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Acoustic manipulations of microparticles have significant implications in physics, chemistry, biology,
and biomedicine. For large Mie particles, both the scattering force and the gradient force affect the trapping
and manipulation behaviors, and thus, a passive acoustic tweezer (AT) for three-dimensionally manipu-
lating a Mie particle remains challenging. Here, a passive AT based on a hybrid acoustic artificial plate
is proposed to generate a hybrid acoustic focused petal beam (HAFPB) for capturing and manipulating a
Mie microparticle in three dimensions. In the HAFPB, a lateral acoustic focused petal beam and an axial
bifocal acoustic beam (BAB) combine to create a central zero-intensity zone for particle trapping, which
can be adjusted by modulating the topological charge of the HAFPB. The acoustic radiation forces (ARFs)
acting on large Mie particles with different diameters are investigated. The ARFs on the polystyrene sphere
are greatly influenced by the particle size. If the particle is larger than the central zero-intensity zone, an
AT with a larger topological charge and a stronger BAB is required for trapping and manipulating this
larger particle. Finally, the experiments demonstrate that the AT can stably trap and manipulate a large

Mie particle in three dimensions in water.
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I. INTRODUCTION

Acoustic tweezers (ATs) have received a lot of attention
and research interest because of their enormous potential
applications in materials science [1], chemistry [2], and
biomedicine [3]. Compared with other micromanipulation
technologies [4,5], ATs have the advantages of no dam-
age, good biocompatibility, label free, and long working
distance [6—8], and thus, they have been used to directly
manipulate particles, cells, and organisms [9—14]. In prin-
ciple, there are two kinds of ATs, as determined from
the method of production: the active AT [15,16] and the
passive AT [17,18]. The active ATs are constructed from
active emitters, including a single sound source with a
certain geometry [19-21], several sound sources with a
certain spatial arrangement [22,23], and a sound-source
array [24]. They can realize predesigned acoustic fields by
electrically controlling each sound source, which is used to
trap and manipulate objects [25]. The active ATs can pro-
vide strong and tunable acoustic radiation forces (ARFs)
but have the disadvantages of being expensive and large
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in size [26]. In the past decade, acoustic artificial struc-
tures, such as phononic crystals [27], metamaterials [28],
metasurfaces [29], and artificial plates [30—35], have been
explored to regulate incident sound fields and achieve ATs.
Among them, the acoustic artificial plate (AAP) is an effi-
cient, simple, and cheap method for modulating acoustic
fields and manipulating objects [30—35]. For example, Xia
et al. [33] reported an AAP carved with graded gratings
that could deliver particles by adjusting the operating fre-
quency. A silicon chip engraved with Archimedean spiral
slits can convert the incident plane ultrasonic wave into
a vortex beam, which is further used to manipulate parti-
cles and living shrimp eggs [31]. Zhou et al. [32] realized
a position-adjustable bottle beam, the position of which
could be controlled by modulating the operating frequency
to axially move a single particle or bubble. An acoustic
vortex beam with a twisted focus generated by a silicone
binary-phase logarithmic spiral zone plate can achieve the
three-dimensional spiral motion of a microparticle [35].
However, most previous passive ATs mainly realize the
trappings and manipulations of small particles.

In general, the ARF includes the scattering force and
gradient force [6,36,37]. For small particles, the acoustic
scatterings from the particles are very weak, and hence,
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the scattering force can be almost ignored [6,36,37]. Under
these conditions, the trappings and manipulations of small
particles can be achieved only by regulating incident sound
fields. As the particle size is increased, the acoustic scat-
tering of the particle is significantly enhanced, resulting in
the improved scattering force [16,35]. As a result, while
capturing and manipulating a bigger Mie particle, both
scattering and gradient forces should be considered. Up
to now, several passive ATs based on the acoustic vortex
(AV) beam and acoustic petal beam with central zero-
intensity zones were reported to achieve the trapping and
manipulation of larger Mie particles in two dimensions
[34]. However, the passive AT for three-dimensionally
manipulating a large Mie particle in water remains a
challenge.

Here, we design a hybrid acoustic artificial plate
(HAAP) to generate a hybrid acoustic focused petal beam
(HAFPB), which enables us to trap and manipulate a big
Mie particle freely in three dimensions in water. The size
of the zero-intensity zone at the center of the AT can be
adjusted by changing the topological charge (TC) of the
HAFPB, and accordingly, particles with different sizes can
be trapped at the center. The influence of the size of the
particle on the ARFs exerted on it by the AT is carefully
investigated. Finally, we fabricate a HAAP and experi-
mentally demonstrate the three-dimensional trapping and
movement of a large PS particle in water using it.

II. HYBRID ACOUSTIC ARTIFICIAL PLATE FOR
GENERATING A THREE-DIMENSIONAL
ACOUSTIC TWEEZER

Figure 1 illustrates a schematic diagram of the proposed
HAAP, which includes two parts: the outer combined Fres-
nel spiral slits (FSSs) and the inner bifocal Fresnel zone
plate (BFZP). In Fig. 1(a), one M-arm anticlockwise FSS

with an initial radius of | is superimposed onto another M -
arm clockwise FSS to form the combined FSS. The M-arm
anticlockwise FSS can generate a focused acoustic vor-
tex (FAV) with a TC of /=M, and the M-arm clockwise
FSS produces a FAV with a TC of /= —M [38]. When
an acoustic plane wave with a wavelength of A transmits
through this combined FSS, two FAVs with opposite TCs
of /==+M are generated simultaneously, and the interac-
tion between them results in a focused acoustic petal-like
beam (FAPB) with 2M petals [39,40]. Here, the width of
the slit is fixed at d = A/2 and the focal length is set as f7.
Figure 1(b) shows a schematic of the inner BFZP consist-
ing of two Fresnel zone plates (FZPs). The inner FZP with
four concentric ring slits has a focal length of f, and the
outer FZP with four concentric ring slits has a focal length
of f3 [41,42]. As an acoustic plane wave transmits through
the BFZP, an axial bifocal acoustic beam (BAB) with two
focal points of /> and f3 can be formed. The initial radii of
the inner and outer FZPs are ry, and 7oy, respectively. The
width of the nth slit can be obtained from [41,42]

Th = R — Rl = SO mi2 + ) — £

— o+ 0= D224+ -2

Thy = R — Rl = @k 4+ mif2 + ) — £

—\/[2.4x+(n— DA2 + AT = 2 (1)

Here, n=1, 2, 3, and 4. The HAAP is constructed by sur-
rounding the BFZP with the combined FSS, as shown in
Fig. 1(c). When an acoustic plane wave transmits through
this HAAP, both the lateral AFPB and the axial BAB con-
stitute a zero-intensity zone at the center of the AT for
trapping objects.
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FIG. 1.

(a) Schematic diagram of the combined FSSs for producing a lateral AFPB. (b) Schematic diagram of the BFZP for

generating an axial BAB. (¢) Schematic diagram of the HAAP for realizing the AT.
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Figure 2 shows the normalized analytical acoustic inten-
sity and phase distributions of two ATs in water based
on the Rayleigh-Summerfield diffraction integral [43—45].
Throughout this work, the working frequency is fixed at
1 MHz. Figure 2(al) depicts the structure of the HAAP
for generating a smaller AT with /=2. The outer com-
bined FSS with | = 8+/31 produces an AFPB with 2/ =4
petals and the focal-plane local z=f; = 8\. Meanwhile,
the inner BFZP with r, = 3 and roy = 44/3.96A gener-
ates two focal points at z =f,=4X and z =f3 = 12A. Figure
2(a2) shows the three-dimensional (3D) view of the acous-
tic intensity distribution of the AT with /= 2. Figures 2(a3)
and 2(a4) represent the acoustic intensity and phase pro-
files on three focal planes of z =121, z=8A, and z =44,
respectively. At z = f] = 8A, four petal-like bright spots are
observed in the intensity distribution, and the phase pro-
file is divided into four sections with an adjacent jump of
7 [34,40]. At the same time, two bright spots appear at
two focal points of (0, 0, 121) and (0, 0, 4)). Both the

(a1)

AT with /=2 (a2)

=2 R)

FIG. 2.

lateral AFPB and the axial BAB construct a zero-intensity
region, as shown in Fig. 2(a2), which is expected to be
used to trap objects. Figure 2(b1) describes the structure
of the HAAP for a larger AT with /=5. The design of the
BFZP is consistent with that of Fig. 2(al), and it can pro-
duce two focal points at (0, 0, 121) and (0, 0, 41). The outer
combined FSS with | = 8+/3A produces two FAVs with
/=45, and the coupling between them realizes an AFPB
with ten petals on the focal plane of z=f; = 8A. Figure
2(b2) shows the 3D view of the acoustic intensity distribu-
tion of the AT with /= 5. Figures 2(b3) and 2(b4) show the
corresponding acoustic intensity and phase distributions at
three focal planes of z=12A, z=8A, and z =4A, respec-
tively. At z=121 and z=4), the two focal points are
clearly observed. Atz = 84, the flowerlike intensity pattern
with ten bright petals is observed, and the corresponding
phase profiles are split into ten sectors with a phase shift of
7. It is obvious that the central zero-intensity region of the
larger AT is larger than that of the smaller AT.

Phasé

Phase

9.

(al) Schematic diagram of a HAAP for a smaller AT with /=2. (a2) Three-dimensional view of the normalized acoustic

intensity distribution of the smaller AT. Normalized acoustic (a3) intensity and (a4) phase distributions of the smaller AT in three
focal planes of z =124, 8, and 4A. (bl) Schematic diagram of a HAAP for a larger AT with /=35. (b2) Three-dimensional view of
the normalized acoustic intensity distribution of the larger AT. Normalized acoustic (b3) intensity and (b4) phase distributions of the

larger AT in three focal planes of z =124, 8, and 4.
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III. NUMERICAL SIMULATIONS FOR ACOUSTIC
FIELD DISTRIBUTIONS AND ACOUSTIC
RADIATION FORCES OF ACOUSTIC TWEEZERS

We perform simulations based on the finite-element
model (using business software COMSOL Multiphysics)
to verify the above theoretical predictions. The mate-
rial of the HAAP is set as acoustically rigid and the
surrounding medium is water with a density of
po=1000 kg/m> and sound velocity of cy=1500 m/s.
Figure 3(a) shows the normalized simulated acoustic inten-
sity distributions of the smaller AT with /=2 in the
x-z plane and in three focal planes of z=12A, z=8A,
and z=4A. The corresponding results of the larger AT
with /=5 are displayed in Fig. 3(b). The simulated
acoustic intensity distributions of two ATs agree well
with the analytical results in Fig. (2). In addition, we
calculate the potentials of a Rayleigh polystyrene (PS) par-
ticle in two ATs by means of Gor’kov potential theory
[6,34,36,37]. Figures 3(c) and 3(d) represent the simu-
lated potential distributions of two ATs in the x-z plane
and in three focal planes of z=12A, z=8A, and z=4A.
The arrows indicate the negative spatial gradient of the
Gor’kov potential. Here, the amplitude and frequency of
incident acoustic waves are 10° Pa and 1.0 MHz, respec-
tively, and the diameter of the Rayleigh PS sphere is
0.24 mm (~0.16A). In Fig. 3(c), a potential valley appears
at the center of the smaller AT, and the ARFs are directed
toward the center. Therefore, the particle near the central
valley can be restricted in this potential valley and the
particle initially outside the central valley will be repelled
away. For the larger AT with /=5, a three-dimensional
potential valley is also found at the center and its size
becomes larger, as shown in Fig. 3(d).

Furthermore, we focus on the manipulation of the larger
Mie particle using the larger AT. It is well known that the
ARFs exerted on a large Mie particle are related to not only
the sound-field distribution but also the scattering of the
particle. With increasing particle size, the scattering of the
particle is enhanced and becomes complicated. To evalu-
ate the feasibility of the larger AT for three-dimensional
stable manipulation of a Mie particle, a larger PS sphere
is introduced into the finite-element model of the AT with
/=5, and the ARFs acting on PS spheres with different
sizes are calculated. Figure 4(al) shows the normalized
simulated acoustic intensity distribution of the AT with
/=5 in the x—= plane, where a PS sphere with a diame-
ter of 0.6 mm (~0.41) is placed at the center. Figure 4(a2)
shows the axial ARF in the z-direction F, acting on the
PS particle. F, exhibits a negative force gradient in the
region of z=[~4.711, ~6.231] and F,=0 is found at
z=~26.0X. In the z direction, the axial ARF F, gravity G,
and buoyancy force F} of the particle should be all con-
sidered. The gravitational acceleration g is set as about
9.8 m/s?. The density of the PS sphere is p, = 1100 kg/m?,

and ¢;=2170 m/s and ¢; = 1100 m/s are the longitudinal
and transverse sound velocities, respectively. For the PS
sphere with a diameter of 0.6 mm (~0.41), gravity and the
buoyancy force are about 1.22 x 107 and 1.11 x 107 N,
respectively. The difference between gravity and the buoy-
ancy force is defined as F. =(G — F)=~1.11 x 1077 N,
which is displayed as the dashed line in Fig. 4(a2). In
this case, we can find a position range in the z direction
where the negative F, exerted on the particle can overcome
F.. Figure 4(a3) shows the lateral ARF in the x-direction
F,. It is observed that F, exhibits a positive force gradi-
ent within the range of x =[-0.7X, 0.51]. The ARF with
a positive force gradient indicates that the PS sphere will
be pushed out of the center [46]. Thus, the PS sphere with
a diameter of 0.6 mm (~0.4A) cannot be stably trapped
by the AT with /=35. Figure 4(bl) shows the normalized
simulated acoustic intensity distribution of the larger AT
with a PS sphere with a diameter of 0.75 mm (0.51) at
its center. Figure 4(b2) shows the axial ARF F, acting on
the PS particle in the z direction. It is found that F, =0
appears at z=~ 6.4A and exhibits a negative force gradi-
ent around z = 6.4A. Gravity and the buoyancy force of the
particle are about 2.38 x 107° and 2.16 x 107% N, respec-
tively, and hence, F, =~2.16 x 1077 N (dashed line). We
also can find a position range in the z direction where
the negative F, exerted on the particle can overcome F,
[47]. In Fig. 4(b3), the lateral ARF F, shows a nega-
tive force gradient in the region of [—0.6X, 0. 6A], and
F, =0 appears at x ~0. Here, z=6.4A. The lateral ARF
with a negative force gradient means that the PS particle
can be pushed to the zero point of ARF [34,36]. There-
fore, this PS particle with a diameter of 0.75 mm (0.51)
can be trapped by the AT. Figure 4(cl) shows the sim-
ulated acoustic intensity distribution of the AT where a
PS sphere with a diameter of 1.5 mm (A) is placed at
the center. Figure 4(c2) shows the calculated F, exerted
on the PS sphere. F, exhibits a negative force gradient
in the region of z~[4.71A, 8.131] and F, =0 is found
at z~7.0A. Gravity and the buoyancy force of the parti-
cle are about 1.91 x 1073 and 1.73 x 107> N, respectively,
and hence, F.=~1.73 x 107® N (dashed line). We still
can find a position range in the z direction where the
negative F, exerted on the particle can overcome F,.. In
Fig. 4(c3), F, represents the negative force gradient in
x~[—0.299A, 0.31], and F;, =0 appears at x ~0. Here,
z="7.0A. In this case, the size of the PS particle is still
smaller than the central zero-intensity region, and the PS
sphere can also be stably trapped by the AT. We further
increase the diameter of the PS sphere to 2.5 mm (~1.671),
as shown in Fig. 4(d1). Under these conditions, the axial
ARFs, F, shown in Fig. 4(d2) are all positive. Since there
is no negative F, to overcome F,., the particle is unsta-
ble in the axial direction. Meanwhile, the lateral ARFs, F.,
exerted on the PS particle exhibit a positive force gradient
around the center of the AT, which indicates that this PS
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FIG. 3. (a) Normalized simulated acoustic intensity distributions of the smaller AT with /=2 in the x-z plane and on three focal
planes of z= 12X, z=8A, and z =4A. (b) Normalized simulated acoustic intensity distributions of the larger AT with /=35 in the x-z
plane and on three focal planes of z =12, z = 8, and z =4A. (c¢) Simulated Gor’kov potentials of the smaller AT in the x-z plane and
on three focal planes of z= 121, z=8A, and z =4A. (d) Simulated Gor’kov potentials of the larger AT in the x-z plane and on three
focal planes of z =12, z = 8A, and z =4A\. Arrows indicate the negative spatial gradient of the Gor’kov potential.

sphere cannot be captured by the AT. Therefore, when  suitable sizes. For the larger particle, an AT with a larger
the size of the particle is larger than the size of the cen-  TC and a stronger BAB is required.

tral zero-intensity region of the AT, the stable trapping
of the PS particle using the AT with /=35 is impossible.

Furthermore, as described in detail in the Supplemental
Material [48], we carefully study the lateral ARF, F,, and THREE-DIMENSIONALLY TRAPPING AND

axial ARF, F, exerted on more PS spheres with different MANIPULATING A MIE PARTICLE

diameters. The results reveal that the AT with a TC of Finally, we fabricate the HAAP to generate a
five can three-dimensionally capture the PS spheres with ~ larger AT with /=35 and use it to three-dimensionally

IV. EXPERIMENTS FOR
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FIG. 4. Normalized simulated acoustic intensity distribution of the larger AT with /=15 in the x-z plane, where a PS sphere with a

diameter of (al) 0.6 mm (0.41), (b1) 0.75 mm (0.51), (c1) 1.5 mm

(1.04), and (d1) 2.5 mm (1.671) is placed at the center. F, exerted

on the PS sphere with a diameter of (a2) 0.6 mm (0.4A), (b2) 0.75 mm (0.54), (c2) 1.5 mm (1.04), and (d2) 2.5 mm (1.671) by the
larger AT. F, exerted on the PS sphere with a diameter of (a3) 0.6 mm (0.41), (b3) 0.75 mm (0.51), (c3) 1.5 mm (1.0%), and (d3)

2.5 mm (1.671) by the larger AT.

manipulate a larger Mie particle. The working frequency
is set as 1 MHz. Figure 5(a) shows a photograph of the
HAAP sample. The FSS with 7| = 8+/3A = 20.78 mm and
the BFZP with rj, = 31 = 4.5 mm and 7o = 44//3.96) =
11.94 mm are engraved on a square of stainless steel
(120 x 120 x 1.0 mm) using the laser-etching technique.
Here, the width of the slit of the FSS is fixed at
d=0.75 mm. Actually, the effective area on the stainless-
steel HAAP is a central circular region with a diameter of
about 7.5 cm. The density, longitudinal wave speed, and
shear wave speed of stainless steel are p =7900 kg/m?,
¢ = 5240 m/s, and ¢y =2978 m/s, respectively [44]. To

enhance structural stability and for easier fabrication,
radial bars with a width of 8 mm are added to the sam-
ple. The influence of these additional radial bars on the
AT and ARF is carefully discussed in the Supplemental
Material [48]. Figure 5(b) shows the normalized simulated
acoustic intensity distribution generated by the modified
HAAP shown in Fig. 5(a), which is in accordance with
those shown in Figs. (2) and (3). Therefore, the additional
radial bars have almost no influence on the acoustic field
of the AT. In the manipulation experiment, an ultrasound
transducer with a central frequency of 1.0 MHz connected
with the x-y-z translation platform is placed in a water
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(a) Photographs of the modified steel HAAP sample for the larger AT with /=15. (b) Simulated three-dimensional acoustic

intensity distribution of the modified HAAP and the corresponding acoustic intensity distribution in three focal planes of z =124, 84,
and 4A. (c) Photograph of the Mie PS particle suspended in water, which will move along a circular path in the x-y plane. Pictures of
the Mie PS particle at (d) beginning and (e) end positions of the three-dimensional spiral motion.

tank and the HAAP sample is placed below the transducer
by a clamp holder. Several PS spheres with a diameter
of about 0.75 mm (~0.51) are placed on a culture dish.
Two digital cameras are mounted below and to one side
of the water tank to record the movements of the parti-
cle. After the sound source is turned on, sound waves from
the transducer pass through the HAAP sample to form
the larger AT. We first use the AT to trap a PS sphere
on the culture dish and then move the AT so that this
PS sphere is suspended in the water tank. Next, this PS
sphere is manipulated to move along a circular path in
the x-y plane, as indicated in Fig. 5(c) (see multimedia
video 1 within the Supplemental Material [48]). Further-
more, we manipulate the AT to move this PS particle along
a three-dimensional spiral path. Figures 5(d) and 5(e) show

photographs of the suspended PS particle at the begin-
ning and end positions of the three-dimensional spiral path.
The three-dimensional spiral motion behavior of this PS
sphere is recorded by the digital camera (see multimedia
video 2 within the Supplemental Material [48]). Therefore,
we experimentally demonstrate that the proposed AT can
trap and manipulate a large PS particle in water in three
dimensions. In addition, we study the trapping and reject-
ing behaviors of PS spheres with different sizes by the AT
with a TC of five. In multimedia video 3 within the Sup-
plemental Material [48], a PS sphere with a diameter of
about 0.6 mm (~0.41) is first placed on a culture dish
and at the center of the HAAP. The culture dish has no
influence on the acoustic field distributions and the particle
manipulations in experiments [34]. The distance between
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the HAAP and the culture dish is set as about 6.4A. When
an acoustic plane wave is launched on the HAAP, the PS
sphere is immediately ejected from the center of the AT,
and it does not move with the AT. Next, a PS sphere
with a diameter of about 0.75 mm (~0.51) is placed
near the center of the HAAP. As the transducer is turned
on, the PS microsphere is immediately captured at the
center of the AT, and then it moves with the AT. In mul-
timedia video 4 within the Supplemental Material [48],
two PS microspheres with diameters of about 0.6 mm
(~0.4)) and 1.5 mm (~A) are placed near the center of
the HAAP. As the transducer is turned on, the larger PS
microsphere is immediately captured at the center of AT,
and then it moves with the AT. Meanwhile, the smaller PS
microsphere is ejected from the center of the AT.

V. CONCLUSIONS

We propose an AT based on the well-designed HAAP,
which can realize the three-dimensional stable trapping
and manipulation of larger Mie particles in water. The
HAAP consists of an outer combined FSS and an inner
BFZP, which generate a lateral AFPB and an axial BAB,
respectively. The AFPB and BAB together construct an
AT with a central zero-intensity zone, and its size can
be adjusted by modulating the TC of the AFPB. In the
potential distributions of the smaller and larger ATs, a
3D potential valley appears at the centers of two ATs and
the ARFs on the particles are directed toward the centers.
Furthermore, the lateral and axial ARFs acting on the PS
spheres with different sizes by the larger AT with /=5 are
studied carefully. It is found that the size of the particle has
a great influence on the ARFs, and the AT with /=15 can
trap and manipulate the PS sphere with a suitable size. The
trapping and manipulation of a larger particle requires an
AT with a larger /. Finally, we fabricate the HAAP for a
larger AT with /=15 and experimentally demonstrate that
this AT can stably trap and three-dimensionally manipu-
late a Mie PS particle in water. Our AT may hopefully
become a useful tool for the three-dimensional manipu-
lation of larger objects in particle transport, biomedical
analysis, or targeted drug delivery.
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