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A B S T R A C T   

The dynamic actions of cavitation bubbles in ultrasonic fields can clean surfaces. Gas and vapor cavitation 
bubbles exhibit different dynamic behaviors in ultrasonic fields, yet little attention has been given to the 
distinctive cleaning effects of gas and vapor bubbles. We present an experimental investigation of surface 
cleaning by gas and vapor bubbles in an ultrasonic field. Using high-speed videography, we found that the 
primary motions of gas and vapor bubbles responsible for surface cleaning differ. Our cleaning tests under 
different contamination conditions in terms of contaminant adhesion strength and surface wettability reveal that 
vapor and gas bubbles are more effective at removing contaminants with strong and weak adhesion, respectively, 
and furthermore that hydrophobic substrates are better cleaned by vapor bubbles. Our study not only provides a 
better physical understanding of the ultrasonic cleaning process, but also proposes novel techniques to improve 
ultrasonic cleaning by selectively employing gas and vapor bubbles depending on the characteristics of the 
surface to be cleaned.   

1. Introduction 

Ultrasonic cleaning is widely employed in various engineering pro-
cesses, including semiconductor manufacturing [1–4], optics cleaning 
[5], and machinery maintenance [6,7], and its physical mechanisms 
have been extensively investigated. In ultrasonic fields with sufficient 
acoustic pressure, a liquid can stretch in the rarefaction phases of 
acoustic waves, leading to cavitation. The dynamic motions of the 
created bubbles in response to the acoustic waves can generate forces 
which detach contaminants adhering to nearby surfaces, producing 
cleaning effect. Researchers have attributed cleaning effects to various 
dynamic actions of cavitation bubbles, such as high-speed jets and shock 
waves upon bubble collapse [8–13], microstreaming induced by pul-
sating bubbles [14,15], and interfacial collisions of migrating bubbles 
[16,17]. 

The content of the cavitation bubbles can vary with the gas con-
centration in medium liquid. While cavitation bubbles created in liquids 
with a sufficient amount of dissolved gases mainly contain those dis-
solved gases [18], cavitation bubbles generated in degassed liquids 

mostly consist of the vaporized medium [19,20]. Although the content 
of cavitation bubbles is generally a mixture of gas and vapor, cavitation 
bubbles can be classified as either gas or vapor bubbles depending on the 
relative composition of the gas and vapor [21]. Cavitation bubbles 
generated in degassed liquids are often referred to as vapor bubbles 
[20,22], otherwise gas bubbles [22,23]. 

Gas and vapor bubbles produced by acoustic cavitation differ in 
terms of the required threshold acoustic pressure, life time, and oscil-
lation strength. Gas dissolved in liquid can serve as seeds for cavitation 
inception, so gas bubbles can be created at lower acoustic pressures than 
vapor bubbles [24]. Vapor bubbles pulsating near solid boundaries can 
collapse in a few periods of acoustic waves, resulting in rapid, vigorous 
dynamic motions with high-speed liquid jets and shock waves 
[22,25,26]. In contrast, gas bubbles exhibit relatively moderate dynamic 
motions owing to the gas cushion and thus have a relatively long life 
time [15,18,27–29]. 

Given the differences in the dynamic characteristics of gas and vapor 
bubbles, the cleaning performance of cavitation bubbles is expected to 
vary with bubble content. However, our current understanding of the 
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difference in cleaning effects of gas and vapor bubbles remains unclear. 
For instance, a few research groups have suggested techniques to 
improve the cleaning effect by controlling the dissolved gas content, but 
the results have been inconsistent. Some groups propose that liquids 
with a lower gas content can be used to improve cleaning performance 
[28,30–32], while other groups report that large amounts of dissolved 
gas can be advantageous for improving cleaning efficiency [29,33]. To 
advance ultrasonic cleaning technique by selectively exploiting gas or 
vapor bubbles, it will be necessary to directly compare the cleaning ef-
fects of gas and vapor bubbles. 

We present an experimental investigation to compare the cleaning 
effects of gas and vapor bubbles in ultrasonic fields. Using high-speed 
videography, we experimentally examined the cleaning process by 
cavitation bubbles, and found clear differences in the motions of gas and 
vapor bubbles effective for cleaning. Vapor bubbles remove contami-
nants from the cleaning surface with explosive collapsing motions, while 
gas bubbles detach contaminants with gentle oscillating motions as they 
migrate on the surface. We examined the cleaning effects of gas and 
vapor bubbles on substrates with various contamination conditions in 
terms of adhesion strength and wettability, and have identified the 
characteristics of contaminated substrates that can be advantageously 
cleaned with gas or vapor bubbles. The results demonstrate that vapor 
and gas bubbles are more effective at removing contaminants with 
strong and weak adhesion, respectively, and that hydrophobic sub-
strates are better cleaned by vapor bubbles. Our study proposes a novel 
technique to increase the ultrasonic cleaning effect by selectively using 
degassed and non-degassed liquids depending on the characteristics of 
the contaminated surfaces. 

2. Experimental methods 

2.1. Experimental setup 

Fig. 1a shows our experimental setup for cleaning tests. We con-
structed a transparent acrylic bath that was 14 mm, 70 mm, and 30 mm 
in width, height, and depth (out of plane of Fig. 1a), respectively. A 
horn-type transducer was used to generate 40 kHz ultrasound waves. An 
8 mm diameter cylindrical horn was connected to the transducer and 
inserted through a hole in the bottom of the bath. The bath was filled 
with tap water to a volume of 30 mL so that the upper surface of the horn 
was located 45 mm below the free surface of water. When conducting 
experiments with vapor bubbles, we used degassed tap water. The tap 
water was kept in a vacuum chamber at an absolute pressure of 10 kPa 
for at least 48 h [34]. The concentration of dissolved oxygen of degassed 
tap water was measured to be 0.9 mg/L, which was reduced from 7.2 
mg/L of non-degassed tap water, using an oxygen meter (DO-31P, DKK- 

TOA). A contaminated substrate was placed 7 mm above the top surface 
of the horn. The particle removal process was recorded using a high- 
speed camera (Fastcam Mini AX200, Photron) combined with a long- 
distance microscope lens (12X Zoom, Navitar) or a microscope lens 
(10X M Plan APO, Mitutoyo) at a frame rate ranging from 1,000 to 
20,000 frames per second. When the contaminated substrate was 
transparent, a light source illuminated the substrate from the rear, 
otherwise the substrate was illuminated from the front. The acoustic 
pressure was measured using a hydrophone (TC4038, Teledyne RESON) 
placed 7 mm above the top surface of the horn. After cleaning, we 
evaluated the particle removal efficiency (PRE), defined as η = (C0 − C)/ 
C0 with C0 and C being the number of particles deposited on the sub-
strates before and after cleaning, respectively. 

2.2. Contaminated substrates 

To visualize the cleaning process by cavitation bubbles, we prepared 
glass slides (HSU-1000412, Marienfeld) contaminated with 4 μm 
diameter polystyrene particles. We used an aqueous polystyrene particle 
suspension (Micromer-blue, Micromod) with a concentration of 25 mg/ 
mL. When testing surfaces with less contaminants we used the suspen-
sion after dilution with a volume of ethanol 10 times the suspension 
volume. After coating glass slides with the suspension, we baked them 
on a hot plate at a temperature of 95 ◦C for 30 min. 

For a quantitative analysis of cleaning performance, we produced 
contaminated substrates using glass slides and home-made polytetra-
fluoroethylene (PTFE) surfaces. PTFE surfaces were made by pressing 
PTFE powder (M-18, Daikin Industries) on sand paper at a pressure of 
35 MPa for 20 min and then baking in an oven at a temperature of 360 ◦C 
for 5 h [35]. While the glass surfaces were smooth and hydrophilic, the 
PTFE surfaces were rough and hydrophobic. The contact angles of water 
on the glass and PTFE surfaces were measured to be approximately 20◦

and 120◦ with a hysteresis of 25◦ and 70◦, respectively (see Fig. 1b). 
We evaluated the effect of ultrasonic cleaning on substrates with 

three different contamination conditions. In contamination conditions I 
and II, 4 μm diameter polystyrene particles (C37253, Life technologies) 
were deposited on glass slides, and they were baked on a hot plate at a 
temperature of 125 ◦C for 5 min and at a temperature of 160 ◦C for 3 h, 
respectively. In contamination condition III, fluorescent polystyrene 
particles (FSDG006, Bangs Laboratories, Inc.) were deposited on the 
PTFE surface and kept at room temperature for 1 h. Since some clustered 
particles adhered weakly to the surface, the contaminated surface was 
gently rinsed with water before use to remove the weakly adhering 
particles [11]. 

Fig. 1. (a) Experimental setup. (b) Water droplets on a glass slide and PTFE substrate. (c) Scanning electron microscope images of single particles in contamination 
conditions I–III. 
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2.3. Comparison of particle adhesion in contamination conditions I-III 

To compare the particle adhesion strength in contamination condi-
tions I-III, we tested particle removal using a water jet. The water jet was 
discharged through a 2 mm diameter nozzle at an average flow speed of 
4 m/s for 1 min. We placed the nozzle a distance of 3 mm from the 
substrate so that the water jet was ejected perpendicular to the substrate. 
PREs after water jet discharge were measured to be approximately 43%, 
0%, and 44% for the substrates with contamination conditions I, II, and 
III, respectively. Hence, we assumed that the particle adhesion for 
contamination conditions I and III was comparable, but significantly 
weaker than that in contamination condition II. Scanning electron mi-
croscope images of single particles in contamination conditions I–III are 
shown in Fig. 1c. The adhesion area of particles increased with baking 
time in contamination conditions I and II, which is assumed to have 
resulted in an increase in adhesion [11,36]. 

3. Results and discussion 

3.1. Visualization of surface cleaning by gas and vapor bubbles 

Particle removal by gas and vapor bubbles in an ultrasonic field with 
an acoustic pressure of 200 kPa were experimentally observed. Fig. 2 
shows sequential images of the particle removal by gas bubbles. In the 
beginning (t = 0 s), the glass slide covered with particles appeared black 
under backlight illumination. Over time, the surface was cleaned and 
became locally bright. As shown in Fig. 2a, the cleaned region exhibits 
random trajectories with a width of ~ 100 μm (see Supplementary 
Movie 1). As the observation time increased, the trajectories elongated, 
and a significant portion of the observation area was cleaned after 239 
ms. In Fig. 2b, images taken at high magnification show the details of the 
particle removal process (see Supplementary Movie 2). An oscillating 
bubble enters the field of view from the right upper corner. As the 
bubble moves to the left lower corner, the bubble is broken into multiple 
daughter bubbles. Each daughter bubble oscillates and moves around on 
the substrate during the observation, and particles were removed in the 

Fig. 2. Sequential images of particle removal process by gas bubbles taken at (a) low and (b) high magnification.  

Fig. 3. Sequential images of particle removal process by vapor bubbles taken at (a) low and (b) high magnification.  
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vicinity of the trajectory of each bubble. 
Fig. 3 displays sequential images of particle removal by vapor bub-

bles in an ultrasonic field with an acoustic pressure of 200 kPa. Here 
degassed water was used as the cleaning medium. In Fig. 3a, three cir-
cular cleaning regions emerged on the dark substrate, which initially 
had been densely covered with particles (see Supplementary Movie 3). 
In each cleaned region the particle removal seems to have resulted from 
a separate cavitation event, because no significant actions occurred in 
the time interval between cleaning events. The diameter of each cleaned 
region was approximately 1 mm, which is much larger than the diameter 
of a resonant air bubble at 40 kHz frequency, 160 μm [37]. Each 
cleaning event was completed within the time interval of two consecu-
tive images taken at 1,000 fps, which informed us that the cleaning time 
was less than 1 ms. Fig. 3b shows higher magnification images taken at 
20,000 fps (see Supplementary Movie 4). In the beginning (t = 0 s), a 
large bubble is surrounded by a cloud of numerous small bubbles. The 
bubbles seem to be floating on the substrate, given that they are out of 
focus. The bubbles instantaneously collapse close to the substrate, per-
forming particle removal over a large area. Immediately after the 
collapse, the bubbles are no longer visible. 

3.2. Analysis of the characteristics of surface cleaning by gas and vapor 
bubbles 

We proceed by analyzing the observed characteristics of surface 
cleaning by gas bubbles. Once gas bubbles are generated by acoustic 
cavitation, they likely survive until they escape the liquid. In an ultra-
sonic field, two gas bubbles oscillating in phase tend to merge because 
they attract each other due to the secondary Bjerknes force [29,38,39]. 
Since gas diffusion into surrounding water is negligible on the time scale 
of the period of bubble oscillation, gas bubbles become larger over time 
via merging. When the diameter of a gas bubble is much larger than the 
resonance diameter in a given acoustic wave field, the bubble becomes 
inert and rises to the free surface of the water reservoir by gravity. 
Meanwhile, the primary Bjerknes force induced by the acoustic waves 
drives the translational motions of gas bubbles [16,22,40]. Accordingly, 
gas bubbles that adhere to the substrate exhibit random dancing motions 
on the substrate in response to the acoustic waves. These dancing gas 
bubbles generate cleaning effects only in their vicinity while moving 
around on the substrate, because the particle removal forces generated 
by the oscillating gas bubbles abate sharply with distance from the 
bubbles [16]. In summary, gas bubbles travel on the substrate for a 
relatively long time and clean confined areas near their trajectory. 

Compared to cleaning by gas bubbles, surface cleaning events by 
vapor bubbles can be characterized by large cleaning areas and instan-
taneous, scattered occurrence. In an ultrasonic field with a given 
acoustic intensity, bubbles containing mostly gases are highly likely to 
exhibit relatively a stable oscillatory motion than vapor bubbles 
[18,26]. A pulsating vapor bubble near a solid boundary can lose 

sphericity and become asymmetric in several cycles of acoustic waves, 
leading to a collapse that involves a strong water jet and impact on the 
boundary [25,41–43]. Since particles adhering to the substrate are 
removed by such an extremely violent bubble collapse, cleaning by 
vapor bubbles occurs instantaneously, but impacts a distance much 
greater than the bubble diameter. 

Taken together, our experimental observations enabled us to envi-
sion the particle contaminant conditions that can be advantageously 
cleaned by gas and vapor bubbles. Vapor bubbles exhibit more violent 
motions for a given acoustic pressure, so that strongly attached particles 
can be advantageously removed by vapor bubbles. In contrast, gas 
bubbles have a longer life time and can thus encounter more contami-
nating particles. Therefore, gas bubbles are expected to be more effec-
tive for cleaning substrates contaminated with weakly attached 
particles, because they can clean a relatively larger area. 

There are caveats. Particle removal by gas bubbles occurs during 
their translational motion on the substrate. The shape of a gas bubble on 
a substrate depends on wettability. A gas bubble has a spherical shape on 
hydrophilic surfaces which prefer contacting water to gas, but it has a 
thin film shape on hydrophobic surfaces that prefer contacting gas to 
water. The translational motions of gas bubbles on hydrophobic surfaces 
are significantly limited by the contact line pinning force, which scales 
as σl(cos θa − cos θr), where σ is the surface tension coefficient, l is the 
contact line perimeter, and θa and θr are the advancing and receding 
contact angles, respectively. A gas bubble with a given volume has a 
greater contact line perimeter on a hydrophobic surface and therefore 
experiences a greater resistance against translational motion. Hence, we 
conjecture that cleaning by gas bubbles can be severely limited on hy-
drophobic substrates. 

3.3. Assessment of cleaning performance in contamination conditions I-III 

We carried out an assessment of PRE for contamination conditions I- 
III to verify our expectations about the characteristics of contaminated 
substrates that could be advantageously cleaned with gas or vapor 
bubbles. Fig. 4a shows the cleaning results for contamination condition I 
(weak adhesion on hydrophilic surface) after 10 min. The PRE in both 
degassed and non-degassed waters increased with the acoustic pressure 
and became close to 100% at an acoustic pressure greater than 200 kPa. 
The results suggest that particles weakly attached to a hydrophilic sur-
face can be effectively removed by both gas and vapor bubbles at a 
sufficient acoustic pressure. Although non-degassed water exhibited a 
PRE of approximately 50% at an acoustic pressure of 80 kPa, degassed 
water had a PRE less than 10%. Cavitation inception in degassed water 
requires a higher acoustic pressure threshold compared to non-degassed 
water due to the lack of dissolved gas, which serves as seeds for cavi-
tation [24]. Hence, ultrasonic cleaning with degassed water needs a 
relatively higher acoustic pressure. Ultrasonic waves with an excessively 
high acoustic pressure may have negative effects, such as surface 

Fig. 4. Dependence of PRE on the acoustic pressure for contamination conditions (a) I, (b) II, and (c) III.  
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damage and temperature rise of the cleaning medium [3,4,28,44], so we 
deduced that surfaces with weakly adhering contaminants can be ad-
vantageously cleaned with non-degassed water. 

Fig. 4b shows the results for contamination condition II (strong 
adhesion on hydrophilic surface). At acoustic pressures less than 150 
kPa, both waters exhibited low PREs of less than 10%. Although the PRE 
increased with acoustic pressure it remained below the upper limit of 
approximately 20% for non-degassed water and 60% for degassed 
water. This result suggests that ultrasonic cleaning with gas bubbles will 
remain at a markedly low level no matter how high the applied acoustic 
pressure is. This means that gas bubbles are insufficient for detaching 
the particles in contamination condition II. Such low PRE could poten-
tially be attributed to the gas cushion effect, which leads to the relatively 
gentle dynamic behavior of gas bubbles [15,18,27–29]. In contrast, 
vapor bubbles can detach tightly attached particles with vigorous 
collapsing motions [28,31,32,43]. Although we only employed an 
acoustic pressure up to 300 kPa due to the limitations of our experi-
mental setup, the population and dynamic strength of vapor bubbles can 
increase with acoustic pressure, which can further increase the PRE. 
Consequently, these experiments suggest that substrates contaminated 
with particles with strong adhesion can be cleaned exclusively by vapor 
bubbles generated in degassed water. 

Fig. 4c presents the results for contamination condition III (weak 
adhesion on hydrophobic surface). The PRE values of degassed water are 
approximately the same as the PRE values for contamination condition I, 
indicating that the cleaning effect of the vapor bubbles has a negligible 
dependence on wettability. However, the PRE of the non-degassed water 
was lower than 20%, even at the highest acoustic pressure, and was 
lower than the PRE obtained for contamination condition I. Because the 
particle adhesion forces in contamination condition I and III are similar, 
this result suggests that gas bubbles are ineffective for removing parti-
cles adhering to hydrophobic surfaces. Fig. 5 illustrates the cleaning 
process by gas bubbles on the PTFE substrate (see Supplementary Movie 
5). Here, the bubbles appear bright because we used a reflected light to 
illuminate the bubbles on the opaque PTFE substrate. In Fig. 5, the 
translation motion speed is less than 1 mm/s, at least two orders of 
magnitude less than the typical translation speed of bubbles on the hy-
drophilic glass slides, so that gas bubbles seem virtually stationary. This 
observation confirms that, as aforementioned, the translational motion 
of gas bubbles is limited on hydrophobic surfaces due to the contact line 
pinning force. As a result, the cleaning area of individual gas bubbles 
was significantly reduced. It is noteworthy that the PRE in non-degassed 
water at 300 kPa was lower than that of 200 kPa. Gas bubbles with an 
excessively large population interfere with the transmission of ultra-
sound waves to the surface, and the cleaning effect can thus be reduced 
at high acoustic pressures, which is consistent with the observations in a 
previous research [29]. 

4. Conclusions 

We have presented a comparative study on the cleaning effects of gas 
and vapor bubbles in ultrasound fields. Our high-speed videography has 
revealed that while gas bubbles move around on the substrate for a 
relatively long time and clean confined areas near the trajectory, vapor 

bubbles clean the surface with their explosive collapse, thus leading to 
rapid, scattered cleaning events. These observations suggest that vapor 
and gas bubbles are more effective for cleaning contaminants with 
strong and weak adhesion, respectively, and that hydrophobic sub-
strates can be cleaned exclusively by vapor bubbles. By assessing the 
cleaning effects of gas and vapor bubbles on substrates with various 
contamination conditions in terms of the adhesion strength and wetta-
bility, we have identified the characteristics of contaminated substrates 
that can be advantageously cleaned with gas or vapor bubbles. The re-
sults of our study not only provide a better physical understanding of 
ultrasonic cleaning mechanisms, but also propose a novel ultrasonic 
cleaning technique, to enhance the cleaning effect by selectively using 
degassed and non-degassed liquids depending on the characteristics of 
the surface to be cleaned. 
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