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Abstract. To enhance sound absorption of Helmholtz resonance metamaterials in low frequency 
region with simple structure and engineering practicability, according to the well-established 
acoustic absorption theory of micro-perforated panel, a novel designed Helmholtz resonance 
metamaterial with extended microperforated neck is proposed, and a theoretical modelling method 
is developed by using the transfer matrix method which is validated by finite element simulation. 
Both theoretical calculation and finite element simulation results show that sound absorption 
performance of proposed Helmholtz resonance metamaterial is improved significantly compared 
to that of Helmholtz resonator with normal neck, and the resonant absorption coefficient is close 
to 1. The influence of geometric parameters of microperforated neck is also investigated in detail, 
and some meaningful conclusions are drawn. This work provides a perfect solution for low-
frequency noise control with Helmholtz resonance metamaterials.  
Keywords: Helmholtz resonator, metamaterial, low frequency, sound absorption. 

1. Introduction 

In conventional field of noise control, sound absorbing materials and structures such as porous 
absorbers and micro-perforated panel (MPP) resonators have been predominantly employed. 
However, extremely thick structures for porous materials or very deep back cavities for MPPs are 
required to achieve satisfactory sound absorption in low frequency region, which significantly 
restricts their application in space constrained environments. 

Recent developments of acoustic metamaterials provide a completely new direction for low 
frequency noise control. Through special design, acoustic metamaterials have characteristic of 
high-efficiency sound absorption in the deep sub-wavelength range (their sound absorption 
coefficient is close to 1, while the thickness is much smaller than the operating wavelength), which 
shows broad application prospects in the field of low-frequency sound absorption [1]. Among 
various acoustic metamaterials, Helmholtz resonator (HR) is one of the most widely studied and 
applied sound absorbing acoustic metamaterials due to its simple structural design and 
independent acoustic performance determined by its own geometric parameters [2-5]. 

The sound absorption principle of HR lies in the sound energy dissipation via air friction and 
thermal dissipation across the viscous and thermal boundary layers of the pore near its resonant 
frequency. Scholars have done a lot of work to improve sound absorption performance of HR at 
low-frequencies. Most studies have focused on combining HR with dissipative porous materials 
to attain improved acoustic absorption at low frequencies [6-8]. Also, several successful attempts 
were made by structural alterations of conventional HR. The acoustic impedance and the sound 
absorption coefficient of HR with a tapered neck was investigated by Tang [9] to improve the 
sound absorption capacity. To increase the noise reduction performance at low frequencies, HR 
with spiral neck was proposed by Shi [10] and the resonance frequency could be efficiently 
lowered without increasing the total thickness. A broadband low-frequency HR absorber with 
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rough neck was proposed by Duan [11] and Li [12], which could effectively provide the acoustic 
impedance required for low frequency sound absorption without changing the overall size. Duan 
[13] also proposed HR with petal shaped embedded neck which showed a significant improvement 
in peak absorption performance. Li [14] introduced a new HR design concept for drastically 
enhance sound absorption by bringing the cavity walls close to the pores where additional 
thermos-viscous dissipation along these boundaries can occur. Liu [15] proposed a 
honeycomb-type gradient perforated porous acoustic metamaterial paired with an embedded neck, 
simulation and experimental results indicate that the porous material with gradual perforation 
replaces the neck as the main dissipation source, which greatly increases the tunable acoustic 
absorption of the metamaterial.  

Although great progress in sound absorption performance improvement of HR, these methods 
rely on complex geometrical redesign or the addition of dissipative materials, in which fine 
adjustment of acoustic resistance to meet critical coupling conditions is not so appropriate in 
engineering applications due to complexity processes or high cost. According to the well-
established acoustic absorption theory of MPP [16], the acoustic properties of MPPs can be finely 
tuned by designing the hole size, perforation ratio, and plate thickness depending on purpose or 
target frequency band. Consequently, a novel designed Helmholtz resonance metamaterial with 
extended microperforated neck for enhancing acoustic absorption at low frequencies is proposed, 
and theoretical modelling method is developed by using the transfer matrix method (TMM) which 
is validated by finite element method (FEM), then influence of geometric parameters of 
microperforated neck is investigated in detail. 

2. Theoretical model  

Consider a typical rectangular Helmholtz resonant structure with extended microperforated 
neck (EMNHR) as shown in Fig. 1. The length and width of the neck are 𝑑ଵ and 𝑑ଶ, the depth is 𝑙, the wall thickness is 𝑡, the resonant cavity depth of the structure is 𝐿, the length and width of 
the cavity are 𝐷ଵ and 𝐷ଶ respectively. The hole diameter and separation distance on 
microperforated neck are 𝑑଴ and 𝑏଴ respectively, and neck thickness is 𝑡଴. 

The interior space is divided into three volumes by interface plane between the extended neck 
and cavity. The volume 1 in the neck and 3 in the cavity have cross-sectional area 𝑆ଵ = 𝑑ଵ × 𝑑ଶ 
and 𝑆ଷ = 𝐷ଵ × 𝐷ଶ respectively, and the volume 2 has cross-sectional area  𝑆ଶ = 𝑆ଷ − (𝑑ଵ + 𝑡) × (𝑑ଶ + 𝑡). 

 
a) 3D assembly view 

 
b) 2D cross-sectional view 

Fig. 1. Schematic diagram of EMNHR 

On the side branch interface between the extended neck and cavity, the pressure and mass 
velocities satisfy the continuous conditions: 𝑝ଵ(𝑙) = 𝑝ଶ(𝑙) = 𝑝ଷ(𝑙), (1)𝜌଴𝑆ଵ𝑢ଵ(𝑙) + 𝜌଴𝑆ଶ𝑢ଶ(𝑙) = 𝜌଴𝑆ଷ𝑢ଷ(𝑙), (2)
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where 𝑝௜ and 𝑢௜ represent acoustical pressure and axial particle velocity in volume 𝑖 (𝑖 = 1,2,3) 
respectively, and 𝜌଴ is the time-mean density. 

Similar to the analytical model of Peat [17], the linear acoustical equations of volume 1 and 2 
separated by the microperforated neck can be expressed as: 𝜕𝜌௜𝜕𝑡 + 𝑈௜ 𝜕𝜌௜𝜕𝑥 + 𝜌଴ 𝜕𝑢௜𝜕𝑥 + 𝜌଴𝑓௜ = 0,       𝑖 = 1,2, (3)𝜌଴ 𝜕𝑢௜𝜕𝑡 + 𝜌଴𝑈௜ 𝜕𝑢௜𝜕𝑥 + 𝜕𝑝௜𝜕𝑥 = 0,       𝑖 = 1,2, (4)

where 𝑈௜ and 𝜌௜ denote mean flow velocity and fluctuating density component in volume 𝑖  (𝑖 = 1,2) respectively, and 𝑓௜ is given by: 

𝑓௜ = 𝐶௜𝑆௜ 𝑣௜ , (5)

where 𝐶௜ represents circumstance of the inner surface (𝑖 = 1) or outer surface (𝑖 = 2) of 
microperforated neck with according radial particle velocities 𝑣௜. 

Analytical decoupling techniques have been applied to Eqs. (3) and (4), and finally the 
transmission equation can be found by deriving the transmission matrix. This matrix relates the 
pressure and particle velocities at 𝑥 = 0 to those at 𝑥 = 𝑙 as: 

൞ 𝑝ଵ(0)𝜌଴𝑐଴𝑢ଵ(0)𝑝ଶ(0)𝜌଴𝑐଴𝑢ଶ(0)ൢ = 𝐑൞ 𝑝ଵ(𝑙)𝜌଴𝑐଴𝑢ଵ(𝑙)𝑝ଶ(𝑙)𝜌଴𝑐଴𝑢ଶ(𝑙)ൢ, (6)

where 𝐑 represents the transmission matrix.  
Considering the rigid boundary on bottom end of cavity, the pressure and particle velocity in 

volume 3 at 𝑥 = 𝑙 can be written as: 𝜌଴𝑐଴𝑢ଷ(𝑙) = 𝑗 tan(𝑘𝐿௖)𝑝ଷ(𝑙), (7)

where 𝐿௖ is the length of volume 3 with 𝐿௖ = 𝐿 − 𝑙. 
Substituting Eqs. (1), (2) and (7) into Eq. (6), and the transmission matrix 𝐓௡ for the volume 1 

in the neck can be obtained: 

𝐓𝒏 = ⎣⎢⎢
⎡ 𝑅ଵଵ + 𝑅ଵଷ + 𝑗 𝑆ଷ𝑆ଶ 𝑅ଵସtan(𝑘𝑙) 𝑍ଵ ൬𝑅ଵଶ − 𝑆ଵ𝑆ଶ 𝑅ଵସ൰1𝑍ଵ ൬𝑅ଶଵ + 𝑅ଶଷ + 𝑗 𝑆ଷ𝑆ଶ 𝑅ଶସtan(𝑘𝑙)൰ 𝑅ଶଶ − 𝑆ଵ𝑆ଶ 𝑅ଶସ ⎦⎥⎥

⎤, (8)

where 𝑅௠௡ is the (𝑚,𝑛)th element of transmission matrix 𝐑, and 𝑍ଵ = 𝜌଴𝑐଴ 𝑆ଵ⁄  is the 
characteristic impedance of volume 1 in the neck.  

If acoustic radiation correction of the EMNHR due to cross-section changes is considered, 
corresponding transmission matrix 𝐓∆ can be written as: 𝐓∆ = ቂ1 𝑗𝑍ଵ𝑘∆𝑙0 1 ቃ, (9)

where the end correction ∆𝑙 ≈ 0.48ඥ𝑆ଵ ቀ1 − 1.25 ୫୧୬ (ௗభ,ௗమ)୫୧୬ (஽భ,஽మ)ቁ [4]. 
Furtherly, rigid boundary of the volume 2 is assumed on the top end wall which means 
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𝑢ଶ(0) = 0, then the fourth row of Eq. (6) can be rewritten as: 

𝜌଴𝑐଴𝑢ଶ(𝑙) = − 1𝑅ସସ ሾ(𝑅ସଵ + 𝑅ସଷ)𝑝ଶ(𝑙) + 𝑅ସଶ𝜌଴𝑐଴𝑢ଵ(𝑙)ሿ. (10)

Substituting Eq. (10) into Eq. (2), then the relationship between 𝑢ଵ(𝑙) and 𝑢ଷ(𝑙) can be built: 

𝐴𝜌଴𝑐଴𝑢ଵ(𝑙) = 1𝑅ସସ 𝑆ଶ𝑆ଵ (𝑅ସଵ + 𝑅ସଷ)𝑝ଶ(𝑙) + 𝑆ଷ𝑆ଵ 𝜌଴𝑐଴𝑢ଷ(𝑙), (11)

where coefficient 𝐴 = 1 − ோరమோరర ௌమௌభ. 
Then the transmission matrix 𝐓௕ for the volume 2 in the side branch at 𝑥 = 𝑙 can be obtained: 

𝐓௕ = ൥ 1 01𝐴𝑍ଶ𝑅ସସ (𝑅ସଵ + 𝑅ସଷ) 1𝐴൩, (12)

where 𝑍ଶ = 𝜌଴𝑐଴ 𝑆ଶ⁄  is the characteristic impedance of the volume 2. 
For the volume 3 in the cavity, the transmission matrix 𝐓௖ can be expressed as: 

𝐓௖ = ቎ cos (𝑘𝐿௖) 𝑗𝑍ଷsin(𝑘𝐿௖)𝑗𝑍ଷ jsin(𝑘𝐿௖) cos (𝑘𝐿௖) ቏, (13)

where 𝑍ଷ = 𝜌଴𝑐଴ 𝑆ଷ⁄  and 𝐿௖ = 𝐿 − 𝑙 are the characteristic impedance and depth of the volume 3 
respectively. 

By connecting all the transmission matrices 𝐓௡, 𝐓∆, 𝐓௕ and 𝐓𝒄, one can obtain the total 
transmission matrix of the EMNHR as: 𝐓 = 𝐓௡𝐓∆𝐓௕𝐓𝒄. (14)

Notably, to account the thermos-viscous effect, effective density and complex acoustic wave 
velocity [4] can be used in calculation of the transmission matrices 𝐓௡, 𝐓∆, 𝐓௕ and 𝐓𝒄.  

Finally, the relative acoustic impedance 𝑍௥ and the sound absorption coefficient 𝛼 of the 
EMNHR can be calculated as follows: 

𝑍௥ = 𝑇ଵଵ 𝑇ଶଵ⁄𝜌଴𝑐଴ 𝑆௧⁄ , (15)𝛼 = 4Re(𝑍𝑟)ሾ1 + 𝑅𝑒(𝑍𝑟)ሿଶ + Im(𝑍𝑟)ଶ. (16)

3. Results and discussion 

3.1. Validation of absorption  

To validate the accuracy of the aforementioned theoretical model of EMNHR, a finite element 
simulation using the thermos-viscous acoustic module of the COMSOL Multiphysics is 
conducted. The geometric parameters and microperforated parameters of EMNHR are outlined in 
Table 1 and Table 2 respectively. Considering symmetry of EMNHR, only 1/4 FEM model of 
EMNHR is built to reduce calculation load, and the detailed instructions of FEM model are shown 
in Fig. 2. 
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Table 1. Geometric parameters of EMNHR 
Item Length (mm) Width (mm) Depth (mm) Thickness (mm) 
Neck 12 12 40 1 

Cavity 50 80 80 1 

Table 2. Geometric parameters of the microperforated neck 
Hole diameter 𝑑଴ (mm) Separation distance 𝑏଴ (mm) Thickness 𝑡଴ (mm) 

0.3 5 1 
 

Perfectly Matched Layer 

Background Pressure Field 

Thermoviscous 
acoustic domain

Pressure Acoustics 
Domain

 
Fig. 2. 1/4 FEM model of EMNHR 

 
Fig. 3. Sound absorption coefficient results 

The sound absorption coefficient curves are calculated by theoretical model and FEM 
simulation. For comparison, both results of EMNHR and HR with normal neck are illustrated in 
Fig. 3. As can be seen, theoretical model results are consistent with the FEM simulation results in 
general. Small deviation is observed at the resonant frequencies, which may be caused by not 
exact estimation of end correction ∆𝑙 in this case. Therefore, the accuracy of developed theoretical 
model by using TMM can be validated. In addition, both the theoretical model and FEM 
simulation results show that sound absorption performance of EMNHR is improved significantly 
compared to that of HR with normal neck, and the resonant absorption coefficient is close to 1. 
Meanwhile, resonant frequency is shifted a little higher for EMNHR.  

 
a) EMNHR 

 
b) HR with normal neck 

Fig. 4. Complex plane zero-pole distributions 

The complex plane zero-pole distributions of the EMNHR and HR with normal neck are 
displayed in Fig. 4. By introducing an imaginary part in the frequency, the reflection coefficient 
of the system can be drawn in the complex frequency plane to reveal physical properties of the 
system. When the zero point of the system falls on the real frequency axis, then the condition of 
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critical coupling is satisfied and perfect absorption is realized. As can be found in Fig. 4, zero 
point of EMNHR falls very near the real frequency axis in the complex plane, whereas the zero 
and pole of HR with normal neck are almost symmetrically distributed about the real frequency 
axis. The zero-pole distributions in the complex plane evidently indicate that EMNHR can achieve 
nearly perfect absorption at resonant frequency, which is coincided with the results in Fig. 3. 

To explore the mechanism of sound absorption enhancement by EMNHR, energy dissipation 
density in the neck domain for EMNHR and HR with normal neck at their resonant frequencies is 
demonstrated Fig. 5. By compared the results, significantly higher energy dissipation density can 
be observed in the neck domain of EMNHR than that of HR with normal neck, which means better 
sound absorption performance of EMNHR. This is due to the fact the microperforated neck with 
properly tuned geometric parameters can efficiently provide additional acoustic resistance to 
satisfy the critical coupling condition.  

 
a) EMNHR 

 
b) HR with normal neck 

Fig. 5. Energy dissipation density (logarithmic scale) in the neck domain 

3.2. Influence of geometric parameters of microperforated neck 

After validation and analysis of the absorption characteristic of EMNHR, the influence of 
geometric parameters of microperforated neck to the absorption coefficient is explored.  

Firstly, let the hole diameter 𝑑଴ vary from 0.1 mm to 1.1 mm in step sizes, while the separation 
distance and thickness are kept constant with 𝑏଴ = 4 mm and 𝑡଴ = 1 mm. The relation between 
absorption coefficient curve and hole diameter is revealed in Fig. 6(a), also the peak absorption 
coefficient value versus hole diameter is given in Fig. 6(b). As can be seen, the peak absorption 
coefficient is increasing to nearly 1, then decreasing with increasing hole diameter. Compared to 
the resonance frequency of HR with normal rigid neck, a shift of the absorption maximum to a 
higher frequency can be observed. To interpret above results, the real part and imaginary part of 
the relative acoustic impedance 𝑍௥ are illustrated in Fig. 6(c). It can be found that the real part of 
the relative acoustic impedance 𝑍௥ is increasing at first, then decreasing with increasing 𝑑଴, the 
resistance approaches nearly to 1 at 𝑑଴ = 0.5 mm which corresponding to nearly perfect 
absorption condition. However, the imaginary part of the relative acoustic impedance 𝑍௥ is 
decreasing with increasing 𝑑଴, which results a growing resonance frequency. 

Then, the separation distance 𝑏଴ is set from 2 mm to 12 mm in step sizes, while the hole 
diameter and thickness remain unchanged with 𝑑଴ = 0.3 mm and 𝑡଴ = 1 mm. The relation 
between absorption coefficient curve and separation distance is shown in Fig. 7(a), while the peak 
absorption coefficient value versus hole diameter is plotted in Fig. 7(b). As illustrated in the 
figures, the peak absorption coefficient is also increasing to nearly 1, then decreasing with 
increasing separation distance. The absorption maximum shifts to a lower frequency and gets 
closer to resonance frequency of HR with normal rigid neck. Furtherly, the real part and imaginary 
part of the relative acoustic impedance 𝑍௥ are given in Fig. 7(c). It can be observed that the real 
part of the relative acoustic impedance 𝑍௥ is decreasing with increasing 𝑏଴, the resistance 
approaches nearly to 1 at 𝑏଴ = 4 mm which corresponds to the perfect absorption condition. On 
the contrary, the imaginary part of the relative acoustic impedance 𝑍௥ is increasing with increasing 
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𝑏଴, which gives a reducing resonance frequency. 

 
a) Sound absorption coefficient curves 

 
b) Peak absorption coefficient versus 𝑑଴ 

 
c) Real and imaginary part of 𝑍௥ 

Fig. 6. The influence of hole diameter 

 
a) Sound absorption coefficient curves 

 
b) Peak absorption coefficient versus 𝑑଴ 
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c) Real and imaginary part of 𝑍௥ 

Fig. 7. The influence of separation distance 

 
a) Sound absorption coefficient curves 

 
b) Peak absorption coefficient versus 𝑑଴ 

 
c) Real and imaginary part of 𝑍௥ 
Fig. 8. The influence of thickness 
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Lastly, the thickness 𝑡଴ is changed from 0.5 mm to 3.0 mm in step sizes, while the hole 
diameter and separation distance are held with 𝑑଴ = 0.3 mm and 𝑏଴ = 4 mm. The relation between 
absorption coefficient and thickness is illustrated in Fig. 8(a), again the peak absorption coefficient 
value versus hole diameter is shown in Fig. 8(b). As can be found by the figures, the influence of 
thickness to the absorption coefficient is similar to that of separation distance in some extent, the 
decreasing resonance frequency shifts toward that of HR with normal rigid neck with increasing 
thickness. As above, the real part and imaginary part of the relative acoustic impedance 𝑍௥ are 
shown in Fig. 8(c). It can be observed that the influence of thickness to the relative acoustic 
impedance 𝑍௥ is also similar to that of separation distance. 

4. Conclusions 

In order to enhance sound absorption of Helmholtz resonance metamaterials in low frequency 
region with simple structure and engineering practicability, according to the well-established 
acoustic absorption theory of microperforated panel, a novel designed Helmholtz resonance 
metamaterial with extended microperforated neck is proposed, and a theoretical modelling method 
is developed by using TMM which is validated by finite element simulation. Some meaningful 
conclusions can be drawn as follow: 

1) Both theoretical calculation and finite element simulation results show that sound absorption 
performance of proposed Helmholtz resonance metamaterial can be improved significantly 
compared to that of HR with normal neck, and the resonant absorption coefficient is close to 1. 
Meanwhile, resonant frequency is shifted a little higher for EMNHR. 

2) Significantly higher energy dissipation density can be observed in the neck domain of 
EMNHR than that of HR with normal neck, which means better sound absorption performance. 
The mechanism of sound absorption enhancement by EMNHR lies in the fact the microperforated 
neck with properly tuned geometric parameters can efficiently provide additional acoustic 
resistance to satisfy the critical coupling condition. 

3) The influence of geometric parameters of microperforated neck is also investigated in detail. 
According to the well-established acoustic absorption theory of micro-perforated panel, the 
microperforated neck can be designed by an optimization method in which the absorption 
coefficient is maximized to exhibit nearly perfect absorption at the operating frequency of 
EMNHR. 

4) Compared to other methods, the advantages of proposed EMNHR lie in simple geometrical 
structure as normal HR and complete freedom from addition of other dissipative materials. Based 
on the fine-tuned ability of acoustic absorption properties and multiple batch manufacturing 
approaches (including mechanical stamping, laser drilling, electrochemical etching, MEMS-based 
processing, and additive manufacturing techniques, et al.) of MPP, the proposed EMNHR can be 
designed and manufactured easily in engineering applications, thus providing a perfect solution 
for low-frequency noise control with Helmholtz resonance metamaterials. 
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