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Abstract: Acoustic manipulation is a set of versatile platforms with excellent manipulation capa-
bilities. In recent years, researchers have increasingly achieved specific manipulations beyond the
translation and capture of particles. Here, we focus on the acoustic field momentum mechanism that
generates an acoustic radiation force (ARF). A phononic crystal (PC) waveguide is established to
amplify the forward momentum of the acoustic beam through the mode conversion of the acoustic
field. Based on the conservation of momentum, the object gains reverse momentum. Thus, acoustic
pulling can be achieved through the mode conversion of the acoustic field. Furthermore, we analyze
the ARFs of two identical objects. It turns out that they can be manipulated separately by opposing
forces. Our study provides a new way to achieve stable long-range acoustic pulling, and will explore,
beneficially, the interaction between acoustic waves and matter.

Keywords: acoustic pulling; mode conversion; momentum conversion; acoustic radiation force

1. Introduction

Noncontact manipulation plays a significant role in a large number of modern scientific
and technological fields, such as biophysics [1], life science [2,3], and nanotechnology [4].
Since Ashkin’s pioneering work on optical tweezers was performed in the early 1970s [5],
optical tweezers have become a favorite way to manipulate particles. Although opti-
cal tweezer technology has relatively high resolution and precision [6–9], the thermal
effect [10–12] generated by high-power energy causes damage to controlled particles to
easily occur. Moreover, it has certain requirements for the electromagnetic properties [13] of
the controlled objects, and there are limitations in the control of relatively large objects [14].
In contrast, acoustic tweezers act as an emerging contactless manipulation platform, which
has the advantages of large forces [15], great biocompatibility [16,17], and label-free manip-
ulation [18,19]. Additionally, acoustic tweezers have no special requirements for materials
and do not damage cell activity [20,21]. Due to the incomparable advantages in biological
research [22], acoustic tweezers have great research value in applications such as precisely
targeted drug delivery [23–25], the manipulation of living biological cells [26,27], and
remote sample capture and separation [28,29].

The earliest theory of acoustic tweezers was proposed by A. Kundt and O. Lehmann [30].
It was found that the powder in the glass tube was redistributed under the action of an
ultrasonic standing wave field, and stably suspended at the standing wave node. In the
past few decades, the interaction between acoustic waves and objects has been mainly
about pushing and trapping [31,32]. Hence, how can we overcome this pushing and
achieve pulling using acoustic waves toward the source? This is a huge area of interest and
challenge for researchers. Although C.E.M. Démoré et al. [33] proposed the construction of
a tractor acoustic beam using a transducer to achieve pulling on objects, it had extremely
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strict requirements for the material parameters of objects. At present, the generation
of a negative acoustic radiation force (ARF) is mainly achieved using acoustic Bessel
beams [34–36] or the interference of multiple beams [37,38]. Due to the limitations of the
frequency and bandwidth of the transducer and the spatial mode of the beam, acoustic
pulling not only has strict requirements for acoustic waves and particles but is also limited
by short distances.

After the introduction of phononic crystals (PCs) [39], different acoustic fields can be
generated with the band structure and modal theory, which enriches particle manipulation
methods. Furthermore, PCs have unique properties that have received extensive attention,
including the demonstration of a subwavelength resolution [40], self-collimation [41], and
negative reflection [42]. When periodicity is broken by utilizing defects or cavities, it
can generate local states and open the propagating modes, such as the linear guidance
mechanism [43]. Here, we propose a novel method to achieve long-range acoustic pulling
based on mode manipulation in the PC waveguide. Our method does not rely on the
scattering force between the acoustic waves and the manipulated object but amplifies
the forward momentum of the acoustic waves based on mode manipulation. According
to theoretical analysis, when acoustic waves propagate in an m-th order mode with the
propagation constant, km, each phonon carries a momentum of h̄km and km always decreases
as m increases. When the mode of acoustic wave propagation is disturbed by an object,
mode conversion between different modes will occur [44], and the momentum of the
acoustic waves will change. Based on the conservation of momentum, the decrease in the
mode index during conversion can result in the emergence of an acoustic pulling force.
Here, the acoustic forces are calculated accurately by utilizing the closed-surface integral
of the time-averaged radiation stress tensor and analyzing the acoustic field of mode
conversion. Our results show that the longitudinal acoustic force (i.e., that propagating
along the wave) acting on the particle is negative once the relatively smaller mode index is
generated via mode conversion. In addition, two objects can be subjected to an acoustic
pulling force and pushing force, which can result in differing paths to achieve separation.

2. The Model

Consider a two-dimensional (2D) PC structure with a square lattice formed using a
copper column in the air, as shown in Figure 1. In this study, a linear defect waveguide
is achieved by breaking the periodic symmetry of PCs, which opens up the multiple
propagating modes [45]. First, the band structure of PCs without a waveguide is illustrated
in Figure 1a. It is observed that the first transmission band of the PC extends to 11.3 kHz
from the origin, as signified by the complete bandgap that occurs between 11.3 kHz and
20 kHz. The lattice constant, a, is 12 mm. The parameters of the copper column are mass
density, ρ = 8600 kg·m−3; longitudinal wave speed, cl = 4400 m·s−1; and radius, r = 5.52 mm.
The whole system is in the air (ρair = 1.29 kg·m−3; cair = 343 m·s−1). We use the eigen
evaluations of COMSOL 6.0 to simulate the band structure of the PC waveguide, as shown
in Figure 1b. The boundaries of the unit cell of the PC waveguide are set as plane wave
radiation boundaries along the edge direction, with the perpendicular direction set as
Floquet periodic boundaries. It can be observed that the PC waveguide has a variety of
propagation modes, including three modes (C1, C2 and C3) when the frequency is 13.6 kHz
(the black dotted line). It is worth noting that only two modes of propagation are supported
in the frequency range of 14.5 kHz to 15 kHz. Moreover, the selected frequency is in
the band gap of the PCs. To better illustrate the mode conversion process, as well as
the generation of acoustic pulling being more feasible, we select a dual-mode frequency
for discussion, and momentum conversion occurs between these two modes only. Here,
we select a frequency of 14.6 kHz as an example (blue solid line in Figure 1b), which
corresponds to a dual mode, as marked by A (the fourth-order mode) and B (the third-order
mode), and the wave vectors of them are kxA = 0.45 (π/a) and kxB = 0.79 (π/a), respectively.
The acoustic pressure field patterns of the two modes are shown in Figure 1c,d. Point
A is the fourth-order mode (in Figure 1c) and has three nodes on the symmetry axis of
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the waveguide. Point B is the third-order mode (in Figure 1d) and has two nodes. When
the acoustic field is converted from the fourth-order mode into the third-order mode, the
forward momentum increases, so an acoustic pulling force may be generated on the scatter.
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Figure 1. Mode conversion mechanism in phononic crystal (PC) waveguide structures. (a) The band
structure of the PC without the waveguide. (b) The band structure of the PC waveguide; point A and
point B represent two modes at a randomly selected frequency, 14.6 kHz (blue solid line), where the
wave vectors of the two modes are kxA = 0.45 (π/a) and kxB = 0.79 (π/a). The gray circle is the copper
column and the black dotted line is the defect. (c,d) The acoustic pressure field diagram at point A
and point B. x = 0 is defined as a distance of 480 mm from the sound source, and y = 0 is defined as
the symmetry center of the PC waveguide structure.

A quadrupole point sound source [46] is used to excite the waveguide from the left
side and adopt a perfectly matched layer (PML) to eliminate the influence of reflected
acoustic waves. The computational domain is divided by quadratic Lagrange triangular
mesh elements. The quadrupole point sound source can be regarded as a dipole with two
opposite phases and belongs to a stress sound source. Its directivity diagram is “four-leaf
rose linearly”, and the radiated power is proportional to the eighth square of the airflow
velocity. The use of a quadrupole point sound source can ensure that the acoustic waves
propagate in one mode without clutter.

The ARF of the particle can be calculated by integrating the time-averaged Brillouin

radiation stress tensor
〈↔

T
〉

on the closed surface surrounding the particle [47,48] as

follows:

F = −
∮

S

〈↔
T
〉
· dS. (1)

where the differential area, dS, indicates the outer normal of a surface enclosing the particle

and
〈↔

T
〉

is expressed as follows:

〈↔
T
〉

=

( 〈
ρ2〉

2ρ0c02 −
ρ0
〈
v2〉
2

)
↔
I + ρ0〈vv〉 (2)

where
↔
I stands for a unit tensor, ρ0 and c0 are the density and the acoustic speed of the

fluid, and v and p denote the velocity and pressure field.
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The dimensionless radiation force can be obtained as follows:

Yx,y = Fx,y/I0 (3)

where I0 is the density of acoustic energy when an acoustic wave passes through the same
location in the absence of an object, and Yx and Yy are the dimensionless radiation force
functions in the x and y directions, respectively.

3. Results and Discussion

For a polystyrene (PS) elliptic object, we calculate the ARF acting on the particle and
analyze the acoustic pressure field, as shown in Figure 2. Figure 2a shows the detailed
settings of the system, and the object with the semi-major axis, rx = 3.6a and the semi-
minor axis, ry = 0.34a. Figure 2b shows the acoustic pressure field after being scattered by
the object. It can be seen that the fourth-order mode is converted into the mixed mode
dominated by the third-order mode. Then, the lateral ARF (Yy) acting on the object is
illustrated in the waveguide, as shown in Figure 2c. When there are no objects in the
system, the acoustic pressure value of x = 2a is depicted by the red solid line. The black
solid line represents Yy when the object’s center is located x = 2a. It is found that the object
is captured at the pressure node positions y1 = 0.52a and y2 = −0.52a. This is because the
acoustic waves create a trap at the pressure node (anti-node), and the object is steadily
trapped at the pressure node (positive acoustic contrast particles) or anti-node (negative
acoustic contrast particles) [49]. Specifically, the object is made of polystyrene with a
positive acoustic contrast factor, so it is stably trapped at the pressure node. In addition,
the longitudinal ARF (Yx) acting on the object is shown in Figure 2d. When the object is
located at y1 = 0.52a and y2 = −0.52a, Yx is negative (opposite to the propagation direction
of acoustic waves). The relatively smaller mode is generated via mode conversion, as
shown in Figure 2b, so the longitudinal acoustic force acting on the particle is a continuous
and long-term acoustic pulling force. The simulation results show that the scheme of mode
conversion to generate acoustic pulling is feasible.
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Figure 2. Configurations of an ARF on the particle at an incident frequency of 14.6 kHz. (a) The
detailed settings of the system, the object parameters: mass density, ρps = 1050 kg·m−3; longitudinal
wave speed, cl = 2500 m·s−1; the semi-major axis, rx = 3.6a; and the semi-minor axis, ry = 0.34a.
(b) The acoustic pressure field of an elliptic object (solid green line). (c) The acoustic pressure value
(solid red line) for the y direction when there are no objects in the system. The lateral ARF (Yy) acting
on the object, which is centered at x = 2a. (d) A black curve and red curve denoting the longitudinal
ARF (Yx) exerted on the object located at y1 (0.52a) and y2 (−0.52a), respectively.
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To further achieve the steady pulling of the object, the ARF acting on the object is
considered at the different positions and frequencies. Firstly, we discuss the case where the
object deviates from the stability point of 0.52a in the y direction, which is located below
or above it. In Figure 3a, the ARF (Yx) is still a negative force and is greater when the
object approaches the stable point, 0.52a. In addition, we discuss the simulation of the
acoustic pressure fields with the object located at (1.5a, 0.5a) and (1.5a, 0.55a), as shown
in Figure 4b. The mode of the acoustic wave can still be converted. Secondly, Figure 1b
previously showed that the waveguide can realize dual-mode propagation in the frequency
range of 14.5 kHz–15 kHz. It is found that with the ARF exerted on the object, Yx is still a
negative force at different frequencies in that range, as shown in Figure 3c. Our pulling
force not only enables stable pulling but also has multiple adjustable frequencies that are
not limited to a single frequency.
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pressure fields with different disturbances of A, B, C, and D points. The acoustic wave is still incident
at the frequency of 14.6 kHz.

In actual situations, the size of the object may be different and affect the acoustic force.
The semi-major axis is rx and the semi-minor axis is ry; the results are shown in Figure 3d. It
can be seen that in the rx from 2a to 4a, and in the ry from 0.1a to 0.65a, the acoustic force is
negative in some regions, while it is positive (the white areas) in other regions. The whole
region is divided into four regions. Region I indicates that the object is smaller, and the
ARF is positive. When the wavelength of the acoustic wave is much larger than that of
the object, the diffraction of the acoustic wave, such as the acoustic pressure field of the
object (point A, rx = 0.45a, ry = 0.25a), will occur, as shown in Figure 3e. Region II represents
the object with a large ry, and the ARF is positive. When the semi-minor axis, ry, is larger
than 0.65a, the elliptic object is a good “reflector”, such as the acoustic pressure field of the
object (point B, rx = 6a, ry = 0.74a), as shown in Figure 3f. It can reflect most of the acoustic
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waves forming an “acoustic shadow” behind the object. Region III represents the mode
conversion that does not generate a relatively smaller propagating mode, so the ARF is
positive. When the semi-major axis, rx, of the object is larger than 4.5a, mode conversion
can occur at this time, but the mixed mode is mainly the fourth-order mode, such as the
acoustic pressure field of the object (point C, rx = 6.4a, ry = 0.31a), as shown in Figure 3g.
Region IV represents the relatively smaller mode generated via mode conversion, such as
the acoustic pressure field of the object (point D, rx = 2.2a, ry = 0.1a), as shown in Figure 3h.
Due to the conservation of momentum, the increase in the forward momentum of the
acoustic wave field is accompanied by the increase in the acoustic pulling force. The results
show that our method is suitable for a wide range of object sizes. Moreover, the size of the
object can be adjusted to suppress the reflections, thus achieving an acoustic pulling force
effectively.
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mode, third-order mode and fourth-order mode, respectively. (b) Graph showing that when L is
12.5a, the longitudinal acoustic force (Yx) exerted on object 1 is negative (the black curve), and that
exerted on object 2 is positive (the red curve). (c) The ARF acting on the object when L changes from
6a to 30a. Object 1 is fixed at (1.5a, 0.52a). (d,e) The longitudinal acoustic force (Yx) acting on the two
objects on the different y axes and different shapes. (f,g) The acoustic pressure field of two objects on
the different y axes and different shapes.

In addition, the separation of two identical objects can be achieved without relying
on density and object size. Figure 4a shows the acoustic pressure field of the two same
elliptical objects (rx = 2.8a, ry = 0.25a), which has the distance of L = 12.5a between the
centers of objects 1 and 2. It can be observed that a relatively smaller mode is generated after
scattering by object 1. However, the acoustic wave mode scattered by object 2 is reversed,
which produces a relatively higher mode. Based on the conservation of momentum, we
predict that the longitudinal acoustic force (Yx) exerted on object 1 is opposite to that of the
acoustic wave that is propagating, and that on object 2 is the same as that of the wave that is
propagating. The longitudinal acoustic force, Yx, is shown in Figure 4b. It is indicated that
the ARF of Yx of object 1 is negative and that of object 2 is positive. The results show that
two different manipulations can be achieved for two identical objects. When the distance
between the center of object 1 and object 2 is different, the ARF will be affected, as shown
in Figure 4c. The direction of the sound force does not change with the change in L. In
order to observe the surprising ARF, the longitudinal acoustic force (Yx) acting on the two
objects on the different y axes and different shapes is shown in Figure 4d,e. From Figure 4d,
it is observed that the ARF of Yx exerted on object 1 (2.5a, 0.52a) is negative and that
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exerted on object 2 (15a, −0.52a) is positive; the acoustic pressure field is shown in Figure 4f.
Furthermore, when object 2 changes to a rectangle (length lx = 6.4a, width ly = 0.59a), the
ARF of Yx is still the opposite, as shown in Figure 4e; the acoustic pressure field is shown
in Figure 4g. Therefore, we can achieve acoustic pulling and pushing concurrently in this
PC waveguide that is not affected by the position and shape of the object. Our results will
have potential advantages for the separation of identical particles in the field of particle
separation.

4. Conclusions

In summary, an acoustic pulling force was achieved using the mode conversion
mechanism in a phononic crystal waveguide that utilizes the momentum modulation
characteristics of the periodic lattice for different eigenmodes. The advantages of our new
mechanism over that of the traditional acoustic pulling method include long-range and
stable pulling and the lack of requirements for the size of the object. We studied the band
structures of the waveguide and calculated the acoustic radiation force acting on the object
rigorously by integrating the Brillouin stress tensor. Moreover, the acoustic pulling force
has a wide bandwidth and allows efficient and precise control over a wide range of sizes.
For two identical objects, the efficient separation of them was achieved without relying
on density and size, but by using mode conversion and reconversion. The principles and
results reported in this work open up many possibilities for acoustic wave manipulation.
The method is expected to become an important tool in diverse areas such as drug delivery,
cell sorting and particle concentration determination.

In this work, assisted by 3D-printed scaffolders [45] and a traditional computer nu-
merical control (CNC) machining process [50], the scheme proposed here was achieved.
This scheme would be well worth studying.
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