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Effects of adjacent bubble on spatiotemporal evolutions of
mechanical stresses surrounding bubbles oscillating in tissues
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The cavitation dynamics and mechanical stress in viscoelastic tissues, as the primary mechanisms of some ultrasound
therapies, are extremely complex due to the interactions of cavitation bubble with adjacent bubbles and surrounding tissues.
Therefore, the cavitation dynamics and resultant mechanical stress of two-interacting bubbles in the viscoelastic tissues
are numerically investigated, especially focusing on the effects of the adjacent bubble. The results demonstrate that the
mechanical stress is highly dependent on the bubble dynamics. The compressive stress and tensile stress are generated at
the stage of bubble expansion and collapse stage, respectively. Furthermore, within the initial parameters examined in this
paper, the effects of the adjacent bubble will distinctly suppress the radial expansion of the small bubble and consequently
lead its associated stresses to decrease. Owing to the superimposition of two stress fields, the mechanical stresses surround-
ing the small bubble in the direction of the neighboring bubble are smaller than those in other directions. For two interacting
cavitation bubbles, the suppression effects of the nearby bubble on both the cavitation dynamics and the stresses surround-
ing the small bubble increase as the ultrasound amplitude and the initial radius of the large bubble increase, whereas they
decrease with the inter-bubble distance increasing. Moreover, increasing the tissue viscoelasticity will reduce the suppres-
sion effects of the nearby bubble, except in instances where the compressive stress and tensile stress first increase and then
decrease with the tissue elasticity and viscosity increasing respectively. This study can provide a further understanding of
the mechanisms of cavitation-associated mechanical damage to the adjacent tissues or cells.

Keywords: cavitation dynamics, cavitation-induced mechanical stress, effects of the nearby bubble, viscoelas-
tic tissues
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1. Introduction

Acoustic cavitation refers to the formation of bub-
bles/cavities and subsequent bubble dynamics involving
growth, oscillation and collapse in a medium, subjected to ul-
trasound waves with amplitudes exceeding a certain threshold
value.[1,2] It has been extensively studied in some scientific
areas and increasingly utilized in various areas, such as ultra-
sonic cleaning,[3] food processing,[4] ultrasound imaging and
therapy,[5–7] as well as cavitation-assisted chemical reactions,
dialysis, and extraction.[8] In biomedicine, acoustic cavitation
and its biophysical effects are the main mechanisms responsi-
ble for the therapeutic applications of ultrasound, such as lo-
calized drug delivery,[9] gene transfection,[10] opening of the
blood–brain barrier,[11] sonothrombolysis,[12] lithotripsy,[13]

and histotripsy.[14] Specifically, a series of secondary motions
can result from the acoustic cavitation (e.g., microstream-
ing, shock waves, and liquid microjets), concomitantly pro-
ducing mechanical effects on surrounding tissues or cells,
which are paramount to therapeutic outcomes.[9–14] At rela-
tively low acoustic pressures, the bubble oscillates around its
equilibrium radius with small oscillation amplitudes (i.e. sta-
ble cavitation), giving rise to microstreaming in the surround-
ing medium.[9–11] This motion in turn imposes shear stresses
on the adjacent structures and probably causes reversible dam-

ages, consequently enabling to facilitate the transport of ther-
apeutic agents across some biologically inaccessible barri-
ers, e.g., cell membrane, blood–brain barrier.[9–11] When the
acoustic pressure amplitude exceeds a certain threshold, the
inertial cavitation occurs in which bubble expands rapidly and
collapses violently.[12–14] During inertial cavitation, microjet
and shockwaves can be generated, which might cause irre-
versible and serious damages to the adjacent cells or tissues for
ultrasound therapies with the objective of generating extreme
mechanical changes in the target region (e.g., sonothromboly-
sis, lithotripsy, histotripsy).[12–14] Thus, appropriate utilization
of the acoustic cavitation and its mechanical effects is crucial
in achieving different biomedical applications, in which dif-
ferent damage mechanisms are involved and the cavitation-
associated mechanical effects may need maximizing, control-
ling, or preventing entirely.

Experimental observations have indicated that local de-
formations in the vicinity of cavitation bubbles are consider-
able and can damage the adjacent cells or tissues subjected
to the high stress, strain, and strain rate.[15–17] However, it
is extremely difficult to experimentally investigate the cavi-
tation dynamics and its associated mechanical effects in vivo
due to the micro-scale bubbles oscillating on a microsecond
time scale, the opacity of tissues, and the lack of appropriate
techniques to measure the stress, strain and strain rate.[18–20]
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To better understand the mechanisms of tissue damage, nu-
merical simulation has been performed to investigate the sin-
gle bubble dynamics and quantify the spatiotemporal evolu-
tions of the stress, strain, and strain rate fields in the surround-
ing tissues via coupling the Keller–Miksis equation with the
Kelvin–Voigt viscoelastic model.[18–20] These studies demon-
strated that the cavitation-associated mechanical effects (i.e.,
stress, strain, and strain rate) are highly dependent on the tis-
sue viscoelasticity and bubble dynamics.[18–20] Note that the
Kelvin–Voigt model can only describe the creep behavior of
the viscoelastic tissues. Considering that the stress relaxation
of tissue can also influence the dynamic behaviors of cavita-
tion bubbles,[21–23] in this study the Zener model is adopted
to simulate the viscoelastic tissue due to its superiority in de-
scribing both the creep behavior and stress relaxation of the
viscoelastic tissue.[21–23]

In the aforementioned applications of acoustic cavita-
tion, the multiple bubbles or even a bubble cloud are gener-
ally generated.[5,7,9–13,16] Thus, the effects of adjacent bubbles
(i.e., the bubble–bubble interactions) on the bubble dynamics
should also be taken into account. The bubble–bubble interac-
tion means that each bubble emits pressure wave to surround-
ing medium which acts on the neighboring bubbles as an addi-
tional pressure.[24–32] Thus, by introducing the pressures emit-
ted by each bubble at the location of the other bubble, the cav-
itation model of two-interacting bubbles in a viscoelastic tis-
sue has been well-established for investigating the radial pul-
sations and/or translational motions of bubbles.[22,33–35] The
results demonstrated that both the bubble–bubble interactions
and the tissue viscoelasticity will suppress the radial bubble
oscillations.[22,34] Furthermore, the suppression effect of the
bubble–bubble interaction could be dramatically reduced with
the tissue elasticity and/or viscosity increasing.[22,34] Addi-
tionally, the studies also demonstrated that the translational
motions of bubbles are negligible in vivo, due to the high
viscoelasticity of the tissues.[22,34] Therefore, the attention
is mainly focused on the radial pulsations of bubbles in the
present study as described in previous study.[33] More im-
portantly, in addition to the cavitation dynamics of the two-
interacting bubbles, the spatiotemporal evolutions of the re-
sultant mechanical stresses in the viscoelastic tissues are also
crucial in understanding the mechanisms of cavitation-induced
mechanical damages to the adjacent cells or tissues.

The spatial distributions of the cavitation-associated
stresses will be extremely complex not only due to the bubble–
bubble interaction affecting bubble dynamics, but also due to
the superposition effects of the stress fields generated by mul-
tiple cavitation bubbles. In this study, the cavitation dynam-
ics of two-interacting bubbles is investigated via a compre-
hensive model simultaneously considering both the tissue vis-
coelasticity and the bubble–bubble interaction. Subsequently,

the spatiotemporal evolution of the mechanical stress gener-
ated by two-interacting bubbles in the surrounding tissue is
characterized quantitatively by superimposing two stress fields
surrounding each bubble. Furthermore, two variables (i.e.,
the absolute variation of bubble expansion ratio and the ab-
solute variation of maximum stress magnitude) are introduced
to characterize the effects of the adjacent bubble on the cav-
itation dynamics and the resultant stress in the surrounding
tissue. Additionally, the influences of the ultrasound ampli-
tude, inter-bubble distance, initial radius of the large bubble
and tissue viscoelasticity are also examined.

2. Theory and methods
2.1. Cavitation model of two-interacting bubbles in vis-

coelastic tissues

Figure 1 shows the schematic of two-interacting cavita-
tion bubbles and the associated mechanical stresses in vis-
coelastic tissues. They are initially in equilibrium with ini-
tial radii (i.e. Ri0 and R j0) and an inter-bubble distance (i.e.,
d0). Under external ultrasonic excitation, both bubbles will
exhibit radial oscillations over time (i.e., Ri(t) and R j(t)) and
interact with each other, resulting in mechanical stresses (i.e.,
𝜏i and 𝜏 j) in the surrounding tissue. As described in previous
studies,[22,34] it is assumed that the sphericities of both bubbles
remain unchanged during their oscillations. Moreover, the
evaporation/condensation and gas diffusion at the gas–liquid
interfaces, chemical reactions inside the bubbles as well as the
translational motions of bubbles are also assumed to be negli-
gible in our work, similar to that in previous studies.[33] The
Keller–Miksis equations coupled with the bubble–bubble in-
teractions are used to describe the dynamics of two-interacting
bubbles and given below:[34](
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for i = 1,2 and j = 3− i, (1)

where Ri and R j denote the radius of the i-th bubble and j-th
bubble, respectively. The dot denotes time derivative, c is the
speed of the sound in medium, ρ is the density of medium,
pi is the pressure in the medium at the wall of the i-th bub-
ble, and d0 is the inter-bubble distance. Note that the time
delays while the pressure radiated by one bubble propagating
to the other bubble is neglected in Eq. (1), which are reason-
able due to the small inter-bubble distances (d0 < 100 µm)
in this study, in which case the effect of time delay becomes
insignificant.[34,36]

According to the mechanical equilibrium at the gas–
liquid interface, the pressure at the wall of the i-th bubble pi
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can be described as[34]

pi = pg,i−
2σ

Ri
+𝜏rr |Ri − p0− pac (t) . (2)

It is assumed that the gas inside both bubbles obeys the van der
Waals equation, hence the gas pressure inside the i-th bubble
pg,i is determined by[25,29,34,37]
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where p0 is the atmospheric pressure, Ri0 is the initial radius
of the i-th bubble, σ is the surface tension, hi is the van der
Waals hard core radius, κ is the polytropic exponent of the
gas inside the bubble, 𝜏rr|Ri

denotes the radial stress at the
i-th bubble interface, which is introduced to couple the cavita-
tion model with the viscoelastic model. The acoustic pressure
pac(t) = −pA sin(2π f t), where pA and f are the ultrasound
amplitude and frequency, respectively.

2.2. Viscoelastic model for surrounding tissues

Several constitutive equations have been developed to de-
scribe the relationship of the stress with the strain in a vis-
coelastic medium (e.g. Maxwell, Kelvin–Voigt, Kelvin–Voigt-
based Neo–Hookean, Zener models, and so on).[21,22,34,38–41]

In the present study, the Zener model is used in this work
due to its unique superiority in accurately describing the
creep behavior and relaxation time of the viscoelastic tissue
simultaneously[22]

𝜏rr +λ1𝜏rr = 2G𝛾rr +2µ𝛾̇rr, (4)

where 𝜏rr and 𝛾rr are the mechanical stress and strain in the ra-
dial direction, respectively, the dot denotes the derivative with
respect to time, λ1, G, and µ are the relaxation time, elastic-
ity, and viscosity of the viscoelastic tissue, respectively. Ac-
cording to the continuity equation, the 𝛾̇rr = −2R2Ṙ/r3 and
𝛾rr = −2(R3−R3

0)/3r3 can be derived.[21,22] Then substitut-
ing them into Eq. (4), the stress produced by the i-th and j-th
bubble oscillations τrr,i and τrr, j can be described as follows:
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i Ṙi

r3
i

, (5)

𝜏rr, j +λ1𝜏rr, j =−
4G
(

R3
j −R3

j0

)
3r3

j
−

4µR2
j Ṙ j
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where ri and r j denote the distance from the considered po-
sition Q to the i-th and j-th bubble centers, respectively. Ac-
cordingly, the radial stresses at the interfaces of i-th and j-th
bubbles (i.e., τrr|Ri

and τrr|R j
) can be calculated by substitut-

ing ri = Ri and r j = R j into Eqs. (5) and (6), respectively, and
the resulting equations are given below:
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2.3. Evaluations of cavitation-associated stresses sur-
rounding two-interacting bubbles

To calculate the mechanical stress in viscoelastic tissue
generated by the two-interacting cavitation bubbles, it is as-
sumed that there is a point Q in tissue with the position of (x,
y), as displayed in Fig. 1. The distances from the i-th and j-th
bubble centers to the point Q described as ri and r j respectively
can be split into two terms,

ri = Ri(t)+ ri,b, (9)

r j = R j(t)+ r j,b, (10)

where ri,b and r j,b denote the distance from the considered po-
sition Q to the i-th and j-th bubble walls, respectively. Sub-
mitting these conditions into Eqs. (5) and (6), one can obtain
the stresses in tissues produced by the i-th and j-th bubbles as
denoted by τi and τ j in Fig. 1. Note that the point Q will si-
multaneously experience the stresses generated by the acoustic
cavitation of both two bubbles, so that the total stress can be
described as

𝜏 = 𝜏i +𝜏 j. (11)

Note that the indexes i and j are interchangeable and they de-
note the numbers of the bubbles (i.e. {1,2} or {2,1}).

•

Ri

Ri

¿j
¿i

¿

d0

ri rj

θi θj

Viscoelastic tissue

Q↼x↪ y↽

pac↼t↽

µ↪ G↪ ρ

Rj

Rj

Fig. 1. Schematic diagram of two-interacting cavitation bubbles and associ-
ated mechanical stresses in viscoelastic tissues.

2.4. Methods of investigating bubble dynamics and
cavitation-associated stress

The cavitation-associated stress is closely related to the
bubble dynamics that can be evaluated by several impor-
tant parameters,[42–45] such as the expansion ratio (Rmax/R0),
relative expansion ratio (Rmax − R0)/R0, compression ratio
(Rmax/Rmin), and ratio of maximum oscillation radius to the
collapse time (R3

max/tc). In the present study, the expansion
ratio (Rmax/R0) represented by R′ is chosen as a metric to char-
acterize the cavitation dynamics. For the i-th bubble, it can be
described as

R′i =
max(Ri)

Ri0
. (12)
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Similarly, the cavitation-associated stress in the surrounding
tissue is characterized by the maximum of the stress mag-
nitude, which is represented by τ ′ as indicated in previous
researches.[18,19,46]

2.5. Simulation conditions

The numerical model for describing the cavitation
dynamics of two-interacting bubbles and the cavitation-
associated stresses in viscoelastic tissues are obtained by cou-
pling Eqs. (1)–(3), (5)–(8), and (11). The model is numerically
solved with the fourth-order Runge–Kutta method through us-
ing the ODE15s solver built in the commercial software MAT-
LAB (The Math-Works, Natick, MA, USA) in time steps of
0.0001/ f , a relative tolerance of 10−12, and an absolute toler-
ance of 10−12. Unless otherwise specified, the physical param-
eters and their default values are set according to Table 1.[22,34]

Table 1. Parameters used in simulations.

Parameters Values Units Parameters Values Units

f 1 MHz c 1540 m/s

G 200 kPa R10 1 µm

p 1.013×105 Pa R20 5 µm

ρ 1060 kg/m3 d0 40 µm

σ 0.056 N/m hi Ri0/8.5 µm

µ 15 mPa·s pA 1 MPa

λ1 3 ns κ 1.4 /

3. Results and discussion
3.1. Effects of bubble–bubble interactions on cavitation

dynamics

The representative cavitation dynamics of two bubbles
with different initial radii (R10 = 1 µm and R20 = 5 µm) for
two cases with (w) and without (w/o) considering the bubble–
bubble interactions, are presented in Fig. 2. It is evident
that the maximum radius of the small bubble with the con-
sideration of the bubble–bubble interactions (R1,w) is signifi-
cantly smaller than that of the other case (R1,w/o) as shown in
Fig. 2(a). Correspondingly, the wall velocity of the small bub-
ble influenced by the adjacent bubble (v1,w) is much smaller
than the case where the bubble–bubble interaction is not taken
into account (v1,w/o) as displayed in Fig. 2(c). For the time-
varying radius and wall velocity of the large bubble, fig-
ures 2(b) and 2(d) demonstrate that the differences between
the cases with and without considering the bubble–bubble in-
teraction are indistinguishable. The results indicate that the
effects of the adjacent bubble with large initial radius will no-
tably suppress the cavitation dynamics of the small bubble,
which accord well with the previous studies.[29,34] Moreover,
it may be reasonable to deduce that the cavitation-associated
mechanical stress in the surrounding tissues will be promi-
nently affected since it is highly dependent on the cavitation

dynamics,[18,19,46] thus the effect of the adjacent bubble on the
stress is examined in the following sections.
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Fig. 2. Comparation of bubble dynamics for two cases with and without
considering the bubble–bubble interactions, including radii of (a) small and
(b) large bubbles, as well as the wall velocities of (c) small and (d) large
bubbles.

3.2. Spatiotemporal evolutions of cavitation-associated
stresses in surrounding tissues

During the acoustic cavitation, the spatiotemporal distri-
butions of the mechanical stresses surrounding two-interacting
bubbles and two isolated bubbles (R10 = 1 µm and R20 =

5 µm) are presented in Fig. 3. The time-varying stresses sur-
rounding the small and large bubbles are shown in Figs. 3(a)
and 3(d), respectively. It can be seen that both compressive
(negative) stress and tensile (positive) stress are generated.
Specifically, the compressive stress appears as the surrounding
tissue is compressed by the bubble, whereas the tensile stress
is generated when the deformed tissue is restored to its origi-
nal configuration. These temporal evolutions of the stress are
consistent well with those of the mechanical stress generated
by a single bubble as reported in previous studies by Mancia
et al.[18,19] and Qin et al.[46]

To illustrate the spatial distribution of the stress, fig-
ures 3(b) and 3(e) display the compressive (τC) and tensile (τT)
stresses surrounding the small and large bubbles as a function
of the angle θ1 (θ1 = 0–2π; r1,b = 3 µm) and θ2 (θ2 = 0–
2π; r2,b = 3 µm), respectively. The results indicate that both
stresses surrounding the affected bubble with small initial ra-
dius (i.e., the compressive stress τC,w and tensile stress τT,w)
first increase and then decrease as θ1 increases, showing a
larger variation in the compressive stress (τC,w). This obser-
vation can be accounted for the superimposed effects of two
stress fields generated by the small and large bubbles, as indi-
cated in Eq. (11). By contrast, the stresses of the small bubble
for the isolated case (i.e. the compressive stress τC,w/o and
tensile stress τT,w/o shown in Fig. 3(b)) and those for the large
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bubble for both two cases (i.e., τC,w, τT,w, τC,w/o, and τT,w/o

shown in Fig. 3(e)) remain unchanged with the angel (i.e., θ1

for the small bubble and θ2 for the large bubble) increasing.
It can be explained that the stress field produced by the small
bubble is much smaller than that by the large bubble (Figs. 3(a)
and 3(d)), consequently leading to the negligible influence of
the superimposed effects on the stress surrounding the large
bubble. Moreover, the mechanical stresses are dramatically
reduced by increasing the distance of the considered position
from the bubble wall (i.e. r1,b for the small bubble and r2,b for
the large bubble), especially for the tensile stress (Figs. 3(c)
and 3(f)).

The comparison between the results with and without
considering the effects of the adjacent bubble demonstrates
that the effects of the large bubble can dramatically reduce

the cavitation-associated stresses surrounding the small bub-
ble. Conversely, the effects of the small bubble on the stresses
surrounding the large bubble are negligible. This observation
is in good agreement with the bubble dynamic behavior shown
in Fig. 2, implying the high dependence of the cavitation-
associated stress on bubble dynamics. More importantly, the
superposition of two stress fields generated by each bubble re-
sults in nonuniform stress distribution surrounding the small
bubble, exhibiting a much smaller stress in the same direc-
tion with the large bubble, i.e. θi = 0 as defined in Fig. 1
(i = 1). These results highlight the necessity of taking the ef-
fects of the adjacent bubble into account while investigating
the cavitation-mediated applications, in which multiple bub-
bles are generally formed and the mechanical stresses gener-
ated by these cavitation bubbles are related to the applications.
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Fig. 3. Spatiotemporal evolutions of cavitation-associated stresses in tissue surrounding (a)–(c) small and (d)–(f) large bubbles for two cases with (w) and
without (w/o) considering the effects of adjacent bubble. (a) Stress versus time at r1,b = 3 µm, compressive and tensile stresses versus (b) θ1 (r1,b = 3 µm)
and (c) r1,b (θ1 = 0). (d)–(f) Corresponding results for large bubble.

3.3. Influence of ultrasound amplitude

The influences of the ultrasound amplitude (pA = 0.1–
1 MPa) on the cavitation dynamics and the resultant mechani-
cal stresses surrounding two-interacting and two isolated bub-
bles are shown in Fig. 4, indicating that the values of expan-
sion ratio R′ and maximum magnitude of stress τ ′, including
the tensile (τ ′T) and compressive (τ ′C) stresses, of both bubbles
increase as the ultrasound amplitude increases. Figure 4(a)
shows that the expansion ratio of the small bubble (R′1) is sig-
nificantly reduced when considering the effects of the adjacent
bubble (i.e. R′w < R′w/o). Moreover, the difference is ampli-
fied with the ultrasound amplitude increasing. Figures 4(b)
and 4(c) display the maximum tensile stress and compres-
sive stress of the small bubble, respectively. Considering the
nonuniform stress distribution ascribed to the effects of the

adjacent bubble, the maximum stresses in the three representa-
tive directions (θ1 = 0, π/2, and π; r1,b = 3 µm) are compared
with the counterparts in the case where the effects of the adja-
cent bubble are not considered. It can be seen that the effects
of the adjacent bubble lead all the maximum stresses to de-
crease. Note that, the reduction increases with the ultrasound
amplitude increasing, but decreases with the augment of θ1,
hence achieving the maximum reduction at pA = 1 MPa and
θ1 = 0. For the large bubble, similar variation tendency is pre-
sented in Figs. 4(d)–4(f), except that much smaller influences
of the adjacent bubble are exerted on the expansion ratio and
maximum stresses. These results further prove that the large
bubble exerts a more significant influence on the neighboring
small bubble and their mutual interactions are much stronger
at higher acoustic pressures.
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Fig. 4. Cavitation dynamics and associated mechanical stresses at different ultrasound amplitudes (pA = 0.1 MPa–1 MPa). (a)–(c) Expansion ratio (R′1), the
maximum magnitude of tensile stress (τ ′T), and compressive (τ ′C) stress versus pA of the small bubble, while panels (d)–(f) are these of the large bubbles,
respectively.

3.4. Quantifying effects of adjacent bubble on cavitation
dynamics and stress

The effects of the adjacent bubble on the cavitation dy-
namics and its mechanical stress are further quantified by in-
troducing two variables defined as absolute variation of the ex-
pansion ratio (∆R′) and the maximum stress magnitude (∆τ ′).
For the i-th bubble, these variables can be expressed as

∆R′i =
∣∣R′i,w∣∣− ∣∣∣R′i,w/o

∣∣∣ , (13)

∆τ
′
i =
∣∣τ ′i,w∣∣− ∣∣∣τ ′i,w/o

∣∣∣ , (i = 1,2), (14)

where R′i,w, R′i,w/o, τ ′i,w, and τ ′i,w/o denote the expansion ratios
(R′) and maximum stress magnitudes (τ ′) of the i-th bubble

during the cavitation with (w) and without (w/o) considering
the effects of the nearby bubble, respectively. The symbol ||
denotes the absolute value of the variables. As indicated in
Eqs. (13) and (14), the suppression effects of the adjacent bub-
ble on the cavitation dynamics and the resultant stress can be
described as ∆R′ < and ∆τ ′ < 0 respectively, so can the case
∆R′ > 0 and ∆τ ′ > 0.

3.4.1. Influences of inter-bubble distance and initial ra-
dius of large bubble

Owing to the strong effects of large bubble on the small
bubble, we mainly focus on the cavitation dynamics of the
small bubble and the resultant mechanical stress in the sur-
rounding tissues.
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effects of adjacent bubble are displayed.
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Figure 5 illustrates the influences of the inter-bubble dis-
tance (d0 = 40 µm–100 µm) and the initial radius of the
large bubble (R20 = 1 µm–10 µm) on the cavitation dynamics
and the resultant mechanical stresses of a 1-µm-radius bub-
ble. It is evident that for the bubble expansion ratio (R′w),
maximum values of the compressive stress (τ ′C,w) and tensile
(τ ′T,w) stress (θ1 = 0, r1,b = 3 µm) increase with d0 increasing,
but decrease as the R20 increases as illustrated in Figs. 5(a)–
5(c), respectively. Furthermore, the absolute variations of R′w,
τ ′C,w, and τ ′T,w (defined as ∆R′, ∆τ ′C, and ∆τ ′T) are displayed
in Figs. 5(d)–5(f), respectively. The results demonstrate that
these absolute variations are negative, suggesting that the ef-
fects of the adjacent bubble will suppress the small bubble
expansion and lead the cavitation-associated stresses to de-
crease. In addition, it is obvious that the suppression effects
can be enhanced by reducing the inter-bubble distance and/or
increasing the initial radius of the large bubble, which is con-
sistent with previous results.[22,34] Compared with the inter-
bubble distance, the initial radius of the adjacent bubble seems
to have a strong influence on the suppression effects. From
another point of view, these results also suggest that the influ-
ence of mutual interactions of multiple bubbles on the bubble
dynamics and its mechanical stress can be predicted according
to the concentration and size distribution of the bubbles.

3.4.2. Influence of tissue viscoelasticity

Figure 6 exemplifies the influences of the tissue viscoelas-
ticity (G = 0 kPa–500 kPa, µ = 1 mPa·s–50 mPa·s) on the
cavitation dynamics and the resultant mechanical stresses of
the small bubble at θ1 = 0, r1,b = 3 µm. The expansion ra-
tio of the small bubble and its associated mechanical stress
varying with the tissue elasticity and viscosity are displayed
in Figs. 6(a), 6(b), 6(d), and 6(e), respectively. The results
demonstrate that the bubble oscillations and its mechanical
stresses decrease with the tissue viscoelasticity increasing, ex-
cept that the tensile stress and compressive stress first increase
and then decrease as the tissue viscosity and elasticity increase
respectively. Similar changes are observed in the suppression
effects of the neighboring bubble on the cavitation dynam-
ics and mechanical stress (i.e. ∆R′, ∆τ ′T, and ∆τ ′C shown in
Figs. 6(c) and 6(f)). These discrepancies may be explained by
the fact that both compressive and tensile stresses are deter-
mined not only by the bubble dynamics which is affected by
the tissue viscoelasticity, but also directly by the tissue elastic-
ity and viscosity as indicated in Eq. (5). Moreover, it may also
suggest that the direct influence of the tissue viscoelasticity on
the stress seems to be the primary factor within the parameters
examined in this paper.
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Fig. 6. Effects of tissue viscoelasticity on cavitation dynamics and associated stress in the surrounding tissues for two cases with and without considering
effects of the neighboring bubble (G = 0 kPa–500 kPa, µ = 1 mPa·s–50 mPa·s). (a) Expansion ratio (R′), (b) tensile stress (τ ′T) and compressive (τ ′C)
stress, (c) their absolute variation values of expansion ratio and stresses versus tissue elasticity, and (d)–(f) corresponding results as a function of tissue
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4. Conclusions

The cavitation dynamics of two-interacting bubbles and
the associated mechanical stresses in the surrounding tissue
are numerically investigated in this study. The spatiotemporal
evolutions of the stress indicate that the cavitation-associated
stress is highly dependent on the time-varying bubble dy-

namics, i.e., compressive stress and tensile stress are gener-

ated during the explosive bubble expansion and violent bubble

collapse respectively. Moreover, larger stresses are observed

near the bubble wall, and nonuniform stress distributions sur-

rounding the bubbles are caused by the superposition of two

stress fields generated by each bubble, resulting in a much
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smaller stress in the direction of the adjacent bubble. Com-
pared with the cases of the isolated bubbles, the effects of the
adjacent bubble can notably restrain the cavitation dynamics
of the small bubble and consequently reduce the cavitation-
associated stresses. Targeting the case of significantly affected
bubble with small initial radius, the suppression effects of the
neighboring bubble can be intensified by increasing the ul-
trasound amplitude and initial radius of the large bubble, or
reducing the inter-bubble distance and tissue viscoelasticity.
This study can provide a further insight into the effects of ad-
jacent bubbles on the cavitation dynamics and associated stress
in viscoelastic tissue.
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