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Abstract—This paper presents an experimental and theo-
retical investigation of the dependence of acoustic trapping ca-
pability on the orientation and shape of particles to be trapped 
in different media. In the experimental investigation, two sharp 
edges of metal strips in ultrasonic vibration are used to trap 
particles in air. Experimental particles are made of clay, having 
the same mass and volume but different shapes. In the theo-
retical investigation, a method which combines the analysis of 
finite element method and theory of acoustic radiation force is 
used to calculate the acoustic radiation force acting on particles 
with different shapes and orientations. Both the experimental 
and theoretical results show that the acoustic trapping capa-
bility depends on the orientation and shape of particles. It is 
found that both in air and in water, for a particle with a given 
shape, the trapping capability is different at different orienta-
tions; for some commonly shaped particles, such as rectangular 
cuboid, cylinder, cone, cube, sphere, and hollow cylinder; the 
trapping capability for each particle shape at its best trapping 
orientation decreases in the listed sequence of shapes.

I. Introduction

The acoustic radiation pressure is the unidirectional 
pressure on an object in a sound field, which is di-

rectly caused by sound and not related to acoustic stream-
ing [1], [2]. The acoustic radiation force is the force caused 
by the acoustic radiation pressure. The theory of acoustic 
radiation force on an object in a sound field has been stud-
ied by many authors until the present day. King presented 
a detailed theoretical understanding of acoustic forces for 
a rigid sphere in plane standing or progressive wave fields 
in ideal fluid [3]. Embleton extended King’s approach to 
the case of a rigid sphere in progressive spherical wave 
field [4]. Yosioka and Kawasima extended King’s method 
to include the effects of a compressible sphere [5]. Using 
a different approach than King, Gor’kov used the far-field 
scattering method to calculate the force acting on a sphere 
in a sound field in ideal fluid [6]. Nyborg derived a simple 
expression of acoustic forces by extending the methods of 
King and Embleton [7]. Hasegawa and Yosioka calculated 
the acoustic radiation force on an elastic solid sphere sus-
pended freely in a plane progressive sound field [8]. Bar-
matz and Collas applied the method of Gor’kov to derive 
the expressions of acoustic radiation potential and force 
on a sphere in plane, cylindrical, and spherical standing 
wave fields [9]. Marston derived an expression for the ra-

diation force on a sphere placed on the axis of an ideal 
acoustic Bessel beam propagating in an inviscid fluid [10]. 
Besides these studies of the force on a spherical object in 
sound field, there are some researches into the acoustic 
radiation force on a cylinder. Awatani [11] and Hasegawa 
et al. [12] derived numerical results for acoustic radiation 
forces on rigid and elastic cylinders in plane progressive 
sound field, respectively. Wu et al. derived a simple and 
general analytical expression of acoustic radiation force 
on a rigid cylinder in standing wave field [13]. Wei et al. 
derived a method of acoustic radiation force on a com-
pressible cylinder in standing wave field [14]. Mitri derived 
the exact expressions of acoustic radiation force on elastic, 
viscoelastic, and rigid cylinders in a standing wave field 
or quasi-standing wave field [15]–[17]. There are also a 
few works investigating the acoustic radiation force on 
some other types of objects, such as disks, spherical shells, 
bubbles, and so on [18]–[25]. Other significant works on 
acoustic radiation force are reported in [26]–[32].

The acoustic radiation force generated in the sound 
field can be used to manipulate particles, such as to col-
lect, concentrate, separate, and transport particles. Par-
ticle manipulation by ultrasound has potential applica-
tions in household appliances, pharmaceutical production 
line, waste gas control, etc. Many particle manipulation 
techniques by ultrasound have been developed over de-
cades. Coakley et al. investigated the cell manipulation in 
ultrasonic standing wave field [33]. Wu proposed acoustic 
tweezers using two collimated focused ultrasonic beams, 
in which the acoustic tweezers can trap latex particles of 
270 µm diameter and clusters of frog eggs [34]. Takeuchi et 
al. developed a VHF-range leaky wave transducer to trap 
and transport 50-µm-diameter glass spheres in water [35]. 
Hu proposed a series of ultrasonic transducers to collect 
small plant seeds by acoustic radiation surface, such as 
π-shaped ultrasonic tweezers, a tapered aluminum strip, 
and others [36]–[38]. Other significant works in this area 
are reported in references [39]–[46].

Studying the above listed researches, it is found that 
all of them use the acoustic radiation force on a sphere or 
cylinder in plane standing and traveling wave fields. There 
has been no systematic work reported on the dependence 
of acoustic trapping capability on the orientation and 
shape of objects in complicated sound fields, such as the 
one near the radiation surface. In practical applications, 
objects have various shapes and can be in many orienta-
tions. In the applications, such as removing particles from 
a solid surface and separating particles from a mixture, it 
is necessary to understand the effects of particle shape and 
orientation on the trapping capability for the particle.
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In this work, the effects of the orientation and shape 
of particles on the acoustic trapping capability for them 
have been investigated both experimentally and theoreti-
cally. In the experiment, two sharp edges of metal strips 
in ultrasonic vibration are used to trap particles in air. 
A method which combines the analysis of finite element 
method (FEM) and theory of acoustic radiation force is 
used to calculate the acoustic radiation force on various 
shaped particles in a complicated sound field. It is found 
that the acoustic trapping capability depends on the ori-
entation and shape of the particles. The dependence of 
acoustic trapping capability on the orientation and shape 
of some commonly seen particles such as rectangular 
cuboid, cylinder, cone, cube, sphere, and hollow cylinder 
in different media is clarified experimentally and theoreti-
cally.

II. Experimental Setup and Analysis Method

The structure of transducer used to trap particles in 
air in the experiment is shown in Fig. 1, which has been 
reported in our previous work [47]. In this transducer, 
two identical aluminum strips are clamped to a Langevin 
transducer (FBL28452HS, Fuji Ceramics, Tokyo, Japan) 
as shown in Fig. 1(a). The aluminum strips have the shape 
and size shown in Fig. 1(b) and (c). The upper part of 
them is a rectangular aluminum plate, and the lower part 
is a V-shaped aluminum strip. The upper part has a size 
of 40 × 45 × 1.5 mm with a 10-mm-diameter hole at its 
center; the lower part with a length of 99 mm, width of 
22.5 mm and thickness of 1.5 mm, is tapered off from the 
upper end to the lower end; the thickness of strip at the 
tip is around 200 µm. In this way, a triangular air gap 
is formed between the two V-shaped strips, which has a 
thickness of 1.3 mm at the tip. The Langevin transducer 
has a resonance frequency of 25.3  kHz. The 2-D FEM 
analysis by the acoustic module of COMSOL Multiphys-
ics (Comsol Inc., Burlington, MA) shows that a flexural 

vibration is excited in the aluminum strips when an AC 
voltage with a frequency close to the resonance frequency 
of the ultrasonic transducer is applied. This flexural vi-
bration will generate a sound field, and the sound field 
near the lower end of the gap can generate an acoustic 
radiation force to suck the particles to the lower end of 
strips [47].

The acoustic radiation force F on a rigid immovable 
object in a sound field in ideal fluid is given by the follow-
ing integration over the surface of the object [2].

	 F n= -òò ( ) ,K U S
S

d
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where the notation 〈 〉 denotes time average over one pe-
riod, K is the kinetic energy density, U is the potential 
energy density, and n is the outward normal unit vector of 
the surface. The kinetic and potential energy densities K 
and U can be calculated by [2]
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where ρ0 and c0 are the density of and sound speed in the 
fluid, v is the velocity, and p is the sound pressure.

The FEM analysis is conducted by the harmonic analy-
sis of acoustic module of COMSOL Multiphysics for the 
sound field surrounding a particle under the two vibrating 
sharp edges in air as shown in Fig. 1(c) in 3-D. It is found 
that when the two identical metal strips are vibrating in 
the same y direction, the sound pressure in the air gap is 
antisymmetric about its central plane (xz-plane), therefore 
the sound pressure in the xz-plane is zero. Also it is found 
that the vibration velocity on particle surfaces is symmet-
ric about the xz-plane. Because of the limitation of our 
32-bit computer’s addressable memory (physical RAM 
and disk swap space) for calculation, it is difficult to ana-
lyze the whole structure in 3-D, so we split the whole 
structure (two metal strips, a particle, and the surround-
ing sound field) into two parts about the xz-plane for the 
3-D FEM calculation. The boundary conditions for the 
sound field are: P = 0 is used for the xz-plane; the rest of 
the sound field boundaries are radiation boundary. The 
excitation conditions for the transducer are: the excitation 
frequency f is 25.3 kHz, which is the resonance frequency 
of the transducer; the amplitude of the y-directional vibra-
tion displacement (0-peak) of the upper part of metal 
plates d is 10 µm; the loss factor of the vibration in alumi-
num is 0.02, which is defined as the ratio of the amount of 
energy dissipated as heat to that of total stored energy 
(COMSOL Multiphysics, Comsol Inc., Burlington, MA). 
Fig. 2(a) shows the mesh of the half structure (a single 
strip, half of a 3 × 3 × 3 mm cube particle and the sur-
rounding sound field) in 3-D FEM calculation, where the 
maximum mesh size at the particle surface boundaries is 
around 0.66% of the wavelength. Figs. 2(b), (c), and (d) 
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Fig. 1. Structure and size of the ultrasonic transducer with two V-shaped 
aluminum strips in air. (a) Photo of structure of the ultrasonic trans-
ducer. (b) Shape and size of the aluminum strip. (c) Air gap formed by 
the two V-shaped strips.



show the amplitudes of x-directional velocity, y-directional 
velocity and sound pressure on the top surface of the half 
particle. The z-directional velocity on top surface of the 
half particle is around 10−15 m/s, which is much smaller 
than the x-directional and y-directional velocities, thus it 
is not listed. It is seen that the x-directional velocity is 
very small compared with the y-directional velocity; the 
y-directional velocity is maximum at around y = 0.75 mm, 
which is near the sharp edge of the vibrating strip. From 
the 3-D FEM results shown in Fig. 2(b), (c) and (d), it is 
known that á ñòò K S

S 
d  and á ñòò U S

S 
d  on the top surface 

of the cube particle are calculated to be 6.5 × 10−4 N and 
1.2 × 10−5 N, respectively. Also, it is found that á ñòò K S

S 
d  

and á ñòò U S
S 

d  on the side and bottom surfaces of the 
particle are less than 1% of that on the top surface; thus, 

they are negligible. From the calculation, it is known that 
on the top surface of particle, á ñòò K S

S 
d  ≫ á ñòò U S

S 
d , so 

F has the same direction as n [see (1)], and the particle 
may be sucked to the sharp edge of the strips. Therefore, 
for the transducer used in our experiment, the acoustic 
radiation force acting on a particle is determined by the 
force on the top surface of the particle, pointing upwards; 
and the trapping force mainly occurs near the two vibrat-
ing sharp edges of the strips. Also, based on our FEM 
analysis, it is known that the negative acoustic radiation 
pressure is much larger in the contact area between the 
sharp edges of strips and top surface of particle than that 
at the other locations of the particle. So the x-directional 
length of the contact area is defined as the action line of 
the particle.
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Fig. 2. 3-D FEM analyses of the half structure (a single strip, and half of a 3-mm-long cube particle and surrounding sound field) in air when a 
vibration displacement amplitude (0-peak) of upper part of metal plate is 10 µm. (a) Mesh. (b) The x-directional velocity on top surface of the half 
particle. (c) The y-directional velocity on top surface of the half particle. (d) The sound pressure on top surface of the half particle.



Particles used in the experiment are made of clay. The 
sound speed of clay material is measured by a sound speed 
meter (SV-DH-7A, Guotai Electronics, Xi’an, China). In 
the method used, two cylindrical clay samples with dif-
ferent lengths (L1 and L2, respectively) are used, and the 
time for sound to travel through each sample in its length 
direction is measured (t1 and t2, respectively). The sound 
speed in clay material is calculated by the length differ-
ence (ΔL = L1 − L2) and the time difference (Δt = t1 
− t2), and the measured sound speed was found to be 
2716 m/s. The density of clay material is calculated by 
using the measured mass and volume of clay particle, and 
the measured density is 1554 kg/m3. There are six types 
of particles with different shapes but the same masses and 
volumes. The mass of each particle is 40 mg. The shapes of 
the six particles are sphere, cube, cylinder, cone, rectangu-
lar cuboid, and hollow cylinder. The size of each particle is 
shown in Fig.3. In the experiment, the two vibrating sharp 
edges of strips are moved to the top surface of particle, 
and then the transducer is lifted up. It is found that all of 
the six particles can be trapped in air by the transducer 
operating at a proper vibration. For the comparison of 
acoustic trapping capability, the acoustic trapping capa-
bility coefficient Ctr is defined as

	 C
dtr =

1

min
,	 (4)

where dmin is the minimum vibration displacement at the 
tip of metal strip to trap one particle. The acoustic trap-
ping capability for a particle is stronger for greater values 
of Ctr. Fig. 4 shows the trapped rectangular-cuboid-shaped 
particle under the two sharp edges of the strips in air.

III. Results and Discussion

The effect of orientation of a rectangular cuboid par-
ticle on the acoustic trapping capability in air has been 
investigated both experimentally and theoretically. The 
rectangular cuboid particle trapped under the two sharp 
edges of metal strips has six possible trapping orienta-
tions, from a to f, as shown in Fig. 5(a). Fig. 5(b) shows 
the experimental and calculated acoustic trapping capa-
bility coefficients for the rectangular cuboid particle at 
the different trapping orientations. In the experiment, 
the particle can be trapped at five orientations (a, b, c, 
d, and e), and experimental and calculated results agree 
well. Defining the contact line between the sharp edge of 
strip and the top surface of particle as the action line, the 
lengths of the action line of the rectangular cuboid par-
ticle from orientation a to f are 5.22, 5.22, 3.71, 3.71, 1.53, 
and 1.53 mm, respectively. It is found that the acoustic 
trapping capability coefficient Ctr increases mostly with 
the increase in the length of the action line. Also, with the 
same length of action line, a particle with larger top sur-
face area [shaded area in Fig. 5(a)] has stronger acoustic 
trapping capability. For example, cases a and b have the 
same length of action line, but case a has larger trapping 
capability than case b. This is because the larger the top 
surface area is, the larger is the action area of the upward 
acoustic radiation force.

Fig. 6 shows the experimental and calculated effects of 
the orientation of the cylindrical particle on the acoustic 
trapping capability in air. The cylinder particle has three 
possible trapping orientations, as shown in Fig. 6(a). From 
Fig. 6(b), it is seen that cylinder can be trapped at all the 
orientations; for orientation a and b, the experimental and 
calculated results agree well; for orientation c, the differ-
ence between the experimental and calculated results is 
relatively large. It is known that the length of the action 
line of cylinder particle for orientation c is 0 mm. The er-
ror in case c may be because a very short action line of a 
particle needs a finer mesh to reduce the calculation error 
and this requires a quite large memory for calculation. 
This is not easy to achieve with our current computer.

The acoustic trapping capability for particles in air 
with different shapes (as shown in Fig. 3) has been inves-
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Fig. 3. Photos and dimensions of six different shaped clay particles with 
the same mass and volume.

Fig. 4. A trapped rectangular cuboid shaped particle in air.



tigated experimentally. For each particular particle shape, 
there are several possible trapping orientations, and every 
orientation has its own trapping capability. The best ex-
perimental trapping capability for each particle is used, 
as shown in Fig. 7(a). Fig. 7(b) shows the experimental 
and calculated acoustic trapping capabilities for particles 
with different shapes. The experimental acoustic trapping 
capability was found to be greatest to least for the particle 
shapes rectangular cuboid, cylinder, cone, cube, sphere, 
and hollow cylinder. The error between the experimental 
and calculated results is small except for the sphere and 
hollow cylinder. The theoretical calculations are not given 
for the sphere and hollow cylinder for the reason given in 
the discussion of Fig. 6.

The effect of orientation of the same rectangular cuboid 
particle on the acoustic radiation force acting on particle 
in water and in air is investigated theoretically, and the 
results are shown in Fig. 8. In the calculation, the vibra-
tion excitation conditions in water are the same as that 
in air (d = 10 µm and f = 25.3 kHz). The trapping ori-
entations of the rectangular cuboid particle shown in Fig. 

5(a) are used. From Fig. 8, it is seen that the acoustic 
radiation force acting on the rectangular cuboid particle 
decreases from orientation a to f both in air and in water; 
the acoustic radiation force on the particle in water is 
larger than that in air for the same particle at same orien-
tation, because of the stronger sound field in water. Con-
sidering the buoyancy force on the particle in water, the 
trapping capability in water would be much stronger than 
that in air because the upward trapping force is enhanced 
by buoyancy force. In this analysis, the effect of acoustic 
streaming is not taken into account. It was experimentally 
found that there was no acoustic stream or the effect of 
acoustic stream on particle trapping was negligible when 
the vibration velocity was less than a critical value [25]. 
Our analysis is for the vibration range in which the effect 
of acoustic streaming is small.

Fig. 9 shows the calculated acoustic radiation forces 
acting on particles both in water and in air for the par-
ticles shown in Fig. 3, which have different shapes but the 
same volume and density. In the calculation, the vibration 
excitation conditions in water are the same as that in air 
(d = 10 µm and f = 25.3 kHz). The trapping orientation 
of each particle is as shown in Fig. 7(a). From Fig. 9, it is 
seen that the acoustic radiation force in water decreases 
from rectangular cuboid, cylinder, cone, cube, sphere, to 
hollow cylinder, which is the same order as that in air.
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Fig. 5. The effect of orientation of rectangular cuboid clay particle on the 
acoustic trapping capability in air. (a) Six possible trapping orientations 
of the same rectangular cuboid shaped particle. (b) The experimental 
and calculated acoustic trapping capability coefficients for the rectangu-
lar cuboid particle at different trapping orientations.

Fig. 6. The effect of orientation of cylinder clay particle on the acoustic 
trapping capability in air. (a) Three possible trapping orientations of 
the same cylinder shaped particle. (b) The experimental and calculated 
acoustic trapping capability coefficients for the cylinder particle at dif-
ferent trapping orientations.



Fig. 10 shows the calculated acoustic radiation force on 
rectangular cuboid particle at the interface of water and 
air. In the calculation, the vibration excitation conditions 
are the same as that in air and in water (d = 10 µm and f 
= 25.3 kHz); the trapping orientations of the rectangular 
cuboid particle shown in Fig. 5(a) are used, and half of 
the particle is in water and another half in air. From Fig. 
10, it is seen that from orientation a to f, the acoustic 
radiation force on particle at the interface of water and 
air decreases correspondingly. Compared with Fig. 8, it is 
found that the acoustic radiation force on particle at the 
interface of water and air is larger than that in air, and 
less than that in water.

IV. Conclusions

In summary, we have investigated the effects of orienta-
tion and shape of particles on the acoustic trapping capa-
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Fig. 9. The effect of particle shape on the calculated acoustic radiation force acting on particle in water and in air.

Fig. 8. The effect of orientation of the rectangular cuboid particle on 
the calculated acoustic radiation force acting on particle in water and 
in air.

Fig. 7. The effect of particle shape on the acoustic trapping capability 
in air. (a) Six particles with different shapes but the same volume and 
density, at the orientation at which the experimental trapping capability 
is the strongest for each particle. (b) The experimental and calculated 
acoustic trapping capability coefficients for the particles at the orienta-
tions shown in (a).



bility in different media. When the density, volume, and 
mass per particle are constant, the acoustic trapping ca-
pability for particle depends on the orientation and shape 
of particle. This dependence is caused by the difference 
in the length of the action line of the acoustic radiation 
force acting on the particles. The acoustic trapping ca-
pability increases with the increase of the length of the 
action line. For a given particle, acoustic trapping capa-
bility is the best at the orientation where the action line 
is the longest. The acoustic trapping capability was found 
to be greatest to least for the particle shapes rectangular 
cuboid, cylinder, cone, cube, sphere, and hollow cylinder. 
A method which combines the FEM analysis and theory 
of acoustic radiation force was employed to calculate the 
acoustic radiation force acting on particles with various 
shapes and orientations. By comparing the experimental 
and calculated results, it is seen that this method can ex-
plain the experimental results well. Also it was found that 
the acoustic radiation force on a given particle is much 
larger in water than in air; the acoustic radiation force 
on particle at the interface of water and air is larger than 
that in air and less than that in water.
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