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Abstract: As a novel control method, acoustic manipulation technology shows extraordinary talents
in culturing of tissue and cell, microchip processing and research on material chemistry, which
is closely relevant to the vibration modes and the driving signals of the acoustic system. In this
paper, bringing up reasonable assumptions, from the perspective of vibration force analysis of
a thin plate, the response function of the forced vibration thin plate is derived combining with
the Green’s function. Simultaneously, the effective vibration frequencies of micro thin plate are
determined. Using the finite element simulation software Comsol 5.6 building thin plate geometry
in 2D, the vibration modes of a thin plate are numerically analyzed from the top view and the side
view. Additionally, an experimental platform is established, and the vibration experiments of a
square micro thin plate (5 cm x 5 cm x 0.625 mm) driven by a central acoustic source is conducted.
By comparison, the corresponding experimental results are in good agreement with simulations.
Furthermore, single particle motion control is also realized based on the presented platform, and
the underlying mechanism is the effects of nodes and anti-nodes on particle motion. The vibrating
platform here will become an effective manipulation tool for many scientific fields with the advantage
of micro size, good compatibility, and multipurpose.

Keywords: forced vibration; acoustic manipulation; Green’s function; Chladni patterns; finite element
simulation

1. Introduction

The acoustic vibration system generally includes an acoustic source, centrally fixed
thin plate and controlled target. Under different acoustic source excitation, the centrally
fixed thin plate will produce various vibration modes owing to the nodes and antinodes.
As a result, the motion of a micro-nano target can be controlled by setting the precise
excitation frequency and intervals. Nevertheless, the determination of effective vibration
frequency for a vibration system is of great significance, as not all vibration frequencies
can be used for target manipulation. Intriguingly, acoustic vibration of the thin plate
has a wide application prospect including the manipulation based on chip [1-3], the
culture of cells and tissues [4,5], particles forming, self-assembly, classification of particles,
particle movement and other promising micro-nano manipulations [6-11]. Those are
difficult to be accomplished by directly applying external mechanical force because of the
micro-nano size of the manipulation object and the high-precision requirements for the
hardware platform [12]. Initial research on microparticles manipulation is based on optical
tweezers, and a lot of research findings have been reported [13,14]. Although the precisely
manipulation and capture have been achieved by optical technique, the disadvantages
are also obvious, such as biological incompatibility, destructiveness and high cost [15,16].
Analogously, using magnetic field and electric field technologies, the maneuvering targets
are limited to electromagnetic performances [17-20]. Combining with thin plate vibration
characteristics and acoustic excitation, the method of acoustic manipulation is a kind of
effective alternative for multipurpose and well compatibility application fields.
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Acoustic manipulation related to the particle forming can be traced back to 1787,
the discovery of Chladni patterns [21-24]. When an external excitation driving a center-
fixed metal thin plate, the uniformly distributed sand particles on it will move towards
the position of the node lines, and gradually, a regular pattern will be formed known
as “Chladni patterns”. The formation of a Chladni pattern is deeply dependent on the
material properties and the geometry of the thin plate, more critically, the frequencies
of driving signals and driving duration. Generally, Chladni patterns come down to the
propagation of the acoustic standing wave, which is similar to Helmholtz theorem, a
fundamental theorem describing the uniqueness of the electromagnetic field. However,
on the other hand, exploring the vibration theory of a thin plate reveals the essence of the
formation of Chladni patterns and is conducive to its further application. Analyzing the
characteristics of nonlinear vibration of a thin plate, inevitably, structural mechanics is
needed. Depending on the stress analysis and equilibrium conditions, after reasonable
mathematical assumptions and deduce the response function of forced vibration in a thin
plate. The vibration response function reflects the vibration modes of the thin plate and its
influencing factors from the perspective of mathematical theory.

Notably, a continuum consists of an infinite number of elements making it difficult
to use the numerical calculation method directly. Hence, it is necessary to discretize the
continuum into finite elements connected by nodes and solved by the method of structural
matrix analysis [25-27]. When the research circumstances involve structural mechanics [28],
hydrodynamics [29], electric field, magnetic field, and multi-field coupling [30], the finite
element method is often applied in simulation, which was formally proposed by famous
American structural engineer and earthquake engineer Ray W. Clough in the 1960s. It uses
a mathematical approximation to simulate the real physical system such as geometry, stress,
and load conditions. Through simple and interconnected elements with a finite number
of nodes, a finite number of unknowns can be used to approximate the real system with
infinite unknowns. A set of displacement components on finite discrete nodes are obtained
to approximate the whole continuum. With the advantages of versatility, powerful function
including all kinds of linear and nonlinear problems, and simple description expressed in
matrix form. In this work, Comsol Multiphysics version 5.6 is used to perform the thin plate
vibration mode analysis. The procedure for Comsol simulation can be divided into three
parts: (1) geometric construction and meshing, (2) physical field and boundary condition
settings, and (3) configuration solver for the study problem.

It is traditionally believed that the motion of the micro-nano particles on the acoustic
excited thin plate is disordered and is even chaotic. Nowadays, some relevant studies
show that the motion has its regularity. Strategically, in terms of theoretical derivation, the
acoustic vibration system of a thin plate is modeled and the vibration response function is
solved, which makes full use of mathematical hypothesis, Green’s function and convolution
response. Additionally, modeling the acoustic vibration system based on the Structural
Mechanics module in Comsol Multiphysics, the results of finite element simulation analysis
are obtained. Constructing an experimental platform reasonably and rigorously is very
critical for the success of experimental results. In this study, a square micro silicon thin
plate is used to explore the vibration characteristics. As the driving signal, sinusoidal signal
generator is also built in computer software and transmitted through the data acquisition
card and signal amplifier. Then, the piezoelectric driver receiving the signal excites the thin
plate. As a consequence, thin plate vibration can be observed.

Acoustic manipulation technology is closely related to the vibration of thin plates
driven by acoustic waves. So that the mechanism of a forced vibration thin plate promotes
the development of acoustic technology. How to generate the vibration mode of thin plate
and what kinds of factors affect them? How to transform the acoustic waves propagation
on thin plate into analyze of finite elements? In this paper, the theory of forced vibration
thin plates will be discussed and solved in detail. Using Comsol Multiphysics version 5.6,
modeling and analysis of vibration of thin plate. Furthermore, a miniature acoustic control
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platform will be designed and built. Based on this, vibration mode and single particle
control experiments will be executed and verified.

2. Theoretical Analysis of Thin Plate Vibration

The plate geometry studied is shown in Figure 1. Establish the coordinate system
(x,v,z) that the plane (x, y) coincides with the neutral surface of a static metal plate with
thickness i and density p. Considering ¢y, €y are normal strains along x-axis and y-axis,
respectively, vy is shear strain, correspondingly, oy, 0y are normal stresses, Tyy is shear
stress. w(x, y, t) is the deflection of thin plate along z axis.

4 x10%m

Figure 1. The coordinate geometry for the thin plate.

From the points of view of strain and generalized Hooke’s law, the following results
of the relationship between stress and strain are obtained

2
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where E is Young’s modulus and v indicates Poisson’s ratio.
Calculate the bending moment and the torque per unit length along the x-axis and y-axis.
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with D = % is the Bending Stiffness, which is related to the structural and material

properties of thin plates. Set the inertia force along the z axis as — phaa%’. For arbitrary micro
cuboid with sizes of dx-dy, unit length shear force along z-axis that on the cross-section
with x, y axes are Qy, Qx respectively. On the basis of D’Alembert’s principle, ) F, = 0,
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that is force balance in the z-axis direction, and the stress diagram is shown in Figure 2.
Consequently,

[(Qu+ 2dx) — Qu|dy + [(Q + ptdy) — Q| dx + [p(x,y,t) — ph 5] dxdy =0 (4

with p(x, y, t) the external load.

Qydx
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Figure 2. Force balance of microelement along z-axis.
Similarly, force balance in the x-axis and y-axis direction satisfy the ), F, =0, ), Fy =0.

Consequently,
oMy | OM,
{ Qs ax/ % y

_ OMy OMyx (5)
Q=5+

Substitute Equation (5) into Equation (4), as a result
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Substituting Equation (3) into Equation (6), the vibration equation of the thin plate is

azw 4
phﬁ +DViw = p(x,y,t) (7)
in which V* is the double Laplace operator, defined as V* = V?(V2w).

When p(x,y,t) = 0, Equation (7) is the basic equations of free vibration of thin plate.
From the actual application point of view, more attention should be given to the forced
vibration of the thin plate. When the external load is an ideal point source excitation located
at the coordinate point (xg, 1), a two-dimensional Dirac function is introduced to the
vibration equation, which is defined as

B B _ oo,(x:JCo,y:y())
6(x —x0,y — Yo) = { 0,other domain ©

with [[(x — x0,y — yo)dxdy = 1.

The forced vibration equation of thin plate excited by a point source is described as

%w
phﬁ +Dv4w: p(x/y/t)(s(x_xO/y_yO) (9)
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Substituting p(x,y,t) = P(x,y; w)e !, w(x,y,t) = W(x,y; w)e '“* into Equation (9).
The forced vibration equation independent of time is obtained as
hw? w?
(V% — pT)W(x,y;w) = 6P(x, Y, w)é(x — x0,y — Yo) (10)

For a linear operator L, the response under the action of the point source is Green’s
function, i.e., LG = ¢ . Thus, the vibration response of Equation (10) can be solved by
convolution G*P. As a result

w2
W(x,y;w) = G(x,y;w) * 5 P(x,y;w)d(x — x0,y = Yo) (11)

in which the eigenmode expansion of the Green’s function is

y @ (x0,¥0) - @, (x,y) (12)

Gy, yw) =
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When it comes to a square thin plate with side length 0 < x = y < [, the eigenmode is

expressed as

2 ny Ny
;1 (1,y) = | cos(—-x) cos(=~) (13)

with the eigenvalues Ay, = F4/(n? + n2),ny,ny = 1,2,3,... Accordingly, considering

the convolution-invariant property of impulse function and the scaling properties, the
response of forced vibration thin plate is derived as

W(x,y;w) = G(x, y;w )*%zp(xr]/r'w)5(x—xo,}/—yo)
=G(x,y; x0,Y0, w) - P(x0, yo; w )

. (14)
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From the response function in Equation (14), the forced vibration of a thin plate is
closely related to the material and geometric properties of the plate under the excitation
of a specific frequency signal, in addition, the amplitude of the excitation signal. It is

evidently ascertained that the deflection surface is symmetrical about the x = % axis and

y= % axis. Concurrently, the positive, negative, and zero values of vibration response
W (x,y;w) are obtained respectively at different positions on the thin plate, which will
cause the varying vibration modes. The proposed mathematical model is suitable for the
square thin plate characterized by the side length [ and thickness h. When it comes to
various plate material, the Bending Stiffness, Young’s modulus, Poisson’s ratio and density

can be adjusted accordingly.

3. Finite Element Simulation Analysis

The finite element method plays a vital role in many fields such as modern structural
mechanics, thermodynamics and hydrodynamics, which is an effective numerical analysis
method. Using finite element method, a continuous medium will be discretized into several
simple basic geometric elements realized by meshing, which are interconnected via nodes.

Comsol Multiphysics version 5.6 simulation application is used to analyze the thin
plate vibration. The geometric model of the thin plate is modeled under the 2D Structural
Mechanics-Plate Module. The governing equation in Structural Mechanics is

Mii+ Cii + Ku = f(t) (15)

where Mii represents the inertia force, Cu is the viscous force, Ku indicates the elastic
force, and is the load. In detail, M, C, K are mass matrix, damping matrix, and stiffness
matrix, u is the midplane displacement. Essentially, the equilibrium differential equation in
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Equation (15) has a curious coincidence with Equation (4) in Section 2, which indicates the
relationship between mid-plane displacement and force balance. Moreover, the frequency
domain form for Equation (15) is

(—w?M + iwC + K)u = f (16)

Especially when C = 0, f = 0, the corresponding equation expresses the undamped
free vibration for a thin plate.

In simulation environment, the thin plate geometry is a square of length 0.05 m,
thickness 0.625 mm, and the corresponding mesh is set as physics-controlled with a setting
of Hyperfine, which contains 6342 elements for full plate. This geometry was modeled
using Silicon, which has a density of 2329 kg/m?, Young’s modulus of 170 x 10° Pa, and a
Poisson’s ratio of 0.28. Square plate with mesh is shown in Figure 3a. Mesh convergence is
studied based on the maximum eigenfrequency. When the change of the solution obtained
by further subdividing the grid can be ignored, it can be said that the grid has converged.
Figure 3b shows the maximum eigenfrequency versus the number elements, and mesh
convergence was obtained for about 6342 mesh elements [31].

" " " " L L
0 4000 8000 12000 16000 20000

Number of elements

(a) (b)
Figure 3. Analysis of mesh convergence. (a) Square plate with mesh. (b) The maximum eigenfre-
quency versus the number elements.

The vibration modes of the thin plate with different driving frequencies are obtained
under the study of eigenfrequencies solver by Comsol Multiphysics with 39,084 iterations,
and the first six vibration modes are shown in Figures 4-9 from the top view and the
side view.

<«

.
>

(a) Top view (b) Side view

Figure 4. Simulation results for eigenfrequency 1140.6 Hz.

In fact, from the theory of eigenvalues in Section 2, there are infinite eigenfrequencies,
which means infinite modes can be found. In the top view of vibration modes, the bright
white curves and areas refer to the position with zero displacement or smaller ones where
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the particle matter will be located during the vibration experiment based on the hardware
plate. The red and blue areas in the side view, respectively, indicate the positive and
negative displacement, and the resulted vibration mode is outlined by black curve outlines
that can correspond to the top view one by one. As we can see, the vibration modes are
patterns that are symmetrical about the central axis, which is in line with the conclusion of
theoretical analysis. On the other hand, when exciting the thin plate using an ideal point
source, according to the distribution of generated sound pressure, the position with lower
sound pressure will generate node lines that are consistent with the vibration mode. More
intriguingly, one can observe that the vibration patterns are becoming more complex with
gradually increase of driving frequencies.

O =

(a) Top view (b) Side view

Figure 5. Simulation results for eigenfrequency 4685.6 Hz.

o =

(a) Top view (b) Side view

Figure 6. Simulation results for eigenfrequency 8925.9 Hz.

N

v

\J L/

(a) Top view (b) Side view

Figure 7. Simulation results for eigenfrequency 14,442 Hz.
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(a) Top view (b) Side view

Figure 8. Simulation results for eigenfrequency 22,688 Hz.

o TR O W

D.‘.'t)/ \_

(a) Top view (b) Side view

Figure 9. Simulation results for eigenfrequency 29,322 Hz.

4. Experimental Results
4.1. Vibration Mode Experiment

At first, we will introduce the experimental platform shown in Figure 10. In which, a
piezoelectric actuator is sticked at the bottom center of the thin plate (5 cm x 5 cm x 0.625 mm).
A sinusoidal acoustic signal generator is built using LABVIEW, which is accepted by the
acquired card (USB-6363) and then is sent to actuator via amplifier. Directly above the
thin plate, a high-definition camer (P67-C1911) is fixed to collect particle dynamics on the
thin plate.

Solid sand is used for making patterns of the vibration mode of the thin plate. Three
sizes of solid sand particles are prepared for reflecting the vibration mode. Smaller and
larger sand particles will be motionless or bouncing falling of the sheet, separately, neither
has a good display effect. After test and verification, for a better presentation effect, sand
particles with an average diameter of 0.085 mm were used in the experiment. Two axis
sliding table and column level measuring instrument are used to adjust and measure
the levelness of the thin plate. Firstly, sprinkle the solid sand particles on the thin plate
(as shown in Figure 11) and then change the frequencies of the sine wave signal generator
until a stable pattern is formed. Record the vibration mode of the thin plate with a camera.
Different modes resulted from sand particles on the surface of thin plate will be generated
under the excitation of different frequencies.
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Figure 11. The square thin plate evenly covered with sand.

Experiments are performed on the square thin silicon plate, and the various vibration
modes are obtained on the plate with different shapes at the various frequency. During the
experiment, when the thin plate is excited, some areas will vibrate while others will not.
More specifically, one can see standing waves along the nodal line of the plate that generated
by excitation source. Sand particles move from the antinode with the largest amplitude
of standing wave to the nodal line with the lowest and zero amplitude of standing wave,
forming a beautiful symmetrical pattern. Coming back to the response of forced vibration
in Section 2, the symmetry of patterns and the various values of deflection at different
positions of the thin plate result in different vibration modes, which can be fully verified
in the experimental process. The frequency was resized according to eigenfrequencies in
Section 3 (1140.6 Hz, 4685.6 Hz, 8925.9 Hz, 14,442 Hz, 22,688 Hz, 29,322 Hz) by sine wave
signal generator built with LabVIEW and obtain the vibration modes of square thin plate.

From the comparison of simulation results in Section 3 and experimental results
in Section 4.1, the experimental vibration modes in Figure 12 correspond well with the
simulation results in Section 3, and become more and more complex as the frequency gets
higher. This is because, as the excitation frequency increases, more nodal lines will be
generated on the thin plate. Successful visualization of vibration mode indicates that the
displacement field can be effectively established with the help of the experimental platform
to manipulate micro targets.
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(d) 14,442 Hz. (e) 22,688 Hz. () 29,322 Hz.

Figure 12. Experimental results of plate vibration with different frequencies.

On the other hand, the error between the results of experimental and numerical simu-
lations can’t be ignored. The essence of a thin plate vibration simulation and experiment is
to determine the node line corresponding to a certain characteristic frequency. Therefore,
the node line area of plate vibration simulation and experiment can be regarded as an error
index. The relative error equation is defined as

E= M% (17)

Ss
where, S5(cm?) is the node-line area in simulation results, S,(cm?2) is the node-line area in
experimental results. According to the simulation and experimental results, we reported
the area change of node line in simulation and experiment in Figure 13a. Consequently, the

report of error between experiment and simulation is shown as the histogram Figure 13b.
Future work, efforts should be made to reduce errors.

Area change of node line E
8 12%
7
10%
6
5 8%
4
5 6%
2 4%
1
0 2%
11406Hz  46856Hz  89259Hz  14442Hz  22688Hz  29322H:
0%
=S5 —=Se 1140.6Hz  4685.6Hz  8925.9Hz  14442Hz  22688Hz  29322Hz
(a) (b)

Figure 13. Analysis of experimental error. (a) Area change of node line in simulation and experiment;
(b) Error histogram.
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4.2. Single Particle Control

The proposed experimental platform in this paper is expected to manipulate micro and
nano particles without contact due to its its micro characteristics and good compatibility.
In this sub-section, we try to control the motion of individual particles on the thin plate
based on the specific acoustic excitation frequency. Combined with theoretical analysis,
finite element simulation and experimental verification, the effective frequencies can be
obtained. Meanwhile, the effective acoustic excitation frequency can be used to realize
the control of particle motion on thin plate. The mechanism of motion behind the single
particle control is that the particle placed on the any position or antinode of the excited thin
plate will move towards the position of the node line of the plate and locate there.

For the purpose of demonstrating the motion control of a single particle, the single
particle with diameter of 0.08 mm is placed on the thin plate as is shown in Figure 14.
According to one of the vibration mode experiment, the movement trend of the particle
can be preliminarily judged (f = 7602.6 Hz). Video screenshots of particle motion are
presented to illustrate the results of particle motion control. Before the frequency excitation,
the particle is located in the position S of the plate, as is shown in Figure 14a. From
Figure 14c, after frequency excitation, the particles finally stabilize at the position T of
the plate. Figure 14b records the position of particle during frequency excitation. As an
example, the motion control of a single particle from position S to position T is realized in
Figure 14 based on the experimental platform. For the further step, we will focus on more
complex particle motion control based on the thin plate system.

(a) (b)

Figure 14. Experimental of non-contact manipulation of single particle. (a) Before frequency excita-
tion; (b) During frequency excitation; (c) End of frequency excitation.
5. Discussion

Acoustic technology is an novel micro-nano manipulation method. Hence, acoustic
vibration theory and acoustic control platform are all eager to be studied and developped.
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Especially, the effectiveness and operability of the experimental platform also need to be
verified by experiments.

In this paper, we present an acoustic manipulation platform (shown in Figure 9). The
plate size is only 5 cm x 5 cm x 0.625 mm, whcih is suitable for the target of micro nano
size. Piezoelectric actuator drvien by sinusoidal acoustic signal provides effective exciting
force for the platform. At beginning, the vibration problem of thin plate driven by acoustic
wave has been solved, ulteriorly, Comsol Multiphysics version 5.6 is used to design and
simulation the thin plate vibration mode. The vibration mode experiments of thin plate
correspond perfectly with the software simulation results. Based on the vibration modal
simulation and experiment of thin plate, the control experiment of a single particle is
carried out.

Acoustic manipulation technology is widely used in high tech material processing, 3D
printing technology, particle trajectory tracking and particle separation. Further, thin plate
systems still need to be improved and more complex and precise manipulation tasks are
expected to be realized on the presented platform.

6. Conclusions

In this paper, starting from the stress analysis of thin plate, the response function
of forced vibration of a thin plate is determined, combining with Green’s function and
properties of convolution operation, and the basic properties of the response function are
revealed. The presented mathematical model is applicable to a square thin plate with
different material properties. Nextly, finite element simulation for the vibration of thin
plate is performed based on the Comsol Multiphysics. The vibration modes of different
eigenfrequencies are shown to illustrate the symmetry of the vibration modes and the
complexity of vibration pattern with increasing frequency.

Moreover, the hardware platform for experimental manipulation is built and reported.
The vibration experiments of a square thin plate driven by a central excitation source is
carried out. The experimental results of the modes correspond well with the simulations by
comparison, and single particle motion control is also realized using the hardware platform.
Actually, the effective visualization of thin plate vibration modes using sand particles means
the successful establishment of a thin plate displacement field under different frequency
signals. In future work, the platform is considered to be a powerful manipulation tool in
the fields of capture and manipulation for a micro-nano target.

Author Contributions: Conceptualization, X.J. and H.S.; methodology, X.J.; software, X.J. and H.S.;
validation, X.J., H.S. and ].T.; writing—original draft preparation, X.J.; writing—review and editing,
Q.S. and H.S.; visualization, ].T.; supervision, H.S.; funding acquisition, Q.S., H.S. and J.T. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China(Grant
No.61973172, 62003177, 62103204, 62003175 and 61973175), Joint Fund of the Ministry of Education for
Equipment Pre research(Grant No.8091B022133) and General Terminal IC Interdisciplinary Science
Center of Nankai University.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding authors upon reasonable request.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.



Sustainability 2022, 14, 14900 13 of 13

References

1.

10.

11.

12.
13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.
25.

26.
27.
28.
29.
30.

31.

Lee, T.; Kwon, H.B.; Song, W.; Lee, S.; Kim, Y.J. Microfluidic ultrafine particle dosimeter using an electrical detection method
with a machine-learning-aided algorithm for real-time monitoring of particle density and size distribution. Lab Chip 2021, 21,
1503-1516. [CrossRef]

Chu, A.; Nguyen, D.; Talathi, S.S. Automated detection and sorting of microencapsulation via machine learning. Lab Chip 2019,
19, 1808-1817. [CrossRef]

Barman, U.; Lagae, L.; Jones, B. Capillary stop valve actuation by thermo- pneumatic-pressure for lab-on-chip systems. Microsyst.
Technol. 2021, 27, 681-692. [CrossRef]

Monterosso, MLE.; Futrega, K.; Lott, W.B.; Vela, I.; Williams, E.D.; Doran, M.R. Using the Microwell-mesh to culture microtissues
in vitro and as a carrier to implant microtissues in vivo into mice. Sci. Rep. 2021, 11, 5118. [CrossRef]

Baruffaldi, D.; Palmara, G.; Pirri, C.; Frascella, F. 3D Cell Culture: Recent Development in Materials with Tunable Stiffness. ACS
Appl. Bio Mater. 2021, 110, 465-471. [CrossRef]

Chen, P,; Luo, Z.; Tasoglu, S. Microscale Assembly Directed by Liquid-based Template. Adv. Mater. 2014, 26, 5936-5941. [CrossRef]
Shen, F; Li, X.J.; Li, P.C.H. Study of flow behaviors on single-cell Manipulation and shear stress reduction in microfluidic chips
using computational fluid dynamics simulations. Biomicrofluidics 2014, 8, 021501. [CrossRef]

Jia, W.N.; Neild, A. Multiple outcome particle manipulation using cascaded surface acoustic waves (CSAW). Microfluid. Nanofluid.
2021, 25, 16.

Yiannacou, K.; Sariola, V. Controlled Manipulation and Active Sorting of Particles Inside Microfluidic Chips Using Bulk Acoustic
Waves and Machine Learning. Langmuir 2021, 37, 4192—4199. [CrossRef]

Xu, D.; Cai, EY.; Chen, M. Acoustic manipulation of particles in a cylindrical cavity: Theoretical and experimental study on the
effects of boundary conditions. Ultrasonics 2019, 93, 18-25. [CrossRef]

Ding, X.Y;; Lin, 5.C.S.; Kiraly, B. On-chip manipulation of single microparticles, cells, and organisms using surface acoustic waves.
Proc. Natl. Acad. Sci. USA 2012, 109, 11105-11109. [PubMed]

Hu, J.H. An introduction to acoustic micro/nano manipulations. Appl. Phys. 2016, 6, 114-118. [CrossRef]

Zhang, X.; Halvorsen, K.; Zhang, C.Z. Mechanoenzymatic Cleavage of the Ultralarge Vascular Protein von Willebrand Factor.
Science 2009, 324, 1330-1334. [CrossRef]

Yang, A.; Moore, 5.D.; Schmidt, B.S. Optical Manipulation of nanoparticles and biomolecules in sub-wavelength slot waveguides.
Nature 2009, 457, 71-75. [CrossRef]

Zhu, X,; Li, N,; Yang, J.; Chen, X. Revolution of trapped particle in counter-propagating dual-beams optical tweezers under low
pressure. Opt. Express 2021, 29, 11169-11180. [CrossRef]

Wright, W.H.; Sonek, G.J.; Berns, M.W. Parametric study of the forces on microspheres held by optical tweezers. Appl. Opt. 1994,
33, 1735-1748.

Zhukov, A,; Ipatov, M.; Churyukanova, M.; Kaloshkin, S.; Zhukova, V. Giant magnetoimpedance in thin amorphous wires: From
manipulation of magnetic field dependence to industrial applications. J. Alloys Compd. 2014, 586, S279-S286. [CrossRef]
Snezhko, A.; Aranson, I.S. Magnetic Manipulation of self-assembled colloidal asters. Nat. Mater. 2011, 10, 698-703. [CrossRef]
Khademhosseini, A.; May, M.H.; Sefton, M.V. Conformal coating of mammalian cells immobilized onto magnetically driven
beads. Tissue Eng. Part A 2005, 11, 1797-1806. [CrossRef]

Hu, N.; Wang, Y.; Li, J.; Wei, Q.; Jiang, Y.; Ma, L.; Yu, Z.; Zhou, K.; Long, H. Manipulation of nanostructured carbon films as field
emitters in an electric-and-magnetic-field-assisted chemical vapor deposition process. Surf. Coat. Technol. 2019, 359, 459-467.
Chladni, E. Entdeckungen ber die Theorie des Klanges Weidmanns Erben und Reich; Bey Weidmanns Erben und Reich: Leipzig,
Germany , 1787.

Tuan, P.H.; Wen, C.P,; Chiang, P.Y.; Yu, Y.T. Exploring the resonant vibration of thin plates: Reconstruction of Chladni patterns
and determination of resonant wave numbers. J. Acoust. Soc. Am. 2015, 1379, 2113-2123. [CrossRef] [PubMed]

Luo, Y,; Feng, R.; Li, X.; Liu, D. TA simple approach to determine the mode shapes of Chladni plates based on the optical lever
method. Eur. J. Phys. 2019, 40, 065001. [CrossRef]

Bialek, J.M. Nonlinear Continuum Mechanics for Finite Element Analysis. Nucl. Fusion 1998, 38, 776. [CrossRef]

Biro, O.; Preis, K. On the use of the magnetic vector potential in the finite-element analysis of three-dimensional eddy currents.
IEEE Trans. Magn. 1989, 25, 3145-3159. [CrossRef]

Geng, J.P; Tan, K; Liu, G.R. Application of finite element analysis in implant dentistry: A review of the literature. J. Prosthet.
Dent. 2001, 85, 585-598. [CrossRef]

Hughes, T.R. The finite element method: Linear static and dynamic finite element analysis. Prentice-Hall 2000, 19, 096004.
Prathap, G. The Finite Element Method in Structural Mechanics; Springer: Dordrecht, The Netherlands, 1993.

Schétzau, D. Mixed finite element methods for stationary incompressible magneto-hydrodynamics. Numer. Math. 2004, 96,
771-800.

Hu, W.N.; Ho, S.L. Extension of the Concept of Windings in Magnetic Field—Electric Circuit Coupled Finite-Element Method.
IEEE Trans. Magn. 2010, 46, 2119-2123.

Rachid, F.; Noureddine, B.; Jean, B. Case Study of Laser Hardening Process Applied to 4340 Steel Cylindrical Specimens Using
Simulation and Experimental Validation. Case Stud. Therm. Eng. 2017, 11, 15-25.


http://doi.org/10.1039/D0LC01240H
http://dx.doi.org/10.1039/C8LC01394B
http://dx.doi.org/10.1007/s00542-020-05026-x
http://dx.doi.org/10.1038/s41598-021-84154-4
http://dx.doi.org/10.1021/acsabm.0c01472
http://dx.doi.org/10.1002/adma.201402079
http://dx.doi.org/10.1063/1.4866358
http://dx.doi.org/10.1021/acs.langmuir.1c00063
http://dx.doi.org/10.1016/j.ultras.2018.10.003
http://www.ncbi.nlm.nih.gov/pubmed/22733731
http://dx.doi.org/10.12677/APP.2016.65016
http://dx.doi.org/10.1126/science.1170905
http://dx.doi.org/10.1038/nature07593
http://dx.doi.org/10.1364/OE.420274
http://dx.doi.org/10.1016/j.jallcom.2012.10.082
http://dx.doi.org/10.1038/nmat3083
http://dx.doi.org/10.1089/ten.2005.11.1797
http://dx.doi.org/10.1121/1.4916704
http://www.ncbi.nlm.nih.gov/pubmed/25920861
http://dx.doi.org/10.1088/1361-6404/ab2e2b
http://dx.doi.org/10.1088/0029-5515/38/5/702
http://dx.doi.org/10.1109/20.34388
http://dx.doi.org/10.1067/mpr.2001.115251

	Introduction
	Theoretical Analysis of Thin Plate Vibration
	Finite Element Simulation Analysis
	Experimental Results
	Vibration Mode Experiment
	Single Particle Control

	Discussion
	Conclusions
	References

