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Microstreaming velocity field and shear stress created by an
oscillating encapsulated microbubble near a cell membrane∗
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Sonoporation mediated by microbubbles is being extensively studied as a promising technology to facilitate gene/drug
delivery to cells. However, the theoretical study regarding the mechanisms involved in sonoporation is still in its infancy.
Microstreaming generated by pulsating microbubble near the cell membrane is regarded as one of the most important
mechanisms in the sonoporation process. Here, based on an encapsulated microbubble dynamic model with considering
nonlinear rheological effects of both shell elasticity and viscosity, the microstreaming velocity field and shear stress gener-
ated by an oscillating microbubble near the cell membrane are theoretically simulated. Some factors that might affect the
behaviors of microstreaming are thoroughly investigated, including the distance between the bubble center and cell mem-
brane (d), shell elasticity (χ), and shell viscosity (κ). The results show that (i) the presence of cell membrane can result
in asymmetric microstreaming velocity field, while the constrained effect of the membrane wall decays with increasing the
bubble-cell distance; (ii) the bubble resonance frequency increases with the increase in d and χ , and the decrease in κ ,
although it is more dominated by the variation of shell elasticity; and (iii) the maximal microstreaming shear stress on the
cell membrane increases rapidly with reducing the d, χ , and κ . The results suggest that microbubbles with softer and less
viscous shell materials might be preferred to achieve more efficient sonoporation outcomes, and it is better to have bubbles
located in the immediate vicinity of the cell membrane.
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1. Introduction

Ultrasound contrast agent (UCA) microbubbles were first
introduced clinically to improve echocardiographic image
contrast, since microbubbles in fluids could create an acous-
tic impedance mismatch between the host fluids (e.g., blood)
and the surrounding tissues. Besides increasing the reflec-
tion of ultrasound (US), the presence of UCA is also believed
to help increase the absorption of sonic energy and then en-
hance ultrasound-induced bioeffects. In recent years, more
potential therapeutic applications of UCAs have been inves-
tigated, both in vitro and in vivo.[1–6] Ultrasound-facilitated
gene/drug delivery, one of the most promising US therapeutic
applications, is claimed to be significantly improved through
a microbubble-medicated biophysical process called “sonopo-
ration”. As reported, microbubble sonoporation induced by
US exposures could generate temporarily “open” pores in cell
membranes to transiently enhance the cell membrane perme-
ability, and then effectively enhance the gene/drug delivery
efficiency into cells.[7–9] Although the exact mechanism in-
volved in the sonoporation process has not been fully under-

stood due to the complexity of US-mediated interactions be-
tween cell and microbubbles, it has been hypothesized that
shear stress resulting from microstreaming generated near pul-
sating bubbles may play an important role generating the sono-
poration process.[10–18] For instance, Doinikov and Bouakaz
have calculated the shear stress distribution on the cell mem-
brane generated by an encapsulated bubble detached from
the cell, and used this model for bubble–cell interactions to
evaluate the number of sonoporated cells in the bubble–cell
solution.[18]

Microstreaming relies on the large velocity gradient due
to small length scales of the oscillating bubble. Early
microbubble microstreaming studies can track back to the
1950s.[19–21] An approximate method for calculating acousti-
cally induced steady vertical flow (e.g., acoustic microstream-
ing) near a fluid–solid interface was proposed by Nyborg in
1958.[20] Based on Nyborg’s theory, Rooney expressed the
maximal shear stress exerted on a rigid plane by acoustic mi-
crostreaming generated by a vibrating sound source in terms of
the displacement amplitude of the bubble wall (ξm).[22] Lewin
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and Bjørnø applied Rooney’s theory to free gas bubble by
calculating ξm using the Rayleigh–Plesset (RP) equation.[23]

Then, Wu extended the acoustic microstreaming studies to en-
capsulated microbubbles near living cells, by using a modi-
fied RP equation when considering the effect of microbubble
encapsulating shell.[12] In the above theoretical studies, the
hemispherically pulsating microbubble was assumed to rest on
the cell membrane. However, Doinikov and Bouakaz pointed
out that in the practical UCA-mediated sonoporation proce-
dure, UCA microbubbles normally should be detached from
the cell membrane, which should be distinct from the case of
the free bubble staying on the cell membrane.[18,24] Thus, they
proposed an improved model to calculate the microstreaming-
induced shear stress distribution on the cell membrane gener-
ated by an encapsulated bubble oscillating in the immediate
vicinity of the cell membrane. Although the improved model
allows one to calculate the shear stress distribution created
by an adjacent oscillation UCA microbubble excited at var-
ious acoustic parameters with considering the actual bound-
ary effect, the influences of microbubble shell properties (e.g.,
shell elasticity and viscosity) on its microstreaming dynamics
have not been thoroughly investigated, while as is well known,
the varying shell characteristics will significantly affect UCA
functional responses, especially for a bubble undergoing rela-
tively large-amplitude oscillations.[25–28]

In this paper, the microstreaming shear stress on the cell
membrane generated by a pulsating bubble near the cell is the-
oretically simulated, while considering both the boundary ef-
fect and the nonlinear rheological nature of microbubble shell.
The effects of bubble–cell distance (the distance between the
bubble center and the cell membrane) and bubble shell visco-
elastic properties on the microstreaming velocity field and
shear stress are systemically investigated. The results of the
present work would be beneficial for a better understanding of
the mechanism of US gene/drug delivery facilitated by UCA-
mediated sonoporation process.

2. Theory
Generally, the size of human cell is of the order of 10 µm–

100 µm,[29] which is much larger than the mean diameter of
commercialized UCA microbubbles (∼ 1 µm–3 µm). More-
over, the elastic modulus of cell membrane is estimated to be
of the order of 10 MPa–1000 MPa, while the Young’s mod-
ulus of phospholipid-shelled microbubble is only reported to
be about MPa in magnitude.[30] Thus, in order to theoretically
analyze the microstreaming shear stress on the cell membrane
generated by a pulsating bubble near the cell, some assump-
tions can first be made: i) as the cell is much bigger than the
bubble, the microstreaming shear stress generated by the pul-
sating bubble can only exert on a small area on the cell mem-
brane, which can be assumed to be almost flat; ii) consider-

ing the cell membrane with much greater elastic modulus, the
bubble should behave like the one near a rigid wall; iii) for
simplicity, the distance between the bubble center and the cell
membrane is assumed to be a constant value when the bubble
is pulsating, and iv) the bubble will remain spherical during
the oscillations.

real bubble

rigid plane

imaginary

bubble

x

z

d
r1

r2

shell
(κ χ)

Fig. 1. An encapsulated microbubble pulsating in the vicinity of the cell
membrane.

Figure 1 schematically shows the general case of an en-
capsulated microbubble pulsating in the vicinity of the cell
membrane, which is approximated as a rigid plane. The solid
circle in the figure represents the bubble encapsulated in a
layer of shell with a shell viscosity of κ and a shell elastic-
ity of χ . The bubble–cell distance is denoted as d. The dashed
circle in Fig. 1 represents an imaginary, mirror bubble that is
required to specify the necessary boundary conditions at the
rigid plane.

Taking into account the boundary effect of the cell mem-
brane, Doinikov and Bouakaz,[18] and Doinikov et al.[24] sug-
gested that the radial motion of an encapsulated microbubble
near a rigid plane can be described by[18,24]

RR̈+
3
2

Ṙ2 =
1
c

H +G− (RR̈+2Ṙ2)
R
2d

, (1)

H = R
dG
dt

+2Ṙ(RR̈+ Ṙ2), (2)

G =
1

ρL

[(
P0 +

2σ

R0

)(
R0

R

)3γ

− 2σ

R

− 4ηL
Ṙ
R
−S−P0−Pac(t)

]
, (3)

where c is the acoustic velocity in the liquid and R(t) is the
instantaneous radius of the bubble, whose over dot denotes its
time derivative. The presence of the rigid plane is described by
the last term on the right-hand side of Eq. (1). The function H
describes the acoustic radiation loss of the microbubble caused
by the compressibility of the surrounding liquid. In function
G, ρL and ηL are the density and viscosity of a Newtonian liq-
uid; R0 is the initial bubble radius; P0 is the hydrostatic pres-
sure in the surrounding liquid; σ is the surface tension at the
gas–liquid interface, γ is the ratio of specific heats of the gas
within the bubble, and Pac(t) is the driving acoustic pressure.
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The term S in Eq. (3) describes the physical properties of the
encapsulating shell. Its explicit expression depends on what is
used in rheological model for the shell.

In order to account for the effect of encapsulation shell,
more than half a dozen modified RP-like models have been
proposed to describe the dynamical response of the shelled
UCA microbubbles with considering the shell thickness, stiff-
ness, friction, surface tension, and/or viscosity.[26,28,31–37] For
instance, a classical three-region RP-like equation was de-
rived by Church[34] to describe the dynamics of coated gas
microbubbles, where the shell term S was given by

S =−3ε

R
τ
(S)
rr (r, t)|r=R. (4)

The Kelvin–Voigt constitutive equation is used to describe the
shell material as a visco-elastic solid with a thickness of ε , so
that

τ
(S)
rr = 2µs

∂u
∂ r

+2ηs
∂v
∂ r

.

Here, µs and ηs are bulk shear modulus and bulk shear viscos-
ity respectively; u(r, t) and v(r, t) are the radial displacement
and radial component of particle velocity inside the shell re-
spectively; r is the radial coordinate of spherical coordinate
system with the origin at the center of the bubble. By setting
χ = 3εµs, κs = 3εηs, and shell thickness ε → 0, the encapsu-
lating shell term S can be written as

S = Selasticity +Sviscos ity = 4χ
Re

R

(
1
Re
− 1

R

)
+4κs

Ṙ
R2 , (5)

where Re is the equilibrium radius of the microbubble, χ is
shell elasticity modulus, and κs is the shell viscosity.

In Church’s model, the shell visco-elastic parameters
(viz., κs and χ) are all fixed, as were done in other ear-
lier shelled bubble models.[31–35] These models are more
suitable for modeling the linear responses to bubbles un-
dergoing small-amplitude oscillations. It is a challenge for
these earlier models to describe the nonlinear dynamics of
UCA bubbles (e.g., asymmetric “compression-only” behav-
ior), which might result from two types of complicated rhe-
ological shell behaviors named “strain-softening” and “shear-
thinning” respectively.[26,37,38] Marmottant et al.[26] devel-
oped a modified RP model to describe the “strain-softening”
phenomenon of the lipid bubble shell by introducing a radius-
dependent shell surface tension σ(R) to account for the buck-
ling of the lipid monolayer and the nonlinear variation of the
effective shell surface tension. Further, Li et al.[28] proposed
an improved “nonlinear shell elasticity and viscosity” (NSEV)
model to take into account both the “strain-softening” and the
“shear-thinning” behaviors by modifying the Marmottant et
al.’s model with a nonlinear shell viscous term. As a conse-
quence, a more general shell term can be written as

S = Selasticity +Sviscos ity = 2
σ(R)

R
+4κs

Ṙ
R2 , (6)

where

σ (R) =


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χ

(
R2/R2

buckling−1
)
, if Rbuckling ≤ R≤ Rbreakup,

σwater = 0.072 N/m, if R > Rrupture,

κs =
κ

1+α|R′′|/R
,

Rbuckling is the lower limit of the bubble radius, below which
the shell undergoes buckling; κ is the shell viscous parameter;
α is a characteristic time constant;

Rbreakup = Rbuckling

√
1+

σbreakup

χ
;

Rrupture = Rbuckling

√
1+

σwater

χ
.

In this work, σbreakup = 1 N/m, Rbuckling = 0.99R0, and α =

4 µs.[26,28]

Substituting Eq. (6) into Eq. (3), the term dG/dt in
Eq. (2) can be worked out by using
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0, others,
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buckling
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(7)
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αṘR̈
R
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. (9)

Combining Eqs. (1)–(3) and (7)–(9), the irrotational ve-
locity of the liquid surrounding the pulsating bubble shown in
Fig. 1 is given by

𝑢=

(
𝑟1

r3
1
+

𝑟2

r3
2

)
ṘR2, (10)

𝑟1 = x𝑒x +(z−d)𝑒z, 𝑟2 = x𝑒x +(z+d)𝑒z. (11)

For simplicity, equation (9) can be linearized by setting R2 =

R2
0, Ṙ = iωξm e iωt , and ω = 2π f , where ξm is the displace-

ment amplitude of the bubble wall and f is the acoustic driving
frequency.[18,20,24] Then, the amplitudes of the x and z compo-
nents of 𝑢 can be written as

ux0 = 2πx f ξmR2
0

{
1

[x2 +(z−d)2]3/2
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+
1

[x2 +(z+d)2]3/2

}
, (12)

uz0 = 2πz f ξmR2
0

{
z−d

[x2 +(z−d)2]3/2

+
z+d

[x2 +(z+d)2]3/2

}
. (13)

According to Nyborg’s theory,[20] the x component of mi-
crostreaming shear stress generated on the cell membrane by
the pulsating bubble should be

τxz =
1
4

(
ρLηL

π f

)1/2(
ux0

∂ux0

∂x

)
z=0

. (14)

By substituting Eq. (12) into Eq. (14), the shear stress becomes

τxz = 2(ρLηL)
1/2(π f )3/2 ξ 2

m

R0

(
R0

d

)5 2β (1−2β 2)

(1+β 2)4 , (15)

where β = x/d.
The physical constants used in the following simulations

are γ = 1.07, P0 = 1.013× 105 Pa, Pv = 2.33 kPa, ρg =

1.161 kg/m3, σ = 0.072 N/m, ρL = 103 kg/m, c = 1500 m/s,
and ηL = 2×10−3 Pa·s.

3. Results and discussion
3.1. Boundary effect of the cell membrane on mi-

crostreaming shear stress

According to the above theoretical analyses, it is clear
to see that the microstreaming shear stress generated by a
pulsating UCA bubble near a cell membrane can be domi-
nated by acoustic driving parameters (e.g., acoustic driving
frequency and amplitude) and other influence factors (e.g., the
distance between the bubble center and the cell membrane,
and the encapsulation shell parameters). The shear stress dis-
tribution on the cell membrane generated by the encapsulated
bubble excited at varying acoustic parameters has been in-
vestigated in previous work.[18] Therefore, the influences of
bubble–cell distance (d) and shell visco-elastic properties on
microstreaming shear stress are investigated thoroughly in the
present work.

Figure 2 illustrates the microstreaming velocity fields
generated by a pulsating bubble with/without the cell mem-
brane. If the bubble sits in a free field in the absence of the
cell membrane (Fig. 2(a)), a symmetric velocity field is dis-
tributed in the liquid surrounding the bubble with the velocity
radially decaying from the bubble surface. When the bubble
sits in the vicinity of the membrane with a bubble-to-cell dis-
tance d = 2R0, the microstreaming velocity field around the
bubble becomes asymmetric (Fig. 2(b)). The liquid velocity
on the top of the bubble is larger than between the bubble and

the membrane, as the vibration of the bottom half of the bub-

ble is restricted by the cell membrane. However, when the

bubble–cell distance is larger (e.g. d = 4R0), the asymmetric

velocity distribution turns inconspicuous, which suggests that

the constrained effect of the cell membrane will be impaired

with increasing the bubble–cell distance.
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Fig. 2. (color online) Microstreaming velocity fields generated by a pul-
sating bubble with (a) no membrane; (b) with the values of bubble–cell
distance d being (b) 2R0 and (c) 4R0.

The microstreaming shear stress distributions in the xy
plane, generated by the oscillating bubble with/without the
cell membrane, are shown in Fig. 3. The color map shown
in Fig. 3 indicates that at the point, which corresponds to the
projection of the bubble center on the cell surface, the value
of the shear stress is zero. With increasing the radial distance,
the microstreaming shear stress increases first with a direction
pointing outwards from the bubble surface, reaches its max-
imum, then decreases down to zero again, finally increases
reversely towards the bubble. This observation is consistent
with the previous one.[18]
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Fig. 3. (color online) Microstreaming shear stresses generated on the
cell membrane by a pulsating bubble with the values of bubble–cell dis-
tance d being (a) 1.5R0, (b) 2R0, and (c) 4R0. The bubble is excited
at f = 2.0 MHz and Pa = 200 kPa. R0 = 1.5 µm, χ = 0.4 N/m, and
κ = 1.5×10−8 kg/s.

It is also noticed in Fig. 3 that the shear stress decreases
rapidly with increasing the value of d. This observation can be
analytically explained by Eq. (15). Equation (15) shows that
τxz is dependent on factor β = x/d. The τxz has a maximum
when [

2β (1−2β 2)

(1+β 2)4

]′
= 0,

which gives

βmax =

√
13−

√
129

20
≈ 0.287.

Thus, it can be deduced from Eq. (15) that for each fixed
bubble–cell distance d, the maximum shear stress τxz on the
cell membrane appears along a circle with a radius of β maxd,

whose center corresponds to the projected point of the bubble
center. Figure 4 shows the frequency-dependence of the max-
imum shear stress, obtained at varied bubble–cell distance.
It shows that bubble resonance frequency slightly increases
with increasing the value of d. Previous experimental observa-
tion has shown that the bubble resonance frequency becomes
smaller when the bubble is closer to a rigid plane.[39] Thus,
the present simulation results confirm the previous reported
results. More importantly, it is also noticed in Fig. 4 that the
maximum shear stress on the cell membrane rapidly decreases
with increasing the value of d. Actually, it can be concluded
from Eq. (15) that the shear stress reaches its maximum value
when d = R0, which suggests that the highest sonoporation ef-
ficiency induced by UCA-mediated microstreaming should be
achieved when the bubble sits in the immediate vicinity of the
cell membrane.
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Fig. 4. Frequency dependences of maximum shear stress on the cell
membrane obtained at different bubble–cell distances. The bubble
is excited at Pa = 200 kPa. R0 = 1.5 µm, χ = 0.4 N/m, and κ =
1.5×10−8 kg/s.

3.2. Effects of bubble shell visco-elastic properties on mi-
crostreaming shear stress

Beside the influence of the bubble–cell distance, the in-
fluences of microbubble shell visco-elastic properties on the
microstreaming shear stress generated by an encapsulated mi-
crobubble near the cell membrane are also studied in the
present work. The frequency dependence of the maximum
shear stress, obtained at varied microbubble shell parameters,
is plotted in Fig. 5. It is shown in Fig. 5(a) that when other pa-
rameters are fixed, the maximum shear stress on the cell mem-
brane decreases with the increasing the shell elasticity. Simi-
lar downtrend can also be observed with the increase of shell
viscosity. These simulation results indicate that more viscous
and stiffer shell material might become the obstacle for UCA
microbubbles to generate sufficient sonoporation outcomes.

It has been reported in the previous literature that the
resonance frequency of the encapsulated microbubble can be
raised when increasing the shell elasticity,[34,40] which accords
well with the present numerical results shown in Fig. 5(a).
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Comparing Fig. 5(a) with Figs. 5(b) and 4, it is easy to notice
that the microbubble resonance frequency is more dominated
by the shell elastic parameter than by the shell viscous param-
eter and the bubble–cell distance. In fact, the linear resonance
frequency obtained from Eq. (1) can be written as

f0 =
1

2π
√

ρL(1+R0/2d)

√
3γP0 +

2(3γ−1)σ
R0

+
4χ

R0
. (16)
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Fig. 5. Frequency dependences of the maximum shear stress on the cell
membrane, obtained for an encapsulated bubble (R0 = 1.5 µm) near the
cell membrane (d = 2R0). The bubble is excited at Pa = 200 kPa, with
(a) fixing shell viscosity κ = 1.5×10−8 kg/s and varying shell elastic-
ity; and with (b) fixing shell elasticity χ = 0.4 N/m and varying shell
viscosity.

It analytically verifies that f0 should increase with in-
creasing the values of d and/or χ . Whereas, considering the
parameter values adapted in the present simulation studies, the
term 4χ/R0 should be several orders of magnitude larger than
R0/2d, which reasonably explains why f0 is more sensitive to
the variation of χ . It should be pointed out that although the
linear resonance frequency f0 given by Eq. (16) seems to be
independent of bubble shell viscosity κ , the simulation results
shown in Fig. 5(b) do suggest that f0 slightly shifts towards
lower frequency as κ increases. A possible explanation is that
this phenomenon could originate from the nonlinear effect re-
sulting from the viscous encapsulation bubble shell. Unlike
previous shelled bubble models, the NSEV model adapted in
the present work takes into account the nonlinear variations of

both shell elasticity and viscosity. Therefore, some nonlinear
dynamic responses might take place when the bubble is ex-
cited at Pa = 200 kPa and a relatively high driving amplitude
appears.

4. Conclusions
In this study, microstreaming generated by pulsating mi-

crobubble in the vicinity of the cell membrane, one of the most
important mechanisms involved in UCA-mediated sonopora-
tion, is simulated by considering both the boundary effect of
the cell membrane and the nonlinear rheological effect of the
bubble shell material. The effects of bubble–cell distance and
shell visco-elastic properties on microstreaming velocity field,
shear stress, and bubble resonance frequency are systemically
discussed. The results are as follows. (I) The presence of cell
membrane can result in asymmetric microstreaming velocity
field, although the constrained effect of the membrane wall
decays with increasing the bubble–cell distance. (II) The bub-
ble resonance frequency is more dominated by the variation
of shell elasticity, and it increases significantly with increas-
ing the shell elasticity. (III) The maximum microstreaming
shear stress on the cell membrane increases rapidly with re-
ducing the bubble–cell distance, shell elasticity, and viscos-
ity. The results suggest that in order to achieve more efficient
UCA-mediated sonoporation outcomes, UCA microbubbles
with softer and less viscous shell materials might be prefer-
able, and it is better to have bubbles located in the immediate
vicinity of the cell membrane.
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