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Abstract: In order to study the acoustic levitation and manipulation of micro-particles in the het-
erogeneous structures inside metal, a test system for internal levitation in three-dimensional space
is designed, establishing the 3D motion model of ultrasonic levitation and manipulation of micro-
particles. The relationship between levitation force, particle diameter, internal channel size, and
transmission thickness is established through the motion manipulation tests of multi-configuration
channel levitation micro-particles in components. The results show that the proposed method can re-
alize the following movement of levitation micro-particles at a higher speed and the control of motion
accuracy in three-dimensional space. The micro-particles can be reliably suspended and continuously
moved inside the components along a predesigned motion trajectory. The results provide an effective
and feasible processing scheme for direct processing through the internal spatial structure.

Keywords: metal; internal channel; particle; acoustic levitation and movements; internal machining

1. Introduction

’

In 2003, Professor Hanmin Shi, a Chinese scholar, created the “internal processing
method by sending processing energy to the interior of a billet, directly processing the
internal structure of the parts and manufacturing a new surface within the internal structure
of the metal parts [1]. The key to building a new method of ‘internal machining’ is working
out how to send the machining energy to the parts. At present, the main method used
in internal processing technology consists of a laser for processing transparent material
PMMA [2], semiconductor material silicon [3], and HIFU ultrasonic used to focus sound-
waves into the organism internal tissue [4]. The application of the above method is based
on the matching of energy and material properties. This method has many advantages,
such as the low cost of the internal processing equipment and a flexible design that adapts
to different processing energy according to actual needs [5]. This paper attempts to study
and propose a direct processing method for the internal structure of the metal materials
based on acoustic levitation.

Acoustic levitation is an important containerless processing technology [6]. In 1886,
Kundt et al. reported the interesting phenomenon of dust particles forming annular patterns
in a glass tube placed under standing waves [7]. In 1934, in accordance with the formula
of acoustic radiation pressure, King solved the formula of acoustic radiation pressure on
a rigid sphere in a plane standing wave field [8]. In 1956, Yosioka’s theory of acoustic
radiation force was directly quoted [9]. In 2001, Hancock confirmed that the net radiation
force from the standing wave pressure field tends to band the microbubbles at pressure
antinodes [10]. In 2006, Professor Wenjun Xie et al. established the single-axis standing
wave acoustic levitation test method. According to the principle of ultrasonic standing
wave field formation, the diameter of a suspended particle sphere in the standing wave
field should be less than half the wavelength [11]. In 2014, the theory of acoustic radiation
force was proposed by Takayuki et al. [12]. Stability is a key factor in acoustic levitation [13].
In 2015, Foresti D et al. presented an in-depth analysis of particle levitation stability and
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the role of the radial and axial forces [14]. Containerless sample environments (levitation)
are useful for the study of nucleation, supercooling, and vitrification and for the synthesis
of new materials, often with non-equilibrium structures [15]. Containerless treatment of a
Ga hypermonotectic alloy is successfully performed with an acoustic levitation technique,
indicating that the deformation degree of the reflecting surface showed a direct propor-
tion of the acoustic radiation power. Hong also improved the stability of the single-axis
acoustic levitator, especially in the case of levitating high-density and high-temperature
samples [16-18]. From 2015 to 2021, Asier Marzo proposed an open phase-controlled
acoustic levitation array suspension system, which can suspend and manipulate objects
greater than half-wavelength of the acoustics wavelength [19-21]. In 2018, Zang et al.
realized the opening and closing manipulation of the liquid particle shell by using acoustic
suspension, and they proposed a new technology for preparing bubbles by transforming
droplets into bubbles. When the cavity reaches the critical volume, acoustic resonance
induces buckling instability, and the volume of bubbles, induced by acoustic standing wave
field, increases sharply, resulting in the sharp expansion and rapid closure of the cavity to
form bubbles [22,23]. Under the condition of acoustic suspension, the mechanism of liquid
film buckling instability provides a new manufacturing method for the transformation of
droplets into large bubbles. Acoustic suspension containerless technology has played an
important role in the research of new materials and new microstructures. In recent years,
there have also been attempts to study the manufacturing mechanism of internal structures.

However, there are a few reports on the scheme design and feasibility study of the
controllable system for controlling the internal processing energy inside the non-uniform
space environment of the billet. The purpose of this paper is to study the particle suspension
method based on ultrasonics in the non-uniform environment of the internal space of
the metal blank and to use the three-dimensional ultrasonic numerical control device to
study the transmission of machining energy or machining tools to the internal structure
of the metal. In this paper, the technology scheme of internal microstructure particle
manipulation and the motion controllable performance of particles in the direct machining
of opaque solid materials, such as metals, are established and analyzed. Using the numerical
control (NC) device to accurately locate the ultrasonic standing wave field and improve
the particle movement accuracy and response speed will greatly improve the possibility of
implementing the machining scheme of the metal internal structure. This method has great
potential research prospects.

2. Mathematical Model and Methods

Figure 1a is the schematic diagram of the uniaxial acoustic levitation device. The
ultrasonic wave is transmitted to the processing material through the emission end; it is
then transmitted to the inner channel through the processing material. The particles are
suspended and manipulated by the cavity standing wave field formed by the emission and
reflection of the space inside the cavity of the inner channel. The cavity standing wave
field model of ultrasonic propagation is shown in Figure 1b, in which h is the height of
the channel.

2.1. Acoustic Levitation Force and Motion Model of Particles

It is assumed that the characteristics of the particle material are isotropic and that
the deformation generated by the force is uniform in all directions. The environment is
a continuous ideal medium, and the force process is adiabatic. At the same time, the
ultrasonic wave is a small amplitude, and the ambient temperature is room temperature.
According to King’s theory, the general expression of acoustic pressure is established

as follows:
lom , 1 2
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where p is the acoustic pressure; Ap is the acoustic pressure variation; py, is the medium
density; ¢ is the speed potential; c is the propagation velocity of the ultrasonic wave in the
medium; u, is the particle velocity.
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Figure 1. (a) Diagram of the single-axis acoustic levitation device; (b) Diagram of the formation
model of a standing wave in the cavity.

When the particle is in the acoustic field, the radiation force of the particle can be
obtained by combining the corresponding natural boundary conditions. The radiation force
in the standing wave direction can be expressed as follows:

F. = TP o, p) sin(2k2)

50p—20m B
(P(IB’p) = ZPpp+Pm - ﬁiif, (2)

k=nnneN

where A is the wavelength; py is the acoustic pressure at the origin of the coordinate; z
is displacement; V), is the particle volume; p, is the particle density; B, is the particle
compressibility coefficient; ;, is the compressibility coefficient of the medium.

The compressibility coefficient is related to the wave velocity in the medium, namely
B =1/(pc?). If the acoustic ratio factor ¢ (B,p) is positive, the restoring force of the particle
at the standing wave node is shown in Figure 2a,b shows the horizontal motion force model
of particles. In the vertical direction, the particles are affected by acoustic radiation force F,.
In the horizontal direction, particles are also affected by radiation forces Fyx and F,.

(a) (b) IFI
Standing v

2, A —— Ultrasound radiation force wave :

------ Standing wave pressure F,,

Figure 2. (a) The force diagram of particles in a one-dimensional ultrasonic standing wave field;
(b) Diagram of the Force Model of Particle Horizontal Motion.
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According to the theory of acoustic radiation force proposed by Takayuki et al., the
radiation force in the horizontal X direction can be expressed as follows:

_ 6kp*Vp | sin(2kx) cos(2kx)  sin®(2kx)
opc? (2kx)? (2kx)?

Fx ®)

where 7 is the effective acoustic pressure, T is the periodic.

When the particle is accelerated in the fluid medium, the velocity of the particle will
gradually increase, and the velocity of the surrounding fluid will gradually increase, this
force can be expressed by virtual mass force:

1 du,
Fum = —zpmVy—— 4
um 2Pm P A 4)
where u; is the relative velocity.
The resistance of the object to relative motion in the fluid is called viscous resistance.
The expression of viscous resistance is established as follows:

F, = —6myru, 5)

where 7 is the medium viscosity, and r is the particle radius.
In the vertical direction, the motion equation can be expressed as follows:

mp% =E+FE+FEm+G
(6)

2 2V, m . z
mp% = —%@(ﬁ,p) sin(2kz) — 67tnruy, — %pmVpdd”—t’ —0pVpg

where m,, is particle mass; G is the gravity of particles; ¢ is Gravity acceleration.
The horizontal motion equation of suspended particles can be expressed as follows:

2
mpLE = Fe+ Fy + Fum
@)

Px _ 6kp2V, | sin(2kx) cos(2kx) _sin®(2kx) | 1 dityy
Par T p,a (2kx)? (2kx)? b7tz = 3PmVy g

Due to symmetry, the force in the Y-axis motion direction is consistent with the force
in the X-axis direction. In summary, by combining Equations (6) and (7), the motion model
of a particle in a standing wave field is established as follows:

2
mp% = Fx + Fox + Fumx

d2
mp=¥ = Fy+ Foy + Fumy ®)

2
mpZTzz =F + Fy; + Fumz + G

2.2. Analysis of the Reflection Coefficient and Transmission Coefficient of the Vertical
Incident Wave

When the ultrasonic wave enters the new interface of the material, part of the energy
penetrates the interface of the material, while the other part of the energy reflects back on
the interface of the material. The incident, transmission, and reflection waves are shown in
Figure 3. The incident stress is o7, the reflection stress is oz, the transmission stress is o,
and the acoustic wave propagation is limited to the horizontal X-direction.
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Figure 3. Incidence, reflection, and transmission.

Because the acoustic energy is proportional to the square of the pressure, the energy
transmission distribution formula and the energy reflection distribution formula of the
material interface can be obtained. The energy per unit time and per unit area through the
direction perpendicular to the ultrasonic direction is called the energy density, namely the
wave intensity, which is expressed by I}, Ig, and I:

I B—1\2

+ = (1)

Iy _ _4B )
I = (B+1)*

B =W,/W;

The ultrasonic wave velocity of several common materials is shown in Table 1. The
acoustic impedance of the material can be calculated according to Equation (9) and Table 1.

Table 1. Wave velocity of several common materials. Acoustic velocity meters of common materials
measure longitudinal acoustic velocity, so we only calculate the longitudinal acoustic data (“Vertical”

in Table 1).
Wave Velocity (m/s)
Material Density (g/cm?) - -
Vertical Horizontal

Air 0.001 340 /
Aluminum 2.7 6250 3100
Steel 7.8 5850 3230

Polyethylene 0.920 2000 /

An ultrasonic wave is emitted from the transmitter of the transducer and transmitted
to the processing material, which will cause some reflection loss. Considering the internal
processing environment, it is necessary to obtain higher transmission efficiency at the first
interface and higher reflection efficiency at the second interface. Aluminum is selected as
the processing object material, and 45 steel is selected for the ultrasonic horn material. The
transmission path of the design wave is steel-aluminum-air-aluminum-steel.

(1) Firstly, the reflection coefficient, transmission coefficient, reflection ratio, and
transmission ratio of steel-aluminum during ultrasonic conduction are calculated, and the
results are shown in Table 2.

Table 2. Acoustic conduction reflection ratio and transmission ratio of the steel-aluminum interface.

Reflective Interface orlog IR/I; orlog I7/I;
Steel-Aluminum —0.46 0.212 1.46 0.788
Aluminum-Steel 0.46 0.212 0.54 0.788
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(2) The reflection coefficient, transmission coefficient, reflection ratio, and transmission
ratio of aluminum-air in ultrasonic transmission process are calculated, and the results are
shown in Table 3.

Table 3. Acoustic reflection and transmission ratio of the aluminum-air interface.

Reflective Interface orlor IR/I; orlog I7/I;
Aluminum-Air —0.99996 0.999922 1.99996 0.000078
Air-Aluminum 0.99996 0.999922 0.00004 0.000078

From the calculation results shown in Tables 2 and 3, it can be seen that the acous-
tic transmission path design of steel-aluminum-air-aluminum-steel meets the design
requirements of ultrasonic energy transfer and energy distribution in each link.

2.3. Acoustic Levitation Control Test System Model and Design Implementation

Similar to the principle of the single-axis acoustic levitation device, an ultrasonic
standing wave three-axis acoustic levitation device is constructed by using three groups
of transmitters and reflectors, as shown in Figure 4a. The ultrasonic standing wave field
is the spatial standing wave suspension field where the standing wave nodes intersect
due to the spatial vertical crossing and staggering. The space formed after pushing the
half-wavelength distance from the surface of the component to the inside of the component
is the controllable range of motion. Any position of the internal point can become a column
of standing wave nodes in the three-dimensional orthogonally distributed standing wave
field, namely, the suspended potential well array. The three-axis acoustic levitation device
in the component is composed of an ultrasonic transmitting reflection end, a standing wave
levitation field, a rotating bracket, and a rotating and translational driving device of the
transmitting end, etc. After repeated optimization design, the movable standing wave
levitation field motion control scheme shown in Figure 4b is constructed.

(@)

Ultrasonic transmitter (b)

Ultrasonic
Processing material transmitter
( Aluminum )

standing
Internal passage wave
(Air) field

Particle Reflector of
Ultrasonic wave radiation force

Ultrasonic reflection
end

Ultrasonic reflection end
Figure 4. (a) Diagram of the solid medium triaxle acoustic levitation device; (b) Diagram of the
schematic design of the acoustic levitation control system.

Three ultrasonic generator parameters are the same; frequency is f = 30 kHz, power is
p =300 W, and amplitude is A = 30 pm. Zolix’s TSA200-E ball screw guide rail is selected
as the motion device of the three-dimensional acoustic levitation system. Each guide rail is
responsible for a direction of freedom. The ultrasonic transmitter is fixed on the slider with
a fixed bracket. Three numerical control devices are used to control the stepper motor to
drive the ultrasonic transmitter to complete three-dimensional space motion. Each guide
rail can be loaded to the stepper motor by a manual or numerical control device to make it
move. The stepper motor model is 42BYG250A. The actual test device is composed of a
platform base, fixed support, rotary bracket, rotary launch block, movable device, and base
block, as shown in Figure 5.
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Figure 5. (a) Diagram of the three-dimensional acoustic levitation system; (b) Diagram of the

= stepper
~ motor

numerical control system, which controls the stepper motor in (a).

3. Results
3.1. Experiment on the Relationship between Particle Suspension and Transmission Thickness

The processing material used in the test is aluminum; the size is 15 mm x 15 mm,
20 mm x 20 mm, 25 mm x 25 mm, 40 mm X 40 mm, and 50 mm x 50 mm, and the height
is 50 mm and 100 mm. The selected suspended particles are polyethylene foam particles
with a density of 0.015~0.03 g/cm?. Air wave velocity is v = 340 m/s, ultrasonic generator
frequency is f = 30 kHz, and the ultrasonic wavelength is almost 10 mm.

Taking into account the theoretical formula, the power of the generator and the prop-
agation performance of the processed material, experiments with different transmission
thicknesses were designed. Figure 6a shows the suspension effect of foam particles with a
diameter of 1 mm when the transmission thickness of the internal processing component
is H = 16 mm and the diameter of the channel hole is 5 mm. Figure 6b is an acoustic
field analysis of the particle suspension effect in the circular channel. After a series of
transmission thickness suspension tests, the relationship between the acoustic levitation
force and transmission thickness can be obtained. When the transmission thickness of the
internal processing component is within 16 mm, the particles can be stably suspended, and
the effective transmission thickness is about 1.5 times the ultrasonic wavelength.

freq(1)= 30 kHz Surface: absolute total boost (Pa)
(b) mm

2.5 ’gms
2
1.5 4
1
0.5 2
0
-0.5 g
4 2
-1.5
<2 -4
2.5 -

Figure 6. (a) Diagram of the suspension effect at H = 16 mm; (b) Diagram of the acoustic field analysis
of the particle suspension effect in the circular channel.

3.2. Experiment on the Relationship of Particle Suspension with Channel Diameter and
Particle Diameter

Two circular channels of 5 mm and 10 mm and three long circular channels of
10 mm X 25 mm, 10 mm X 40 mm, and 10 mm X 45 mm were designed, respectively.
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Figure 7a,b shows the long circular channel of 10 mm. The foam balls with diameters of
1 mm, 2 mm, 3 mm, and 4 mm were selected for experimental verification to determine the
optimal particle diameter. In the experiment, when the particle diameter is within the range
of 0 to 1 mm, the particle suspension stability increases with the increase in the particle
diameter. When the particle diameter is within the range of 1 to 4 mm, the particle stability
does not change significantly and is in a relatively stable state; when the particle diameter
is greater than 4 mm, the particle rapidly loses stability and cannot suspend stably.

o 0

Particles
follow
motion

(d) 06

0.5/

]

04

0.3

0.2

0.1

X(Y)
o

|

]

0.1 i}
I

0.2

-0.3

-0.4

-0.5

0.6

I
|
|
I
]
]
I
I

\‘ 1}
v 1
u

0.01

0.015

time (s)

Figure 7. (a,b) Diagram of the horizontal and vertical suspension effects in the long circular channel;
(c) Diagram of particles’ follow motion and local acoustic field; (d) Diagram of the suspension stability
test results of 2 to 20 mm foam balls.

Figure 7a,b shows horizontal and vertical suspension effects in the long circular
channel, Figure 7c shows the particles’ follow motion and local acoustic field. Figure 7d
shows the suspension stability test results of 2 to 20 mm foam balls. The experimental
results show that: (1) the particle suspension stability of the 10 mm round channel or the
10 mm x 25 mm, 10 mm X 40 mm, and 10 mm x 45 mm oblong channel is better than
that of the 5 mm round channel; (2) the diameter of the particles cannot be greater than
half-wavelength (5 mm) and need to be limited to half wavelength; (3) the particles’ follow
motions are consistent with the model in Equation (8) of the Section 2, as the transducer
moves and the wave node moves, the force of Fy and F, changes and the particles follow.

3.3. Particle Space Arbitrary Point Suspension and Suspension Displacement Motion Test

The 2 mm foam ball and the 10 mm x 25 mm, 10 mm X 40 mm, and 10 mm x 45 mm
oblong channels are used to design the arbitrary point suspension and motion following
test. Figure 8a,b shows the displacement following test. In the test, the launch end is moved
to a certain distance in the positive direction of X, and the small ball in the inner channel
is also moved to the corresponding distance. After a series of micro-displacement change
tests, the displacement of the ultrasonic device and the displacement of the particle are
compared, as shown in the table in Figure 8c.
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149

Bt

Displacement(mm)

1.56 0.71

0 ( w'/,//\\\—w‘/’//\\\""'- -0.56 -0.53
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(c) 2 1 2 3 4 : 6 7

o

—Ultrasonic device displacement(mm) 1.57 2.83 5.02 7.6 11.45 13.72 14.98
—Particle displacement(mm) 1.56 2.85 499 7.63 114 13.6

~—=Displacement following error(%) -0.64 0.71 -0.6 0.39 -0.44 -0.36 -0.53

Figure 8. Particle displacement motion: (a) Diagram of the initial position; (b) Diagram of the
micro-displacement change; (c) Diagram of the table of the particle displacement following error.

The test results show that the particle displacement follows a fast response, and the
error of particle displacement following motion is within £0.71%. The particle displacement
accuracy in the inner channel is high. Combined with the results of any point test and
the analysis of displacement motion following accuracy, it can be seen that the suspended
particles can follow the motion of the three-dimensional orthogonal nodes of the ultrasonic
standing wave. The acoustic levitation control platform has reached the basic requirements
of motion control, which lays a foundation for the design of a particle motion trajectory
control model, motion accuracy analysis, a machining accuracy test, and internal channel
machining research.

3.4. Rotational Motion Test of Particles

Experiment 1: Different numbers of particle rotation tests

According to the theoretical analysis of the Section 2, the particles in the one-dimensional
standing wave field are affected by the ultrasonic radiation force, which makes the particles
gather to the node position. Figure 9 shows the suspension state of different numbers of
particles at the node position.

o

(a) (b) () (d)

Figure 9. The suspension state of different numbers of particles at the node position: (a—d) Diagram
of different numbers of particles.

Different numbers of particles rotate under the action of the driving force; the stability
of the movement and the maximum speed of the movement are inevitably different. In
order to study the state of the most stable circular motion of the particles, the rotating
motion experiments of different numbers of particles are designed. Figure 9 is the rotation
test of different particles. The maximum speed data of different numbers of particles
measured by a high-speed camera are shown in Figure 10.
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Figure 10. Number of particles and maximum speed.

It can be seen from Figure 10 that with the increase in the number of particles at the
node position, the maximum speed of the stable rotation of particles increases at first and
then decreases. Due to the increase in the number and the irregular shape of multi-particle
aggregation, the size of the force arm generated by the driving force is different. When the
number of particles is 3, the particle can reach the maximum speed when rotating, and its
stability is the best.

Experiment 2: Particle rotation inside metal

A single particle can be stably suspended in a solid medium and can follow the
standing wave field horizontally. The rotational motion experiment of suspended particles
in a solid medium under driving radiation force is carried out. In accordance with the
above test, three particles are suspended in the solid channel to prepare for the rotation
movement, and then the other surface of the component is applied to drive the radiation
force emitter to drive the particle rotation, as shown in Figure 11.

. )

Figure 11. Particle rotation inside metal structure.

In summary, the velocity of particles following the standing wave field is related
to the frequency of the standing wave field. The higher the frequency is, the higher the
maximum velocity is. With the increase in the standing wave field distance, the velocity
of the following motion decreases gradually, and when the distance is at half-wavelength
integer times, the velocity is the largest relative to the adjacent distance. The most stable
state of particle rotation is found when the number of particles is three, the reflection
distance of the standing wave field is a wavelength of the standing wave ultrasonic, and
the distance between the axis of the horn at the driving radiation force transmitter and the
center of the node is half of the wavelength of the driving ultrasonic.
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4. Conclusions

(1) Particles can achieve stable acoustic levitation in the metal material component’s
internal space. The basic space includes a basic spherical space, horizontal channel, vertical
channel, and right-angle channel, etc. Some particles’ suspension performance under acous-
tics standing waves concludes that it relates to component shape, transmission thickness,
channel size, particle size, acoustic wavelength, and ultrasonic power.

(2) Small particles can be acoustically manipulated in the metal internal space by the
external acoustics field. Suspended particles can move in a larger range, following a quick
response at high moving accuracy with micro-vibrations. The suspended particles can
also be driven to rotate, and the rotational speed reaches its maximum when the particle’s
radius is equivalent to half the acoustics wavelength; the particle rotation speed is related
to the distance between the particle and the driving emission end face. With the increase in
distance, the speed increases first and then decreases.

(3) Particles can be driven along the preset trajectory in the 3D metal internal space
beyond the critical space range of half-wavelength distance between the internal surfaces.
In this range, the motion of the particles is controllable, and the particles follow the motion
by following the acoustics field of the three-dimensional orthogonal standing wave node.
Particles can be driven to any point in the channel by NC to control the movement of the
three-dimensional positive energy exchanger and to form a preset arbitrary motion track in
the internal space of the component.

Author Contributions: Conceptualization, L.W.; methodology, L.W.; software, Y.W. (Yaxing Wang);

validation, Y.W. (Yaxing Wang); formal analysis, Y.W. (Yaxing Wang); investigation, Y.W. (Yajing Wang);
resources, Y.W. (Yaxing Wang); writing—original draft preparation, Y.W. (Yaxing Wang); writing—
review and editing, Y.W. (Yaxing Wang); supervision, L.W.; project administration, L.W.; funding

acquisition, L.W. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by the National Natural Science Foundation of China under Grant
No. 52175460 and No. 51775154.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hanmin, S. Development from outer processing to inner processing—A new trend in shape-forming technology. Chin. J. Mech.
Eng. 2003, 39, 17-22.

2. Chong, Z.; Tao, C.; Hu, A; Liu, S.; Li, J. Fabrication of 3D embedded hollow structures inside polymer dielectric PMMA with
femtosecond laser. In Proceedings of the Advanced Laser Processing & Manufacturing, Beijing, China, 9 November 2016.
[CrossRef]

3.  Wang, A; Das, A; Gr ojo, D.J.R. Ultrafast Laser Writing Deep inside Silicon with THz-Repetition- Rate Trains of Pulses. Research
2020, 2020, 8149764. [CrossRef]

4. Fang-Qing, M.U.; Zhang, Y.F. Technical Research of 3D Micro-channel System. J. China Acad. Electron. Inf. Technol. 2011, 6, 20-23.

5. Jiao, X.Y; Liu, .E; Liu, X.L.; Sun, X.G. Ultrasonic standing wave levitation ability. . Jilin Univ. 2013, 43, 340-345.

6. Fuhrmann, A.; Marshall, ].S.; Wu, J. Effect of acoustic levitation force on aerodynamic particle removal from a surface. Appl.
Acoust. 2013, 74, 535-543. [CrossRef]

7. Kundt, A. Ueber eine neue Art akustischer Staubfiguren und tiber die Anwendung derselben zur Bestimmung der
Schallgeschwindigkeit in festen Krpern und Gasen. Ann. Phys. 1866, 203, 497-523. [CrossRef]

8. King, L.V. On the acoustic radiation pressure on spheres. Ser. A-Math. Phys. Sci. 1934, 147, 212-240.

9. Yosioka, K. Acoustic radiation pressure on a compressible sphere in a plane semistationary sound field. Mem. Inst. Sci. Ind. Res.
Osaka Univ. 1956, 13, 95-97.

10. Hancock, A.; Allen, ].S.; Kruse, D.E.; Dayton, P.A.; Insana, M.F. Standing wave pressure fields generated in an acoustic levitation
chamber. Int. Soc. Opt. Photonics 2001, 4325, 4-24.

11. Wenjun, X. Optimization Theory of Acoustic and Its Experimental Application. Ph.D. Thesis, Xibei Gongye University, Xi'an,
China, 2002.

12.  Hoshi, T.; Ochiai, Y.; Rekimoto, J. Three-dimensional noncontact manipulation by opposite ultrasonic phased arrays. Jpn. J. Appl.

Phys. 2014, 53, 07KEOQ7. [CrossRef]


http://doi.org/10.1117/12.2245295
http://doi.org/10.34133/2020/8149764
http://doi.org/10.1016/j.apacoust.2012.10.009
http://doi.org/10.1002/andp.18662030402
http://doi.org/10.7567/JJAP.53.07KE07

Micromachines 2022, 13, 18 12 of 12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Jin, L,; Liu, P; Han, D.; Cao, W. Nonlinear restoring forces and geometry influence on stability in near-field acoustic levitation. J.
Appl. Phys. 2011, 109, 084518.

Foresti, D.; Nabavi, M.; Poulikakos, D. On the acoustic levitation stability behaviour of spherical and ellipsoidal particles. J. Fluid
Mech. 2015, 709, 581-592. [CrossRef]

Weber, R.; Benmore, C.J.; Tumber, S.K; Tailor, A.N.; Rey, C.A ; Taylor, L.S.; Byrn, S.R. Acoustic levitation: Recent developments
and emerging opportunities in biomaterials research. Eur. Biophys. |. 2012, 41, 397-403. [CrossRef]

Hong, Z.Y.; Xie, W.]J.; Wei, B. Interaction of acoustic levitation field with liquid reflecting surface. J. Appl. Phys. 2010, 107, 014901.
[CrossRef]

Hong, Z.Y.; Xie, W.J.; Wei, B. Acoustic levitation with self-adaptive flexible reflectors. Rev. Sci. Instrum. 2011, 82, 074904.
[CrossRef]

Hong, Z.Y.; Yongjun, L.; Xie, W.]J.; Wei, B. The liquid phase separation of Bi-Ga hypermonotectic alloy under acoustic levitation
condition. Chin. Sci. Bull. 2007, 52, 1446-1450. [CrossRef]

Andrade, M.A.B.; Ramos, T.S.; Adamowski, ].C.; Marzo, A. Contactless pick-and-place of millimetric objects using inverted
near-field acoustic levitation. Appl. Phys. Lett. 2020, 116, 054104. [CrossRef]

Contreras, V.; Marzo, A. Adjusting single-axis acoustic levitators in real time using rainbow schlieren deflectometry. Rev. Sci.
Instrum. 2021, 92, 015107. [CrossRef]

Marzo, A; Seah, S.A.; Drinkwater, B.W.; Sahoo, D.R.; Long, B.; Subramanian, S. Holographic acoustic elements for manipulation
of levitated objects. Nat. Commun. 2015, 6, 8661. [CrossRef]

Zang, D.; Li, J.; Chen, Z.; Zhai, Z.; Geng, X.; Binks, B.P. Switchable Opening and Closing of a Liquid Marble via Ultrasonic
Levitation. Langmuir 2015, 31, 11502-11507. [CrossRef]

Zang, D.; Lin, L.; Di, W.; Zhang, Z.; Ding, C.; Zhen, C.; Wei, S.; Binks, B.P; Geng, X. Inducing drop to bubble transformation via
resonance in ultrasound. Nat. Commun. 2018, 9, 3546. [CrossRef] [PubMed]


http://doi.org/10.1017/jfm.2012.350
http://doi.org/10.1007/s00249-011-0767-3
http://doi.org/10.1063/1.3275049
http://doi.org/10.1063/1.3610652
http://doi.org/10.1007/s11434-007-0231-z
http://doi.org/10.1063/1.5138598
http://doi.org/10.1063/5.0013347
http://doi.org/10.1038/ncomms9661
http://doi.org/10.1021/acs.langmuir.5b02917
http://doi.org/10.1038/s41467-018-05949-0
http://www.ncbi.nlm.nih.gov/pubmed/30206234

	Introduction 
	Mathematical Model and Methods 
	Acoustic Levitation Force and Motion Model of Particles 
	Analysis of the Reflection Coefficient and Transmission Coefficient of the Vertical Incident Wave 
	Acoustic Levitation Control Test System Model and Design Implementation 

	Results 
	Experiment on the Relationship between Particle Suspension and Transmission Thickness 
	Experiment on the Relationship of Particle Suspension with Channel Diameter and Particle Diameter 
	Particle Space Arbitrary Point Suspension and Suspension Displacement Motion Test 
	Rotational Motion Test of Particles 

	Conclusions 
	References

