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ABSTRACT 

The concept of coiled-up space, which is particularly effective for designing 

acoustic metamaterials whose physical properties are under spotlight, has 

attracted a great deal of interests in recent years. This paper further extends the 

concept of coiled-up space into porous material to design a metaporous for 

improving low-frequency sound absorption. Both the theoretical and numerical 

results demonstrate the metaporous possessing two absorption peaks which are 

located at 1120Hz and 2060Hz, respectively. The absorption coefficient of the 

metaporous is greater than 0.8 over a bandwidth of 1620Hz from 880Hz to 2500Hz 

within a thin layer of 30mm. Experimental results further validate the low-

frequency absorption of the proposed metaporous. 
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1. INTRODUCTION 

Using a thin layer material for low-frequency noise dissipation has attracted more 

interests in noise control field recently. Various acoustic porous materials [1] have been 

widely used to dissipate sound energy, however, the thickness of the porous material 

requires approximately a quarter of the sound wavelength to realize efficient absorption, which 
result in the material is too thick if the low-frequency sound absorption is to be a target. In the 

last decades, the investigations of acoustic metamaterial have opened a new perspective for 

acoustic wave manipulation [2-5]. Following the growing interest in acoustic metamaterial, the 
concept of acoustic metaporous material (MPM), which is formed by a porous matrix embedded 

with inclusions, has been later developed [6-10].  

This work is initially inspired by the concept of coiled-up space in acoustic metamaterial, 

which is firstly proposed by Z. Liang and J. Li [11]. Recently, the coiled-up space has been 
widely introduced to Helmholtz resonators [12-14] and Fabry–Pérot channels [15-17] to design 

sound absorbers with deep-subwavelength thickness. However, the absorption bandwidth of 

these absorbers is always very narrow around the resonant frequency. The present work extends 
the coiled-up space to the porous layer to design a MPM, as shown in Figure. 1(a). The MPM 

consists of periodic arrangement of unit cells along x axis. Owing to the MPM are invariant 

along the y direction such that the sound absorption problem can be simplified as a two-
dimensional problem in the xz plane. The one unit of the MPM has sizes of L and H in the y and  
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z directions, respectively. By inserting two L shape rigid panels (thickness 0b ) into the porous 

matrix, a straight channel (has sizes of 1x  and H  along x and z directions) and a side coiled-up 

channel are formed. The height of the ith-layer of the coiled-up channel along the z axis is iw . 
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Figure 1. Three dimensional Diagrams of the MPM and the cross-section diagram of unit cell in the xz 

plane 

 

2. ANALYTICAL METHOD 
To obtain sound absorption performance of the MPM, we establish an equivalent model, 

as shown in Figure 2. The one unit of MPM can be regarded as two different elements (A and B) 

connected in parallel.  
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Figure 2. An equivalent model for predicting the sound absorption performance of the MPM. 

Generally, the sound absorption coefficient α can be derived by the surface impedance 

sZ , the equation can be expressed as   
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where 0ρ  is the density, 0c  the sound speed of the air and sZ  is 
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where 1j   . Based on effective medium [18], the effective density 
effρ  and the effective 

bulk modulus 
effK of the MPM are given by 
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where mρ  and 
mK  ( Am   or B) are the effective density and bulk modulus of the element. 

1ε L x L   is the volume ratio of A. The element A can be regarded as rigid along the 

direction of the incident wave, thus the Aρ  and 
AK  are set as infinite values. Further, the 

surface acoustic impedance of A at 1x L x   from the left-hand hard wall ( 0x  ) is  
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and 
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where 1 2 1δ w w  and 2 1δ w H  are the area correction factors. pZ  and pk  are the 

characteristic impedance and effective wavenumber of the porous matrix, respectively, which 

can be acquired by Johnson-Champoux-Allard (JCA) model [1]. 

For the element B, the relationship between wave vector components ( xk  and zk  along 

the x and z directions) is  
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The surface acoustic impedance of B at 1x L x   from the right-hand ( x L ) can be 

expressed by 

  1cot1x L x
p xBZ jZ k x .

 
    (8) 

At 1x L x  , the 1x L x

AZ  
 and 1x L x

BZ
 

should meet the interface condition 1 1x L x

B

x L x

A ZZ .   

Then, the effective density and effective bulk modulus of B along z axis is obtained by 
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3. ABSORPTION PERFORMANCE  
To validate the theoretical model of the MPM, simulations are conducted by the 

Pressure Acoustic, Frequency Domain (acpr) module of commercial finite element (FE) 

software COMSOL Multiphysics. Figure 3 compares the theoretical absorption of the MPM 

with that obtained by the FEM and shows that the two are consistent. Two absorption peaks 

appear at 1120Hz and 2060Hz with a over 80% absorption bandwidth of 1620Hz (from 880Hz 

to 2500Hz). The overall thickness of the MPM, 30mm=H , is only 1/10 of the first resonance 

wavelength, which means that the MPM possesses a subwavelength thickness. To further 

demonstrate the advantage of the MPM, Figure. 3 also shows the absorption spectrum of the 

conventional porous material with identical thickness. One can readily see that the MPM 

possesses better absorption for low-frequency sound than that of the porous material. 
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Figure 3. Absorption spectrums of the MPM and the porous material. The dimensions of the MPM are

60mmL  , 30mmH  , 1 30mmx  , 0 1 5mmb .  and 1 2 13.5mmw w = . The porous layer is a 

melamine foam with acoustical parameters of the porosity = 0.95 , the tortuosity 1 42α .  , the 

viscous characteristic length Λ 180um , the thermal characteristic length Λ 360um  , and the flow 

resistivity 4σ 8900N s m .    

4. EXERIMENTAL VERIFICATION 
For further verification purpose, the experment is carried out using the two-microphone 

method [19] in a square acoustic impedanc, as shown in Figure4(a). The photo of sample is 

illustrated in Figure 4 (b). Figure 4(c) depicts that the experimental results are consistent with 

the theoretical prediction, which further demonstrate the low-frequency absorption performance 

of our MPM.  
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Figure 4. Photos of (a) the experimental set-up and (b) the sample. (c) Theoretical and measured 

absorption spectrums.  

5. CONCLUSIONS 
A metaporous material with coiled-up space is presented in this work. The theoretical 

analysis, numerical simulation, and experimental results demonstrate that the metaporous 

material possesses better low-frequency sound absorption than that of the conventional porous 

material. Our proposed metaporous material may be an excellent alternative in many practical 

situations where both low-frequency noise dissipation and space utilization are critical concerns. 
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