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Abstract: A Helmholtz resonator (HR) with an embedded aperture is an effective acoustic metamate-
rial for noise reduction in the low-frequency range. Its sound absorption property is significantly
affected by the aperture shape. Sound absorption properties of HRs with the embedded aperture
for various tangent sectional shapes were studied by a two-dimensional acoustic finite element
simulation. The sequence of resonance frequency from low to high was olive, common trapeziform,
reverse trapeziform, dumbbell and rectangle. Meanwhile, those HRs for various cross-sectional
shapes were investigated by a three-dimensional acoustic finite element simulation. The sequence
of resonance frequency from low to high were round, regular hexagon, square, regular triangle and
regular pentagon. Moreover, the reason for these phenomena was analyzed by the distributions of
sound pressure, acoustic velocity and temperature. Furthermore, on the basement of the optimum
tangent and cross-sectional shape, the sound absorption property of parallel-connection Helmholtz
resonators was optimized. The experimental sample with optimal parameters was fabricated, and its
average sound absorption coefficient reached 0.7821 in 500-820 Hz with a limited thickness of 30 mm.
The research achievements proved the significance of aperture shape, which provided guidance for
the development of sound absorbers in the low-frequency range.

Keywords: sound absorption property; Helmholtz resonator; aperture shape; acoustic metamaterial;
acoustic finite element simulation; sound absorption mechanism

1. Introduction

The Helmholtz resonator (HR) is a classical sound absorber which can achieve the
desired sound absorption property by tuning its geometric parameters. Many acoustic
metamaterials or metastructures based on the HR have been developed for noise reduc-
tion [1-7]. Dogra and Gupta [1] proposed the design of an acoustic metamaterial plate with
inbuilt HRs. These types of 3D-printed metamaterial plates could apply in the condition
where the high sound transmission loss was desired to a create quieter ambience. Acoustic
metamaterial of multiple parallel hexagonal HRs with sub-wavelength dimensions was
designed and optimized by Yang et al. [2]. All the actual sound absorption coefficients
were above 0.8 in the frequency range of 420-700 Hz with a limited thickness of 40 mm.
The modified periodic ducted HR system was proposed by Cai et al. [3], which improved
the noise attenuation performance and fully utilized the available space. It was practically
used in an actual ventilation ductwork system. Duan et al. [4] proposed the acoustic
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metamaterials of parallel connection of multiple spiral chambers for low-frequency noise
control. It gained an actual sound absorption coefficient above 0.8 in the frequency range
of 360-680 Hz and above 0.5 in the frequency range of 350-1600 Hz. The achievement
exhibited an extraordinary low-frequency sound absorption property and achieved broad-
band sound absorption in the low—middle frequency range. By using a microphone and
loudspeaker in an HR as the sensor and actuator, respectively, a sweeping HR with time-
varying natural frequency was developed by Mao et al. [5]. It eliminated the complexity of
changing the physical dimension of the HR during operation. The combined effect of sound
absorption at lower frequencies and sound diffusion at higher frequencies was obtained by
Herrero-Dura et al. [6] by 2D arrays of HRs. It might play a relevant role in the design of
noise reduction systems for different applications. Yang et al. [7] developed the adjustable
parallel Helmholtz acoustic metamaterial. With the normal incidence, it could achieve all
sound absorption coefficients above 0.9 within the frequency range of 602-1287 Hz and
those above 0.85 within the frequency range of 618-1482 Hz.

In order to improve the sound absorption property in the low-frequency range, the
common perforated hole is replaced by the embedded aperture. It can shift the resonance
frequency to the low-frequency direction [8-15]. The HR with a spiral neck was developed
by Shi and Mak [8] to lengthen the neck in a small space. It could achieve fine sound reduc-
tion effect within a small space at a low frequency. Xu et al. [9] investigated the acoustic
characteristics of HR, which consisted of a pair of cylindrical necks and cavities connected
in a series (neck—cavity—neck—cavity). It was further studied by Kim and Selamet [10] in
the presence of flow theoretically and experimentally. The sound absorption coefficient of
HR was experimentally investigated as a function of the diameter of the neck, the length
of the neck and the depth of the cavity by Komkin et al. [11]. It gained the dependence of
sound absorption by an HR on its geometric parameters. Langfeldt et al. [12] proposed a
new analytical model to calculate the resonance frequency and the input impedance of an
HR with multiple necks. It could be applied to design novel HRs or estimate the impact
of leaks. Wang and Mak [13] had taken the disorder in a periodic duct-resonator system
into consideration. It proved that the disorder in the geometries of resonators provided a
useful method to obtain a relatively wide noise attenuation band and to track some narrow
noise peaks within it. A tunable piston-cylinder-type HR was designed by Biswas and
Agrawal [14] to target a particular frequency. The resonator placed in the cavity volume was
further explored to promote the application of the proposed HR. The promising design of
the novel HR comprising one small-sized and one large-sized tube in a series was proposed
by Chen et al. [15]. It could broaden the bandwidth of absorption and achieve frequency
manipulation for the absorption peak. These developed sound absorbers generated from
classical HRs promote their practical applications.

Limited by the preparation technique and fabrication accuracy, the shape of the
embedded aperture is cylindrical and the cross-sectional shape is circular, although the
shape of the chamber can be adjusted for ease of installation [16-20]. Zhang et al. [16]
designed kinds of new parallel connections of the HR with the embedded aperture, the
working wavelength of which was about 57 times its total thickness of 43 mm. The average
sound absorption coefficient was as high as 0.8. Wei et al. [17] investigated the influence of
the resonator connection methodology on the frequency response functions of metamaterial
beams based on a calculation by the transfer matrix model. The verification was conducted
through the finite element simulation. An acoustic metamaterial absorber of parallel
connection square HRs was proposed by Wang et al. [18]. It achieved the average actual
sound absorption coefficient of 0.9271 in 700-1000 Hz with a total size of 30 mm, 0.9157 in
600-900 Hz with a total size of 40 mm, and 0.9259 in 500-800 Hz with a total size of 50 mm.
It was demonstrated by Chiu [19] that the resonator interconnection architectures had a
great impact on the global dynamic properties of metamaterials with multiple HRs in the
series connection or in the parallel connection. Song et al. [20] constructed an array of HRs
with cross-linked polypropylene (IXPP) ferroelectret films on the inner walls of HR cavities.
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The output power of IXPP films had been significantly improved at multiple frequencies
by the series connection of IXPP films.

The development of additive manufacturing technology provides technical support for
the design of an aperture with a complex shape, especially the low-force stereolithography,
which can fabricate complex structures with high accuracy and no internal residual support
by the photopolymer resin [21,22]. Casarini et al. [21] developed acoustic metamaterials
based on Helmholtz resonators and capable of attenuating sound up to 30 dB. It was realized
by the innovative 3D printing techniques based on stereolithography, and a specific UV-
curable resin was utilized. A 2D broadband gradient index acoustic lens was developed
by Zigoneanu et al. [22] and fabricated by the rapid prototyping stereolithography. It
achieved the broadband performance for frequencies ranging from 1500 Hz to 4500 Hz.
Meanwhile, the promotion of the acoustic finite element simulation technology provides
an effective and convenient method to investigate the sound absorption performance of
acoustic metamaterials based on Helmholtz resonators [23-30]. Cai and Mak [23] validated
the noise attenuation capacity of an HR by the finite element method using commercial
software (COMSOL Multiphysics). It was only related to the geometries of the neck and
the cross-sectional area of the duct. The acoustic simulation software Virtual.Lab was used
by Yan et al. [24] to establish the finite element model of a cylindrical shell with an HR. The
results indicated that both the noise reduction band and peak amplitude were increased by
installing HRs on the cylinder shell. The acoustic performance of the proposed multiple HR
arrays system was analyzed numerically by Wu et al. [25,26] with a three-dimensional finite
element method simulation. It provided a practical application of hybrid noise control
for the ventilation ductwork system and other research areas with respect to HR. Mahesh
and Mini [27] investigated the sound absorption characteristics of series and parallel
arrangements of both microperforated panels (MPP) and multiple HRs with the inserted
neck by full-field finite element simulations. It proved that it could considerably reduce
the thickness of the sound absorber. The structural transmission loss of HRs with helical
necks was simulated by Bai et al. [28] using finite element analysis software. The overall
TL exceeded 30 dB, and the maximum exceeded 60 dB in the target range of 430-2220 Hz.
Sun et al. [29] applied the finite element simulation and experimental validation to check
the sound absorption performance of multi-frequency perfect sound-absorbing metasurface.
The study aimed to obtain alternative solutions to suppress the low-frequency harmonic
noise. The three-dimensional finite element method was applied by Cheng et al. [30] to
investigate the HR with a horn-shaped neck. It certified that the resonant frequency could
be controlled by neck shape and wall thickness. The viscous damping at the neck was the
main noise-reduction mechanism of this kind of HR.

Therefore, the effects of aperture shape on the sound absorption performance of HRs
were investigated by the acoustic finite element simulation in this study, which included the
tangent sectional shape and cross-sectional shape. There were five kinds of tangent sectional
shapes studied through the two-dimensional acoustic finite element simulation models. It
consisted of a rectangle, common trapeziform, reverse trapeziform, dumbbell and olive.
Meanwhile, five kinds of cross-sectional shapes were investigated by the three-dimensional
acoustic finite element simulation models. It included a round, regular triangle, square,
regular pentagon and regular hexagon. Afterwards, the resonant frequencies and peak
sound absorption coefficients for each condition were summarized and studied together.
It provided effective guidance for the development of the desired sound absorber with
certain constraint conditions. Furthermore, the acoustic metamaterial of multiple parallel
connection HRs with the embedded aperture was optimized to gain a satisfactory sound
absorption performance for certain application scenarios. It contained a tangent sectional
shape of an olive and a cross-sectional shape of a round. The sample was fabricated by
low-force stereolithography and detected based on a transfer matrix method to validate
its actual sound absorption coefficient. Moreover, the sound absorption mechanism was
investigated by the distributions of sound pressure, acoustic velocity and temperature at
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resonant frequencies. They intuitively exhibited the movement of air in the aperture with
high speed and the thermal viscosity effect between air and boundaries.

2. Materials and Methods

In this section, the structures of apertures for various shapes were constructed first,
and the corresponding acoustic finite element simulation models for the HRs were built
subsequently. Afterwards, the sound absorption coefficients of HRs with the aperture for
various shapes were obtained in simulation. They provided the effective foundations for
the design of actual sound absorber based on the HR and the optimization of its sound
absorption performance to satisfy the practical requirement.

2.1. Aperture for Various Shapes

The three-dimensional models of apertures for the various shapes were constructed in
the 3D modeling software of Solidworks 2019 (Dassault Systemes SOLIDWORKS Corp.,
Waltham, MA, USA) in this study, which exhibited the research objects intuitively.

2.1.1. Aperture for Various Tangent Sectional Shapes

The three-dimensional structures of apertures for various tangent sectional shapes
investigated in this study are shown in Figure 1. The tangent sectional shapes consist of
rectangle, common trapeziform, reverse trapeziform, dumbbell and olive corresponding to
Figure 1a—e, respectively. In theory, the tangent sectional shape is arbitrary, but the other
complex shapes can be treated as the combination or variation of 5 shapes in Figure 1.
Therefore, these five kinds of tangent sectional shapes are selected as the research objects in
this study, which provide references for the other kinds of shapes.

Figure 1. The three-dimensional structures of apertures for various tangent sectional shapes.
(a) Rectangle; (b) common trapeziform; (c) reverse trapeziform; (d) dumbbell; and (e) olive.

Each aperture includes a solid wall and air domain, and the tangent sectional shape of
air domain is shown in Figure 2. Here Ry, Ry, and R; are the radiuses of upper plane, middle
plane and lower plane respectively. It can be observed that the tangent sectional shapes are
the rectangle, common trapeziform, reverse trapeziform, dumbbell and olive. That is the
basis for naming the HR with embedded aperture for various tangent sectional shapes. The
aperture for each tangent sectional shape is rotational symmetric, so the two-dimensional
symmetric finite element simulation model can be applied to study the sound absorption
performance of HRs with the aperture for various tangent sectional shapes. It is favorable
to reduce the simulation time and improve the simulation efficiency simultaneously.
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(b) (c) (d) (e)

Figure 2. The tangent sectional shape of air domain in aperture for various tangent sectional shapes.
(a) Rectangle; (b) common trapeziform; (c) reverse trapeziform; (d) dumbbell; and (e) olive.

2.1.2. Aperture for Various Cross-Sectional Shapes

The three-dimensional structures of apertures for various cross-sectional shapes in-
vestigated in this study are shown in Figure 3. The cross-sectional shapes consist of
round, regular triangle, square, regular pentagon and regular hexagon corresponding to
Figure 3a—e, respectively. Meanwhile, each aperture includes the solid wall and the air
domain, and the cross-sectional shape of air domain are shown in Figure 4. It can be found
that the cross-sectional shapes in Figure 4 are rectangle, common trapeziform, reverse
trapeziform, dumbbell and olive sequentially. That is the basis for naming the HR with
embedded aperture for various cross-sectional shapes.

(a) (b) (0) (d)

(e)

Figure 3. The three-dimensional structures of apertures for various cross-sectional shapes. (a) Round;
(b) regular triangle; (c) square; (d) regular pentagon; and (e) regular hexagon.

@) (b) (©) (d) (e)

Figure 4. The cross-sectional shape of air domain in the aperture for various cross-sectional shapes.
(a) Round; (b) regular triangle; (c) square; (d) regular pentagon; and (e) regular hexagon.

Supposing the radius of aperture for the cross-sectional shape of round is R, and the
side length of regular triangle, square, regular pentagon and regular hexagon are ay, as, arp
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and a,, respectively. It can be judged from Figure 4 that the apertures for various cross-
sectional shapes are unrotational symmetric except the round shape in Figure 4a. Therefore,
the three-dimensional acoustic finite element simulation model is essential for research
on the sound absorption performance of HRs with the embedded aperture for various
cross-sectional shapes. Meanwhile, the HR with embedded aperture for the rectangle
tangent sectional shape in Figure 1a is same with that for round cross-sectional shape in
Figure 3a. The two-dimensional model for HR with the embedded aperture in Figure la
and the three-dimensional model for HR with the embedded aperture in Figure 3a are
constructed simultaneously. They can be considered as mutual verification for each other.

2.2. Acoustic Finite Element Simulation Method

Acoustic finite element simulation is an effective and convenient method to research
the absorption performance of sound-absorbing materials or structures. It is utilized to
investigate the sound absorption property of HRs with the embedded aperture for various
shapes. Meanwhile, there are two common patterns of acoustic finite element simulation
models. One is the two-dimensional symmetric model, which is suitable for rotational
symmetric materials or structures, and it can achieve high simulation efficiency. The other
is the three-dimensional model, which is appropriate for unrotational symmetric materials
or structures. It can gain high simulation accuracy, but its simulation efficiency is low.
Thus, taking into consideration the different kinds of aperture for the various shapes,
the two-dimensional symmetric models are constructed for the HRs with the embedded
aperture for various tangent sectional shapes. The three-dimensional models are built for
the HRs with embedded aperture for various cross-sectional shapes.

2.2.1. Two-Dimensional Model of HR with Aperture for Various Tangent Sectional Shapes

The two-dimensional rotational symmetric acoustic finite element models of HRs with
the aperture for various tangent sectional shapes are shown in Figure 5. The model includes
perfect matching layer (PML), background acoustic field (BAF), the embedded aperture and
the rear cavity. It should be noted that the displayed parts in Figure 5 are the air domains.

PML PML PML PML
BAF BAF BAF BAF
F-’Apedure *Aperture ‘/ { Aperture }F*Apenure
«—eCavity <+~ eCavity «—eCavity <«—eCavity
(b) () (d) (e)

Figure 5. The two-dimensional rotational symmetric acoustic finite element model of HRs with the
aperture for various tangent sectional shapes. (a) Rectangle; (b) common trapeziform; (c) reverse
trapeziform; (d) dumbbell; and (e) olive.

Supposing the radiuses of upper plane, middle plane and lower plane are Ry, Ry, and
Ry, respectively, as shown in Figure 5, the aperture for various tangent sectional shapes can
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be distinguished by selecting different groups of Ry, R and R;. The other parameters, such
as the length of aperture 1, the thickness of cavity T, the diameter of cavity D, the thickness
of panel t, the diameter of BAF DD, the thickness of BAF LL and the perforation ratio o
are kept same for the 5 models in Figure 5 and shown in Table 1. The perforation ratio o is
defined as the ratio between the average sectional area of aperture and the sectional area
of BAF, as shown in Equation (1). So, the average radius of aperture Ry can be derived, as
shown in Table 1. The cross-section area of aperture for various tangent sectional shapes
in Figure 5 is kept same. Thus, for the tangent sectional shape of rectangle in Figure 5a, it
is Ry = Ry = Ry = Ry = 2.09 mm. For the tangent sectional shape of common trapeziform
in Figure 5b, the Ry, is set as 1.09 mm. So, it is Ry = Rg =2.09 mm and R; =2 x Ry — Ry
= 3.09 mm. Similarly, for the tangent sectional shape of reverse trapeziform in Figure 5c,
the Ry is set as 3.09 mm. So, it is Ry = Ry = 2.09 mm and R} =2 x Ry — Ry = 1.09 mm.
Meanwhile, for the tangent sectional shape of dumbbell in Figure 5d, the Ry is set as
3.09 mm. So, itis Ry, =2 X Ry — Ry = 1.09 mm and R = Ry = 3.09 mm. Moreover, for the
tangent sectional shape of olive in Figure 5e, the Ry, is set as 1.09 mm. So, it is Ry =2 x
Ro - Ry =3.09 mm and R} = Ry = 1.09 mm. Furthermore, the total thickness of investigated
HRs can be derived as 30 mm (T + 2 X t =26 + 2 x 2 = 30). According to the requirement
for acoustic finite element simulation with thermoviscous acoustics [7,18], diameter of the
PML is equal to that of BAF, and its thickness is 1.5 times that of BAF.

_ nR3 4R?
"~ n/4DD? DD?

)

Table 1. The summarized parameters for two-dimensional rotational symmetric acoustic finite

element models.

Parameters of Model for the HRs with Aperture for Various Tangent Sectional Shapes

Parameters Rectangle Tlg;g;?;g?m Tr?;:zei;ierm Dumbbell Olive

Radius of the upper plane Ry 2.09 mm 1.09 mm 3.09 mm 3.09 mm 1.09 mm

Radius of the middle plane R, 2.09 mm 2.09 mm 2.09 mm 1.09 mm 3.09 mm

Radius of the lower plane R; 2.09 mm 3.09 mm 1.09 mm 3.09 mm 1.09 mm
Length of the aperture | 10 mm
Thickness of the cavity T 26 mm
Diameter of the cavity D 30 mm
Thickness of the panel t 2 mm
Diameter of the BAF DD 50 mm
Thickness of the BAF LL 20 mm

Perforation ratio o 0.7%

The meshed model for the HRs with aperture for various tangent sectional shapes is
shown in Figure 6. The major parameters of finite element simulation model in this study
are as follows: the size of biggest unit, 0.78 mm; the size of smallest unit, 0.0156 mm; the
maximum growth rate of neighboring unit, 1.1; curvature factor, 0.2; the resolution ratio of
narrow area, 1; mesh type, free triangle mesh; the layer number of boundary area, 8; the
stretching factor of boundary layer, 1.2; the regulatory factor of thickness of boundary layer,
1. Furthermore, the frequency domain solver is chosen for calculation, and the investigated
frequency range is set as 200-800 Hz with the interval of 1 Hz. Based on the built finite
element models, the sound absorption performance can be gained.
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Figure 6. The meshed model for the HRs with an aperture for various tangent sectional shapes.
(a) Rectangle; (b) common trapeziform; (c) reverse trapeziform; (d) dumbbell; and (e) olive.

2.2.2. Three-Dimensional Model of HR with Aperture for Various Cross-Sectional Shapes

Schematic diagrams of three-dimensional acoustic finite element model of the HRs
with aperture for various cross-sectional shapes is shown in Figure 7. Similar to the two-
dimensional model in Figure 5, the model in Figure 7 includes PML, BAF, embedded
aperture and the rear cavity as well.

i‘\ Cauvity 4

(b)

Figure 7. The three-dimensional finite element model for HRs with aperture for various
cross-sectional shapes. (a) Round; (b) regular triangle; (c) square; (d) regular pentagon; and
(e) regular hexagon.

Supposing the radius of aperture for the cross-sectional shape of round in Figure 7a is
R, the side lengths of apertures for the cross-sectional shapes of regular triangle, square,
regular pentagon and regular hexagon in Figure 7b—e are ay, as, arp and ay,, respectively.
In order to keep the volume of air in the aperture equal, the cross-sectional area of various
shapes is same, as shown in Equation (2). The area for various cross-sectional shapes of
round, regular triangle, square, regular pentagon and regular hexagon can be calculated by
Equations (3) to (7), respectively. Thus, the side lengths of apertures for the cross-sectional
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shapes of regular triangle, square, regular pentagon and regular hexagon are , / %R, VTR,

%R and %R, respectively. The radius R in Figure 7a is set as 4.18 mm, which is

equal to that for two-dimensional rotational symmetric acoustic finite element model of the
HR with aperture for tangent sectional shape of rectangle in Figure 5a. It can be utilized to
validate the simulation accuracy of two-dimensional model and that of three-dimensional
model mutually. The other parameters, such as the length of aperture 1, the thickness
of cavity T, the diameter of cavity D, the thickness of panel t, the diameter of BAF DD,
the thickness of BAF LL and the perforation ratio o, are kept same with those for the
two-dimensional models in Table 1. It aims to compare the sound absorption performances
of different HRs simultaneously.

Sr == Srt == Ss == Srp == Srh (2)
S, = nR? 3)
3
Srt = %a%t 4)
Ss = as (5)
5cot(Z
Srp = 4( 2 ) a%p (6)
3v3
Sih = ?afh ()

Similar to the meshed model of HRs with aperture for various tangent sectional shapes
in Figure 6, that of HRs with aperture for various cross-sectional shapes is shown in Figure 8.
The major parameters of finite element simulation model in this study are as follows: the
size of biggest unit, 1.56 mm; the size of smallest unit, 0.0156 mm; the maximum growth rate
of neighboring unit, 1.3; curvature factor, 0.2; the resolution ratio of narrow area, 1, mesh
type, free tetrahedron mesh; the layer number of boundary area, 8; the stretching factor of
boundary layer, 1.2; the regulatory factor of thickness of boundary layer, 1. Furthermore,
the frequency domain solver was chosen for the calculation. The investigated frequency
range is set as 200-800 Hz with the interval of 1 Hz. Based on the built finite element
models, sound absorption performance can be gained.

Figure 8. The meshed model for HRs with aperture for various tangent sectional shapes. (a) Round;
(b) regular triangle; (c) square; (d) regular pentagon; and (e) regular hexagon.

2.3. Sound Absorption Performance
2.3.1. Absorption Performance of HR with Aperture for Various Tangent Sectional Shapes

The sound absorption coefficients of HRs with aperture for various tangent sectional
shapes are shown in Figure 9. It can be intuitively found that the resonance frequencies
of HRs with the aperture for tangent sectional shape of rectangle, common trapeziform,
reverse trapeziform, dumbbell and olive are 408 Hz, 349 Hz, 355 Hz, 364 Hz and 327 Hz,
respectively. The corresponding peak sound absorption coefficients are 0.9966, 0.9565,
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0.9598, 0.9942 and 0.9267, successively. The alteration of tangent sectional shape from
the traditional rectangle can transform the resonance frequency to the low-frequency
direction. The HR with aperture for the tangent sectional shape of olive can obtain the
lowest resonance frequency of 327 Hz. The sound absorption performances of HRs with
the aperture for various tangent sectional shapes and different parameters are shown in
Figure 10. They correspond to the common trapeziform, reverse trapeziform, dumbbell and
olive, respectively. The areas of various tangent sectional shapes with different dimensional
parameters remain unchanged. It could be judged from Figure 10 that no matter which kind
of tangent sectional shape, the resonance frequency shifts to the low-frequency direction
along with the decrease in narrowest position of aperture, as shown in Figure 11a. Along
with the decrease in narrowest size of aperture from 3.78 mm to 0.98 mm, the resonance
frequency decrease from 406 Hz to 240 Hz for common trapeziform, from 406 Hz to 247 Hz
for reverse trapeziform, from 408 Hz to 262 Hz for dumbbell and from 400 Hz to 215 Hz for
olive, respectively. It can be found that the HR with the aperture for the tangent sectional
shape of olive exhibits the best low-frequency sound absorption performance, which is
consistent with the results in Figure 9. Meanwhile, it can be judged from the distributions
of peak sound absorption coefficients in Figure 10b that there exist optimal geometric
parameters for each condition to obtain perfect absorption.

[—e Tangent sectional shape of rectangle
Tangent sectional shape of common trapeziform
Tangent sectional shape of reverse trapeziform

—&— Tangent sectional shape of dumbbell
~—Tangent sectional shape of clive

200

300

400 500 600 700 800
Frequency (Hz)

Figure 9. The sound absorption performance of HRs with the aperture for various tangent
sectional shapes.

2.3.2. Absorption Performance of HR with Aperture for Various Cross-Sectional Shapes

The sound absorption coefficients of the HRs with an aperture for various cross-
sectional shapes are shown in Figure 12. The resonance frequencies for the cross-sectional
shapes of round, regular triangle, square, regular pentagon and regular hexagon are 408 Hz,
450 Hz, 423 Hz, 486 Hz and 415 Hz, respectively. The corresponding peak sound absorption
coefficients are 0.9988, 0.9692, 0.9989, 0.9621 and 0.9995, successively. It can be found
that the HR with the aperture for the cross-sectional shape of round achieves the lowest
resonance frequency. The rotational symmetric structure can promote the movement of air
in the aperture, which is favorable to result in sound absorption efficiency. Meanwhile, the
even shape is conducive to promoting the dissipation of heat transformed from the energy
of incident sound wave. That is why most apertures in acoustic metamaterials apply the
cross-sectional shapes of round.
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Figure 10. The sound absorption property of HR with the aperture for various tangent sectional
shapes and different parameters. (a) Common trapeziform; (b) reverse trapeziform; (c) dumbbell;
and (d) olive.

2.3.3. Comparative Analysis of Two-Dimensional Model and Three-Dimensional Model

As mentioned above, the HR with aperture for the tangent sectional shape of rectangle
in Figure 5a is equal to that for the cross-sectional shape of round in Figure 7a, and the
geometric parameters of them two are same as well. The comparison of sound absorption
performances obtained by the two-dimensional model and those achieved by the three-
dimensional model is shown in Figure 13. It can be observed that they are almost the
same, especially in the range near the resonance frequency. The deviations that exist
in the range far from the resonance frequency (such as the 200-350 Hz or 500-800 Hz)
have relatively little impact because the corresponding sound absorption coefficients are
basically below 0.1. They have almost no contribution to the sound absorption performance
of acoustic metamaterials. Therefore, the two-dimensional model is utilized to select the
initial values of geometric parameters, and the three-dimensional model is used to identify
the optimal parameters accurately, which can play into their respective advantages. The aim
is to improve the calculation and optimization efficiency for the development of acoustic
metamaterial with certain constraint conditions [2,18].
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Figure 11. Comparisons of sound absorption performance of HRs with aperture for various tangent
sectional shapes. (a) Resonance frequency; and (b) peak sound absorption coefficient.
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Figure 12. Sound absorption performance of HRs with aperture for various cross sectional shape.
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Figure 13. The comparison of sound absorption performances obtained by two-dimensional model
and those achieved by three-dimensional model.

3. Designs and Optimizations

Normally speaking, the length of embedded aperture in the rear chamber cannot
be too long; otherwise, sound absorption performance of the HR will deteriorate [2,18].
Thus, in order to improve the sound absorption performance of sound absorber with a
limited total thickness, the change in shape of the embedded aperture is also a feasible
and effective method to obtain better sound absorption performance in the low-frequency
direction. It can be judged from Section 2.3 that relative to other shapes, the aperture for the
tangent sectional shape of olive and that for the cross-sectional shape of round is favorable
to achieve better sound absorption performance in the low-frequency range with the same
length of aperture. Thus, the multiple parallel connection of HRs with aperture for the
tangent sectional shape of olive and the cross-sectional shape of round is proposed, which
aims to obtain excellent sound absorption performance in the low-frequency range.

3.1. Structural Design

Three-dimensional acoustic finite element simulation model for the multiple parallel
connection HRs with embedded aperture is shown in Figure 14. It consists of a tangent
sectional shape of olive and a cross-sectional shape of round. They are similar with the
construction of acoustic finite element models in Figures 7 and 8. For the sake of following
discussion, the HRs are labeled as HO1 to H16, as shown in Figure 14b. A single HR
is shown in Figure 14c, which consists of an embedded aperture and a rear cavity. The
thicknesses of front panel, back panel and side wall are set as 2 mm. The major parameters
for this simulation model are as follows: the size of biggest unit, 2 mm; the size of smallest
unit, 0.02 mm; the maximum growth rate of neighboring unit, 1.3; curvature factor, 0.2;
the resolution ratio of narrow area, 1; mesh type, free tetrahedron mesh; the layer number
of boundary area, 8; the stretching factor of boundary layer, 1.2; the regulatory factor of
thickness of boundary layer, 1. Furthermore, the frequency domain solver was chosen for
the calculation, and the investigated frequency range was selected at 200-1600 Hz with an
interval of 2 Hz. The structural parameters of apertures are adjusted to gain the desired
sound absorption performance, which includes the radius of upper plane Ry, the radius of
middle plane Ry, and the length of aperture L.
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(b) (c)

Figure 14. Three-dimensional finite element simulation model for the multiple parallel connection
HRs with embedded aperture which consist of a tangent sectional shape of olive and a cross-sectional
shape of round. (a) The acoustic finite element simulation model; (b) the meshed model for multiple
parallel connection HRs; and (c) the single HR.

Meanwhile, the normal multiple parallel connection of the HRs with the embedded
cylindrical aperture is investigated as well. They can be treated as the contrasts. The
radiuses of apertures are set as equal to the radius of upper plane Ry, the radius of middle
plane Ry, and the average of them two (Ry + Rpn)/2, respectively, as shown in Figure 15.
The length of each embedded aperture is kept equal to that in Figure 14.

(a) (b) (c)

Figure 15. Three-dimensional finite element simulation model for the multiple parallel connection
HRs with normal cylindrical aperture. (a) The radius of aperture is equal to upper plane Ry; (b) the
radius of aperture is equal to middle plane Ry,; and (c) the radius of aperture is equal to (Ry + Rm)/2.

3.2. Parameter Optimization

In order to decrease the parameter number and increase the optimization efficiency,
the 16 HRs in Figure 14b are divided into 4 groups, as H01-H04, HO5-H08, H09-H12 and
H13-H16. For each group, the radius of upper plane Ry and that of middle plane Ry,
are equal, and the length of each aperture is altered to broaden the effective frequency
bandwidth. According to the exhibited sound absorption properties of the HR with olive
aperture in Figure 10d, the Ry and Ry, are set and summarized in Table 2. Moreover,
the length of aperture for each HR L; (i = 1,2, ... ,16) is the parameter to be optimized
for a certain requirement. Taking a given workshop, for example, the required sound
absorption coefficients were larger than 0.7 in 500-820 Hz, and the available space was
30 mm. Normally speaking, the actual sound absorption coefficients were smaller than the
simulation data, and the effective sound absorption band would decrease. Therefore, the
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constraint condition was turned to the desired sound absorption band of 460-860 Hz and
all the sound absorption coefficients above 0.7. According to the constraint conditions, the
parameters L; were optimized by the cuckoo search algorithm [31-34], and the results were
summarized in Table 2.

Table 2. The optimal parameters of multiple parallel connection HRs with the olive apertures
(unit: mm).

R« Rm R L R« Rm R L R« Rm R L R« Rm R L
HOl 1.69 249 169 23 H05 149 269 149 52 H09 129 289 129 94 HI3 109 3.09 1.09 124
HO2 169 249 169 31 H06 149 269 149 64 HI0O 129 289 129 102 HI4 1.09 309 1.09 125
HO3 1.69 249 169 42 H07 149 269 149 7.8 HI1l 129 289 129 114 HI5 1.09 309 1.09 126
HO4 169 249 169 53 HO08 149 269 149 92 HI2 129 289 129 124 HI6 109 3.09 1.09 127

3.3. Sample Fabrication

The multiple parallel connection HRs with the embedded aperture is fabricated by the
low-force stereolithography 3D printer Form3 (Formlabs Inc., Summerville, MA, USA) [35],
as shown in Figure 16. It consists of a tangent sectional shape of olive and a cross-sectional
shape of round. The 3D model of acoustic metamaterial is built in the 3D modeling
software Solidworks (Dassault Systemes SOLIDWORKS Corp., Waltham, MA, USA), as
shown in Figure 16a. Afterwards, through the format conversion of model and the import
of it into Form3, the desired sample is fabricated, as shown in Figure 16c. When the
fabrication of sample is finished, it is further cleaned by FormlabsForm Wash (Formlabs Inc.,
Summerville, MA, USA) to remove the residual liquid resin and irradiated for solidification
by FormlabsForm Cure (Formlabs Inc., Summerville, MA, USA). Meanwhile, the three
samples for contrasts are prepared as well in a similar way.

(a) (b) ()

Figure 16. The fabrication of proposed experimental sample. (a) The three-dimensional structure of

sample; (b) the low-force stereolithography 3D printer; and (c) the fabricated sample.

3.4. Sound Absorption Coefficient Measurement

The actual sound absorption coefficients of these fabricated samples are measured by
an AWA6290T transfer function impedance tube detector (Hangzhou Aihua Instruments
Co., Ltd., Hangzhou, China). It accords with the national standard of GB/T 18696.2—
2002 (ISO 10534-2:1998) “Acoustics—Determination of sound absorption coefficient and
impedance in impedance tubes—part 2: Transfer function method” [36-38]. The schematic
diagram and actual image are shown in Figure 17a,b, respectively [2,4,7,18]. The de-
tected acoustic metamaterials of multiple parallel connection HRs are fixed in the end of



Materials 2023, 16, 1597

17 of 25

[elNele]
[elNelNe] Ls
L
(el elNe]

impedance tube and held by the cavity adjuster. The sound source is installed on the other
end of impedance tube. The white noise signal is generated from the noise generator and
amplified by the power amplifier, and it is further input to the sound source for trans-
mission to the incident wave. The reflected wave is detected by 2 microphones fixed on
the impedance tube with a distance of 70 mm, and the received signals are further dealt
with by the dynamic signal analyzer and the software in the workstation. Meanwhile, the
distance between microphone 2 and front surface of the detected acoustic metamaterial is
set as 170 mm according to the requirement of utilized AWA6290T detector. In this way, the
actual sound absorption coefficients of detected acoustic metamaterials in the frequency
range of 200-1600 Hz can be obtained.

Dynamic signal analyzer

El

Noise generator

Workstation Signal acquired by channel 1——» Signal acquired by channel 2
Detected acoustic metamaterial
Impedance tube
»
White noise signal l
* *r—e i
Microphone 1
Microphone 2
Power amplifier
Sound source  Support 1 Support 2 Cavity adjuster

(b)

Figure 17. The sound absorption coefficient measurement. (a) Schematic diagram of measurement

process; and (b) the actual image of AWA6290T transfer functional impedance detector.

4. Results and Discussions

The sound absorption property of the proposed acoustic metamaterial of multiple
parallel connection HRs with an embedded aperture that consists of the tangent sectional
shape of an olive and the cross-sectional shape of a round is analyzed. Its sound absorption
mechanism is discussed as well based on the distributions of sound pressure.

4.1. Sound Absorption Performance
4.1.1. Comparisons of Simulation Results and Experimental Results

The comparisons of sound absorption coefficients obtained in the simulation with
those achieved in the impedance tube measurement are shown in Figure 18. It can be found
that the consistencies between the simulation data and experimental data for each sample
are satisfactory. The major reason for the derivation is that there exist fabrication errors
for the parameters of prepared samples, and the acoustic finite element model was built
completely consistent with the desired theoretical parameters [39-42]. Moreover, it can be
judged from Figure 18a that the theoretical sound absorption coefficients in 460-860 Hz
are larger than 0.7, which meets the simulation target and proves the effectiveness of the
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cuckoo search optimization method. Meanwhile, the actual sound absorption coefficients
of the multiple parallel connection HRs with the olive aperture are larger than 0.7 in the
target frequency range of 500-820 Hz. This satisfies the requirement of noise reduction for
the given workshop. The actual minimal and maximal sound absorption coefficient in this
region is 0.7362 and 0.8199, respectively, and the average value is 0.7821. This exhibits a
satisfactory and relative homogeneous sound absorption performance.

—a— Simulation data —a— Simulation data
—6— Experimental data —e— Experimental data
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Figure 18. The comparison of sound absorption coefficients obtained in the simulation with those
achieved in impedance tube measurement. (a) The proposed acoustic metamaterial in this research;
(b) the multiple parallel connection HRs with normal cylindrical aperture for the radius of Ry; (c) the
multiple parallel connection HRs with normal cylindrical aperture for the radius of (Ry + Rm)/2; and
(d) the multiple parallel connection HRs with normal cylindrical aperture for the radius of Ry.

4.1.2. Comparisons of Absorption Properties of the Proposed Acoustic Metamaterial with
Those of Multiple Parallel Connection HRs with Normal Cylindrical Aperture

The comparisons of actual sound absorption performances of the proposed acoustic
metamaterial with those of multiple parallel connection HRs with the normal cylindri-
cal apertures are shown in Figure 19. Along with the radius increasing from Ry to Ry,
the sound absorption coefficients of multiple parallel connection HRs with the normal
cylindrical aperture shift to the high frequency direction. Meanwhile, judging from the
sound absorption performance of the proposed acoustic metamaterial and that of multiple
parallel connection HRs with the normal cylindrical aperture of Ry, it can be found that
the length of the aperture with a minimum radius would affect absorption bandwidth and
efficiency as well. This indicates that the sound absorption property of multiple parallel
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connection HRs with olive aperture can be further improved in a low-frequency region by
using multiple olives.
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Figure 19. Comparison of sound absorption performances of the proposed acoustic metamaterial
with those of the multiple parallel connection HRs with normal cylindrical aperture.

Moreover, it can be found that the actual average sound absorption coefficient for
the optimal sample is 0.7821 in the frequency range of 500-820 Hz. The total thickness of
the sound absorber is 30 mm, which is approximately 1/22 of the maximum wavelength
Amax Amax = ¢/fmin = 340/500 m = 0.68 m = 680 mm). The sound absorption efficiency
is quite high for a sound absorber with a broad absorption bandwidth. In contrast, the
total thickness was near 1/19 of the maximum wavelength Anax for the achievement in
reference [2]. Meanwhile, the total thickness was near 1/12,1/16 and 1/17 of the maximum
wavelength Amax for the achievements in references [4,18,43], respectively. Therefore, it can
be found that the proposed acoustic metamaterial of multiple parallel connection HRs with
embedded aperture that consist of a tangent sectional shape of olive and a cross-sectional
shape of round is efficient.

4.2. Sound Absorption Mechanism
4.2.1. Absorption Mechanism of HR with Aperture for Various Tangent Sectional Shapes

Based on the constructed acoustic finite element simulation model in Figures 5 and 6,
the sound absorption mechanism of the HR with an aperture for various tangent sectional
shapes is analyzed by investigating the distributions of temperature, acoustic velocity and
acoustic pressure for the corresponding resonance frequencies [2,4,6,7,18], as shown in
Figures 20-22, respectively. In order to make the results more intuitive, a two-dimensional
rotation of the plane finite element model from —90° to 135° is conducted. It can be found
from the distribution of temperature in Figure 20 that the main temperature rise occurs
at the boundary area of the rear chamber, and that of the embedded aperture also shows
some temperature rise. Meanwhile, it can be observed from the distribution of acoustic
velocity in Figure 21 that except for the HR with the aperture for the tangent sectional shape
of a rectangle, all the other 4 conditions show remarkable velocity improvement in the
narrowest position of the embedded aperture. Moreover, it can be seen from the distribution
of acoustic pressure in Figure 22 that the air in the rear chamber shows high pressure. The
selected acoustic type for BAF in this study is the plane wave with the amplitude of 1 Pa
and direction of [0, -1]. The PML can completely absorb all the transmitted sound wave, so
its acoustic pressure is 0. The pressure in the embedded aperture gradually transits from
1 Pa in the BAF to a large level in the rear chamber. Since the sound absorption coefficient
is derived from acoustic pressures in the embedded aperture and those in the rear chamber,
the larger acoustic pressures always indicate a higher sound absorption coefficient. It can
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be judged from the contrast of the distribution of the acoustic pressure in Figure 22 with
that of the simulated sound absorption coefficient in Figure 9. Furthermore, the acoustic
velocity for the HR with the aperture for the tangent sectional shape of a rectangle is
obviously smaller than that for the other four conditions, especially relative to the HR
with the aperture for the tangent sectional shape of an olive. It has two narrow positions
and generates two acoustic velocity peaks. The distributions of the acoustic velocity are
major factors in deciding the resonance frequency, which are consistent with the simulation
results in Figure 9.
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Figure 20. Distribution of temperature for the HR with aperture for various tangent sectional shapes.
(a) Rectangle; (b) common trapeziform; (c) reverse trapeziform; (d) dumbbell; and (e) olive.

(b)

Figure 21. Distribution of acoustic velocity for the HR with aperture for various tangent sectional
shapes. (a) Rectangle; (b) common trapeziform; (c) reverse trapeziform; (d) dumbbell; and (e) olive.
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Figure 22. Distribution of acoustic pressure for the HR with aperture for various tangent sectional
shapes. (a) Rectangle; (b) common trapeziform; (c) reverse trapeziform; (d) dumbbell; and (e) olive.

4.2.2. Absorption Mechanism of HR with Aperture for Various Cross-Sectional Shapes

Similarly, according to the constructed acoustic finite element simulation models in
Figures 7 and 8, the sound absorption mechanism of the HR with the aperture for vari-
ous cross-sectional shapes are analyzed as well by investigating the distributions of the
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temperature, acoustic velocity and acoustic pressure for these corresponding resonance fre-
quencies [2,4,6,7,18], as shown in Figures 23-25, respectively. The exhibited characteristics
are mainly consistent with those in Figures 20-22. The main conversion from sound energy
to heat energy occurs at the boundary area of the rear chamber (as shown in Figure 23). The
high frequency movement of air in the embedded aperture (as shown in Figure 24) results
in the increase in acoustic pressure in the rear chamber (as shown in Figure 25). It can be
observed from Figure 24 that the acoustic velocity for the HR with the aperture for a round
is larger than those for the HRs with other apertures, which can realize resonance in the
lower sound frequency. Meanwhile, it can be observed that the sort of acoustic velocity for
the HR with various cross-sectional shapes from large to small in Figure 12 is round, regular
hexagon, square, regular triangle and regular pentagon. The results are consistent with
the simulation results in Figure 12. These exhibited characteristics are consistent with the
normal sound absorption mechanism of multiple parallel connection of HRs [2,7,18]. They
can certify the correctness of this research about the effects of tangent- and cross-sectional
shapes of the aperture on the sound absorption performance of HRs.
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Figure 23. Distribution of temperature for the HR with aperture for various cross-sectional shapes.

(a) Round; (b) regular triangle; (c) square; (d) regular pentagon; and (e) regular hexagon.
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Figure 24. Distribution of acoustic velocity for the HR with the aperture for various cross-sectional
shapes. (a) Round; (b) regular triangle; (c) square; (d) regular pentagon; and (e) regular hexagon.

4.2.3. Absorption Mechanism of Multiple Parallel Connection of HRs

Distributions of the acoustic pressure for the proposed multiple parallel connection
HRs with embedded apertures are shown in Figure 26. It consists of the tangent sectional
shape of an olive and the cross-sectional shape of a round. They are the normal method
to exhibit the sound absorption mechanism. The sound absorption coefficients obtained
by the acoustic finite element simulation in Figure 18a are taken into consideration. The
investigated frequency points are 400 Hz, 420 Hz, 450 Hz, 500 Hz, 550 Hz, 600 Hz, 650 Hz,
700 Hz, 750 Hz, 800 Hz, 850 Hz and 900 Hz, respectively. It can be judged from Figure 18a
that the effective sound absorption band is 450-850 Hz with all the sound absorption
coefficient above 0.7. According to the serial number for each HR in Figure 14b, it can
be found from Figure 26¢c—k that the sound absorption effects for the frequency points
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from 450 Hz to 850 Hz with the interval of 50 Hz are obtained by the H12, H11 and H10,
HO08, H07 and H06, HO5 and H04, H04 and H03, HO3 and H02, H02 and HO1, and HO1,
respectively. Meanwhile, it can be observed that the HRs with the serial number of H13,
H14, H15 and H16 are effective only when the frequency is lower than 450 Hz, as shown
in Figure 26a,b. The achievement of effective sound absorption performance in the low-
frequency area is difficult relative to that in the high frequency region. It indicates that
the arrangement of more HRs in the low-frequency range is essential. Otherwise, the first
resonance frequency cannot be generated, and the obtained effective frequency range will
shift to the high frequency direction.
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Figure 25. Distribution of acoustic pressure for the HR with the aperture for various cross-sectional
shapes. (a) Round; (b) regular triangle; (c) square; (d) regular pentagon; and (e) regular hexagon.
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Figure 26. Distributions of acoustic pressure for multiple parallel connection HRs with embedded
aperture, which consist of tangent sectional shape of olive and cross-sectional shape of round.
(a) 400 Hz; (b) 420 Hz; (c) 450 Hz; (d) 500 Hz; (e) 550 Hz; (f) 600 Hz; (g) 650 Hz; (h) 700 Hz; (i) 750 Hz;
(j) 800 Hz; (k) 850 Hz; and (1) 900 Hz.

5. Conclusions

The effects of tangent- and cross-sectional shapes on the sound absorption performance
of the acoustic metamaterial of multiple parallel connection HRs is researched and validated
in this study. The sound absorption mechanism is investigated and exhibited by the acoustic
finite element simulation. The major achievements obtained in this study are as follows:

(1) The sound absorption coefficients of HRs with apertures for various tangent sectional
shapes are investigated by the two-dimensional rotational symmetric acoustic finite
element model. It consists of the rectangle, common trapeziform, reverse trapeziform,
dumbbell and olive. It can be concluded that the alteration of the tangent sectional
shape from the traditional rectangle can shift the resonance frequency to the low-
frequency direction. The HR with the aperture for the tangent sectional shape of the
olive can obtain the lowest resonance frequency of 327 Hz.

(2) The sound absorption properties of HRs with apertures for various cross-sectional
shapes is studied by the three-dimensional acoustic finite element model. It includes
the round, regular triangle, square, regular pentagon and regular hexagon. It has been
proved that the HR with the aperture for the cross-sectional shape of the round can
achieve the lowest resonance frequency. That is why most apertures in the acoustic
metamaterials apply the cross-sectional shapes of a round.

(8) The sound absorption performance gained by the two-dimensional model is consis-
tent with that achieved by the three-dimensional model with the same geometric
parameters. It indicates that the two-dimensional model can be used to determine
the initial values of geometric parameters, and the three-dimensional model can be
applied to identify the optimal parameters accurately. It is favorable to improve
the calculation and optimization efficiency for the development of some acoustic
metamaterial with certain constraint conditions.

(4) The acoustic metamaterial of multiple parallel connection of the HRs with apertures
for the tangent sectional shape of the olive and the cross-sectional shape of the round is
optimized by the cuckoo search algorithm. The samples are prepared by the low-force
stereolithography 3D printer Form3 and detected by the AWA6290T transfer function
impedance tube detector. The actual average sound absorption coefficient of 0.7821 in
the frequency range of 500-820 Hz is obtained with a limited thickness of 30 mm. It
exhibits a satisfactory and relatively homogeneous sound absorption performance to
meet the requirement of noise reduction for the given application scenario.

(5) The sound absorption mechanism of HRs with apertures for various tangent sectional
shapes and that of HRs with apertures for various cross-sectional shapes are inves-
tigated by the distributions of sound pressure, acoustic velocity and temperature at
these resonance frequencies. The achieved characteristics are consistent with the nor-
mal sound absorption mechanism for the multiple parallel connection of HRs. They
can certify the correctness of this study about the effects of tangent- and cross-sectional
shapes of the aperture on the sound absorption performance of HRs.



Materials 2023, 16, 1597 24 of 25

Author Contributions: Conceptualization, S.B., S.T. and X.S.; Software, EY. (Feng Yuan) and X.Z,;
Validation, S.B., J.Z. and EY. (Fei Yang); Investigation, W.P. and X.Y.; Data curation, EY. (Fei Yang),
J.Z. and S.B.; Writing—original draft preparation, S.B., FY., S.T. and X.S.; Writing—review and
editing, X.Z., X.S,, ].Z., S.T. and X.Y.; Supervision, EY. (Feng Yuan), X.Z., EY. and X.S.; Funding
acquisition, X.Y., X.S., S.T., X.Z. and W.P. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant numbers
12004178 and 52075538; Natural Science Foundation of Jiangsu Province, grant numbers BK20201336
and BK20211356; Natural Science Foundation of Hunan Province, grant number 2020J]5670; China
Postdoctoral Science Foundation, grant number 2021M691579; Natural Science Foundation of Jiangsu
Higher Education Institution, grant number 20KJD460003; Scientific Research Foundation for the Intro-
duction of talent of Nanjing Vocational University of Industry Technology, grant number YK20-14-01.

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 author upon reasonable request.

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

References

1. Dogra, S.; Gupta, A. Design, Manufacturing, and Acoustical Analysis of a Helmholtz Resonator-Based Metamaterial Plate.
Acoustics 2021, 3, 630-641. [CrossRef]

2. Yang, E; Wang, E.; Shen, X.; Zhang, X.; Yin, Q.; Wang, X,; Yang, X.; Shen, C.; Peng, W. Optimal Design of Acoustic Metamaterial of
Multiple Parallel Hexagonal Helmholtz Resonators by Combination of Finite Element Simulation and Cuckoo Search Algorithm.
Materials 2022, 15, 6450. [CrossRef] [PubMed]

3. Cai, C.; Mak, C.M.; Wang, X. Noise attenuation performance improvement by adding Helmholtz resonators on the periodic
ducted Helmholtz resonator system. Appl. Acoust. 2017, 122, 8-15. [CrossRef]

4. Duan, H; Yang, E; Shen, X,; Yin, Q.; Wang, E.; Zhang, X.; Yang, X.; Shen, C.; Peng, W. Acoustic Metamaterials for Low-Frequency
Noise Reduction Based on Parallel Connection of Multiple Spiral Chambers. Materials 2022, 15, 3882. [CrossRef]

5. Mao, Q.; Li, S.; Liu, W. Development of a sweeping Helmholtz resonator for noise control. Appl. Acoust. 2018, 141, 348-354.
[CrossRef]

6. Herrero-Dur4, I.; Cebrecos, A.; Picé, R.; Romero-Garcia, V.; Garcia—Raffi, L.M.; Sanchez-Morcillo, V.J. Sound Absorption and
Diffusion by 2D Arrays of Helmholtz Resonators. Appl. Sci. 2020, 10, 1690. [CrossRef]

7. Yang, X, Yang, F; Shen, X.; Wang, E.; Zhang, X.; Shen, C.; Peng, W. Development of Adjustable Parallel Helmholtz Acoustic
Metamaterial for Broad Low-Frequency Sound Absorption Band. Materials 2022, 15, 5938. [CrossRef]

8. Shi, X,; Mak, C.M. Helmholtz resonator with a spiral neck. Appl. Acoust. 2015, 99, 68-71. [CrossRef]

9.  Xu, M,; Selamet, A.; Kim, H. Dual Helmholtz resonator. Appl. Acoust. 2010, 71, 822-829. [CrossRef]

10. Kim, H.; Selamet, A. Effect of flow on a dual Helmholtz resonator. . Mech. Sci. Technol. 2020, 34, 581-588. [CrossRef]

11.  Komkin, A.IL;; Mironov, M.A.; Bykov, A.I. Sound absorption by a Helmholtz resonator. Acoust. Phys. 2017, 63, 385-392. [CrossRef]

12. Langfeldt, F.; Hoppen, H.; Gleine, W. Resonance frequencies and sound absorption of Helmholtz resonators with multiple necks.
Appl. Acoust. 2018, 145, 314-319. [CrossRef]

13.  Wang, X.; Mak, C.-M. Disorder in a periodic Helmholtz resonators array. Appl. Acoust. 2014, 82, 1-5. [CrossRef]

14. Biswas, S.; Agrawal, A. Noise reduction in a large enclosure using single, dual and ensconced Helmholtz resonators. Curr. Sci.
India 2013, 104, 1681-1691.

15.  Chen, J.-S; Chen, Y.-B.; Cheng, Y.-H.; Chou, L.-C. A sound absorption panel containing coiled Helmholtz resonators. Phys. Lett. A
2020, 384, 126887. [CrossRef]

16. Zhang, J.; Chen, T,; Xin, F; Zhu, ]J.; Ding, W. New-parallel connection of the Helmholtz resonator with embedded apertures for
low-frequency broadband sound absorption. Jpn. J. Appl. Phys. 2022, 61, 077001. [CrossRef]

17. Wei, W.; Ren, S.; Chronopoulos, D.; Meng, H. Optimization of connection architectures and mass distributions for metamaterials
with multiple resonators. J. Appl. Phys. 2021, 129, 165101. [CrossRef]

18. Wang, E,; Yang, E; Shen, X.; Duan, H.; Zhang, X.; Yin, Q.; Peng, W.; Yang, X.; Yang, L. Development and Optimization of
Broadband Acoustic Metamaterial Absorber Based on Parallel-Connection Square Helmholtz Resonators. Materials 2022, 15,
3417. [CrossRef]

19. Chiu, M.-C. Numerical assessment for a broadband and tuned noise using hybrid mufflers and a simulated annealing method.
J. Sound Vib. 2013, 332, 2923-2940. [CrossRef]

20. Song, C.; Zhao,].; Ma, X.; Zhang, M.; Yuan, W.; Yang, F.; Wang, Z.; Zhang, X.; Pan, Y. Multi-frequency sound energy harvesting

using Helmholtz resonators with irradiated cross-linked polypropylene ferroelectret films. AIP Adv. 2021, 11, 115002. [CrossRef]


http://doi.org/10.3390/acoustics3040040
http://doi.org/10.3390/ma15186450
http://www.ncbi.nlm.nih.gov/pubmed/36143762
http://doi.org/10.1016/j.apacoust.2017.02.006
http://doi.org/10.3390/ma15113882
http://doi.org/10.1016/j.apacoust.2018.07.031
http://doi.org/10.3390/app10051690
http://doi.org/10.3390/ma15175938
http://doi.org/10.1016/j.apacoust.2015.05.012
http://doi.org/10.1016/j.apacoust.2010.04.007
http://doi.org/10.1007/s12206-020-0106-7
http://doi.org/10.1134/S1063771017030071
http://doi.org/10.1016/j.apacoust.2018.10.021
http://doi.org/10.1016/j.apacoust.2014.03.002
http://doi.org/10.1016/j.physleta.2020.126887
http://doi.org/10.35848/1347-4065/ac7761
http://doi.org/10.1063/5.0047391
http://doi.org/10.3390/ma15103417
http://doi.org/10.1016/j.jsv.2012.12.039
http://doi.org/10.1063/5.0060305

Materials 2023, 16, 1597 25 of 25

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Casarini, C,; Tiller, B.; Mineo, C.; Macleod, C.N.; Windmill, ].F.C.; Jackson, J.C. Enhancing the Sound Absorption of Small-Scale
3-D Printed Acoustic Metamaterials Based on Helmholtz Resonators. IEEE Sensors J. 2018, 18, 7949-7955. [CrossRef]
Zigoneanu, L.; Popa, B.-I,; Cummer, S.A. Design and measurements of a broadband two-dimensional acoustic lens. Phys. Rev. B
2011, 84, 024305. [CrossRef]

Cai, C.; Mak, C.M. Noise attenuation capacity of a Helmholtz resonator. Adv. Eng. Softw. 2018, 116, 60-66. [CrossRef]

Yan, W,; Yan, S,; Li, B.; Li, Y. Experiment-simulation Study on Noise Reduction of Cylinder Shell with Horn Helmholtz Resonator.
Teh. Vijesn. Tech. Gaz. 2020, 27, 142-148. [CrossRef]

Wu, D.; Zhang, N.; Mak, C.M.; Cai, C. Hybrid noise control using multiple Helmholtz resonator arrays. Appl. Acoust. 2018, 143,
31-37. [CrossRef]

Wu, D.; Zhang, N.; Mak, C.M.; Cai, C. Noise Attenuation Performance of a Helmholtz Resonator Array Consist of Several Periodic
Parts. Sensors 2017, 17, 1029. [CrossRef]

Mahesh, K.; Mini, R.S. Theoretical investigation on the acoustic performance of Helmholtz resonator integrated microper-forated
panel absorber. Appl. Acoust. 2021, 178, 108012. [CrossRef]

Bai, C.; Wu, F; Wang, ].; Jiang, J.; Yang, B. A broadband low-frequency muffler based on neural network method and Helmholtz
resonator with helical neck. J. Vib. Control. 2022, 10775463221107197. [CrossRef]

Sun, W,; Li, L.; Chu, Z.P; Li, L.Y.; Fan, X.P. A parameter design method for multifrequency perfect sound—absorbing metasurface
with critical coupled Helmholtz resonator. J. Low Freq. Noise Vib. Act. Control. 2021, 40, 2054-2063.

Cheng, X.; Chen, X.; Rong, J.; Fan, B.; Nisu, A. Low-Frequency Noise Reduction of Rocket Fairings Using Horn-Shaped-Neck
Helmholtz Resonators. J. Spacecr. Rocket. 2019, 56, 273-282. [CrossRef]

Shen, X.; Bai, P; Yang, X.; Zhang, X.; To, S. Low Frequency Sound Absorption by Optimal Combination Structure of Porous Metal
and Microperforated Panel. Appl. Sci. 2019, 9, 1507. [CrossRef]

Yang, X.; Shen, X.; Bai, P; He, X.; Zhang, X.; Li, Z.; Chen, L.; Yin, Q. Preparation and Characterization of Gradient Compressed
Porous Metal for High-Efficiency and Thin-Thickness Acoustic Absorber. Materials 2019, 12, 1413. [CrossRef] [PubMed]

Yang, X.; Bai, P,; Shen, X.; To, S.; Chen, L.; Zhang, X.; Yin, Q. Optimal design and experimental validation of sound absorbing
multilayer microperforated panel with constraint conditions. Appl. Acoust. 2018, 146, 334-344. [CrossRef]

Yang, X.; Shen, X.; Duan, H.; Yang, F.; Zhang, X.; Pan, M.; Yin, Q. Improving and Optimizing Sound Absorption Performance of
Polyurethane Foam by Prepositive Microperforated Polymethyl Methacrylate Panel. Appl. Sci. 2020, 10, 2103. [CrossRef]

Wang, E.; Yang, F; Shen, X; Li, Z,; Yang, X.; Zhang, X.; Peng, W. Investigation and Optimization of the Impact of Printing
Orientation on Mechanical Properties of Resin Sample in the Low-Force Stereolithography Additive Manufacturing. Materials
2022, 15, 6743. [CrossRef]

Zhao, Y,; Xu, J.; Davy, J.L,; Liu, Z.; Fard, M. Prediction of random incidence sound absorption coefficients of porous materials.
Appl. Acoust. 2022, 189, 108625. [CrossRef]

Cobo, P. A model comparison of the absorption coefficient of a Microperforated Insertion Unit in the frequency and time domains.
Appl. Acoust. 2008, 69, 40-46. [CrossRef]

Hirosawa, K.; Takashima, K.; Nakagawa, H.; Kon, M.; Yamamoto, A.; Lauriks, W. Comparison of three measurement tech-niques
for the normal absorption coefficient of sound absorbing materials in the free field. J. Acoust. Soc. Am. 2009, 126, 3020-3027.
[CrossRef]

Yang, E; Shen, X; Bai, P.; Zhang, X,; Li, Z.; Yin, Q. Optimization and Validation of Sound Absorption Performance of 10-Layer
Gradient Compressed Porous Metal. Metals 2019, 9, 588. [CrossRef]

Hedayati, R.; Lakshmanan, S. Pneumatically-Actuated Acoustic Metamaterials Based on Helmholtz Resonators. Materials 2020,
13, 1456. [CrossRef]

Gebrekidan, S.B.; Kim, H.-J.; Song, S.-J. Investigation of Helmholtz resonator-based composite acoustic metamaterial. Appl. Phys.
A 2019, 125, 65. [CrossRef]

Duan, H.; Shen, X.; Yang, E; Bai, P; Lou, X.; Li, Z. Parameter Optimization for Composite Structures of Microperforated Panel
and Porous Metal for Optimal Sound Absorption Performance. Appl. Sci. 2019, 9, 4798. [CrossRef]

Yang, F; Bi, S.; Shen, X; Li, Z.; Zhang, X.; Wang, E.; Yang, X.; Peng, W.; Huang, C.; Liang, P; et al. Adjustable Sound Absorber
of Multiple Parallel-Connection Helmholtz Resonators with Tunable Apertures Prepared by Low-Force Stereolithography of
Photopolymer Resin. Polymers 2022, 14, 5434. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1109/JSEN.2018.2865129
http://doi.org/10.1103/PhysRevB.84.024305
http://doi.org/10.1016/j.advengsoft.2017.12.003
http://doi.org/10.17559/tv20190620055930
http://doi.org/10.1016/j.apacoust.2018.08.023
http://doi.org/10.3390/s17051029
http://doi.org/10.1016/j.apacoust.2021.108012
http://doi.org/10.1177/10775463221107197
http://doi.org/10.2514/1.A34278
http://doi.org/10.3390/app9071507
http://doi.org/10.3390/ma12091413
http://www.ncbi.nlm.nih.gov/pubmed/31052278
http://doi.org/10.1016/j.apacoust.2018.11.032
http://doi.org/10.3390/app10062103
http://doi.org/10.3390/ma15196743
http://doi.org/10.1016/j.apacoust.2021.108625
http://doi.org/10.1016/j.apacoust.2006.07.011
http://doi.org/10.1121/1.3242355
http://doi.org/10.3390/met9050588
http://doi.org/10.3390/ma13061456
http://doi.org/10.1007/s00339-018-2323-9
http://doi.org/10.3390/app9224798
http://doi.org/10.3390/polym14245434
http://www.ncbi.nlm.nih.gov/pubmed/36559802

	Introduction 
	Materials and Methods 
	Aperture for Various Shapes 
	Aperture for Various Tangent Sectional Shapes 
	Aperture for Various Cross-Sectional Shapes 

	Acoustic Finite Element Simulation Method 
	Two-Dimensional Model of HR with Aperture for Various Tangent Sectional Shapes 
	Three-Dimensional Model of HR with Aperture for Various Cross-Sectional Shapes 

	Sound Absorption Performance 
	Absorption Performance of HR with Aperture for Various Tangent Sectional Shapes 
	Absorption Performance of HR with Aperture for Various Cross-Sectional Shapes 
	Comparative Analysis of Two-Dimensional Model and Three-Dimensional Model 


	Designs and Optimizations 
	Structural Design 
	Parameter Optimization 
	Sample Fabrication 
	Sound Absorption Coefficient Measurement 

	Results and Discussions 
	Sound Absorption Performance 
	Comparisons of Simulation Results and Experimental Results 
	Comparisons of Absorption Properties of the Proposed Acoustic Metamaterial with Those of Multiple Parallel Connection HRs with Normal Cylindrical Aperture 

	Sound Absorption Mechanism 
	Absorption Mechanism of HR with Aperture for Various Tangent Sectional Shapes 
	Absorption Mechanism of HR with Aperture for Various Cross-Sectional Shapes 
	Absorption Mechanism of Multiple Parallel Connection of HRs 


	Conclusions 
	References

