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ABSTRACT

The acoustic metamaterial in the form of a petal-shaped channel embedded Helmholtz resonator (P-CEHR) is proposed for perfect sound
absorption. According to theoretical predictions, numerical simulations, and experiments, the P-CEHR achieves perfect low-frequency (e.g.,
200 Hz) sound absorption across a deep subwavelength thickness (e.g., 1/34 of the corresponding acoustic wavelength). Compared with the
circular-shaped channel embedded Helmholtz resonator, the sound absorption peak and bandwidth of P-CEHR are significantly improved
(e.g., increased by 20.9% and 60.0%, respectively) under fixed overall dimensions. Physically, the introduction of the petal shape changes the
fluid dynamic characteristics of the channel, resulting in the periodic distribution of particle velocity along the circumferential direction and
the expansion of the area of the viscous boundary layer. By adjusting the morphology of the embedded channel, the tortuosity ratio and the
relative static flow resistance of the channel can be regulated appropriately, so that the resonator can meet the acoustic impedance matching
condition and achieve excellent sound absorption performance. This work provides a method for improving the performance of acoustic
absorption metamaterials with built-in air channels and has guiding significance for the control of low-frequency noise.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0064811

I. INTRODUCTION

As two traditional sound absorbers, porous materials1–3 and
micro-perforated panels4–6 have been widely used in engineering
noise reduction. However, due to the long wavelength of the low-
frequency sound waves, these traditional sound absorbers cannot
achieve satisfactory sound absorption performance at a small thick-
ness below 1000 Hz. The emergence of acoustic metamaterials7–13

tries to solve this problem. By using the loss in acoustic metama-
terials appropriately,14 sound insulation,15,16 sound wave
manipulation,17–19 and also sound energy absorption20,21 can be
realized. With the design of coiled space,22–26 multilayer
resonators,27–29 or embedded channels,30–34 perfect sound absorption

can be achieved at hundreds of hertz by acoustic metamaterials with
deep subwavelength thickness. However, the realization of perfect
sound absorption requires the acoustic metamaterials to meet the
acoustic impedance matching condition; that is, at the same fre-
quency, the acoustic resistance and acoustic reactance must be equal
to 1 and 0, respectively.32 Also, the impedance matching condition
affects the reflection and transmission performance of acoustic meta-
materials. Therefore, acoustic impedance regulation has become the
key problem to improve the acoustic performance of metamaterials.

In order to solve this problem, some novel design strategies to
reduce the acoustic impedance mismatch of metamaterials have
been proposed using tapered labyrinthine structures,35,36 acoustic
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passive phased array,37 helical structure,38 and impedance matching
layers.39 Here, starting from another path, we achieve acoustic
impedance regulation and sound absorption performance improve-
ment of acoustic metamaterials through the cross-sectional shape
design of the embedded channel. Our previous works on the fluid
theory of rough channels40–42 show that the axial roughness and
circumferential roughness (i.e., petal roughness) of the channel will
affect its hydrodynamic performance, resulting in the deformation
of the flow field in the channel and the periodic concentration
effect of flow velocity. The follow-up works on this basis show that
considering the roughness effect in micro-perforated panels43,44

and porous materials,45,46 higher acoustic resistance and better
sound absorption performance can be achieved.

Inspired by the above contents, we try to apply the roughness
effect to the design of acoustic metamaterials in order to find new
ways to adjust the acoustic impedance and improve the perfor-
mance of acoustic metamaterials. In this work, the channel embed-
ded Helmholtz resonator (CEHR) is selected as an example of
acoustic metamaterials to illustrate such a performance improve-
ment method. Based on the fluid theory of rough channels, the
petal-shaped channel embedded Helmholtz resonator (P-CEHR) is
obtained by replacing the channel of the previous proposed
circular-shaped channel embedded Helmholtz resonator (C-CEHR)
by a petal-shaped channel. Theoretical predictions, numerical sim-
ulations, and experimental tests show that P-CEHR has good
sound absorption and wide absorption bandwidth, which are better
than the traditional C-CEHR. Moreover, the mechanism for this
performance improvement is analyzed through impedance analysis,
complex frequency plane analysis, finite element (FE) simulation,
and fluid dynamic parameters discussion.

II. THEORETICAL MODEL

According to Figs. 1(a) and 1(b), the CEHRs are composed
of a straight embedded channel and an air cavity. Plane sound
waves are considered to normally incident on the upper side of
the CEHRs. Acoustically, the 3D-printed walls of the channels
and cavities made of photosensitive resin (with density of
1300 kg/m3, Young’s modulus of 2370 MPa, and Poisson’s ratio
of 0.41) can be considered as rigid in theoretical and numerical
modeling. Under the excitation of the sound waves with a spe-
cific resonant frequency, Helmholtz resonance occurs in CEHR.
The air in the channel and the air in the cavity will perform as
an oscillator and a spring of the resonant system, respectively.
Due to the viscosity of air, the oscillation of the air column in
the channel will cause friction between air and the wall of the
channel, resulting in energy dissipation and sound absorption.
For the traditional C-CEHR, its embedded channel is a simple
circular pipe, as shown in Fig. 1(a). While in order to improve
the sound absorption performance of the CEHR, the embedded
channel of P-CEHR is designed as petal shape to regulate its
fluid dynamic performance and acoustic impedance, as shown in
Figs. 1(b) and 1(c). Referring to Fig. 1(c), in order to facilitate
the acoustic modeling of the petal-shaped channel through the
fluid theory of rough channels,41 the form of cross-sectional
boundary in the channel is described as a closed curve with a
sinusoidal perturbation in the polar coordinate system, which
can be written as follows:

ρ ¼ d[0:5� εsin(nθ)], (1)

FIG. 1. (a) Geometry of the C-CEHR with channel diameter d ¼ 10 mm, channel length l ¼ 40 mm, cavity side length a ¼ 25:6mm, cavity depth h ¼ 48 mm, facesheet
thickness t1 ¼ 2mm, wall thickness t2 ¼ 1 mm, total side length A ¼ 27:6mm, and total thickness H ¼ 50mm. (b) Geometry of the P-CEHR with the same channel
length l ¼ 40 mm and the same facesheet perforation ratio f ¼ Sn/Sa ¼ 0:03 as the C-CEHR, where Sn is the inner cross-sectional area of the channel and Sa is the
inner cross-sectional area of the cavity. (c) Cross section of the petal-shaped channel in the polar coordinate system with channel average diameter d ¼ 5 mm, channel
diameter perturbation amplitude e ¼ 1mm, and petal shape wavenumber n ¼ 8. It should be noted that the selection of all the above dimensions is only an example of
the designed metamaterial, which does not mean that the metamaterial is limited to the above dimensions.
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where ρ and θ are separately the polar radius and polar angle
and ε ¼ e/d and n are defined as the relative roughness and
wavenumber of the channel to describe the radial relative ampli-
tude and circumferential distribution density of the petal shape,
respectively. Let ε be equal to 0, Eq. (1) can be reduced to the
circular channel boundary.

In order to predict the sound absorption coefficient of CEHRs
more accurately, the theoretical modeling process in this work is
similar to the sound absorption theory of the micro-perforated
panel proposed by Maa,5 instead of the spring-mass oscillator
analog model of the Helmholtz resonator. Therefore, it is necessary
to calculate the acoustic impedance of the channel and cavity,
respectively. According to the model of Johnson et al.47 and Pride
et al.,48 the acoustic impedance of an arbitrary shaped channel can
be calculated by

Zn ¼ jωρ0l
v0
jωq0

1� χ þ χ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 8α1q0

3Λ

� �2 jω
v0

s8<
:

9=
;þ α1

8<
:

9=
;,

(2)

where j is the imaginary unit, ω is the angular frequency,
ρ0 ¼ 1:29 kg/m3 is the density of air, ν0 ¼ μ0/ρ0 and
μ0 ¼ 1:81� 10�5 Pa s are separately the kinematic viscosity and
dynamic viscosity of air, Λ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8μ0α1/σ
p

is the viscous characteris-
tic length, q0 ¼ μ0/σ is the viscous permeability, σ is the static flow
resistivity, and α1 is the tortuosity. As for the straight channels
with a constant cross section along the fluid flow direction, α1
should be equal to 1. The tortuosity ratio χ ¼ α1

4(α0�α1) is a dimen-
sionless parameter introduced by Pride to adjust the low-frequency
limit of Eq. (2), where α0 is the static tortuosity. For the calculation
of Eq. (2), there are still two key fluid dynamic parameters to be
solved, which rely on the flow field in the channel, namely, static
flow resistivity σ and static tortuosity α0. Based on the fluid theory
of rough channels,41 the cross-sectional velocity field of the fully
developed Stokes flow in a petal-shaped channel has been solved in
the polar coordinate system as follows:

u ¼ {2� 2(1� 2ε)�2 þ [8(1� 2ε)�4 � 8]ρ2}
2e�

n
12:5

1þ e� n
12:5

� 1

� �
� 2nþ2ερnsin(nθ)þ 2� 8ρ2: (3)

When ε ¼ 0 or n ¼ 0, Eq. (3) reduces to the velocity field of a
circular-shaped channel, as u ¼ 2� 8ρ2. Accordingly, the relative
static flow resistivity of the petal-shaped channel has also been
solved via the fluid theory of rough channels41 to characterize the
influence of the channel shape on the flow field as

σp

σc
¼ 1

(1� 2ε)4
þ 1� 1

(1� 2ε)4

� �
2e�

1
12:5n

1þ e� 1
12:5n

, (4)

where σc ¼ 32μ0/d
2 is the static flow resistivity of the circular-

shaped channel. Hence, the static flow resistivity of the petal-
shaped channel σp can be obtained by Eq. (4). Additionally, the

static tortuosity α0 is defined as41

α0 ¼ u2m(M)
� �

V /u
2(M0), (5)

where um(M) is the microscopic flow velocity at the position M in
the channel and u(M0) is the macroscopic flow velocity of the rep-
resentative unit M0 in the channel obtained by the volume average
of the microscopic velocity um(M) in the representative unit with
volume V, i.e., u(M0) ¼ u(M)h iV . With the use of the flow velocity
field represented in Eq. (3), α0 can be solved under different petal
shape parameters. Substituting Eqs. (4) and (5) into Eq. (2), the
acoustic impedance of the petal-shaped channel can be finally cal-
culated. Let ε ¼ 0 or n ¼ 0, Eq. (2) can be reduced to the acoustic
impedance of a traditional circular-shaped channel. Considering
the end effect caused by the cross section mutations at the inlet
and outlet of the channel, Eq. (2) should be modified as5

Z0
n ¼ Zn þ 4

ffiffiffi
2

p
μ0y
d

þ 0:85djωρ0, (6)

where y ¼ d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ0ω/4μ

p
is a dimensionless parameter representing

the ratio of channel diameter to the viscous boundary layer
thickness.

According to the impedance transfer method, the acoustic
impedance of the air cavity can be written as49

Zc ¼ �jZ0 cot (k0δ1h), (7)

where Z0 ¼ ρ0c0 is the characteristic acoustic impedance of air and
c0 ¼ 343m/s and k0 ¼ ω/c0 are separately the sound speed and
wavenumber of air, respectively. The cavity depth correction factor
δ1 ¼ (Vc � Vn)/Vc is introduced here to exclude the cavity volume
occupied by the embedded channel, in which Vn and Vc are the
volumes of the channel and the air cavity, respectively.

Then, the surface acoustic impedance ratios of the CEHRs can
be calculated as

Zs ¼ δ2(Z
0
n/fþ Zc)/Z0, (8)

where δ2 ¼ A2/a2 is the correction factor to consider the effect of
the cavity wall thickness on the total surface acoustic impedance.
As for the sound absorbers with rigid backing under the normal
incidence of plane sound waves, the sound absorption coefficients
of CEHRs can be calculated as49

α ¼ 1� jRj2 ¼ 4Re(Zs)

[1þ Re(Zs)]
2 þ [Im(Zs)]

2 , (9)

where R ¼ (Zs � 1)/(Zs þ 1) is the reflection coefficient and Re(Zs)
and Im(Zs) are the real part and imaginary part of the surface
acoustic impedance ratios, i.e., the surface acoustic resistance ratios
and surface acoustic reactance ratios of CEHRs, respectively.

III. FINITE ELEMENT MODEL

The numerical simulations of the acoustic performance of the
CEHRs are based on COMSOL Multiphysics software.50 In order
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to show the internal meshes, we selected 3/4 of the complete finite
element (FE) model for display, as shown in Fig. 2. The three-
dimensional (3D) FE model of CEHR is established and 3D
numerical calculation is carried out. Due to the strong impedance
mismatch between CEHR wall and air, all solid parts of CEHR are
simplified to acoustic rigidity in order to improve the calculation
efficiency. Therefore, we only need to establish the FE model of air
domain. The geometry of CEHR is established parametrically.
When we adjust the relative roughness of the channel shape from 0
to 0.2, the geometry of the FE model can be converted from
C-CEHR to P-CEHR. The green part at the top of the FE model
shown in Fig. 2 is the pressure acoustics field. The upper boundary
of the pressure acoustics field is set as the plane wave incident con-
dition to simulate the sound wave excitation vertically incident on
the CEHR from the semi-infinite air domain, and the sound pres-
sure amplitude is 1 Pa. In order to simulate the periodicity of
CEHRs, the front and back sides and the left and right sides of the
pressure acoustic field are set as two pairs of periodic boundary
conditions, respectively. The orange part of the FE model is the
thermoviscous acoustics field, as shown in Fig. 2. In this sound
field, the energy loss caused by the viscosity of the air in CEHR can
be calculated. The boundaries connected to the inner walls of
CEHR are the default acoustic hard boundaries. In order to
describe the continuity condition between the pressure acoustic
field and the thermoviscous acoustic field, the interface between the
two sound fields is set as the pressure–thermoviscous interaction
boundary.

To ensure the calculation accuracy, the mesh quality of
the channel needs to be refined. First, the upper surface of the

petal-shaped channel is divided into free triangle meshes. On this
basis, the triangular prism mesh of the channel is obtained by
sweeping the triangular meshes along the axis of the channel. The
rest of the FE model is divided by free tetrahedral meshes. The dis-
tributions of particle vibration velocity, sound pressure, and energy
loss density inside and on the CEHR can be obtained by frequency
domain research. Finally, the surface acoustic impedance ratio and
sound absorption coefficient of the CEHR can be calculated by the
average sound pressure and the average particle vibration velocity
of the upper surface of CEHR. Using the 2D plot group in
COMSOL, the physical field of the cross section of the channel can
be drawn in the 2D contour map to facilitate the subsequent mech-
anism analysis.

IV. RESULTS AND DISCUSSION

In order to verify the theoretical predictions and numerical
simulations, the C-CEHR and P-CEHR samples are fabricated by
stereolithographic (SLA) 3D-printing using photosensitive resin
(with density of 1300 kg/m3, Young’s modulus of 2370 MPa, and
Poisson’s ratio of 0.41), as shown in Figs. 3(a)–3(d). The experi-
mental tests are carried out via Brüel & Kjær 4206 impedance tube
testing system according to the ASTM standard test method51 for
the impedance and absorption of acoustical materials using a tube,
two microphones, and a digital frequency analysis system, as shown
in Fig. 3(e). The inner diameter of the Brüel & Kjær 4206 imped-
ance tube used in the experimental tests is 100 mm, which is equiv-
alent to the outer diameter of the 3D-printed samples in Figs. 3(c)
and 3(d). In this setting, the measurement frequency range of the
impedance tube is from 50 to 1600 Hz. In order to ensure the mea-
surement accuracy at low frequencies, the distance between the two
microphones is set to a wide spacing, i.e., a distance of 100 mm.52

The sound absorption coefficients of the C-CEHR and
P-CEHR are shown in Fig. 4(a). It can be seen that the results of
the theoretical predictions, numerical simulations, and experimen-
tal tests are in good agreements. The P-CEHR reaches perfect
sound absorption (i.e., α � 0:99) at 200 Hz and has a half-
absorption bandwidth (α � 0:5) of 56 Hz. It is worth noticing that
the total thickness of the P-CEHR is only 50 mm, which means
that perfect sound absorption is achieved through a deep subwave-
length scale as 1/34 of the corresponding acoustic wavelength.
From this perspective, the P-CEHR can be classified as a new
acoustic metamaterial with compact structure and excellent sound
absorption performance. In sharp contrast, the C-CEHR only has
an absorption peak value of 0.82 at 204 Hz and a half-absorption
bandwidth of 34 Hz. With the overall size unchanged, by introduc-
ing petal shape, the absorption peak and half-absorption band-
width of the CEHR are increased by 20.9% and 60.0%, respectively.

The sound absorption improvement of the CEHR can be
explained by the regulation effect of the channel shape on the
acoustic impedance of the CEHR. It can be known from Eq. (9)
that the realization of perfect sound absorption requires the sound
absorber to strictly satisfy the acoustic impedance matching condi-
tion, i.e., Re(Zs) ¼ 1 and Im(Zs) ¼ 0 are realized simultaneously.
Since the absolute value of Im(Zs) is much larger than that of
Re(Zs) at low frequencies, the peak frequency of the sound absorp-
tion coefficient is generally determined by the zero point of Im(Zs)

FIG. 2. A three-dimensional finite element (FE) model of CEHR.
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FIG. 3. (a) and (b) 3D-printed perforated facesheets with circular- and petal-shaped embedded channels, which have the same perforation ratio as f ¼ 0:03. (c) and
(d) 3D-printed C-CEHR and P-CEHR samples constructed by bonding the facesheets and cavities. (e) Experimental setup of the standard Brüel & Kjær 4206 impedance
tube testing system.

FIG. 4. Acoustic performance comparison between the C-CEHR and P-CEHR: (a) Sound absorption coefficients, (b) surface acoustic resistance ratios, and (c) surface
acoustic reactance ratios of the C-CEHR and P-CEHR. The blue curves/circles/triangles and red curves/circles/triangles indicate the theoretical/numerical/experimental
data of the C-CEHR and P-CEHR, respectively. (d) and (e) Complex frequency plane expressions for the reflection coefficients of the C-CEHR and P-CEHR.
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while the peak value is related to Re(Zs). As shown in Fig. 4(c), the
acoustic reactance of the C-CEHR and P-CEHR are identical in the
frequency range of interest, which both reach the zero at 200 Hz.
Therefore, the absorption peaks of the C-CEHR and P-CEHR
appear almost at the same frequency. Meanwhile, according to
Fig. 4(b), the acoustic resistance of the CEHR shows a significant
improvement after introducing the petal-shaped channel.
Compared with the C-CEHR, Re(Zs) of the P-CEHR is much
closer to 1 near the peak frequency, which makes the P-CEHR
reach the acoustic impedance matching condition for perfect sound
absorption and have higher absorption peak and wider half-
absorption bandwidth. It can be seen that the regulation of the
channel shape to the acoustic impedance has a positive effect on
the sound absorption performance of CEHR.

The damping state of the CEHRs at resonant frequency is
discussed via a complex frequency plane analysis, as shown in
Figs. 4(d) and 4(e). By extending the frequency f in the theoretical
model to the complex domain as f 0 ¼ fre þ jfim, the reflection coef-
ficient R of the CEHR can be expressed as a function of real fre-
quency fre and imaginary frequency fim and plotted in the complex
frequency plane. For a hypothetical lossless resonant system, the
zero point and the pole-point of the reflection coefficient will be
conjugate symmetric about the real frequency axis (i.e., fim ¼ 0) in
the complex frequency plane. For the actual lossy system, the posi-
tion of the zero-pole pair will change due to the introduction of
loss. With the increase in the loss, part of the energy leakage will
be balanced and the zero point will shift to the real frequency axis.
When the energy leakage of the system is completely balanced by
the energy loss, the zero point will fall on the real frequency axis,
which means that the critical damping state and completely energy
absorption (i.e., R ¼ 0 and α ¼ 1) will be realized in the real fre-
quency domain. As for the C-CEHR, it can be seen from Fig. 4(d)
that its zero-point falls below the real frequency axis. This means
that the C-CEHR is in the under damping state, so that it performs
imperfect sound absorption performance. By introducing the petal-
shaped channel, the zero-pole pair of the P-CEHR shifts upward in
the direction of the arrows, as shown in Fig. 4(e). It can be seen
that the zero point of the P-CEHR finally falls on the real fre-
quency axis, which leads to the critically damping state and perfect
sound absorption. Besides, the shift of the zero point also increases
the half-absorption bandwidth of the P-CEHR. In short, due to the
introduction of the petal-shaped channel, the damping state of the
CEHR is transited from the under damping state to critically
damping state, so that the P-CEHR shows advantages in the sound
absorption peak and bandwidth.

In order to explain the physical mechanism of the acoustic
impedance regulation and damping state transition of the CEHR,
the particle vibration velocity and energy dissipation density in the
embedded channels at 200 Hz are plotted in Fig. 5 according to
numerical simulations. As shown in Fig. 5(a), for the circular-
shaped channel, the velocity field in most areas far away from its
boundary is basically uniform, while the annular velocity gradient
can be clearly observed near its boundary. This annular area with
velocity gradient is the viscous boundary layer of the channel, in
which the particle vibration velocity increases sharply from 0 to
that at the center of the channel. For the petal-shaped channel, due
to the change in the channel boundary shape, the particle vibration

velocity field becomes petal-shaped, and the particle velocity is
periodically distributed along the circumferential direction, as
shown in Fig. 5(b). The viscous boundary layer of the petal-shaped
channel is still generated near the channel boundary, with a shape
change from annular to petal-shape. In this way, the area of the
viscous boundary layer is expanded. From the perspective of
viscous dissipation, the larger velocity gradient in the viscous boun-
dary layer of the channel will lead to greater energy dissipation.
Therefore, according to Fig. 5(c), the energy dissipation of the
circular-shaped channel mainly occurs in the viscous boundary
layer, which is on the order of 10 W/m3. However, since the veloc-
ity gradient in the area far from the boundary is almost non-
existent, the energy dissipation in most areas of the channel center
tends to zero. While in the petal-shaped channel, as shown in
Fig. 5(d), the maximum energy dissipation also occurs at the
viscous boundary layer with the order of 10 W/m3. And the energy
dissipation in each piece of the petal remains at a relative high
value above the order of 10−2 W/m3. Overall, the total energy dissi-
pation in the petal-shaped channel is higher than that in the
circular-shaped channel. It can be concluded that the introduction
of the petal shape changes the fluid dynamic performance of the
channel and expands the area of the viscous boundary layer in the
channel, resulting in more energy dissipation at the peak frequency.
In fact, the increase in the energy dissipation means the increase in
the acoustic resistance. Therefore, the surface acoustic resistance

FIG. 5. (a) and (b) Particle vibration velocity distribution on the cross section of
circular and petal-shaped channels at 200 Hz. (c) and (d) Energy dissipation
density distribution on the cross section of circular and petal-shaped channels at
200 Hz.
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ratio of P-CEHR increases to 1 at 200 Hz, so as to reach the acous-
tic impedance matching condition for perfect sound absorption, as
shown in Fig. 4(b).

In order to explain how the relative roughness ε and wave-
number n of the channel can tailor the sound absorption perfor-
mance of the CEHR by regulating the fluid dynamic parameters,
the relationship between the morphology of the petal shape and the
fluid dynamic performance of the channel is quantitatively charac-
terized in Figs. 6(a) and 6(b). Figure 6(a) shows the effect of the
relative roughness and wavenumber on the tortuosity ratio χ of the
channel. With the increase in relative roughness or wavenumber,
the fluid velocity field in the channel changes from the circular
shape to the petal shape. This causes a more unevenly distribution
of the velocity field in the channel, which leads to a larger static
tortuosity α0 according to Eq. (5). In turn, it can be seen in
Fig. 6(a) that the tortuosity ratio is reduced with the increase in rel-
ative roughness or wavenumber. The influence of the relative
roughness and wavenumber on the relative static flow resistance
σp/σc of the channel is shown in Fig. 6(b). The increase in the rela-
tive roughness or wavenumber leads to the expansion of the
viscous boundary layer area, which increases the static flow resist-
ance of the channel. As a result, when the relative roughness or
wavenumber is increased, the relative static flow resistance of the
channel increases, as shown in Fig. 6(b). In this way, by elaborately

adjusting the morphology of the petal shape (i.e., the relative
roughness ε and wavenumber n), the fluid dynamic performance
and the acoustic impedance of the embedded channel can be regu-
lated according to Eqs. (2)–(5), so as to customize the sound
absorption performance of the CEHR.

The relationship between channel morphology and CEHR
sound absorption performance is further plotted in two sound
absorption spectra, as shown in Figs. 6(c) and 6(d). The channel
morphology is described by two geometric parameters, i.e., the rel-
ative roughness and the roughness wavenumber. As shown in
Figs. 6(c) and 6(d), with the increase in the relative roughness or
the roughness wavenumber, the sound absorption peak increases
and the sound absorption bandwidth enlarges. As the relative
roughness increases from 0 to 0.2 or the wavenumber increases
from 0 to 10, the sound absorption peak value gradually increases
from a relatively low level (about 0.83) to complete sound absorp-
tion (above 0.99). In fact, the peak frequency of the CEHR also
decreased slightly, but this effect is not significant. The results
show that the sound absorption performance of the CEHR can be
improved by adjusting the relative roughness and the roughness
wavenumber of the channel. This work provides a method for
acoustic impedance regulation and sound absorption performance
improvement of acoustic metamaterials with built-in air channels
and has guiding significance for the control of low-frequency noise.

FIG. 6. Effects of roughness on fluid dynamic parameters and sound absorption performance of the CEHR: (a) and (b) Effects of the relative roughness and wavenumber
on the tortuosity ratio and the relative static flow resistance of the channel. (c) and (d) Effects of the relative roughness and wavenumber on sound absorption coefficient of
the CEHR. When the relative roughness or wavenumber is changed, other geometric parameters of the CEHR are fixed. Due to geometric constraints, the wavenumber
can only be a natural number.
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V. CONCLUSIONS

In this work, we propose a method to improve the sound
absorption performance of the acoustic metamaterials without
changing their overall size. On this basis, a new acoustic metamate-
rial with deep subwavelength thickness, namely, the petal-shaped
channel embedded Helmholtz resonator, is designed for perfect
sound absorption. By tailoring the cross-sectional shape of the
embedded channel, the area of the viscous boundary layer of the
channel is expanded, so as to change the fluid dynamic perfor-
mance and acoustic resistance of the channel. As a result, the
acoustic impedance of the Helmholtz resonator is regulated to
satisfy the impedance matching condition for perfect sound
absorption. This work contributes to the novel structural design
and performance improvement of acoustic metamaterials.
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