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Cleaning surfaces with air bubbles in an aqueous medium has been a topic of discussion
in recent years due to the growing interest in sustainable methods for cleaning biological
surfaces such as agricultural produce. Specifically, in a bubble-injection method, inclined
surfaces are targeted by many millimetric air bubbles that collide with and slide along
the surface. The collision and subsequent sliding of these air bubbles exert shear stress
on the surface, causing contaminants to be removed. The shear stress is proportional to
the tangential speed of the bubble with respect to the surface divided by the thickness of
the thin film of liquid between the bubble and the solid surface. In this study, we conduct
experiments to test the cleaning efficacy at different angles of inclination of a contaminated
surface. We use two different types of surface coated with either a protein solution or
a bacterial biofilm. Our experimental results indicate that bubbles exhibit the highest
cleaning efficacy at the surface angle of θ ≈ 20o with respect to the horizontal plane for
polydisperse bubbles in the range of 0.3–2 mm and with an average radius of 0.6 mm. To
gain a better understanding of the underlying mechanism, we perform a numerical analysis
of a single air bubble colliding with a clean surface at various angles. Our numerical and
theoretical results show that the average shear force that the bubble exerts on the surface
reaches a maximum at θ ≈ 22.5o which agrees well with the experiments. We also compare
the maximum shear stress in sliding phase with the shear stress required for removing
different types of bacteria as a fluid-mechanics-based guideline for geometrical design of
bubble cleaning devices.

DOI: 10.1103/PhysRevFluids.8.043602

I. INTRODUCTION

Multiphase flows have been used for the removal of micrometer-scale contaminants from sur-
faces for the past few decades [1–3]. Specifically, air bubbles are proposed as a sustainable cleaning
method for wastewater treatments [4–6] or preventing biofouling [7,8]. Acoustic bubble cavitation
[9,10] and nonacoustic collision and sliding of submillimetric bubbles [11] are the two common
methods of contaminant removal with air bubbles. Despite the differences in how bubbles are
originated in the two, both methods use the same principle, namely exerting shear stress over the
surface. While extensive attention has been paid to studying cavitation bubbles in the context of
cleaning [9,10,12–15], few studies exist on cleaning effect of sliding bubbles [7,11,16]. Recently,
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agricultural produce such as fruits and vegetables have been cleaned with the insertion of air bubbles
[10,11,17]. Developing such environmentally benign methods for sanitizing agricultural produce is
important, as pathogens in fresh produce are recognized as the primary cause of foodborne diseases
in millions of people each year [18–20].

Bubble dynamics has been studied extensively in both a freely rising bubble [21–25] and a bubble
interacting with either horizontal [26–31] or vertical [32–35] solid surfaces. However, only a few
studies have investigated the dynamics of bubbles along a tilted solid surface [36–45]. Specifically,
by incorporating lubrication approximation the thin film flow between the sliding bubble and the
surface can be modeled [11,39]. Then the shear stress can be quantified on the surface, which is
the key to characterizing the cleaning effect of sliding bubbles. Although shear stress was recently
calculated for varying surface angles [11], no experiments have yet verified the cleaning effect
of air bubbles on tilted surfaces. In addition, while the maximum shear stress on the surface has
been reported for different inclination angles [11], the average shear stress has not been studied for
practical applications and comparison with potential experiments.

Bacteria sorption to surfaces is composed of two stages [46–49]. Bacteria are first attracted to
the surface where it still shows Brownian motion near the surface [47]. This reversible sorption
of bacteria is weak, and the bacteria can be removed with gentle forces or washing with low
concentrations of NaCl [48]. Within a few hours of reversible sorption, biosynthesis formation of
extracellular polymer substances results in the irreversible stage of bacteria sorption [46,48]. The
irreversible sorption yields a firm adhesion to the surface, where the bacteria no longer exhibits
Brownian motion [47,49]. From a practical point of view, shear force of different magnitude is
required to remove biofilms of different type [50]. Such critical force depends on the physiochemical
properties of the surface and the bacteria [51–53]. For instance, in a laminar flow, Escherichia
coli (E. coli) can be removed with a shear stress of 0.03–5 N.m−2 [51], while the shear stress
for removing Listeria monocytogenes from a stainless steel surface varies from 24 to 144 Pa [54].
presence of microbubbles in the channel increases the detachment rate of Actinomyces naeslundii
bacteria from 40% to 98% [55]. Recently, numerical analysis of a bubble colliding with and sliding
on a tilted surface has shown that the shear stress exerted on the surface is sufficient for removing
biofilms of several bacteria strains from the surface [11].

In this study, we probe the effect of surface inclination angle on the shear stress exerted on
the surface by sliding millimetric bubbles aimed for removing protein layers or E. coli biofilms
from the surface. Our experimental results show that there exists a critical angle for maximum
cleaning effect. In addition, we perform numerical calculations of an air bubble impacting and
sliding over a clean tilted surface incorporating the recent model on bubble dynamics near a
tilted wall [11]. The manuscript is organized as follows. In Sec. II, we discuss experimental
methods including the coating procedure in Sec. II A and the cleaning experiments in Sec. II B,
and numerical methods in Sec. II C. We then present and discuss our experimental and com-
putational results in Sec. III. Finally, in Sec. IV we summarize our findings and discuss future
studies.

II. MATERIALS AND METHODS

A. Coating preparation

1. Protein dirt preparation

A protein dirt/soil solution is synthesized for glass slide coating. We first incorporate 100 g of
2% fat milk and 30 g of sifted wheat flour in a small pot with an immersion blender until the mixture
reaches 115oC, and a pastelike solid is formed. This mixture is then left to cool to 30oC, wherein
afterwards it is combined with another 120 g of milk and is blended again until a uniform solution
remains after 10 min. Next, 6 g of Nigrosin dye is gently stirred in with a wooden tongue depressor
until fully combined. Once completed, the mixture is sifted twice, first through a 500–600 µm mesh,
then again through a 100–150 µm mesh. The resulting mixture is then ready to be used for coating.
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2. Spin coating of protein dirt

On the same day as protein preparation, glass microscope slides of 76.2 mm × 25.4 mm ×
1.1 mm are cleaned and coated with the protein solution using a custom-designed spin coater. More
information about making the spin coater, including three-dimensional (3D) printing designs, can
be found in Ref. [45]. To coat the slides, we first secure the slide tightly to the spin-coater plate with
opposing metal bolts. Next, a 0.5 ml protein drop is gently deposited onto the middle of the slide and
spun for 10 s at a rate of � ∼ 1100–1200 rotations per minute (RPM). These coated slides are left to
dry for 15 min inside a fume hood, then proceeded by a second coating of the same procedure. This
second coating creates a more opaque surface which proved to be more effective in characterizing
the cleaning effect of our tests. After the second coating, the slides are stored in a cool, dry place.
In the current study, all slides are tested after drying for two full days. We note that the effect of the
drying time was investigated in previous studies showing a decaying cleaning effect as the coating
dries for longer periods [45].

3. Bacterial coating preparation

To test the bubble-cleaning effect with live organisms, we also prepare glass slides coated with
E. coli. For better visualization and precise data analysis, we introduce the green fluorescent protein
(GFP) gene into E. coli (MM294 strain, Carolina Biological Supply Co.) with the heatshock plasmid
transformation method. Using a disposable sterile pipette tip, we add 250 µl of 50 mM CaCl2
solution to a sterile micro-tube. Then we use a sterile inoculation loop to transfer 5 E. coli colonies
from the source media to the tube, and immerse the loop tip into the CaCl2 solution and vigorously
span the loop to disperse the entire mass into the CaCl2 solution. The tube is then placed in an
ice bath. Next, we transfer 10 µl of 0.01 µg/µl pGREEN (4528 bp) directly into the tube using a
sterile pipette tip, and gently mix the solution. The tube is incubated in an ice bath for 10 min.
After that, we take the tube to the 42°C water bath, and hold the tube under water for 45 s to
give the bacteria colony a heat shock, and immediately return the tube on ice. After 2 min, we add
250 µl of recovery Luria broth (LB) to the tube. The resuspension is gently mixed, and incubated
at room temperature for 10 min. We label 1 LB agar plate and 1 LB/Ampicillin+GFP agar plate.
The Ampicillin plate is critical for selecting the GFP transformed bacteria colonies, and is made
with 100 µl of 10 mg/ml Ampicillin solution and 20 ml agar media. Using a sterile P20 pipette tip,
we transfer 50 µl of bacteria resuspension from the tube to each plate and spread the bacteria. The
plates are rested for 10 min at room temperature, then sealed and incubated at 37oC upside down.
After 24 h of incubation, the GFP transformed colonies start to appear on the LB/Ampicillin+GFP
plate. Using a sterile inoculation loop, we transfer the GFP transformed colonies to the LB broth
and make a GFP E. coli resuspension. Next, in an aseptic experimental environment, we juxtapose
four identical sterile glass slides inside a sterile Petri dish (140 mm diameter). We then add 33 ml of
liquid LB agar media into the Petri dish to fully submerge the glass slides with agar media. We then
let the agar cool down and solidify. The resulting thickness of the agar on each slide is controlled
at 1 mm. We use a sterile pipette tip to transfer 25 µl of living E. coli resuspension to the middle of
the agar plate. We then apply sterile glass beads on the plate to evenly distribute the bacteria. For
further bacteria layer growth, the Petri dish is sealed with parafilm, and is rested for 10 min at room
temperature to let the agar plate absorb the bacteria resuspension. Finally, the Petri dish is incubated
at 37oC for 72 h. After incubation, we gently cut the slides with the bacteria-agar layer on the top to
use for the bubble cleaning experiments.

B. Bubble cleaning experiment

A 20 L tank is first filled with room temperature deionized water. Within it, a 3D printed slide-
carrying tower holds coated slides at an angle, θ , with regards to the bottom of the tank as shown
in Fig. 1(a). At the base of this slide carrier, a 25-gauge syringe needle is placed 5 mm from the
slide edge at a constant height of 11 cm from the surface. A 3D printed needle holder connects the
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FIG. 1. (a) Side-view and top-view schematics of the experiments. (b) Schematics of the slide imaging
setup. (c) Pretest and posttest images of a protein-coated slide for θ = 20o and 6 min of bubble testing.
(d) Pretest and posttest images of a biofilm coated slide for θ = 20o and 6 min of testing. The red dots in
the posttest images show the location of the bubble releaser.

syringe needle to an external syringe pump. Figure 1(a) shows the schematics for the side view and
top view of the experiments.

Slides coated with proteins are imaged before and after each cleaning test utilizing a 3D printed
LED slide stand fixed to an optical breadboard as illustrated in Fig. 1(b). The LED is maintained
at 3V using a DC power supplier. The LED is replaced with a uniform black-painted background
illuminated by a set of UV lights for the bacteria-coated slides. A digital camera (Nikon 7500) is
fixed to the board 1.5 ft away from the slide with a 105 mm macro lens. The system is utilized in
a dark room. Slide images from before and after the tests are then analyzed by performing image
processing. We note that all the posttest images were taken after 1 h of drying in room temperature.
Figures 1(c) and 1(d) show sample pretest and posttest images with protein coating and bacteria
coating, respectively. We note that for protein coatings, there is always a darker spot appearing in
the center of the slide indicative of a thicker coating layer, while some areas near the edges are
thinner [see Fig. 1(c)]. However, since all slides are coated with the same method and include these
features, the effect of such spots on the average cleaning results is negligible. On the contrary,
surfaces coated with bacteria indicate more variations in the thickness of the biofilm, as shown in
the pretest image of Fig. 1(d). To characterize the efficacy of bubble cleaning, the intensity matrix
of the pretest, posttest, and clean-slide images are converted to grayscale matrices of I1, I2, and I0,
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FIG. 2. Schematics of a bubble impacting a tilted surface from the bouncing to the sliding regime.

respectively. Hence, we define the total cleaning efficacy as λt = (I1 − I2)/(I1 − I0). Therefore, as λt

approaches 1, all coated contaminants are removed from the surface. To isolate the role of bubbles in
cleaning, we run a series of control experiments with the same θ and cleaning time, T for each case
where no bubbles are injected. We define the cleaning efficacy of the control experiments without
bubbles in a similar way and denote it by λc. Then, we define the efficacy of cleaning bubbles as
λ = λt − λc. It is noteworthy that λc for all cases is quite small compared to λt and does not change
the trend between λt and λ significantly.

C. Numerical methods

To gain a more fundamental understanding of λ, we implement a numerical model that includes
all forces that contribute to the dynamics of a bubble impacting a tilted surface: the buoyancy force,
the drag force, the lift force, the added mass force, and the thin film force. We expect the liquid film
thickness to be on the order of micrometers and a stable liquid film force remains significant as the
bubble moves near the tilted wall [11,26]. This model has previously been discussed and studied
for a similar condition where the bubble impacts and slides over a tilted wall [11]. Hence, we only
summarize the main features of the model herein and refer to Ref. [11] for further details. We note
that in this study we focus on features of bubble dynamics that are different from previous work
[11] to rationalize our current experimental results.

Figure 2 shows the schematic of a bubble impacting a tilted surface to introduce the notations
used in our model. Both XY Z and xyz coordinates denote the axial direction, the transverse
direction, and the direction normal to the surface, respectively. The XY Z origin is located on the
first impact point, while the xyz origin is the bubble’s centroid projected onto the surface which
moves with the bubble. The bubble’s centroid distance normal to the surface is denoted by H while
it moves with velocities U , and V , along X and Z , respectively. In addition, the thin film thickness
and the thin film pressure are denoted by h(x, y, t ) and P(x, y, t ), respectively. Hence, the force
balance in X and Z yields as [11]

ρ�

[
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m
dU

dt
− dC||

m||
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VU

]
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FIG. 3. (a) Snapshot of bubbles moving along a clean surface with θ = 10o. (b) Trajectory of air bubbles
for 0.4 s presented using an arbitrary color with a Gaussian blurring method at bubble centers. The Gaussian
distribution has a root mean square width equal to a bubble radius. The red circles highlight the collision point
of bubbles on the surface. (c) Histogram of bubbles radius, a, for five different tests and approximately 200
bubbles.

respectively. Here, ρ denotes the air density, � denotes the bubble volume, and μ denotes the
dynamic viscosity of water. Re = 2ρwVTa/μ is the Reynolds number with ρw denoting the water
density and VT denoting the bubble’s terminal rising velocity. Cm, CD, and CL denote the coefficients
of added mass, drag, and lift, respectively. The components of these coefficients along X and Z
are denoted with superscripts || and ⊥, respectively. We take C⊥

m = C||
m = 0.5, and CL = 0.5, both

reasonably assumed constants [11]. In addition, we use C||
D = (48/Re)[−1 + 0.5(1/2b)3]−2 and

C⊥
D = (48/Re)[−1 + (1/2b)3]−2, where b = (H + a)/a [56,57]. The terms on the left-hand side

of Eqs. (1) and (2) refer to the inertia terms including the added mass force, while the right-hand
side terms correspond to the buoyancy force, the drag force, the thin film force, and the lift force,
respectively. It is noteworthy that the lift force is only noticeable between the first two collisions as
vorticity, ωy is induced by the rising wake flow circulating around the bouncing bubble [44]. More
details about the expressions used for each coefficient and how the thin film force is calculated can
be found in Ref. [11].

The domain is divided into 105 × 105 nodes. The equations are discretized using a finite
difference method and are solved using a MATLAB ode15s solver. We make sure that all forces
are continuously computed over the entire time without any discontinuity. Taking into account the
size distribution of the bubbles presented in Fig. 3(c), we incorporate a = 0.6 mm into our model,
as it represents the most frequent bubble size in the experiments. It is assumed that the bubble
is at H = 3 mm from the surface at t = 0 while rising with a measured terminal rising velocity,
VT ≈ 32 cm/s. Since, in the experiments, the axial distance between the projection of the bubble

043602-6



EFFECT OF ANGLE IN REMOVING PROTEINS OR …

2 4 6 8 10

0

0.2

0.4

0.6

0.8

1

λ

(a)

Pre − test Post − test

(b)

T [min]

Pre − test Post − test

(c)

FIG. 4. (a) The cleaning efficacy, λ, for varying test time, T , at θ = 20o. (b) Pretest and posttest images of
a surface coated with protein for T = 5 min, and θ = 20o. The scale bar shows 1 cm. (c) Pretest and posttest
images of a surface coated with protein for T = 6 min, and θ = 20o. The red dots in posttest images show the
location of the bubble releaser. The scale bar shows 1 cm.

releaser on the surface and the edge of the surface is 6 cm, we assume that bubbles travel an average
of 6 cm along X in the model. Hence, we model the bubble motion from t = 0 until it reaches
X = 6 cm. We note that X = 6 cm is well beyond the threshold of transitioning from bouncing to
sliding regime.

III. RESULTS

We first extract the size distribution for bubbles generated from the 25-gauge needle used at a
constant flow rate of Q = 10 ml/min in all experiments. Figure 3(a) shows a sample snapshot of
bubbles moving along a surface with θ = 10o from the top view. Figure 3(b) shows surface areas
covered by air bubbles over a duration of 0.4 s indicated by using a Gaussian blur at the centers of
the bubbles with a root mean square width equal to their radii for the purpose of demonstration. As
shown in Fig. 3(b), bubbles adequately cover the slide along the transverse direction. The darker
colors near the left end indicate the slower tangential motion of the bubbles along the surface near
their impact point. Figure 3(c) shows the probability histogram of the extracted bubble radius, a, for
five different trials over 200 bubbles. Here, a = 0.6 mm is the most frequent average bubble size as
the bubble radius in the model.

We first run a series of protein tests with different cleaning times, T . Figures 4(b) and 4(c) show
the pretest and posttest images at θ = 20o with two different times: T = 5 min and T = 6 min,
respectively. Figure 4(a) shows λ for T = 2.5, 5, 6, 7.5, and 10 min with θ = 20o. As indicated in
Fig. 4(a), λ increases with T until it plateaus out after T = 6 min. Therefore, we choose T = 6 min
as the reference test time on surfaces coated with proteins with different θ . Next, we perform the
cleaning experiments at five different angles, θ = 5o, 10o, 20o, 30o, and 40o for 6 min. As shown
in Fig. 5(a), the cleaning efficacy, λ, first increases with angle up to θ > 20o, then decreases rapidly.
Two representative cases (θ = 10o and θ = 20o) are shown in Figs. 5(b) and 5(c), respectively.

In addition, we conduct cleaning experiments with surfaces coated with bacterial biofilm follow-
ing the procedure described in Sec. II A 3. We note that the biofilm tests are all conducted for 2 min
to avoid any delamination of the film and catch up with the fast removal time. Also, we notice that
λ does not increase noticeably for bacteria tests beyond 2 min of the experiment. Figure 6(a) shows
that the maximum λ occurs at θ = 20o similar to the protein tests. Figures 6(b) and 6(c) show the
pretest and posttest images from two cases corresponding to θ = 10o and θ = 20o, respectively.

Next, let us discuss the results obtained from the numerical model that was described in Sec. II C.
The average shear force, F s, exerted by the bubble on the surface is the key parameter relevant to
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FIG. 5. (a) The efficacy of cleaning, λ, on surfaces coated with proteins for varying surface angles, θ , with
T = 6 min. (b) Pretest and posttest images for θ = 10o, and T = 6 min. The scale bar shows 1 cm. (c) Pretest
and posttest images for θ = 20o, and T = 6 min. The red dots in the posttest images show the location of the
bubble releaser. The scale bar shows 1 cm.

cleaning experiments. To characterize F s, we need to discuss two primary factors that affect the
shear force of a bubble: the steady film thickness and the steady sliding speed. Figure 7 shows
the 3D bubble shape during the steady sliding regime for a = 0.6 mm, and θ = 20o. During the
steady sliding regime, the bubble shape and the thin film profile do not change noticeably. Figure 7
inset shows the zoom-in view of the 3D bubble shape close to the surface where a dimple forms as
previously reported [11,58,59].

To gain better insight into the shear force on the surface, we explore the 2D bubble profile in
the x-z plane for y = 0 µm, 100 µm, and 200 µm. Figure 8 indicates the bubble profile for θ = 10o,
θ = 20o, and θ = 30o along different x-z planes. The solid line shows the bubble shape along the
central axis, while the dashed line and the dotted dashed line show the profile at y = 100 µm and
y = 200 µm off from the centerline, respectively. The inset plot shows a zoom-in profile near the
centerline. Figure 8 shows that the thickness of the film increases with increasing θ . In addition,
the dashed lines in Fig. 8 indicate that the dimple size is less than 100 µm from the center along
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Pre − test Post − testPre − test Post − test

(b) (c)
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FIG. 6. (a) The cleaning efficacy, λ, on surfaces coated with bacteria for varying surface angles, θ , with
T = 6 min. (b) Pretest and posttest images for θ = 10o, and T = 6 min. The scale bar shows 1 cm. (c) Pretest
and posttest images for θ = 20o, and T = 6 min. The red dots in posttest images show the syringe needle
projection on the surface. The scale bar shows 1 cm.
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FIG. 7. Bubble profile for a = 0.6 mm and θ = 20o during the steady-state sliding. The inset shows the
zoom-in view of the dimple formed on the bubble, near the solid surface.

y. Fig. 8 also reveals a lower minimum height on the receding side of the dimple compared to the
advancing side. The film thickness on the receding side is of great importance, as the shear force on
the surface is mainly composed of the cumulative shear force terms from this thin region. Figure 9
shows the bubble 2D profile in the y-z plane at x = 0 µm, 100 µm, and 200 µm with the titled angle
of θ = 10o, 20o, and 30o. The bubble profile is symmetric about the plane of y = 0 as shown in
Fig. 9. Additionally, Fig. 9 shows that the dimple width decreases with increasing θ .

Figure 10 shows the steady sliding velocity, us, with different angles. As indicated in Fig. 10,
us computed from the model is in good agreement with the experiments. The experimental data
presented in Fig. 10 are collected in a separate series of experiments in which single air bubbles
with a = 0.6 mm and a standard deviation of 0.03 mm are recorded while injected individually.
To discuss our results, we consider Eqs. (1) and (2) during the steady sliding phase where the
inertia terms on the left-hand side of both equations tend to zero as V = 0, d/dt = d/dH = 0.
We also note that the lift force on the right-hand side of Eqs. (1) and (2) tend to zero as ωy ≈ 0
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FIG. 8. The bubble profile during the steady-state sliding in x-z planes at y = 0 µm (solid line), y =
±100 µm (dashed line), and y = ±200 µm (dotted dashed line) with a = 0.6 mm for θ = 10o (violet), θ = 20o

(yellow), and θ = 30o (red). The inset shows the zoom in view of the profile near the centerline.
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FIG. 9. The bubble profile during the steady-state sliding in y-z planes at x = 0 µm (solid line), x =
±100 µm (dashed line), and x = ±200 µm (dotted dashed line) with a = 0.6 mm for θ = 10o (violet), θ = 20o

(yellow), and θ = 30o (red). The inset shows the zoom-in view of the profile near the centerline.

after the bouncing phase. Considering a sphere of radius a sliding along a flat surface with a
minimum gap thickness, h0, in a fluid with dynamic viscosity, μ, the thin film force scales as
μusa2/h0 along Z and −μusa ln(h0/a) along X [60]. The logarithmic dependence is weaker than
the inverse dependence. Hence, for simplicity, we consider up to the order of O(a/h0) and ignore
the logarithmic dependence. Note that the drag term in Eqs. (1) and (2) linearly depend on the
velocity and bubble size as long as (H + a)/a is constant. Then, both drag force and thin film
force scale as μusa along X which must balance with the buoyant force scaling as ρga3 sin θ .
Hence, us ∝ (ρga2/μ) sin θ . Figure 10 shows that us = 0.25 sin θ [m/s] gives a good match with
experiments.

However, the two leading order terms in force balance along Z are buoyancy and thin film force
which yield ρga3 cos θ ∝ μusa2/h0, hence h0 ∝ a tan θ . Furthermore, as shown in Fig. 11(a), h0

scales with c1 + c2 tan 2θ rather than tan θ by itself in comparison with the numerical results. This is
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FIG. 10. Comparison of the steady-state sliding velocity, us for varying θ between the experiments (sym-
bols), the model (solid line), and the scaling laws (dashed line). The dashed line shows us = 0.25 sin θ . The
error bars represent three trials.
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FIG. 11. (a) Numerical model (solid line) and scaling law (dashed line) results for the steady film thick-
ness in the center of the bubble, h0, at varying θ . (b) Model results (solid line) and scaling law (dashed
line) for the average shear force, F s, normalized by maximum F s at varying θ . The dashed line shows
F s = 7 × 10−6 sin θ cos(2θ ). (c) The maximum shear stress in the steady sliding phase for a = 0.6 mm and
varying θ . The shaded areas show limits reported for removing E. coli [51], Listeria [54,61], and Bacillus
spores [62]. The inset shows F s magnitude vs θ .

presumably due to the complex hydrodynamic coupling between different directional forces, which
is not considered in this simple scaling argument.

Next, we compute the mean shear force on the surface along X as F s = 1
L

∫ L
0 FsdX where Fs

denotes the temporal shear force on the surface, and L = 6 cm denotes the total length traveled by
the bubble parallel to the surface. We note that F s beyond 6 cm does not change significantly. Hence,
the resulting average value is close to the steady-state value. However, decreasing the integration do-
main to a length scale comparable to the length of the bouncing regime may lead to a different result
which is out of the scope of the current study. As shown in Fig. 11(b), our model gives the maximum
F s at about θ � 23o close to experimental findings in Figs. 5 and 6. Following the simple scaling
discussed above, the shear drag scales as F s ∝ μus/h0 ∝ ρga sin θ/(c1 + c2 tan 2θ ). We also show
the maximum shear stress over the surface during the steady sliding phase in Fig. 11(c) and compare
it with reported critical shear stress required for removing different types of bacteria [51,54,61,62].
For instance, while the maximum shear stress for θ > 2o can remove E. coli, removing Listeria
requires 15o < θ < 30o. Hence, by considering the adhesion and cohesion stresses in a biofilm or
soil layer, certain angle range can be decided for designing cleaning strategies.
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FIG. 12. F s vs θ for different bubble sizes, a = 0.5, 0.6, and 0.7 mm.

Finally, we repeat the simulations for a = 0.5 mm and a = 0.7 mm using the rising terminal
velocity of bubbles measured from experiments. As shown in Fig. 12, the maximum shear force
increases with the bubble size while the optimum angle is slightly shifted from 20o to 25o. It is
noteworthy that our model is not valid beyond a = 0.7 mm as bubbles no longer retain a spherical
shape during sliding and their sliding speed and film profile deviate from the current model. Hence,
in the working limit of our model, we can conclude that best cleaning results can be achieved for
a = 0.6–0.7 mm in a range of θ = 20o and 25o.

IV. DISCUSSIONS

We examined the cleaning effect of millimetric bubbles at different inclination angles of the
substrate coated with either proteins or bacterial biofilm. Our results indicated that both coatings
produce similar cleaning results, where θ � 22o gives the highest cleaning parameter, λ. This
consistent result with both protein coating and bacterial coating suggests that surface wettability is
not a key factor in cleaning, but that the angle of inclination is. We also computationally investigated
the bubble collision at different surface angles from the first impact moment until the bubble reaches
the edge of the surface in a steady sliding regime. Our numerical model indicated that while the
steady sliding speed increases with the inclination angle, the characteristic film thickness between
the bubble and the surface also increases. Since the sliding speed and the film thickness have counter
effects on the shear stress applied to the surface, their interaction yields the maxima in shear force
versus surface angle.

The current study investigates the role of surface geometry (i.e., inclination angle) in the use of air
bubbles as a sustainable method to effectively sanitize surfaces contaminated with active or passive
coatings. Our experiments showed a maximum cleaning effect in tilted surfaces, and our numerical
model revealed that the interplay between the sliding speed of the bubble and the film thickness
set the maximum cleaning angle for a single bubble size. We also showed that the maximum
shear force occurs at a similar range of θ for slight variations in bubble size. While our model
explained the mechanism that set the maximum cleaning angle, we note that the current model
considered the bubble collision and sliding dynamics in a simplified case of “contaminant-free”
medium where a shear-free boundary condition on bubble surface is valid throughout. However, in
our cleaning experiments and real cleaning applications we expect the bubble to transition from a
mobile surface to an immobile surface with zero tangential velocity after holding contaminants on
the bubble surface. The immobile condition on the bubble surface reduces the rising velocity [26],
which is expected to reduce the shear force applied to the surface. The role of tilting angle on the
steady sliding speed and steady film thickness for an immobile bubble is not trivial and needs to
be evaluated by further future studies. This method can be advantageous in cleaning surfaces of
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soft materials such as fruits and vegetables, where conventional methods damage the soft tissues
of the produce. In addition, our findings on the optimal cleaning angle can be leveraged to design
bubble-cleaning machinery applicable to biomedical devices. Further studies are required to fully
characterize the role of bubble size on the most effective angle to account for polydisperse bubble
injection. In addition, studying bubble dynamics on curved surfaces is a relevant topic that will be
addressed in the future study.
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