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The cavitation-mediated bioeffects are primarily associated with the dynamic behaviors of bubbles in viscoelastic
tissues, which involves complex interactions of cavitation bubbles with surrounding bubbles and tissues. The
radial and translational motions, as well as the resultant acoustic emissions of two interacting cavitation bubbles
in viscoelastic tissues were numerically investigated. Due to the bubble-bubble interactions, a remarkable
suppression effect on the small bubble, whereas a slight enhancement effect on the large one were observed
within the acoustic exposure parameters and the initial radii of the bubbles examined in this paper. Moreover, as
the initial distance between bubbles increases, the strong suppression effect is reduced gradually and it could
effectively enhance the nonlinear dynamics of bubbles, exactly as the bifurcation diagrams exhibit a similar
mode of successive period doubling to chaos. Correspondingly, the resultant acoustic emissions present a pro-
gressive evolution of harmonics, subharmonics, ultraharmonics and broadband components in the frequency
spectra. In addition, with the elasticity and/or viscosity of the surrounding medium increasing, both the
nonlinear dynamics and translational motions of bubbles were reduced prominently. This study provides a
comprehensive insight into the nonlinear behaviors and acoustic emissions of two interacting cavitation bubbles
in viscoelastic media, it may contribute to optimizing and monitoring the cavitation-mediated biomedical

applications.

1. Introduction

Acoustic cavitation is a typical phenomenon in a medium subjected
to ultrasound excitation, including the microbubble formation, oscilla-
tion, and violent collapse [1-5]. According to the nature of the bubble
oscillation, cavitation can be categorized as stable cavitation, inertial
cavitation, or a mixture of both [6,7]. Stable cavitation is dominant at
lower acoustic pressures, and it denotes the prolonged and periodic
small-amplitude bubble oscillations. During stable cavitation, micro-
streaming can be generated in the surrounding medium, exerting shear
stress on nearby objects [8,9], and consequently leading to various
bioeffects, such as sonoporation for site-specific drug/gene delivery
[10-13], opening of the blood-brain-barrier [14,15] and neuro-
modulation [16,17], etc. With the acoustic pressure increasing, inertial
cavitation occurs and microbubbles undergo large-amplitude oscilla-
tions followed by violent collapse, which is more likely to produce
serious cell/tissue damage, such as endothelial cell damage [18],

vascular disruption [19] and tumor ablation [20,21], etc. The bioeffects
associated with cavitation are caused primarily by the dynamic behav-
iors of bubbles in viscoelastic tissues, hence the inappropriate cavitation
type and intensity may result in inadequate treatment or potentially
damaging bioeffects. To monitor the bubble dynamics, acoustic emis-
sions generated by the cavitation bubbles could be recorded, and it
enables continuous monitoring of cavitation activity over time, serving
as a powerful approach to analyze the bubble dynamics and cavitation
type [6,7,22,23]. Specifically, stable cavitation is typically characterized
by subharmonic and ultraharmonic acoustic emissions, while inertial
cavitation is characterized by broadband emissions. Therefore, under-
standing the bubble dynamics in viscoelastic tissues and further moni-
toring the cavitation in a real-time manner with its acoustic emissions is
crucial to achieve precise cavitation-mediated therapeutic applications.

During these biomedical applications, the cavitation bubble dy-
namics and resultant acoustic emissions would be extremely complex
due to the influences of multiple factors, including the ultrasound
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parameters, the viscoelastic properties of the surrounding tissues, the
bubble-boundary and/or bubble-bubble interactions, and so on [1-5].
Therefore, to achieve an accurate description of the dynamic behaviors
of the cavitation bubbles in viscoelastic tissues, it is essential to develop
a comprehensive model by coupling a cavitation model with a visco-
elastic model that represents the surrounding tissues, and meanwhile
taking the bubble-bubble interactions into account. Various viscoelastic
models exist for describing the viscoelastic medium, and plenty of them
have been coupled with the cavitation models (e.g., Keller-Miksis
equation, Gilmore equation, etc.) to describe the cavitation bubble dy-
namics in soft tissues and to analyze the resultant acoustic emissions, but
only focusing on a single bubble for simplicity [24-27]. For the bub-
ble-bubble interactions, many researches have been focused on the
translational motions or radial pulsations of bubbles in Newtonian fluids
[28-40]. It has demonstrated that the bubble-bubble interactions make
them behave very differently from individual bubbles. Specifically, the
expansion ratios of bubbles can be suppressed or enlarged, which largely
depends on the ultrasound parameters, the ambient bubble radii, the
distances between bubbles and the number of bubbles [35,39,40].
Recently, several studies have attempted to clarify the impacts of the
viscoelasticity of the surrounding medium on the translational and/or
radial motions of bubbles with considering bubble-bubble interactions
[41,42]. It was found that increasing elasticity, viscosity or both would
significantly reduce the translational and radial motions of bubbles and
consequently reduce the bubble-bubble interactions [42]. However, less
attention has been paid to the characteristics of the nonlinear bubble
dynamics and the resultant acoustic emissions while considering the
impacts of the bubble-bubble interactions and the viscoelasticity of the
surrounding medium simultaneously.

In this study, the nonlinear dynamics and accompanying acoustic
emissions of two interacting cavitation bubbles in a viscoelastic medium
were investigated numerically via a comprehensive model. The in-
fluences of the bubble-bubble interactions and the viscoelasticity of the
surrounding medium on both radial and translational motions of bub-
bles were considered simultaneously. Then, the radial oscillations were
analyzed through two bifurcation structures in tandem, and the fre-
quency spectra of the acoustic emissions generated by the two inter-
acting bubbles were analyzed to characterize the bubble dynamics.
Furthermore, the effects of the acoustic pressures, initial bubble radii,
initial distance between bubbles, and viscoelastic properties of the sur-
rounding medium on the bubble dynamics and acoustic emissions were
further examined.

2. Theory and methods

2.1. Modelling cavitation in viscoelastic media with bubble-bubble
interactions

The schematic of the cavitation model describing the dynamic be-
haviors of two interacting bubbles in a viscoelastic medium was shown
in Fig. 1. Under ultrasound excitation, two bubbles with initial radii (Ri¢
and Ryp) and positions (bubble centers x;¢ and x90) could occur radial
and translational motions (i.e., R1(t), Ra(t) and x;1(t), xo(t)) over time,
respectively. It is assumed that both bubbles remain spherical during
their oscillations, and the mass exchange (i.e., evaporation/condensa-
tion and gas diffusion) at the gas-liquid interfaces and chemical re-
actions inside the bubbles are neglected for simplicity as demonstrated
in earlier works [28,34-36,39-42].

The translational motions of bubbles were always neglected in pre-
vious studies [30-32,34-36,39,40], nevertheless, the radial and trans-
lational motions of bubbles, as well as the viscoelastic drag experienced
by bubbles while moving in the viscoelastic medium were comprehen-
sively considered herein. The Keller-Miksis equations coupled with the
bubble-bubble interactions were used as follows [28,42]:

Ultrasonics Sonochemistry 78 (2021) 105712

Viscoelastic tissues

(», G, )

Pa (D ¥

Bubble 1

Bubble 2

Fig. 1. Schematic of the cavitation bubble dynamics for a coupled two-bubble
system in viscoelastic tissues.

2 1 R; R; dp,;
R?__ ]+_’ px.i__l Ps,
P c pc dt

1R"RR+3R"
c | 2 2

K (x,R, + R + 5R,-x,> R, <x + 2x,>

. .0
2 RR+2RR;
= Z - — ( —

d 24d° 2d°
1)
RE . Nd g R (R,-ij; + RiR:X; + 5R1ijj)
3 +Rix,-f(71)d—2E(R,~R/.Rj>f yE
D,
- 27pR? @

where R;(t), Rj(t) and x;(t), x;(t) are the radii and center positions of the
i and j™ bubble, respectively. The indexes i =1, 2 and j = 3 — i denote
the bubble number. The overdot denotes the time derivative. The d(t) =
|xi(t)-xj(t)| denotes the distance between the centers of bubbles i and j at
any time t, c is the speed of sound in the surrounding medium, p is the
medium density, De; is the viscoelastic drag acting on the i bubble
during its translational motion in the viscoelastic medium, pg; (t) is the
pressure at the wall of ith bubble, which is determined by [24]:

20

R +Trr‘R, +pa(t) —Po (3)

Psi = Dgii
where pg ; is the pressure inside the i bubble, which is assumed to obey
the van der Waals equation [32,35,40]:

20\ (R} —1?\"
Dei = <Pu + R_()) <R‘$ — h§> 4)

where o is the surface tension, T"‘R‘ is the stress in radial direction atr =
R;, which was introduced to be able to couple the cavitation model with
the viscoelastic models. The pg is the atmospheric pressure, Rjg is the
initial radius of the i bubble, h; is the van der Waals hard-core radius
for i bubble,  is the polytropic exponent of the gas within bubble. The
acoustic pressure p, = — pa sin(2xft), where p, and f are the ultrasound
amplitude and frequency, respectively. Note that the time delay while
the pressure radiated by one bubble propagating to the other bubble was
neglected in Eq (1), it is reasonable because the initial bubble—bubble
distances are small (dyp < 100 pm) in this study, in which case the time
delays become insignificant [36,43]. Sojahrood et al. have provided a
nice review of the time delays in the interacting bubble simulations [43].
Moreover, taking the time delay into account would make the numerical
simulations more complex and computationally intensive, especially for
the time-varying bubble—bubble distance while the translational
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motions of bubbles were simultaneously considered in this study.
2.2. Viscoelastic model and viscoelastic drag for the surrounding medium

To describe the viscoelastic behaviors of the surrounding medium,
the Kelvin-Voigt model was used due to its superiority for describing the
creep behavior of soft tissues, which is expressed as [24]:

7, = 2Gy,, +2u,, ®
where 7, is the stress in the r direction, vy, is the strain, 7,, is the strain

rate, G is the shear modulus, and p is the viscosity. According to the
continuity equation, one can obtain j, =—2R?*R/r* and y, =

—(2/3r%)(R® — R}), then substituting these conditions into Eq. (5), the
stress at the i bubble interface (r =R))is:
4G 4uR;
Trrlg, = *ﬁ(R? —Ry) - R Q)

Regarding the translational motion of bubbles in a viscoelastic me-
dium, the viscoelastic drag D,; experienced by the i bubble in Eq. (2)is
given by [28,42]:

"t
D,; = 12zR; / E(t —t,)U(t,)dt, 7
0

where Uj(t) is the translational velocity of the moving i bubble. For the
Kelvin-Voigt viscoelastic model, the relaxation modulus function is E(t)
= G + pd(t), where 8(t) is the Dirac delta function. Substitution of this
condition into Eq. (7) can obtain

Dy = 124 [ G +uile — ) ()
= 127R;Gx;(t) — xi0 | + 127R;pu%;(¢)[2e(r) — 1]

®

where e(t) is a Heaviside function. At t = 0, the viscoelastic drag is equal
to zero. Hence, the drag forces for each bubble are defined as follows for
t>0:

D,; = 12zR; [G(x; — Xio) + [,t)é,:| , i={1,2} 9

where xjg is the initial center position of the i bubble.
2.3. Acoustic emissions from cavitation bubbles

When the time delay due to the finite propagation velocity of
acoustic wave is neglected, the pressure of an acoustic wave radiated
from a cavitation bubble p,,q is given by [44]:

Praa(r,t) =2 (RRZ + 2R2R> (10)
r

where r is the distance from the bubble center. Considering that the law
of acoustic propagation is linear and it satisfies the superposition theo-
rem, the pressure of acoustic waves radiated from a coupled two-bubble

system Prad1,2 shown in Fig. 1 can be expressed as [31,32]:

P

L]

. .2
Praai2(11, 72, 1) = P <R1Rf + 2R1R1> +

=£ (RRE + 283k ) an
1
where r; and r, are the distances from the centers of the 1% bubble and
2" bubble, respectively. Due to the two bubbles undergoing radial and
translational oscillations simultaneously, a rectangular coordinate sys-
tem was established with the midpoint between initial bubbles (t = 0) as
the origin point to calculate the acoustic emissions from the coupled
two-bubble system. As shown in Fig. 1, the receiving point of acoustic
emissions was set to (0, rg), thus r; and r, can be calculated as follows:

_ [2 2 _ fa. 2
L= AJX TG, =X TG 12)
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To characterize the acoustic cavitation with its acoustic emissions,
the temporal signal of acoustic emission x,(m) in a sampling period (m
=0,1, -+, M — 1; where M is the number of sampling points in a sam-
pling period) was first processed by fast Fourier transform to obtain its
frequency spectrum [7]:

M—1
Xa(k) =3 xu(m)e e (k=0,1,...M — 1) 13)
m=0

where k was the frequency point in the frequency spectrum. Moreover,
the power spectrum of the signal was calculated by Y,(k) = Xa(k)? to
characterize the intensity of the signal at different frequencies.

2.4. Investigation methods for the nonlinear bubble dynamics

As a powerful and valuable tool to analyze the nonlinear charac-
teristics of one system, the bifurcation analysis has been extensively
used to investigate the nonlinear dynamics of the interacting bubbles
[43,45-49]. It has demonstrated that the qualitative and quantitative
changes of the nonlinear dynamics could be investigated effectively over
a wide range of control parameters [43,45-49]. However, the conven-
tional bifurcation analysis may be misleading and cannot reliably
identify features that are responsible for the identification of super-
harmonic and ultra-harmonic oscillations [43,50-53]. Thus, a more
comprehensive bifurcation analysis method was used herein to investi-
gate the nonlinear dynamics of the coupled two-bubble system for a
wide range of control parameters as described previously [43,50-53].
Firstly, the conventional bifurcation analysis (i.e., Poincaré analysis)
was employed by sampling the R(t) curves using a specific point in each
driving period, which is expressed as [43,50-53]:

P

<mmnmmﬁ@w®:% a4

where P denotes the points in the bifurcation diagram. Then, another
bifurcation diagram by constructing points with the local maxima of the
radial peaks Q was also used as follows [43,50-53]:

0= max(R(t)){ (R(t),R(t)) R(1) = 0,R(1) < o} (15)

The bifurcation diagrams of the normalized bubble oscillations (R;/
Rjp) were calculated using the two methods in tandem. In this work, the
results were plotted for n = 50-100 to ensure a steady state solution has
been reached.

2.5. Non-dimensional formulation and simulation conditions

The physical parameters used in the simulation were non-
dimensionalized according to the following schemes: Length (L) = Ry;
Time (T) = (2xH%; Mass (M) = pOLTz. The nondimensionalized

Table 1
The non-dimensional formulation and simulation conditions.

Physical parameters Non-dimensional formulation Simulation conditions

f (MHz) f* = fT 35

p (kg/m>) p*=pL3/M 1050

c (m/s) c* = cT/L 1540

o (N/m) o* = 6T2/M 0.056
p (mPa-.s) p* = pLT/M 15

G (kPa) G* = GLT*/M 20

Po (Pa) Po* = poLT?/M 1.01 x 10°
pa (MPa) pa* = paLT?/M 0.8-2.3
Ryo (pm) Ri0* = R1o/L 2

Rz (pm) X20* = X20/L 5

X10 (pm) X10* = X10/L -10
X20 (pm) X20* = X20/L 10

1o (mm) ro* = ro/L 10

K / 1.4
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parameters are indicated by asterisks and the simulation conditions
unless specified otherwise are given in Table 1. The dimensionless sys-
tem of implicit differential equations was numerically solved by using
the ode 15i solver built in MATLAB (MathWorks Inc., R2018a) with a
time step of 0.001/f, as well as a relative tolerance and an absolute
tolerance of 1071% and 101!, respectively.

3. Results and discussion
3.1. Bubble dynamics and acoustic emissions of two interacting bubbles

The bubble dynamics of a coupled two-bubble system in a visco-
elastic medium with considering the bubble-bubble interactions were
compared to the ones calculated using the isolated bubble model at the
same conditions. As shown in Fig. 2(a) and (b), the radial oscillations of
the small bubble in the two-bubble system (R;-w) were obviously sup-
pressed, whereas those of the large one (Ry-w) were slightly enlarged as
compared to the cases of an isolated bubble model (R;-w/0 and Ry-w/0),
respectively. Furthermore, it can be seen that the bubble-bubble in-
teractions have a much stronger effect on the dynamics of the small
bubble than that of the large one, which agree well with the previous
results [32,35]. The acoustic emissions generated by the bubbles were
calculated as shown in Fig. 2(c), and the radiated acoustic pressure
Prad1,2 obtained from the coupled two-bubble model is slightly smaller
than that from the two isolated bubbles. This can be ascribed to the
stronger suppression effects on the oscillations of the small bubble due to
the bubble-bubble interactions. Correspondingly, the frequency spec-
trum analysis exhibited that the acoustic emissions of the coupled two-
bubble system only contain fundamental (f) and harmonic (2f, 3f...)
components, while the subharmonic (f/2) and ultraharmonic (3f/2, 5f/
2...) components appear in the emission spectrum of the two isolated
bubbles (as displayed by the arrows). Both the amplitude and frequency
component of the acoustic emissions further indicated that the bubble
dynamics was ultimately suppressed due to the bubble-bubble in-
teractions. The distinct difference in the bubble dynamics and acoustic
emission spectrum highlights the necessity to consider the bub-
ble-bubble interactions while investigating the practical cavitation
phenomenon and its utilization in biomedical applications.

Furthermore, the bifurcation structure of the normalized oscillations
(Ri/Rjp) and the corresponding acoustic emission spectra as a function of
the acoustic pressure py were presented in Fig. 3. The blue and red

\ @)

5 ~
s £
q 0 =
Q
05 -
K
15 16 17 18 19 20 0 1 3 4

2
(us) 1,

Fig. 2. Bubble dynamics and acoustic emissions of two bubbles in a viscoelastic
medium with (w) or without (w/0) considering bubble-bubble interactions
under ultrasound stimulation (py = 1.15 MPa), including the relative radii of
(a) a small bubble and (b) a large bubble, (c) acoustic emissions, and (d) cor-
responding power spectra.
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points were constructed using the Poincare analysis and the method of
maxima, respectively. As shown in Fig. 3(a), the oscillations of the small
bubble in the coupled two-bubble system are of period 1 (P1) with one
maximum until py = 1.55 MPa; above this pressure, period doubling
(PD) occurs in both methods. A similar behavior was presented for the
large bubble, but note that the expansion ratio of the large bubble is
much smaller than that of the small one as shown in Fig. 3(b), indicating
that the oscillation of the small bubble is more drastic. Correspondingly,
the acoustic emission spectra shown in Fig. 3(c) consist of peaks at the
fundamental and harmonic frequencies as pao < 1.55 MPa, and then
distinct subharmonic and ultraharmonic components appear. Note that
the maximum bubble expansion is more than twice of the initial radius
(Rmax/Ro > 2) at high acoustic pressures (ps > 1.82 MPa), where bubble
often undergoes a short and violent collapse dominated by inertial
forces, termed as inertial cavitation [24,54,55]. Thus, the Ryyax/Ro = 2 is
commonly chosen as the criterion to determine the threshold of inertial
cavitation and possible bubble destruction because it may lead to frag-
mentation of a bubble into a number of smaller bubbles [24,54,55].
Below the inertial cavitation threshold, the non-destructive stable
cavitation occurs and the accompanying subharmonic emissions are
usually utilized for real-time monitoring therapeutic applications asso-
ciated with stable cavitation [36,50,51]. Moreover, it also demonstrated
that the initial stable cavitation can evolve into inertial cavitation with
the acoustic pressure increasing.

The bifurcation structure and corresponding acoustic emission
spectra of the two bubbles without considering bubble-bubble in-
teractions were presented in Fig. 3(d)-(f). It showed that the P1 oscil-
lations of the small bubble undergo PD with 2 maxima at py = 1.08 MPa,
which is much lower than the PD threshold shown in Fig. 3(a). Subse-
quently, the P2 oscillations undergo PD to P4 (pp = 1.85 MPa) and
finally become chaotic (pp = 1.98 MPa). Compared to the Fig. 3(a), it
further confirmed that the nonlinear dynamics of the small bubble was
remarkably suppressed due to the bubble-bubble interactions. However,
for the large bubble, only P1 oscillations occur as shown in Fig. 3(e),
suggesting that the bubble-bubble interactions manifest an enhance-
ment effect on its nonlinear dynamics as compared to Fig. 3(b). The
corresponding acoustic emission spectra showed the successive
appearance of subharmonics, ultraharmonics and broadband compo-
nents as acoustic pressure increases (Fig. 3(f)). These qualitative
changes in the bubble dynamics and the spectrum characteristics of the
acoustic emissions indicated that the bubbles underwent different dy-
namic behaviors depending on the strength of the ultrasonic field. More
importantly, any nonlinear change in the bubble dynamics could clearly
be observed in the acoustic emission spectra. Specifically, with the
evolution of the bubble dynamics (P1 oscillations) through a multiple
cascade of PDs to chaos, the corresponding acoustic emission spectra
would exhibit an appropriate appearance of the harmonics, sub-
harmonics and ultraharmonics, as well as broadband components.

3.2. Effects of the initial radii of bubbles

Considering that the cavitation bubbles with different initial radii
might undergo different effects (i.e., suppression or enlargement effect)
due to the bubble-bubble interactions, the effects of the initial radii of
the two interacting bubbles on the bubble dynamics and the resultant
acoustic emissions were further investigated as presented in Fig. 4. The
initial radius of one bubble is fixed (Rz9 = 5 pm) and that of the other
bubble (R1p) changes from 2 pm to 8 pm. With R;g increasing, bifurca-
tion structures of the two interacting bubbles shown in Figs. 4(a) and (b)
both display P2 oscillations followed by P1 oscillations, whereas the
bubble oscillation of Rj/Rjp becomes P1 oscillations from chaotic
through a cascade of reverse PDs for the cases without considering
bubble-bubble interactions (Fig. 4(c)). Compared to Fig. 4(c), it is
evident that the nonlinearity of bubble dynamics for the bubble (R;) is
notably weakened because of the bubble-bubble interactions as its
initial radius is smaller than Ry, and results in only harmonics and
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Fig. 3. Bifurcation structure of the Ri/Rjo for a small bubble and a large bubble with (a and b) or without (d and e) considering bubble-bubble interactions in a
viscoelastic medium versus acoustic pressure, as constructed by the conventional method (blue points) and the method of maxima (red points). (c) and (f) represent
the mapping of the corresponding power spectra versus acoustic pressure. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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Fig. 4. The effects of the initial radii of two interacting bubbles on the bubble
dynamics and the acoustic emission spectra at p, = 1.9 MPa. Bifurcation
structures of (a) a bubble (Ry) with a fixed initial radius (Ryo = 5 pm) and (b) a
bubble (R;) with varying initial radius (R;o) as a function of R;o, while (c)
represents the bifurcation structures of R;/Rjo without bubble-bubble in-
teractions. (d) The power spectra of the acoustic emissions obtained from the
two interacting bubbles.

subharmonics in the corresponding acoustic emission spectra (Fig. 4(d)).
It can be explained that the bubble-bubble interactions have a strong
suppression effect on the dynamics of the small bubble, and conse-
quently reduce the nonlinear dynamics of the two interacting bubbles.

3.3. Effect of the initial distance between bubbles

As shown in Fig. 5, the initial distance between bubbles dy dramat-
ically influences their dynamic behaviors and the resultant acoustic
emissions. When the viscoelastic properties of the medium are relatively
small (G = 50 kPa, p = 7.5 mPa.s), the small bubble (R;) displays a
sensitive response to the change in the initial distance between the two
bubbles. The bubble oscillations show the period doubling route to

chaos as the distance increasing as displayed in Fig. 5(a). Correspond-
ingly, the dynamics of the large bubble (Ry) in Fig. 5(b) exhibit a similar
evolution with the distance increasing. Moreover, the corresponding
acoustic emission spectra exhibit a gradual increase in the sub-
harmonics, ultraharmonics and broadband components with an increase
in the initial distance between the two bubbles as shown in Fig. 5(c).
This reveals that the bubble-bubble interactions strongly depend on
their distance, and the closer the two bubbles get, the more intensive the
bubble-bubble interactions (i.e., suppression effects) exerts on the dy-
namics of the small bubble. When the elasticity and viscosity of medium
increase (G = 100 kPa, p = 15 mPa-s), similar variation trends can be
observed as shown in Fig. 5(d)-(f). Nevertheless, it is worth noting that
both bubbles only undergo P1 to P2 oscillations with the initial distance
between bubbles increasing. Moreover, the evolution of bubble dy-
namics becomes less sensitive to the increasing of the initial distance and
the distance threshold for the initiation of P2 oscillations (dg = 26 pm) is
much larger as compared to Fig. 5(a) and (b), respectively. In addition,
the corresponding acoustic emission spectra only contain the harmonics,
subharmonics and ultraharmonics. This can be due to the increased
damping in the bubble oscillations with the elasticity and viscosity of
medium increasing [24-27,42].

3.4. Effects of the viscoelasticity of the surrounding medium

The bifurcation structures and the corresponding acoustic emission
spectra versus the viscoelastic properties of the surrounding medium
were presented in Fig. 6. As the elasticity of the surrounding medium G
increases, the oscillations of the small bubble (R;) in the coupled two-
bubble system evolve from chaotic oscillations to P2 oscillations, and
further undergo a reverse PD to P1 oscillations as shown in Fig. 6(a). The
changes in the oscillations of the large bubble are similar to those of the
small bubble (Fig. 6(b)). Correspondingly, the acoustic emission spectra
exhibit a progressive evolution from broadband components to sub-
harmonics and ultraharmonics followed by harmonics as displayed in
Fig. 6(c). It can be explained that the elasticity of surrounding medium
dampens the nonlinear oscillations of bubbles [24-27,42]. With the
viscosity increasing, the oscillations of the small and large bubbles both
change from chaos to P2 oscillations followed by P1 oscillations as
shown in Fig. 6(d) and (e), respectively. Accordingly, the acoustic
emission spectra also exhibit an evolution of broadband components,
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Fig. 6. The bifurcation structures of (a) the small bubble (R;) and (b) the large bubble (R,), as well as (c) the acoustic emission spectra versus the elasticity of the
surrounding medium (p = 5 mPaes) at py = 1 MPa, while (d)-(f) represent the corresponding results versus the viscosity of the surrounding medium (G = 20 kPa).

subharmonic and ultraharmonic components, and harmonic compo-
nents as shown in Fig. 6(f). It indicates that the viscosity of the medium
would also reduce the oscillations of the bubbles and suppress the
nonlinear bubble dynamics. Overall, the elasticity and viscosity of the
surrounding media could significantly damp the nonlinear oscillations
of bubbles, and it also emphasizes the importance and necessity of
considering the influences of viscoelasticity while describing the
acoustic cavitation in tissue fluid or blood that owns certain
viscoelasticity.

3.5. Translational motions of bubbles in a viscoelastic medium

The viscoelastic properties of the surrounding medium not only in-
fluence the radial oscillations significantly (Fig. 6), but also are expected
to influence the translational motions of bubbles [42]. The translational
motions of bubbles in the viscoelastic medium were examined as shown

in Fig. 7. When the elasticity of the medium is small, bubbles are
observed to be drawn to each other over time and a dynamical steady
state can be achieved as shown in Fig. 7(a). With the elasticity
increasing, the translational motions of the bubbles become smaller, and
the bubbles would remain near their initial locations in space as the
elasticity is high enough (e.g., 1.0 MPa). Similarly, it is obvious in Fig. 7
(b) that the translational motion was significantly reduced as the vis-
cosity increases. It exemplified that increasing the elasticity or viscosity
(or both) of the surrounding medium tends to resist translational mo-
tions of bubbles, which is consistent with the previous study [42].
Moreover, when the initial distance between bubbles increases (dy = 50
pm), Fig. 7(c) and (d) presented that the translational motions of bubbles
are distinctly reduced as compared with the cases of dy = 20 pm. These
results implied that the translational motions of bubbles in a medium
with small elasticity or/and viscosity (e.g., water) are relatively large
and need to be considered, whereas the translational motions could
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(d) represent those under the same conditions but dy = 50 pm.

reduce gradually and even could be ignored with the elasticity, viscosity
as well as the initial distance between bubbles increasing, probably due
to the reduced bubble-bubble interactions [42].

4. Conclusions

A comprehensive model, allowing for the acoustic radiation coupling
between bubbles, the viscoelastic drag exerted on bubbles, the visco-
elasticity of surrounding medium, as well as the radial and translational
motions of bubbles, was developed to investigate the nonlinear bubble
dynamics and resultant acoustic emissions of two interacting cavitation
bubbles in viscoelastic tissues. The bubble dynamics is noticeably
affected by the nearby bubble due to the bubble-bubble interactions as
expected. It exemplified that the small bubble is remarkably suppressed,
whereas the large bubble is slightly enlarged, as compared to the cases
without considering bubble-bubble interactions at various acoustic
pressures and initial radii of bubbles. Moreover, as the initial distance
between the interacting bubbles increases, the bubble-bubble interac-
tion decreases gradually and it could effectively enhance the nonlinear
oscillations of the bubbles, resulting in a similar mode of successive
period doubling to chaos in the bifurcation diagrams and meanwhile
accompanying with a successive appearance of harmonics, sub-
harmonics, ultraharmonics and broadband components in the frequency
spectra of the acoustic emissions. Besides, the viscoelasticity of the
surrounding medium has a strong influence on the radial and trans-
lational motions of bubbles as well as the accompanying acoustic
emissions. Increasing the elasticity and/or viscosity of the medium
prominently reduce the radial and translational motions, leading to a
decrease in the nonlinearity of bubble dynamics with an absence of
subharmonic, ultraharmonic and broadband acoustic emissions. This
study provides a comprehensive insight into the nonlinear behaviors and
acoustic emissions of two interacting cavitation bubbles in viscoelastic
media, and consequently it may be conducive to the optimization and
real-time monitoring of the cavitation-mediated therapy.

CRediT authorship contribution statement

Dui Qin: Conceptualization, Methodology, Visualization, Writing -
original draft, Writing - review & editing, Funding acquisition. Qingqin
Zou: Methodology, Software, Validation, Writing - original draft,
Writing - review & editing. Shuang Lei: Software, Validation. Wei
Wang: Writing - review & editing. Zhangyong Li: Conceptualization,

Ultrasonics Sonochemistry 78 (2021) 105712

Project administration, Supervision, Resources.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was supported by the National Natural Science Foundation
of China (Grant No. 11904042), the Natural Science Foundation of
Chongging, China (Grant No. cstc2019jcyj-msxmX0534), and the Sci-
ence and Technology Research Program of Chongqing Municipal Edu-
cation Commission (Grant No. KJQN202000617).

References

[1] C.E. Brennen, Cavitation and bubble dynamics, Cambridge University Press, 2014,
pp. 196-197.

[2] M. Wan, Y. Feng, G. ter Haar, Cavitation in biomedicine, Springer (2015) 1-5.

[3] K. Yasui, Acoustic cavitation and bubble dynamics, Springer International
Publishing, Cham, 2018, pp. 1-3.

[4] Z. Izadifar, P. Babyn, D. Chapman, Ultrasound cavitation/microbubble detection
and medical applications, J. Med. Biol. Eng. 39 (3) (2019) 259-276.

[5] E. Stride, C. Coussios, Nucleation, mapping and control of cavitation for drug
delivery, Nat. Rev. Phys. 1 (2019) 495-509.

[6] Y. Lin, L. Lin, M. Cheng, L. Jin, L. Du, T. Han, L. Xu, C. Alfred, P. Qin, Effect of
acoustic parameters on the cavitation behavior of SonoVue microbubbles induced
by pulsed ultrasound, Ultrason. Sonochem. 35 (2017) 176-184.

[7] M. Cheng, F. Li, T. Han, C. Alfred, P. Qin, Effects of ultrasound pulse parameters on
cavitation properties of flowing microbubbles under physiologically relevant
conditions, Ultrason. Sonochem. 52 (2019) 512-521.

[8] J. Collis, R. Manasseh, P. Liovic, P. Tho, A. Ooi, K. Petkovic-Duran, Y. Zhu,
Cavitation microstreaming and stress fields created by microbubbles, Ultrasonics
50 (2010) 273-279.

[9] A.A. Doinikov, A. Bouakaz, Theoretical investigation of shear stress generated by a
contrast microbubble on the cell membrane as a mechanism for sonoporation,

J. Acoust. Soc. Am. 128 (2010) 11-19.

[10] P. Qin, L. Xu, T. Han, L. Du, C. Alfred, Effect of non-acoustic parameters on
heterogeneous sonoporation mediated by single-pulse ultrasound and
microbubbles, Ultrason. Sonochem. 31 (2016) 107-115.

[11] P. Qin, T. Han, C. Alfred, L. Xu, Mechanistic understanding the bioeffects of
ultrasound-driven microbubbles to enhance macromolecule delivery, J. Control.
Release 272 (2018) 169-181.

[12] J. Yu, Z. Chen, F. Yan, Advances in mechanism studies on ultrasonic gene delivery
at cellular level, Prog. Biophys. Mol. Biol. 142 (2019) 1-9.

[13] Y. Yang, Q. Li, X. Guo, J. Tu, D. Zhang, Mechanisms underlying sonoporation:
Interaction between microbubbles and cells, Ultrason. Sonochem. 67 (2020)
105096, https://doi.org/10.1016/j.ultsonch.2020.105096.

[14] Y.S. Tung, F. Vlachos, J.J. Choi, T. Deffieux, K. Selert, E.E. Konofagou, In vivo
transcranial cavitation threshold detection during ultrasound-induced blood-brain
barrier opening in mice, Phys. Med. Biol. 55 (2010) 6141-6155.

[15] A. Novell, H. Kamimura, A. Cafarelli, M. Gerstenmayer, J. Flament, J. Valette,

P. Agou, A. Conti, E. Selingue, R.A. Badin, A new safety index based on intrapulse
monitoring of ultra-harmonic cavitation during ultrasound-induced blood-brain
barrier opening procedures, Sci. Rep. 10 (2020) 1-12.

[16] P.P. Ye, J.R. Brown, K.B. Pauly, Frequency dependence of ultrasound
neurostimulation in the mouse brain, Ultrasound Med. Biol. 42 (2016) 1512-1530.

[17] P.P. Ye, Ultrasound Neuromodulation: Optimization, Mechanisms, and Confounds,
Stanford University, 2019.

[18] J.H. Hwang, J. Tu, A.A. Brayman, T.J. Matula, L.A. Crum, Correlation between
inertial cavitation dose and endothelial cell damage in vivo, Ultrasound Med. Biol.
32 (2006) 1611-1619.

[19] Z. Liu, S. Gao, Y. Zhao, P. Li, J. Liu, P. Li, K. Tan, F. Xie, Disruption of tumor
neovasculature by microbubble enhanced ultrasound: a potential new physical
therapy of anti-angiogenesis, Ultrasound Med. Biol. 38 (2012) 253-261.

[20] J.A. Kopechek, E.J. Park, Y.Z. Zhang, N.I. Vykhodtseva, N.J. McDannold, T.

M. Porter, Cavitation-enhanced MR-guided focused ultrasound ablation of rabbit
tumors in vivo using phase shift nanoemulsions, Phys. Med. Biol. 59 (2014)
3465-3481.

[21] L.Y. Zhao, S. Liu, Z.G. Chen, J.Z. Zou, F. Wu, Cavitation enhances coagulated size
during pulsed high-intensity focussed ultrasound ablation in an isolated liver
perfusion system, Int. J. Hyperthermia 33 (2017) 343-353.

[22] J.H. Song, K. Johansen, P. Prentice, An analysis of the acoustic cavitation noise
spectrum: the role of periodic shock waves, J. Acoust. Soc. Am. 140 (2016)
2494-2505.

[23] S. Xu, D. Ye, L. Wan, Y. Shentu, Y. Yue, M. Wan, H. Chen, Correlation between
brain tissue damage and inertial cavitation dose quantified using passive cavitation
imaging, Ultrasound Med. Biol. 45 (2019) 2758-2766.


http://refhub.elsevier.com/S1350-4177(21)00254-6/h0010
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0020
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0020
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0025
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0025
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0030
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0030
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0030
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0035
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0035
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0035
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0040
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0040
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0040
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0045
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0045
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0045
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0050
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0050
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0050
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0055
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0055
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0055
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0060
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0060
https://doi.org/10.1016/j.ultsonch.2020.105096
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0070
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0070
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0070
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0075
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0075
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0075
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0075
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0080
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0080
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0085
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0085
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0090
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0090
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0090
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0095
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0095
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0095
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0100
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0100
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0100
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0100
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0105
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0105
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0105
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0110
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0110
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0110
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0115
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0115
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0115

D. Qin et al.

[24]
[25]

[26]

[27]

[28]
[29]
[30]

[31]

[32]

[33]
[34]
[35]
[36]
[37]

[38]

[39]
[40]

[41]

X. Yang, C.C. Church, A model for the dynamics of gas bubbles in soft tissue,

J. Acoust. Soc. Am. 118 (2005) 3595-3606.

J.R.T. Collin, C.C. Coussios, Quantitative observations of cavitation activity in a
viscoelastic medium, J. Acoust. Soc. Am. 130 (2011) 3289-3296.

I.R. Webb, S.J. Payne, C.C. Coussios, The effect of temperature and viscoelasticity
on cavitation dynamics during ultrasonic ablation, J. Acoust. Soc. Am. 130 (2011)
3458-3466.

K.J. Pahk, M.O. de Andrade, P. Gélat, H. Kim, N. Saffari, Mechanical damage
induced by the appearance of rectified bubble growth in a viscoelastic medium
during boiling histotripsy exposure, Ultrason. Sonochem. 53 (2019) 164-177.
A.A. Doinikov, Translational motion of two interacting bubbles in a strong acoustic
field, Phys. Rev. E 64 (2001) 026301.

A. Harkin, T.J. Kaper, A. Nadim, Coupled pulsation and translation of two gas
bubbles in a liquid, J. Fluid Mech. 445 (2001) 377-411.

M. Ida, Bubble-bubble interaction: a potential source of cavitation noise, Phys. Rev.
E 79 (2009) 016307.

K. Yasui, T. Tuziuti, J. Lee, T. Kozuka, A. Towata, Y. l[ida, Numerical simulations of
acoustic cavitation noise with the temporal fluctuation in the number of bubbles,
Ultrason. Sonochem. 17 (2010) 460-472.

L. Jiang, F. Liu, H. Chen, J. Wang, D. Chen, Frequency spectrum of the noise
emitted by two interacting cavitation bubbles in strong acoustic fields, Phys. Rev. E
85 (2012) 036312.

N. Ochiai, J. Ishimoto, Computational study of the dynamics of two interacting
bubbles in a megasonic field, Ultrason. Sonochem. 26 (2015) 351-360.

Y. Zhang, S. Li, The secondary Bjerknes force between two gas bubbles under dual-
frequency acoustic excitation, Ultrason. Sonochem. 29 (2016) 129-145.

L. Jiang, H. Ge, F. Liu, D. Chen, Investigations on dynamics of interacting
cavitation bubbles in strong acoustic fields, Ultrason. Sonochem. 34 (2017) 90-97.
H. Haghi, A. Sojahrood, M.C. Kolios, Collective nonlinear behavior of interacting
polydisperse microbubble clusters, Ultrason. Sonochem. 58 (2019) 104708.

Y. Fan, H. Li, J. Zhu, W. Du, A simple model of bubble cluster dynamics in an
acoustic field, Ultrason. Sonochem. 64 (2020) 104790.

L.L. Zhang, W.Z. Chen, Y.Y. Zhang, Y.R. Wu, X. Wang, G.Y. Zhao, Bubble
translation driven by pulsation in a double-bubble system, Chin. Phys. B 29 (2020)
034303.

G. Zhao, W. Chen, F. Tao, L. Zhang, Y. Wu, Dynamics of bubbles in cavitation cloud
based on lattice model, J. Appl. Phys. 127 (2020) 244701.

Y. Shen, L. Zhang, Y. Wu, W. Chen, The role of the bubble-bubble interaction on
radial pulsations of bubbles, Ultrason. Sonochem. 73 (2021) 105535.

H. Chen, Z. Lai, Z. Chen, Y. Li, The secondary Bjerknes force between two
oscillating bubbles in Kelvin-Voigt-type viscoelastic fluids driven by harmonic
ultrasonic pressure, Ultrason. Sonochem. 52 (2019) 344-352.

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Ultrasonics Sonochemistry 78 (2021) 105712

E. Zilonova, M. Solovchuk, T. Sheu, Dynamics of bubble-bubble interactions
experiencing viscoelastic drag, Phys. Rev. E 99 (2019) 023109.

A.J. Sojahrood, R. Earl, H. Haghi, Q. Li, T.M. Porter, M.C. Kolios, R. Karshafian,
Nonlinear dynamics of acoustic bubbles excited by their pressure-dependent
subharmonic resonance frequency: influence of the pressure amplitude, frequency,
encapsulation and multiple bubble interactions on oversaturation and
enhancement of the subharmonic signal, Nonlinear Dyn. 103 (2021) 429-466.

S. Hilgenfeldt, D. Lohse, M. Zomack, Sound scattering and localized heat
deposition of pulse-driven microbubbles, J. Acoust. Soc. Am. 107 (2000)
3530-3539.

H. Takahira, S. Yamane, T. Akamatsu, Nonlinear oscillations of a cluster of bubbles
in a sound field: Bifurcation structure, JSME Int, J. Ser. B Fluids Therm. Eng. 38 (3)
(1995) 432-439.

C.A. Macdonald, J. Gomatam, Chaotic dynamics of microbubbles in ultrasonic
fields, Proc. Inst. Mech. Eng., Part C: Mech. Eng. Sci. 220 (3) (2006) 333-343.
K.J.Y. Chong, C.Y. Quek, F. Dzaharudin, A. Ooi, R. Manasseh, The effects of
coupling and bubble size on the dynamical-systems behaviour of a small cluster of
microbubbles, J. Sound Vib. 329 (2010) 687-699.

S.A. Suslov, A. Ooi, R. Manasseh, Nonlinear dynamic behavior of microscopic
bubbles near a rigid wall, Phys. Rev. E 85 (2012) 066309.

F. Dzaharudin, S.A. Suslov, R. Manasseh, A. Ooi, Effects of coupling, bubble size,
and spatial arrangement on chaotic dynamics of microbubble cluster in ultrasonic
fields, J. Acoust. Soc. Am. 134 (2013) 3425-3434.

A. Sojahrood, D. Wegierak, H. Haghi, R. Karshfian, M.C. Kolios, A simple method to
analyze the super-harmonic and ultra-harmonic behavior of the acoustically
excited bubble oscillator, Ultrason. Sonochem. 54 (2019) 99-109.

A. Sojahrood, R. Earl, M. Kolios, R. Karshafian, Investigation of the 1/2 order
subharmonic emissions of the period-2 oscillations of an ultrasonically excited
bubble, Phys. Lett. A 384 (2020) 126446.

A. Sojahrood, H. Haghi, R. Karshafian, M. Kolios, Nonlinear dynamics and
bifurcation structure of ultrasonically excited lipid coated microbubbles, Ultrason.
Sonochem. 72 (2021) 105405.

A. Sojahrood, H. Haghi, R. Karshafian, M.C. Kolios, Classification of the major
nonlinear regimes of oscillations, oscillation properties, and mechanisms of wave
energy dissipation in the nonlinear oscillations of coated and uncoated bubbles,
Phys. Fluids 33 (2021) 016105.

H.G. Flynn, C.C. Church, Transient pulsations of small gas bubbles in water,

J. Acoust. Soc. Am. 84 (1988) 1863-1876.

T. Leighton, The acoustic bubble, Academic press (2012) 332-334.


http://refhub.elsevier.com/S1350-4177(21)00254-6/h0120
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0120
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0125
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0125
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0130
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0130
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0130
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0135
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0135
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0135
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0140
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0140
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0145
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0145
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0150
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0150
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0155
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0155
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0155
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0160
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0160
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0160
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0165
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0165
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0170
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0170
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0175
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0175
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0180
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0180
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0185
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0185
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0190
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0190
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0190
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0195
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0195
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0200
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0200
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0205
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0205
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0205
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0210
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0210
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0215
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0215
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0215
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0215
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0215
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0220
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0220
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0220
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0225
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0225
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0225
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0230
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0230
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0235
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0235
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0235
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0240
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0240
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0245
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0245
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0245
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0250
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0250
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0250
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0255
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0255
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0255
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0260
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0260
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0260
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0265
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0265
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0265
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0265
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0270
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0270
http://refhub.elsevier.com/S1350-4177(21)00254-6/h0275

	Nonlinear dynamics and acoustic emissions of interacting cavitation bubbles in viscoelastic tissues
	1 Introduction
	2 Theory and methods
	2.1 Modelling cavitation in viscoelastic media with bubble–bubble interactions
	2.2 Viscoelastic model and viscoelastic drag for the surrounding medium
	2.3 Acoustic emissions from cavitation bubbles
	2.4 Investigation methods for the nonlinear bubble dynamics
	2.5 Non-dimensional formulation and simulation conditions

	3 Results and discussion
	3.1 Bubble dynamics and acoustic emissions of two interacting bubbles
	3.2 Effects of the initial radii of bubbles
	3.3 Effect of the initial distance between bubbles
	3.4 Effects of the viscoelasticity of the surrounding medium
	3.5 Translational motions of bubbles in a viscoelastic medium

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


