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This paper proposes a method to generate Bessel-like collimated beams with suppressed side lobes using the flexural
vibration modes of a fixed boundary circular plate, which is excited by a longitudinally vibrating transducer in a ring
excitation manner. The factors affecting the generation of Bessel-like collimated beams are investigated by theoretical
analysis, numerical simulation and experimental methods. The results indicate that Bessel-like wave can be generated
by a thin circular plate with fixed boundaries. The third-order mode of the circular plate can be modified to generate a
collimated beam with suppressing side lobes when it is excited in a ring excitation manner and the excitation position lies
between the first two nodal circles of the plate. As the excitation radius increases, the main lobe width of the resulting
Bessel-like collimated beam decreases, the extent of the focusing region increases, and the amplitude of the side lobes
initially increases and then decreases. Based on the simulation results, a prototype Bessel-like collimated beam generation
system is made and measured experimentally. The experimental results are in good agreement with the numerical results.
The Bessel-like collimated beam can be generated by the proposed system, which has potential application in the fields of

long-range detection, imaging of highly attenuated materials, and airflow acceleration.
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1. Introduction

Bessel beams are employed extensively in the field of
acoustics due to their non-diffractive no angular spread and
self-healing characteristics.!'# There has been a significant
interest in the study of an acoustic Bessel beams. For exam-
ple, a lot of research had carried out on the acoustic radia-
tion force exerted by standing wave tweezers utilizing zero-
order or higher order Bessel beams, and these findings have
been effectively utilized for particle trapping and manipulation
applications.>~! Furthermore, benefiting from the character-
istic of the highly concentrated central peak and long depth-

of-focus, 10~

121 Bessel-like beams have a wide range of ap-
plications in imaging fields, including medical imaging,!'3!4]
borehole imaging,!'>! and subsurface imaging,!'®!”1 which
can significantly improve image resolution and reduce image
spherical aberration.!!8! In addition, Bessel-like beams exhibit
promise for a number of potential applications, including non-

invasive neuronal stimulation,!'® non-destructive testing, *!

and airflow manipulation.?!!

The method to produce Bessel beams can be divided into
passive and active ways.!??] The passive approach to gener-
ating a Bessel-like beam is to use acoustic lenses to trans-
form existing beams.?>?* Daniel et al. used the Soret zone

plate with a pupil mask to generate acoustic quasi-Bessel
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beams with sub-wavelength transverse dimensions.>! Tang
et al. proposed an effective metasurface to construct a two-
dimensional (2D) acoustic half-Bessel beam, which is based
on an array of spatially varied coiling-slit units and each unit
mimics the wave responses derived from the expression of
the acoustic half-Bessel beam.[?%! While acoustic lenses can
be designed to achieve beam focusing and modulation ef-
fects through refraction or diffraction, the design process is
inherently complex and costly. The active approach is a di-
rect generator of Bessel-like waves, primarily through the uti-
lization of specific transducer configurations or phased ar-
rays. Hsu et al. employed non-uniformly polarized piezoelec-
tric discs with full-thickness electric field strengths approx-
imating a Bessel function along the radial direction to gen-
erate Bessel-like waves by applying a single voltage excita-
tion to the piezoelectric disc.[?”) Campbell et al. generated
frequency-independent Bessel-like waves using a ring-array
PZT with weighted Bessel-like voltage excitation of the in-
dividual electrodes.?®! Shi et al. designed a device consisting
of two omnidirectional equifrequency interdigital transducers
to generate a high-intensity, stable, and uniform energy dis-
tribution quasi-Bessel surface acoustic wave for microparticle
manipulation.>”! Although the aforementioned studies can be
employed to generate Bessel-like beams, the generated acous-
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tic waves are accompanied by high frequencies and substantial
sidelobes. Consequently, it is necessary to suppress the side
flaps of the Bessel-like waves to form a collimated beam.

In recent years, a number of methods have been proposed
for generating low-frequency Bessel collimated beams, 2933
which can likewise be divided into passive and active types
according to the beam generation method. Hu et al. proposed
a collimated acoustic lens that can propagate 125 wavelengths
in air by combining a zigzag-shaped structure with an array of
subwavelength resonators on an ultra-thin planar structure.>*!
Tian et al. proposed a bilateral symmetric zig-zag structure
on the basis of Hu et al’s study, which reduced the longi-
tudinal scale of the material from 1/15 to 1/33 of the wave-
length, reducing the size of the material and broadening its
application range.>>) Moreover, phononic crystal structure is
used to form a collimated acoustic lens. %! Shen et al. gener-
ated a collimated beam with a frequency of 0.792 Hz using a
2D phononic crystal structure.?”) Cervenka et al. designed an
acoustic lens consisting of a gradient refractive index phononic
crystal, which consists of a series of toroidal scat terers, to
convert acoustic waves generated by a miniaturized ultrasonic
transducer into a collimated beam.3®! Daliasa et al. designed
an acoustic lens by combining conical lens shapes, phononic
crystals and asymptotic refractive index design concepts. A
plane wave in the frequency range of 4 kHz to 8 kHz can
be converted into a Bessel-like collimated beam using these
structures.?) Although all of the above passive methods can
produce Bessel-like collimated beams. However, there is a
significant loss of acoustic waves after passing through the
lens, and in addition the complex structure and large size may
limit their application.!*®! The active method is to use a sin-
gle transducer or a transducer array to directly generate a low-
frequency Bessel collimated beam.!*!! Chillara ef al. gener-
ated low-frequency Bessel beams utilizing the radial vibra-
tion mode of a single piezoelectric ceramic plate, which has
lower frequency and good collimation characteristics.[4>#4]
However, the intensity of acoustic waves generated by a single
piezoelectric ceramic sheet is limited due to the power capac-
ity and size limitations of the individual piezoelectric ceram-
ics. Additionally, for some applications in air, such as airflow
acceleration, aerosol, and ultrasonic defoaming, the radial vi-
bration mode of a single piezoelectric plate also suffers from
impedance mismatch issues.

To address the above issues, this paper proposes a Bessel-
like acoustic wave generation system based on flexural vi-
bration modes of a thin circular plate with fixed bound-
ary. The factors affecting the generation of Bessel-like col-
limated beams are investigated by numerical simulation and
experimental methods. The collimated beam generated by
the proposed system can be used in the fields of long-range

detection,*>*%! imaging of highly attenuated materials,!#7:43]

and airflow acceleration. [2!]

2. Methodology
2.1. Theoretical method

Assuming that the radius of a thin plate is R, and its thick-
ness is H. Based on the Kirchhoff-Love hypothesis, the dif-
ferential equation for a thin plate of uniform thickness under

harmonic axisymmetric vibration can be described as!*!

V¥ (p) —kyY (p) =0, 6]

where Y (p) is the transverse vibration displacement, and k;, is
the wave number of the plate, which is defined as

ko = @ (pyH /D), )

in which p, is the density of the plate, D = EH3 /[12(1 —v?)]
is the flexural vibration stiffness of the plate, E is the Young’s
modulus, and v is the Poisson’s ratio.

The generalized solution of Eq. (1) can be expressed as
follows: 491

Y(p) = [AJO (kpp)JFBYO (kpp)
+Cly (kpp) + DKo (kpp)]ed®, 3)

where Jo (kpp), Yo (kpp) are the first- and second-type zero-
order Bessel functions, and I (kpp), Ko (kpp) are the first
and second type zero-order corrected Bessel functions, respec-
tively. A, B, C, and D are coefficients that can be determined
by the boundary conditions.

z

1

Fixed boundary
R |

]
H3E N r

I

Point-excited displacement (yo)

Fixed boundary

Fig. 1. Schematic diagram of the structure of the PFP.

Figure 1 shows the schematic diagram of the structure of
a point-excited circular plate (PFP). Here, y is the excitation
displacement, and y; is the transverse vibration displacement
of the PFP. To illustrate its vibration mode, figure 1 shows the
first-order transverse vibration displacement of the PFP. Since
the values of both Y (kpp) and Ko (kpp) are infinite when
p = 0, while in reality the displacement of the center of the
circular plate cannot be infinite, the coefficients B an D must
be zero. Therefore, for the PFP, equation (3) can be rewritten
as

y1 = [A1Jo (kpp) +Cilo (kpp)] el 4

where p € [0, R]. Considering that the boundary of the circular
plate is fixed, the boundary condition can be expressed as

yi(R)=0, y|(R)=0. §))
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Considering the point excitation, at the excitation posi-
tion, the displacement conditions can be written as

¥1(0) = yo. (6)

Combining Eqgs. (4)—(6), the coefficients A| and C; can
be determined. The normal vibration velocity of a PFP can be
expressed as

= —jolAo (kpp) + Cilo (kpp)]- )
z
Y2
Y3
Fixed boundary Fixed boundary
ER | ER |

H_iE | o

I I

Ring-excited displacement (yo)

Fig. 2. Schematic diagram of the structure of the RFP.

Figure 2 shows the schematic of the structure of the ring-
excited circular plate (PFP), it can be divided into two regions,
the outside excitation circle ring and the inside excitation cir-
cle. y> and y; are the normal vibration displacements of the
inner and outer ring parts, respectively. The normal vibration
displacement of an RFP can be expressed as

2= [A2do (kpp) +Calo (kpp) ]’ ®)

in which p € [0, ER], ER is the ring excitation radius.

3 = [A3Jo (kpp) +B3Yo (kpp)
+C3lo (kpp) +D3Ko (kpp)] el &)
in which p € [ER, R], considering that the boundary of the cir-

cular plate is fixed, the boundary condition can be expressed
as

y3(R)=0, y;(R)=0. (10)

At the excitation position, the continuity conditions can
be written as

y2 (ER) = y3 (ER) = yo, an
Q(YZ)p:ER:Q()’S)p:ER:F(J, (12)

where Fj is the transverse shear constant at the excitation posi-
tion, and Q (Y) p is the transverse shear force with the expres-
sion
Y 10%Y 19y

Y, =—D|=—+—"5——= 13

Wy <8p3+pap2 pzap) ()

Combining Egs. (8)—(13), the coefficients A,, C>, A3, B3,

C3, and D3 of Egs. (8) and (9) can be determined. Subse-

quently, the normal vibration velocity of an RFP can be ex-
pressed as

uy = —jo[AJo (kpp) +Colo (kpp)] e, (14)

us = —jwl[Asl (kpp) +B3Yy (kpp)
+C3lg (kpp) +D3Ko (kpp)] 1. (15)

For both PFP and RFP, the plate vibrates in its axisym-
metric modes of all orders, which can be regarded as har-
monic vibrations with angular frequency @. Vibration prop-
agates along the z-axis, the characteristic radius of the sound
source is R. Based on the Khokhlov—Zabolotskaya—Kuznetsov
(KZK) equations, the solution of the finite-beam ultrasonic ra-
diation acoustic field under a quasilinear approximation can be

expressed as follows: 202!

P(.8) = poco [ u()
xexp(—jézfy‘g/z)Jo(255/>5’d6’, (16)

o

where 0 = z/ry and & = p /R are the axial and radial dimen-
sionless coordinates, respectively. R and ry are the reference
coordinates, R is chosen to be the radius of the sound source,
ro = kR?/2 is called the Rayleigh distance, and & is the wave
number. py and ¢ are the density of the medium and the speed
of sound, respectively. &’ denotes the radial coordinate at the
surface of the sound source. u(€’) denotes the transverse vi-
bration velocity distribution at the surface of sound source.
According to Egs. (7), (14)—(16), the distribution of the sound
field can be determined.

2.2. Simulation method

Figure 3 shows the schematic structure of the transducer
excited circular plate radiation system and its simplified fi-
nite element model. The proposed system consists of three
parts: the driver, the amplifier, and the radiator. The driver is
a Langevin-type longitudinal vibration transducer, which can
generate longitudinal vibrations when an applied voltage is ex-
erted. The amplifier is a stepped ultrasonic horn that serves
amplification and frequency matching. The radiator is a fixed-
boundary thin circular plate that exhibits flexural vibration un-
der longitudinal excitation and radiates a Bessel-like beam into
the surrounding medium.

For the vibrating system shown in Fig. 3, a stepped ultra-
sonic horn and a stepped circular tube ultrasonic horn are ap-
plied to serve as amplifiers to excite a thin circular plate with
a fixed boundary under point excitation and ring excitation,
which can be thought as a point-excited circular plate (PFP)
and a ring-excited circular plate (RFP), respectively. In order
to explore the factors affecting the generation of Bessel-like
collimated beams, a simplified model of the system was built
in the numerical analysis software COMSOL Multiphysics
6.1. The excitation area is shown in Fig. 3 as a blue circle.
In finite element simulation, the plate is excited by adding a
displacement of 10 nm along the positive Z-axis at the bottom
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of the circular plate. A thin circular metal plate with a radius of
R =52 mm, a thickness of H =5 mm, and a material compris-
ing 7075 aluminum alloy was used in our study. The density
of the 7075 aluminum was 2650 kg/m?, the Young’s modulus
was 7 x 10'9 N/m?2, and the Poisson’s ratio was 0.33. A semi-
circular air domain with a perfect match layer is added above
the plate, which has the density of 1.29 kg/m? and the speed
of sound of 340 m/s. An infinity hard boundary is chosen at
the bottom of the air domain to simulate the unidirectional ra-
diation of a thin circular plate embedded in an infinity baffle.
The mesh size of the circular plate is set to one-sixth of the
wavelength of the plate’s flexural vibration at the highest fre-
quency. The mesh size of the sound domain is set to one-sixth
of the wavelength of the air at the highest frequency. The PML
domain was swept with eight distributions along the thickness

direction.
|—————F——— - X-axis
| Driver [Amplifier g{adiatoﬂ PFP
| |
| | Z-axis
| |
| b |
: :leed boundary , x_ayig Air /PML
| I RFP |
| |
: - l: | '""ERZL’ Z-axis
| A - —
| |
[EE— | _ = ”

Fig. 3. Schematic diagram of the structure of the Bessel-like acoustic wave
generation system and its finite element model.

2.3. Experiment

In order to verify the simulation results, we design and
manufacture an RFP excited by an ultrasonics transducer to
radiate Bessel acoustic beam in air, as shown in Fig. 4. A 1045
steel ring is installed at the top surfaces of the circular plate to
realize the fixed boundary. The density of the 1045 steel was
7850 kg/m?, the Young’s modulus was 20.5 x 10'° N/m?, and
the Poisson’s ratio was 0.28. Twenty M5 bolt holes are drilled
evenly around the circumference of the steel ring, and the plate
can be clamped between the upper and lower steel rings with
bolts. The plate steel ring is fixed to the steel tube on its lower
side. The materials used for the steel ring and steel tube are
the same as those utilized for the mass block subsequent to the
transducer.

For the Langevin-type transducer, the materials of the
thicknesses of the back mass block, piezoelectric ceramic, and
front mass block are 1045 steel, PZT-8, and 7075 aluminum
alloy, with thicknesses of are L;, 2L, and L3, respectively,
and the radius of all three is R,. The density of the PZT-8 was
8700 kg/m?, and the Young’s modulus was 11 x 100 N/m?.
For the ultrasonic horn, the material is 7075 aluminum alloy,
the thickness of the solid cylinder and the hollow round tube
are identical, and the total length is L4, the inner radius of the

circular tube is R;, and the outer radius is R,. For the thin cir-
cular plate, the material is 7075 aluminum alloy, the thickness
is H and the effective radius is R. The dimensions parameters
of each part are shown in Table 1.

Table 1. The dimensional parameters of the system.

Size L] L2 L3 L4 Rl R2 R H

Value (mm) 45 65 25 122 20 25 52 5

Transducer  Steel pipe Bolt St/Cd ring
= 10
---------- 1
: 1 ! -
y 1
l ] el
133 | e | . 1
& 1
. T m I ! 1
U E 25 S P P i
Unit: “l Jes] Je—s] [T 5
nit: mr 225 |15| |15| 55 |

Fig. 4. Schematic diagram of the structure of a Bessel-like acoustic
wave generation system.

OFV-5000
Vibrometer 8
controller §

Managemenjilil
system J

(b)

NA-42
ound level
= casurement 8
§ amplifier

)

| _\&S -
Y, |

o
F74

-

Fig. 5. Diagram of the equipment used for the experiment: (a) face-
scanning laser vibrometer, (b) sound level measurement amplifier.

A prototype Bessel-like collimated beam generation sys-
tem is made and measured experimentally with the experimen-
tal equipment shown in Fig. 5. The vibration distribution on
the surface of the circular plate was tested with a Polytech
OFV-5000 Doppler laser vibrometer (Polytech GMbH, Baden-
Wiirttemberg, Germany). The transducer was excited by a si-
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nusoidal signal with a frequency of 31.039 kHz and a peak-to-
peak value of 5 V. The axial sound pressure distribution of the
system at x = 0 and the radial sound pressure distribution of
the system at z = 0.3 m were tested using an acoustic pressure
probe (a 1/4-inch (1 inch=2.54 cm) diameter UC-29 micro-
phone).

3. Results and discussion

Figure 6(a) illustrates the simulation results of the initial
four orders flexural vibration modes of the PFP. The corre-
sponding frequencies are 4.60 kHz, 16.97 kHz, 35.39 kHz, and
57.98 kHz, respectively. Figure 6(b) illustrates the numerical
results of the radiated sound field in these modes. The results
demonstrate that the flexural vibration of PFP can indeed be
effectively employed to generate Bessel-like waves. However,
the Bessel-like beam produced by PFP exhibits a large num-
ber of side lobes. Moreover, with the vibrational order, the
number of side lobes increases.

12 T T T T T
(a) — FM-1: f=4.60 kHz
10 FM-2: f=16.97 kHz
—FM-3: f=235.39 kHz
= st —FM-4: f=>57.98 kHz
i
o Or
Z
+ 4r
=
:
5 2r
g
2 of
B2
A _of
4}
_6 . . . . .
0 0.01 0.02 0.03 0.04 0.05
(b) X-axis (m)
0.8 FM-1 0.8 FM-2
. 0.2 0.2
\S‘/ 0.1 E 0.1
8 0.4 7 ot 0.4 0
N ‘/’—i‘ -01 0.1
A —0.2 —0.2
oL e\ | 0
—0.4 0 0.4 —0.4 0 0.4
X-axis (m) X-axis (m)
0.8 FM-3 0.8 FM-4
02 0.2
) o1 E 0.1
5 0.4 o E 0.4 o
] ]
N —01 N —0.1
—0.2 —0.2
070.4 0 0.4 90.4 0 0.4
X-axis (m) X-axis (m)

Fig. 6. The vibration modes and normalized sound field distribution
of the first four orders of the flexural vibration of a PFP: (a) vibration
modes, (b) sound field distribution.
Figure 7 presents the normalized normal displacement
and its Bessel fitting results of the FM-3 vibration mode.
These results are obtained using both the finite element

method (FEM) and the theoretical computation (Eq. (7)).
From Fig. 7, it can be seen that the theoretical and FEM results
are basically in agreement, and the normal displacement distri-
bution of the PFP is similar to that of Jo (ar) (&t = 169.0m™).
Combining Egs. (6), (7), and (16), it can be concluded that
the PFP can generate Bessel-like beams which can be verified
from the simulation results.

1.0

—FEM
0.8} ——Theory
Bessel function fit

0.6

0.4r

0.2}F

0.

—-0.2¢

—0.4F

Normalized displacement (arb. units)

—0.6
0

0.02 0.03 0.04 0.05

X-axis (m)

0.01

Fig. 7. The normalized normal displacement in the FM-3 vibration mode and
its corresponding Bessel function fit (Jo (atr), & = 169.0 m™ ).

3.0 . T T .
—RFP: ER=10.0 mm
2.5F —RFP: ER=21.3 mm
— —RFP: ER=25.0 mm
g 2.0f RFP: ER=40.0 mm A
5 - --PFP: FM-3
o Ll.5¢
Z
- 1.0}
=]
9]
2 0.5F
9]
Q
= or
o,
2 |
A —0.5
—1.0}
—1.5 t . . . :
0 0.01 0.02 0.03 0.04 0.05
X-axis (m)
b
( )O.SRFP: ER=10.0 mm O.SRFP: ER=21.3 mm
— 0.2 — 0.2
é 0.1 é 0.1
E 0.4 0 ; 0.4 o
I @
N' —0.1 N‘ —0.1
0.2 8 2 —0.2
90.4 0.4 90.4 0 0.4
X-axis (m) X-axis (m)
RFP: ER=25.0 mm RFP: FER=40.0 mm
0.8 0.8
. 0.2 . 0.2
é 0.1 \E/ 0.1
E 0.4 o 5 0.4 = 0
[ < = 3
N -1 N =1 ~01
—0.2 —0.2
90.4 0 0.4 90.4 0 0.4
X-axis (m) X-axis (m)

Fig. 8. The vibration modes and normalized sound field distribution
of an RFP under different excitation regions: (a) vibration modes,
(b) sound field distribution.

Generally, the FM-3 vibration mode of a circular plate can

be divided into three excitation regions by three nodal circles.
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Due to the fact that the vibration displacements between adja-
cent nodes are in opposite directions, then phase cancellation
occurs, which results in large sidelobes. Thus, the sidelobes of
generated Bessel-like wave can be suppressed by reducing the
inverse region of the normal vibrational displacement. So, in
this paper, we propose a method to generate a side-lobes sup-
pressed collimation Bessel-like wave with a ring-excited fixed
boundary flexural vibration thin circular plate. The vibration
characteristics and its radiation sound field under different ex-
citation regions are simulated by adding ring excitations in dif-
ferent excitation regions. The numerical results are presented
in Fig. 8.

From Fig. 8(a), it can be observed that the vibration
modes of an RFP are different from those of a PFP. With the
excitation displacement of 10 nm, the vibration displacement
of an RFP exhibits a significantly higher amplitude than that

of a PFP. And they also exhibit notable discrepancies across
different excitation radius (ER). To further investigate the
effect of the excitation conditions on the vibration displace-
ments of the system, the average normal vibration displace-
ments (ANVD) of PFP and RFP were extracted under a dis-
placement excitation of 10 nm, respectively, and the results
are presented in Tables 2 and 3. As illustrated in Table 2, the
number of nodal circles in the PFP increases with the increase
of vibration order. The ANVDs of PFP exhibit a decreased
tendency due to the opposite vibration directions on both sides
of the nodal circles. All the values are less than 10 nm.

Table 2. The ANVD of the PFP under 10-nm displacement excitation.

Mode PFP: FM-1 PFP: FM-2 PFP: FM-3 PFP: FM-4

ANVD (nm) 5.37 0.82 1.62 0.55

Table 3. The ANVD of the RFP under 10-nm displacement excitation.

Mode RFP: ER = 10.0 mm

RFP: ER =21.3 mm

RFP: ER =25.0 mm RFP: ER =40.0 mm

ANVD (nm) 0.89

44.53

33.19 22.37

Next, we discuss the effect of the excitation region on the
distribution of the radiated sound field of the RFP, as shown
in Figs. 8(a) and 8(b). When excitation radius (ER) is 10 mm,
the corresponding excitation region is situated within the nodal
circular 1 (excitation region 1). In this mode, the number of
nodal circles of the RFP is identical to that of the FM-3 of
the PFP. However, in contrast to the FM-3 of PFP, RFP ex-
hibits a smaller relative displacement at its center. The dis-
placement of the RFP is significantly greater than that of the
PFP. However, the proportion of the displacement reversal re-
gion of RFP is increased, resulting in a lower ANVD of the
RFP relative to FM-3 mode of PFP. From Fig. 8(b), we can
find that the number of the side lobes remains consistent for
both modes. But the magnitude of the side lobes is more pro-
nounced for the RFP. Consequently, the introduction of a ring
excitation within the nodal circular 1 of the thin circular plate
with a fixed boundary results in an augmentation of the side
lobes.

When ER is 21.3 mm and 25 mm, the excitation re-
gion is situated between nodal circular 1 and nodal circu-
lar 2 (excitation region 2). In both modes, there is only one
nodal circular for each RFP, and the vibration direction on
the surface of the circular plate is consistent. The ANVD
of the RFP are 44.53 nm and 33.19 nm, which are 27.48
and 20.48 times higher than the ANVD of FM-3 for PFP.
As a result, both the displacement and the acoustic radia-
tion directivity of the circular plate have been significantly
enhanced. As illustrated in Fig. 8(b), the number of side
lobes, as well as the sidelobe amplitude of the Bessel-like
wave generated by an RFP, is markedly reduced when the col-

limation of the central beam is maintained. However, com-
pared to ER = 25 mm, the sidelobes were better suppressed
when ER was 21.3 mm. The normalized normal vibrational
displacements of the RFP for both excitation radii, as well
as their Bessel-fit curves (|Jo (ar)| (o = 106.3 m™!)), were
calculated, as illustrated in Fig. 9. In can be observed that
a general agreement exists between the theoretical and FEM
results. When ER = 21.3 mm, the normalized normal dis-
placement of the RFP exhibits greater overlap with the Bessel
fitting results (|Jo (ar)| (o = 106.3 m~1)), thereby facilitating
enhanced suppression of the sidelobes.

When ER is 40 mm, the excitation region is situated be-
tween nodal circular 2 and nodal circular 3 (excitation re-
gion 3). Given that the vibration displacement of the RFP
between the excitation position is nearly zero, the number of
nodal circulars of the RFP is approximately two and its vibra-
tion mode is like that of the PFP’s FM-2. However, the dis-
placement at the center of the RFP is substantially increased
in this mode under identical excitation. The ANVD of the RFP
is 22.37 nm, which is 20.48 times the ANVD for a PFP at FM-
2 mode. In combination with Fig. 6(b), it can be observed that
the shapes of the Bessel-like beams formed by the RFP and
PFP are also essentially identical, exhibiting two side lobes in
both cases. However, combining Fig. 6(a) as well as Fig. 8(a),
it can be seen that for the same displacement (10 nm) excita-
tion, the displacements of the PFP at FM-2 mode as well as
the RFP at ER = 40 mm at the center of the circular plate are
10 nm, 257 nm, respectively. The magnitude of the vibrational
displacement of the source is proportional to the intensity of
its radiated sound waves. It can conclude that the addition of
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ring excitation to excitation region 3 of the thin circular plate
with fixed boundary results in a reduction in the number of
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distribution when ER = 21.3 mm.

Then the vibration modes and radiation sound field distri-
bution of the RFP at different ER in the excitation region 2
are simulated and the results are shown in Fig. 10. From
Fig. 10(a), we can see that the displacement at the center of
the circular plate decreases, while the displacement near the
boundary increases with the increase of ER. The ANVD ex-
tracted at different ERs reveals that the ANVD of an RFP ini-

tially rises and then declines with the increase of ER. The max-
imum value of ANVD is attained at ER = 21.3 mm, with the
excitation position situated within the valley of the displace-
ment curve of RFP. Combining Figs. 10(b) and 10(c), when
the plate is excited at the excitation region 2 in a circular man-
ner, both Bessel-like beams generated by the RPF have smaller
side lobes as well as a more extensive focus region than those
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of a PFP with the same-size. The attenuation of their sound
waves along the axial direction is greatly reduced, which is in
line with the characteristics of collimated beams. The vibra-
tion distribution on the surface of the circular plate has an in-
fluence on the depth of focused region, the width of the main
lobe, and the width of the side lobes. The depth of the fo-
cused region increases with the excitation radius (ER). How-
ever, it is noteworthy that although the peak on the right side
is the highest at ER = 27 mm, the number of nodal circulars
changes from one to three under this excitation condition, and
the phase cancellation occurs. Consequently, the maximum
value of the focus depth appeared at ER = 25 mm. The width
of the main lobe decreases with the increase of the excitation
radius. However, the amplitude of the side lobes achieves the
minimum at ER = 21.3 mm, which is because the vibration
distribution on the surface of the circular plate under this ex-
citation condition is closer to the zeroth-order Bessel function
(|Jo (aer)| (o = 106.3 m~!)). Finally, from Fig. 10(d), the gen-
erated beam maintains good collimation as well as low side
lobes at different axial distances.

The experimental results are shown in Fig. 11, in which
the analytical results are also presented for a comparison. Ta-

ble 4 shows the FEM and experimental results are presented
for the sidelobe-amplitude, as well as the beam-width and fo-
cusdepth at full width at half maximum (FWHM). It can be
seen from Fig. 11(a) that the vibration directions of the radi-
ator surfaces are basically the same with the negative values
only appeared in the excited area. The reason is that the work-
ing frequency of the system is slightly higher than the optimal
vibration frequency of the circular plate. In future designs,
the frequency of the longitudinal excitation source will be ad-
justed to make the radiator work at its resonance frequency.
From Figs. 11(b), 11(c), and Table 3, we can observe that the
generated Bessel-like beam has a narrow main lobe width and
small side lobe amplitude, with the axial sound pressure first
decreasing and then increasing, showing a secondary focusing
effect. The experimental results are in general agreement with
the characteristics of collimated Bessel beams. Nevertheless,
the experimental results indicated a little pronounced side-lobe
amplitude. The main factor contributing to this discrepancy
is that an infinity baffle was not installed in the experiment,
which means that radiation from the back of the transducer
may affect the sound field in front of the transducer.
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Fig. 11. Comparisons of simulation and experimental results: (a) schematic diagram of the prototype, vibration modes; (b) Z = 0.3 m, radial
sound pressure distribution; (c) X = 0 m, axial sound pressure distribution.

Table 4. Comparisons of simulation and experimental results: sidelobe-
amplitude, as well as the beam-width and focusdepth at full width at half
maximum (FWHM).

Sidelobe-amplitude Beam-width (mm) Focusdepth (mm)

0.31
0.38

50.1
60.0

290.0
206.5

Analytical
Experimental

4. Conclusion

To conclude, we have proposed a method based on theo-
retical analysis to generate Bessel-like collimated beams with
suppressed side lobes using the flexural vibration modes of
a fixed boundary metal plate under ring excitation. The fac-
tors affecting the generation of Bessel-like collimated beams
are investigated numerically. The results indicate that Bessel-
like waves can be generated by a thin circular plate with fixed
boundaries when the excitation type is pointing excitation.
The third-order mode of the circular plate can be modified to

generate a collimated beam with suppressing side lobes when
it is excited in a ring, which is situated between the first two
nodal circles of the plate. As the excitation radius increases,
the main lobe width of the resulting Bessel-like collimated
beam decreases, the extent of the focusing region increases,
and the amplitude of the side lobes initially increases and then
decreases. A prototype Bessel-like collimated beam genera-
tion system is made and measured experimentally. A longitu-
dinally vibrating transducer is used to excite the plate, which
has a low radiation impedance and high radiation efficiency,
thereby can weaken the power capacity limitations of exist-
ing methods. The experimental results are in good agreement
with the numerical results. The collimated beam generated by
the proposed system can be used in the fields of long-range
detection, imaging of highly attenuated materials, and airflow

acceleration.
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