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Numerical analysis of the biomechanical effects on micro-vessels
by ultrasound-driven cavitation
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Purpose: The goal of this study was to evaluate the biomechanical effects such as sonoporation or permeability, produced by ul-
trasound-driven microbubbles (UDM) within microvessels with various parameters. Methods: In this study, a bubble-fluid-solid
coupling system was established through combination of finite element method. The stress, strain and permeability of the vessel wall
were theoretically simulated for different ultrasound frequencies, vessel radius and vessel thickness. Results: the bubble oscillation
induces the vessel wall dilation and invagination under a pressure of 0.1 MPa. The stress distribution over the microvessel wall was
heterogeneous and the maximum value of the midpoint on the inner vessel wall could reach 0.7 MPa as a frequency ranges from 1 to
3 MHz, and a vessel radius and an initial microbubble radius fall within the range of 3.5–13 μm and 1–4 μm, respectively. With the
same conditions, the maximum shear stress was equal to 1.2 kPa and occurred at a distance of ±5 μm from the midpoint of 10 μm and
the maximum value of permeability was 3.033 × 10–13. Conclusions: Results of the study revealed a strong dependence of biome-
chanical effects on the excitation frequency, initial bubble radius, and vessel radius. Numerical simulations could provide insight into
understanding the mechanism behind bubble-vessel interactions by UDM, which may explore the potential for further improvements
to medical applications.
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1. Introduction

Ultrasound-driven microbubbles (UDM) have gained
special attention due to their application in ultrasound
imaging and therapy [4]. Microbubbles, when con-
fined in the blood stream, remain intravascular and
undergo a volumetric oscillation when activated by an
ultrasound. A number of studies have shown that mi-
crobubbles could induce mechanical bioeffects on their
confining vessels [7], [17], [20]. The effects could be
therapeutically beneficial and might range from in-
creasing the vascular permeability for intravascular
local drug and gene delivery, opening the blood–brain
barrier (BBB) locally and transiently to vessel rupture
and occlusion [25]. One major challenge in using
microbubbles for medical ultrasound application is
the lack of knowledge about the behavior of confined

bubbles and the impact bubbles might have on the
surrounding tissue.

Besides experimental reports, several numerical
models were also developed to depict the dynamics of
bubbles confined inside blood vessels. For instance, Sas-
saroli and Hynynen [24] developed a two-dimensional
(2D) model to simulate a rectangular bubble oscillating
in a rigid vessel. Ye and Bull presented a 2D boundary
element model (BEM) to simulate the asymmetric
expansion of a free-gas bubble in both rigid and flexi-
ble vessels including an inviscid fluid [29]. Using
a lumped-parameter model that took the bubble shell
and the fluid viscosity into account, Qin and Ferrara
investigated the natural frequency of nonlinear oscil-
lations of UCAs in a partially compliant and stiffness
vessels [21]. In addition, many asymmetric models
were proposed to simulate the asymmetric oscillations
and acoustic responses of the bubble in a small vessel,
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based on the boundary element method (BEM), the
finite element method (FEM) or the combination of
these two methods [16], [7], [13]. These numerical
results predicted that vascular damage could occur
during vascular injections due to the elevated wall
shear stress and circumferential stress.

It is generally accepted that the expansion and con-
traction of encapsulated microbubbles in an ultrasound
field induces microstreaming in the surrounding fluid.
If cells are present near oscillating microbubble, micro-
streaming-induced shear stress may cause biological
effects on neighboring cells [30]. The shear stress re-
lated to micro-streaming was relatively high compared
to the shear stress associated with blood flow (0.1–4 Pa).
Consequently, these UDMs induced elevated shear
stress levels maybe greatly enhance the permeability of
blood vessel wall. Several models have been proposed
for the microbubble-cell interaction in sonoporation
focusing on different aspects: cell expansion and mi-
crobubble jet velocity [28], the shear stress exerted on
the cell membrane [30], microstreaming of the shear
stress exerted on the cell membrane in combination
with microstreaming [13] generated by an oscillating
microbubble. In contrast to the other models, Man et al.
[15] proposed that microbubble-generated shear stress
does not induce pore formation, but is, instead, the
results of microbubble fusion with the membrane and
subsequent “pull out” of cell membrane lipid molecules
by the oscillating microbubble. Models for pore forma-
tion and resealing in cell membranes have also been
developed, but these models neglected the mechanism
by which the pore was created. If the shear stress is
high enough, it may have an impact on the cell mem-
brane integrity or even detachment of the endothelial
cells. Normal stress, the other important stresses, might
be responsible for vessel rupture. Vascular rupture
caused by the bubble activity was observed and re-
ported in different studies [2], [7].

Despite the great potential of permeability/sono-
poration as a promising drug delivery technique in
medicine, its applications have been limited mostly by
the lack of understanding the underlying biophysical
mechanism, especially, many aspects of the mechani-
cal mechanisms involved in the UDM stress in action
in permeability have not yet been fully understood.
The current study aims to simulate non-spherical os-
cillation of a microbubble inside a microvessel and
provide a comprehensive analysis regarding the biome-
chanical effects of the varying acoustic frequency, ves-
sel size and initial bubble radii by using finite element
method. The paper focused on the calculation of the
stress and strain, especially, the permeability of en-
dothelial vessel wall.

2. Theory

2.1. Analytical microbubble model
in an elastic microvessel

The 2D geometry of the bubble-blood-vessel sys-
tem was schematically illustrated in Fig. 1, where the
microbubble was located in the center of the mi-
crovessel, L is length of the vessel, d is the thickness
of the vessel wall, RT is the initial radius of the vessel.
The origin of the cylindrical coordinate system is at
the bubble’s center, the radial coordinate is orthogonal
to the vessel wall and the axial coordinate is parallel
to the vessel wall.

Fig. 1. Microvesicle-blood-vessel wall coupling model

The physics of a single microbubble oscillating in
a microvessel filled with viscous fluid can be charac-
terized as follows [9]:
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where R refers to radius as a function of time, a dot
represents a time-derivative, ρ is the density of the
fluid, and ΔP is the difference in pressure between the
bubble wall and infinity. ΔP can take many forms
depending on the conditions, damping, shell parame-
ters, etc. A common expression is:
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where R0 is the equilibrium radius of the bubble, P0 is
the ambient pressure, Pv is the vapor pressure, σ is the
surface tension, η is the viscosity, Pa is the applied
acoustic pressure, ω is the driving frequency, t is the
time, and γ is the polytropic exponent, also known as
the ratio of specific heats.

2.2. Blood fluid model

Assuming that the blood is an incompressible
fluid, the Navier–Stokes equation is used to model the
blood [22]:

,0=⋅∇ ur (3)
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where ρ and μ are respectively the blood density and
dynamic, I and u are the unit tensor and velocity of
flow.

2.3. Vessel wall model

Assuming that the vessel wall is a homogeneous
isotropic linear elastic material, and ignoring its vol-
ume force, the dynamic process of the displacement of
the vessel wall with time deformation can be ex-
pressed by the following equation:
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where ρW and υ
r

 are vessel wall density and vessel wall
displacement; λ and μ are Lamè constant; the values
in this paper are 1.59 MPa and 1.03 kPa. According to
the principle of mechanics, the strain and displace-
ment of vessel wall, strain and stress are related as
follows:
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where E and v are Young’s modulus and Poisson’s
ratio of the vessel wall respectively; σij, εij are stress
component and strain component respectively. When
i = j, δij is equal to 1; when i ≠ j, δij is equal to 0.

2.4. Boundary conditions

Two interaction boundaries between bubble-fluid
and fluid-solid should be constructed in bubble-fluid-
solid model. In the bubble-fluid interaction, the con-
servation of mass and momentum is satisfied, and the
corresponding dynamic equation can be expressed as:
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where ur  is the fluid velocity of the microbubble wall,
according to the principle of continuity, the radial
velocity of the bubble oscillation is equal to the ve-
locity of the adjacent fluid, uR r& = . Similarly, in the
process of blood and vessel wall action, the continuity
of velocity and force is satisfied, namely, the follow-
ing equation can be obtained:
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where sυ
r

 and n are the vibration velocity of the vessel
wall and the unit normal phase vector, respectively.

2.5. Permeability of vessel wall

The microbubble vibration under ultrasonic field
produces shear force on the inner wall of blood ves-
sels. Based on the results of clinical experiments, the
relation of the shape index (SI) was found that [14]:

ττ ⋅−⋅− ×+×= 043.079.0 225.038.0 eeSI . (12)

The shape index was associated with the number
of mitotic cells per area of 0.64 mm2. The function
fitted by Olgac et al. to the data from [19] takes the
following form:

.003797.0 75.14 SI
MC eN ⋅−×= (13)

On the basis of the work [14], the correlation of
the number of mitotic cells with the number of all
leaky junctions per area of 0.64 mm2 was derived. It
was assumed that the number of leaky cells correlated
with nonmitotic cells is independent on τ. This rela-
tion is the following:

.805.0307.0 MCLC NN ×+= (14)



W. LIU et al.98

The number of leaky cells in a given area fraction
of leaky junctions was determined to be:

,
104.6 7

2
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where Rcell is the radius of the endothelial cell taken
as 15 μm. The endothelium permeability Kend can be
expressed as a sum of permeabilities of parallel path-
ways [14]:

.njljend KKK += (16)

The permeability of the leaky junctions Klj is de-
pendent on the fraction of leaky junction φ and may
be determined using formula for the permeability of
a list of width 2w mutiplied by area fraction of a leaky
junctions:
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where w is the leaky junction of half-width taken as
10 nm. The shear stress does not affect the normal
junctions, so Knj is a constant. Therefore, it can be
determined by using known data for Klj (φ = 5e – 4)
= 3.22e – 15 mm2, thus [14]:
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Table 1. Values of parameters in this study [21]

Name Parameter Value
[unit]

Gas polytropic γ 1.07
Saturated vapor pressure PV 2330 [Pa]
The initial radius of the microbubble R0 2 [μm]
Gas-liquid surface tension σ 0.056 [N/m.]
The density of blood ρ 1059 [kg/m3]
Sound pressure Pa 0.1–0.2 [MPa]
Hemodynamic viscosity μ 0.0035 [Pa·s]
Blood vessel density ρw 1000 [kg/m3]
Young’s modulus of blood vessel E 3.0 [MPa]
Vascular Poisson’s ratio ν 0.49

2.6. Description of the simulation

Based on low-intensity ultrasonic pressure, the in-
teraction between the microbubble oscillation and the
blood vessel wall surface during steady-state cavita-
tion was studied, and the model was shown in Fig. 1.
The length of the microvessel in the whole study is
L = 200 μm. According to the distribution character-
istics of the stress and force, the relative microbubble

scale can be regarded as infinite. Ignoring the influ-
ence of the length of the blood vessel, we intercepted
the 20 μm near the microbubble for analyzing. The
simulation parameters are described in Table 1. Equa-
tions of bubble-fluid-wall interaction with initial and
boundary conditions are solved by utilizing the finite
element method (FEM) via COMSOL Multiphysics 5.3
(Comsol, Inc.; Burlington, MA). In the model de-
picted in Fig. 1, unit size free triangle mesh is used to
partition the model. A maximum mesh size of λ/6 (λ is
the wavelength) in the focal region and a maximum
mesh size of λ/4 in the rest of the domain is used for
grid generation. The vessel walls are consisted of
5086 vertices of mesh and 9570 triangular elements,
and the plaque is built of 710 vertices and 1208 trian-
gular elements. In addition, the blood contains 4937
vertices and 9570 triangular units. For details on the
simulation process, see the supplementary materials.

3. Results

In this manuscript, we focused on the effect of
each dynamic tissue property independent from each
other, and compared these effects with the conven-
tional method of keeping the tissue properties con-
stant. When the effect of one dynamic tissue property
was studied, the other tissue properties remained con-
stant unless otherwise noted. In the following study,
the amplitude of acoustic pressure on the sound source
face Pa is 1 × 105 Pa unless otherwise noted.

3.1. Mechanical effect
of ultrasonic frequency

In Figure 2, the micro-jet velocity profile and the
maximum stress response of circumferential stress (CS)
at different frequencies for RT = 8 μm and R0 = 2 μm
was shown. Among the three frequencies chosen here, CS
peaks reached about 0.7, 0.13 and 0.053 MPa, respec-
tively. The maximum CS calculated for f = 1.0 MHz ex-
ceeded the minimum reported vascular strength [2],
[21]. This suggested that the bubble might have rup-
tured the vessel wall to some extent. The simulation
results agreed with previous research findings [1], [2].
In Figure 2, the micro-jet velocity peaked at the three
frequencies are 2.26, 0.92 and 0.63 m/s, respectively.
The peak velocity at 1 MHz was almost 4 times that
of 3 MHz. It is manifested that the influences of driv-
ing frequency on CS and micro-jet velocity was quite
remarkable.
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In Figure 3, the curve variation of the normal stress
of vessel wall at different time under three frequency
drives was shown. Here, the positive and negative normal
stresses corresponded to bubble expansion and compres-
sion phases respectively. The peak values of normal
stress for expansion and contraction were 59.6 kPa and
15.4 kPa at a frequency of 1.0 MHz, and decrease
with increasing frequency. This suggests that the wall
oscillation weakens, which does less harm to the ves-
sel, as increased the driving frequency due to normal
stresses.

(a) f = 1 MHz

(b) f = 2 MHz

(c ) f = 3 MHz

Fig. 2. Profiles of maximum stress of vessel wall
at different ultrasonic frequencies

(a) f = 1 MHz

(b) f = 2 MHz

(c) f = 3 MHz

Fig. 3. Variation curves of the normal stress on vessel wall
at different frequencies

The results depicted in Figure 4 show that the
maximum shear stresses of wall are position and
frequency-dependent. Unlike the NS case, the shear
stress peaks occurr near x = 5 μm and 15 μm, and are
1.2, 0.21 and 0.18 kPa, respectively. For a bubble
(2.0 μm in radius) activated by 1 – MHz ultrasound
pulses in a microvessel with a radius of 5.0 μm can
be generated on the vessel wall at a driving pressure
of 0.2 MPa, which should be high enough to damage the
vascular endothelial cells [18]. Comparing Figs. 4 and 5
show the similar change of the maximum perme-
ability distribution induced by shear stress. The peak
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permeability at 1.0 MHz was 3.032 × 10–13. A low-
frequency UDM could increase vascular permeability
and result in convective extravasation of a macromole-
cule drug [27].

Fig. 4. The maximum shear stress of the vessel wall
under different ultrasonic frequencies

Fig. 5. The maximum permeability of vessel wall
at different ultrasonic frequencies

3.2. Effect of vessel diameter

In Figure 6, the maximum stress response at dif-
ferent snapshots in time for three vessel radii with
a driving frequency f = 1 MHz and an initial radius
R0 = 2 μm is shown. The peak stresses are 26.3,
17.5 and 15.1 kPa when the vessel radii are 6, 10
and 12 μm, respectively, but as seen in Fig. 6, the
maximum normal stress happens in compression
phases of bubble oscillation. In some cases, vessel
invagination may play a more important role than
distention in causing vessel rupture, as it may gen-
erate higher strains on the vessel wall than distention
[1]. In Figure 7, the maximum shear stress distribution
is illustrated. It can be noted that the shear stress

peaks drift away the center when increasing the dis-
tance of bubble and wall. A similar result was also
obtained or observed in papers [8], [12]. In addition to
frequency, the vessel size has a significant influence
on the maximum permeability distribution as shown
in Fig. 7. For instance, the maximum permeability as
a function of vessel radius for f = 1 MHz could be
seen in Fig. 8. This curve peaks at RT = 6.7 μm sug-
gesting that 1.0 MHz was the resonance frequency of
2 µm bubbles.

(a) RT = 6 μm

(b) RT = 10 μm

(c) RT = 12 μm

Fig. 6. Normal stress of vessel wall for different vessel radii
at different times
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Fig. 7. The maximum shear stress of the vessel wall
at different vessel radii

Fig. 8. The maximum permeability of the vessel wall
at different blood vessels

3.3. Effect of the initial
microbubble radius

To further study bubble-vessel interactions, the
initial radii of bubbles ranging from 0.5 to 5.0 µm on
shear stress were examined. Compared to stress in
Figs. 4–6, in Figs. 9 and 10, the similar changes of the
maximum normal and shear stresses for f = 1 MHz
and RT = 8.0 μm are shown. However, the microbub-
ble sizes have important influence on the mechanical
effects to the vessel wall, as shown in Fig. 9. It was
previously shown that the extent of BBB opening
varied with bubble size [3]. The authors reported the
calculated stress from bubbles of 4–5 µm exert larger
wall stresses compared to 1–2 µm bubbles as bubbles
confined within the blood vessel with a radius of 6 μm.
The stresses in Figure 9 have the similar tendency as
in experimental observation and simulation [3]. On
the other hand, it can be seen in Fig. 11 that the
greater the frequency, the greater the impact on the
permeability of the blood vessel wall. Under the three
frequencies, as the radius of the microbubble ex-
panded, the permeability first increased and then de-
creased. The simulations indicate the optimization of

the ultrasound frequency, and bubble size for maxi-
mum BBB opening.

(a) R0 = 1 μm

(b) R0 = 3 μm

(c) R0 = 4 μm

Fig. 9. Normal stress curves of vessel wall
for different initial microbubble radii at different times

Fig. 10. The maximum shear force on vessel wall for different
microbubble initial radii
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Fig. 11. The maximum permeability of the vessel wall
for different initial microbubble radii

at three ultrasound frequencies

4. Discussion

In this study, a finite element model of a coupled
bubble/fluid/vessel system was developed and pro-
vided a means to predict which mechanism was respon-
sible for UDM bioeffects. The numerical simulation
was performed using an axisymmetrical assumption.
The bubble model took the radius RT and the length L
of microvessel into account. When microvessel di-
ameters were comparable to bubble sizes at relatively
low acoustic pressures (100–200 kPa), the simulation
results could converge to the results of previous
models [1], [2], [7]. As shown in Fig. 3, the vessel
wall vibrations experienced a transition from nonlin-
ear to linear oscillations when the driving pressures
was 0.1 MPa and the driving frequency increased
from 1 MHz to 3 MHz. The displacement patterns of
the vessel wall, as illustrated in Fig. 2, changed with
time and were associated with the frequency [6], [21],
[28]. UDM at relatively low frequencies could in-
crease vascular permeability [26]. Meanwhile, we
demonstrated the stresses patterns of the entire vessel
wall, not just a specified point of vessel wall [7],
[13]. On the other hand, we focused on the vessel
stresses for different initial bubble radii and frequen-
cies, as shown in Fig. 13, which were important for
the shear intensity [18], and vessel sonoporation/
permeability [27]. Increasing the pressure to 0.2 MPa,
the wall deformation increased dramatically, as shown
in Fig. 12. Schematics from figures 2 and 12 showed that
the maximum CS values were between 0.04–1.1 MPa
during bubble expansion and 0.1–3.6 MPa during bubble
shrinkage. Shear stresses were between 0.13–1.2 kPa
during expansion and 0.18–1.6 kPa were injected, as
shown in Figs. 4, 7 and 10. These results confirmed

that vessel damage could occur during vascular injec-
tions [1], [7].

(a) Vessel distention

(b) Vessel invagination

Fig. 12. Profiles of maximum stress of vessel wall
for R0 = 2 μm and RT = 8 μm

UDM could produce liquid jets and local shear
stress that could alter biological membranes and fa-
cilitate drug transport [21], [28], [30], but there was
no consensus as to whether inertial or non-inertial
cavitation played the most important role in sonopo-
ration [15], and regarding the biophysical mechanisms
of sonoporation: microbubble jet velocity [5], shear
stress [28], the shear stress in combination with micro-
streaming [8], [28], [30]. In our simulations as seen in
Figs. 4, 7 and 10, the shear stresses showed a V-shaped
curve, the substantial shear stress on the surface oc-
curs inside a circular zone with a radius about two-
thirds of the bubble radius [8], [11]. The permeability
distribution, as shown in Figs. 5 and 13, experienced
almost the same changes as the shear stress did. It
suggested that the microstreaming-shear stress was an
important factor in sonoporation/permeability [12],
[30]. Moreover, direct optical evidence demonstrated
that microstreaming generated by a stably oscillating
bubbles can entrain approaching lipid vesicles and
later tear them up due to the high shear stresses in-
duced [4]. It was noted that the wall permeability
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tended to be constant once the shear stress reached
a critical value, which was computed by a fitting func-
tion from experimental data. A possible explanations
was that there were the largest pores generated by shear
stress, as specified by Eqs. (12) and (13), [19], which
might protect the endothelium against apoptosis and
rupture. Interestingly, there was no significant difference
in the permeability seen in Fig. 13 during the vessel’s
expansion and contraction phases. Figure 13 indicated

Fig. 13. Stress response curve for the bubble vibration
as a function of initial bubble radius and driving frequency

during the bubble expansion for RT  = 8 μm

(a) R0 = 2 μm

(b) R0 = 4 μm

Fig. 14. The maximum permeability of the vessel wall
for R0 = 4 μm and Pa = 0.2 MPa

that sonoporation/permeability was not significantly
affected by the normal stress. This estimate was consis-
tent with the result of experiment that have investigate
the sonoporation occurrence [6].

Significant efforts have been made to model the
UDM dynamics [13], [36], [21]. Various independent
investigations indicate that the presence of microbub-
bles within blood vessels may increase the likelihood
of ultrasound-induced damage [16]. However, previ-
ous studies focused primarily on the morphological
evolution of a microbubble [13] and the deformations
of the vessel wall induced by UDM [16], [13] within
a constrained vessel, less attention has been paid to
the study of the stress and strain fields of the vessel
wall [13], especially the sonoporation of vessel wall
[28]. As expected, the maximum tube dilation and
maximum hoop stress were found to occur well before
the bubble reached its maximum radius [16]. As the
wall thickness, vessel radius, and acoustic frequency
decreased, the maximum hoop stress increased, indi-
cating a higher potential for tube rupture and hemor-
rhage [16]. In contrast to the other models, we focused
on the spatial distribution of endothelial permeability
produced by shear stress on the deformed vessel wall,
which has important influence on sonoporation [14],
[28]. In addition, several models have been proposed
for the microbubble-cell interaction in sonoporation
focusing on a oscillating microbubble near a rigid
plane with semi-analytical method [16], [28], Bound-
ary Element Method (BEM) [12]. Compared to the
reports mentioned above, our model explores more in-
depth study of the nonlinear dynamic characteristics
of blood vessels and the distribution of permeability
with a time-dependent shear stress by UDM.

Fig. 15. Amplitude response curve for the bubble vibration
as a function of initial bubble radius and driving frequency

during the bubble expansion for RT = 8 μm

As shown in Figs. 13 and 15, the stress on the vessel
wall is positively correlated to the amplitude. For
safe and effective application of UDM for enhanc-
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ing vessel permeability, opening of the blood–brain
barrier and increased transdermal drug delivery with
sonoporation [25], an ultrasound wave must be com-
bined with the vessel size, initial bubble radius and
driving frequency, and further refinement in the op-
timal parameters for avoiding vessel hemorrhage.
There were, of course, still some improvements to
the current model. For example, the model did not
take the bubble shell materials and the wall micro-
structural arrangement into account [22], and the
bubble fracture process itself was not modelled in
this study.

5. Conclusions

In this paper, based on clinical microvascular
data and using the principle of hemodynamics, we
have developed a novel computational framework
combining fluid–structure coupling and interface
tracking to model the nonlinear dynamics of the ves-
sel wall in constrained environments. The interaction
between an UDM and vessel wall was calculated
using the finite element method. The mechanical
forces from UDM not only caused vessel wall de-
formation, but also triggered “good” or “harmful”
effects on the vessel wall. The biomechanical effects
were affected by driving frequency, vessel diameter,
and initial bubble radius. It was noted that the sono-
poration/permeability of vessel wall was most af-
fected by the shear stress. This paper gave a detailed
understanding of the biomechanical effects under
UMD and might enable one to explore a wide range
of parameters to identify promising experimental and
practical configurations and setups and to help opti-
mize permeability for achieving increased drug up-
take with minimum wall damage.
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Appendix A.
Program flowchart design

Supplementary illustrates the computational flow-
chart adopted in the present study, based on which we
built the program on the COMSOL platform:

Step 1: setting parameters as mentioned in the next

Step 2: computing Eqs. (1)–(2) in mathematical interface

Step 3: solving Eqs. (3)–(4) using a portioned approach
with a freely moving deformed mesh

Step 4: solving Eqs. (5)–(7) using MUMPS solvers

Step 5: solving Eqs. (12)–(18) in mathematical interface

It should be noted that the system of governing
equations along with initial and boundary conditions
are solved using MUMPS and GMRES solvers, re-
spectively.
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