. This study further correlates
these findings with existing theories on nanoscale energy dissipation, providing a deeper
understanding of the factors influencing rebound efficiency and scaling behavior.

In the case of collisions between droplets of different sizes, the diameter ratio significantly
influences the collision process. As the diameter of the fixed droplet decreases, viscous dissipation
reduces, allowing more collision energy to be converted into rebound kinetic energy, resulting in
increased rebound velocity. The analysis shows that at smaller diameter ratios, the contact time is
significantly shortened, as the smaller droplet diameter leads to faster film rupture and earlier droplet
separation. Although the maximum spreading diameter increases with the Weber number, its
variation is relatively small compared with the significant increase in contact time observed under
different diameter ratios. Further investigation reveals that by redefining the Weber and Reynolds
numbers and introducing a new scaling relationship, the dynamic behavior of droplet collisions under
varying diameter ratios can be more accurately described.

In conclusion, this study elucidates the complex dynamics involved in nanodroplet collisions,

proposing a novel scaling relationship for unequal-sized droplets. These findings not only advance
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the understanding of nanoscale collisions but also offer practical insights for applications in fields
like inkjet printing, anti-icing and self-cleaning technologies. For instance, in inkjet printing, precise
control over droplet deposition is critical for achieving high-resolution outputs. The novel scaling
laws and understanding of energy dissipation presented here can be used to optimize droplet behavior
during the printing process, improving print quality and material efficiency. In the field of anti-icing
and self-cleaning surfaces, the findings on droplet rebound and spreading dynamics are directly
relevant. Specifically, the reduction in contact time and the effective dissipation of energy may
enhance the performance of surfaces designed to repel water or prevent ice formation. By integrating
these new scaling laws into surface design, engineers could develop more effective coatings that
maintain functionality in extreme environmental conditions. Expanding the application of these
results across other industries, such as coating technologies and microfluidics, presents opportunities
for further innovation based on the nanoscale dynamics explored in this work. However, the
limitations of the MD simulation approach, such as finite simulation time and computational
constraints, may affect the accuracy and generalizability of the results. On the other hand, the study’s
reliance on simulations highlights the need for further experimental validation to confirm these
scaling laws across different materials and environmental conditions. Additionally, in this study, we
focused on cases where 4 is less than or equal to 1. While this range of 1 is relevant to many practical
applications, exploring cases where 1 exceeds 1 could reveal new insights into the dynamics of
unequal-sized droplet collisions. Future research will focus on expanding the parameter space to
investigate whether the same scaling laws apply when the stationary droplet is larger than the
impacting droplet.
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