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Ultrasonic bubbles exhibit radial dynamic behavior by absorbing ultrasonic energy, and this behavior
depends on the speci�c excitation conditions and physical parameters of the liquid. In this study, the
Keller�Miksis equation is applied to study the radial oscillations of bubbles, focusing on the absorbed
ultrasonic energy. Furthermore, the sensitivity of bubble dynamics to physical parameters in liquids
with varying viscosities is also investigated. The results demonstrate that the maximum oscillation
radius, the rebound oscillation radius, the bubble collapse strength and the absorbed ultrasonic energy
increase with ultrasonic pressure, while they decrease with ultrasonic frequency. Notably, with the
exception of absorbed ultrasonic energy, the other three indicators exhibit an increasing�decreasing
trend as the initial bubble radius increases. Additionally, liquids can be classi�ed into low-viscosity and
high-viscosity categories. The e�ect of liquid physical parameters on bubble collapse strength under
di�erent ultrasonic excitation conditions is complex and multifaceted. Overall, liquid viscosity is the
most important factor in�uencing bubble collapse strength, whereas liquid density and surface tension
also exert some in�uence under speci�c conditions. In contrast, ultrasonic speed has minimal impact
on collapse strength.
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1. Introduction

Ultrasonic excitation technology serves as an ef-
�cient method of energy conversion, capable of in-
ducing the formation, growth, and collapse of bub-
bles through the transmission of ultrasonic waves
within a liquid medium [1, 2]. This process induces
a variety of physical and chemical e�ects that have
been widely utilized in industrial and medical ap-
plications [3�7]. Research demonstrates that the
radial dynamic behavior of bubbles directly in�u-
ences the e�ectiveness of these applications [8�10].
As a result, a comprehensive investigation of acous-
tic bubble dynamics is of profound theoretical and
practical signi�cance. Recent advances have been
made in bubble dynamics under various param-
eters [11�21]. Bubbles respond to the ultrasonic
radiation force and exhibit both linear and nonlin-
ear dynamics, which include main, harmonic, sub-
harmonic, and ultraharmonic resonances. Factors
in�uencing the bubble dynamic behavior include

acoustic frequency and pressure, bubble size, and
liquid properties [11�13]. To investigate the e�ects
of these parameters over an extended range, meth-
ods based on chaos theory are used [14, 15]. Addi-
tionally, the non-equilibrium evaporation and con-
densation of water vapor, as well as the inner-bubble
chemical reactions, also play an important role in
bubble dynamics [16, 17]. Peng et al. [18] estab-
lished a relationship between bubble collapse inten-
sity and liquid temperature. Wang et al. [19] applied
random forests and neural networks to examine
the in�uence of liquid properties on bubble dynam-
ics. However, their study did not separately ana-
lyze cases involving di�erent ranges of liquid viscos-
ity coe�cients. Doinikov [20] developed equations
based on the Lagrangian equations to describe bub-
ble pulsation and translation. Based on Doinikov's
model, Ma et al. [21] demonstrated that bubble
translation depends on the distance from the pres-
sure antinode and the primary Bjerknes force, and
cavitation becomes more drastic in low-frequency,
high-pressure acoustic environments.
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Additionally, dual-frequency driven bubble dy-
namics, interactions between multiple bubbles and
their dynamics, non-spherical bubble dynamics,
and bubble�wall interactions are currently popu-
lar research topics [22�31]. Dual-frequency ultra-
sound exhibits unique interaction characteristics
with bubbles, such as combination resonance of
bubbles [22, 23], which can enhance the likelihood
of bubble collapse [24]. Considering radiation de-
lay, Wang et al. [25] found that when the inter-
bubble distance is large, the total scattered �eld
of a bubble cluster is approximately equal to the
interference of multiple secondary acoustic sources.
Sadighi-Bonabi [27] showed that an increase in liq-
uid viscosity reduces the inter-bubble interactions.
Wang et al. [28] revealed the transition mechanisms
of bubble translational motions and identi�ed a
chaotic bubble pair. Additionally, the non-spherical
deformation of bubbles signi�cantly a�ects their
interaction, which is associated with the bubbles
shape mode, equilibrium radii, and driving condi-
tion [29, 30]. Guo et al. [31] demonstrated that walls
inhibit the bubble collapse. Compared to a single
bubble, the dual bubbles have higher velocities and
require a narrower range of initial radii to produce
microjets.
In summary, extensive research has been devoted

to the study of bubble dynamics. However, to date,
there has been limited research on bubble radial dy-
namics from the perspective of energy transfer be-
tween cavitation bubbles and ultrasonic waves. Fur-
thermore, the synergistic e�ects of multiple liquid
parameters remain insu�ciently explored, particu-
larly in liquids with varying viscosity. In this study,
the in�uencing factors and laws of radial dynamics
of bubbles are analyzed, with a focus on the ultra-
sonic energy they absorb. Additionally, the sensi-
tivity relationship between bubble radial dynamics
and physical parameters in low-viscosity and high-
viscosity liquids under various ultrasonic pressure
and frequency conditions is discussed. The aim of
this study is to further deepen our understanding of
ultrasound-driven bubble oscillation, thereby pro-
viding a critical theoretical basis for the develop-
ment of innovative applications of this technology
across diverse �elds.

2. Model and solutions

Assuming a spherical bubble geometry within an
incompressible, inviscid liquid, bubbles oscillations
were originally described by the classical Rayleigh
equation [32]. Subsequent modi�cations by Ples-
set, Noltingk and Neppiras, and Poritsky extended
this framework to account for viscous forces and
surface tension, resulting in the Rayleigh�Plesset
equation [33, 34]. During violent bubble oscillations,
particularly at the collapse instant, the interface
velocity may reach hundreds of meters per second,

reaching magnitudes comparable to the acoustic ve-
locity of the liquid (1500 m/s in water, correspond-
ing to Ma ≈ 0.1�1). At such velocities, density
variations within the liquid become non-negligible,
thus invalidating the conventional incompressible
�ow assumption. Consequently, by accounting for
the compressibility of the liquid, Keller and Mik-
sis re�ned the bubble dynamics equation based
on the Rayleigh�Plesset equation, establishing the
renowned Keller�Miksis model [35](
1− Ṙ
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In this model, R0 [µm] signi�es the initial radius of
the bubble, while R denotes its instantaneous ra-
dius. The bubble-wall velocity is represented by Ṙ
[µm/s], and the rate of change of this velocity is ex-

pressed as R̈ [µm/s2]. The parameter c [m/s] refers
to the speed of ultrasonic waves in the liquid, and Pv

[kPa] indicates the saturated vapor pressure inside
the bubble. The polytropic exponent is denoted by
κ, and ρ [kg/m3], σ [N/m], and µ [Pa s] correspond
to the density, surface tension, and viscosity of the
liquid, respectively. In (1), Pt represents the total
pressure exerted on the bubble wall. The model for-
mulation combines both the vapor pressure terms
and the adiabatic compression of the gas inside the
bubble. This leads to the following equation
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Here, P0 is the static pressure [kPa], and PA(t) rep-
resents the ultrasonic pressure in the form of a si-
nusoidal wave and is written as

PA(t) = Pa sin (2π f0 t) , (3)

where Pa [kPa] denotes the ultrasonic pressure am-
plitude, and f0 [kHz] is the ultrasonic frequency. It
should be clari�ed that although the Keller�Miksis
model takes into account the compressibility of the
liquid, it may inadequately capture strong nonlin-
ear e�ects during extreme compression. Complex
compressibility-induced phenomena, such as rar-
efaction and compression waves, often violate the
core hypotheses of the model. Additionally, at very
high oscillation frequencies, where bubble size vari-
ations become sub-resolution within computational
time steps, high-frequency instabilities may emerge,
requiring specialized numerical stabilization.
The initial conditions are set such that at

time t = 0, the bubble radius R is equal to R0,
and Ṙ is zero. Deionized water at a temperature
of 20◦C is used as the ultrasonic excitation medium,
and the following parameter values are applied:
c = 1500 m/s, ρ = 998 kg/m3, σ = 0.0728 N/m,
µ = 0.001 Pa s, Pv = 2330 Pa, κ = 4/3. The e�ects
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Fig. 1. The variances of (a) dimensionless oscil-
lation radius (R/R0) and (b) bubble-wall veloc-
ity (dR/dt) with time (t). Here, Pa = 110 kPa,
f0 = 20 kHz and R0 = 10 µm.

of ultrasonic cavitation encompass a variety of phe-
nomena, including mechanical, thermal, chemical,
and biological e�ects. Research �ndings indicate
that the ultrasonic cavitation e�ect is closely related
to the radial motion of cavitation bubbles, and espe-
cially to their collapse strength [9, 10]. The bubble
collapse strength can be characterized by param-
eters such as the bubble expansion ratio, relative
expansion ratio and compression ratio [36, 37]. In
this study, the bubble expansion ratio is chosen as
a parameter to characterize the collapse strength of
bubbles and the e�ects of ultrasonic cavitation. The
bubble collapse strength is de�ned as

k =
Rmax

R
, (4)

where k represents the bubble collapse strength,
and Rmax denotes the maximum oscillation radius
of the bubble. Under ultrasonic excitation, a cavi-
tation bubble in a liquid serves as an energy trans-
former. As the bubble expands, it absorbs ultrasonic
energy and grows in size. During its subsequent col-
lapse, the stored energy is rapidly released, gener-
ating signi�cant cavitation e�ects. The ultrasonic
energy captured by the bubble during its expansion

Fig. 2. (a, b) Changes in intra-bubble pressure
(Pin) and extra-bubble pressures (Pout) with
time (t) within one ultrasonic period. Here,
Pa = 110 kPa, f0 = 20 kHz and R0 = 10 µm.

can be determined by the work required to overcome
the liquid's hydrostatic pressure, viscous drag, and
surface tension, i.e.,

Eu =

Rmax∫
R0

dR 4πR2

(
P0 +

2σ

R
+

4µ

R

dR

dt

)
, (5)

where Eu [J] is the ultrasonic energy absorbed by
the bubble during its expansion stage.

3. Results and discussion

3.1. Radial dynamics of ultrasound-driven bubbles

Figure 1 illustrates the time-dependent varia-
tions of the dimensionless oscillation radius and
wall velocity of a bubble with an initial radius
of 10 µm. The ultrasonic pressure amplitude Pa is
set to 110 kPa, and the frequency f0 is 20 kHz. The
red, blue, and green shaded areas represent the ex-
pansion, collapse, and rebound attenuation phases,
respectively.
Figure 1a illustrates that the bubble rapidly col-

lapses after expanding from its initial radius to the
maximum radius, and subsequently begins to oscil-
late around the initial radius during the rebound.
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Fig. 3. (a) The time-dependent changes in the
dimensionless oscillation radius (R/R0) and (b)
the bubble collapse strength (k) and absorbed
ultrasonic energy (Eu) under di�erent ultrasonic
pressure amplitudes (Pa). The water temperature
is 20◦C. Here, f0 = 60 kHz and R0 = 10 µm.

As shown in Fig. 1b, during the expansion phase,
the wall velocity initially increases slowly and then
decreases until it reaches zero. Following this, in
the collapse stage, the bubble wall velocity increases
sharply in the reverse direction, undergoing violent
oscillations and attenuation during the rebound at-
tenuation stage.
The intra-bubble pressure Pin of a bubble con-

sists primarily of air and water vapor pressures,
while the extra-bubble pressure Pout encompasses
the static pressure of the liquid, its viscous resis-
tance, the bubble surface tension, and the ultra-
sonic pressure. As illustrated in Fig. 2, the changes
in intra-bubble and extra-bubble pressures over one
ultrasonic period are depicted.
The motion of the bubble walls is governed by the

pressure di�erence between the intra-bubble and
extra-bubble pressures. As illustrated in Fig. 2b,
during the initial expansion stage, the intra-bubble
pressure is slightly higher than the extra-bubble
pressure, resulting in the outward expansion of the
bubble walls. As the absolute value of the ultra-
sonic negative pressure decreases, the extra-bubble

Fig. 4. (a) The time-dependent changes in the di-
mensionless oscillation radius (R/R0) and (b) the
bubble collapse strength (k) and absorbed ultra-
sonic energy (Eu) under di�erent ultrasonic fre-
quencies (f0). The water temperature is 20◦C and
Pa = 130.

pressure increases until it exceeds the intra-bubble
pressure. At this stage, the bubble walls begin
to decelerate until they reach their maximum ex-
pansion. Following this, with a further increase of
extra-bubble pressure, the bubble begins to collapse
rapidly until it is compressed to its minimum size.
During the collapse stage, the intra-bubble pres-
sure can reach ≈ 2000 kPa. This preassure re-
mains at a high value during the rebound attenua-
tion stage due to the sudden change in bubble-wall
velocity.

3.2. Analysis of in�uencing factors

3.2.1. Ultrasonic excitation parameters

The radial dynamics of ultrasonic bubbles is
closely related to the ultrasonic excitation con-
ditions and bubble sizes within a de�ned liq-
uid medium. Figure 3 illustrates the variations of
the dimensionless bubble oscillation radius over
time during one ultrasonic period under di�erent
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Fig. 5. (a) The time-dependent changes in the di-
mensionless oscillation radius (R/R0) and (b) the
bubble collapse strength (k) and absorbed ultra-
sonic energy (Eu) under di�erent bubble initial
radii (R0). The water temperature is 20◦C. Here,
Pa = 130 kPa and f0 = 60 kHz.

ultrasonic pressure amplitudes. Additionally, the
bubble collapse strength and absorbed ultrasonic
energy during the bubble expansion stage under
various ultrasonic pressures are also presented. The
ultrasonic frequency f0 is 60 kHz, the initial bub-
ble radius R0 is 10 µm, and the water tempera-
ture is 20◦C. As shown in Fig. 3, when the ultra-
sonic pressure increases, the maximum oscillation
radius, rebound radius, bubble collapse strength,
and absorbed ultrasonic energy during the expan-
sion phase � all increase. Additionally, the dura-
tion of both the expansion and collapse phases is
prolonged, and the number of rebound attenuations
decreases.

The radial dynamics characteristics of ultrasoni-
cally excited bubble at di�erent ultrasonic frequen-
cies are shown in Fig. 4. The ultrasonic pressure
amplitude Pa is 130 kPa, and all other conditions
remain the same as those in Fig. 3. It is evident
that the e�ect of ultrasonic frequency f0 on the ra-
dial motion characteristics of bubbles is signi�cantly
more pronounced compared to that of ultrasonic

pressure. Figure 4 shows that with the increase of
f0, the maximum and rebound oscillation radius
of the bubble decrease signi�cantly, and the du-
ration of expansion, collapse, and rebound atten-
uation stages is signi�cantly shorter. The bubble
collapse strength and absorbed ultrasonic energy
are greatly reduced. The observed phenomena are
attributed to the increasing inertia of the bubble
during its oscillations. Additionally, as the ultra-
sonic frequency increases, its e�ect on the radial
motion of the bubble steadily weakens. Although
the radial dynamics characteristics of bubbles at
lower frequencies (below 20 kHz) are not shown
in Fig. 4, it can be expected that for a bubble
with a determined initial radius, there is a speci�c
frequency at which the bubble will oscillate most
intensely.
Figure 5 illustrates the radial oscillation charac-

teristics of bubbles with varying initial radii. The
ultrasonic pressure amplitude Pa is 130 kPa, the
frequency f0 is 60 kHz, and the water tempera-
ture is 20◦C. The varying intrinsic frequencies of
bubbles with di�erent initial radii result in signi�-
cant di�erences in their radial oscillation character-
istics. From Fig. 5, it is evident that bubbles with
smaller initial radii absorb less ultrasonic energy,
resulting in relatively weaker radial oscillation pro-
cesses. On the other hand, larger bubbles absorb
more energy; however, due to their greater iner-
tia, it remains challenging to establish a distinctly
dynamic process. Therefore, only bubbles within a
speci�c initial radius range can experience signi�-
cant radial dynamics, such as expansion, collapse,
and rebound, when subjected to ultrasonic excita-
tion. Additionally, changes in the bubble's initial
radius and intrinsic frequency result in variations
in its maximum and rebound oscillation radii. Con-
sequently, the collapse strength of the bubble �rst
increases and then decreases, while the absorbed
ultrasonic energy continuously increases. The du-
ration of the bubble expansion and collapse phases
is extended � the �rst rebound point is shifted to
the right, and the number of rebound attenuation
oscillations decreases.

3.2.2. Liquid physical parameters

The liquid physical parameters, primarly viscos-
ity, density, surface tension, and ultrasonic speed,
also signi�cantly a�ect the radial dynamics char-
acteristics of bubbles and the e�ects of ultrasonic
cavitation . Figure 6 illustrates the variations in col-
lapse strength and absorbed ultrasonic energy of
bubbles with an initial radius of 10 µm under vary-
ing liquid physical parameters. The ultrasonic pres-
sure amplitude Pa is 130 kPa, and the frequency
f0 is 60 kHz. As shown in Fig. 6, the bubble col-
lapse strength and the absorbed ultrasonic energy
decrease with increasing liquid viscosity, density,
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Fig. 6. The bubble collapse-strength (k) and absorbed ultrasonic energy (Eu) as functions of various liquid
physical properties: (a) liquid viscosity, (b) liquid density, (c) surface tension and (d) ultrasonic speed in liquid.
Here, Pa = 130 kPa, f0 = 60 kHz, and R0 = 10 µm.

and surface tension, while exhibiting minimal vari-
ation with ultrasonic speed. When the liquid vis-
cosity is small, both the bubble collapse strength
and absorbed ultrasonic energy change sharply with
variations in liquid viscosity. However, the rate of
these changes gradually becomes slower once the
liquid viscosity exceeds a certain value, as shown
in Fig. 6a.

3.3. Sensitivity analysis

The results of the above analysis demonstrate
that radial dynamic behavior of bubbles is in�u-
enced by the physical parameters of the liquid,
and the extent of this in�uence varies under di�er-
ent conditions. Next, we will conduct a sensitivity
analysis to determine how sensitive the bubble col-
lapse strength is to the physical parameters of the
liquid.
The sensitivity coe�cient is used to character-

ize the sensitivity of evaluation indicators to an
in�uencing factor. A higher sensitivity coe�cient

indicates a stronger relationship between the eval-
uation indicators and the in�uencing factor. The
sensitivity coe�cient is de�ned as

γi =
(ki+1 − ki)/ki

(Lp,i+1 − Lp,i)/Lp,i+1
, i = 0, 1, ..., n, (6)

γ =
1

n

n∑
i=0

γi, (7)

where γi denotes the sensitivity coe�cient of bubble
collapse intensity to the liquid physical parameters
for the i-th physical parameter, γ represents the av-
erage sensitivity coe�cient of collapse intensity to
physical parameters, ki denotes the bubbles collapse
intensity for the i-th physical parameter, and Lp,i

represents the value of the i-th physical parameter.
Figure 6 shows that the variations of bubble col-

lapse strength with liquid viscosity exhibits strong
nonlinear characteristics. Therefore, the sensitivity
analysis of bubble collapse strength to the physi-
cal parameters of the liquid will be conducted in
two di�erent viscosity intervals, namely in a low-
viscosity liquid (µ ∈ [0.0001, 0.1] Pa s) and a high-
viscosity liquid (µ ∈ [0.1, 1] Pa s ). The comparison
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Fig. 7. Sensitivity coe�cient of bubble collapse in-
tensity to physical parameters under di�erent pres-
sure amplitudes (Pa) in di�erent liquid: (a) low-
viscosity liquid and (b) high-viscosity liquid. Here,
f0 = 60 kHz and R0 = 10 µm.

of the sensitivity coe�cients of bubble collapse
strength to the liquid physical parameters at dif-
ferent ultrasonic pressure amplitudes is presented
in Fig. 7. The ultrasonic frequency f0 is 20 kHz,
and the bubble initial radius R0 is 10 µm.
Figure 7 illustrates that liquid viscosity µ is one

of the most signi�cant factors in�uencing the bub-
ble collapse strength under various pressures am-
plitude Pa, particularly in high-viscosity liquids. In
low-viscosity liquids, both the liquid density ρ and
the surface tension σ also exhibit notable e�ects on
the bubble collapse strength, whereas these e�ects
are negligible in high-viscosity liquids. Moreover,
the bubble collapse strength is relatively una�ected
by the ultrasonic speed c across di�erent Pa.
In low-viscosity liquids, bubble collapse strength

is negatively correlated with µ and σ. Additionally,
the sensitivity of bubble collapse strength to µ and
σ varies with Pa, initially increasing and then de-
creasing as Pa rises. When Pa is low (70 kPa), col-
lapse strength of bubbles is positively correlated
with ρ, whereas it becomes negatively correlated
at higher Pa. In high-viscosity liquids, the sensi-
tivity of bubble collapse strength to µ increases

Fig. 8. Sensitivity coe�cient of bubble collapse in-
tensity to physical parameters under di�erent ul-
trasonic frequencies (f0) in di�erent liquid: (a) low-
viscosity liquid and (b) high-viscosity liquid. Here,
Pa = 130 kPa and R0 = 10 µm.

as Pa increases, whereas other physical parameters
of the liquid have negligible e�ects. From Fig. 7,
it can also be observed that in low-viscosity liq-
uids, while µ is overall the most signi�cant factor
in�uencing bubble collapse strength, the physical
parameters with the greatest impact on collapse
strength di�er under varying Pa. Speci�cally, at a
preassure of 70 kPa, µ has the most signi�cant ef-
fect, whereas at 190 kPa, ρ becomes the dominant
factor. Additionally, the sensitivity ranking of bub-
ble collapse strength to physical parameters of the
liquid changes with varying Pa.
Figure 8 presents a comparison analysis of the

sensitivity coe�cients of bubble collapse strength
with respect to physical parameters �of the liquid
under varying ultrasonic frequencies. The ultrasonic
pressure amplitude is 130 kPa, and the initial bub-
ble radius is 10 µm.
As shown in Fig. 8, the liquid viscosity µ is the

most critical factor in�uencing the bubble collapse
strength across varying ultrasonic frequencies f0.
The surface tension σ also plays a signi�cant role
in the collapse-strength process under di�erent f0.
However, the role of liquid density ρ is relatively
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limited, while the ultrasonic speed c has a mini-
mal impact. Overall, the sensitivity of the bubble
collapse strength in low-viscosity liquids is greater
than that in high-viscosity liquids.
In low-viscosity liquids, the sensitivity coe�cients

of bubble collapse strength to liquid viscosity µ ex-
hibit an initial increase before decreasing as the ul-
trasonic frequency f0 rises, whereas the sensitivity
coe�cients of collapse strength to surface tension
σ continuously decrease. In high-viscosity liquids,
the sensitivity of bubble collapse strength to both
µ and σ diminishes with increasing f0, indicating
that the in�uence of liquid physical parameters on
bubble collapse strength gradually weakens as f0 in-
creases. Additionally, the liquid density ρ and the
ultrasonic speed c have minimal in�uence on bub-
ble collapse strength, and the relationships between
these parameters and bubble collapse strength
(whether positive or negative) depend strongly
on f0.
Analysing the sensitivity of bubble dynamic char-

acteristics in response to liquid physical parameters
under ultrasound excitation is crucial for improv-
ing the performance of sonochemical reactors and
ultrasound medical devices. In particular, buble vi-
bration and collapse release energy that directly af-
fect the rate of chemical reactions. By adjusting the
physical properties of the liquid, it is possible to op-
timize reactor conditions, enhancing both the rate
and yield of chemical reactions and reducing the as-
sociated costs. Additionally, encapsulated bubbles
can serve as drug carriers, achieving targeted drug
release under ultrasound excitation. Investigating
the sensitivity of bubble dynamics to liquid prop-
erty parameters can help optimize drug delivery
systems and enable more e�cient and precise drug
release.

4. Conclusions

We examined the factors in�uencing the radial
dynamic characteristics of bubbles, focusing on the
ultrasonic energy absorbed by the bubble. Further-
more, we examined the sensitivity relationships be-
tween the radial dynamic characteristics of bubbles
and the physical parameters in liquids of varying
viscosity.
The radial dynamic characteristics of bubbles are

in�uenced by a combination of ultrasonic excita-
tion parameters, bubble size, and physical prop-
erties of the liquid. The maximum and rebound
oscillation radius of a bubble, as well as its col-
lapse strength and the absorbed ultrasonic energy,
increase with increasing ultrasonic pressure but
decrease with increasing ultrasonic frequency. The
in�uence of ultrasonic frequency on these character-
istics is signi�cantly more pronounced than that of
ultrasonic pressure. Under speci�c ultrasonic exci-
tation conditions, only bubbles whose initial radius

falls within a certain range exhibit notable radial
dynamic behavior. As the initial radius increases,
the bubble's maximum and rebound oscillation ra-
dius, along with its collapse strength, initially rise
and subsequently decline.
The sensitivity of bubble collapse strength to

the physical parameters of the liquid under vari-
ous ultrasonic excitation conditions is complex and
multifaceted for both low- and high-viscosity liq-
uids. Generally, liquid viscosity is the primary fac-
tor in�uencing bubble collapse strength. Addition-
ally, liquid density and surface tension also exhibit
noticeable e�ects on collapse strength under speci�c
conditions. However, ultrasonic speed demonstrates
minimal impact on collapse strength.
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