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Qidong Zhang,1 Dongdong Chen,1 Zeyu Chen,2 Wei Feng,4 and Yintang Yang1,*

SUMMARY

Acoustic micro-beams produced by highly focused ultrasound transducer have
been investigated for micro-particle and cell manipulation. Herewe report the se-
lective trapping of microspheres via the acoustic force using the single acoustical
beam. The forbidden band theory of acoustic radiation force trapping is pro-
posed, which indicates that the trapping of particles via the acoustic beam is
directly related to the particle diameter-to-beamwavelength ratio as well as exci-
tation frequency of the ultrasonic acoustic tweezers. Three tightly focused
LiNbO3 transducers with different center frequencies were fabricated for use
as selective single beam acoustic tweezers (SBATs). These SBATs were capable
of selectively manipulating microspheres of sizes 5–45 mmby adjusting the wave-
length of acoustic beam. Our observations could introduce new avenues for
research in biology and biophysics by promoting the development of a tool for
selectively manipulating microspheres or cells of certain selected sizes, by care-
fully setting the acoustic beam shape and wavelength.

INTRODUCTION

Particle manipulation by a contactless method has numerous applications in biophysical and biomedical

research areas (Lam et al., 2012; Tomasi et al., 2020; Yu and Miyako, 2018; Diamantaki et al., 2018; Patnode

et al., 2019; Ozcelik et al., 2018; Melde et al., 2016). Optical tweezer is an outstanding example capable of

trapping and manipulating various types of microparticles (Yu and Miyako, 2018; Maragò et al., 2013; Ash-

kin et al., 1986; Grier, 2003; Kotamarthi et al., 2020). It has been utilized to measure the elastic properties of

the DNA molecular chain (Fazal and Block, 2011), rotate the microspheres or cells in many fields (Padgett

and Bowman, 2011), and assemble 1D, 2D, and 3D array structures of embryonic stem cells (Kirkham et al.,

2015). However, the focused lasers used to realize optical tweezers could cause local heating and photo-

damage in biological samples because of the high energy it generates. In addition, the applied force by

optical tweezer is small, of the order of ~pN or ~ fN (Quinto-Su, 2014; Keloth et al., 2018). These problems

can be avoided by using acoustic tweezers because acoustic energy is unlikely to damage biological sam-

ples (Neuman and Nagy, 2008; Choe et al., 2011; Liu and Hu, 2009; Marston, 2006; Wu, 1991). Moreover,

these acoustic instruments are not only much easier to set up but also incur lower costs than their optical

counterparts.

Recently, single beam acoustic tweezers (SBATs), analogous to optical tweezers for trapping and manipu-

lating the individual particle with an acoustic micro-beam (Lee et al., 2005, 2009; Lee and Shung, 2006; Zhu

et al., 2016; , (Baudoin et al., 2020b); Kamsma et al., 2018; Sitters et al., 2014) have attracted considerable

attention. Over the past decade, acoustic trapping using SBATs has been investigated both theoretically

and experimentally. Owing to the advances of high-frequency ultrasound transducer fabrication process,

the performance of acoustic tweezers has been considerably improved over time. Transducers capable of

operating at 200 MHz have also been developed, and are shown in Figure 1A, which has enabled the trap-

ping of cells with sizes 15–20 mm (Lee et al., 2011), as well as microspheres with diameters 5 and 10 mm (Mar-

ston, 2006).

The performance of acoustic trapping with SBATs is influenced by various factors, including the acoustic

characteristics of the medium, excitation frequency of the transducer, distribution of the acoustic field,
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and the size, shape, andmaterial properties of the particles themselves. In general, the smaller the particles

that are needed to be trapped, the higher the SBAT frequency must be. These provide a simple logic for

selecting and differentiating the trapping object by its size range from 5 to 50 mm by tuning the frequency

used from 100 to 300 MHz. Besides the well-known influence of size-to-wavelength, we propose the

‘‘forbidden band’’ of acoustic trapping. Thus, trapping of particles whose diameters are in the range of

the acoustic wavelength is not possible due to the positive gradient of acoustic radiation force (ARF). Fig-

ure 1B shows the schematic diagram of the size-selectivity manipulation of single microspheres of different

sizes.

However, several problems still need to be addressed to realize trapping microsphere using transducers.

First, it is difficult for a typical SBAT to achieve a -6 dB bandwidth of more than 30%, which means that the

frequency range in which the transducer can be excited is small, and thus the range of particle sizes to trap

using the SBAT is limited. Nevertheless, the broad bandwidth and highly focused transducers for SBAT ap-

plications are quite challenging to manufacture, particularly of one operating in the ultrahigh frequency

range (>100 MHz). In addition, the SBAT needs to show characteristic features, e.g., a low f-number and

a cylindrical symmetry of the acoustic beam, to meet the requirements of biomedical and biological appli-

cations (see Figure S1 and Table S1 in Supplemental information for detailed definition of these

parameters).

Based on our prior work, size-selective manipulation of single particles in the range 3–100 mm can be

achieved with frequencies between 150 and 400 MHz (Chen et al., 2017). However, the range of the trap-

ping was successful or failed using the different ultrahigh frequency ultrasonic transducers with different

f-number has not been previously reported, and it is very important to explain and quantify the trapping

ability of the focusing transducers with different characterization for the various the acoustic contrast

between microspheres or cells and medium, which would be of significant importance both in research

and industrial applications.

In this work, we combined experimental and theoretical investigations to give the phenomenon and expla-

nation of size selectivity of acoustic radiation force trapping via the highly focused transducers. Three high-

performance (with low f-number and broad bandwidth) ultrahigh frequency ultrasound transducers are

Figure 1. Schematic diagram of the experimental setup and principle

(A and B) Particle trapping using single beam acoustic tweezer (SBAT, A) and size-selective trapping (B).
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designed and fabricated for generating tightly focused ultrasound beam. We find that there is a grabbing

band corresponding to size of the microparticle and ultrasound frequency within a certain range. The

forbidden band is given by calculation of acoustic radiation force for microsphere and verified by experi-

ment. This platform can be used to manipulate and differentiate specific microparticles without disturbing

other particles.

RESULTS

Characteristic of acoustic field by three highly focused transducers with different center

frequencies

To realize individual particle mobilization of elastic micro-particles suspended in liquids, the ultrasound

beam width of single-beam acoustic tweezers should be close to the particle size with a highly focused ul-

trasonic beam that can produce sufficient specific force for trapping and manipulating a micro-particle of

interest.

Tightly focused LiNbO3 transducers (LN100, LN200, and LN300) with center frequency around 100 MHz,

200 MHz, and 300 MHz were evaluated and used to trap microspheres of 5–15 mm at their focus. All the

transducers show high sensitivity and relatively broad �6 dB bandwidth. The ultrahigh center frequency,

broad bandwidth, high sensitivity, and small f# make the transducers suitable for SBAT applications. The

receive-echo response, corresponding frequency spectrum, as well as the lateral beam profile of the

LiNbO3 focused transducers are shown in Figure S1, and a beam width equal to 16.4, 6.6, and 6.4 mm

was obtained by transducers ‘‘LN_100’’, ‘‘LN_200,’’ and ‘‘LN_300,’’ respectively, in detecting a spatial

point target at full width at half maximum (FWHM, �6 dB). The schematic structure of the transducers

is shown in Figure 2A; these transducers have f# values close to 1.0 with the theoretical values for the

beam width of �6 dB lateral beam being 12.4, 6.4, and 6.2 mm (= f# 3 wavelength) for LN_100,

LN_200, and LN_300 at 104, 207, and 275 MHz in water (sound velocity is 1,540 m/s), respectively (see

Table S1).

The map of acoustics pressure was achieved using finite element method (FEM) in the COMSOL envi-

ronment. The COMSOL model is constructed in a two-dimensional axisymmetric coordinate system,

and the plane wave radiation is set at the boundary of the propagation medium. Here, we focus

on the case of the LN_200 transducer, and the aperture size of the piezoelectric element is 0.8 3

0.8 mm2 with the measured center frequency of 207 MHz and the �6 dB bandwidth of 44.2%. In

the FEM, the ultrahigh frequency focused LN_200 transducer with a piezoelectric layer (15 mm) and

its matching layer (2.5 mm) in the form of double-layer rings are attached to the hemispherical water

area (1.2 mm diameter) and focal plane at z = 0. The maximum calculation grid size of water area is

set to one-fifth wavelength in the water at excitation frequency. The LN_200 transducer is operated at

a frequency of 200–300 MHz corresponding to a wavelength of 7.7–5.1 mm in water. The acoustic pres-

sure waveforms were simulated at each point in a hemisphere and a rectangle on the xz plane in in-

crements of l/15 for different frequencies and quarter circles. Moreover, the principle setup and the

model parameters (2D-axisymmetric coordinate system, boundary conditions, relative resolution) are

the same for all three transducers. A cross-section of the computational model and calculated results

for the acoustic field, e.g., magnitude and phase of acoustic pressure as well as the angular spectrum,

are shown in Figure 2. Based on these results, it can be observed that beam focusing is achieved

almost at the focal position (z = 0 mm) of the needle transducer, while the lateral �6 dB beam width

of the pressure amplitude at the focal point is 6.56 mm in Figure 2G, which is in agreement with the

theoretical value (6.2 mm) based on f-number and wavelength.

Using the finite element analysis software, the aforementioned three tightly focused transducers (LN_100,

LN_200, and LN_300) were modeled and simulated (see Figure S2), and the simulated -6 dB lateral beam

widths of 17.9, 7.0, and 6.7 mm agree with the experimental value of 16.4, 6.4, and 6.2 mm at central fre-

quency. Sound field distribution and lateral beam characteristics at the focus of the three transducers

are given in the Figure S3.

Acoustic radiation force of ultrasonic transducer

The lateral component of the radiation force determines whether the particles can be manipulated to

move them in the lateral direction; owing to the symmetry of the acoustic field, only a certain direction

needs to be considered. Then, the acoustic radiation forces on the microspheres can be calculated as
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detailed in Transparent Methods. The spherical scatterer (polystyrene microsphere) and the medium (wa-

ter) are used in calculation with the following parameters: r = 1,000 kg/m3, c = 1,540 m/s, rs = 1,040 kg/

m3, cl = 2,330 m/s, and ct = 1,100 m/s. The lateral component of the acoustic radiation force Fx was calcu-

lated (based on Equations S3–S9 in Transparent methods) for different particles sizes (5–15 mm) and for

frequencies between 200 and 300 MHz. Their distribution at 250 MHz was plotted; these results are shown

in Figure 3, and these parameters correspond to size-to-wavelength ratios from 0.8 to 2.4. Qualitative

different behavior of the radiation force can be observed depending on the particle size. For particles

with 5 mm (Figures 3A) and 15 mm (Figure 3C) diameter the radiation force is directed toward the center

of the acoustic beam (x = 0). This attractive force allows for particle trapping even if the transducer is

slightly moved in the lateral direction. In contrast to this, radiation force acting on the 10-mm particle

is directed away from the acoustic beam axis pushing the particle off the focal area. These calculations

indicate that the manipulation of particles of different sizes using the transducer produces two different

behaviors, namely, pulling back or pushing away, leading to selective trapping.

Criteria of selective trapping

The capability of LiNbO3 ultrahigh frequency microbeam devices for size-selective trapping of a sin-

gle microsphere was demonstrated via calculation of the acoustic force at 250 MHz with the

LN_200 transducer. To further understand the selective trapping of particles, we repeated the simu-

lation of the distribution of acoustic pressure produced by the transducer using FEM and the calcu-

lation of acoustic force for microspheres with different radii for three different ultrasound

Figure 2. Schematic setup and characterization of focused ultrasound transducer

(A–G) The focused transducer was fabricated using the ball-press technique (A) and 2D model used for FEM simulations

(B, see Figure S2 in Supplemental information for details). Acoustic pressure field emitted by the LN_200 transducer (200-

MHz nominal center frequency) evaluated in the focal plane (z = 0) at frequency 250 MHz (C–G): magnitude (C), phase (D),

and absolute value of angular spectrum (E). Cross-sectional view (xz) of magnitude (F) in the focal region (red-dotted box

in B) as well as beam profile for y = 0 (G) with -6 dB beam width indicated by red line.
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transducers at different frequencies. To better scan and get the corresponding relationship dia-

gram, the result Fx of the abovementioned formula is taken as the corresponding one-dimensional

drawing group in the middle axial direction (Fx;y = 0). Supposing there are two cases of the micro-

sphere under the focus beam (can trap or cannot trap), these two cases can be defined by the

following discriminant:

dFx;y = 0

dx

����
x =0

>0 or
dFx;y = 0

dx

����
x =0

<0 ? (Equation 1)

dFx;y = 0

dx

����
x = 0

=
C � Re

nPN
n= 0jn

Pn
m=�nAnm

�
DHnmDH�

n+ 1;m+ 1 � DHn;�mDH�
n+1;�m�1

�o
xs

(Equation 2)

DHnm =

Z Z

k2x + k2y%k2

�
eikxxs � 1

�
dkxdkyS

�
kx ; ky

�
Y �
nmðqk ;fkÞ

where the C is 1=ð8p2 rc2 k2 Þ and xs is defined as the size of the calculation grid (1/20l) in the x direction

in FEM. When
dFx;y = 0

dx

����
x = 0

> 0, as described in Figure 3B, the corresponding microsphere will move away

from the focus beam center. Otherwise, Figures 3A and 3C conform to the condition of
dFx;y = 0

dx

����
x = 0

< 0

and the microsphere will be trapped at the center by acoustic radiation force. The discriminating factor

dFx;y = 0

dx

����
x = 0

values as a function of d and frequency of the three focused transducers are all calculated as

shown in Figure 4(A1–C1). With the change of the size of the microsphere (d) and the excitation frequency

(f), the three transducers all show the ‘‘Forbidden band’’ in which the discriminating factor becomes pos-

itive and meets the condition of
dFx;y = 0

dx

����
x = 0

> 0. To characterize the band gap more clearly, both
dFx;y = 0

dx

����
x = 0

are depicted in the gray scale diagram and the x coordinates are normalized to d/lambda, as shown in

Figure 4, which set the A is
dFx;y = 0

dx

����
x = 0

>0 and B is
dFx;y = 0

dx

����
x = 0

< 0. When given a transducer (f# and DOF),

Figure 3. Calculation of acoustic radiation forces

The diameters of the three different scatterers are 5 mm (A), 10 mm (B) and 15 mm (C).Lateral distributions (top) of the lateral

component of force Fx on the xy plane for different diameters d of the scatterer (microsphere) calculated based on

angular spectrum decomposition at 250 MHz, and plots for acoustic radiation forces Fx along the y = 0 line (bottom) in the

force map shown on top; red, blue, and green dotted circles represent scatterers of different sizes as indicated in the

figure.
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trapped particles, and medium (acoustic property of c and r), ‘‘Forbidden band’’ could be defined and

based on the size-to-wavelength ratio. In this case, the theoretical widths of the ‘‘Forbidden band’’ of

three transducers are 1.41 d/l from 1.01 to 2.42 d/l, 0.99 d/l from 1.28 to 2.17 d/l, and 0.99 d/l from

1.28 to 2.17 d/l, respectively. Furthermore, we designed corresponding experiments to verify this theory.

All the three LiNbO3 ultrasonic transducers are capable of efficient excitation over a large range of fre-

quencies owing to their high sensitivity and relatively wide bandwidth. In particular, we operate the

LN_200 and LN_300 transducers at frequencies of 200–300 MHz and LN_100 transducer at 80–130

MHz. Thus, by modifying the excitation frequency and selecting microspheres with different diameters,

we could quantitatively obtain the dependence of trapping effect on excitation frequency and micro-

sphere diameter and compare experimental discrete points with theoretical calculations of the distribu-

tion of effective trapping as shown in Figure 4(A2–C2). This shows the dependence of trapping results on

the excitation frequency and microsphere diameter to wavelength ratio along with the theoretically calcu-

lated frequency (f) and ratio (d/l) ranges, wherein the gray area indicates that the particles were pushed

away, whereas the white area indicates that the particles were trapped. Multiple microspheres are typi-

cally trapped simultaneously when d/l < 0.5, owing to the beam width and small particle size. However,

this case was not considered in current study. As illustrated in Figure 4A, the LN_100 transducer was un-

able to manipulate microspheres when the particle size-to-wavelength ratio was 1.17–2.48 d/l, which

agrees with the corresponding theoretical range of 1.08–2.49 d/l. However, the microspheres could be

trapped and manipulated via the SBAT at frequencies outside of this range. As shown in Figures 4B

and 4C, for the LN_200 and LN_300 transducers, the theoretical range of the particle size-to-wavelength

ratio for which particle manipulation was not possible is about 1.28–2.17 d/l, which is also close to the

experimentally obtained range of 1.36–2.34 d/l and 1.35–2.04 d/l for the two different transducers,

respectively. The forbidden band theory of acoustic radiation force trapping and widths of the forbidden

band for all three transducers are little different because they have different center frequencies and f-

numbers. This result indicates that trapping of SBAT is not possible in the range about 1.1 d/l here

the d is the diameter of the target object microsphere and the l is the wavelength of the medium.

This is because a positive gradient of ARF will occur at the focus when the excitation frequency and

the size of microsphere achieves nearly 1 d/l~2 d/l. Thus, SBATs could be developed for selectively

manipulating microspheres of certain sizes by carefully selecting the excitation frequency.

Figure 4. Dependence of trapping on excitation frequency and microsphere diameter

(A–C) (A) LN_100, (B)LN_200, and (C) LN_300 transducers determined experimentally and distribution of effective

trapping obtained via calculation of acoustic force in the cases of different frequencies (f) and three sets of particle sizes

(d = 2a). (A1–C1) The discriminating factor dFx/dx values of the three focused transducers. (A2–C2) Condition A or B of the

three focused transducers calculated by Equation S12, and the gray area represents the forbidden band of acoustic

trapping under coordinate system of frequency (f) and ratio (d/l) ranges. Here, ‘‘d’’ is the diameter of the microsphere,

and ‘‘l’’ is the wavelength of the ultrasound beam at the excitation frequency. Symbol ‘‘B’’ indicates successful trapping,

and ‘‘3’’ indicates trapping failure (moving away) in experiments.
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Selectively manipulating microspheres

The LN_200 transducer was selected for the experimental demonstration to visually depict the size selec-

tivity of SBAT devices; the transducer, was operated at 250 MHz. At 250 MHz, the LN_200 transducer was

capable of manipulating a single microsphere with a diameter of 5 or 15 mm; however, it was unable to trap

a single microsphere of 10 mm diameter. Figure 5 and Video S1show examples of manipulation of single

microspheres of different sizes using this transducer. The bright area with a red circle is the projection of

the transducer. Microspheres of three different sizes (5, 10, and 15 mm) were used. The red dashed line

or red dot is shown as a reference in Figure 5 to illustrate the position shift of the microspheres. The

LN_200 transducer was excited by a sinusoidal burst in different conditions: a driving frequency of

250 MHz; the excitation voltages of 3.6 V, 2.4 V, and 1.2 V for 15, 10, and 5 mm microspheres, respectively;

and a duty cycle of 1%. The panels in Figure 5 labeled ‘‘A’’ show the manipulation of a single 5-mm micro-

sphere (yellow circle) that was trapped and manipulated by moving the transducer device. Similarly, the

panels labeled ‘‘D’’ are for the 15-mm microsphere. However, for the 10-mm microsphere, the observation

was different, in particular, the microsphere moved away from the center of the focus immediately after the

transducer was switched on. Our calculation and experimental results provide a deeper understanding of

SBATs, which can be used to broaden their applications.

Figure 5. Experiment of size-selective trapping

Examples of manipulation of microspheres of different sizes using the LN_200 transducer. Here, the yellow circles indicate

the target microsphere, the red dots or dashed lines depict the location change of the microsphere, and the red dots or

the vertical dashed lines are reference points or lines depicting the initial position of the target microsphere and the red

circle dotted line represents the position of the transducer.

(A–D) (A) 5-mm microsphere, (B and C) 10-mm microsphere, and (D) 15-mm microsphere. For cases (A and D), the single

particle (5 and 15 mm) can be successfully trapped by the LN_200 transducer. However, the 10-mm microsphere moves

away and cannot be trapped as shown in cases (B and C).
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Simulations of radiation force for cells

To estimate the forbidden band in the application of SBAT for cell trapping, the calculations of the force

using LN_200 at 250 MHz with different size of cells were performed. As the acoustic properties of the cells

are different from the polystyrene spheres used earlier, we chose the two cells with different density and

compressibility and the cell size from 5 to 15 mm, which is reported in the literature (Augustsson et al.,

2016; Baudoin et al., 2020a, 2020b). Table 1 shows the density and compressibility of two cells (cell 1

and cell 2) with the extreme values. Figures 6A–6C show the simulation of the ARF and DF under the

two conditions (trapped DF > 0 and not trapped DF < 0) when the size of cell increasing, where F1 and

F2 are defined as the extreme value of Fx at x < 0 and x > 0 and the DF is the interpolation of F1 and F2.

The DF of two different cells are shown in Figure 6D, and the white area represents the positive area (trap-

ping) and gray area the negative area (not trapping).

Furthermore, the value of DF for two cells is different due to the different acoustic properties, and they all

show the same ‘‘forbidden band’’ corresponding to the different sizes (about 7–12 mm). This result demon-

strates that the same forbidden band also exists in cells with different acoustic property and constitutes a

cornerstone of size selectivity of SBAT for biological applications.

DISCUSSION

In conclusion, size selectivity of SBATs at a cellular level was demonstrated via trapping experiments using

tightly focused LiNbO3 transducers with different center frequencies. These transducers are suitable for

SBAT applications because they can operate at an ultrahigh frequency and have broad bandwidth, high

Figure 6. Simulation of the acoustic radiation force of the cell

(A–D) The cell is not trapped (moving away) (DF < 0, B, and trapped (DF > 0, A and C); the dotted empty circle at the center

of the figure represents the cell with different size. The calculation of DF for two cells (cell 1 and cell 2) with different sizes

from 5 to 15 mm (D).

Table 1. The acoustic properties of the cells for trapping

Cell density (kg/m3) Cell compressibility (310�10 Pa�1) Acoustic impedance (MRayl)

Cell 1 1,000 4.4 1.51

Cell 2 1,210 3.3 1.91
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sensitivity, and small f#. Our experimental trapping results demonstrated that the ratio of particle size-to-

wavelength is an important determinant of acoustic trapping. The SBAT devices were found to be capable

of selectively manipulating microspheres of certain sizes by adjusting the wavelength of the acoustic beam

accordingly; this was, verified via both simulation and theoretical calculation. Additionally, the results are

also valid for acoustically trapping cells typically characterized by a lower acoustic contrast compared with

polystyrene particles used in the current study and the ARF trapping of live cells in terms of composition,

shape, and physical properties would be the next step of our research. These trapping results are prom-

ising for the application of SBATs in biomedical and biophysical research. In conclusion, the present

work constitutes another important cornerstone toward widespread applications of SBAT for biological

and chemical research applications.

Limitations of the study

This study presents the dependency of trapping capability of high-frequency focused ultrasonic beam on

the working frequency and particle diameter, which is useful in the selective manipulation of cells and other

small particles. Two main limitations are as follows: (1) The particles trapped in the article are spheres or

ellipsoids so that they can be substituted into Equations (1) and (2) to calculate the acoustic radiation force.

If the particles have irregular shapes, you need to use the FEM to model and simulate the incident sound

field and its scattering field and calculate the sound radiation force by integrating the sound field. (2) The

trapped particles selected for the experiment in the article are PDMS, which is uniform and not easy to

deform. Suppose the ‘‘Forbidden Band’’ effects are used to manipulate real cells. In that case, it is essential

to characterize the material’s acoustic and mechanical properties and then substitute it into the formula.

More importantly, the cell’s deformation also needs to be considered because this affects the distribution

of the scattered field and the direction and magnitude of the final force will change. It is also necessary to

perform accurate sound field analysis on the focusing transducer used as acoustic tweezers. If the fre-

quency (R100 MHz) is too high (in this article), the sound field distribution can only be obtained by

FEM, not by an experimental hydrophone test.
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Transparent Methods 

Calculation of acoustic radiation force 

Based on the theoretical calculation for acoustic radiation force (ARF) calculations on 

nonabsorbent spherical scatterer placed in an ideal fluid, the first proposed radiation force 

F on a small sphere in an acoustic field with an arbitrary structure could be described as F 

=-▽U and the potential U is the Gor’kov (Gor'kov, 1962) potential, which can be 

represented as follows: 

 
𝑈 =

𝜋𝑎3

3
{𝑓1

|𝑝|2

𝜌𝑐2
−

3

2
𝑓2𝜌|𝐯|2} (3) 

 𝑓1 = 1 −
𝜌𝑐2

𝜌∗𝑐𝑙
2

1

1 −
4𝑐𝑡

2

3𝑐𝑙
2

 (4) 

 
𝑓2 = 2

𝜌∗ − 𝜌

2𝜌∗ + 𝜌
 (5) 



where 𝑎  is the radius of the spherical particle; 𝜌∗  is its density; 𝑐𝑙  and 𝑐𝑡  are 

longitudinal wave velocity and shear wave velocity in the material of the particle, 

respectively; 𝑐 is the fluid sound velocity and 𝜌 is density of the fluid; 𝑝 is the acoustic 

pressure distribution at the target plane and 𝐯 is particle velocity in the fluid, respectively. 

This algorithm simply gives the magnitude and direction of the acoustic radiation force (F) 

at a certain position, when the sound field distribution (𝑝 and 𝐯) of th position and the 

acoustic characteristics of particle and liquid are given. For very small sphere as scatterers 

in the diffraction acoustic field, just the monopole and dipole terms need to be considered 

in the calculation of acoustic field and acoustic radiation force which is called the Rayleigh 

scattering regime (Harada and Asakura, 1996). However, the abovementioned expression 

is valid only for a microsphere or ellipsoid with the diameter that is significantly smaller 

than the acoustic wavelength. The size-to-wavelength ratio covered within this work is at 

the upper limit or even beyond the Rayleigh regime. Furthermore, the angular spectrum 

using the Fourier transform of the scattered field formed by all incident acoustic waves can 

be superimposed to express the net scattered field. In particular, Sapozhnikova 

(Sapozhnikov and Bailey, 2013) developed a theoretical approach that calculates the 

radiation force of the elastic sphere in the arbitrary acoustic beam without a size limitation, 

the components of the radiation force (viz. Fx, Fy, and Fz) can be given by:  

𝐹𝑥 =
1

8𝜋2𝜌𝑐2𝑘2
𝑅𝑒 {∑ 𝜓𝑛 ∑ 𝐴𝑛𝑚(𝐻𝑛𝑚𝐻𝑛+1,𝑚+1

∗

𝑛

𝑚=−𝑛

∞

𝑛=0
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∗ )} 

(6) 



𝐹𝑦 =
1

8𝜋2𝜌𝑐2𝑘2
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1
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where function 𝐻𝑛𝑚 = ∬ 𝑑𝑘𝑥𝑑𝑘𝑦𝑆(𝑘𝑥, 𝑘𝑦)𝑌𝑛𝑚
∗ (𝜃𝑘 , 𝜑𝑘)

𝑘𝑥
2+𝑘𝑦

2≤𝑘2  and the 𝑆(𝑘𝑥, 𝑘𝑦) 

is the angular spectrum of the acoustic wave generated via transducer, 𝑘  is the 

wavenumber in the fluid, 𝜑𝑘 is the polar angles and  𝜃𝑘 is the spherical angle of the wave 

vector of the wave vector 𝒌 = {𝑘𝑥 , 𝑘𝑦, (𝑘2 − 𝑘𝑥
2 − 𝑘𝑦

2)
1/2

}, respectively, 𝑐 is sound velocity 

of the fluid, functions 𝑌𝑛𝑚(𝜃𝑘, 𝜑𝑘)  represent  spherical harmonics, 𝐴𝑛𝑚 =

√(𝑛 + 𝑚 + 1)(𝑛 + 𝑚 + 2)/(2𝑛 + 1)(2𝑛 + 3) and 𝐵𝑛𝑚 =

√(𝑛 + 𝑚 + 1)(𝑛 − 𝑚 + 1)/(2𝑛 + 1)(2𝑛 + 3) . The 𝜓𝑛  can be obtained from the 

equation 𝜓𝑛 = 2(𝑐𝑛 + 𝑐𝑛+1
∗ + 2𝑐𝑛𝑐𝑛

∗ ) and the (*) represents the complex conjugation. 

The scattering coefficients 𝑐𝑛 are determined by Eqs. (S1-S4) in Ⅲ Supplemental Material.   

It should be noted that the angular spectrum of the beam 𝑆(𝑘𝑥, 𝑘𝑦) is obtained based 

on the distribution of complex acoustic pressure 𝑝(𝑥, 𝑦, 𝑧0) generated by the transducer 

in the focal plane(z=z0): 

 
𝑆(𝑘𝑥, 𝑘𝑦) = ∬ 𝑝(𝑥, 𝑦, 𝑧0)

+∞

−∞

𝑒−𝑖𝑘𝑥𝑥−𝑖𝑘𝑦𝑦𝑑𝑥𝑑𝑦 (9) 

Through the above formulas, we can respectively calculate the three components of 

acoustic radiation force (Fx, Fy and Fz ) when the acoustic characteristics of the propagation 

medium (𝜌 and 𝑐) and the scatterer (𝑐𝑙, 𝑐t, a and 𝜌∗) and complex sound field distribution 



𝑝(𝑥, 𝑦, 𝑧0) are known. It should be noted that the position of the initial scatterer is at the 

origin of the coordinate system (x,y,z)=(0,0,0) and the specific factor given in Ⅱ 

Supplemental Material is multiplied by the angular spectrum for calculating the acoustic 

radiation force in any area. Therefore, acoustic force on a trapped elastic sphere can be 

calculated when the magnitude and phase of acoustic pressure is obtained using 

hydrophone scanning or bia finite element method (FEM) analysis on the plane of interest. 

 

Materials and Preparation 

Tightly focused LiNbO3 transducers with center frequency around 100MHz (LN100), 

200MHz (LN200) and 300MHz (LN300) were designed and fabricated, respectively. The 

fabrication and characterization details were described previously (Fei et al., 2016; Cannata 

et al., 2003).  

The microspheres trapping experiments were conducted in a filling distilled water cell 

culture dish with the focused needle ultrasound transducer. The needle transducer was 

manipulated by the three-axis motorized linear stage (LMG26 T50 MM, OptoSigma, CA) 

using LabVIEW program. Photographs and movies of the capture and movement of the 

microspheres were acquired by a CMOS camera (ORCA-Flash 2.8, Hamamatsu, Japan) 

combined with an inverted microscope (IX-71, Olympus, Japan) under the cell culture dish.      

To perform microspheres manipulation. A function generator (SG384 Stanford Research 

System, CA) provides the reference signal in a sinusoidal burst mode and a 50 dB power 

low impedance amplifier (525 LA, ENI Rochester, MN) directly drives the transducers 

with designed repetition frequency of the pulse, peak-to-peak magnitude of voltage and 

duty cycle corresponding to pulse.  



Trapping experiment 

For the particle trapping experiment of Size-selectivity several kinds of particle are 

immersed inside the cell. It is made from Polystyrene microspheres (Microbead NIST 

traceable particle size standard, Polyscience, Inc., Warrington, PA) with different 

diameters. The longitudinal sound velocity of the polystyrene material used to make the 

microspheres is 2330 m/s, the transverse sound velocity is 1100 m/s, and the density is 

1040 kg/m3. Firstly, the transducer is manipulated perpendicularly to the beam axis at the 

focal distance where the single microsphere is located. Immediately when the transducer 

is excited by the signal, there will form an acoustic trap at the focal distance if the 

microsphere size is suitable for trapping, otherwise the microsphere will move away from 

the center of the focus. Polystyrene microspheres of 5 μm, 10 μm, 15 μm, and 45 μm 

diameter were chosen as the targets.  

Transducer characterization 

The mathematical function with f-number (𝑓#)  of the focus transducer can be 

expressed as: 

𝑓# =
𝐿𝐷𝑂𝐹

𝐷
 

Where 𝐿𝐷𝑂𝐹  and 𝐷  are the depth of the focus and the diameter of the focused 

transducer, respectively. In order to achieve lower f-number (≤1) and high sound pressure 

intensity, smaller focal length is required when the transducer has been made. 

The -6dB bandwidth can be described by: 

𝐵𝑊 =
𝑓𝑢𝑝𝑝𝑒𝑟 − 𝑓𝑙𝑜𝑤𝑒𝑟

𝑓𝑐
 

𝑓𝑐 =
𝑓𝑙𝑜𝑤𝑒𝑟 + 𝑓𝑢𝑝𝑝𝑒𝑟

2
 



Where 𝑓𝑐 is the center frequency of the transducer. 𝑓𝑙𝑜𝑤𝑒𝑟 and 𝑓𝑢𝑝𝑝𝑒𝑟 are the lower 

frequency and upper frequency of the bandwidth of −6dB points in receive-echo frequency 

spectrum. The broad − 6 dB bandwidth (＞30%) shows a wide range of operating 

frequency for trapping. 

     

Equations of ARF calculation: 

𝑐𝑛 = −
Г𝑛𝑗𝑛(𝑘𝑎) − 𝑘𝑎𝑗𝑛

′ (𝑘𝑎)

Г𝑛ℎ𝑛
(1)(𝑘𝑎) − 𝑘𝑎ℎ𝑛

(1)′
(𝑘𝑎)

,   Г𝑛 =
𝜌𝑘𝑡

2𝑎2

2𝜌𝑠

𝛼𝑛𝛿𝑛 + 𝛽𝑛𝜒𝑛

𝛼𝑛𝜂𝑛 + 𝛽𝑛휀𝑛
, (S1) 

𝛼𝑛 = 𝑗𝑛(𝑘𝑙𝑎) − 𝑘𝑙𝑎𝑗𝑛
′ (𝑘𝑙𝑎),      𝛽𝑛 = (𝑛2 + 𝑛 − 2)𝑗𝑛(𝑘𝑡𝑎) + 𝑘𝑡

2𝑎2𝑗𝑛
′′(𝑘𝑡𝑎) (S2) 

𝜒𝑛 = 𝑘𝑙𝑎𝑗𝑛
′ (𝑘𝑙𝑎),    𝛿𝑛 = 2𝑛(𝑛 + 1)𝑗𝑛(𝑘𝑡𝑎),   휀𝑛 = 𝑘𝑙

2𝑎2 [
𝑗𝑛(𝑘𝑡𝑎)𝜎

1 − 2𝜎
− 𝑘𝑙𝑎𝑗𝑛

′′(𝑘𝑙𝑎)], (S3) 

𝜂𝑛 = 2𝑛(𝑛 + 1)[𝑗𝑛(𝑘𝑡𝑎) − 𝑘𝑡𝑎𝑗𝑛
′ (𝑘𝑡𝑎)],     𝜎 = (𝑐𝑙

2/2 − 𝑐𝑡
2 )/(𝑐𝑙

2 − 𝑐𝑡
2),  (S4) 

 

where 𝑗𝑛(·) is the spherical Bessel functions and ℎ𝑛
(1)(·) is the first kind spherical Hankel 

functions of ; here ,a prime (’) represents differentiation pertaining to the argument; the 

value of n is a natural number; 𝑘𝑙 = 2𝜋𝑓/𝑐𝑙 and 𝑘𝑡 = 2𝜋𝑓/𝑐𝑡 are the wavenumbers of 

longitudinal and shear waves in the material of the sphere respectively and 𝑎 is the radius 

of the sphere. 

 

Supplementary Figures 



 

Fig.S1 [The characterization of three transducers. (related to Figure 1).] Time-domain pulse/echo 

response and frequency spectrum (left) as well as lateral beam profile (right) of the transducers. 

 

Fig.S2. [The FEM model of focused transducer (related to Figure 2).] The model consisted of 

Matching layer (Parylene), ball-press piezoelectric transducers (LiNbO3), and water. Utilizing the solid 



mechanics and electrostatics modules in combination with a piezoelectric multiphysics coupling, we 

were able to apply oscillatory voltages to the transducers and explore the sound field. The boundaries 

at the ends of the water (covered with tape) were modelled as low-reflecting boundaries and between 

Matching layer and piezoelectric crystal is Acoustic-Structure Boundary multiphysics coupling.  

 

Fig.S3. [Magnitudes for the different frequency spectral component of the fields produced with 

three ball-press needle transducer (related to Figure 2).] Comparison of the magnitude of the FEM 

data at their working frequency, taken through the center of focus for each transducer (A) LN100 (B) 

LN200 (C)LN300 at 100 MHz , 200MHz and 300MHz respectively. 

Supplementary Tables 

Table.S1 [Summary of transducers performance. (related to Figure 1)]  

 
LN_100 LN_200 LN_300 

fc (MHz) 104 207 275 

BW (%) 40.3 44.2 45.05 

IL (dB) 18.8 21.5 28.8 

f# 0.84 0.83 1.15 

Rlaterial (μm) 16.4 6.6 6.4 

Beam width (μm) 16.4 6.6 6.4  
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