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ABSTRACT

The single Helmholtz resonator obtains only one absorption peak in the broad frequency range, which limits its application in reducing the
noise with multiple spectra. This paper reports an acoustic multi-layer Helmholtz resonance metamaterial, which can achieve multiple
absorption peaks at given low-frequency targets. Meanwhile, through adjusting structural parameters of the multi-layer Helmholtz resonator,
its impedance can be altered correspondingly to realize the absorption of noise with the multi groups of specific frequencies. In this paper, in
order to achieve fine absorption performance with the specific frequencies of 100 and 400Hz for a substation noise source, the sound absorp-
tion principle of a classical Helmholtz resonator with the embedded aperture is introduced theoretically, and then two series of multi-layer
Helmholtz resonance structures with different parameters are designed. Thickness of the multi-layer structure is only 1/30th of the working
wavelength, and two groups of resonance peaks are generated at 100 and 400Hz, respectively. A finite element model of the multi-layer
Helmholtz resonator is constructed to simulate its absorption performance. The samples are fabricated through the 3D light-curing printing,
and their sound absorption performances are detected by the standing wave method. The simulation results are in good agreement with the
experimental data, and two peaks with near-perfect absorptions are achieved at the target frequencies. The multi-layer Helmholtz resonator
for achievement of three groups of absorption peaks is proposed later. This work provides an effective method to design a sound absorber
with multiple absorption peaks, which can promote the application of acoustic metamaterials.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0054562

The noise pollution has serious impact on the people’s healthy liv-
ing, and a series of sound-absorbing materials are proposed for noise
control.1However, low-frequency sound absorption has been a challeng-
ing topic for the researchers due to the weak energy dissipation in tradi-
tional materials.2 To absorb the low-frequency sound waves, a very thick
structure (for porous material)3 or a very long rear cavity (for microper-
forated panel)4 is required inevitably. In recent years, the subwavelength
acoustic metamaterials (AMs) with the excellent low-frequency sound
absorption performance have provided an effective way to solve the
problem of low-frequency noise such as membrane-type AMs5–9 and
cavity-based AMs.10–13 Based on the classic Helmholtz resonator, its
ability to be treated as a perfect sound absorber with a deep subwave-
length thickness has been well established.14–21

The most effective way to realize broadband sound absorption is
to introduce the multiple detuned units with the different absorption

peaks.22–28 For example, Zhang and Hu25 reported a six-unit coiled-up
structure to achieve perfect absorption performance. Peng et al.26

demonstrated a composite honeycomb metasurface panel, which is
comprised of arranged honeycomb “supercells” that consist of unit
cells of different geometric parameters, and sound absorption coeffi-
cients of 0.9 in 600–1000Hz were achieved. However, a detuned reso-
nance unit can produce only one narrowband absorption peak. It is
extremely challenging to broaden the sound absorption band under
the constraints of the limited thickness and size. One effective strategy
for generating additional absorption peaks is to use a multi-layer
arrangement.19,29,30 Liu et al.29 reported a perforated composite
Helmholtz-resonator that could obtain multiple near-perfect peaks in
higher frequencies by inserting one or more separating plates with a
small hole into the interior of a Helmholtz resonator. Guo et al.30 had
developed a structure consisted of the multi-layer Helmholtz
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resonators (MHRs) with extended necks, which induced the additional
absorption peaks. These research provide promising references to
absorb the noises with various peaks. However, the cavity diameter of
the multi-layer arrangement is consistent with that of the upper layer,
which makes it difficult to obtain multi-order absorption peaks by
adjusting the parameters.

In this work, based on the principle of local resonance of the
Helmholtz resonator, we propose a type of acoustic metamaterial as
the multi-layer Helmholtz resonator (MHR), in which the number of
the resonance unit increases layer by layer. The sound wave enters
MHR from the air medium and causes the resonance of structural unit
in the MHR. The local resonance greatly enhances the sound energy
density and results in the energy dissipation to gain the perfect sound
absorption.31 In the low-frequency range, the combining effect of two
Helmholtz acoustic absorbers with different parameters can realize the
approximate perfect sound absorption with two groups of specific fre-
quencies, and the thickness is only 1/30th of the working wavelength.
In addition, the Helmholtz resonators with embedded apertures are
used as the basic unit to control the impedance of the multi-layer
structure, and the sound absorption frequency of the structure is
adjusted by selecting the diameter and length of the resonator under
the condition of keeping its external dimension invariant.

To illustrate the combining effect of the MHR, we first analyze
the Helmholtz acoustic system. If the linearity of an acoustic element
is much smaller than the wavelength of the sound, the propagation of
sound can be temporarily ignored, and the movement of all parts of
acoustic element can be considered as uniform. The structure of
Helmholtz resonator is shown in Fig. 1(a), where D is the diameter of
the cavity, S is the cross-sectional area of the short tube (the diameter
is d), and l is the length of the short tube. Assuming that the structure
meets the following conditions:

(1) The linearity of the Helmholtz resonator is much smaller than
the wavelength of the sound wave, which is d, l,

ffiffiffiffiffiffi

V0
3
p � k.

(2) The volume of the short tube is much smaller than the volume
of the cavity, which is Sl � V0.

(3) The cavity wall is a hard boundary, which will not deform
under the action of sound pressure.

According to assumption (1), the linearity of the short tube is
much smaller than the wavelength, so the vibration in the short tube
can be considered as uniform, and the air column in the short tube
can be treated as a whole with a mass of Mm ¼ q0l0S. Taking into
account the radiation of the sound waves, length of the short tube is
revised as l ¼ l0 þ 0:85d. The frictional resistance between the vibra-
tion of the air column and the short tube wall is Rm.

The air in the cavity will be compressed or expanded with the
movement of the air column in the short tube. The force of the cavity
acting on the air column of the short tube is equivalent to the elastic

force generated by a spring, and its elastic coefficient is Km ¼ q0c
2
0S

2

V0
.

Meanwhile, the corresponding reciprocal denotes the compliance

Cm ¼ 1
Km

¼ V0

q0c
2
0S

2.

According to the above analysis, it can be concluded that the
Helmholtz resonator contains three components: mass, force resis-
tance, and compliance. When the entrance of the tube is subjected to
sound pressure p ¼ pae

jxt , the motion equation of air column of the
short pipe is as follows:

Mm
d2n

dt2
¼ Spae

jxt � Rm
dn

dt
� 1

Cm
n: (1)

Here, they can be symboled as Ma ¼ Mm

S2
;Ra ¼ Rm

S2
; and

Ca ¼ CmS
2, in which Ma;Ra; andCa represent the sound quality,

sound resistance, and sound capacity (or sound compliance), respec-
tively. By this method, Eq. (1) can be further converted as the follow-
ing equation:

Ma
dU

dt
þ RaU þ 1

Ca

ð

Udt ¼ pae
jxt : (2)

By solving Eq. (2), it gives

U ¼ p

Za
: (3)

The acoustic impedance of the Helmholtz resonator is

Za ¼
p

U
¼ Ra þ j xMa �

1

xCa

� �

: (4)

The constructed theoretical model of MHR in this work can be
treated as a preliminary feasibility analysis of its sound absorption
characteristics. See the supplementary material for the theoretical
model in detail.

FIG. 1. The Helmholtz acoustic system. (a) Schematic diagram of the Helmholtz
resonator with the embedded apertures. (b) Three-dimensional structural model of
MHR. (c) Half-sectional view of MHR, here, d and l represent diameter and length
of apertures, respectively; D and T are the diameter and length of the cavity,
respectively.
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The single Helmholtz resonator has only one set of absorption
peak in the low-frequency range. However, the present study indicated
that combining multiple Helmholtz resonance units together can pro-
duce multiple absorption peaks. The resonance frequency of the
Helmholtz resonator is related to the diameter of the cavity, length of
the cavity, and diameter and length of the short tube. In order to achieve
the low-frequency noise reduction within a small size, the MHR with
the embedded aperture is adopted, which reduces the occupied space. In
addition, the impedance of the Helmholtz resonator can be easily con-
trolled by adjusting length of the embedded aperture. Taking the
Helmholtz resonator as a basic unit, the MHR structure shown in Fig.
1(b) is optimized by precisely adjusting the structural combination of
two different parameters. The optimization parameters are obtained by
the neural network algorithm, and the optimization model based on the
neural network can greatly improve the optimization efficiency (see the
supplementary material for details). The MHR structure consists of
two parts. The first part is a single-layer Helmholtz resonator, and the
second part is nine Helmholtz resonators with same structural parame-
ters. The selected structural parameters are as follows: T1 ¼ 29mm,
T2 ¼ 68mm, D1 ¼ 65:76mm, D2 ¼ 21:25mm, d1 ¼ 10mm,
d2 ¼ 3mm, l1 ¼ 10mm, l2 ¼ 35mm, and t ¼ 1mm. The two parts
are combined in series. Form and parameters of the structure are not
fixed, and it can be optimized according to the required absorption fre-
quency in the practical application.

In order to effectively reveal the combining effect of sound
absorption in the MHR, a finite element simulation model is con-
structed, and the pressure-acoustic model of the acoustic module in

the model is used to simulate the physical field. The main reason for
the sound dissipation of the Helmholtz resonator is that the oscillation
of the air inside the cavity will make most of the sound energy to dissi-
pate at the holes when the resonance frequency is reached. Narrow
acoustic boundary conditions are set at aperture of the cavity in the
model to fully consider the thermal viscosity loss of the structure. The
simulation model is shown in Fig. 2(a). The figure shows the internal
air cavity of the structure. The contact surface between the structure
wall and internal air is set as a rigid wall. The type of background pres-
sure field (BPF) is plane wave. The sound pressure is jpbj ¼ 1 Pa, and
wave vector is ek ¼ ð0; 0;�1Þ. The maximum mesh of embedded
aperture is set as di=5, and the minimum mesh is dv=2, where
dv ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2l=q0x
p

is the thickness of the viscous boundary layer. A free
tetrahedral mesh is used throughout the air cavity, and the maximum
size is Di=10. In order to accurately calculate the thermal viscosity loss
of the boundary layer, six boundary layer meshes are applied on the
hole and cavity wall, and the thickness of each layer is dv=4. The per-
fect matching layer (PML) with eight layer meshes constructed by
sweeping is established to absorb all outgoing waves, and frequency
domain analysis is used to sweep the frequency analysis (see the sup-
plementary material for details).

To verify the effectiveness of the simulation model, the experi-
mental samples were made with resin materials through the 3D light-
curing printing technology.32 The 3D model of the sample is built by
3D modeling software, processed by slicing software, and imported
into the 3D printer for manufacturing. The produced sample is shown
in Fig. 2(b). AWA6128A standing wave tube tester is mainly used to

FIG. 2. Simulation and detection of the MHR. (a) The simulation model of MHR, in which the upper part of the cylinder is a perfectly matched layer and the lower part is a plane
wave physical field. (b) 3D-printed experimental samples. (c) Schematic diagram of the AWA6128A standing wave tube tester.
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measure the sound absorption coefficients of the materials,33 as shown
in Fig. 2(c). According to the sound levels of peak points and valley
points measured by the test microphone in the standing wave tube,
the instrument can automatically calculate the sound absorption coef-
ficient by the solution software. The calculation formula of a sound
absorption coefficient is as follows:34

a ¼ 4� 10L=20

1þ 10 L=2ð Þð Þ2
; (5)

where L is the difference between the peak value and valley value of
the sound pressure level.

The experimental and simulation results of the sound absorption
coefficients in the frequency range of 50–600Hz are summarized in
Fig. 3. It can be observed that two near-perfect absorption peaks in
simulation were obtained at 110 and 392Hz, respectively, and those in
the experiment were achieved at 105 and 405Hz, respectively. The dis-
tribution of sound pressure can clearly exhibit the acoustic energy den-
sity inside the structure. According to the sound pressure level
diagram of the two peak absorption frequencies [as shown in Figs.
3(a) and 3(b)], there are great differences in the distribution of acoustic
energy density at resonance frequencies. Part 2 and part 1 of acoustic
energy density driven by sound wave fluctuation have been found sig-
nificantly increased near 110 and 392Hz, respectively. It can be con-
cluded that the first absorption peak is mainly caused by the
dissipation of the MHR in part 2, and the second absorption peak is
caused by the dissipation of the MHR in part 1.

Distribution of the sound absorption coefficient in simulation is
in good agreement with that of the experimental result in Fig. 3, and
the maximum error of the two groups of absorption peaks is within
5%, which proves the effectiveness of the simulation model. The failure
to reach 100% absorption at the resonance frequency is due to the
incomplete match between the impedance of the MHR and air, which
can be further optimized through adjusting the parameters of MHR.
The difference in peak absorption frequency between simulation and
experimental results is mainly due to the dimension error caused by
machining accuracy. It can be seen from the distribution of a sound
pressure level that the sound energy dissipation of the first absorption

peak is mainly caused by the strong resonance of the second part of
the MHR, and the second absorption peak is caused by the first part of
the MHR. Since the second part of the structure is composed of nine
chambers, the machining error leads to the inconsistency of diameter
and other parameters among the nine chambers, which is the main
reason for that the first absorption peak of the experimental value is
lower than the simulation data and the near-perfect sound absorption
cannot be achieved. In addition, because the surface of the 3D printed
sample is not absolutely smooth, the sound absorption coefficient in
the experiment is significantly higher than that in the simulation at the
corresponding frequency point for the acoustic scattering.

This design method is not just applicable to the prospect of two
sets of peaks. We design the three groups of structural models with dif-
ferent parameters. Model 1 consists of a single Helmholtz resonator,
model 2 consists of two sets of Helmholtz resonators with different
parameters, and model 3 consists of three sets of Helmholtz resonators
with different parameters, as shown in Fig. 4(b). Meanwhile, the spe-
cific parameters for these structural models are summarized in Table I.

The simulation results are shown in Fig. 4(a). It can be observed
that the absorption peak can reach more than 95%. As the number of
cavities increases, the embedded aperture gradually becomes shorter.
At the same time, diameter of the aperture is positively related to the
volume of the cavity. The additional peaks emerge as a result of com-
bining the metamaterial with the waveguide when the number of cavi-
ties in series increases. It can be further found that the first absorption
peaks of the three models and the second absorption peaks of model 2
and model 3 are closer, because acoustic impedance of the MHR is
actually consisted of the acoustic capacitance of air cavity and the
acoustic mass and acoustic resistance of the embedded neck. The

FIG. 3. The experimental and simulation results of sound absorption coefficients of
the investigated MHR. (a) and (b) are the simulation sound pressure level diagrams
of the perfect absorption peaks of MHR at 110 and 392 Hz, respectively.

FIG. 4. Investigation of the MHR with variable layer. (a) Sound absorption simula-
tion results of the three groups of MHR with variable layer. (b) 3D model drawing of
model 1, model 2, and model 3.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 118, 241904 (2021); doi: 10.1063/5.0054562 118, 241904-4

VC Author(s) 2021

https://scitation.org/journal/apl


sound qualityMa is determined by the quality of the air column in the
embedded aperture, and the sound capacity Ca represents the elastic
effect of the air in the rigid cavity.

In summary, we have proposed and experimentally demon-
strated an acoustic multi-layer Helmholtz resonance metamaterial to
achieve the perfect sound absorption of low-frequency multi-group
noise. By combining the local resonance of Helmholtz resonator with
the different parameters, we design MHR structure that can generate
multiple sets of absorption peaks and accurately control the peak
absorption frequency. We verify our ideas through finite element sim-
ulations and conduct an experiment for further validation by testing
the 3D printed sample. Both experimental and simulation results dem-
onstrate that the MHR can achieve almost perfect sound absorption
with sub-wavelength structure size. The proposed structure is an inno-
vative extension of the classic Helmholtz resonator and has a promis-
ing application in the field of multi-frequency noise reduction.

See the supplementary material for the theoretical modeling, neu-
ral network optimization, and numerical analysis method in detail.
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