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Detachment of Submicron Particles from Substrates 
Using the Suspension-Assisted Ultrasonic Method

M. P. Khairunnisa1,2, Ferry Faizal1,3, Eiji Miyazawa4,
Kohji Masuda1,5, Mayumi Tsukada4 and I. Wuled Lenggoro1,4

1 Graduate School of Bio-Applications and Systems Engineering, 
Tokyo University of Agriculture and Technology, Koganei, Tokyo 184-8588, Japan

2 Department of Chemical and Environmental Engineering, 
Malaysia-Japan International Institute of Technology, Universiti Teknologi Malaysia, 
Jalan Sultan Yahya Petra, 54100 Kuala Lumpur, Malaysia

3 Department of Physics and Functional Nano Powder University Research Centre of Excellence, 
Universitas Padjadjaran, Jl. Raya Bandung-Sumedang Km. 21, Sumedang 45363, Indonesia

4 Department of Chemical Engineering, Tokyo University of Agriculture and Technology,  
Koganei, Tokyo 184-8588, Japan

5 Department of Electrical and Electronic Engineering, Tokyo University of Agriculture and Technology, 
Koganei, Tokyo 184-8588, Japan

Keywords: Aerosol Collection, Particle Detachment, Bubble Dynamics, Surface Morphology

A protocol for the detachment of solid samples deposited on �at substrates and their collection in aqueous samples is 
proposed based on a suspension-assisted ultrasonic method. As samples, combustion-synthesized magnesium oxide 
aggregates in the submicron size range were deposited in the gas phase onto three kinds of substrates: a silicon wafer 
and coarse and �ne alumina-coated resin sheets. To enhance the sample particle detachment, a solid–liquid suspension 
made of candle combustion soot particles was selected as an ultrasound propagation medium, which is di�erent from 
the usual liquid medium, such as water, a surfactant solution, or a solvent. Preliminary detachment experiments were 
performed using low-power (42 kHz and 35 W) ultrasonication, and the substrates and suspensions were analyzed using 
scanning electron microscopy (SEM) images and particle size distributions based on dynamic light scattering, respec-
tively. The detachment e�ciency, de�ned as the fraction of cleaned area on a substrate, was determined from the SEM 
images and indicates that the detachment using the medium with soot had a higher e�ciency compared to that without 
soot, and there was an optimum soot concentration for particle detachment for all three substrates. The suspension par-
ticle size distribution after ultrasonication showed good dispersion of the sample particles in the soot suspension.

Introduction

Ultrasound is widely employed in chemical and industrial 
processes because its energy is very intense and less harmful 
than that of other methods. Sonochemistry with ultrasound 
was �rst reported in the early nineteenth century (Rich-
ards and Loomis, 1927). Since then, interest in ultrasound 
has been growing for applications such as emulsi�cation 
(Yasuda et al., 2012), particle processing (Horie et al., 2014), 
particle fractionating (Suzuki et al., 2012), and the clean-
ing of solids, which has made a remarkable contribution to 
the semiconductor industry as a procedure for removing 
particles in the micron or submicron range from product 
surfaces (Kashkoush and Busnaina, 1993).

Most of the process improvements using ultrasound have 
been achieved using cavitation bubbles induced by ultrason-
ic waves traveling through a liquid medium. �ese bubbles 

have dynamic behaviors such as oscillation, growth, transla-
tion, and collapse (Brennen, 1995). Bubble collapse, which is 
enhanced by the heterogeneity of the near-wall �eld around 
a body, plays an especially important role in removing par-
ticles from a solid body immersed in an ultrasonic medium. 
In addition, it is occasionally accompanied by a turbulent jet 
and shock waves. �e performance of ultrasonic cleaning is 
oen characterized by cavitation behavior (Gale and Busnai-
na, 1999; Niemczewski, 2007). Water containing chemicals
or solvents has been applied as cleaning media to enhance
the cleaning performance of silicon wafers for semiconduc-
tors (Menon et al., 1989) and �lters (Choi et al., 2016). �e
application �eld is expected to be extended by the introduc-
tion of a solid–liquid suspension to the cleaning medium, as
schematically shown in Figure 1. �e expansion and com-
pression of cavitation bubbles may work to push particles of
the cleaning medium to collide with the particles adhered to
the substrate, thus removing them from the substrate. If the
particle media conditions are chosen properly, the particles
will not adhere to the substrate.

When a high degree of cleanliness is required, particles in 
suspension are not welcome; this is especially true concern-
ing the prevention of damage to the substrate during semi-
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conductor cleaning. However, when the purpose is particle 
detachment from a substrate, such as when cleaning a �lter 
containing “dust” or collecting particles from the solid sur-
face of a sample, the absolute number of particles remain-
ing on the �lter or substrate does not need to be reduced as 
strictly as in the case of semiconductor cleaning. Instead, 
the degradation of the particles collected in the ultrasound 
medium should be minimized when utilizing particles col-
lected in a suspension. Such an obtained suspension has 
the potential to be used as an intermediate suspension for 
various research applications, such as a feed suspension for 
spray processing in material production accompanying the 
reaction between two di�erent particles. For most studies 
on semiconductor surface cleaning, the cleanliness of the 
substrates has been targeted rather than the content of the 
ultrasonic medium. For these reasons, no attention has been 
paid to the intentional addition of particles to the ultrasonic 
medium.

�e objective of the present study is to focus on the role 
of particles that were added to the ultrasonic medium dur-
ing the detachment of sample particles from the substrate 
and their collection in a solid–liquid suspension by the 
application of low-power ultrasound accompanied by cavi-
tation bubbles. Combustion-synthesized magnesium oxide 
particles were used as a model sample, which were depos-
ited via the gas phase on three di�erent kinds of substrates. 
A suspension of soot from a para�n candle 
ame was used 
as the cleaning medium. �is soot suspension is easy to use, 
has good stability, and has been well characterized (Polis-
sar et al., 2001). �e particle detachment performance and 
characterization of the sample collected in the suspension 
are presented.

1. Experimental

1.1　Ultrasonic apparatus and sample con�guration
�e ultrasonic apparatus used was a low-power, commer-

cial compact ultrasonic cleaner (AS38A, AS ONE Corp.), 
which has an ultrasound transducer under its tank bottom. 
It has a tank with a capacity of 0.6 L. �e apparatus emits 
ultrasound with a frequency of 42 kHz and an output power 
of 35 W, as indicated by the manufacturer, and these values 
are not user-adjustable. Low-power ultrasound was chosen 
to allow us to investigate how to improve the performance of 
particle detachment from the substrates while minimizing 
substrate damage. A schematic diagram of the detachment 
experiment apparatus is shown in Figure 2. A semi-spheri-
cal plastic cup (polypropylene, diameter: 82 mm, wall thick-
ness: 0.3 mm) was set at the center of the tank, positioned 
with its bottom 10 mm from the tank bottom. �e tank was 
�lled with water, and the speci�ed 
uid was poured into the
cup. �e substrate to be treated with ultrasound was dipped
in a vertical orientation into the 
uid-�lled cup at a loca-
tion close to the bottom and along the center line where the
phase-oriented ultrasound wave at the cup wall is focused
(Helgason, 1992). �e treatment duration was set at 3 min,
during which time the temperature of the cup 
uid was kept
within ±1 K by monitoring the temperature using a thermo-
couple in a preliminary experiment.

1.2　Preparation of a soot particle suspension as an 
ultrasonic medium

Carbonaceous soot was collected using a method similar 
to that mentioned in the literature (Liu et al., 2007). Brie
y, 
soot was collected by placing a 50 mm×50 mm silicon wafer 
(100) of high purity with no doping in the upper part of a
commercial para�n candle 
ame for about 5 min. �e wafer
was cut from a 3-inch disk with a thickness of 0.27 mm and
cleaned using acetone, ethanol, and pure water before soot
collection. �e substrate with adhered soot was then set in
the ultrasonic bath with ultrapure water in the cup and irra-
diated with ultrasound for 3 min (Li et al., 2011) to produce
a soot suspension. �e particle mass concentration of this
soot suspension was determined by weighing the silicon
wafer before and aer the soot adhesion, and the obtained
suspension was 1.29×10−2 wt%. �en, the obtained soot
suspension was post-diluted by factors of 102, 104, 105, and

Fig. 1 Concept of ultrasonic treatment using a solid–liquid suspen-
sion as medium

Fig. 2 Schematic of the experimental detachment apparatus (inside 
an ultrasonic tank) and the position of the substrate inside the 
cup
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106 times using ultrapure water to examine the e�ect of the 
particle concentration in an ultrasonic medium on the parti-
cle detachment performance. �e particle size distributions 
of the soot suspensions were measured using dynamic light 
scattering (DLS; Nano ZS, ZEN 3601, Malvern Instruments 
Ltd.). �e intensity-based peak diameter of the particles in 
the mother suspension (without dilution) was 190 nm and 
did not change for two weeks. �e peak diameter of this 
soot suspension did not change remarkably on dilution with 
water.

1.3　Preparation of the substrate sample with adhered 
particles

�ree kinds of 10 mm×10 mm substrate samples, a sili-
con wafer and two polyester-based �lms, were used to 
produce the model particle-adhered samples. �e silicon 
wafer that was used was the same as that used in the soot 
collection. Before the use of this silicon wafer, it was cut 
into samples with the previously described size and cleaned 
using acetone, ethanol, and pure water. To examine the 
di�erences in the substrate materials and surface rough-
ness, two kinds of commercial polyester �lms coated with 
unimodal alumina abrasive particles (Lapping Film, 3M Co., 
thickness: 75 µm) having di�erent surface roughness values 
(60-µm grade: type 263X #320 and 1.00-µm grade: type 
262X #8000) were chosen. �ese polyester �lms are, respec-
tively, denoted the coarse alumina sheet and �ne alumina 
sheet in this paper and were cut and cleaned using ethanol 
and pure water.

In the present study, we used magnesium oxide as the 
model particles. To deposit the model particles on the sub-
strates, a magnesium ribbon was combusted in a passive 
collection box, as indicated in Figure 3, to collect the mag-
nesium oxide. �e magnesium ribbon (Wako Pure Chemi-
cal Industries, Ltd.) was set on a ceramic dish and ignited 
inside a 200-L chamber. Prior to the magnesium ribbon 
combustion, three to four substrates were set inside the top 
wall of the collection box, which had all of its walls wrapped 
in aluminum foil. Aer the combustion had completed, the 
chamber was le for 3 min to con�rm that the MgO aerosol 
“smoke” had spread homogeneously in the chamber. �en, 

the passive collection box was set above the dish to collect 
the MgO particles on the substrates.

1.4　Particle detachment from the substrates
Next, 30 mL of the soot suspension or pure water used as 

the ultrasonic liquid was set in a cup, which was set inside 
the ultrasonic device. Both the suspension and the water for 
the ultrasonic cleaning medium were warmed to a speci-
�ed temperature before use. A substrate was immersed in
the suspension at the location described in Section 1.1. To
minimize the damage to the substrates by cavitation dur-
ing the particle detachment experiments, the substrate was
set in a vertical orientation (Dular et al., 2013). �e de-
tachment experiments with ultrasonic irradiation were per-
formed once for each experimental condition to overview
the dependence of the soot concentration of the detachment
performance. �e suspension temperature was set to 313 K,
at which the detachment e�ciency was expected to be the
maximum (Busnaina and Kashkoush, 1993). Aer the ultra-
sonic treatment, the substrates were dried at room tempera-
ture in a desiccator (15% humidity) for 48 h before analysis.

1.5　Characterization of the particles and suspension
�e morphologies of the model particles on the sub-

strates before and aer particle detachment treatment 
were observed using scanning electron microscopy (SEM; 
JSM-6510, JEOL Ltd.). SEM images taken from almost the 
center of the substrate were used to determine the particle 
concentration and the fraction of the particle-free substrate 
area aer treatment using image analysis soware (ImageJ, 
U.S. National Institutes of Health). �e particle size distribu-
tions of the suspension samples aer particle detachment 
treatment were determined using DLS. �e viscosity of each 
suspension was measured using a viscosity meter (Rheom-
eter, AR-G2, TA Instruments Co., LTD.). �e surface ten-
sion of each suspension was also measured using a meter 
(DY-700, Kyowa Interface Science Co., Ltd.).

2. Results and Discussion

2.1　Particle detachment performance using ultrasonic 
medium without soot

SEM images of the three kinds of substrates aer model 
sample particle (MgO) deposition and before or aer par-
ticle detachment processing by ultrasound are shown in 
Figure 4. �e MgO synthesized by magnesium ribbon com-
bustion formed aggregates of cubic crystals with a primary 
size of several tens of nanometers (Stankic et al., 2011). 
�e MgO crystals aggregated during their 
ight or while 

oating in the chamber. �e aggregate diameter has been 
determined previously using a di�erential mobility analyzer 
and found to be approximately 300 nm (Khairunnisa et al., 
2016), which agrees with other reports (Stankic et al., 2011). 
�e morphologies of the deposited aggregates in the le 
side images of Figure 4 are loosely connected chains or net 
piles spread over the substrates. No remarkable di�erence 
in the di�erent substrates was observed in this view of ca. 

Fig. 3 Magnesium oxide particle collection using a passive sampling 
method
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3×10−3 mm2. In the images with lower magni�cations, the 
coarse alumina sheet showed angular alumina particles with 
sizes in the range of a few hundred micrometers, and each 
particle was covered with a similar MgO layer, as shown on 
the le of Figure 4(b). A “hill” of the substrate contained 
a greater quantity of deposited MgO than a “valley.” Aer 
cleaning with the ultrasonic bath, a su�cient numbers of 
cavitation bubbles were observed for all three substrates. 
Cavitation was observed also remarkably close to the bot-
tom of the suspension-containing cup. Aer cleaning, the 
images of the surfaces show drastic changes, and discrete 
aggregates were le on the substrates. �e silicon wafer 
with the smoothest surface showed a tendency for the most 
inhomogeneous particle detachment. �is may have been 
caused by the lower amount of cavitation induced by the 
smooth surface, which was less advantageous for particle 
detachment in the cleaning stage. �e two other substrates 
were cleaned homogeneously, and the aggregates le on the 
substrate were scattered across the surface.

We next compare the amount of force required to detach 
the particle aggregates, called “particles” in this paper, ad-
hered to the substrate. To detach particles from a substrate, 
the force acting on the substrate must overcome the particle 
adhesion force. �e adhesion force for 300-nm polystyrene 
latex particles on a silicon substrate has been calculated to 
be 20 nN in water (Zhang et al., 2000). �e main adhesive 

forces that exist between a particle and a substrate are the 
van der Waals forces (short separation distance: 0.4–2 nm) 
and electrostatic forces (for the interaction at a larger dis-
tance). �e van der Waals force (Doukhan, 1995; Rimai 
et al., 2000), F0, for an undeformed sphere on a smooth 
at 
substrate of the same material was considered (Hamaker, 
1937).

0 26
ARF
x

= (1)

Here, A is the Hamaker constant, which considers the phase 
and materials involved; R is the radius of a spherical par-
ticle, and x is the separation distance between the particle 
and the substrate. For a smooth surface, x is assumed to be 
0.4 nm, based on the size of the particles involved (Israelach-
vili, 1992). By substituting x=0.4 nm, R=150 nm, and the 
Hamaker constants for silicon or MgO in vacuum condi-
tions or water into Eq. (1), F0 is calculated to be 10−8 N for 
vacuum conditions and 10−9 N in water, and these values are 
used as references for the present experimental system.

�e ultrasonic method was used to remove the MgO ag-
gregates from the surfaces of the substrates. A comparison 
of the particle conditions on the di�erent substrates showed 
that most of the particles had been detached based on the 
particle morphologies seen in the SEM images (Figure 4). 
Hydrodynamic simulations were performed to explain the 
particle detachment mechanisms. �e interface of a single 
cavitation bubble dynamically changes based on the classi-
cal model (Rayleigh, 1917), which was later re�ned (Plesset 
and Prosperetti, 1977) and is known as the Rayleigh–Plesset 
equation. Applying the present experimental conditions and 
using the pressure amplitude applied by the ultrasound 
wave, assumed to be 1.4 times atmospheric pressure, the 
force inside a bubble with an initial diameter of 4.0 µm 
produces an impulse force of approximately 0.035 N, which 
acts to reduce the size of a single cavitation bubble. �e cal-
culated value of the force includes many assumptions, and 
only the trend of the order of magnitude can be determined. 
�e details of this calculation and the results of the tran-
sient bubble behavior with the pressure amplitude applied 
by the ultrasound wave as a parameter can be found in the 
Appendix. �is impulse force can be compared to the ad-
hesion force (Zhang et al., 2000) between the particles and 
substrate, which must be exceeded to detach the deposited 
particles from the substrate. Nevertheless, even though the 
particle detachment force is greater than the particle adhe-
sion force by several orders of magnitude, the number of 
particles that remained on the substrate was not negligible, 
especially for the silicon substrate.

2.2　E�ect of soot addition on particle detachment 
performance

In the present study, we introduced “soot” to assist in the 
detachment of particles from the substrate. �e changes in 
the detachment of MgO particles were compared using dif-
ferent suspension concentrations in the ultrasonic liquid. 
�e results of the particle morphology and image analyses 

Fig. 4 SEM images of substrates attached with particles (MgO) before 
and aer ultrasonic treatment (3 min) without a soot suspen-
sion
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are shown in Figures 5, 6, respectively, for the smooth sur-
face (silicon wafer) and resin substrates (coarse and �ne 
alumina sheet). In the SEM images of the surfaces aer 
cleaning with soot particle suspension, the particles seemed 
to have been detached more homogeneously with a smaller 
amount remaining on the surface compared to the case 
without soot. �e darkness of the soot suspension is shown 
in Figure 5(d). �e almost transparent suspension with a 
particle concentration of 1.29×10−6 wt% had a signi�cant 
e�ect on particle detachment.

To quantify the detachment performance, the number 
concentration of particles le on the substrate and the frac-
tion of particle-free area of the substrate aer ultrasonic 
treatment were plotted as a function of the soot concentra-
tion for the three substrates (Figure 6). In the comparison of 
the number of particles le on the substrates (Figure 6(a)) 
with and without the addition of the soot suspension, there 
is a clear increase in particle detachment with a minimum 

for a suspension of 1.29×10−6 wt%. �e number of particles 
le on the substrates increase for concentrations higher than 
1.29×10−6 wt% for all three substrates. �e detachment ef-
�ciency, which is de�ned as particle-free area fraction of the
substrate, also showed the same trend as that for particles
le on the substrates (Figure 6(b)). Because the apparent
particle (particle aggregate) size di�ered from each other in
di�erent particle detachment conditions, a larger number
of particles le on the substrate did not always result in a
lower detachment e�ciency. In particular, in the case of the
silicon substrate (i) without soot and (ii) with the highest
concentration of soot, relatively large particle aggregates
were observed, showing a low detachment e�ciency with
few particles leaving the substrate.

�e reduction in the particle detachment of the solid sub-
strates (Figure 6(a), (b)) is said to be related to the “damping 
factor” inside the ultrasonic system (Brennen, 1995). Energy 
from the bubbles will be lost as a result of particle–bubble 
friction, which will dampen the bubble oscillations. �e 
amplitude of the vibrations decreases exponentially with dis-
tance if the damping factor becomes constant. �e viscosity 
di�erence between di�erent soot concentrations (Table 1) 
is too small to explain the di�erence in particle detachment 
performance, which indicates a totally di�erent mechanism 
to that of the liquid media case, whose performance is based 
only on the viscosity di�erence (Tagawa and Gotoh, 2010). 
In ultrasonic systems, a surfactant assists with particle de-
tachment by decreasing the surface tension of the water and 
promoting cavitation (Choi et al., 2016). However, our study 

Fig. 5 SEM images (a–c) of substrates aer ultrasound treatment 
with suspension for 3 min (a–c) and photographs of suspen-
sion (d) for no dilution and 104 dilution suspensions

Fig. 6 Particles le on the substrate aer ultrasonic treatment in 
number density (a) and the fractional particle-free area of the 
substrate (b)
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showed that the detachment rate was a�ected by the exis-
tence of colloidal particles, despite the surface tension of the 
suspension, which did not change signi�cantly, as indicated 
in Table 1. �ese results provide further support for the 
hypothesis that the existence of additional particles inside 
the ultrasonic bath plays the main role in the detachment of 
the target particles from the substrate. Further investigations 
using other materials and their combinations are strongly 
recommended.

2.3　Size distribution of collected particles
�e particle size distribution aer MgO collection was 

examined using DLS. �e results are shown in Figure 7 as 
an intensity-based distribution, which corresponds to the 
primary DLS signals (Kato et al., 2012) for the cases of ul-
trasonic media without soot and with soot at the “optimum” 
concentration for MgO particle detachment. Based on these 
results, the di�erences in the particle size distributions with 
the soot suspension before (indicated by “only soot” in Fig-
ure 7) and aer ultrasonic treatment (indicated by “with 
soot” in Figure 7) are not signi�cant for the three substrates, 
although the distribution curve aer ultrasonic treatment 
shied somewhat to a smaller size. When water was used as 
the ultrasonic medium (the results without soot in Figure 
7), the size distribution of the MgO suspension had bimodal 
peaks with peak diameters of 91 and 140 nm (in the case of 
the silicon substrate). �e primary peak for the small par-
ticle size coincided well with the size of well-grown cubic 
MgO crystals observed in transmission electron microscopy 
images in the literature (Stankic et al., 2011). When MgO 
aerosols were deposited on the substrate in the chamber, 
they formed aggregates with a size of approximately 300 nm. 
�e aggregates were well de-aggregated in water with the as-
sistance of the ultrasonic treatment, similar to the results re-
ported in other studies for nanoparticles (Sato et al., 2008). 
�e sharpness of the primary MgO peak decreased with an 
increase in the surface roughness of the substrates, which 
increased in the order of the silicon wafer, �ne alumina 
sheet, and coarse alumina sheet.

As the concentration of the soot suspension decreased, 
the particle size distribution of the suspension split into two 
peaks, as shown in Figure 8. �e �rst peak was the same as 
the peak for the suspension without soot, and the second 
peak was almost the same as the peak for the soot only sus-
pension. From these results, it is suggested that, when the 
suspension used for the ultrasonic medium had a su�cient-

ly low concentration, both the MgO and soot peak could 
be detected. It is also suggested that the concentrations of 
MgO and soot were on the same order of magnitude at this 

Fig. 7 DLS intensity-based particle size distribution of suspension 
before (only soot) and aer 3 min of ultrasonic treatment with 
and without soot. Silicon wafer (a), coarse alumina sheet (b), 
and �ne alumina sheet (c)

Fig. 8 DLS intensity-based particle size distribution of suspension 
before (only soot) and aer 3 min of ultrasonic treatment 
with and without soot. �e most diluted concentration of soot 
(1.29×10−8 wt%)

Table 1　�e properties of the soot suspension

Dilution 
factor

Suspension 
concentration 

[wt%]

Viscositity  
[Pa·s]  

(313 K)

Surface tension 
[mN/m]  
(298 K)

— 0 6.53×10−4* 70.9
1 1.29×10−2 9.69×10−4 71.7

104 1.29×10−6 9.66×10−4 —
106 1.29×10−8 9.42×10−4 70.7

*Literature value
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time. When the intensity-based distribution was converted 
to a volume-based one, the peak height ratio of primary 
MgO to soot was two thirds in this most diluted soot case of 
1.29×10−8 wt%. Although the MgO concentration was not 
quanti�ed, the MgO particles were well dispersed in the soot 
suspension.

Conclusions

We have proposed a new migration method to collect 
particles from solid surfaces in liquid media using an ul-
trasonic method, and the preliminary results have been 
presented. A demonstration of the use of additional par-
ticles (candle soot) in the ultrasonic medium showed the 
enhancement of the “target” particle detachment from sub-
strates with di�erent kinds of surface morphologies. In a 
comparison of the ultrasonic media with and without soot, 
fewer model particle aggregates (MgO) were le on the sur-
face, and the occupation area on the substrate was smaller 
when soot was used. In the presence of soot, the particle de-
tachment rate depended on the concentration. In this study, 
we also showed that there was an optimum concentration 
of the additional particles in the ultrasonic medium, and 
these additional particles played an important role in the 
particle detachment from the surface. �e size distribution 
of the MgO particles aer their detachment could not be 
ascertained because of the presence of soot particles in the 
collected suspension. �is new method could be applied to 
the collection of particles in a liquid phase for further treat-
ment and analyses.
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Appendix

Bubble dynamics under acoustic vibration
During exposure to the high-frequency acoustic wave�eld 

(ultrasonic range>20 kHz), the interface of a single cavita-
tion bubble dynamically changes as a result of the transient 
response of a forcing function following the theoretical 
mechanism proposed by Rayleigh (1917). Later, this model 
was re�ned by Plesset (1949), and it is known as the Ray-
leigh–Plesset equation (RP equation).

A comprehensive discussion of the application of the RP 
equation to ultrasonic bubbles has been given by Brennen 
(1995). �e re�ned RP equation applied to sonolumines-
cence bubbles, as stated in Hilgenfeldt et al. (1998), takes the 
following form:
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where
R=bubble radius [µm]
t=time [µs]
Pgas=gas pressure inside the bubble obtained from the gas 
equation of state [Pa]
ρ=density of liquid (water) [kg/m3]
Pext=liquid (water) pressure function from transducer [Pa]
P0=atmospheric pressure [Pa]
cl=speed of sound in liquid (water) [m/s]
η=liquid (water) viscosity [Pa·s]
σ=liquid (water) surface tension [N/m].

�e model expresses the bubble radius change over time 
as a result of external pressure oscillations. By solving the 
RP equation, the transient response of the bubble radius can 
be calculated, and the physical quantities that play roles in 
the particle detachment from the surface, such as the bubble 
force and pressure, can be obtained. �e bubble pressure 
and later impulse force arising from the oscillation deliver 
shockwave energy and momentum to the 
uid around the 
oscillating bubble. Using the RP equation, we have estimated 
the magnitude of the detachment forces for a single bubble 

Fig. A2 (a) Maximum and minimum radii relative to initial bubble 
radius as functions of the compression ratio. (b) Bubble force 
as function of the compression ratio

Table A1 Bubble size and pulses at small compression ratio (inset of 
Figure A2)

Pext/P0 [−] Rmax/R0 [−] Rmin/R0 [−] Force [N]

0.8 1.41 0.86 9.31×10−7

0.9 1.59 0.80 6.95×10−6

1 1.96 0.59 3.98×10−5

1.1 2.82 0.23 8.18×10−4

Table A2　Bubble force for several initial bubble sizes (R0)

R0 [µm] 2.0 4.0 6.0 8.0
Force [N] 0.019 0.035 0.077 0.101

Fig. A1 Numerical simulation results for bubble oscillation under 
sinusoidal pressure P(t)=Pext sin(2πf). �e transient response 
of the bubble radius obtained by solving the RP equation at 
forcing ultrasonic frequency f=42 kHz, initial bubble radius 
R0=4.0 µm, and pressure amplitude Pext=1.4P0, where P0 is 
standard atmospheric pressure. �e abscissa is non-dimen-
sionalized by T=1/f. Other needed parameters were obtained 
from the work of other researchers (Hilgenfeldt et al., 1998)
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with an initial radius of less than 20 µm at isothermal condi-
tion between the bubble and liquid (Plesset and Prosperetti, 
1977). An initial radius of 4.0 µm and the van der Waals gas 
equation of state were used in our calculation example (Hil-
genfeldt et al., 1998).

�e RP equation was solved using the Livermore ODE 
solver in sti� mode (Radhakrishnan and Hindmarsh, 1993). 
Figure A1 shows the results of a numerical simulation of the 
RP equation used to obtain the bubble’s transient response. 
Using the result and the de�nition of bubble pressure stated 
in Hilgenfeldt et al. (1998), the impulse responses of the 
pressure and force magnitude (Figure A1(b), (c)) were also 
calculated for 42 kHz at a pressure amplitude of 1.4P0. �e 
results showed that an oscillating bubble produced an im-
pulse force of 0.035 N in a very short time every cycle. We 
investigated the e�ect of the external ultrasonic force from 
the transducer. �e maximum and minimum bubble rela-

tive radii were plotted versus the compression ratio, Pext/P0. 
Figure A2 shows the e�ect of the compression ratio, which 
was controlled by the vibration amplitudes of the ultrasonic 
transducer. As the ratio increases, the disparity between 
the maximum radius and minimum radius of the bubbles 
increases. �us, the magnitude of the pulses also increases 
exponentially. In Table A1, we reveal the e�ect of the com-
pression ratio on the sizes of the bubble and bubble pulse 
force. Gentle pulses were obtained with a small compression 
ratio.

Several pulse force magnitudes were also calculated as 
a function of the initial size of the bubbles that might be 
present in the liquid/medium, and the results are presented 
in Table A2. �e pulse force magnitude increases linearly 
versus the initial bubble radius for several R0 values in the 
micrometer range.




