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Abstract: Traditional soundproofing materials face limitations in meeting modern noise 

reduction demands, particularly in balancing acoustic performance with ventilation 

requirements. To address this challenge, we propose a novel acoustic metamaterial 

composed of a Helmholtz resonance cavity coupled with a thin-membrane structure. This 

hybrid design achieves simultaneous sound insulation, noise reduction, and effective 

airflow circulation. Numerical results demonstrate that the composite structure exhibits 

significant low-frequency sound attenuation, with over 10dB of sound transmission loss 

in low-frequency range of 70~230Hz. Remarkably, the system maintains a peak sound 

transmission loss of up to 65dB while preserving ventilation functionality. This work also 

investigates the influence of key geometrical parameters on sound transmission 

performance of the metastructure. This work provides a promising solution for 

applications requiring both acoustic control and air circulation in low-frequency range. 

1. Introduction 

Noise pollution has emerged as a critical environmental challenge, significantly impacting both 

daily life and occupational environments[1][2]. Chronic exposure to noise pollution has been 

clinically associated with various adverse health effects, including nausea, tinnitus, and 

neurasthenia[3][4]. In conventional noise control approaches, materials such as soundproof glass 

and acoustic panels demonstrate effective noise attenuation[5][6]. However, these traditional 

materials present a few main limitations, such as excessive weight and bulkiness, poor 

low-frequency sound insulation performance[7][8], and an inherent trade-off between ventilation 

and acoustic insulation properties[9]. Therefore, it is crucial to conduct more research on new sound 

insulation materials. 

Recent advances in acoustic metamaterials and metasurfaces have provided innovative solutions 

to circumvent the inherent limitations of conventional sound-absorbing materials[10][11][12], 

leading to the development of diverse acoustic units[13][14][15]. Several resonance mechanisms 

have been applied in the designs, including Helmholtz resonance, Fabry-Pérot resonance, Fano 
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resonance, and Membrane resonance, etc. Resonators based on each mechanism exhibit unique 

frequency-dependent characteristics, making them particularly suitable for different acoustic control 

scenarios. Helmholtz resonators[16][17][18] attenuate acoustic energy through cavity resonance, 

with primary dissipation occurring via thermoviscosity friction at the neck region. In contrast, 

membrane-based acoustic absorbers[19][20][21], employ elastic membranes coupled with 

mass-loaded elements, where resonant frequency tuning is achieved through membrane tension 

adjustment, enabling effective low-frequency sound absorption. Spatially coiled metamaterials, 

usually based on Fabry-Pérot resonance or Fano resonance[22][23][24], facilitate low-frequency 

sound insulation by extending the acoustic propagation path, thereby promoting enhanced acoustic 

energy dissipation.  

Building upon the comparative analysis of existing ventilated acoustic metastructures[25], we 

propose a novel composite metastructure that synergistically integrates a Helmholtz resonator with 

a thin membrane to simultaneously achieve sound insulation and ventilation in this paper. The 

hybrid-resonance based design combines compact dimensions and lightweight characteristics with 

exceptional acoustic performance, demonstrating over 10 dB of sound transmission loss in the 

70-230 Hz low-frequency range while maintaining effective air permeability. The successful 

implementation of this ventilated acoustic metastructure presents significant potential for industrial 

applications where both noise control and airflow circulation are critical requirements. 

2. Metastructural design and theoretical study of acoustic ventilation 

2.1. Metastructural design 

 

Figure 1 3D view of the metastructure 

The three-dimensional diagram of the proposed Helmholtz resonator-thin membrane composite 

metastructure is shown in Figure 1. The overall radius L of the metastructure is 50mm, the overall 

thickness H is 40mm, the diameter h of the central cylindrical vent is 10mm, and the wall thickness 

t of the metastructure is 1mm. The metastructure as a whole can be divided into two regions, the 

first region is the grey region in the figure for the Helmholtz cavity structure, the material is epoxy 

resin and the length l of the protruding neck is 10 mm, and similarly the diameter of the neck d is 

10mm. The second region is the blue region for the membrane structure, the membrane has a central 

opening of the same size as the vent, the membrane radius size R is 32.5 mm, and the membrane 

thickness a is 0.1 mm. The membrane material is made of polyetherimide(PEI) and its material 

parameters are given in Table 1. 
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Table 1 Structural Material Parameters 

Material PEI membrane Epoxy resin 

Young modulus(MPa) 4 2.6 

Density(kg/m3) 1380 1130 

Poisson ratio 0.3 0.4 

2.2. Sound insulation theory and finite element modeling 

The propagation control equation of the sound in the air domain is[26]:  
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Among them, 

p-----the sound pressure; 

ρ0------the air density; 

c0------the speed of sound in the air; 

The equation of control for the acoustic wave propagation in the structure can be expressed as: 
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Where, u is the displacement vector, and are the first and second Lame constants of the 

structural material, respectively. The Lame constants can be associated to the Young's modulus and 

Poisson's ratio, as shown in the following equation: 
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At the air/structure interface, the boundary conditions are: 
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Among them, 

nu ------ the normal displacement of the solid boundary; 

n ------ the normal unit vector oriented in the air domain;  

Tij------the Cauchy stress tensor. 

The boundary condition make sure the coupling of elastic waves in the metastructure and 

acoustic waves pressure in the air. Then the discrete form of the acoustic elastic equation can be 

shown as[27]:  
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u and p represent the displacement and the pressure at the grid nodes, respectively. F  is the 

node force. sK and fK are the stiffness matrix of the structure and the air. SM and fM are the 
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quality matrix of the structure and the air. fsS
 

represents the fluid-solid coupling matrix, and
T

fsS is 

the transpose matrix of fsS
.
 

In this paper, the material parameters of the air are the density
3

0 /kg21.1 m
and air velocity

smc /3430  , specific heat ratio
4.10 

, air viscosity
sP   a10813.1 5

0 , thermal 

conductivity
k)W/(m.κ  02500 , specific volume heat

k)kJ/(kg.CΓ  7120
, At each end of 

the air domain structure use plane wave radiation boundary condition with incident amplitudes on 

the left. Sound transmission loss (STL) can be written as: 
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Pi------the amplitude of the incident acoustic pressure; 

Pt------the amplitude of the transmitted acoustic pressure. 

The finite element analysis software COMSOL Multiphysics is used to simulate the sound 

transmission loss (STL) of the acoustic ventilation metastructure. Considering the characteristics of 

the structure design, the thermal viscosity of the air and the deformation of the membrane structure 

have a large influence on the transmission loss, so the pressure acoustics module, the solid 

mechanics module and the thermal viscosity module of COMSOL Multiphysics are used 

simultaneously to perform the simulation calculation of the transmission loss of the acoustic 

ventilation metastructure. As shown in Figure 2, two air domains are added at each end of the 

structure to simulate the incoming and outgoing acoustic fields. The plane wave radiation boundary 

condition is then used to simulate the incident sound wave. In solid mechanics, fixed constraints are 

imposed around the membrane and a prestress is applied to the domain. Finally, the computational 

domain is meshed and calculated numerically. 

 

Figure 2 Schematic diagram of the simulation model  

By simulating the Helmholtz cavity structure, the thin membrane-cavity structure, and the 

composite Helmholtz cavity - thin membrane metastructure, as well as the mass law, respectively, 
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the sound transmission loss-frequency results are plotted in Figure 3. From the figure, it can be seen 

that the blue curve, representing the composite metastructure exhibits better sound insulation 

performance at lower frequencies than the two non-composite structures, and it achieves a sound 

transmission loss exceeding 10 dB in the frequency range of 70–230 Hz, and at the same time, and 

exhibits a broad sound insulation plateau in the range of 400–1000 Hz. Although the peak sound 

transmission loss of the two non-composite structures is slightly higher than that of the composite 

metastructure, the overall sound insulation performance of the composite metastructure remains 

superior and more effective. The sound pressure transmission loss at 200 Hz for this construction is 

shown in Figure 4. The red region on the left represents the incident sound field. After the sound 

wave passes through the metastructure model in this paper, part of the sound wave is reflected back, 

part of the energy of the sound wave is consumed, and part of the sound wave is transmitted directly 

through the vents. As a result, the outgoing sound field sound pressure is almost zero.  

 

Figure 3 Basic comparison diagram 

 

Figure 4 Sound pressure of the model at 200Hz 

3. Geometric parameters of composite metastructures 

The resonant frequency of the Helmholtz resonant cavity as a function of each geometrical 

parameter[28] is shown in Equation (7).  
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Where,  

c------the speed of sound; 

S------the neck area π(d/2)2; 

l------the neck length; 

V------the Helmholtz resonant cavity volume. 

In general, we only change the neck area and neck length for parametric studies, and we usually 

do not change the resonant cavity volume as a study, because changing the structure volume is more 

complicated in practical applications. 

The relationship between the resonance frequency of the circular membrane and each geometric 

parameter is shown in Equation (8)[29]. 
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Where μn is the root of the zero order Bessel function, R is the radius of the circular membrane, 

T0 is the membrane tension (N/m), σ is the membrane surface density, a is the thickness of 

membrane and ρmembrane is the density of membrane(kg/m3). 

According to Equation (7) and Equation (8), the effects of the following variations of structural 

geometric parameters on sound transmission loss as well as frequency are investigated.  

3.1. Effect of the neck length l of the Helmholtz resonance cavity 

With the other geometric parameters kept constant and the neck length l is set to 30 mm, 15mm, 

10mm and 5mm respectively, the sound transmission loss is simulated and the results are shown in 

Figure 5.  

 

Figure 5 Effect of neck length l on frequency-sound transmission loss 

It can be observed that the first peak frequency of the sound transmission loss shifts further 

toward lower frequencies as the neck of the Helmholtz resonator becomes longer, which also 
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corresponds to the linear relationship between l and F in Equation (7). Therefore, to achieve sound 

insulation and noise reduction at low frequencies, the neck length can be increased. 

3.2. Effect of the neck area of the Helmholtz resonance cavity 

When the diameter d of the circular neck of the Helmholtz cavity is set to 10 mm, 6 mm and 3 

mm, respectively, and the other structural parameters remain unchanged, it is found that when the 

neck area is smaller, the first peak frequency will be at a lower frequency to achieve acoustic noise 

reduction, but at the same time the peak of the sound transmission loss will also be reduced, making 

it necessary to select an appropriate size based on different operational requirements. The 

simulation results are shown in Figure 6. 

 

Figure 6 Effect of neck area on frequency-sound transmission loss 

3.3. Effect of the neck shape of the Helmholtz resonance cavity 

 

Figure 7 Rectangle neck half-section diagram 

When the shape of the neck is changed from a circular to a rectangular cross-section while 

maintaining the same area, the three-dimensional half-section is shown in Figure 7, and the 

corresponding simulation results are presented in Figure 8, and it can be seen that the curve 

diagrams are almost overlapped, and according to Equation (7), if the neck area remains unchanged, 

its frequency will not be affected. Therefore, under the condition of the same cross-sectional area, 

the change of the shape of the neck is not significant in the relationship of the effect of acoustic 
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transmission loss.  

 

Figure 8 Influence of neck shape on frequency-sound transmission loss 

3.4. The effect of the thin membrane thickness a 

Changing the membrane thickness a also affects the sound insulation, and the corresponding 

sound transmission loss as a function of frequency is shown in Figure 9.  

 

Figure 9 Effect of membrane thickness on the frequency-sound transmission loss 

From the figure, it can be seen that as the thickness of the membrane gets thicker, the peak 

frequency shifts to a higher value, which is in accordance with Equation (8) for the correspondence 

between the change in membrane thickness and the change in frequency. At the same time, the peak 

value also increases, this is because the thicker the thickness of the membrane, resulting in the 

membrane stiffness will be greater, leading to the more sound waves will be reflected. Therefore, 

when achieving low-frequency sound insulation, thin-membrane thickness can be reduced 

accordingly. 

3.5. Effect of the membrane area 

As shown in Figure 10, which illustrates the effect of membrane area variation on sound 

transmission loss, it can be seen that, while keeping other geometric parameters unchanged, the 
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larger the membrane diameter 2R the better sound insulation can be achieved at low frequencies, 

which is also well in line with the relationship between the variation of the membrane radius and 

the frequency in Equation (8).  

 

Figure 10 Effect of membrane area on frequency-sound transmission loss 

3.6. Effect of the pretensioning T on the frequency-sound transmission loss 

Since the membrane needs to be tensioned to exhibit local resonance properties properties and 

enhance the sound insulation performance of acoustic metamaterials[30], it is necessary to apply 

pre-stress in the membrane domain. The variation in membrane pre-stress also affects the frequency 

of sound transmission loss, as shown in Figure 11. 

 

Figure 11 Influence of thin membrane prestress on frequency-sound transmission loss 

From Equation (8) and as shown in the figure, it can be observed if other geometric parameters 

are kept unchanged, the prestressing force T become larger and larger, and leading to a 

corresponding increase in the eigenfrequency of sound transmission loss. The reason why the peak 

value of the sound transmission loss in Figure 11 decreases with increasing prestressing force is that 
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there is an opening in the center of the membrane, and as the pre-stress increases, the deformation 

of the membrane opening becomes more pronounced, allowing more sound waves to be transmitted 

through the metastructure. As a result, the peak value of the sound transmission loss decreases. 

3.7. Effect of the vent size 

As shown in Figure 12, increasing the vent diameter h to enhance the ventilation rate has a 

significant effect on the peak sound transmission loss. This is because larger vents allow more 

sound waves to pass through, thereby reducing the amount of sound insulation. Therefore, the size 

of the vent should be determined according to the practical requirements to achieve optimal results. 

 

Figure 12 Influence of different vent sizes on frequency-sound transmission loss 

4. Conclusion 

In summary, this paper proposes a Helmholtz resonant cavity and thin-membrane composite 

metastructure, which achieves a sound transmission loss of more than 10 dB in the low-frequency 

range from 70 Hz to 230 Hz, an ultra-wideband platform with a sound transmission loss of 20 dB 

from 400 Hz to 1000 Hz, and a high transmission loss of more than 20 dB in the mid-to-high 

frequency range from 1200 Hz to 1600 Hz, with a maximum peak sound transmission loss of 65 dB. 

By analyzing the effects of different structural geometries on the sound transmission loss across 

frequencies, the geometrical parameters of the metastructure can be optimized according to the 

actual needs to achieve the best sound insulation and ventilation results. The metastructure's 

excellent performance shows great promise in industrial production, aerospace and other fields. 
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