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Acoustic manipulation has been a topic of significant research in recent years. However, the trapping
scale in the radiative acoustic field domain is severely limited by the diffraction limit of the classic wave.
Here, we report on a simple strategy to create multiple acoustic diffraction-limit-broken spots at different
spatial positions in the far-field region for a wide frequency range. The subwavelength acoustic field
comes from the interference of the plentiful diffractive beams specific to a quasiperiodic structure plate.
We analyze the acoustic radiation force of the gradient field at multiheight plane above the plate for
different frequencies and further demonstrate acoustic pushing and ring-shaped trapping of polystyrene
particles within this subwavelength region. This work could be envisaged to pave a way for high-resolution
manipulation of tiny particles in biomedical and cell research fields.
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I. INTRODUCTION

Dexterous manipulation of microparticles, cells, and
organisms in a noninvasive manner has been attracting
great interest for research realms in optical physics, acous-
tic physics, chemistry [1], and biology [2]. Acoustic tweez-
ers, as an emerging and versatile contactless manipulation
technique, which handles particles based on the momen-
tum transfer of acoustic field and acoustic radiation force
(ARF), have been developed into a tool for various practi-
cal applications [3–6]. To date, theoretical design methods
[7–10] and experimental technologies [11–36] on particle
manipulation by ARF have gained rapid progress, and var-
ious mature platforms have emerged to realize feasible and
precise acoustic contactless manipulation. For instance,
acoustic trapping [11–20], levitation [21–28], patterning
[29–33], and sorting [34–36] have been accomplished with
the help of transducer or transducer arrays [15–18,25–31],
or by use of surface acoustic waves produced by inter-
digital transducer devices [34,35], or with the artificially
engineered acoustic fields generated by a phononic crystal
plate and acoustic metamaterial [19–22,33,36]. However,
the trapping scale in the radiative acoustic field domain
is severely limited by the Rayleigh diffraction limit of the
classic wave. It is not easy to obtain an ultrasmall region of
subwavelength dimension, which still guarantees the ARF
for particle manipulation.

Seeking new methods for particle manipulation within
the subwavelength region is a pending challenge. The
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reported work involving the subwavelength acoustic field
manipulation of particles was realized either by the use
of nonradiative acoustic evanescent wave-based forces in
an acoustic near-field region [37] or by the resonant shell
mode near the surface of the shell structure [38] or by
the use of superoscillation acoustic wave packets gener-
ated by a specially designed complex acoustic mask [39].
Here, we propose a relatively simple strategy to create
multiple acoustic diffraction-limit-broken spots at different
spatial positions in the far-field region. By numerically and
experimentally analyzing the feature of the acoustic fields
and their ARF effect on particles, we conclude that this
ultrasmall subwavelength acoustic field ensures ARF on
small particles. Therefore, we further give a direct demon-
stration of acoustic pushing and trapping of polystyrene
microparticles within this subwavelength region.

II. METHODS

A. Generation of the subwavelength acoustic field

Figure 1 shows the top view of the fabricated sample,
which consists of a 150 × 150 mm2 steel plate penetrated
with an eightfold quasiperiodic array of holes. The geomet-
rical parameters are chosen as thickness t = 1 mm and the
radius of the holes r = 0.6 mm. To give a more intuitive
illustration of the structural characteristics, an enlarged
view of the central area of the plate is plotted in company.
The diagram shows that the lattice is composed of two dif-
ferent basic units, square and rhombus (with holes at the
vertices) with equal length of the side a = 3 mm and the
vertex angle of rhombus is 45°.
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FIG. 1. Photograph of the fabricated sample perforated with
an eightfold quasiperiodic array of holes. Inset: enlargement of
the region marked by the blue dotted rectangle.

To characterize the performances of the acoustic fields
generated by the proposed structure, we present the inten-
sity profiles in the x–y plane at different spatial posi-
tions for different frequencies by means of numerical
simulations and experimental measurements. Numerical
modeling is performed by COMSOL Multiphysics, which
is a finite-element analysis and solver software pack-
age. The material parameters used are listed below:
ρ = 7670 kg/m3, cl = 6010 m/s , ct = 3230 m/s for steel,
ρ = 1000 kg/m3, cl = 1500 m/s for water, and the sym-
bols ρ, cl , and ct represent density, longitudinal, and
transversal velocities, respectively. To verify the simula-
tion results, an ultrasonic scanning device [40] (Panamet-
rics LSC-02) is introduced to conduct the experimental
measurement. In the experiment, a piezoelectric ultrasonic
immersion transducer with a central frequency of 0.5 MHz
(with an efficient working range of 0.25–0.75 MHz) is
placed far away from the sample in the bottom of the water
tank serving as the Gaussian-beam incidence source. The
steel plate is fixed above the source by a specimen holder,
and a receiving pinducer with a diameter of 1.2 mm is used
to scan the acoustic field with a step length of 0.1 mm.

Figures 2(a1) and 2(a2) depict the simulated and mea-
sured intensity profiles in the field of view (1.5λ × 1.5λ) at
a vertical height h = 3 mm above the plate for frequency
of 0.74 MHz (the corresponding wavelength λ is 2.03 mm),
respectively. In the center of the figure, a small spot with a
distinct gradient field distribution appears in the subwave-
length region. To evaluate the spot more quantitatively,
we redraw the simulation (black solid line) and measure-
ment (red dotted line with circles) intensity data along the x
axis (at y = 0), as shown in Fig. 2(a3), with the full width
at half maximum marked (the dashed line in the figure).
Apparently, the result manifests excellent performance of
this design for generating the diffraction-limit-broken spot
(about 0.42λ for 0.74 MHz). The ultrasmall region of sub-
wavelength dimension is our expected manipulation goal.
To show more possibilities, we change the working fre-
quency and the x-y plane with different positions. Figures

2(b1)–2(b3) and 2(c1)–2(c3) illustrate results of the inten-
sity distribution at h = 3 mm and h = 6 mm for 0.66 MHz
(the corresponding wavelength λ is 2.28 mm), and the
spots are approximately 0.36λ and 0.39λ, respectively.

To show more information about the subwavelength
spots with our quasistructure plate in a larger region, we
simulate the intensity field distributions in the y-z plane for
frequency of 0.74 and 0.66 MHz, as shown in Figs. 3(a)
and 3(b). Obviously, the results reveal that the subwave-
length spots can be generated at multiple different spatial
positions in the z direction. Here, we point out that the
subwavelength spots do not come from the evanescent
components of waves but the propagating waves. For a
structure thin plate with a quasiperiodic array of holes, the
diffractive components are plentiful and complex, which
are induced by the long-range order of the quasistruc-
ture itself [41]. The delicate interference of the multiple
different diffractive waves coming from the apertures gen-
erates subwavelength spots at the far field. Theoretically,
for an infinite large plate, the subwavelength acoustic spots
will reappear at different planes in the far field from the
structure plate because the different diffractive waves can
propagate far away and their interference field will recon-
struct in the diffraction space. While for a plate with finite
size and the limited acoustic wave source size and unavoid-
able loss of the wave in the propagation, the spot with
subwavelength is always limited. As we show in Fig. 3,
we see the spot construction effect but with an obvious
dissipation.

B. Analysis of acoustic radiation force

According to the Gor’kov potential theory [42], small
sphere particles of radius rp � λ (λ the wavelength of the
acoustic field) will experience ARF due to the spatial gra-
dient of acoustic intensity. The expression of ARF is given
by

F rad = −∇U rad, (1)

where Uradstands for the force potential energy field.

Urad = 4πrp
3

3

[
f 1
2

κf 〈p1〉2 − 3
4

f2ρf 〈v1〉2
]

, (2)

f1 = 1 − κp/κf , f2 = 2(ρp − ρf )/(2ρp + ρf ), where the
angle brackets stand for time averaging, p1 and v1 rep-
resent the first-order pressure and velocity fields on the
surface of the particle. The coefficients f1 and f2 are related
to the compressibility and density of the fluid and parti-
cles, with subscripts f and p denoting fluid and particles,
respectively. To show the particle-manipulation possibility
of this subwavelength field, we investigate the depen-
dence of ARF on the position of the polystyrene parti-
cle (density ρp = 1050 kg/m3, longitudinal velocity cp =
2350 m/s, mean radius rp = 90 um) in the following.
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FIG. 2. (a1) and (a2) Simulated and measured intensity field distributions in the x–y plane at h = 3 mm for frequency of 0.74 MHz.
(a3) The simulated and measured intensity distributions along the x axis (at y = 0), with the full width at half maximum marked
(dashed line). (b1)–(b3), (c1)–(c3) The field distributions with frequency of 0.66 MHz at h = 3 mm and h = 6 mm, respectively.

Figure 4(a1) shows the calculated ARF distribution
along the x-y plane at h = 3 mm with the frequency of
0.74 MHz, where the length and orientation of the arrows
denote the magnitude and direction of the ARF, respec-
tively. To confirm the numerical result, we present the
experimental ARF distribution [Fig. 4(a2)] by substitut-
ing measured acoustic pressure data of the target plane
into Eq. (1). Both the results reveal that particles will
experience an attractive ARF directed to the first blue
ring district, which corresponds to the potential well of
the gradient field. To clearly show the stable position of
the particles, we extract the simulated (black solid line)
and measured (red dotted line with circles) result of ARF
along the horizontal line at y = 0 [Fig. 4(a3)]. Here, we

define the positive or negative ARF according to the force
vectors pointing right or left. Obviously, there are three
zero-value points of ARF within this region. The first
and the third zero-value points locating at x = −0.87 mm
and x = 0.87 mm are stable positions for particles, as the
effect of the ARF performs like an acoustic trap; while the
second zero-value point locating at x = 0 is an unstable
position for particles because the ARF shows a push-
ing effect. Figures 4(b1)–4(b3) and 4(c1)–4(c3) exhibit
the ARF field distribution and the data along the x axis
(at y = 0) for frequency of 0.66 MHz at h = 3 mm and
h = 6 mm, respectively. Similar results are sketched as in
Figs. 4(a1)–4(a3), and the measured data are in well agree-
ment with the simulated results. Therefore, small particles
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FIG. 3. Simulated intensity field distributions in the y-z plane
for frequency of 0.74 MHz (a) and 0.66 MHz (b).

tend to move toward the first and third zero-value points
in the generated acoustic field under the action of the ARF
and finally stabilize at that position to form a compact ring
structure.

III. EXPERIMENTAL SETUP

Next, we give a direct demonstration of particle manip-
ulation with the above acquired subwavelength gradient
field. The experimental setup is illustrated in Fig. 5. A
piezoelectric transducer is positioned in the bottom of the
water tank serving as the generating acoustic source. To
get enough ARF, the transducer is connected to a power
amplifier (AG 1006) by an impedance matcher (50 �).
The sample is fixed above the source by a specimen holder,
and an acoustically transparent thin film placed away from
the sample at a certain height is used to support the
colored polystyrene microparticles. These motions of the
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FIG. 4. (a1) and (a2) Simulated and measured ARF distributions in the x-y plane at h = 3 mm with the frequency of 0.74 MHz. (a3)
The simulated (black solid line) and experimental (red dotted line with circles) ARF distributions along the horizontal line at y = 0,
the length and orientation of the black arrows represent the magnitude and direction of the ARF, respectively. (b1)–(b3) and (c1)–(c3)
are the same as (a1)–(a3), but for the frequency of 0.66 MHz at h = 3 mm and h = 6 mm, respectively.
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FIG. 5. Schematic of the experimental setup for particle
manipulation.

microparticles are recorded by a digital camera mounted
on top of the plate.

IV. EXPERIMENTAL RESULTS

A. Pushing manipulation of particles

We perform acoustic manipulation experiment within
this small region for two steps: (1) with four particles
placed near the center position; (2) with multiparticles
placed randomly around the region. The real-time pro-
cesses of acoustic manipulation on particles for different
frequencies of 0.74 and 0.66 MHz at h = 3 mm and h =
6 mm are recorded (Supplemental Material [43]). Three
representative groups of snapshots for the first step are pre-
sented in Fig. 6. Initially, four polystyrene particles are
randomly placed near the center of the acoustic field in

the thin film [Figs. 6(a1)–6(a3)]. When acoustic waves
are normally incident from the bottom of the plate, the
four particles are quickly pushed away from the cen-
ter under the action of the ARF, and finally stabilized
[Figs. 6(b1)–6(b3)]. The small blue circles and the big
red circles in Fig. 6 label the particles and the stabilized
positions of the particles in the gradient acoustic fields,
respectively. We predict the stabilized positions according
to the acoustic radiation force distribution shown in Fig. 4,
which gives the trajectory and locations of the particles in
the generated acoustic field. The stabilized positions are
the acoustic trap where the directions of acoustic radiation
force are opposite away from the trap but both pointing to
the trap. The results exhibit the perfect ability of particles
pushing of this small subwavelength acoustic field. More
details about this process are shown in Movie S1 within
the Supplemental Material [43].

B. Trapping manipulation of particles

The second step for particle manipulation further
demonstrates the multiparticle trapping process (Fig. 7
and Movie S2 within the Supplemental Material [43]).
The operating frequency and the x-y plane spatial posi-
tion are the same as those selected in the first step. As
shown in Figs. 7(a1)–7(a3), a lot of particles with radii
of 80–100 um are randomly distributed in the thin film.
When with the acoustic wave incidence, the particles move
quickly to the potential well of the gradient field under
the action of the ARF, and finally form a ring-shaped
structure [Figs. 7(b1)–7(b3)], where the red dashed circles
marking the stabilized positions of gradient acoustic fields
from Fig. 4. Clearly, this step visually exhibits acoustic
manipulation of particle trapping within the small sub-
wavelength region obtained by our simple platform. All
the acoustic manipulation experiments definitely confirm
our theoretical anticipations.

(a1) (a2) (a3)

(b1) (b2) (b3)

f = 0.74 MHz  h = 3 mm f = 0.66 MHz  h = 3 mm f = 0.66 MHz  h = 6 mm

Initial

Final

FIG. 6. Snapshots of acoustic pushing of
four polystyrene particles with this structure
plate. Figures (a1)–(a3), (b1)–(b3) indicate
the initial and the final status of particles
without and with acoustic wave incidence,
where the small blue circles label the par-
ticles and the big red circles mark the sta-
bilized positions of gradient acoustic fields
from Fig. 4.
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(a1) f = 0.74 MHz  h = 3 mm

Initial

Final

(a2) (a3)

(b1) (b2) (b3)

f = 0.66 MHz  h = 3 mm f = 0.66 MHz  h = 6 mm FIG. 7. Snapshots of
acoustic trapping of
polystyrene particles assisted
by the structure plate. Figures
(a1)–(a3), (b1)–(b3) indicate
the initial and the final status
of particles without and with
acoustic wave incidence,
where the red dashed circles
mark the stabilized positions
of gradient acoustic fields
from Fig. 4.

V. CONCLUSION

In conclusion, by fabricating a structure plate with an
eightfold quasiperiodic hole array, we have realized a gra-
dient acoustic field in a small subwavelength region, which
still ensures ARF on small particles at different spatial
positions for a wide frequency range. The ARF effect of
the generated gradient field is numerical and experimen-
tal explored, which determines the trajectory and locations
of the particles. We further demonstrate acoustic manipula-
tion of flexible pushing and trapping effect on tiny particles
within this subwavelength region. We expect this simple
platform will bring greater possibilities for multifunctional
acoustic manipulation on small particles in biology and
medicine.
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