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ABSTRACT

Three-dimensional (3D) selective trapping of particles and cells shows several potential applications such as reproductive cell selection, cell
mechanics measurement, and in vivo rheology probes. Single-focused beams are a good candidate because of their simplicity, excellent selec-
tivity, and strong trap. However, typical human cells in the water medium have the positive acoustic contrast factor and cannot be trapped in
the focus of maximum intensity in a spherical focused beam as demonstrated recently [Gong and Baudoin, “Single beam acoustical tweezers
based on focused beams: A numerical analysis of two-dimensional and three-dimensional trapping capabilities,” Phys. Rev. Appl. 18, 044033
(2022)]. To achieve the 3D trapping and meanwhile keep the viability of cells, we propose to use a cell-friendly medium (i.e., iodixanol solu-
tion) to reverse the acoustic contrast factor to negative. Numerical experiments are conducted for the breast cancer cell (Michigan Cancer
Foundation-7, MCF-7) with the computation of the three-dimensional (3D) acoustic radiation forces based on the angular spectrum method.
It is shown that 3D trapping of MCF-7 in iodixanol medium with a single focused beam is possible, both in and beyond the Rayleigh regime.
This work provides a solution to use a simple focused beam for 3D trapping of typical human cells, which may be beneficial to single-cell
analysis, cellular phenotyping, precise assembly of different cells in tissue engineering, and controlled drug delivery.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0239229

I. INTRODUCTION

Selectively trapping of a single cell is fundamental to applications
in the fields of biomedical and life science including determining the
mechanical properties of living cells, reproductive cell selection, and
in vivo rheology probes, to name but a few. However, this is quite chal-
lenging because typical cells are fragile and their sizes are down to a
few tens of micrometers (e.g., the size of typical human cells is around
10lm). The widely used technique to manipulate a single living cell
called the micropipette aspiration1 is developed separately by Vl�es2

and Mitchison and Swann,3–6 both with a focus on the measurement
of mechanical properties of cell membranes. A recent perspective pre-
dicts that the micropipette aspiration technique will be performed for
sequential single-cell measurements to help understand the effect of
heterogeneity and anisotropy on deformability.7 Unfortunately, this
technique suffers from three main challenges. First, the trapping force
coming from the pressure gradient in and outside the micropipette
sucks the cell with a mechanical deformation, which may break the
membrane and kill the cells. Second, the physical contact between the

pipette and cells may cause cross-contamination and integration prob-
lems in a microscope. Third, the diameter of the micropipette should
be different and specifically selected for typical cells of various sizes.

To overcome the issues of the contact-trapping of a single cell,
several non-contact tweezing techniques are developed based on vari-
ous fields, such as optic, acoustic, and magnetic fields. The optical
tweezers technology8,9 has excellent selectivity and accuracy, but the
use of high-intensity lasers inevitably causes photothermal dam-
ages10,11 and/or photochemical damages to cells.12 This does not meet
the criterion of living cells in the applications of the biomedical field.
While magnetic tweezers are safe for biological samples, they generally
require the use of magnetic compounds for pretag, which may change
the biomechanical properties of the cell surface.13 Compared to optical
and magnetical tweezers, acoustical tweezers have several advantages:
(i) good biocompatibility. As is known that ultrasound is safe for
human cells and tissues under a certain threshold, which can be dem-
onstrated in the widely used ultrasonic medical imaging.14 A recent
experiment shows the good viability of typical human cells after the
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two-dimensional (2D) acoustic manipulation with a single beam.10 (ii)
Free of pretag. Most of the materials are responsible for acoustic excita-
tion. Hence, the acoustical tweezers can exert acoustic radiation force
and/or acoustic streaming-induced dragged force on the cells for
manipulation. (iii) Strong trap or large force. In general, the radiation
pressure is the ratio of the field intensity over the speed. Since the
sound velocity is five orders of magnitude smaller than that of light,
the acoustic radiation force is several orders of magnitude larger than
the optical radiation force at the same driving power.15,16 Hence, the
acoustic field is a prior candidate for manipulating living cells.

Over the years, researchers have conducted extensive and in-
depth research on acoustic tweezers based on standing waves.17–19 The
experimental setup for standing wave tweezers requires two trans-
ducers or a transducer with a reflector to form a standing wave, and
the target particles must be located between them.20–23 In addition,
due to the existence of multiple equilibrium positions (i.e., pressure
nodes or anti-nodes), multiple particles are usually trapped at the same
time (i.e., collective manipulation), while the selective trapping is
excluded.15,22,24 However, selective trapping is key to using acoustical
tweezers to manipulate a single cell as implemented with the micropi-
pette aspiration technique. Naturally, the focused beams are candidates
for achieving selective trapping of particles in space akin to its optical
counterpart.8 This is due to the physical properties of the focused
beam with the acoustic energy localized into a small focal point, pro-
viding a large intensity gradient for particle trapping from all direc-
tions. The three-dimensional (3D) trapping with acoustical tweezers
will be significant for precisely probing the cell biomechanics without
the physical contact between the targeted cells and the micropipette or
supporting slides. To this end, Gong and Baudoin reported the trap-
ping properties of typical human cells in water with single focused-
beam acoustical tweezers. However, it is not possible to trap a typical
human cell in water in three dimensions, although the two-
dimensional trapping in the lateral plane perpendicular to the beam
axis is possible at special frequencies due to particle resonance.25

The single focused-beam acoustic tweezers have the advantages
of simplicity, excellent selectivity, and strong traps. It will be inspiring
to extend the single focused beam for the 3D trapping of human cells
since a recent report shows the broad applications and many setups of
focused beams.26 In addition, selective trapping of a single cell makes
the foundation to precisely position cellular structures at the cell-sized
level in 3D space for the study of cell–cell interactions and tissue engi-
neering, like the atom-by-atom assembly with focused-beam optical
tweezers.27 Unfortunately, typical cells in water are repelled rather
than trapped in focus in the focused field in three dimensions because
the acoustic contrast factor USW is positive and cells will generally get
trapped at the minimum amplitude of the pressure field.25 It is a chal-
lenge for single focused-beam acoustic tweezers to achieve the trapping
of typical human cells. It should be noteworthy that the criterion of the
trapping ability on the acoustic contrast factor USW is only intuitive for
the standing wave field in the Rayleigh regime since the pressure
amplitude maximum agrees with the velocity minimum. Nevertheless,
this is not true for a single-focused beam with the fields of pressure
and velocities shown in Fig. 2 of Ref. 25. For example, the maximum
amplitude of the pressure and total velocity fields both occur at the
focus, which is different from the case for standing waves. Although
the indication of the acoustic contrast factor will be limited for com-
plex wave fields, it can still illustrate the trapping ability to a certain

extent, e.g., with a focused beam in the Rayleigh regime with the main
contribution from the relative compressibility of cells to the surround-
ing medium. In this work, we demonstrate that by adding the iodixa-
nol solution with proper concentration, the acoustic contrast factor of
cells is reversed compared to that in the water medium. Hence, 3D
trapping of typical human cells in the focus of a focused beam is possi-
ble and meanwhile with good viability. The results show that the 3D
trapping of Michigan Cancer Foundation-7 (MCF-7) cells can be
achieved by numerical experiments both in and beyond the Rayleigh
regime.

The structure of this work is organized into four parts as follows:
Sec. II briefly describes the calculation of the sound field based on the
angular spectrum method (ASM) and recalls the analytical formula for
three-dimensional acoustic radiation force. Section IIIA introduces
the parameters of the focused beam transducer and the basic principle
of cell trapping. Sections III B and III C state the trapping analysis of
cells in and beyond the Raleigh regime, respectively. The effect of the
working frequency f0 of the transducer on cell trapping was discussed
in Sec. IV.

II. ACOUSTIC RADIATION FORCE BASED ON ANGULAR
SPECTRUM METHOD

To trap the cells in three dimensions, we need to obtain restoring
forces from all directions, which comes from the effect of the acoustic
radiation force (ARF). The ARF F is the result of linear momentum
change between the acoustic field and cells, which depends on the inci-
dent and scattered waves. Therefore, the starting point of the acoustic
radiation force theory is to compute the acoustic scattering of target
particles. There are several methods to calculate the scattering from a
spherical particle in an arbitrary acoustic field, including the multipole
expansion method (MEM)28–30 and the angular spectrum method
(ASM).25,31,32 In the MEM, the incident wave is decomposed directly
into spherical waves, while in the ASM, the incident wave is decom-
posed into a superposition of a series of plane waves with different
directions. Although these two methods decompose the incident field
in different ways, the equivalence between them has been demon-
strated for the ARF.33 In this paper, the ASM is used to calculate the
three-dimensional ARF by using our homemade Matlab code25 since
it is efficient to calculate the acoustic field from a planar and finite-
aperture transducer. The calculation of ARF can be summarized into
four steps: (i) use the angular spectrum method (ASM) to decompose
the incident wave into a series of plane waves. (ii) For each plane wave
component, calculate the scattering field using prior knowledge of the
scatterer. (iii) Simplify the incident and scattered waves using the far-
field conditions, superimpose them to obtain the total sound field, and
calculate the stress tensor based on these expressions. (iv) Calculate the
integration of the stress tensor obtained in step (iii) on a closed sphere
SR, and ultimately obtain the expression of the ARF with three compo-
nents in Cartesian coordinates Fj, j ¼ x; y; z.

Here, we briefly review the angular spectrum method
(ASM).25,31,32 For the ASM, it is mainly divided into three steps: (i) the
fast Fourier transform (FFT). By the FFT, an arbitrary incident field on
the source plane (z ¼ 0) can be decomposed into the sum of plane
waves with different directions. Therefore, we can get the angular spec-
trum at the source plane. Assuming that the incident sound pressure
field is known at the source plane: pinjz¼0 ¼ pinðx; y; 0Þ, and the angu-
lar spectrum Sðkx; kyÞ of the source plane can be obtained by 2D
Fourier transform
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S kx; ky
� � ¼ ðþ1

�1

ðþ1

�1
pinðx; y; 0Þe�ikxx�ikyydxdy; (1)

where kx and ky are the two components of the wave vector (k). (ii)
The propagation of angular spectrum. Since each angular spectral
component Sðkx; kyÞ is a plane wave, the propagation of sound field
between different angular spectral planes can be calculated by using
the properties of plane waves as

S kx; ky
� �jz¼zs ¼ S kx; ky

� �jz¼0e
ikzzs ; (2)

where zs represents the axial distance between the target plane (located
at z ¼ zs) and the source plane (located at z ¼ 0), and the kz is the z
component of the wave vector (k). The wave vector components satisfy

the relationship: kz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðk2 � k2x � k2yÞ

q
with the wavenumber k. The

diagram of the procedure can refer to Fig. 6 in Ref. 32. (iii) The inverse
fast Fourier transform (IFFT). The acoustic results are transformed
from the wavenumber domain back to the frequency domain.
According to the above three steps, we can calculate the sound field at
any target position ðx; y; zÞ as

pinðx; y; zÞ ¼ 1
4p2

ð ð
k2xþk2y�k2

S kx; ky
� �jz¼0

� eikxxþikyyþi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2�k2x�k2y

p
zdkxdky: (3)

Here, the integration is within the range of k2x þ k2y � k2, which can
eliminate the influence of evanescent waves. Considering the spherical
geometry of the scatterer, it is necessary to select the spherical coordi-
nate system ðr; h;uÞ. Combining with Legendre’s addition theo-
rem,31,34 the incident field expression based on ASM can be described
as

pin ¼ 1
p

X1
n¼0

Xn
m¼�n

inHnmjnðkrÞYm
n ðh;uÞ: (4)

Here, jnðkrÞ is the spherical Bessel function of the first kind, and the
spherical harmonics Ym

n ðh;uÞ are expressed as the product of two
basis functions

Ynmðh;uÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2nþ 1Þ

4p
ðn�mÞ!
ðnþmÞ!

s
Pm
n ðcos hÞeimu; (5)

where Pm
n ðcos hÞ is the associated Legendre function, and Hnm is the

beam-shape coefficients determined by the incident wave

Hnm ¼
ð ð

k2xþk2y�k2
S kx; ky
� �

Ym�
n hk;ukð Þdkxdky; (6)

where the Sðkx; kyÞ is the angular spectrum described above, and the
asterisk stands for the complex conjugation.

Accordingly, the scattering field can be expressed as

psc ¼ 1
p

X1
n¼0

Xn
m¼�n

inHnmA
m
n h

ð1Þ
n ðkrÞYm

n ðh;uÞ: (7)

Here, Am
n is the dimensionless partial wave coefficients. Finally, the

total sound field p1 ¼ pin þ psc can be expressed as

p1 ¼ 1
p

X1
n¼0

in jnðkrÞ þ Am
n h

ð1Þ
n ðkrÞ

n o Xn
m¼�n

HmnYnmðh;uÞ: (8)

Once the sound field is determined, the calculation of the ARF is possi-
ble. The general expression of the acoustic radiation force can be writ-
ten as28,29,33

F ¼
ð ð

SR

q0v
2
1

2
� p21
2q0c

2
0

 !
n� q0v1ðv1 � nÞ

* +
dS; (9)

where SR is any fixed surface that surrounds the scatterer, q0 and c0
are the density and sound speed of the surrounding medium, respec-
tively, and n is the outward unit normal vector. Note that the particle
velocity v1 can be solved according to the following relation:
v1 ¼ rp=ðiqxÞ. By substituting Eq. (8) into Eq. (9), and combining
the relationship between particle vibration velocity and sound pres-
sure, the three-dimensional ARF expression of arbitrary acoustic field
for a spherical particle can be obtained as follows:31,33

Fx ¼ 1
4p2q0k2c

2
0
Re

X1
n¼0

Xn
m¼�n

Cn

�
� b�m

nþ1HnmH
�
nþ1;m�1

(

þ bmnþ1HnmH
�
nþ1;mþ1

�)
; (10a)

Fy ¼ 1
4p2q0k2c

2
0
Im

X1
n¼0

Xn
m¼�n

Cnb
m
nþ1

�
Hn;�mH

�
nþ1;�m�1

(

þ HnmH
�
nþ1;mþ1

�)
; (10b)

Fz ¼ � 1
2p2q0k2c

2
0
Re

X1
n¼0

Xn
m¼�n

Cnc
m
nþ1HnmH

�
nþ1;m

( )
: (10c)

Here, the coefficients are defined as

Cn ¼ An þ 2AnA
�
nþ1 þ A�

nþ1; (11)

bmn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðnþmÞðnþmþ 1Þ½ �= ð2n� 1Þð2nþ 1Þ½ �

p
; (12)

cmn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðnþmÞðn�mÞ½ �= ð2n� 1Þð2nþ 1Þ½ �

p
: (13)

Because of the rotational symmetry for spherical particles, the
partial wave coefficients here are Am

n ¼ An (i.e., independent of
m).29,32,33 In analogy with quantum mechanics, the scattering coeffi-
cients sn are used for scattering problems with the relation
sn ¼ 1þ 2An. jsnj ¼ 1 for a lossless scatterer.35 For a typical human
cell, the fluid sphere is a proper model25 with the scattering coefficient
as sn ¼ �D�

n=Dn
36 and the explicit expression of Dn is

Dn ¼ qf kajn ka=ccð Þhð1Þ0n ðkaÞ
� q ka=ccð Þj0n ka=ccð Þhð1Þn ðkaÞ; (14)

where qf is the density of the fluid sphere (i.e., cell), ka is the dimen-
sionless frequency with a the radius, and cc ¼ cf =c0 is the ratio of the
sound velocity between the fluid sphere and the surrounding fluid.

It should be noted that the ARF formulas in Eq. (10) are general
for arbitrary sizes of cells and arbitrary fields if the scattering coeffi-
cients and beam shape coefficients are known prior. For simplicity in
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the field of acoustofluidics, the Rayleigh limit is often considered with
the assumption that the dimensionless frequency ka � 1 (i.e., cell size
much smaller than the wavelength). Hence, Eq. (10) can be simplified
as

Fj 	� pa3

3
@

@j
f1
jpj2
q0c

2
0
� 3
2
f2q0jvj2

 !

� 2
9
pðkaÞ6
q0c

2
0k3

Im

"
f 21 þ f1f2
� �

p
@p�

@j

þ 3
4
f 22 q

2
0c

2
0 vx

@v�x
@j

þ vy
@v�y
@j

þ vz
@v�z
@j

 !#
; (15)

where j¼ x, y, or z, and this expression is equivalent to Eq. (6) of Ref.
25. The second term 
 ðkaÞ6 (corresponding to the scattering force) is
of much smaller order than the first term 
 ðkaÞ3 (corresponding to
the gradient force). If only the first term dominates, Eq. (15) can be
further reduced to the classical Gorkov theory31

F ¼ �rU ; (16)

where U is the Gorkov potential defined as37

U ¼ 4pa3

3
f1 jpj2=4q0c20
� �

� f2 q0jvj2=4
� �h i

: (17)

Here, f1 ¼ ð1� jp=j0Þ and f2 ¼ 3ðqp � q0Þ=ð2qp þ q0Þ are the
monopolar and dipolar coefficients, and jp and qp are, respectively,
the compressibility and density of microparticles. Note that Gorkov’s
theory can be considered as a special case for the general ARF formulas
in Eq. (10), only considering the monopole and dipole terms of the
gradient force.

III. TRAPPING OF TYPICAL HUMAN CELLS WITH
FOCUSED BEAMS
A. Design of the focused-beam transducer

To selectively trap a cell in three dimensions, the acoustic field
should localize its energy into a small region and have a large gradient
for all directions. The spherical focused beam is a good candidate as
introduced in Ref. 25. However, synthesizing an ideal spherical focused
sound wave is difficult because we need to place transducers on a
closed spherical surface around the focus, which greatly limits the
application of acoustic tweezers. Here, we adopt the previous method
of using acoustic holography to design a single focused beam with a
finite aperture.25,32 As illuminated in Fig. 1 of Ref. 25, by using the
source plane at z ¼ h (z ¼ 0 is the focus point) to truncate the spheri-
cal beams, two sets of isophase electrodes will be obtained with a p
phase shift. The two sets of electrodes will excite local vibrations on the
piezoelectric substrate and produce the spherical focused beam based
on Fresnel’s principle. The shapes of two sets of electrodes with oppo-
site phases can be derived from the following geometric relationship:

R1 ¼ 1
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðC þ 2npÞ2 � ðkhÞ2

q
; (18)

R2 ¼ 1
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C þ ð2nþ 1Þp½ �2 � ðkhÞ2

q
; (19)

where C is the arbitrary constant, n is an integer, and the subscripts 1
and 2 represent the two sets of positive and negative electrodes. The

detailed analysis process can be referred to in the description of Gong
and Baudoin.25 Following a similar design, the transducer’s frequency
is f0¼40MHz with the wavelength in water k ¼ 37:5 lm, which is
proper for typical human cells with a radius of about 10lm. The
advantage of using acoustic holography to synthesize a focused beam
is that the designed transducer is a planar sound source, which is con-
venient for microfabrication and integration with a microscope plat-
form. Unlike the focused acoustic vortexes, the two sets of electrodes
that generate focused waves are concentric circles with radii that do not
vary along the azimuthal angle. It can be found that if the frequency f0
and focal length h are given, the aperture radius RA and the geometry of
the transducer electrodes can be determined according to Eqs. (18) and
(19). Here, we choose the total number of each set of electrodes N ¼ 26
(with n 2 ½0; 26�) and the focal length is h0 ¼ 1mm, so the aperture
radius of the transducer is RA ¼ 1.72mm (see Fig. 1). For the width of
the electrode, half of the distance between two consecutive electrodes is
chosen as used in Ref. 38. Note that the 3D restoring forces are necessary
to selectively trap a typical human cell in three dimensions with the
designed focused-beam acoustic tweezers. In the following, the ability of
cell trapping with this device will be discussed numerically in two cases:
in and beyond the Rayleigh regime.

B. Cell trapping in the Rayleigh regime

It should be noted that the trapping ability of acoustical tweezers
depends on the cell size ratio to the wavelength. Although the size of
typical human cells is about 10lm, for simplicity, we choose different
cell sizes for a given frequency of 40MHz with a fixed wavelength k as
described in Sec. IIIA. This is equal to the cases with the real sizes of
cells in the field at a lower frequency. In other words, we can decrease

FIG. 1. Schematic of the 3D trapping with a focused beam. The two sets of electro-
des in the red and blue colors on a piezo wafer are excited with the opposite phase
(i.e., a p phase shift), and RA is the aperture size of the transducer. The acoustic
field is represented in a gradient color which shows that most energy is localized
near the focal point. The red and blue arrows represent the restoring force in the
respective axial and lateral directions, which ensures the 3D trapping of cells
denoted by the small golden spheres.
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the designed frequency of the transducer based on the required cell
size ratio a=k for the real cells. In the following, the terms of the cell or
particle are used with the same acoustic properties.

For the 3D trapping in the Rayleigh regime, we calculate the
Gorkov potential U and the corresponding gradient force using Eqs.
(17) and (16), respectively. It should be noted that restoring forces
from all directions will ensure stable trapping. Hence, the gradient
force of a cell around the equilibrium position should have a negative
derivative vs the spatial position, which corresponds to the minimum
of the Gorkov potential.25

As mentioned in Sec. II, when the radius of the cell is much
smaller than the wavelength, the classical Gorkov theory can be used
to calculate the acoustic radiation force,31,37 and the acoustic contrast
factor USW in standing waves can be introduced for analysis.25,41

USW ¼ 5qp � 2q0
2qp þ q0

� jp
j0

: (20)

The sign of the acoustic contrast factor determines the direction of
movement of the particles in a given acoustic gradient. Particles are
trapped at pressure nodes (i.e., minimal pressure) when they have pos-
itive contrast factor USW > 0. On the contrary, when particles have a
negative acoustic contrast factor USW < 0, they will be trapped at the
pressure antinodes (i.e., maximum pressure). It should be noted that
the acoustic contrast factor is only applicable in the Rayleigh regime.25

For typical human cells in water, the acoustic contrast factor is positive.
Therefore, cells will be pushed away from the focal point of a focused
beam under the effect of the acoustic radiation force, making it impos-
sible to achieve three-dimensional trapping under this situation.25

In this section, we use the Gorkov theory to calculate the
acoustic radiation force of breast cancer cells with radius
a ¼ 0:001k¼ 0.037lm in both water and iodixanol medium. Recent
studies have found that iodixanol solution is one kind of cell-friendly
medium that could not only make the acoustic contrast factor reversed
but also maintain the viability of cells in the solution.39 The density (q0
in the unit of kg/m3) and the sound speed (c0 in the unit of m/s) of the
surrounding medium varies vs the concentration s of the iodixanol
solution (s in the unit of percent) as

q0 ¼ 5:245sþ 1005; (21)

y ¼ 2:557e�5s3 þ 8:053e�3s2 � 0:7308sþ 1507: (22)

Based on Eq. (20), we have drawn the distribution diagram of the
acoustic contrast factorUSW of breast cancer cells in solutions with dif-
ferent densities and sound velocities, as shown in Fig. 2. The black
curve described the corresponding density and sound velocity relation-
ship of the iodixanol solution with different concentrations. It can be
observed that the acoustic contrast factor USW is reversed to negative
when the density is large enough (see the right-hand side), which cor-
responds to the situation of a higher concentration of the iodixanol
solution). Consequently, the iodixanol solution of high concentration
is a potential medium to make focused beams trap typical human cells
in three dimensions in the Rayleigh regime.

Before we study the trapping ability of a focused beam in the
iodixanol solution, the water medium is considered first as it is widely
used in experiments. The acoustic pressure amplitude in the source
plane is p0¼1MPa, and the designed frequency f0 ¼ 40MHz. Note
that in the Rayleigh limit, the parameters are chosen with a=k ¼ 0:001

for simplicity in the following numerical simulation to keep the same
designed frequency at 40MHz. This model is equivalent to a typical
cell with a radius of 10lm in a focused beam with a frequency of
0.15MHz, leading to the same trapping ability in the present examples.
The acoustic contrast factor of cells in water is USW ¼ 0:18, which is
positive as shown in Table I. To recall the results of trapping cells in
water with a focused beam, the Gorkov potential U in the propagation
and lateral planes are given in the second and third columns of the
upper row in Fig. 3. As observed, the Gorkov potential is maximum in
the focus, which will push the cells out of the focus and cannot have
the trapping ability. This is further validated by the axial and lateral
acoustic radiation force vs spatial positions in the first and fourth col-
umns of the upper row in Fig. 3. There are no restoring forces to keep
the cells trapped at the focal point at z ¼ 0 lm or x ¼ 0 lm. Hence,
the focused beam cannot trap a typical human cell in water in the
Rayleigh limit, which has been revealed in Ref. 25.

Next, we will discuss the trapping ability of breast cancer cells in
a 60% iodixanol solution in the Rayleigh limit. The parameters are the
same except for the surrounding medium from water to the 60% iodix-
anol solution. The density at this concentration is 1319.7 kg/m3 and
the sound speed is 1497.7m/s, which makes the acoustic contrast fac-
tor reversed to negative with USW ¼ �0:40 as given in Table I. This
provides an intuitive expectation of the possible trapping with a
focused beam at the focus with the maximum pressure amplitude.
This is demonstrated by computing the Gorkov potential and acoustic
radiation forces as similar to the case of the water medium. As shown
in the second and third columns of the lower row for the Gorkov
potential in the propagation and lateral planes in Fig. 3, an obvious
minimum value occurs at the focus for both cases, which will provide
a trapping spot for the cell in the iodixanol solution. In addition, both
the axial and lateral restoring forces are obtained to make the cell
trapped stably at the focus. For a restoring force, taking the axial direc-
tion as an example, a negative force will pull the cell back if the cell is
beyond the focus, while a positive force will push the cell if the cell is
closer to the transducer plane (i.e., z < 0). Therefore, the focused

FIG. 2. Colormap of the acoustic contrast factors of breast cancer cells (MCF-7) in
fluid mediums with different densities and sound velocities. The density and com-
pressibility of breast cancer cells are q0 ¼ 1068 kg/m3 and j0 ¼ 400 TPa�1. The
black curve satisfies the properties of the iodixanol solution with various concentra-
tions. The relationship between the acoustic parameters and the concentration of
iodixanol can be found in Ref. 39.
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beam can trap typical human cells in a 60% iodixanol solution in three
dimensions in the Rayleigh regime by reversing the acoustic contrast
factor to negative with the trapping spot at the focus.

C. Cell trapping beyond the Rayleigh regime

The trapping ability beyond the Rayleigh limit is not as intuitive
as the indicator of the Gorkov potential in the Rayleigh limit. In the
Rayleigh limit (ka � 1), the gradient force [/ ðkaÞ3] is dominant
over the scattering force [/ ðkaÞ6] as depicted in Eq. (15), while
beyond the Rayleigh limit, the scattering force is comparable with the
gradient force and depends on the acoustic scattering of cells. In this
case, the general theory of acoustic radiation force in three dimensions
given in Eqs. (10a)–(10c) is applied since the classical Gorkov theory is
no longer applicable. The analysis of the trapping ability beyond the
Rayleigh regime is more complicated, which will be discussed based on
the schematic in Fig. 1. If the cell (marked by the golden ball) is located
at a certain distance zs downstream of the focal point (zs > 0), a

negative axial acoustic radiation force Fz is required to pull the cell
back to its equilibrium position (at or near the focal point) depicted by
the red arrow. Similarly, if a cell deviates from its focal position in the
lateral direction (i.e., xs > 0), the corresponding negative restoring
force Fx is necessary to pull the cell back to its lateral equilibrium posi-
tion (see the blue arrow in Fig. 1). This provides a method to study the
possible 3D trapping ability of cells in the following simulations. A
summary of the calculation for the trapping ability beyond the
Rayleigh regime can be divided into four steps: (i) preliminary valida-
tion of the axial trapping: Since the axial trapping is more difficult than
lateral, we first verify the axial trapping vs different size ratios at a
selected fixed position to see whether there is a negative axial radiation
force Fz . The fixed position is a piece of prior information to check the
possible restoring force. (ii) Preliminary validation of the lateral trap-
ping: similar to the axial case but with the consideration in the lateral
direction. (iii) Further confirmation of the axial trapping: take the cell
with the selected radius corresponding to the negative radiation force
in step (i), calculate the axial radiation force Fz vs z, and observe the

TABLE I. Acoustic parameters of breast cancer cells and mediums (water and 60% iodixanol) with the density q0, the longitudinal speed of sound cl , and the compressibility
j ¼ 1=K with Kf ¼ qpc

2
l for fluid material. The acoustic contrast factors USW are calculated with the middle values of the compressibility (j0 ¼ 400 TPa�1) of the MCF-7 in

Fig. 2.

Material q0 (kg/m
3) cl (m/s) j (1/TPa) USW

Breast cancer cell (MCF-7)40 1068 1489.6–1569.7 380–422 � � �
Water 1000 1489 451 0.18
60% iodixanol39 1319.7 1497.7 338 �0.40

FIG. 3. The Gorkov potential U and the acoustic radiation force for a MCF-7 cell with a focused beam in the water and 60% iodixanol medium in the Rayleigh limit. The acoustic
parameters are given in Table I. The ratio of the cell radius and the wavelength is 0.001. The upper row of (a) is the results of MCF-7 in water, while the lower row of (b) is the
results in a 60% iodixanol solution. The curves in the first and fourth columns show the axial (Fz) and lateral (Fx ) radiation forces vs spatial positions, respectively. The second
and third columns represent the Gorkov potential in the x-z plane and x-y plane. The restoring forces in the axial and lateral directions occur for the iodixanol solution as shown
in (b), providing the 3D trapping ability of MCF-7 cell with a focused beam.
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direction of the force around the focus to verify the trapping. (iv)
Further confirmation of lateral trapping: Similar to step (iii), verify the
lateral trapping. The above four steps [(i)–(iv)] correspond to the four
subgraphs in Fig. 4 for the water medium and Fig. 5 for the iodixanol
medium.

First, we study the trapping ability of the breast cancer cell
(MCF-7) in the water medium. The frequency of the sound field is
f0¼40MHz, and the sound pressure on the source plane is p0¼1MPa.
The axial and lateral acoustic radiation forces of MCF-7 cells in water
vs different cell size ratios a=k with the range of [0,1] are calculated as
shown in (a) and (b) of Fig. 4. The axial and lateral radiation forces are
computed at respective positions ðxs; ys; zsÞ ¼ ð0; 0; 30Þ lm and
ðxs; ys; zsÞ ¼ ð8; 0; 0Þ lm. The results show that all the axial acoustic
radiation forces are positive (i.e., Fz > 0), which means that the axial
trapping of breast cancer cells in water cannot be achieved. As for the
lateral acoustic radiation force Fx in Fig. 4(b), negative values around
the ratio a=k ¼ 0:83 occur and the two-dimensional lateral trapping
of MCF-7 cells may be possible in water. To further confirm the trap-
ping ability, we compute the axial acoustic radiation force with z and
lateral acoustic radiation force with x, respectively. The cell size ratio is
selected as 0.83 indicated by the vertical dashed line in Fig. 4(b). The
axial acoustic radiation force makes the cell in water move away from
the focal point, while the lateral acoustic radiation force plays the role
of a restoring force and allows the cell to move toward the neighbor of
the focal point. Consequently, three-dimensional trapping of MCF-7
cells in water is not possible because there is no restoring force in the
axial direction. The axial position could be fixed by using a membrane
or glass slide in the experiment.10 Fortunately, the two-dimensional
trapping of cells in water with a single focused beam is possible with
selected size ratios, which agrees with the result in our previous work
in Ref. 25.

Since the 60% concentration of iodixanol solution makes the 3D
trapping of cells in the Rayleigh regime with a single focused beam in
Sec. III B, we further discuss the possibility of 3D trapping of cells in the
same medium beyond the Rayleigh limit. Similar to the water medium,
we first compute the 3D radiation forces on cells with different sizes in
the iodixanol solution. As shown in Fig. 5(a), the axial acoustic radiation
forces on MCF-7 cells in the iodixanol solution are negative at certain
sizes. It means that the axial force can be taken as a restoring force to
trap cells in this direction. This is completely different from the situation
in water, where the axial acoustic radiation force is positive and the axial
trapping cannot be achieved. When the cell radius is
a ¼ 0:41k¼ 15.35lm, the axial negative radiation force Fz exhibits the
smallest value [see Fig. 5(a)], and at the same time, the lateral acoustic
radiation force Fx is also negative as shown in Fig. 5(b). To further dem-
onstrate the 3D trapping ability, the axial and lateral radiation forces vs
the spatial positions at a selected size ratio a=k ¼ 0:41 are calculated in
Figs. 5(c) and 5(d). Note that the lateral force is computed at the axial
equilibrium position at zs ¼ 4:2 lm obtained in Fig. 5(c). It can be
observed that negative gradients of both the axial and lateral radiation
forces occur, which means the restoring forces will trap the cell around
the focal point. Hence, by tuning the surrounding medium from water
to the 60% iodixanol solution, a single focused beam can trap human
cells with proper size ratios in three dimensions.

IV. AXIAL DISPLACEMENT BY FREQUENCY TUNING

Except for the 3D trapping, the axial displacement is important
under the observation of a microscope in experiments since the imag-
ing quality depends on the axial distance of the targets to the focal
plane. However, precise physical motions are needed to improve the
imaging quality. In this section, we propose a potential method to

FIG. 4. The axial and lateral acoustic radiation forces of cells (MCF-7) in the water
medium beyond the Rayleigh regime. The frequency of the sound field is
f0¼40MHz, and the sound pressure on the source plane is p0¼1MPa. (a) The
axial (Fz) and (b) lateral (Fx ) acoustic radiation forces are calculated vs the cell size
over the wavelength a=k at a fixed position ðxs; ys; zsÞ ¼ ð0; 0; 30Þ lm and
ðxs; ys; zsÞ ¼ ð8; 0; 0Þ lm in the respective axial and lateral directions. (c) The
axial (Fz) and (d) lateral (Fx ) acoustic radiation force vs the spatial position for a
selected cell size a=k ¼ 0:83 as indicated by the vertical lines in (b). Only two-
dimensional trapping of breast cancer cells is achieved with a single focused beam.

FIG. 5. The axial and lateral acoustic radiation forces of cells (MCF-7) in the 60%
iodixanol medium beyond the Rayleigh regime. The frequency of the sound field is
f0¼40MHz, and the sound pressure on the source plane is p0¼1MPa. (a) The
axial (Fz) and (b) lateral (Fx ) acoustic radiation forces are calculated vs the cell size
over the wavelength a=k at a fixed position ðxs; ys; zsÞ ¼ ð0; 0; 30Þ lm and
ðxs; ys; zsÞ ¼ ð8; 0; 0Þ lm in the respective axial and lateral directions. (c) The
axial (Fz) and (d) lateral (Fx ) acoustic radiation force vs the spatial position for a
selected cell size a=k ¼ 0:41 as indicated by the vertical lines in (a) and (b),
respectively. The lateral radiation force is computed at the axial equilibrium position
zs ¼ 4:2lm in (d). Three-dimensional trapping of breast cancer cells is achieved
with a single focused beam.
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change the axial position precisely by tuning the excitation frequencies
without any physical motion of potential experimental setups. Based
on the Fresnel principle and the design of the focused beam in Sec.
IIIA, an approximation of the focal length depending on the excitation
frequency hðf Þ can be derived as follows (see details in Appendix):

hðf Þ ¼ ah0 þ C1

2k0
a� 1

a

� �
; (23)

where a ¼ f =f0 is the ratio of the excitation frequency f to the designed
frequency f0, k0 and h0 are the wavenumber and focal length at the
designed frequency, and C1 is a fixed constant for a given design of the
transducer. If the excitation frequency is close to the design one, we
have a 	 1, which leads to

hðf Þ 	 h0 þ C1

k0

� �
a� C1

k0
: (24)

Therefore, the focal length hðf Þ is changed linearly with the excitation
frequency f, especially in the frequency range of [36,46] MHz.
However, when the excitation frequency is out of the range, the
C1=ð2ak0Þ in the second term of Eq. (23) will change with a to some
extent and make the analytical approximation indicated by the black
solid line deviate from the red reference line in Fig. 6.

To further check the trapping ability with the excitation frequen-
cies different from the designed one, we compute the acoustic field and
radiation force in the iodixanol medium with a single focused beam as
shown in Fig. 7. The acoustic pressure amplitudes in the propagation
plan at three excitation frequencies are given in Figs. 7(a), 7(d),
and 7(g), including the designed frequency f0 ¼ 40 MHZ, below
the designed frequency f� ¼ 38 MHz, and above the designed fre-
quency fþ ¼ 42 MHz. When the excitation frequency is less than
the designed frequency f� < f0, the focus position moves axially
toward the source plane [see Fig. 7(a)]. While the excitation

frequency is higher than the designed frequency fþ > f0, the focus
moves axially away from the source plane [see Fig. 7(b)]. In addition,
the focal positions vs the excitation frequency from 30 to 50MHz are
calculated based on the angular spectrum method and are depicted by
the blue dots in Fig. 6, which agree well with the analytical results in the
frequency regime close to the design one f0 ¼ 40 MHz.

The axial acoustic radiation force vs the axial position z at the
three selected frequencies are computed both in [panels (b), (e), and
(h)] and beyond [panels (c), (f), and (i)] the Rayleigh regime. The radii
of the cells are set as a¼ 0.001k¼ 0.037lm in the Rayleigh regime
and a¼ 0.41k¼15.35lm beyond the Rayleigh regime. The designed
focal positions and the axial trapped positions of cells are indicated by
the green dashed lines and cyan dashed-dotted lines in the second and
third rows of Fig. 7. As shown in Fig. 7, the cells in the iodixanol
medium can be trapped in the axial direction in and beyond the
Rayleigh limit. There is also lateral trapping at these axial equilibrium
positions, which are not shown here for brevity. This demonstrates the
possibility of trapping cells in an iodixanol medium with a single
focused beam in three dimensions. It is noteworthy that the axial trap-
ping positions of the cells at a selected excitation frequency in and
beyond the Rayleigh limit are different because the scattering contribu-
tion to the radiation force is important for large sizes beyond the
Rayleigh limit. In addition, the trapping positions are changed linearly
in the Rayleigh limit as the trapping positions agree with the focal posi-
tion (see the blue point in Fig. 6) and also beyond the Rayleigh limit
(see the magenta squared points). Therefore, it is possible to keep the
acoustic tweezers immovable and only change their excitation fre-
quency to achieve axial displacement trapping of particles, which is
crucial for the practical application of acoustic tweezers. By utilizing
this feature, we do not need to change the physical position of the
acoustic tweezers but only need to adjust their operating frequency f0
to achieve dynamic control of particle trapping position.

V. CONCLUSIONS

In general, the single focused-beam acoustic tweezers cannot
achieve the three-dimensional trapping of MCF-7 cells in the medium
of water neither in nor beyond the Rayleigh regime. To benefit from the
wide use of the focused beam and achieve the 3D trapping of cells, this
work proposes to tune the surrounding medium into the iodixanol solu-
tion. The physical mechanism is to reverse the acoustic contrast factor
of cells from positive in water to negative in iodixanol solution, which
makes it possible to trap the cells at the maximum pressure amplitude
in or near the focus of the focused beam. The 3D trapping of cells in the
iodixanol solution is demonstrated by numerical simulations both in
and beyond the Rayleigh regime, while only two-dimensional trapping
can be achieved in the water medium for cells with certain sizes. There
is no trapping for typical human cells in water with a focused beam in
the Rayleigh limit as shown in Fig. 3. In addition, the axial trapping
position can be tuned by changing the excitation frequency for a fixed
design of the focused-beam acoustical tweezers. In a certain frequency
regime including the designed one f0, the axial trapping position
changes linearly vs the excitation frequency, which provides a potential
method to move the trapped cells in the propagation direction without
any physical motion of the experimental setups.

The present work provides a possible method to trap typical
human cells in three dimensions while keeping the viability of the cells
by using the iodixanol solution with a focused beam. It should be
noted that a relatively high concentration of the iodixanol solution is

FIG. 6. Comparison of the focal length vs frequency f between the analytical calcu-
lations (black solid line) based on Eq. (23) (the black solid line) and numerical simu-
lation based on the angular spectrum method (the blue dots). The red dashed line
is given as a reference line to show the deviation of the analytical results from line-
arity when the excitation frequency is out of the frequency range [36,46] MHz. The
trapping positions of particles in the Rayleigh limit agree with the focal position as
indicated by the blue circle points. For particles beyond the Rayleigh limit, the trap-
ping positions are given by the magenta squared points with a linear fitting with the
magenta dashed line around the designed frequency.
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necessary to make the acoustic contrast factor of typical cells negative
as shown in Fig. 2. A negative acoustic contrast factor will ensure the
3D trapping of cells in the iodixanol solution in the Rayleigh limit.
However, for the case beyond the Rayleigh limit, the concentration of
the iodixanol solution is expected to be larger than 50% to ensure the
gradient force is dominant over the scattering force, leading to the 3D
trapping with the present focused beam. In addition, for an acoustic
field at such a high frequency, another nonlinear acoustic effect called
acoustic streaming42 also plays an important role and is not helpful for
particle or cell trapping. The streaming-induced Stokes drag force may
reach the same order of magnitude as the acoustic radiation force and
push the cells out of the trapped position ensured by the restoring radi-
ation force. Fortunately, this can be achieved by optimizing the acous-
tic parameters such as pressure amplitude and excitation frequency,
with the consideration of the combined effect of the acoustic radiation
force and acoustic streaming.43
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FIG. 7. (a), (d), and (g) The acoustic pressure amplitude distribution in ðx; zÞ plane when the driving frequencies are f¼ 38, 40, and 42MHz, respectively. The insets in the
upper right corner are partially enlarged views of the region near the focal point. The green dashed line marks the focus position of the designed frequency f0 ¼ 40MHz, and
the cyan dashed-dotted line represents the focus position corresponding to the three actual operating frequencies. The axial acoustic radiation force vs z at different driving fre-
quencies in the Rayleigh regime [see (b), (e), and (h)] and beyond the Rayleigh regime [see (c), (f), and (I)]. In the simulations, the radii of breast cancer cells are selected as
a¼ 0.001k¼ 0.037lm in the Rayleigh regime and a¼ 0.41k¼15.35lm beyond the Rayleigh regime. The axial equilibrium positions of the trapping cell are indicated by the
cyan dashed-dotted lines. The lateral trapping is achieved and not presented here for brevity.
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APPENDIX: DERIVATION OF THE RELATIONSHIP
BETWEEN THE FOCAL LENGTH AND EXCITATION
FREQUENCY

According to Eq. (19), we can obtain the formula for the maxi-
mum radius of the transducer RA as

Rmax ¼ 1
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
khþ C1½ �2 � ðkhÞ2

q
¼ 1

k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2khC1 þ C2

1

q
; (A1)

where C1 ¼ ð2 � 26þ 1Þp ¼ 53p. We noticed that the following
relationship holds for a fixed aperture size of a transducer with dif-
ferent excitation frequencies:

1
k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2k0h0C1 þ C2

1

q
¼ 1

k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2khC1 þ C2

1

q
; (A2)

where k0 ¼ 2pf0=c0 represents the wavenumber corresponding to
the designed frequency f0, and h0 ¼ 1mm is the design focal length.
Then, the real focal length under the excitation frequency (which
may be different from the designed one) can be written as

h ¼ k
k0

h0 þ C1
k
2k20

� 1
2k

� �
: (A3)

For convenience, the expression for the focal length h correspond-
ing to arbitrary frequency f can be reorganized as

hðf Þ ¼ ah0 þ C1

2k0
a� 1

a

� �
(A4)

with a ¼ k=k0 ¼ f =f0. When the frequency approaches the design
frequency f0, we can use Taylor expansion to linearize Eq. (A4).
Consider the following expansion

1
a
¼ f0

f
¼ 1

	
1þ f � f0

f0

� �

¼ 1� f � f0
f0

þ O
f � f0
f0

� �

¼ 2� aþ O
f � f0
f0

� �
: (A5)

By substituting Eq. (A5) into Eq. (A4) and retaining only the linear
term, the linear relationship between focal length h and frequency
ratio a ¼ f =f0 can be obtained

hðf Þ 	 h0 þ C1

k0

� �
a� C1

k0
: (A6)

It should be noted that the above equation only holds near the
design frequency f0.
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