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Abstract. Self-propelled jump of droplets is among the most striking phenomena in
droplet collisions on substrates. Self-propelled jump phenomena of droplets have been
observed in experiments, which have also been reproduced in macro- or mesoscale
numerical simulations. However, there have been few previous studies on the phe-
nomena at nanoscales. To unravel the dynamics and mechanisms of nanoscale binary
droplet collisions on substrates, head-on collision processes of two identical water
droplets with diameters of 10nm on graphite substrates are investigated by molecu-
lar dynamics (MD) simulations. By varying the impact Reynolds number of binary
droplet collisions on hydrophilic or hydrophobic substrates, we successfully repro-
duce self-propelled jump of droplets on a super-hydrophobic surface with a contact
angle of 143◦ and a relatively high impact Reynolds number of 17.5. Parametric studies
indicate that both high impact Reynolds numbers and high hydrophobicity promote
self-propelled jump. Moreover, the criterion based on the Ohnesorge number derived
from the mesoscopic self-propelled jump regime is insufficient to precisely predict a
nanoscale self-propelled jump phenomenon. For this reason, our study includes the
impact Reynolds number and the substrate properties like contact angle as additional
criteria to refine and extend the current theory for the self-propelled jump behaviours
to nanoscales. The study provides insight into the mechanism of self-propelled jump
phenomenon at nanoscales.
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1 Introduction

Self-propelled jump of droplet phenomena, depicting that a large droplet formed by bi-
nary droplet collisions on a super-hydrophobic surface propels itself to jump away from
the surface [1], are frequently encountered in both natural and industrial processes like
water-repellent surfaces [2, 3]. These interesting phenomena have been applied to de-
veloping functional surfaces which are effective in anti-dew [4], anti-icing [5] or self-
cleaning [6]. Despite some successful applications of the phenomena, understanding of
the mechanisms associated with the self-propelled jump regime is still preliminary [7, 8].
Experimental and numerical studies using, for example, lattice Boltzmann method (LBM)
have already reported self-propelled jump regime in macro- and mesoscales, and their
analyses are mostly from the perspectives of energy, without any detailed account of flow
dynamics [9, 10]. Details of the nanoscale collision process are difficult to obtain through
experiments or continuum simulation methods, especially when the substrate-droplets
distance is within a distance comparable to the molecular mean free path. Thus, com-
puter simulations considering atomic effects are currently the only way to reveal droplet
dynamics when the substrate-droplet distance comes within nanoscale [11]. Yet up to
the present time, the published simulations have not considered the atomic effects. Such
an absence is intriguing as it suggests the possibility that the self-propelled jump phe-
nomenon may not exist in nano-droplet collisions on a substrate while it was observed
in micro- and macro-droplet collisions.

In this research, molecular dynamics (MD) simulations of water nano-droplet col-
lisions on hydrophobic and hydrophilic substrates will be conducted. By varying the
impact Reynolds number and substrate properties like contact angles, we successfully
reproduce the self-propelled uprising behaviours under a proper combination of impact
Reynolds number and contact angles. Meanwhile, a series of MD simulations will be
undertaken to explore the different facets of the self-propelled jump phenomenon.

2 System construction and simulation details

2.1 System construction

To study the distinctive behaviours among hydrophilic and hydrophobic droplets on
graphite substrates, three simulation systems were constructed. Each setup comprises
two nano-droplets and a double-layer graphite surface, as shown in Fig. 1. The first
system is an equilibrium system, and the other two systems aim to study the effects of
hydrophobicity on droplet collision behaviours. Therefore, two contact angles between
droplets and graphite substrates have been selected to represent different hydrophobic-
ity. The contact angle, θ, of each simulation is 143 and 108 degrees, respectively.

The graphite substrate consists of two square staggered sheets with an interlayer dis-
tance of 3.4Å. The side length of each square graphite layer is 500Å. All the carbon atoms
are individually fixed at their initial positions to represent an inert substrate. The origin
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Figure 1: Two nano-droplets on a double-layer graphite substrate. (a) Initial setup of the equilibrium simulation
system. (b) Two droplets equilibrated on the substrate with contact angle of 143◦. (c) Two droplets equilibrated
on the substrate with contact angle of 108◦.

of the x direction is set at the left beginning of the graphite layers. Two identical water
droplets with diameter of 10nm, were successively placed above the substrate with the
distance between their centres of mass (COMs) of 100Å. The whole simulation system
comprises 242,340 atoms in total.

2.2 Simulation details

The TIP3P water model [12, 13] was chosen for the intermolecular potential of water
molecules. The interactions between water molecules include Coulombic and Lennard-
Jones (L-J) potential, and detailed parameters can be referred to [14,15]. The water-carbon
interactions were calculated from the oxygen-carbon L-J potentials [16], as shown in
Eq. (2.1). In Eq. (2.1), r is the distance between any two atoms, and σ and ε represent the
zero energy separation distance and the minimum energy, respectively. The subscripts i
and j are the atom indexes. By varying the coefficients, σ and ε of Lennard-Jones (L-J)
potentials (Eq. (2.1)), different contact angles between droplets and the graphite substrate
were mimicked. Detailed L-J coefficients under different contact angles are listed in Table
1.

Uij=4ε ij
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σij

rij

)12

−

(
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rij

)6
]

. (2.1)

Periodic boundary conditions were applied to all three directions and a cut-off distance
of 16Å was adopted. Trial simulations have been conducted to make sure that the cutoff
distance in the presented simulations has no effect on the simulation results. A time step
of 1fs was deemed suitable [17] and kept constant for all simulations in the present study.

Parallel equilibrium simulations of droplets and graphite substrate with different co-
efficients as listed in Table 1 were conducted before the collision simulations. In the equi-
librium simulations, the two droplets were initially placed above the substrate with their
COMs 6Å higher than the graphite surfaces (as shown in Fig. 1(a)). All equilibrium simu-
lations were undertaken at the temperature of 300K, and the canonical ensembles (NVT)
were employed. Each equilibrium simulation lasted for 2ns to ensure the equilibrium of
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Table 1: Values of potential parameters [18].

atom σ/Å εkcal·mol−1 θ/◦

H-C 0 0 108 and 143

O-C 3.190 0.07493 108

O-C 3.190 0.04496 143

the system. Due to the different coefficients used in equilibrium simulations, the droplets
and the substrate finally formed different contact angles as shown in Figs. 1(a) and (b).
After equilibrium simulations, each droplet was then assigned the same impact veloc-
ity along the x direction. Meanwhile, a series of MD simulations with varying impact
velocity were carried out to explore the droplet behaviours on the graphite substrate.

All the MD simulations are performed on the platform of LAMMPS [19], and car-
ried out on ARCHER, the UK national supercomputing service. The visualisation of the
molecular dynamics simulation is aided by the Visual Molecular Dynamics package [20].

3 Results and discussion

3.1 Reproduction of self-propelled jump behaviours by MD simulations

Droplet collisions on a hydrophobic substrate with a droplet-substrate contact angle of
108◦ were first simulated. Impact Reynolds number (Re), as defined in Eq. (3.1), was used
to describe the droplet velocities and the interactions between droplets and substrate. In
Eq. (3.1), ρ is the density of the droplet, namely 0.996×103kg/m3. Macroscopic properties
of water were selected to calculate Re numbers in Eq. (3.1). µ is the droplet dynamic
viscosity, and we adopted the value of 851µpa·s [21, 22]. v and d represent the droplet
impact velocity and diameter, respectively. For simplification, droplets are treated as
spheres despite deformations by the substrate

Re=
ρvd

µ
. (3.1)

In the case of θ=108◦ , we simulated droplet collisions on the graphite substrate with
impact Reynolds numbers varying from 10 to 21. Results have shown that only coales-
cence, rather than jump of droplets, is observed after the binary droplets collide within
the given Re range. The failure to reproduce the jump of droplets may be due to the
weak hydrophobicity of the substrate. Thus, cases with larger contact angles, in which
the substrate possesses super-hydrophobicity, was conducted.

Binary collisions were then simulated on a hydrophobic substrate with a droplet-
substrate contact angle of 143◦ at different Reynolds numbers. When Re equals 11.7,
the droplets coalesce (Fig. 3(a)) as happened in the case with the contact angle of 108◦.
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Figure 2: Droplet collisions on the substrate with contact angle of 108 degrees. Impact Reynolds number is (a)
10; (b) 14; (c) 17.5; (d) 21.

However, when Re increases to 17.5, an interesting phenomenon of the coalesced droplets
jumping above the substrate was observed (Fig. 3(b)).

Three key stages can be identified in the jump process. The position of centre of
mass (COM) of either separate droplet or merged droplet along the z-direction (ZCOM) is
adopted to help understand the droplet behaviours. At the very beginning (t=0∼15ps),
the two droplets approach, contact and fuse into each other. During this process, the
average ZCOM of both droplets remains unchanged. The second stage (t= 15∼ 45ps) is
the union of the droplets and the preparation for the jump of the united droplets. As the
two droplets permeate into each other, a large droplet with a peach shape is formed at
t=30ps. Thereafter, the large repelling force from the impermeable substrate drives the
basal water molecules to move upwards, thereby lifting the COM of the merged droplet
and resulting in the increase of ZCOM. Meanwhile, the outline of the large droplet gradu-
ally changes from peach-like to rugby-like. In the last stage (t=45∼60ps), the rugby-like
droplet detaches from the substrate as the COM moves upwards. Thus, this stage is also
named the jump stage of the merged droplet. Since the simulations were conducted in
vacuum, neither drag forces from ambient gases nor gravity of the droplet were consid-
ered. The droplet will finally move upwards at a constant velocity smaller than the im-
pact velocity in the direction perpendicular to the substrate. Consequently, an increase
in distance between the droplet and the substrate, namely ZCOM, can be obviously ob-
served in the jump stage. The whole process including three aforementioned stages can
spontaneously occur, so we name this process ”self-propelled jump regime”, which is
also consistent with previous naming conventions [23].
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Figure 3: Droplet collisions on the substrate with contact angle of 143 degree. The impact Reynolds number is
(a) 11.7; (b) 17.5.

3.2 Explanation for self-propelled jump regime

Self-propelled jump phenomena of droplets have been reported in experimental and
mesoscopic studies. In these studies, Ohnesorge number (Oh) was adopted to depict the
movement features, especially as a criterion to judge the occurrence of the self-propelled
jump regime [24]. Oh is defined to relate the dynamic behaviours with forces and mate-
rial properties, and can be calculated by Eq. (3.2), where σ represents the droplet surface
tension with a value of 71.7mN/m [25]

Oh=
µ

√

ρσd
. (3.2)

In [26], experimental and LBM studies found that self-propelled jump only occurs
when Oh is smaller than 0.217 [26]. However, in the present simulation where the water
droplets have diameters of 10nm and Re is 17.5, the corresponding Oh is already 1.418
while the self-propelled jump behaviours can still be observed. The discrepancy indicates
that the criteria to judge the occurrence of the self-propelled jump regime from experi-
mental and mesoscopic may not be applicable to microscopic binary collisions.

To understand the jump process in depth, we scrutinize the droplet velocity fields
at key instants. To calculate the velocity distribution of droplets, we map the molecules
from the Lagrangian system into the Eulerian system, which can be divided into the
following steps:
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a. Drawing a box that contains the calculation zoom, and cutting the box into Nx×Ny×

Nz mesh.

b. Counting number of molecules and total velocity in each cell as the number density.

c. Calculating the average velocity in each cell (total velocity divided by number of
molecular).

d. Normalizing density.

When setting cell numbers, it is worth noting that the cell size should be large enough
to contain at least 5 molecules for the droplet region. By using this method, instantaneous
droplet velocity fields at key instants are shown in Fig. 4. In the first stage, when the two
droplets are approaching each other (t= 0∼ 15ps), the orientations of droplet velocities
are horizontal as expected. In the second stage (t = 15 ∼ 45ps) when the two droplets
collided, and the kinetic energy of droplets dissipates during collision and the horizontal
velocities of both droplets decrease significantly. The presence of the substrate sterically

Fig. 4. Droplet velocity fields during the whole jump regime process. Figure 4: Droplet velocity fields during the whole jump regime process.
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hinders the water molecules in the merged region to move downwards, resulting in wa-
ter being stacked on the substrate surface as well as the peach-like shape of the droplet.
Meanwhile, vertical velocities are generated due to the steric hindrance of substrate as
well as the repelling force from substrate. In the third stage (t = 45 ∼ 60ps), when the
rugby-like droplet detaches from the substrate, the velocity fields mostly become verti-
cally orientated.

3.3 Influencing parameters of self-propelled jump regime

As shown previously (see Fig. 2 and Fig. 3), the contact angle and impact Reynolds num-
ber of droplets are both key parameters which may influence the droplet behaviours.
Thus, parallel simulations with varying contact angles and impact Reynolds numbers
have been conducted, and preliminary discussions are presented in the following sec-
tion.

The values of ZCOM of droplets with contact angles of 143, 108 and 83 degrees and
varying impact Reynolds numbers are investigated, as shown in Fig. 5.

Figure 5: ZCOM evolution with varying contact angles and Reynolds numbers.

3.3.1 Impact Reynolds number

The two curves with contact angle of 143◦ in Fig. 5, together with the aforementioned in
silica experimental results shown in Fig. 3, indicate that in our studies the self-propelled
jump phenomenon is observed (Fig. 3(b)) only when two droplets collide on super-
hydrophobic substrate with a contact angle of 143◦ and Re of 17.5.

In the low Re case (Re = 11.7), the moderate collision between two droplets results
in relatively smaller deformation and correspondingly a slighter lifting of droplet COM,
compared with the high Reynolds number case (Re=17.5). So in Fig. 5, the ZCOM curve
in the case of Re being 11.7 is mostly beneath that of Re being 17.5. Meanwhile, when Re
is small, the mild kinetic energy and the insufficient hindrance on droplet deformation
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by the substrate fail to drive the merged droplet bounce off the substrate, so ZCOM curve
in the case of Re being 11.7 gradually flattens as the simulation goes. Therefore, collision
with high impact Reynolds numbers is a premise for the self-propelled jump of droplet.

3.3.2 Contact angle

We decrease the contact angle from 143◦ to 108◦ with the unchanged Re of 17.5. Unfortu-
nately, no self-propelled jump phenomenon is detected with contact angle of 108◦. Even
though we then increase the Reynolds number to 21, self-propelled jump phenomenon
does not appear either, as the red curves show in Fig. 5. However, we can still find that
the increase in Reynolds number trends to lift the droplet COM higher due to the larger
deformation potential after collision. For example, when θ=108◦ and Re=21, the ZCOM

change between the final and the initial states is 19Å, while its Re=17.5 counterpart only
has a ZCOM increase of 17Å.

We finally conducted simulations with contact angle θ=84◦ under which the graphite
substrate performs hydrophilic properties with droplets. As the blue lines shows in Fig. 5,
the binary collisions on the substrate only follow the coalescence rather than the self-
propelled jump regime regardless of how large the Reynolds numbers are. Moreover, as
expected, the ZCOM changes between the final and the initial states increase with Re.

Moreover, when the Reynolds number equals 21, the ZCOM change in the θ=84◦ case
is 17Å while its θ = 108◦ counterpart is 19Å. The smaller ZCOM change of θ = 84◦ case
can be attributed to the hydrophilic properties of the substrate. The attractive interplay
between the hydrophilic substrate and the droplets pulls the droplet COM towards the
surface, leading to a smaller ZCOM increase. For this reason, it can be deduced that the
self-propelled jump regime may never occur on hydrophilic surfaces.

In summary, the self-propelled jump regime only happens when binary droplet col-
lisions take place on a super-hydrophobic surface and with high impact Reynolds num-
bers. Droplets moving under high impact Reynolds numbers carry large kinetic en-
ergy which can be converted into large deformation potential. Meanwhile, the super-
hydrophobic substrate surface sterically hinders the deformation of droplet from per-
meating through the substrate; on the other hand, the repelling interactions between the
super-hydrophobic substrate and the liquid molecules drive the droplet COM away from
the substrate surface.

4 Conclusions

Molecular dynamics simulations of droplet collisions on graphite substrates with differ-
ent contact angles and Reynolds numbers have been conducted. The self-propelled jump
phenomenon of nanoscale droplets has been reproduced for the first time by MD. Re-
sults show that binary droplet collisions with high impact Reynolds numbers on super-
hydrophobic substrates are most likely to lead to the self-propelled jump phenomenon.
Furthermore, parametric studies indicate that the criterion based on the Oh number de-
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rived from the mesoscopic self-propelled jump regime is insufficient to precisely predict
a nanoscale self-propelled jump phenomenon. The present study shows that the im-
pact Reynolds number and the substrate properties like contact angle should serve as
additional criteria for the occurrence of the self-propelled jump behaviours. In further
investigations, a complete regime map and criteria for predicting nano-scale droplet col-
lision and jump behaviours on substrates will be developed. Finally, it is worth pointing
out that MD can only be used to investigate a system with nano-droplets due to the lim-
itation imposed by computational cost considerations. On the other hand, experimental
results on self-propelled droplet jump have employed micro-droplets. There is therefore
no direct comparison between our MD results and experimental observations. Never-
theless, it is quite reassuring that MD has shown the existence of self-propelled jump
of nano-droplets, which should be due to the same mechanism as that behind the self-
propelled jump of micro-droplets. It is hoped that future experimental work will confirm
our findings.
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