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Abstract: In this work, we performed molecular dynamics simulations to study the dynamics of a
shock wave-induced single nanobubble collapsing near one flexible and two rigid boundaries. The
flexible boundary consisted of polyethylene, and the rigid boundaries were made of aluminum and
iron. The shock waves impinging on the nanobubble inside a molecular system were generated
using a momentum mirror approach. For two relative wall distances, we studied the dynamics of
the shock-induced single nanobubble and its collapse near the flexible and the rigid boundaries.
The atomic velocity contours surrounding the single nanobubble and the collapse-induced damage
on the boundaries were analyzed. We obtained this collapse-induced damage from ten collapsing
nanobubbles. Results showed that the relative wall distance affected the single nanobubble’s collapse
dynamics near the boundaries. A generated nanojet was directed on the surfaces during the collapse
process. From the collapse-induced damage point of view, the depth damage of the polyethylene,
iron, and aluminum boundaries for the relative wall distance of γ = 1.3 were 6.0, 0.47 and 0.63 nm,
respectively. It was observed that the extensive collapse-induced damage occurred only on the
polyethylene boundary.

Keywords: cavitation; cavitation erosion; shock-induced nanobubble; molecular dynamics simulations

1. Introduction

Cavitation is a phenomenon that usually occurs in ship and hydraulic machinery
systems, in biochemical and biomedical and ultrasonic systems, and in various valves and
injector nozzles, etc. Cavitation may cause mass loss, and it may damage the surface of im-
mersed bodies of systems where cavitating flows or cavitation bubbles are generated. This
cavitation-induced damage reduces the performance of such systems (Reisman et al. [1],
Dular et al. [2], Patella et al. [3], Huang et al. [4], Kadivar et al. [5–7], Köksal et al. [8],
Lin et al. [9], and Sadri and Kadivar [10]. The cavitation-induced damage is caused by the
collapse of many tiny bubbles near a boundary. These tiny bubbles usually are of mesoscale,
microscale, and nanoscale size. Previous research dealt mostly with the dynamics of a
single cavitation bubble of mesoscale and microscale size near a boundary.

Lauterborn et al. [11], Philipp and Lauterborn [12] Tomita and Shima [13], Koch [14]
and Kadivar et al. [15] studied the dynamics of a single cavitation bubble near a solid
boundary. They numerically and experimentally investigated the single cavitation bubble
and its destructive effects, such as erosion on the surface of the solid boundary. Their results
demonstrated that a microjet forms during the collapse process of the single cavitation
bubble near a solid surface. This microjet, impacting on the solid boundary, induces surface
erosion after several successive bubble collapses. Furthermore, they found that a toroidal
cavity structure forms after the first collapse, inducing more damage on the solid boundary.
This toroidal cavity consists of several tiny bubbles that cause erosion after collapsing. Vogel
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and Lauterborn [16] studied the generation of acoustic transient laser-induced cavitation
bubbles near solid boundaries. They found that a significant pressure impact is generated
inside a single cavitation bubble during its first collapse. The impact on the solid surface
reaches pressures up to 60 kbar. They indicated that a major part of the bubble collapse
energy is converted to acoustic energy.

Tomita et al. [17] investigated the dynamics of a laser-induced cavitation bubble
collapsing close to a curved solid surface. They showed that the collapse dynamics of
the bubble and the direction of its collapse are influenced by the curvature of the solid
surface. Lindau and Lauterborn [18], studying the dynamics of a single cavitation bubble
near a solid boundary, found that a counterjet forms during the rebound process for certain
stand-off distances between the bubble center and the solid boundary. Dular et al. [19],
investigating the damage formed by the collapse of a single cavitation bubble near a solid
surface, indicated that a macrojet forms due to the pressure gradient around the single
cavitation bubble. Kadivar et al. [20], investigating the dynamics of a single cavitation
bubble near a riblet structure, showed that the momentum of the microjet formed during
the bubble collapse process is affected by the riblet structure. Their results revealed that the
micro structured riblet mitigates the cavitation-induced erosion of the bubble collapsing on
the solid boundary.

Phan et al. [21] studied the thermodynamic effects on the collapse process of a single
cavitation bubble. They presented the dynamics of the bubble’s growth and demonstrated
that its collapse process is influenced by thermodynamic effects. Huang et al. [22] inves-
tigated the acoustic waves induced by the oscillation and collapse of a single cavitation
bubble. They found that rarefaction waves are generated during the bubble collapse stage
due to the contraction of the single bubble. In addition, they showed that the velocity
and pressure of the liquid field is increased after formation of the shock wave. Regard-
ing simulations of a nanobubble, some of the previous studies were performed using a
molecular dynamics (MD) simulation to investigate collapse dynamics of bubbles with
a radius in the nanoscale range. Matsumoto et al. [23], dealing with a bubble collapsing
in the Lennard-Jones liquid, investigated the variation of the surrounding pressure and
temperature on the bubble’s volume during its collapse. A sharp temperature rise was
observed as the bubble shrank after the uniform compression of the system.

Xiao et al. [24] found that the local temperature of the fluid inside the collapsing
nanobubble increases up to five times the temperature of the bulk fluid. In addition to
the simple fluids, the collapse of nanobubbles in complex fluids, including water, was
investigated in some previous studies. Lugli et al. [25] studied the collapse of nanobub-
bles in water, indicating that the local water temperature may reach 4000 K. In addition,
their results revealed that the nanobubble collapse time duration is in the range of 1 to
10 picoseconds. Ikemoto et al. [26] employed molecular dynamics simulations to study
the conditions inside the bubble from an atomistic point of view, and they employed
computational fluid dynamics to study the transfer of energy far away from the bubble.
The bubble was formed by creating negative pressures in the simple Lennard-Jones system.
Examining the Young-Laplace equation (the relationship between the pressure difference,
the surface tension, and bubble radius) in water was among the studies performed by the
molecular dynamics simulations of Matsumoto [27], Sekine et al. [28] and Liu et al. [29].
They studied the bubble dynamics without the presence of a shock wave. Vedadi et al. [30]
studied the effect of shock waves on a bubble’s collapse and the associated formation of a
nanojet by simulating the molecular dynamics and studying the relationship between the
nanojet’s properties and the nanobubble’s radius. Schanz et al. [31] investigated molecular
dynamics simulations of cavitation bubble collapse using molecular dynamics simulations,
adopting a hard sphere model for the species inside the bubble. Moiseeva et al. [32] studied
the MD simulations of surface nanobubbles on the liquid-solid interface, where the liquid
phase consists of argon and dissolved neon. They also investigated the influence of gas
concentration on the system behavior.
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Zhan et al. [33] investigated the effect of a shock wave colliding with a nano/micro
bubble using molecular dynamics simulations. They showed that the shock wave leads to
the formation of a nano/micro jet, which damages adjacent solid boundaries. Furthermore,
using molecular dynamics simulations, some researchers studied the effect of nanobubbles
on lipid and amorphous silica. Nomura et al. [34] and Shekhar et al. [35] investigated the
formation of a hemispherical pit on the surface of amorphous silica and the ionization of
water, using reactive molecular dynamics simulations. By performing molecular dynamics
simulations, Choubey et al. [36] investigated the molecular mechanism of poration in
lipid bilayers due to shock-induced collapses of nanobubbles. Their results illustrated
the impact of a water nanojet on the lipid bilayers for a nanobubble diameter equal to
40 nm. The coarse-grained molecular dynamic method was used to investigate the extent
of damage to a lipid membrane by varying the position of the bubbles relative to each other
on, (Santo and Berkowitz [37], Adhikari et al. [38] and Nan et al. [39]). It was shown that the
induced shock wave cannot create holes or cavities in the absence of bubbles. The spatial
distribution of the density and the timing diagram of the vertical pressure applied to the
bubble were also discussed.

The effect of the shock wave velocity on the nanobubble and the deformation created
on the membrane due to the nanobubble collapse was investigated by Sun et al. [40]. Their
results showed that the water nanojets cause structural damages in the membrane. They
indicated that the deformed bilayers are hemispherical and that water pores are generated
when the shock velocities are sufficiently high. Becton et al. [41] studied the effects of
nanobubble collapse on the cell membrane’s integrity. They showed that the cavitation
nanobubble focuses the kinetic energy of the shock wave on a smaller area, inducing
penetration at the edge of model cell. Wu and Adnan [42], carrying out molecular dynamics
simulations, relied on the neural network of the brain to study the effect of a nanobubble
collapsing on the membrane and its effect on its structure. They presented the influence
of the size and location of nanobubbles. Hong et al. [43] performed molecular dynamics
simulations to study the stability of nanobubbles in water. They showed that, for the
nanobubbles with a certain radius to be stable, the interbubble distance should be smaller
than the maximum interbubble distance. Relying on molecular dynamics simulations,
Zhou et al. [44] investigated the exfoliation of the MoS2 layers induced by the collapse,
and they validated their simulated results against experimental data. Their results revealed
that the surface temperature reaches 3000 K, the pressure 20 GPa and the shear stress
10 GPa when the formed nanojet collides with MoS2 layers. Hu et al. [45] studied the
effect of an electric field (0.2 V/nm) on the collapse of nanobubbles when forming a
nanojet to create holes in a bio-membrane. Employing molecular dynamics simulations,
Ghoohestani et al. [46] investigated the reactive-dynamic characteristic of a nanobubble
collapse near a solid surface. They showed that the collision between a shock wave and a
nanobubble leads to the collapse of the nanobubble, thereby forming a nanojet during the
collapse process.

Summing up the literature review, we concluded that the dynamics of a single cavita-
tion bubble near a solid boundary was mostly investigated at macro scales. In addition,
there is no comprehensive study regarding the simulation of a nanobubble near a solid
boundary, and most of these studies focused on the dynamics of the nanobubble near a
membrane. Therefore, to fill this gap, we performed various numerical simulations to
analyze the dynamics of a nanobubble near two different rigid boundaries, using molecular
dynamics simulations. We simulated the dynamics of a single nanobubble near a flexible
boundary and compared the dynamics of this nanobubble collapsing near two rigid bound-
aries. In addition, we analyzed the induced damage on the flexible and rigid boundaries.
Section 2 presents the description of the dynamics of a single cavitation bubble near a
flexible and a rigid boundary. Section 3 presents the numerical method of the molecular
dynamics simulations. Section 4 shows the results of the nanobubble collapsing near a
flexible and two rigid boundaries. Section 5 presents the conclusion of the present work.
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2. Single Cavitation Bubble near Flexible and Rigid Boundaries

The molecular dynamics simulations of the cavitation nanobubble near a flexible
surface and two different rigid surfaces was performed in this study in order to understand
the mechanism of shock wave-induced nanobubble collapse and shock wave-induced
erosion near the boundaries. The erosion formed on the boundaries may be due to a nanojet
produced during the nanobubble collapse process. However, the shock wave itself cannot
create a pit or erosion on a boundary in the absence of the nanobubble.

Figure 1a shows a schematic view of a single cavitation nanobubble near a solid
boundary at a relative wall distance in a system after equilibration. In addition, Figure 1b,c
show schematic views of the expected collapse dynamics of the single nanobubble near a
rigid boundary made of Iron (Fe) and a flexible boundary made of Polyethylene (PE) and
nanobubble collapse-induced erosion on the boundaries, respectively. In the left side of
the system, a shock front can be seen in the system. The parameter d and w are the depth
and width of the collapse-induced erosion area which can be formed on the boundary.
The parameters Rmax and d represent the maximum nanobubble radius and the distance
between the nanobubble center and the boundary. The erosion or damage formed on the
flexible and rigid boundaries after the nanobubble collapse can be different. In other words,
the depth and width of the damage which can be formed on the boundaries due to the
multiple collapse of the nanobubble are different because of the various material properties
of the boundaries and the intensity of the nanojet impact. The non-dimensional parameter
γ is a relative wall distance and is defined as the ratio of the distance of the nanobubble
center to the solid boundary and the maximum nanobubble radius as follows:

γ = s/Rmax (1)

Figure 1. (a) Schematic view of a single nanobubble near a solid boundary at a relative wall distance
in a system after equilibration. (b) Schematic view of the collapse dynamics of a single nanobubble
near a rigid boundary, (c) Schematic view of the collapse dynamics of a single nanobubble near a
flexible boundary.
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3. Numerical Method

For the numerical simulation, a molecular dynamics simulation was performed to
study the nanoscale simulation of the single bubble dynamics near a flexible boundary and
two rigid boundaries at different relative wall distances using LAMMPS [47]. The molecular
dynamics simulation is a powerful tool for understanding the physics and chemistry
governing nanoscale phenomena. For this aim, a system will be considered in the simulation
which is a water box with dimensions of 36 × 18.5 × 16.5 nm containing about 0.4 × 106 to
1.0 × 106 water molecules. Then, by removing the water molecules from a special region,
a solid boundary with a depth and height equivalent to the water box and a thickness
of about 10 nm will be placed there. For the first simulation, the system equilibrates at a
temperature of 300 K and a pressure of 1 atm. In the numerical simulations, the nanobubble
was assumed to be initially spherical in fluid. The boundary conditions in all test cases are
periodic in all directions. Then, a bubble is created by eliminating the water molecules with
a radius of 5 nm. Considering that the gas inside the nanobubble can also be simulated,
it is not necessary for the molecular dynamics study of the nanobubble, as it has been
neglected in almost all previous MD studies. The reason for this is the small size of the
nanobubble and the negligible effect of the presence of gas particles in the nanobubble
in the nanojet creation and resulting damage on the surface. In the next step, at NVE,
ensemble system particles will be then immediately given a high speed in the range of
10 km/s in the (−x) direction (0.1 ps). In this case, the left boundary condition in the
x-direction is the wall/reflection so that the collision of system particles at high speed will
cause a shock in the (+x) direction, see Figure 1a. Then, the generated shock wave can
affect the nanobubble, which may collapse near the solid boundary. In all simulations,
the boundary conditions in the y and z directions will be periodic. Temperature will also
be calculated by averaging the atomic velocities utilizing equipartition theorem.

The simulation is first step performed in the NPT ensemble. Then, suddenly, a nanobub-
ble is created in the NVE ensemble by deleting 100% of all the atoms of the considered
sphere. Generally, there is a slight change in the density due to the nanobubble, which is
negligible (less than 2%). Then, a shock is immediately created by accelerating the atoms in
the −X direction (just about 2 ps) and then reflecting it at the left boundary. It should be
mentioned that the volume change of the nanobubble until reaching the shock is insignifi-
cant (less than 3%). The considered ensemble during the shock wave is NVE. In order to
investigate the effect of statistical uncertainties on our results, simulations were performed
for different distributions of initial velocities. It was observed that the obtained results
for the same input parameters but different initial conditions are very similar. Therefore,
the results are reported based on one initial condition. The interatomic interactions in solid
boundaries for Al and Fe (bbc) are described by Lennard-Jones potential as:

U(r) = 4ε
(
(

σ

r
)12 − (

σ

r
)6
)

(2)

where r is interatomic distance between two atoms, ε is the energy parameter and σ is
the distance parameter and for PE by REBO potential. The coefficients for Lennard-Jones
potential are shown in Table 1. The mixing rule is used to calculate the coefficients of
interaction between solid and water.

Table 1. Lennard-Jones potential parameters for different interactions.

Interatomic Type ε (eV) σ (Å)

Al-Al 0.4 2.720
Fe-Fe 0.41 2.338

Al-water 0.11 2.53
Fe-water 0.11 2.72

water-water 0.03 2.725
PE-water 0.01 3.25
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4. Results

In this section, we presented the dynamics of a nanobubble collapsing near the flexible
surface polyethylene (PE) and near the rigid aluminum (Al) and iron (Fe) boundaries.
Furthermore, the contours of velocity and pressure impacts of the nanobubble’s collapse
dynamics near the three boundaries at two different relative wall distances are presented.
Figure 2 shows the dynamics of a single nanobubble collapsing near the rigid iron boundary
(Fe) at the relative wall distance γ = 1.8. White circles and blue vertical rectangles represent
the nanobubble and the solid boundary in this figure, respectively. The snapshots show
that the total collapse process time of the nanobubble took about 1.2 ps after the bubble
attained its maximum radius. The formation of a nanojet inside the bubble expanding from
left to right towards the solid surface is seen to have occurred between time steps t = 0.6 and
t = 1.0 ps. The first collapse occurred at time t = 1.2 ps. Figure 3 shows the dynamics of a
single nanobubble collapsing near the iron surface at the relative wall distance of γ = 1.3.
As seen, the first collapse occurred at time t = 1.2 ps. The volume of the nanobubble near
the iron surface in the collapse process at γ = 1.3 is slightly larger than the volume of
the nanobubble near the iron surface at γ = 1.8. We deduced that the dynamics of the
nanobubble collapse near the iron surface at the relative wall distances of γ = 1.3 and
1.8 were similar to each other. Furthermore, the first collapse also occurred at the time step
of t = 1.2 ps for both relative wall distances.

Figure 2. Atomic position snapshots of the collapse dynamics of a single nanobubble near the
rigid boundary Iron (Fe) using molecular dynamics simulations at relative wall distance γ = 1.8.
The nanobubble radius is initially 5 nm.

Figures 4 and 5 show the atomic position snapshots of the dynamics of a single
nanobubble collapsing near the rigid aluminum boundary (Al) at the relative wall distances
of γ = 1.8 and γ = 1.3, respectively. More snapshots of the atomic position of the dynamics
of a single nanobubble collapsing are provided in Supplementary Materials. For both
relative wall distances, the total collapse time of the nanobubble was about 1.2 ps after the
nanobubble reached its maximum radius. For both relative wall distances, the generation
of a nanojet at the upper interface of the nanobubble surface occurred between times
t = 0.6 and 1.0 ps. These results revealed that the first nanobubble collapse occurred at time
t = 1.2 ps for both cases. However, the nanobubble’s volume at the time the nanojet impacted
on the surface at the relative wall distance of γ = 1.3 was greater than the nanobubble’s
volume at the relative wall distance of γ = 1.8. We deduced that, at these same relative wall
distances, collapse dynamics near the aluminum and the iron boundaries were similar to
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each other. In other words, changing the rigid boundary from aluminum to iron did not
significantly affect the dynamics of the nanobubble collapsing at this relative wall distance.

Figures 6 and 7 show snapshots of the atomic position of the single nanobubble
dynamics near the flexible polyethylene (PE) boundary collapsing at the relative wall
distances of γ = 1.8 and 1.3, respectively. As seen, the first collapse occurred at time
t = 1.2 ps for the bubble at both relative wall distances. The shapes of the nanobubble
near the polyethylene (PE) surface during its collapse at both relative wall distances were
similar; however, its volume was slightly greater at the relative wall distance of γ = 1.3
than at the relative wall distance of γ = 1.8. For the bubble at both relative wall distances,
the propagating shock wave generated a liquid nanojet moving towards the polyethylene
(PE) surface.

Figure 3. Atomic position snapshots of the collapse dynamics of a single nanobubble near the
rigid boundary Iron (Fe) using molecular dynamics simulations at relative wall distance γ = 1.3.
The nanobubble radius is initially 5 nm.

Figure 4. Atomic position snapshots of the collapse dynamics of a single nanobubble near the rigid
boundary Aluminum (Al) using molecular dynamics simulations at relative wall distance γ = 1.8.



Fluids 2023, 8, 154 8 of 16

Figure 5. Atomic position snapshots of the collapse dynamics of a single nanobubble near the rigid
boundary Aluminum (Al) using molecular dynamics simulations at relative wall distance γ = 1.3.

Figure 6. Atomic position snapshots of the collapse dynamics of a single nanobubble near the flexible
boundary Polyethylene (PE) using molecular dynamics simulations at relative wall distance γ = 1.8.

Figure 7. Atomic position snapshots of the collapse dynamics of a single nanobubble near the flexible
boundary Polyethylene (PE) using molecular dynamics simulations at relative wall distance γ = 1.3.
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Figures 8 and 9 show the atomic velocity contour of the nanobubble collapse dynamics
near the rigid iron boundary (Fe) at the relative wall distances of γ = 1.8 and 1.3, respectively.
The maximum atomic velocity in the direction of the nanobubble’s center shows the nanojet
moving towards the solid surface. As seen, the shock wave particles collided with the left
side of the nanobubble surface and compressed the bubble’s volume as the shock wave
propagated (Figure 8 t = 0 ps to 0.2 ps). As the shock wave reached the bubble’s center,
the bubble’s volume decreased (Figure 8 t = 0.4 ps to 0.6 ps). As the shock particles reached
the right surface of the nanobubble between times t = 0.7 ps and 1.0 ps, the bubble’s volume
reached its lowest value. Finally, the nanobubble collapsed entirely at the final collapse
stage, and the nanojet impacting on the solid boundary at t = 1.2 ps is shown in Figure 8.

Figure 8. Contour of atomic velocity in -x:[1̄00] direction of a single nanobubble collapse process near
the rigid boundary Iron (Fe) using molecular dynamics simulations at relative wall distance γ = 1.8.

Figure 9. Contour of atomic velocity in -x:[1̄00] direction of a single nanobubble collapse process near
the rigid boundary Iron (Fe) using molecular dynamics simulations at relative wall distance γ = 1.3.
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Figures 10 and 11 show the atomic velocity contour of the nanobubble’s dynamics col-
lapsing near the rigid aluminum (Al) boundary at the relative wall distances of γ = 1.8 and
1.3, respectively. Near the aluminum boundary, the maximum atomic velocity was about
16 km/s for both relative wall distances. Based on the atomic velocity contour, the bub-
ble’s collapse and the impact of the nanojet occurred at time t = 1.2 ps for both relative
wall distances.

Figure 10. Contour of atomic velocity in -x:[1̄00] direction of a single nanobubble collapse near the
rigid boundary Aluminum (Al) using molecular dynamics simulations at relative wall distance γ = 1.8.

Figure 11. Contour of atomic velocity in -x:[1̄00] direction of a single nanobubble collapse process
near the rigid boundary Aluminum (Al) using molecular dynamics simulations at relative wall
distance γ = 1.3.
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Figures 12 and 13 show the atomic velocity contour of the nanobubble’s dynamics
collapsing near the flexible polyethylene (PE) boundary at the relative wall distances of
γ = 1.8 and 1.3, respectively. The maximum atomic velocity was about 16 km/s at γ = 1.8
and about 17 km/s at γ = 1.3. The bubble collapsed completely at time t = 1.2 ps for both
relative wall distances. The nanojet impacting on the polyethylene surface occurred at
t = 1.2 ps, as seen in Figures 12 and 13. Figure 14 illustrates the nanobubble’s collapse-
induced erosion on the rigid iron (Fe) boundary for the relative wall distances of γ = 1.3 and
1.8. For the relative wall distances of γ = 1.8, the depth and width of the collapse-induced
damage on the rigid iron boundary were 0.35 nm and 6.4 nm, respectively. In other words,
the width of the collapse-induced erosion on the iron surface was significantly larger than
the depth of this erosion. However, for the relative wall distance of γ = 1.3, the depth
and width of the collapse-induced damage on the iron surface were 0.47 nm and 6.4 nm,
respectively. This meant that the effect of relative wall distance on the erosion width was
not significant for the nanobubble collapsing near the iron boundary. At the relative wall
distance of γ = 1.3, however, more damage occurred, as seen by the depth of the iron
surface, compared to the nanobubble’s collapse damage at the relative wall distance of
γ = 1.8.

Figure 12. Contour of atomic velocity in -x:[1̄00] direction of a single nanobubble collapse process
near the flexible boundary Polyethylene (PE) using molecular dynamics simulations at relative wall
distance γ = 1.8.

Figure 15 illustrates the nanobubble’s collapse-induced erosion on the rigid aluminum
(Al) boundary for the relative wall distances of γ = 1.3 and 1.8. We deduced that the depth
and width of the erosion on the rigid aluminum boundary for the relative wall distances
of γ = 1.8 were 0.5 and 11.8 nm, respectively. For the relative wall distance of γ = 1.3,
the depth and width of the erosion were 0.63 and 7.0 nm, respectively. That is, the relative
wall distance significantly affected the nanobubble’s collapse damage on the aluminum
surface. However, for relative wall distance of γ = 1.3, the erosion width formed on the
aluminum surface was smaller than the erosion width for the relative wall distance of
γ = 1.8. This was likely due to the nanojet impact focusing on the central section of the
aluminum surface for the relative wall distance of γ = 1.3.
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Figure 13. Contour of atomic velocity in -x:[1̄00] direction of a single nanobubble collapse process
near the flexible boundary Polyethylene (PE) using molecular dynamics simulations at relative wall
distance γ = 1.3.

Figure 14. The erosion induced by the nanobubble collapse near the rigid boundary Iron (Fe) at
relative wall distances γ = 1.3 and 1.8. The parameters d and w in the images are the depth and width
of the collapse induced damage, respectively.

Figure 15. The erosion induced by the nanobubble collapse near the rigid boundary Aluminum (Al)
at relative wall distances γ = 1.3 and 1.8. The parameters d and w in the images are the depth and
width of the collapse induced damage, respectively.

Figure 16 illustrates the nanobubble’s collapse-induced erosion on the flexible polyethy-
lene (PE) boundary for relative wall distances of γ = 1.3 and 1.8. Here, the depth and width
of the damage for the relative wall distance of γ = 1.8 were 6.0 and 10 nm, respectively.
However, for relative wall distance of γ = 1.3, the depth and width of the erosion were
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6 and 12.0 nm, respectively. Thus, the depth damage of the polyethylene surface for the
relative wall distance of γ = 1.3 was greater than this depth damage for the relative wall
distance of γ = 1.8. As the width damage was 6 nm, it was impossible to calculate the
depth damage. The width damage on the polyethylene surface for the relative wall distance
of γ = 1.3 was slightly larger than the width of damage for the relative wall distance of
γ = 1.8. In general, we deduced that the collapse-induced erosion on the polyethylene
(PE) boundary was greater than the erosion on the rigid aluminum and iron boundaries.
The Figure 17 shows the summary of the nanobubble’s collapse-induced erosion on all
three boundaries for relative wall distances of γ = 1.3 and 1.8.

Figure 16. The erosion induced by the nanobubble collapse near the flexible boundary Polyethylene
(PE) at relative wall distances γ = 1.3 and 1.8. The parameters d and w in the images are the depth
and width of the collapse-induced damage, respectively.

Figure 17. Summary of the nanobubble’s collapse-induced erosion on all three boundaries for relative
wall distances of γ = 1.3 and 1.8.

5. Conclusions

Using a mirror wall method based on molecular dynamics simulations, the collapse
dynamics of a shock wave-induced single nanobubble was investigated. The nanobubble
collapse near a flexible polyethylene boundary and near a rigid aluminum boundary and
a rigid iron boundary for two different relative wall distances were analyzed. A momen-
tum mirror protocol inside a molecular system generated the shock wave impinging the
nanobubble. The shrinkage and collapse of the nanobubble occurred due to the colli-
sion of the shock with the nanobubble’s surface. Results revealed that a liquid nanojet
formed during the collapse stages of the single nanobubble collapsing near flexible and
rigid boundaries. The impact of the nanojet on these boundaries was observed for both
relative wall distances. The total time of the nanobubble collapsing near the two solid
boundaries was similar to the total time of the nanobubble’s collapsing near the flexible
boundary. In addition, the dynamics of the nanobubble’s collapse were similar for the
nanobubble collapsing near the two rigid surfaces for the same relative wall distance.
From the collapse-induced damage point of view, the depth damage of the polyethylene,
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iron, and aluminum boundaries for the relative wall distance of γ = 1.3 were 6.0, 0.47 and
0.63 nm, respectively. This meant that the depth of the collapse-induced damage for the
nanobubble collapsing near the iron boundary was slightly lower than for the nanobubble
collapsing near the aluminum boundary. However, the collapse-induced erosion on the
polyethylene boundary was greater than that of the two rigid boundaries. In the future, we
plan to study the dynamics of a nanobubble collapsing at lower relative wall distances to
improve our understanding of the effects of relative wall distances on the collapse-induced
damage at nanoscale.
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Atomic position snapshots of the collapse dynamics of a single nanobubble near Aluminum (Al) at
relative wall distance γ = 1.8; Figure S3: Atomic position snapshots of the collapse dynamics of a
single nanobubble near Polyethylene (PE) at relative wall distance γ = 1.8
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