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Acoustic radiation force on a cylindrical composite particle with
an elastic thin shell and an internal eccentric liquid column
in a plane ultrasonic wave field

Rui-Qi Pan(i& i), Zhi-Wei Du(#1EF¥F), Cheng-Hui Wang(E ), Jing Hu(#i##)*, and Run-Yang Mo(5<il FH)

Institute of Shaanxi Key Laboratory of Ultrasonics, Shaanxi Normal University, Xi’an 710119, China
(Received 12 April 2024; revised manuscript received 14 June 2024; accepted manuscript online 1 July 2024)

A model with three-layer structure is introduced to explore the acoustic radiation force (ARF) on composite particles
with an elastic thin shell. Combing acoustic scattering of cylinder and the thin-shell theorem, the ARF expression was
derived, and the longitudinal and transverse components of the force and axial torque for an eccentric liquid-filled composite
particle was obtained. It was found that many factors, such as medium properties, acoustic parameters, eccentricity, and
radius ratio of the inner liquid column, affect the acoustic scattering field of the particle, which in turn changes the forces and
torque. The acoustic response varies with the particle structures, so the resonance peaks of the force function and torque shift
with the eccentricity and radii ratio of particle. The acoustic response of the particle is enhanced and exhibits higher force
values due to the presence of the elastic thin shell and the coupling effect with the eccentricity of the internal liquid column.
The decrease of the inner liquid density may suppress the high-order resonance peaks, and internal fluid column has less
effects on the change in force on composite particle at ka > 3, while limited differences exist at ka < 3. The axial torque on
particles due to geometric asymmetry is closely related to ka and the eccentricity. The distribution of positive and negative
force and torque along the axis ka exhibits that composite particle can be manipulated or separated by ultrasound. Our
theoretical analysis can provide support for the acoustic manipulation, sorting, and targeting of inhomogeneous particles.

Keywords: acoustic radiation force, acoustic scattering of cylinders, elastic shell, composite particles

PACS: 43.25.4y, 43.35.+d

1. Introduction

Acoustic radiation force (ARF) has been extensively
employed in the medical field during the past few
decades,!""?! including medical diagnosis and prediction,?!
cell manipulation,™ delivery and release of targeted
drugs,>° and muscle therapy.!”) A common application of
ARF is acoustic manipulation, where sound waves interact
with target particles, through energy and momentum transfer
to achieve acoustic manipulation. Acoustic manipulation is an
important tool for doctors to diagnose and treat diseases.!®]
Wu et al. ' experimentally compared drug delivery efficiency
with and without ultrasound and showed that using ultrasound
does improve the efficiency of targeted drug delivery. Ma-
nipulation of cell is key to investigate treatments for various
diseases. Yannapol et al.!''l utilized the structural vibration
of a cylindrical glass tube to achieve rapid cell accumulation
during bioprinting by acoustic manipulation, and found that
neovascular network was enhanced by ultrasound, and experi-
mentally verified that acoustic manipulation did not seriously
damage cell activity. Yamaguchi et al.!'?! employed ultra-
sound dual ARF to deform muscle tissue, and measured the
displacement and strain produced by the muscle tissue us-
ing various ultrasound probes which provide noninvasive mea-
surements to diagnose muscle conditions. Compared to other
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methods, acoustic manipulation can manipulate multiple par-
ticles simultaneously. Acoustic manipulation has the advan-
tage of excellent biocompatibility, high efficiency, label-free,
and noninvasiveness. Acoustic manipulation is emerging and
promising to be explored in the future.

ARF is the fundamental of acoustic manipulation. Nu-
merous researchers have investigated the ARF on particles,
such as rigid and elastic cylinders, elastic cylinder shells,
multiple-layered structure, etc.!'>-1°) Most papers on ARF
have been focused on concentric models for cylinder and
cylindrical shell.[?->*1 On the other hand, analytical theories
dealing with the problem of ARF acting on the eccentricity of
a layered fluid inside a cylinder seems to be relatively few. In
practical applications, the object of acoustic manipulation of-
ten involves inhomogeneous particles, leading many scholars
have conducted extensive research on the effect of eccentric-
ity on ARF. Shaw and Tai!*! used Helmholtz integral equa-
tion formula to obtain the analytical expression of ARF func-
tion generated by applying time-harmonic pressure at the in-
ner boundary of eccentric composite cylinder in unbounded
acoustic fluid. In order to derive analytical expressions for the
scattered pressure field and each scattering cross-section for a
cylinder with a hard or soft boundary inside a soft boundary,
Roumeliotis et al.*! used the translation addition theorem for

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

094302-1


https://doi.org/10.1088/1674-1056/ad5d66
mailto:wangld001@snnu.edu.cn
mailto:hjwlx@snnu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 33, 094302 (2024)

cylindrical Bessel functions. Their results showed that the in-
ternal structure’s location and acoustic properties can signif-
icantly alter the linear scattering of the cylinder. Danila et
al.”?") calculated the equation for the scattered field at the in-
terface of a plane wave incident on a cylindrical fluid shell
using the generalized Debye series expansion to establish and
analyze the gradient distribution equations for concentric and
eccentric multilayered cylindrical fluid shells. Simao et al.[8]
investigated the resonant scattering when the eccentric cylin-
drical position changed. Hasheminejad et al.!***"1 developed
a model of an eccentric compound circular cylinder in an un-
bounded medium and derived the backscattered form function
of the model considering viscoelastic. Based on this, the ther-
mal viscosity of the medium is further considered to obtain
the analytical expression for the ARF function of the eccen-
tric fluid column. It is noted that the effect of thermal vis-
cosity on the scattered field of the liquid column is typically
amplified with increasing eccentricity. Mitril3!! analyzed the
effect of centrifugal rate on the ARF and the axial torque of a
layered liquid column, and it is pointed out that with the varia-
tion of parameters such as eccentricity and incidence angle, the
transverse or longitudinal ARF arises on the compound cylin-
der. Due to the asymmetry of the model, the axial torque on
the composite cylinder appears as a component, dimensional
coefficients, eccentricity, and angle of incidence wave of the
compound cylinder dictate the positive or negative value.

In most of the previous theoretical models, for inhomoge-
neous particles in membrane structures, the effect of elasticity
of the shell on ARF has been neglected. For this purpose,
a more realistic model needs to be developed to estimate the
ARF of the target particle. Accordingly, we extended Mitri’s
model3!! and combined with Junger’s theory®?! to research
the ARF on a membrane structure, which consists by a com-
posite elastic thin cylindrical shell subjected to a plane wave
acoustic field. The ARF function of a composite cylindrical
shell particle with an inner eccentric liquid column is derived.
This investigation enriches the ARF theory, and helps to ex-
plore ultrasound technology in medical and engineering appli-
cations.

2. Theoretical model

A composite particle consists of liquid column encapsu-
lated by a thin elastic cylindrical shell of thickness 4 and con-
tained an eccentrical liquid column, as shown in Fig. 1. A
plane wave is incident at arbitrary angle ¢. To facilitate the
analysis, two sets of cylindrical coordinate systems (rq,0;)
and (r2,0,) were established to analyze the ARF acting on
composite fluid-filled particle, and the origins were at the cen-
ter O of the cylindrical shell and the center O, of the eccen-
tric liquid column, respectively, with an eccentric distance d.

Three regions were introduced to describe the problem: re-
gion I was the exterior of the thin cylindrical shell, region II
was liquid chamber, and region III was the eccentric liquid
column. The densities and sound speeds of the four parts are

given as (pl’ C1)9 (sz CZ)& (p39 C3)’ (ps» Cs)s respeCtiVCIY'

Fig. 1. Schematic diagram of the geometric model.

It is assumed that the external fluid medium is an ideal
compressible and inviscid fluid. Using the partial-wave series
expansion method in cylindrical coordinate, the incident plane
wave and its scattered filed can be represented by the velocity
potential as

. +OO . .
(Pinc:(p()eilwt Z ineflnoan (klrl)elnel7 1))

n=—o0
. +oo .
Qsca = (P()e_lwt Z AnHr(zl) (klrl)emelv )

where J,, (+) is the cylindrical Bessel function of the first kind
of order n, H\" (+) is the cylindrical Hankel function of the
first kind of order n with the coefficients A,, ki = 0/c; (i =1,
2, 3) is the wavenumber in the medium of wave propagation.
Therefore, the total sound field outside the elastic cylindrical
shell is

(Pt _ (Poe—lwt Z [ine—lnaJn (klrl)
n=—oo

+AHY (kyry)] et 3)

Similarly, the velocity potential at IT and III can be obtained as

. +00 .
o = (poeflwt Z [Ban (k2r1>eme1

n=—oo
+c,HY (kory) 2], )
. +00 .
@ = @oe ' Y D,J, (ksry) e (5)
n=-—oo

In the cylinder coordinate system, the generalized radial and
tangential displacement components associated with the thin
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shell deformation are expanded with the Fourier series as

follows:[32]
Wo=Y ape™, (6)
n=0
Va=—1) bye™™, )
n=1

The coefficients a, and b, satisfy the following equations of
shell motion.??! The coefficients a,, and b, are the generalized
coordinates of the system, must satisfy two sets of Lagrange
equations which can be expressed as

2Eh | n* (h\?
*u—vaaz{[ +3(a) }“"
2 2
+n{1+” (h> ]bn} = —iwAg, ®)
3 \a

nEh

. n? (h 2
“””S””*(l—vaa{{lﬂ(a) ]

2hpsdip

where x = kja, and the inner and outer radii of the shell are
ar =a+h/2, a_ =a—h/2, respectively. Unknown coeffi-
cients A, B,, C,, D, can be determined by the boundary con-
ditions at the interfaces between regions I and II, and regions II
and III. At the surface of the eccentric liquid column (r, = b),
the acoustic pressure and velocity are continuous, with

w(keb) Y BuJmon (kad) +C,HYY (kab)

= Dy (ksh), (14)
(kb)Y Budmn (kad) + CHY (kab)
= P2p ¥ (kb)) (15)
P3c3

The coupled equation gives a relationship between the coeffi-
cients B,, and C,, as

Cn:Mn Z Bme—n (kzd), (16)
Z 263 T (kab) 3y (ksb) — 3 (kab) ', (ksb)
M, = a7
3, esb) B (kab) = 2220, (ksb) HEY (ko)

At r| = a, due to the radial velocity continuum at the inner and
outer surfaces of the cylindrical shell, one has

1 . ’
o [i"eﬂ"“J,g (kia) +A,H (k1a+)]

2
+n[1+1<h> ]bn}=0, ©)
3\a
Ap = ps [Ban (kaa_) +HY (koa_) Z ConJ— m(kgd)]

o [i”e’i”aJ,l (kiay) +AHY (k1a+)} )

where ps and E are density and Young’s modulus of the elas-
tic shell, with Poisson’s ratio v. Integrating Egs. (8) and (9), it

yields
an = —AQ/Zy, 1n
n* (h\?
1= (Z
o5 )
by, = an, (12)
1
0?a’ps(1—v2)/E—n? |1+ = h)}
a
2 h 2
21 L
25 G)
3 ; (13)
w?a’ps (1 —v?)/E —n? 1+1 h
3\a
\
= i1AQ/Z,, (18)
1 [BnJﬁ, (koa_) + HY (koa_) Z CoJn- m(kzd)]
2 m=—oo
= iAQ/Z,, (19)

Accordingly, the coupling relationship yields

S+ Rudy + p2HY (kaa ZM

o g.ije—ija A .
x (Z "Jle—Jrg”Jj,m (kzd)> Tnom (kad) = 0, (20)

j=0 dj
where
. M Zny - —ino
S” = ng,,(kza )d TlJn(kla+)+p1J,l(k1a+) 1 ¢ N
n
R, = paJy(kaa_ )sn
n

Zy !
+ |:le£11)(]<1“+) — .fo(}) (k1a+)] )

M = P20, (0 H “(kza )+ pula(kiag HY (kaa)

Z
- EJ’ (kia)HY (koa_),

PzCz
c1

+oiHY (k) HY ()
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Zn / /
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094302-3



Chin. Phys. B 33, 094302 (2024)

dy = p» [J;(kza,)H,ﬁ”(kza,)—J,,(kza,)HS,” (kaa_)) .

Solving Eq. (20), the scattering coefficients A, of the com-
pound particle can be obtained. In the solution process, the
coefficients are determined by solving a system of linear equa-

tions after taking a truncation value .33

3. Acoustic radiation force

In an unbounded ideal liquid, the ARF acting on a cylin-
der in a plane waves acoustic field is often expressed as the
surface integral of the time-averaged value of the additional
pressure, which is related to the nonlinear perturbation formed
by the acoustic wave in the medium, i.e., the ARF function of
the elastic cylindrical shell is!34!

= 7p1k2/ Re{®; (r1,60,,1)}dS,  (21)

k1r1~>°° 2

where Re{-} denotes the real part of the total velocity poten-
tial of region I, d.S = dSe,., e, is the radial unit vector at the
cylinder surface element dS. It can be obtained that e, sat-
isfies e, = cos Oe, + sin Oe, with the x-axis and y-axis unit
vectors,

D (r1,01,1)

e (ps*ca [(i/kl) (a(Pinc/arl) — Qinc —

= (Psca} ,  (22)
kl ry—

where the superscript * denotes the conjugate complex. The
AREF along the x axis and y axis components can be expressed

as34
P IRILR PR I EERC

where Ey = % pik? |@o|” is the average energy density of the
incident plane wave, S. = 2alL is the cross-sectional area per
unit length of the cylinder, and one has

LS 6 (Gnnt1+ Snn—t)
el(n n)(-) C.OS }d@ _ 71'{ ) n,n+1 n,n—1 } 24
/0 { sin O i (Onnt1— Onn—1) 4
Substituting Eq. (22) into Eq. (21) and incorporating Egs. (23)

and (24), the dimensionless transverse and longitudinal ARF
(Y, and Y,) yield

1 —+o0 ) . . .
Y, = k]alm{ Z (lne lla—i—An)( n+1 11—1)}7 (25)

n=—oo

o0
Y, = —k:—aRe {;w (i”e’i”“ +An) (Af A% ) } , (26)
where Im{-} denote the imaginary part. The ARF function can
be calculated by substituting the scattering coefficient A, into
Egs. (25) and (26). The ARF is only related to the scattering
coefficient A, and kja, which depends on the acoustic proper-
ties of the cylindrical shell medium, the inner liquid, and the
eccentric liquid column.

The acoustic radiation torque function is3!]

v (r xv))-dS, 27
- [

k] rl —00

where ® is the tensor product, v = Re{V ¢, }. The z-axis time-
averaged radiated torque vector component can be written as
- pl 21 N R
N,=(N)-e,= > Im A (2@’ /dr)L.¢dS », (28)
where e, is the z-axis unit vector, L, = —i9/d6; is the z-axis
component of the angular momentum operator in the polar co-

ordinate system. Integration of Eq. (28) yields an expression
for the axial component of the radial torque vector as

N, = 7.V Eo, (29)

where V = ma?L is the unit volume, and T,, the z-axis dimen-

sionless radial torque function, is expressed as[?!]

4 iy i
L——— " Re - (i"e_”’“ +A,,) AL L. (30)
T n(ka)? {nzm

Numerical analysis of the model by programming the solution
equation and combining it with the relevant parameters.

4. Numerical analysis

Manipulating inhomogeneous particles is significantly
more common in actuality. Numerical calculations were done
via Egs. (25), (26), and (30) to analyze the effects of parti-
cle structure and medium properties on the ARF of composite
particles in a plane wave sound field, extending the basic the-
ory of the thin-shell-encapsulated inhomogeneous particles for
acoustic manipulation applications. For the numerical study, a
stainless steel layered composite liquid column and a compos-
ite structure modeled on muscle tissue and cellular structure
were chosen, and the parameters are presented in Appendix A.

4.1. Liquid particles with a stainless-steel cylindrical shell

To validate the model, in this paper, stainless steel thin
shell material is adopted, with the external fluid being water,
region II being filled with mercury, and the medium at the lig-
uid column in region III being water, with reference to Mitri’s
model ! which is illustrated in Figs. 2(a) and 2(b). The two-
dimensional plots of transverse and longitudinal ARF with ka
and incident angle o¢ when the inner liquid column is located
at the center of the cylindrical shell, i.e., kd =0, kb = 0.1, are
given in Figs. 2(c) and 2(d) (For clarity, k£ denotes k; in the
following text). Obviously, the ARF exerted on the composite
particles changes when the inner liquid is wrapped by the elas-
tic thin cylindrical shell. By comparing with Mitri’s results, it
can be seen that the distribution of Y, and Y, with incidence
angle is similar in character, and the peak position and mag-
nitude vary significantly with the ka distribution. Due to the
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acoustic response of the elastic thin shell, the acoustic scat-
tering of the elastic thin cylindrical shell is significantly en-
hanced compared to that of the shell-less liquid column. The
peaks of the Y, plot of the composite cylindrical shell corre-
spond to the ka value, and the main resonance peak appears
at ka = 3.3. It is obvious that the existence of an elastic thin
shell can modify the acoustic response of the composite cylin-
der. The difference of the ARF between shell-less and shelled
cylinders results from the fact that the incident wave excites

3
60
30
0
1 2 3 4 5
ka
180 2
150 -
] 1
120
S 90- 0

60 -
-1
30-;
o I | —2
1 2 3 4 5
ka

180
1.0
150
120 e
= 90 0
N )

the forced vibrations of the thin shell, and the scattering mode
is partly controlled by these vibrations. The resonant scatter-
ing of the liquid particle can be promoted by the elastic shell,
which affects the ARF distribution too. Positive Y, is sym-
metrically distributed along the axis of the incidence angle of
90°, while Yy is negative for incidence angles greater than 90°,
which means that the direction of the force acting on the object

can be determined by the incidence angle of acoustic wave.

180
150

120

—~
o

~ 90
3

60

30

0
1 2 3 4 5
ka
1
i 2.0
150
120 1.5
= 90
: 1l
60
0.5
30
0 0
1 2 3 4 5
ka

Fig. 2. The maps of components Y, and Y, in ka—a plane for a compound liquid particle with a stainless-steel elastic shell. Panels (a) and (c)
transverse component Yy, panels (b) and (d) are longitudinal component Y, (panels (a) and (b) reprinted from Ref. [31]).

The ratio of the radius of the liquid column to the cylin-
der shell, b/a, is set as 0.3 to explore the impact of the position
of the liquid column inside the shell on the ARF, as shown in
Fig. 3. The Y, curves are presented for different dimension-
less d/a values of 0, 0.1, 0.3, 0.5, and 0.6, respectively, and it
is found that there are many resonance peaks. The position of
the liquid column significantly affects the response of compos-
ite particle. When the liquid column is located at the center,
there is no obvious main resonance peak on the Y, curve, while
when the liquid column in the shell deviates from the center,
the main resonance peak appears. The number of resonance
peaks increases with increasing eccentricity, and the main res-
onance enhances, which indicates that the acoustic response of
eccentric particles may be strengthened in a particular range of
ka. Therefore, the eccentricity of the liquid column shows a
significant effect on the acoustic distribution. It is possible to
manipulate and separate particles based on their eccentricity
rather than just relying on parameters such as their size. At
the same time, the variation of the ARF property reflects the

internal structure to a certain extent, which helps to obtain pa-
rameters such as the asymmetry of the internal structure.

141 ——d/a=0
——d/a=0.3
12
10
8
= 6
4
2
0
_2 1 1 1 1
0 1 2 3 4 5

ka

Fig. 3. The Y, component of the ARF on a composite cylindrical liquid
particle for different eccentricities (d/a =0, 0.1, 0.3, 0.5, 0.6).

Fixing the angle of incidence at 0°, figure 4 gives the
curves of ARF for relative eccentricity d/a = 0 and 0.3, re-
spectively. The dimensionless shell thicknesses //a equals 0,
0.01, 0.03, and 0.05, respectively. By comparing Figs. 4(a)
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and 4(b), it can be seen that the ARF of the cylinder with-
out shell is weaker than that of the liquid column encapsulated
by the elastic shell, and it is obvious that the presence of the
shell enhances the acoustic response of the composite parti-
cles, and the ARF curves appear to be bifurcated. In Fig. 4(a),
the peak value of the main resonance of the shelled compos-
ite particles is minimized at the relative thickness of the shell
layer i/a = 0.05. In contrast, in Fig. 4(b), the peak value of
the main resonance of the composite particles is maximized at
h/a = 0.05. The peak positions on ARF curves are slightly
shifted, which indicates that this change in shell thickness re-
sults in less influence on the resonant frequency, rather than
the acoustic response amplitude. As ka continues to increase,
a large number of sharp peaks appear on the ARF curves, and
the effect of thin shell thickness decreases. This may be re-
lated to the coupling effect of the acoustic wave-induced struc-
tural response, i.e., the acoustic response pattern of the shelled
layers is different. It should be noted that the effect of shear
waves in the elastic shell is neglected due to the thin shell the-
ory. Therefore, it may lead to incorrect results when the shell
thickness is large. Therefore, we chose the relative shell thick-

ness of 0.01 for the numerical calculation.[??!

——h/a=0

—5 1 2 3 4 5
ka
15,(b) ——h/a=0
| ——-h/a=0.01
I ——h/a=0.03

Fig. 4. Comparisons of the Yy component on composite cylindrical par-
ticle: (a) concentric or (b) eccentric structures.

4.2. Muscle tissue model

Muscle tissue edema is a common tissue lesion, which
attracted the attention of many researchers.!*>! Based on the
monitoring of muscle tissue edema, we used an elastic thin
cylindrical shell to simulate the extra muscular membrane

wrapping the myotubes, with the external liquid environment
as water, region II as muscle tissue, and the eccentric liquid
column medium as water. The ARF acting on the muscle
tissue are investigated in the plane-wave acoustic field. For
the composite structures with concentric liquid column and
b/a=0.5, the effects of the density of the medium on the ARF
are calculated, as shown in Fig. 5. It can be observed that intra-
cavity density affects the magnitude of resonance peak in the
range of ka < 1, and for the case that the density is close to that
of water, highest peak magnitude can be obtained. At ka > 1,
weak fluctuation of the ARF can be observed, and the ampli-
tude is suppressed with the increasing of the density of muscle
tissue (Fig. 5(a)). The ARF is affect less by the density of inner
liquid column, and it is found that there are small deviations
of the fluctuation amplitude in the range of ka < 3. Therefore,
the tissue should be the key factor to affect the acoustic re-
sponse of the composite structure of muscle. The impedance
gradient can intensify the scattering of the structure, therefore,
the properties of the medium of the composite structure should
be detected when ultrasound is used to relieve or treat tissue
diseases, such as muscle edema.

20
— py=800
=900

15 — p>=1000
p2 = 1200
> 10
5
\\\
|
Y% 3 4 5
ka
20
(b) — p3 =600
~—-p3=2800
— p3=1000
157 ps = 1200

Fig. 5. The variation of Yy components with density of medium in com-
posite cylindrical shell: (a) medium in region II and (b) liquid in re-
gion III.

It is observed that if the structure is symmetrical, the
torque equals 0, and the composite structure does not torsion,
as shown in Fig. 6(a). For the case of eccentric composite
structure with b/a = 0.3 and d/a = 0.3, it is found that ax-
ial torque is produced due to the disruption of the structural
symmetry. The distribution of the torque is closely related to
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the structural symmetry, and the critical incident angle equals
90° for reversal of torque direction. A strong torque appears
around ka = 1 and ka < 0. The negative or positive torque
should be related to the asymmetry of the structure. The uni-
formity of the tissue is damaged if local lesions occur, so it
makes sense to analyze the acoustic torque exerted on non-
uniform tissues for treating tissues with ultrasound. The am-
plitude of the torque varies with the incident angle, acoustic
frequency, and the size of the myotubes. Actually, the align-
ment of muscle fibers can directly affect the function of skele-
tal muscle.*%! Therefore, it is worth noting that the frequency
and incidence direction of the ultrasound should be set appro-
priately for different parts of muscle tissue to achieve a good
therapeutic effect.

180 - 1.0
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Fig. 6. Acoustic radiation torque on composite structure: (a) concentric
and (b) eccentric (d/a = 0.3) cylindrical structures.

4.3. Schwann cell model

Cells can be isolated via contactless manipulation to help
treat and monitor various diseases in the medical process.’]
Schwann cells can be considered as a typical inhomogeneous
cylinder composite particle, whose manipulation is important
for the ultrasonic nerve stimulation.*8 The nucleus of mature
Schwann cells is off-center and close to the cell membrane,
whereas the nucleus of immature Schwann cells is situated in
the middle of the cell.!*”! The surrounding fluid environment
may have significant impacts on the manipulation of this cell,
so water, glycerol and mercury were chosen here, as shown in
Fig. 7. It is found that strong resonance responses of the ARF
exerted on composite particles appears in the range of ka < 1
(Fig. 7(a)). For the case of water, whose impedance is close to
that of inner liquid, the cell nucleus might have more effects on

nonlinear energy in the scattering field when ka ~ 0.1, which
means that the parameters should be optimized by size and
structure of particle as well as surrounding fluid. The Y curve
becomes flatten in Fig. 7(b), and several resonance peaks and
fluctuations are observed in Fig. 7(c) when ka > 1, indicating
that the ARF on particles in glycerol is more stable, and har-
monic frequency resonance responses exist. Therefore, sur-
rounding medium can affect the stability of the manipulation.
For instance, some glycerol can be added to the surrounding
medium to improve the manipulation stability when manipu-
lating the composite particles with sound waves.

20l (a) |

10

(b)

Fig. 7. The Y, components of the ARF on cells suspended in different
fluids: (a) water, (b) glycerol, and (c) mercury.

The impact of acoustic frequency on the manipulation of
a suspending particle should be very distinctive, especially in
the high-frequency region. The map of ARF at incident angle
and particle size plane for driving frequencies of 1 MHz and
3 MHz, as shown in Fig. 8. In these figures, the radius ratio
b/a = 0.3, and relative eccentricity d/a = 0.3. Referring to
the experimental data of Sriphutkiat ez al.,!'!! the size of sus-
pending cell is distributed in the range of 3 um-10 pum. When
the incident wave frequency is 1 MHz, the composite parti-
cles whose radii in the range of 6.4 pm—6.6 pm are obviously
subjected to a stronger ARF, and another local peak appears at
about 8.9 um. The ARF is very sensitive to the particle size.
The positive ARF are distributed in two narrow band, there-
fore, the certain size of the particles can be isolated. The in-
cident angle of the wave mainly affects the fluctuations in the
strong ARF distribution region, and has less influence on other
regions. Similar trend is observed at 3-MHz frequency. How-
ever, the distribution region of positive ARF is wider, with a
narrow negative force band at a = 3.2 um.

The shape of cells is important in regulating their growth
and functions, "l and the inner structure may vary with the
surrounding environment. For comparing the impacts of the
structure, different radii ratios b/a = 0.3 and 0.6 are set to an-
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alyze the acoustic torque exerted on the particles with eccen-
tric ratios d /a = 0.3, as shown in Fig. 9. According to the two
maps, it is found that the distribution of the torque is closely
related with the radii ratio, which determines the resonance re-
sponse of the particle to acoustic excitation. A strong response
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120 100
5 90 50
60
0
30
0 —-50

1807

region can be observed at ka < 0.85 and 30° < a < 150°,
along with many regions with different colors representing dif-
ferent magnitudes and directions. Therefore, composite parti-
cles can be driven to rotate counterclockwise or clockwise by
ultrasound of appropriate frequency and incident direction.
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Fig. 9. Acoustic radiation torque on composite cylindrical particle with (a) b/a = 0.3 and (b) b/a = 0.6.

5. Discussion and conclusion

In this paper, a cylindrical composite structure of an elas-
tic thin shell with an eccentric liquid column is proposed to an-
alyze the ARF on particles with non-homogeneous mass dis-
tribution. By combining the thin-shell theory, the expressions
of ARF and axial torque acting on the composite particle sus-
pending in a liquid under the action of a plane acoustic field is
derived. Three shell models, e.g., liquid column with a stain-
less steel cylindrical shell, muscle tissue, Schwann cell, are re-
searched. Many factors, such as the thickness of elastic shell,
incident direction of plane waves, eccentric rate of inner lig-
uid column, and surrounding liquid, are considered. It is found

that the broken symmetry of composite particles results in the
axial torque. There are some key factors to affect the acous-
tic manipulation of composite particles, such as the acoustic
frequency, density, and structure. Reasonable parameter se-
lection can achieve effective manipulation and separation of
particles.

Appendix A: Parameter of the model

The sound speed, density and impedance of the medium
used in the numerical calculation are shown in Table A1, and
the density, Young’s modulus, and Poisson’s ratio of the elastic
cylindrical shell are shown in Table A2.131:41:42]
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Table Al. Parameters of liquid medium.

Cell cytoplasm Cell nucleus Water Mercury Glycerol Muscle tissue
Velocity (m/s) 1508 1508.5 1500 1407 1923 1600
Mass density (kg/m®) 1000 1430 1000 13600 1260 1060
Impedance (MRayl) 1.51 2.16 1.5 19.1 242 1.70

Table A2. Some parameters of elastic shell.

Shell material Mass density p (kg/m?)

Young’s modulus E

Poisson’s ratio v

Chitosan shell 600
Stainless steels 7900
Muscle 1060

200 MPa 0.4
200 GPa 0.264
0.79 MPa 0.4
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