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Abstract: In recent years, metamaterial-structures and Microperforated panel (MPP) absorbers have been 

proposed as a valid alternative to porous materials for sound absorption in the low frequency range. However, 

high and broadband absorption cannot be achieved in the low frequency range as required in some engineering 

applications where large thicknesses of the absorbers are unsuitable. In this work, a deep subwavelength hybrid 

parallel-arranged MPP and Archimedean-inspired spiral (AIS) absorber is proposed to obtain broadband sound 

absorption at low frequency (i.e. 400-2000 Hz). The absorption properties are investigated using an equivalent 

electro-acoustic model and a parametric analysis is performed to optimise the geometric parameters of the 

device for the desired frequency range. Two parallel arranged MPPs and AIS structures were designed to 

achieve sound absorption in frequency ranges between 550-1650 Hz and 380-1250 Hz, with a total thickness 

less than 1/28 wavelength (24.3 mm). In addition, a parallel arrangement of an AIS and a double layered MPP 

were also considered to achieve absorption in a wider frequency range (i.e. 480-2800 Hz). The prototypes were 

then fabricated and tested with an impedance tube to evaluate the normal absorption coefficient via the Transfer 

Function method (TFM). Experimental results show a good correlation with the analytical models, with a 

absorption coefficient above 60% over the respective frequency ranges. Moreover, absorption peaks occur at 

the resonance frequencies and higher harmonics of the structures, with measured values above 95%. The low 

frequency broadband absorption shown by the proposed subwavelength hybrid structures makes the device 

suitable for many acoustic engineering applications. 
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1. Introduction 

In the last decades, researchers have been focused on the development of sound absorbing methods for noise 

control and cancellation in engineering applications. Conventional materials used for acoustic applications, 

such as synthetic and porous absorbers1,2 typically lack absorption properties at low frequencies, since sound 

attenuation can be expressed as a quadratic function of the frequency. In order to overcome these restraints, 

both coherent absorbers and vibrating membrane acoustic metamaterials have been proposed to achieve 

absorption in the low-frequency range 3-5. However, the absorption properties of these membrane-type systems 

are limited to a narrow frequency range around the resonance frequencies. Membrane-type metamaterials have 

been proposed over the year to achieve absorption at low frequencies 6. These structures exhibit nearly total 

absorption at resonance frequencies due to flapping motion of asymmetric rigid platelets added to the 

membranes. However, since the lower frequency limit is imposed by the thickness of the absorbing materials, 

they become unfeasible in building and constructions applications, where thicknesses, space and weight are 

highly restrictive. Microperforated panels (MPP) have been proposed as robust fibre-free sound absorbing 

materials for several applications7,8. The basic construction of an MPP system consists of a thin pierced panel 

placed in front of rigid back wall with an air cavity between them. Consequently, the acoustic performance of 

MPP structures is determined by the perforation properties (i.e. hole diameter and perforation ratio), the panel 

thickness and the length of the back cavity. However, MPPs rely on perforation of a few centimetres 9, which 

results in poorly inherent acoustic resistance and unacceptable absorption in the lower frequency range. 

Successively, sound absorbing materials have been introduced in the back cavity of an MPP absorber to 

improve absorption performance at lower frequencies 10. In particular, a theoretical approach was established 

to predict sound absorption properties of such a composite structure of sound-absorbing material and MPP. 

However, introduction of the absorbing materials increases the thickness of the structure, and pollution-free 

cannot be guaranteed. Maa et al 11-13 further proposed the concept of sub-millimetre perforated panel, which 

provides sufficient acoustic resistance for high absorption performance and replace fibre materials in 

circumstances requiring fireproof and restricted environmental conditions, such as acoustic windows systems 

14, environmental noise cancelling 15 and duct silencing 16. In accordance with Maa’s theory, the absorption 

performances of the MPP can be predicted with a maximum error of 6%. Although MPPs have large bandwidth 

absorption, the absorption properties of these developed structures are strongly dependent on the geometrical 



parameters of the system, where low frequency broadband absorption is only achieved with high and unsuitable 

thicknesses. A combination of MPPs with elastic membranes or honeycomb structures have been successively 

proposed to obtain broader absorption performance by coupling multiple resonance modes 17-20. However, 

additional costs associated with the installation of the honeycomb structure between MPP and rigid back wall 

play a challenging role in real applications. Parallel-arranged multiple MPPs with different back cavities have 

been numerically developed furtherly to increase the absorption bandwidth 21. In this case, the arrangement 

sequence of three MPP absorber with a total thickness of 98 mm influences the absorption levels between the 

adjacent resonant peaks. Moreover, a combination of parallel-arranged MPPs with different thicknesses and 

back cavities and have been developed to broaden the absorption frequency range,  compared with single MPP 

system 22. The presented prototype can achieve normal incident sound absorption higher than 50% over the 

frequencies from 370 Hz and 2520 Hz. However, the low-absorption level achieved becomes unsuitable for 

engineering employment. Successively, a multi-layered MPP prototype has been proposed to achieve 

broadband absorption over 85% in the frequency range between 400 to 2000 Hz by positioning six plastic 

perforated panels in series 23. However, the total thickness of the system (i.e. 132 mm) still represents a 

challenging problem. The acoustic system for sound absorption proposed in this work addresses both 

broadening and thickness limitations. The designed structure consists of a parallel arrangement of an 

Archimedean spiral cavity coiled in plane and perpendicular to the incident wave with monolayered and multi-

layered MPP absorbers. We firstly solved the problem of wave propagation in air to derive the acoustic 

impedance inside a cavity. An analytical model was developed to demonstrate how the acoustic impedance 

(i.e. the absorption performance) is mainly related to resonance phenomena of the structure. An optimisation 

process was also performed to relate the geometrical parameters to the acoustic impedance of the system. The 

optimised prototypes were then designed and fabricated via Stereolithographic 3D printing techniques 24,25, in 

order to experimentally validate the absorption performance of the hybrid structure. The optimised structure 

guarantees a broadband absorption above 60% in the low frequency range (i.e. 480-2500 Hz), and high 

absorption over 95% at the resonant frequencies of the sub-systems with a total thickness of 28.4 mm (i.e. 1/28 

wavelength), which results much thinner compared with the structures proposed in the previous works.  

 

 



2. Theoretical Analysis 

2.1. Visco-thermal acoustic theory 

Sound propagation in air is associated with small particle displacement velocities, which can be described by 

second order linear partial differential equations. Assuming propagation of an oscillation in terms of potential 

wave equation can be written as follows 26,27: 

  
𝛁𝟐𝛟 = 𝛒

𝛛𝟐𝛟

𝛛𝐭𝟐
 (2.1) 

Where 𝛒 is the density of air. For a compressible lossless fluid and small displacement, a potential solution of 

Eq. (2.1) is given by: 

 
𝛟(𝐱, 𝐭) =

𝐀

𝛒𝛚𝟐
𝐞𝐣𝛚𝝉 (2.2) 

Where ω is the angular frequency, τ = (t − x√ρ K⁄ ), K is the bulk modulus of the fluid and A is the amplitude 

of the propagating sound pressure p = Aexp(jτω). As a result, assuming unidirectional propagation of the 

sound pressure (i.e. ry = rz = 0, rx ≠ 0), the displacement vector r can be expressed as: 

 𝐫(𝐱, 𝐭) =
−𝐣𝐤𝐀

𝛒𝛚𝟐
𝐞𝐣𝛚

(𝐭−
𝐱
𝐜
)
 (2.3) 

with k = (ω2ρK 
−1)1 2⁄  being the propagation constant. In the same way, only the x-component of the velocity 

vector v does not vanish: 

 𝐯𝐱(𝐱, 𝐭) =
𝐤𝐀

𝛒𝛚
𝐞𝐣𝛚

(𝐭−
𝐱
𝐜
)
 (2.4) 

Eq. (2.3) and Eq. (2.4) can be used to refer to a harmonic plane wave propagating in x-direction. With these 

regards, pressure and velocities are related by: 

 𝐯𝐱(𝐱, 𝐭) =
𝟏

𝐙𝐚𝐜
𝐩(𝐱, 𝐭)  (2.5) 

Where the quantity Zac represents the characteristic impedance of the fluid at the opening of the tube. Assuming 

plane wave propagating inside a cavity, with length Lt, radius rsp and porosity φ of the system which represents 

the ratio between the section of the cavity At and that of the external environment A0, the absorption 

characteristic of the system depends on the acoustic impedance of cavity and that of the air. Acoustic 

impedance at the opening of the cavity with rigid back wall can be expressed as26: 

 𝐙𝐬𝐩 = −
𝐙𝐚𝐜

𝛗⁄ 𝐜𝐨𝐭𝐠(𝐤𝐞𝐟𝐟𝐋𝐭)
     (2.6) 



Where keff = (ω
2ρeffKeff

−1)
1 2⁄

 is the effective propagation constant, Zac = (ρeffKeff)
1 2⁄  is the characteristic 

impedance of the system, ρeff and Keff are the effective density and bulk modulus of the air inside the cavity, 

respectively, and descend from the visco-thermal acoustic theory, as follows 28-30: 

 𝛒𝐞𝐟𝐟 =
𝛒𝟎
𝐇(𝛙)

     (2.7) 

 
Keff = −

(γP0)

((γ − (γ − 1)H(χ/γ) )   
 (2.8) 

Where γ,  P0  and ρ0 correspond to the specific heat ratio, the air pressure and density, respectively, ψ = μ ρ0⁄  

is the kinematic viscosity, χ = −ka ρ0Cv  ⁄ is the thermal diffusivity, with CV, μ and ka denoting the specific 

heat at a constant volume, air viscosity and thermal conductivity, respectively.  The function H(x) of an 

arbitrary variable x is given by: 

 

𝐇(𝐱) = 𝟏 − 𝟒 (−
𝐣𝛚

𝐱
   )

−
𝟏
𝟐
𝐉𝟏

(

 
 𝟐𝐫𝐬𝐩 (−

𝐣𝛚
𝐱
   )

𝟏
𝟐

𝟐

)

 
 

𝐉𝟎

(

 
 𝟐𝐫𝐬𝐩 (−

𝐣𝛚
𝐱
   )

𝟏
𝟐

𝟐

)

 
 

⁄ (𝟐𝐫𝐬𝐩)
−𝟏

 (2.9) 

Where J0 and J1 are the Bessel functions of zeroth and first kind.  

 

2.2. Theory of Microperforated Panel 

The MPP consists of a parallel distribution of short cavities with a certain length and separated by a 

subwavelength distance higher than their diameters. Sound propagation in a hollow duct can be described by 

considering the equation of aerial motion with the assumption of short tube compared with the incident 

wavelength 31: 

 
𝛒𝟎�̇� −

𝛈

𝐫𝐢

𝛛

𝛛𝐫𝐢
(𝐫𝐢
𝛛𝐮

𝛛𝐫𝐢
) −

∆𝐩

𝐭𝐜
  (2.10) 

Where η is the air viscosity coefficient,  r𝑖 represents the radial component of the cylindrical system used to 

describe the cavity, u is the particle velocity, ∆p is the pressure difference applied to back of the cavity, tc  is 

the length of the cavities and the panel thickness. Eq.(2.10) can be solved for the particle velocity u, in terms 

of average particle velocity over the cross section of the tube. Therefore, the specific acoustic impedance for 

a single tube is given by the ratio between the applied pressure difference and the average velocity 32: 



 

𝐙𝐢 =
∆𝐩

�̅�
= 𝐣𝛚𝐭𝐜 [𝟏 −

𝟐

𝛅(−𝐣)
𝟏
𝟐

 
𝐉𝟏𝛅(−𝐣)

𝟏
𝟐

𝐉𝟎𝛅(−𝐣)
𝟏
𝟐

]

−𝟏

 (2.11) 

Where δ = r0√ωρ0/η represents the ratio between the inner radius r0 and the viscous boundary layer 

thickness inside the tubes, and ranges between 1 and 10 for MPPs12. An approximate formula of the opening 

acoustic impedance of the tube for all δ values is given by 13: 

 

𝐙𝐢 ≅ −
𝟑𝟐𝛈𝐭𝐜

𝟒𝐫𝟎
𝟐
√𝟏 +

𝛅

𝟑𝟐
 + 𝐣𝛚𝛒𝟎𝐭𝐜 (𝟏 + 

𝟏

√𝟗 + 𝟎. 𝟓𝛅𝟐
)  (2.12) 

Assuming that the holes spacing is larger than the hole diameter, Eq. (2.12) can be extended to the holes of the 

MPP. Consequently, acoustic impedance of the MPP Zp will be that of single tube Zi system divided by the 

perforation ratio 𝛔, which represents the ratio between the perforated area and the total area of the panel. 

 
𝐙𝐏 = (

𝐙𝐢
𝛔𝛒𝟎𝐜

)
−𝟏

= (
𝟏

𝐑𝐢 − 𝐣𝛚𝐗𝐢
)
−𝟏

 (2.13) 

 

Ri = −
32ηtc
𝛔ρ0cd

2
√1 +

δ2

32
 +
√2

8
δ
d

tc
  

(2.14) 

 
Xi = −

tc
𝛔c
(1 +

1

√9 + 0.5δ2
+ 0.85

d

tc
) 

(2.15) 

With d = 2r0 being the diameter of the tube. The acoustic impedance is a complex quantity, where the real part 

(i.e. acoustic resistance) refers to the energy radiation and the viscous losses of the wave propagating within 

the perforation, whereas the imaginary part represents the mass of the air moving inside the perforation. 

Furthermore, the MPP system is composed of a single MPP, and a back cavity between the panel and a rigid 

back wall. With these regards, the acoustic impedance of the air mass in the back cavity can be estimated as 

follows26: 

 𝐙𝐃 = 𝐣𝐜𝛒𝟎 𝐜𝐨𝐭𝐠(𝐃𝐤)   (2.16) 

Where D is length of the back-cavity and k = ω/c.  

 

2.3. Acoustic impedance of MPP and series arrangement of MPPs  

With the equivalent circuit analogy, the global impedance of the system represents the series between the 

acoustic impedance of the MPP and that of the back-cavity (Fig 1), and is given by: 

 𝐙𝐌𝐏𝐏 = 𝐙𝑷 + 𝐙𝐃 (2.17) 



In the same way, a double-layer MPP systems can be also proposed. In this context, the equivalent system 

consists of two series-arranged MPP panels with different geometrical properties disposed one by one. Eq. 

(2.13), Eq. (2.14) and Eq. (2.15) can be still applied to evaluate the acoustic impedance of each MP, ZP1 and 

ZP2. By referring to the equivalent electro-acoustic circuit shown in Fig. 2, the total acoustic impedance is 

given by: 

 
𝐙𝐭𝐨𝐭 = (

𝟏

𝐙𝐃𝟐 + 𝐙𝐩𝟐
+
𝟏

𝐙𝐃𝟏
)

−𝟏

+ 𝐙𝐩𝟏  (2.18) 

The absorption coefficient α is a function of the acoustic impedance of the system, and is given by: 

 
𝛂 =

𝟒𝐑𝐞(𝐙𝐭𝐨𝐭)

[𝟏 + 𝐑𝐞(𝐙𝐭𝐨𝐭)]
𝟐 + 𝐈𝐦(𝐙𝐭𝐨𝐭)

𝟐
  (2.19) 

 

 

Fig. 1 –a) Microperforated Panel; b) Electro-Acoustical equivalent circuit of an MPP system. 



 

Fig. 2 – a) Double-layer MPP; b) Electro-Acoustical equivalent circuit of  double-layer MPP system. 

 

2.4. Acoustic impedance of parallel-arranged MPP and Archimedean-inspired spiral 

The parallel-arranged MPP and Archimedean-spiral with the equivalent electro-acoustic circuit model is 

shown in Fig. 3. According to this, the total acoustic impedance of the system can be evaluated as follows: 

 
𝐙𝐭𝐨𝐭 = (

𝟏

𝐙𝒑 + 𝐙𝑫
+

𝟏

𝐙𝒔𝒑 + 𝒁𝒄𝟎
)

−𝟏

 (2.20) 

In case of multiple MPPs, the total acoustic impedance can be estimated in accordance with Fig. 4, as: 

 
𝐙𝐭𝐨𝐭 = (

𝟏

𝐙𝐬𝐩 + 𝐙𝐜𝟎
+
𝟏

𝐙𝐝𝟏
+

𝟏

𝐙𝐃𝟐 + 𝐙𝐩𝟐
+ 𝐙𝐩𝟏)

−𝟏

 (2.21) 

 

Fig. 3 - a) Parallel-arranged of an MPP and Archimedean-inspired cavity; b) Electro-Acoustical equivalent circuit parallel-arranged of an MPP and 

Archimedean-inspired cavity 



 

Fig. 4 - a) Parallel-arranged of double-layer MPP and Archimedean-inspired cavity; b) Electro-Acoustical equivalent circuit parallel-arranged of double-

layer MPP and Archimedean-inspired cavity 

 

3. Optimisation model 

An optimisation process was preliminarily performed to model acoustic properties of the structurers, in order 

to design an optimised structure for broadband and high absorption in the desired frequency range. In the next 

paragraphs, an analytical algorithm was modelled for both MPP and AIS to study the effect of the geometrical 

properties on the absorption performance of the system and evaluate the optimal parameters for acoustic 

absorption. 

3.1. Archimedean-inspired spirals 

Based on Eq. (2.6), the absorption coefficient for a single cavity can be evaluated by Eq. (3.1)28: 

 
𝛂  = 𝟏 − |

(𝐙𝐬𝐩 − 𝐙𝐜𝟎)

(𝐙𝒔𝒑 + 𝐙𝐜𝟎)
|

𝟐

 (3.1) 

Where the terms in absolute value is the reflection coefficient of the system. Based on Eq. (3.1), the absorption 

coefficient is mainly related to the acoustic impedance of the system, which is dependent on the radius rsp and 

length of the cavity Lt. With this regard, the optimisation process is performed by evaluating the optimum 

radius and length based on such the value of the acoustic impedance of the system Zsp that leads to full 

absorption (i.e. α  = 1). The optimisation is controlled by firstly studying the term cotg(kLt)
 in Eq. (2.6) which 

refers to the quarter wavelength and the criterion to obtain full absorption (i.e. α = 1).In this scenario,using 

Eq. (2.6), Eq. (3.1) can be rewritten as: 

 
(
𝐙𝐚𝐜
𝐙𝐜𝟎
) [− 𝐣𝐜𝐨𝐭𝐠(𝐤𝐋𝒕) 𝛗⁄ ] =

𝐙𝒔𝒑

𝐙𝐜𝟎
 (3.2) 



In accordance with Eqs. (3.1)-(3.2), full absorption can be achieved by matching the input impedance of the 

cavity matched that of the air (Zsp = Zc0). Additional multiple resonance frequencies of systems arise, which 

can be evaluated as follows: 

 𝐙𝐜𝟎 − 𝐙𝒂𝒄(−𝐣 𝐜𝐨𝐭𝐠 𝐤𝐋𝒕/𝛗) = 𝟎 (3.3) 

According with Eq. (3.3), full absorption occurs at the odd harmonics of the full absorbed frequency, which 

represents the solution solutions of Eq (3.3) (i.e. k = ω/c). Optimisation process of the main parameters of the 

cavities was performed according with full absorption condition in Eq. (3.2) (i.e. Zsp=Zc0). 

 

Fig. 5 a) Electro-Acoustical equivalent circuit of a cavity.; b) Wave propagation inside finite cavity. 

The optimal radius of the cavity rsp can be estimated by studying its relationship with the porosity of the system 

φ. According with Eq. (3.2) and Eq. (3.3), the value of porosity φfull  to obtain full absorption at a certain 

frequency f0 was evaluated as follows: 

 𝛗𝐟𝐮𝐥𝐥 =
𝐙𝐬𝐩

𝐙𝐜𝟎
(−𝐣 𝐜𝐨𝐭𝐠 𝐤𝐋𝐭)  (3.4) 

Where Lt was preliminarily put equal to the quarter wavelength of the absorbing frequency f0 (i.e. Lt = c/f0 ) 

and Zsp was evaluated via parametric analysis, as a function of the radius. Consequently, the optimal radius ropt 

is evaluated as follows:  

 𝐫𝐨𝐩𝐭 = √𝛗𝐑𝟎 (3.5) 

Furthermore, the optimal length of the cavity Lopt was calculated based on Eqs (3.3) – (3.5) as follows: 

 
𝐋𝐨𝐩𝐭 =

𝟏

𝒌
𝐜𝐨𝐭−𝟏 (

𝐙𝐜𝟎
𝐙𝐬𝐩

𝛗𝐟𝐮𝐥𝐥) (3.6) 



Archimedean-inspired spiral (AIS) principle was used to design the structure, in order to minimise its 

thickness. In these spirals, the distance between adjacent coils, measured radially out from the centre, is 

constant.  

 

Fig. 6 - Cylindrical reference system; b) Archimedes-inspired spiral 

Based on notation shown in Fig. 6, the equations in cylindrical coordinates of a spiral with initial radius r0, 

final radius rf and angle θ can  be described by 33: 

 

{

𝐫 = 𝐚𝐢 + 𝐛𝛉                                      

𝐱 = 𝐫 𝐜𝐨𝐬(𝛉) = (𝐚𝐢 + 𝐛𝛉)𝐜𝐨𝐬(𝛉)

𝐲 = 𝐫 𝐬𝐢𝐧(𝛉) = (𝐚𝐢 + 𝐛𝛉)𝐬𝐢𝐧 (𝛉)
 (3.7) 

Where the parameter b = (af - ai)/2πn represents the growth ratio of the spiral, and n is the number of the turns 

of the spirals. Consequently, the length of the spiral can be estimated as follows: 

 
𝐋𝒕 = ∫ √𝐫𝟐 + (𝐝𝐫 𝐝𝛉⁄ )𝟐𝐝𝛉

𝐛

𝐚𝐢

 (3.8) 

3.2. MPP Optimisation 

As discussed previously, absorption performance of an MPP is strictly related to the geometrical parameters 

of the perforated panel. In order to evaluate the main parameters of the panel and maximise the sound 

absorption over a defined frequency range, an analytical model involving parametrical analyses of the 

geometrical factors (i.e. back cavity D, perforation ratio p, hole diameter d and thickness tc) was developed,. 

Numerical integration of the absorption coefficient was applied via the trapezoidal method in order to discretise 

the nonlinear function α in such a way that parametric analysis of the absorption can be performed 34.  In this 

context, the approximation of the function α(ω) for an integration with n+1 points can be evaluated as follows35: 

∫α(ω) dω

b

a

=
b − a

2n
∑[α(ωi) + α(ωi+1)] 

n

i=1

=
b − a

2n
[α(ω1) + 2α(ω2) + ⋯+ 2α(ωn) + α(ωn+1) ]                 (3.9) 



Where a and b represent the lower and upper limit of the interval, respectively. The discretised function was 

evaluated in the desired frequency interval for each combination of cavity depth D, hole diameter d, panel 

thickness tc and perforation ratio p, to evaluate the values which maximise the function α in Eq. (2.21) over 

the desired frequency interval. 

 

3.3. Optimisation results 

Based on the optimisation analysis, three structures with different configurations and absorption frequencies 

were analytically studied, which are composed of two parallel-arranged MPP and Archimedean-inspired spiral 

with different frequency ranges (S1 and S2), and a parallel-arranged double-layer MPP and spiral (S3) . The 

optimal geometrical parameters evaluated for each structure are summarised in Table 1.    

 

Table 1 - Optimal parameters for structure 1,2 and 3. 

 S1  S2  S3   

  MPP (2200 Hz)  MPP (650 Hz)  MPP1(950 Hz) MPP2 (2300 Hz) 

   Depth D [mm]  10.5  16  10 13 

Hole Diameter d [mm]  0.5  1.2  1 0.5 

Perforation ratio p [%]    3.8  14.2  2.76 0.9 

Panel thickness t [mm]  1.7  0.5  1 1 

------------------------------  AIS (550 Hz)  AIS (400 Hz)  AIS (550 Hz)  

Length Lt [mm]  122  208  122  

Radius rsp [mm]  3.48  4.14  3.48  

------------------------------        

Total Thickness [mm]  18  24.2  28.4  

 

4. Analytical Results 

α coefficients were evaluated according with Eq (2.19), for each structure described in table 1. In addition, the 

acoustic resistance and reactance of each configuration were studied to increase knowledge of the physical 

mechanisms involved in the absorption properties of the structures. Fig.  8 shows the α-coefficient of S1, where 

absorption peaks occur at the design frequency of the AIS (i.e. 550 Hz) and its 3rd and 5th harmonics (i.e. 1650 

Hz and 2750 Hz), as well as at the resonance frequency of the MPP at 2200 Hz. The absorption profile is given 

by the superposition of each sub-system contribution included in the parallel arrangement. 



 

Fig. 7 - Predicted absorption coefficient for S1. 

The absorption coefficient of S1 as well as that of its sub-systems are shown in Fig. 7. The real and imaginary 

parts of the acoustic impedance are shown in Fig. 8. Absorption peaks occur at the odd multiples of the 

resonance of the AIS, which also corresponds to the minima of the acoustic resistance (Fig. 8a). Moreover, 

minima in acoustic reactance of the system (Fig. 8b) occur at the even multiples of the resonant frequencies of 

the spiral (i.e. 1100 Hz, 2200 Hz and 3300 Hz), which correspond to frequency value making the term cotg(kLt) 

infinite in Eq.(3.3). Acoustic resistance peaks also occurred at these frequencies. As a result, the impedance of 

the system is fully active, i.e. fully-constructive interference arises at that frequencies between the incident and 

reflected waves. In the parallel arrangement, acoustic resistance peaks are slightly right-shifted on account of  

the increasing trend of the resistance of the MPP added to the system. 



 

Fig. 8 - Acoustic impedance for S1. a) Acoustic resistance; b) Acoustic reactance. 

Absorption coefficient for S2 is shown in Fig. 9. Absorption peaks occur at the resonant frequency of the MPP 

(i.e. 650 Hz) and at the multiple resonance of the AIS at 400 Hz, 1200 Hz and 2000 Hz. Fig. 11a shows acoustic 

resistance peaks at the anti-resonant frequencies of the structure, while inflection points of the imaginary part 

of the acoustic impedance (Fig. 10b) occur in correspondence of all the resonant and anti-resonant frequencies. 

Fig. 11 shows the absorption coefficient of S3. In this case, resonant frequencies of MPP1 and MPP2 are set 

between the absorption frequency f0 and 3rd harmonic of the spiral (i.e. 550 and 1650 Hz), and the 3rd and 5th 

harmonics (i.e. 1650 and 2750 Hz), respectively. Acoustic resistance and acoustic reactance for structure 3 are 

reported in Fig. 12.  



 

Fig. 9 - Predicted absorption coefficient for S2. 

 

Fig. 10 - Acoustic impedance for S2. a) Acoustic resistance; b) Acoustic reactance. 



 

Fig. 11 - Predicted absorption coefficient for S3. 

 

Fig. 12 - Acoustic impedance for S3. a) Acoustic resistance; b) Acoustic reactance. 

 

5. Experimental Setup 

Experimental investigations were conducted to validate the analytical models of the proposed hybrid 

structures. Absorption coefficient evaluation for normal plane waves were performed by means of a standard 

two-microphone impedance tube system. As shown in Fig. 13, the structures were placed at one end of the 

tube, with a broadband loudspeaker positioned at the other end. Two microphones were housed upstream from 



the sample and spaced 330 mm (smic) to measure and decompose the pressure field in its incident and reflected 

contributions. The test rig was developed to achieve plane standing wave propagation inside the tube. The 

latter consisted of an aluminium tube with a thickness of 15 mm and internal diameter of 50.8 mm.  The 

operating frequency range depends on the design of the tube. The upper frequency limit fu depends on the 

diameter of the tube dt, as follows: 

 
𝐟𝐮 <

𝟎. 𝟓𝟖𝟔 𝐜 
𝐝𝐭

 (5.1) 

The lower frequency limit fl is related to the distance between the two microphones smic, which may exceed 

one percent of wavelength concerning the lower frequency limit, and is given by: 

 𝐟𝒍 >
𝐜 

𝟏𝟎𝟎 𝐬𝐦𝐢𝐜
 (5.2) 

Additionally, in order to sense propagating plane wave, microphone spacing may not exceed 80% of the half 

wavelength of the lower frequency limit fl. 

 𝐬𝐦𝐢𝐜 >
𝐜 

𝟐. 𝟓 𝐟𝐮
 (5.3) 

The normal absorption was evaluated in accordance with the Transfer Function Methods 36. In this context, 

complex reflection coefficient in Eq. (3.1) was estimated as follows: 

 
𝐑 = 𝐑𝐫 + 𝐣𝐗𝐫 =

𝐇 − 𝐞−𝐣𝐤𝐬𝐦𝐢𝐜

𝐞 
𝐣𝐤𝐬𝐦𝐢𝐜 − 𝐇

𝐞𝟐𝐣𝐤(𝐥+𝐬𝐦𝐢𝐜) (5.3) 

With H being the transfer function calculated from the complex ratio of the Fourier Transform of the sound 

pressures at the microphones, l the distance between the sample and the closer microphone. The three 

prototypes were then designed (Fig. 14) and fabricated by Stereolithography 3D printing technology37. 

 

Fig. 13 - Impedance tube, Experimental Set-Up. 



  

Fig. 14 – Designed MPP-AIS Hybrid Structures S1, S2 and S3. 

 

 

 

6. Result and Discussion 

Fig. 15 reports α for S1 (i.e. parallel arrangement of AIS at 550 Hz with MPP at 2200 Hz) measured according 

with Eq. (3.1), where absorption peaks occurred at the multiple resonances of the spiral and that of the 

perforated panel at 2200 Hz. Results show good correlation of the first peak at 540 Hz, while the other 

harmonics at 1650 and 2750 Hz are shifted to the left by 70 and 140 Hz, respectively. These effects are probably 

due to some additional viscous effects and mutual interferences between the two subsystems.  



 

Fig. 15 - Absorption coefficient for S1 (MPP 2200 Hz, AIS 550 Hz) 

 

Experimental results related to S2 (parallel arrangement of AIS at 400 with MPP at 650 Hz) and S3 (parallel 

arrangement of AIS at 550 Hz with series arrangement of MPP1 at 950 Hz and MPP2 at 2300 Hz) are shown 

in Figs. 16-17, respectively. In both cases, experimental results show a strong agreement with the analytical 

model. However, the resonances predicted by the analytical model result strongly damped compared with the 

measured ones.  Such effect could be related to viscous losses arising with the mutual sub-system (Spiral and 

MPP) interaction which was not considered in the proposed analytical model. Therefore, the measured 

absorption profile shows wider absorption around the resonance. 

 



 

Fig. 16 – Absorption coefficient for S2 (MPP 650 Hz, AIS 400 Hz) 

 

Fig. 17 – Absorption coefficient for S3 (MPP1 950 Hz, MPP2 2300 Hz and AIS 550 Hz) 

 



7. Conclusion 

In this paper, a hybrid structure consisting of a parallel-arrangement of MPP system and Archimedean-inspired 

spiral is proposed for application as an efficient sound absorber. An analytical algorithm was developed to 

model acoustic properties of the prototype and optimise the geometrical parameters of the structures for 

acoustic absorption. Three optimised structures were modelled with different configurations and frequency 

ranges, in accordance with the resonance frequencies of the MPPs and multiple resonances occurring in deep-

subwavelength spiral cavity. Two parallel arrangement of MPP and AIS were designed to perform sound 

absorption in frequency ranges between 1550-2650 Hz and 380-1250 Hz. A parallel arrangement including an 

AIS and a double-layered MPP system were also designed, in order to achieve broadband absorption over 

60%. Experimental results show a good correlation with the predicted model, with absorption peaks of the 

resonance frequencies and harmonics of the sub-systems over 90%, as well as broadband absorption along the 

designed frequency range for all the prototypes being proposed. Sound manipulation mechanisms achieved by 

the proposed hybrid MPP/AIS structures may provide a deep-subwavelength (i.e. total thickness is up to 37 

times smaller than the wavelength) and insights into efficient sound absorbing design for sound filtering and 

noise control in real applications. 
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