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ABSTRACT

Enhancing boundary slip using interfacial nanobubbles (INBs) has gained significant interest in nanofluidic transport. In this study, we conducted
a comprehensive investigation on the influence of INBs on boundary conditions for both smooth and rough substrates using molecular dynamics
simulations. We analyzed the impact of INB protrusion angle, coverage percentage, quantity, and fluidity on the slip length. Our results showed
that INBs always increase the slip length on a smooth substrate, with a linear increase in slip length observed with increasing surface coverage. On
a rough substrate, we found that the protrusion angle, quantity, and fluidity of INBs play a crucial role in determining the slip length. Smaller
protrusion angles and fewer quantities of INBs were found to be more favorable for enhancing the slip length when the INB coverage is fixed,
while the correlation between boundary slip and INB quantity depended on the wetting state of the substrate when the size of the INBs was fixed
with a low protrusion angle. Additionally, we revealed that the fluidity of gas molecules inside the INBs dominated the enhancement of slip length
by INBs. Overall, our findings are expected to provide valuable insight into drag reduction based on INBs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0141614

I. INTRODUCTION

When water flows near a wall, it suffers frictional drag from the
surface, resulting in a declining shear flow velocity from bulk to the
solid–liquid interface. For macro-scale systems, the shear flow velocity
at the solid–water interface is commonly assumed to be zero, a condi-
tion known as the no-slip boundary condition.1,2 However, the exact
boundary condition at the solid–liquid interface is crucial for accu-
rately calculating the flow behavior. In nanofluidic systems, the no-slip
boundary condition is no longer practical.1,3 In recent decades, experi-
mental evidence has demonstrated the existence of slip boundary con-
ditions on both hydrophilic4,5 and hydrophobic6–8 surfaces. The
presence of slippage reduces energy dissipation in liquid transport,9

making it crucial for many applications, such as micro-fluidics,10–12

mineral flotation,13,14 fish flapping motion,15 gas-liquid filtration,16–18

and shear in colloidal suspensions.19 The strength of the boundary slip
is typically quantified by the slip length, which was first proposed by

Navier.20 The slip length is defined as the distance below the solid–li-
quid interface at which the liquid velocity linearly extrapolates to zero.
A longer slip length indicates a stronger boundary slip, which corre-
sponds to a smaller frictional drag from the solid surface.

Interfacial nanobubbles (INBs) have been demonstrated to be
able to enhance the boundary slip both theoretically21–23 and experi-
mentally.2,24,25 INB is usually defined as a cap-shaped gas bubble with
a height of less than 1lm. INB has several unique properties, includ-
ing ultra-low contact angle (from the gas side),26–29 long-term
stability,27,30–32 and high gas density.33–35 Vega-S�anchez et al.2

reported that the slip length is longer when using high-gas-content
water than degassed water. With the employment of atomic force
microscopy, Vega-S�anchez et al.2 further revealed that INBs are
responsible for this enhanced boundary slippage. For a continuous gas
film existing between the solid–liquid interface, the slip length is sug-
gested as36,37
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b ¼ h0
lw
lg

� 1
� �

; (1)

where h0 is the thickness of the gas film, and lw and lg are the viscos-
ity of the water and gas layer, respectively. The ratio of lw and lg is
about 55.38 For INB-covered substrates, the INBs are discretely distrib-
uted over the surface rather than acting as a continuous gas film.
Considering this, Wang et al.39 proposed that the h0 should be
replaced with h0 ¼ hb/, where hb and / are the height and coverage
percentage of INBs. Therefore, the equation of slip length is developed
as follows:39

b ¼ lw
lg

� 1
� �

hb/: (2)

Li et al.40 studied the correlation between INBs and slip length. When
the coverage percentages of INBs were 1.7%, 4.8%, 15.5%, and 50.8%,
the slip lengths were measured as 8, 21, 85, and 512nm, respectively.
It was found that the calculated slip lengths by Wang et al.’s39 model
[Eq. (2)] were overestimated compared with the measured ones. They
thought the reason was the neglect of the INB morphology. By adding
the term of INB protrusion angle, the equation of slip length is further
developed as

b ¼ lw
lg

� 1
� � hb

2
þ hb

6
tan2

h
2

� �
/; (3)

where h is the protrusion angle of the INB. With Eq. (3), the theoreti-
cal slip length fitted the experimental results well. Although amounts
of experiments proved that the INBs can increase the slip length,
sometimes, the bubbles may inhibit the boundary slip.22,41,42 To date,
the microscopic mechanism of INBs acting on liquid flow has not
been fully revealed.

Simulation is a powerful tool to study the microscopic behavior
of the flow and the mechanism behind the enhancement of boundary
slip by INBs.43–47 By the finite-element method, both Steinberger
et al.43 and Karatay et al.25 numerically found a negative relationship
between the slip length and the protrusion angle of INBs. With the
molecular dynamics (MD) simulations, Lu46 investigated the synergis-
tic effect of INBs, with surface hydrophobicity and flow velocity on the
slip length. The author concluded that the high hydrophobicity of the
substrate coupled with the high flow rate results in a significant drag
reduction by INBs. Cottin-Bizonne et al.48 simulated the boundary
conditions in a nanochannel and found that the combined effect of the
Cassie–Baxter wetting state and surface roughness considerably
reduced the friction drag.

In this study, we used molecular dynamics (MD) simulations to
investigate the impact of interfacial nanobubbles (INBs) on boundary
conditions for substrates with different hydrophobicities and rough-
ness. Specifically, we conducted nonequilibrium Couette flow simula-
tions to calculate the slip length on various surfaces. In our
simulations, the bottom surface was held at a fixed position, while the
top surface was pulled along the X direction with a constant velocity of
20m/s. We analyzed the flow fields of water molecules outside the
INBs and gas molecules inside the INBs. We systematically studied the
dependence of the slip length on the surface hydrophobicity, INB cov-
erage, protrusion angle, quantity, and fluidity of INBs. Our results
indicate that surface hydrophobicity, INB coverage, and quantity

influence the magnitude of the slip length, while the protrusion angle
and fluidity of INBs determine the sign of the slip length. Additionally,
we found that the fluidity of INBs dominates the enhancement of the
boundary slip. Our study provides a new perspective in understanding
drag reduction by INBs in both fundamental and applied aspects.

II. SIMULATION METHODOLOGY
A. Simulation settings

Open-source GROMACS 2019.6 software49 was used to perform
MD simulations in this work. The interactions between atoms were
based on a combination of Lennard-Jones (LJ) 6–12 potential and
Coulomb potential,

UðrijÞ ¼ 4eij
rij
rij

� �12

� rij
rij

� �6
 !

þ f
qiqj
rij

; (4)

rij ¼ ffiffiffiffiffiffiffiffiffiffi
riirjj

p
; (5)

eij ¼ ffiffiffiffiffiffiffiffi
eiiejj

p
; (6)

where eij is the LJ potential well depth between atoms i and j; rij is the
characteristic size; rij is the distance between atoms i and j; qi and qj
are the charges of atoms i and j, respectively; f is the electric conversion
factor with a value of 138.935 458 kJ mol�1 nm e–2.

Periodic boundary conditions were applied in the x and y direc-
tions, as shown in Fig. 1(a) (Multimedia view). For all equilibration
and production simulations, the leap-frog algorithm was used for inte-
grating Newton’s equations of motion. The time step was 2.0 fs. The
trajectory file was output every 1000 steps. VMD 1.9.3 software50 was
used for the visualization of the trajectory. The coulomb type was fast
smooth particle-mesh Ewald electrostatics (PME), where the direct
space was similar to the Ewald sum, while the reciprocal part was per-
formed with FFTs. Both the cutoff radii for LJ interactions and the real
space of electrostatic interaction were 1.2 nm. The V-rescale thermo-
stat was used for the temperature coupling, and the fluid temperature
was always set at 298.15K. The widely used SPC/E water model was
employed to simulate water molecules. A two-site nitrogen model
(bond length¼ 0.112 nm) was used as the gas molecule.51,52 Three or
eight graphene layers (bond length¼ 0.142 nm) were used as the solid
substrate. The interaction parameters of each atom type in the current
work are listed in Table I, where ST represents the top slab whose con-
tact angle was zero, S1, S2, S3, S4, and S5 are used to represent substrates
with different hydrophobicities, whose contact angles are 36�, 66�, 90�,
115�, and 124�, respectively, OW andHW represent oxygen and hydro-
gen atoms of the water molecule, and N is the nitrogen atom of the
nitrogen molecule.

B. Simulation procedures

To simulate the boundary conditions of the substrate, a slab was
placed at the top of the water phase. The initial model was constructed
by using the built-in command in GROMACS, combined with
Packmol,53 VMD,50 and Python script. Energy minimization was con-
ducted before running the simulations. The steepest descent algorithm
was used in the energy minimization process. The energy minimiza-
tion was converged when the maximum force was smaller than
300.0 kJ mol�1 nm–1.

After energy minimization, we started the equilibrium stage. In
this stage, a downward pressure of 1 bar was imposed on the top slab.
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FIG. 1. Boundary conditions on the smooth substrate. (a) The simulation model of the boundary condition on the bare smooth substrate. (b) The water flow field on the S1
bare smooth substrate. (c) The average shear flow velocity as a function of normal distance Z above the solid–water interface. (d) The slip length as a function of contact angle
of the bare smooth substrate. (e) The simulation model of the boundary condition on the smooth substrate with an INB (Multimedia view). (f) The slip length as a function of
INB coverage on four substrates with different hydrophobicities. Note: in all snapshots, the silver beads represent solid atoms, the green beads represent gas atoms, and the
red and white beads represent oxygen and hydrogen atoms of the water molecule, respectively. Multimedia views: https://doi.org/10.1063/5.0141614.1; https://doi.org/10.1063/
5.0141614.2
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The simulation time lasted 20ns. The substrate atoms were fixed
throughout the whole simulation process.

Following the equilibrium stage, the production simulation
began. In this stage, the z-directional position of the upper slab was
fixed, and a rightward pulling force was used to make the top slab
move rightward at a fixed velocity of 20.0 nm/ns [see Fig. 1(a)]. As the
gas molecules can move freely, some gas molecules dissolve in the
water phase, even nucleate and grow on the upper wall.46 In this simu-
lation, the upper slab was set as fully hydrophilic, to drive the water
flow and avoid the attachment of the bubbles on it. The simulation
time was 40ns. The velocities of each atom must be written to the out-
put trajectory files to allow the following analysis.

C. Data analysis methods

To measure the protrusion angle of the INB, we used a circle func-
tion to fit the water–air interface. This interface was identified as the
region where the water density is equal to half (45%–55%) of the bulk
water density, and we only used bins located at least 0.5nm above the
substrate to avoid density fluctuations near the substrate. The solid–water
interface was defined as the position of the top layer of the substrate plus
0.15nm (about half of the rSL). We divided the x-z plane of the simula-
tion box into small bins with a size of 0.1� 0.1nm2 and calculated the
density of water molecules in each bin by averaging over 50 simulation
snapshots within 0.1ns. We analyzed 50 protrusion angles of the INB
over a period of 5ns and calculated their average value as the final result.

The flow field was obtained by analyzing the velocity information
of the trajectory files. The Shell, Python, and MATLAB scripts were used
in this process. First, for each coordinate file, the x-z plane of the box was
cut into bins with the size of 1.0nm (x-direction)� 0.5nm (z-direction).
Then, the water molecules inside each bin were searched (only oxygen
atoms were analyzed). For the water molecules inside each bin, their x-
directional and z-directional velocities were averaged, respectively.
Hence, the averaged x-directional and z-directional velocities of each bin
were obtained. For the water flow field, the simulation time was 40ns,
and the period of 10–40ns was used for analysis. For all the frames
within 10–40ns (15000 frames), we calculated the averaged velocities of
each bin in each frame first and then calculated the average value of each
bin from all the frames. So far, we obtained the averaged x-directional
and z-directional velocities of each bin from the 15000 frames. The x-
directional velocity was used to draw the color map of the shear velocity.
The combination of x-directional and z-directional velocities was used to

draw the flow field distribution indicated by the arrows, as shown in Fig.
1(b). For the flow field of gas molecules, considering the much lower
density of the gas phase, a longer simulation time is needed to obtain a
smooth flow field. Hence, the simulation time was extended to 200ns,
and the period of 10–200ns was used for obtaining the average velocity.

After obtaining the flow field of the water molecules, we averaged
the x-directional velocities of each z-coordinate. Then, the water veloc-
ity as a function of Z was obtained [see Fig. 1(c)]. Finally, we fitted the
relationship between velocity and distance by an equation of
�vshear ¼ aðZ þ bÞ, where �vshear is the average shear flow velocity, Z is
the normal distance above the solid–water interface, and a and b are
the fitting parameters. b is defined as slip length. For the simulations
with INB, only bins above the bubble were used for the fitting.

III. RESULTS AND DISCUSSION
A. Boundary conditions on the smooth substrate

1. Bare smooth substrate

The simulation model of the boundary condition on the bare
smooth substrate is displayed in Fig. 1(a). In this model, we simulated
the water shear flow by pulling the top slab rightward at a fixed velocity
of 20.0nm/ns. The top slab surface can be regarded to have no-slip
boundary condition due to its ultra-hydrophilic property. As a result,
the water molecular layer adjacent to the top slab moves rightward at
the same velocity as the slab, which is consistent with the reported
results.54,55 The motion of the top water molecular layer drives the water
molecules inside the whole channel to flow rightward. Owing to the fric-
tional drag force from the bottom substrate, the water molecular layer
adjacent to the bottom substrate moves slower than the top water
molecular layer. Thus, a shear flow velocity gradient occurs between two
slabs. As shown in Fig. 1(b), the flow field between the top slab and a
given bare smooth substrate (S1 in Table I) indicates that the shear flow
velocity gradually decays from the top to bottom. The shear velocity
value is not precisely the same at each Z position, which may be attrib-
uted to the small bin size and the 40ns simulation time, constrained by
the current limitations of state-of-the-art computational resources.

The average shear flow velocities �vshear at different distances Z
from the bottom solid–water interface were further extracted, as shown
in Fig. 1(c). The shear flow velocity �vshear decreases linearly with
decreasing Z. For Z¼ 0, �vshear is around 12.5 nm/ns, indicating the slip
boundary condition. By further linearly fitting the correlation between
�vshear and Z, we obtained the slip length b¼ 14.8nm on the S1 bare
smooth substrate. Furthermore, we simulated the boundary conditions
on S2, S3, and S4 bare smooth substrates. Figure 1(d) shows the correla-
tion between the slip length on the four applied substrates and their
wettabilities, which are indicated by the contact angle of the water drop-
let. The slip lengths b on S1, S2, S3, and S4 are 14.8, 17.8, 37.8, and
70.4 nm, respectively. This result indicates that the higher surface hydro-
phobicity significantly enhances the boundary slip, which is consistent
with Ref. 56. The relationship of slip length with contact angle can be fit-
ted by a quasi-universal function b � ð1þ cos hcÞ�2 proposed by
Huang et al.57 The simulated slip length is slightly higher than the pre-
dicted value from function b � ð1þ cos hcÞ�2 when hc < 90�, likely
due to the high density of adsorption sites that are closely spaced, allow-
ing for easy migration of water molecules from one site to the next. This
phenomenon can cause smooth hydrophilic surfaces to exhibit liquid
slip.58,59

TABLE I. Simulation parameters of each atom type.

Atoms r e Charge (e)

ST 0.3190 1.0000 0
S1 0.3190 0.5700 0
S2 0.3190 0.3920 0
S3 0.3190 0.2500 0
S4 0.3190 0.1000 0
S5 0.3190 0.0615 0
OW 0.3166 0.6502 –0.8476
HW 0 0 þ0.4238
N 0.3261 0.2887 0
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2. Smooth substrate with an INB

We simulated the boundary condition on a smooth substrate
with an INB sitting on it, as shown in Fig. 1(e) (Multimedia view).
Four substrates with different wettabilities (S1, S2, S3, and S4 in Table I)
were applied, and the INB coverage was tuned from 0% to 60%. In
this model, INB coverage was the ratio of the contact area of the INB
to the surface area of the substrate. The slip length on the four
employed substrates with different INB coverages is shown in Fig. 1(f).
The slip length b linearly increases with increasing INB coverage / for
all substrates. The slope of the linear relation between b and /
increases with the hydrophobicity of the substrate. On the smooth sur-
face, the water flow drives the INB to move rightward without the pin-
ning effect. Considering that the friction drag between the INB and
substrate can be neglected compared with that between water and sub-
strate, a broader INB coverage corresponds to a smaller friction drag.
This may be the reason for the enhanced slip length with increasing
INB coverage on a smooth surface.

B. Boundary conditions on the rough substrate

1. Bare rough substrate

Rough substrates are universal in practical applications. From
this section, we will investigate the boundary conditions on the rough
substrates. Figure 2(a) (Multimedia view) shows the simulation model
of the boundary slip on the bare rough substrate. A groove with length
L¼ 4.75 nm and depth H¼ 0.67 nm was configured in the substrate
to simulate the roughness. Here, we set the substrate as Wenzel wet-
ting state, i.e., no INB being trapped in the groove. The flow field on
the bare rough substrate (S3 in Table I) is shown in Fig. 2(b). The shear
flow velocity near the bottom substrate is much slower than that near
the top slab. We noticed that water molecules in the groove barely
flow, which produces drag forces on the molecules over the groove.
These drag forces reduce the shear flow velocity near the bottom.

The average shear flow velocities �vshear at different distances Z
from the bottom solid–water interface for four different bare rough

FIG. 2. Boundary conditions on the bare rough substrate. (a) The simulation model of the boundary condition on the bare rough substrate. (b) The water flow field on the rough
bare substrate (S3). (c) The shear flow velocity as a function of Z (normal distance above the solid–liquid interface) on four bare rough substrates (S1, S2, S3, and S4). (d) The
slip length as a function of the contact angle of the bare rough substrate. Note that the contact angle here represents the contact angle of a water drop on the smooth substrate
with the same solid–liquid interaction parameters. Multimedia view: https://doi.org/10.1063/5.0141614.3
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substrates (S1, S2, S3, and S4) are shown in Fig. 2(c). When Z decreases
from 8nm to 0, �vshear decreases from around 20 to around 5nm/ns,
which is much slower than that on the bare smooth substrate [12.5
nm/ns, Fig. 1(c)]. The corresponding slip lengths b on four bare rough
substrates (S1, S2, S3, and S4) are 1.9, 2.2, 2.6, and 3.4 nm, respectively, as
shown in Fig. 2(d). Thus, on the bare rough substrates, the slip length b
increases with the surface hydrophobicity, which is similar to the bare
smooth substrates. However, with the same surface hydrophobicity, the
slip length b on the bare rough substrate is shorter than that on the bare
smooth substrate by more than an order of magnitude.

2. Rough substrate with an INB

INBs can be trapped on grooves in nanoscale and keep a long-
term stability.60 Here, we studied the boundary conditions on the
rough substrates with trapped INBs. In Figs. 3(a) and 3(b)
(Multimedia views), we show the simulation models of the boundary
conditions on the rough substrate (S3) with INBs trapped by the
grooves. The protrusion angles hp in Figs. 3(a) and 3(b) are 25� and
54�, respectively. Figures 3(c) and 3(d) show the water flow field corre-
sponding to Figs. 3(a) and 3(b), respectively. The water flows around
the top surface of the INB rather than being dragged by the groove
[Fig. 2(b)]. The average shear flow velocities �vshear at different distan-
ces Z are extracted from Figs. 3(c) and 3(d), as shown in Fig. 3(e).
When Z decreases from 8nm to 0, �vshear decreases from 20nm/ns to
9.5nm/ns for hp¼ 25� and from 20 to 2.5nm/ns for hp¼ 54�.

We simulated the boundary conditions on four substrates (S1, S2,
S3, and S4) with trapped INBs with different protrusion angles hp from
around 15� to 82�. Here, we defined slip length increment Db as the dif-
ference between the slip length b on a substrate with a trapped INB and
the same substrate without INB. As shown in Fig. 3(f), for all given sub-
strates, Db decreases with the increase in the hp of the trapped INB. All
data points of the relation between Db and hp converge into one curve,
suggesting that the dependence of the Db on the hp is barely affected by
the wettability of the substrate within the employed space of hp. In addi-
tion, when hp. 50�; Db > 0, corresponding to an enhancement of slip
length by INBs. In contrast, when hpZ50�; Db < 0, demonstrating
that the INBs inhibit the boundary slip.

The INBs inside the grooves have two main effects on the water
flow in the channel. On the one hand, INBs shield the interaction
between the groove and water in the channel, strongly reducing the
drag effect from the groove on the water flow. On the other hand,
INBs with larger protrusion angles hp increase the surface roughness,
producing an increasing drag from the INBs on the water flow. Thus,
the competition between these two effects from INBs determines the
enhancement or the inhibition of the boundary slip. This result sup-
ports previous experimental observations that INBs always increase
the slip length.39,43,61,62 The reason is that the protrusion angles of
INBs in experiments are usually lower than 30�.26–28

C. Controlling the boundary conditions by INB
quantity

In this section, we further investigate the dependence of bound-
ary slip on INB quantity. Figure 4(a) shows the simulation models of
the boundary conditions on rough substrates with one INB and three
INBs. In these models, the INB coverage was fixed at /¼ 50%, and
the protrusion angles hp of the INBs are tuned from around 10� to

72�. As shown in Fig. 4(d), for the case of one INB, the slip length b
decreases from 14.3nm to �1.7 nm when the hp is from 17� to 70�.
For three INBs, the b decreases from 6.7nm to �0.3 nm when the hp
is from 10� to 72�. Moreover, we find that when hp . 55�, b for one
INB is longer than that for three INBs. When hpZ55�, b for one INB
is shorter than that for three INBs. Thus, even with the same coverage
/ and the protrusion angle hp of INBs, the slip length b can be con-
trolled by adjusting the quantity of INBs.

Figure 4(b) shows the simulation models for no INB, one, and
two INBs trapped inside the grooves with Cassie–Baxter wetting state.
The diameters and protrusion angles hp of all INBs are around 5 nm
and 10�. Figure 4(e) (blue squares) plots the slip length b for no INB,
one, two and three INBs, which have the same hp and diameter. The
corresponding values of b are 19.9, 13.1, 8.6, and 6.7 nm, respectively.
We find that the slip length b decreases with increasing INB quantity,
which is caused by the involved grooves and the trapped INBs reduc-
ing the coverage of the smooth surface.

For one substrate with a specific groove quantity, we investigated
the boundary conditions with different quantities of trapped INBs, i.e.,
the mixing of Cassie–Baxter and Wenzel wetting state. The simula-
tions models for no INB, one, two, and three trapped INBs on the
substrate with three grooves are shown in Figs. 4(c) and 4(a-II).
Figure 4(e) (orange circles) plots the slip length b for no INB, one, two,
and three INBs. The corresponding values of b are 1.0, 1.9, 3.5, and
6.7 nm, which increase with increasing INB quantity. This result is
consistent with that in Sec. III B 2, namely, that the INBs with small
protrusion angle hp can enhance the slip length b by shielding the
interaction between the water and grooves.

D. Dependence of the boundary condition on INB
fluidity

To find out the mechanism by which INBs enhance slip length,
we simulated the flow field inside the trapped INB. As shown in
Fig. 5(a), a circulation flow of gas molecules was observed inside the
INB, indicating a high fluidity of the gas molecules. The annular flow
of gas is caused by the tangential viscous stress exerted by the sur-
rounding water flow on the gas bubble. Subsequently, we investigated
the role of the fluidity of gas molecules in the boundary slip enhance-
ment by fully constraining the gas fluidity inside the INB. Figure 5(b)
displays the comparison of slip length b between the substrates with
free INB and frozen INB for the protrusion angle of hp¼ 17�, 36�, 42�,
and 66�. The free INB corresponds to the original INB, in which the
gas molecules move freely. The frozen INBs represent the bubble in
which the fluidity of gas molecules is constrained. The slip length b
strongly decreases after freezing the gas molecules inside the INBs.
Compared with the bare rough substrate, only in the case of hp¼ 17�,
the frozen INB can enhance the boundary slip. Thus, we are convinced
that the fluidity of the gas molecules inside the INB dominates the
boundary slip enhancement.

IV. CONCLUSIONS

We systematically studied the boundary conditions on solid sub-
strates with INBs by molecular dynamics (MD) simulations. Our
results indicate that for smooth substrates, the presence of INBs can
enhance boundary slip, and the degree of slip increases with the cover-
age of INBs. This effect can be attributed to the fact that the INBs
decrease the contact area between the solid and water, thereby
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reducing the frictional drag on the flow of water. For rough substrates
that have grooves, the impact of INBs on the boundary conditions is
determined by the protrusion angle hp. When hp . 50�, INBs shield
the interaction between the grooves and water, resulting in an increase

in slip length. However, when hpZ50�, the presence of INBs restricts
the flow of water, leading to a reduction in slip length. Furthermore,
we found that the quantity of INBs also plays a role in determining the
boundary conditions. For the same INB coverage and protrusion

FIG. 3. Boundary conditions on the rough substrate with an INB. (a) and (b) The simulation models of the boundary conditions on the rough substrate (S3) with a trapped INB with a
protrusion angle of 25� (a) and 54�(b), respectively. (c) and (d) The corresponding flow fields for the simulation model in (a) and (b); the white color arc is the surface of the INB for
guiding the eye. (e) Average shear flow velocity as a function of Z (normal distance from the solid–water interface) for simulation models in (a) and (b); hp in the inset represents the
protrusion angle. (f) The increase in slip length Db on rough substrates (S1, S2, S3, and S4) with an INB with different protrusion angles. Here, Db is defined as the difference between
the slip length b on a substrate with a trapped INB and the same substrate without INB. Multimedia views: https://doi.org/10.1063/5.0141614.4; https://doi.org/10.1063/5.0141614.5
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FIG. 4. Boundary conditions on rough substrate (S2) influenced by INB quantity. (a) Simulation models of the boundary conditions on rough substrates with one INB (I) and
three INBs (II). The INBs coverages are fixed at 50%. (b) Simulation models of the boundary conditions on rough substrates with zero (I), one (II), and two (III) INBs trapped
by grooves, i.e., Cassie–Baxter wetting state. (c) Simulation models of the boundary conditions on rough substrates with zero (I), one (II), and two (III) INBs, where the total
grooves number is three. The grooves without INBs are wet by water molecules (Wenzel wetting state). (d) The slip length on rough substrates with one INB and three INBs
with different protrusion angles. (e) The slip length as a function of INB quantity for two different wetting states.
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angle, a smaller quantity of INBs is more effective in increasing slip
length when hp . 55�. In contrast, when hpZ55�, a smaller quantity
of INBs suppresses boundary slip more effectively. For INBs with fixed
size and low protrusion angle of hp ¼ 10�, the slip length decreases
with an increase in INB quantity when all grooves are covered by
INBs (Cassie–Baxter wetting state). However, the slip length increases
with an increase in INB quantity for the same surface structure, where
the number of grooves is fixed and only some grooves are covered by
INBs (Wenzel þ Cassie–Baxter wetting state). Additional studies
revealed that internal gas molecules circulate inside the INBs. By freez-
ing the gas molecules inside the INBs, we found that the slip length
significantly decreases, demonstrating that the high fluidity of gas mol-
ecules inside the INBs is the dominant factor contributing to the
enhancement of boundary slip caused by INBs.

Our findings provide further insight into the fundamental under-
standing of boundary slip enhancement triggered by INBs and suggest a
promising approach to manipulate the boundary conditions using INBs.
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