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Abstract This paper presents two solutions employing locally resonant metamaterial to level the mass-air-
mass resonance impact on the sound insulation. The first operates on the cantilever beam resonance, and 
the second uses masses vibrating in flexural mode cut out from the additional panel. Both structures are 
mounted between two lightweight, honeycomb cardboard panels with a double-wall resonance of 420 Hz. 
Solutions were analysed numerically for their vibration and acoustic properties and measured in the 
reverberation chamber, resulting in information about the dispersion curve, effective dynamic mass, and 
sound insulation. The analytical results of Sound Transmission Loss (STL) and the experimental 
measurements of diffused-field Sound Reduction Index (SRI) proved the existence of sound-insulation 
enhancement. The local rise in SRI resulted in an increase of broadband Weighted SRI up to 5 dB.  
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1. Introduction   

The application of Acoustic Metamaterials (AMMs) holds immense potential for enhancing the sound 
insulation performance of partitions. These artificially engineered materials offer unique properties 
allowing precise control over sound wave propagation. Conventional sound insulation methods rely on 
mass and damping properties to reduce sound transmission. However, acoustic metamaterials introduce 
a novel approach by exploiting the concept of negative density or negative bulk modulus, enabling the 
control of wave propagation at subwavelength scales for specific frequency ranges. This unique 
characteristic allows for the design of compact and lightweight materials. Various metamaterials types have 
been employed to achieve improved sound transmission control, including negative bulk modulus 
metamaterials with periodically arranged Helmholtz resonators [1], and negative density metamaterials 
with local resonances, such as plate-type metamaterials with periodically arranged masses attached to 
a plate [2–5] or membrane-type metamaterials with masses embedded in the elastic layer [6, 7]. 

The particular metamaterial application is tuning its frequency range to match the drop in existing 
transmission loss, for example, the mass-air-mass resonance of the double wall. The reduced mass of 
lightweight partitions leads to a higher mass-air-mass resonance frequency, resulting in lower sound 
insulation performance compared to heavier constructions. To address this issue, the metamaterial 
inclusions could be incorporated into the double-wall system enhancing the transmission loss within the 
given resonance frequency range and consequently counteract it with simultaneous maintenance of the 
whole structure's low weight [1, 2]. 

In this article, we present two plate-type AMM designs specifically tailored to affect the resonant 
behaviour of double walls. These designs employ paper-based products: paperboard metamaterial 
resonators placed between the two honeycomb cardboard partition walls, which results in a sustainable 
and lightweight structure (Fig. 1). In order to evaluate the effectiveness of the suggested designs, we 
conduct numerical simulations using the ANSYS 2022 R1 Finite Element Analysis (FEA) software. The sound 
transmission loss and dispersion relation are analysed, providing the effectiveness of the metamaterial 
inclusions. Furthermore, experimental measurements of the Sound Reduction Index (SRI) are performed 
using the intensity probe method in a reverberation chamber, validating the sound insulation capabilities 
of the proposed designs. 
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a) 

 
b) 

 
Figure 1.  The schemes of proposed metamaterial designs:  

a) type A with cantilever beams,  b) type B with masses cut in additional panel. 
Structures are mounted on one of the base walls. Every dimension is given in millimetres.  

The unit cell is marked with colour blue. 

The structure of this article is as follows. Section 2 presents the theoretical framework underlying the 
sound insulation of double walls with the addition of metamaterials. Section 3 outlines the materials and 
methods employed, including the numerical simulations and experimental procedures. Section 4 gives the 
achieved results and discusses their implications. Section 5 provides a conclusive summary of the findings 
and future research directions. 

2. Theory 

The sound insulation performance of double walls relies on the occurrence of mass-spring-mass resonance, 
which arises from the interaction between the mass of the partition walls and the compressibility of the air 
within the enclosed air cavity. The resonance frequency, denoted as 𝑓𝑓0, can be determined using the 
equation [8, 9]: 
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In this equation, 𝜌𝜌0 represents the air density, 𝑐𝑐0 is the speed of sound in air, 𝑚𝑚′𝑎𝑎 and 𝑚𝑚′𝑏𝑏 correspond to 
the surface masses of the two partition walls: a, b, and 𝑑𝑑 is the distance between the walls. It is important 
to note that in lightweight double walls, the reduced mass of the partitions results in a higher resonance 
frequency. This higher frequency range is often associated with reduced sound insulation capabilities since 
the transmission loss decline is shifted towards the audible band. 

The Sound Transmission Loss (STL) of a double wall, according to the Multiple refraction theory, is as 
follows [2, 8]: 
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where 𝜃𝜃 is the incident wave angle, 𝛼𝛼 is the reflection coefficient, 𝑘𝑘 is the wavenumber of air, and the 𝜏𝜏𝑎𝑎,𝑏𝑏 
are the transmission coefficients of panels 𝑎𝑎 and 𝑏𝑏 respectively: 
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where 𝑗𝑗 stands for the angular frequency; 𝑗𝑗 = 2π𝑓𝑓. The diffused-field transmission coefficient 𝜏𝜏̅ is then 
integrated over every wave incident angle, in this case from 0 to maximum angle 𝜃𝜃𝑙𝑙: 

𝜏𝜏̅ =
∫ 𝜏𝜏 cos𝜃𝜃 sin𝜃𝜃𝜃𝜃𝑙𝑙
0 𝑑𝑑𝜃𝜃

∫ cos𝜃𝜃 sin𝜃𝜃𝜃𝜃𝑙𝑙
0 𝑑𝑑𝜃𝜃

, (4)  

A single cell of metamaterial addition could be represented mechanically as a resonator with mass 𝑚𝑚2 and 
a damping ratio 𝜁𝜁2, which is connected to a plate with a mass 𝑚𝑚1 through spring with stiffness 𝑘𝑘2 (Fig. 2).  

 

Figure 2.  Schematic diagrams of single cell mass spring resonator. The diagram on the left represents the 
actual mass distribution and the diagram on the right portray the dynamic effective mass. 

The resonance frequency of such connection equals 𝑗𝑗2 = �𝑘𝑘2/𝑚𝑚2. By analysing the equations of motion 
of this system in response to excitation by force 𝐹𝐹(𝑗𝑗) applied to mass 𝑚𝑚1, it is possible to reduce it to an 
equivalent system with a single dynamic mass, denoted as 𝑚𝑚eff [2]: 

𝑚𝑚𝑏𝑏,eff = 𝑚𝑚1 + 𝑚𝑚2
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When the frequency 𝑗𝑗 is slightly above the resonance frequency 𝑗𝑗2, there is a range where the effective 
dynamic mass can become negative. This causes the structure to become a negative-density acoustic 
metamaterial. By incorporating the resulting equivalent mass, equation (3) can be modified to calculate the 
transmission loss of a metamaterial plate.  

Equation (5) requires parameters that are often difficult to predict accurately in real-world applications. 
The approach proposed by de Melo Filho et al. [2] focuses on incorporating the stop-band effect of 
metamaterials. The key aspect is calculating the dynamic mass of the metamaterial panel by relating the 
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stop band limits obtained from dispersion curves to the negative mass frequency region. Equation (5) has 
been modified to necessitate solely the knowledge of the combined mass of 𝑚𝑚1 and 𝑚𝑚2: 

𝑚𝑚𝑏𝑏,eff = (𝑚𝑚1 + 𝑚𝑚2) +
(𝑚𝑚1 + 𝑚𝑚2)
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(6)  

The damping ratio 𝜁𝜁2 is obtainable through direct measurement. 𝑗𝑗𝐿𝐿 represents the actual resonance 
frequency that emerges within the structure. Beyond this frequency, the effective mass 𝑚𝑚𝑏𝑏,eff becomes 
negative and continues in negativity up to the frequency 𝑗𝑗𝐻𝐻. The negative mass region coincides with the 
band gap region, allowing the acquisition of the angular frequencies 𝑗𝑗𝐿𝐿 and 𝑗𝑗𝐻𝐻 from the dispersion relation.  

2.1. Dispersion curves of acoustic metamaterial 

The dispersion curves reveal the relationship between wave frequency and wave vector, showcasing how 
the material alters the propagation properties of different wave modes. From the dispersion curves, one 
can gather information such as the presence and location of bandgaps, which indicate the frequency ranges 
where specific wave modes are prohibited or strongly suppressed within the metamaterial. The band gaps 
coincide with the frequency region of negative mass. The dispersion relation can be derived from the 
solution of the Bloch-Floquet theorem [10–12]: 

𝐮𝐮(𝑥𝑥) = 𝐮𝐮(𝑥𝑥0)𝑒𝑒𝑖𝑖𝐤𝐤(𝑥𝑥−𝑥𝑥0). (7)  

Here, 𝐮𝐮(𝑥𝑥) and 𝐮𝐮(𝑥𝑥0) represent the displacement vectors at respective locations 𝑥𝑥 and 𝑥𝑥0, and 𝐤𝐤 denotes the 
wave vector (Floquet wavenumber) over the Brillouin contour. This relation leads to an eigenvalue problem 
with predefined values of 𝐤𝐤, and the results can be obtained using FEA through modal analysis. The locations 
𝑥𝑥 and 𝑥𝑥0 are the boundaries of the indivisible unit cell. In a model with a lattice structure repeatable in two 
directions, the Brillouin Zone with all possible 𝐤𝐤 vectors are depicted in Figure 3a, using the example of type 
B metamaterial geometry. Consequently, for each k value in the x and y directions, ranging from point Γ 
through X, M, and back to Γ, an individual modal analysis is conducted. The resulting band structures for 
both metamaterial designs are depicted in Fig. 3b and 3c. The lower and upper limit of the band gap (marked 
with the colour grey) stands for the angular frequencies 𝑗𝑗𝐿𝐿 and 𝑗𝑗𝐻𝐻. 
 

                                                                 a) 

 
b) 

 

c) 

 
Figure 3.  a) First Brillouin zone scheme on the example of metamaterial type B,  

and dispersion curves of metamaterials: b) type A, c) type B. 
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3. Materials and methods 

The subsequent section presents a comprehensive depiction of the structures, containing their dimensions 
and mechanical properties. It also includes a detailed explanation of the numerical models employed and 
provides information on the conducted measurements of the sound reduction index. 

3.1. Materials 

The structure labelled as A in the metamaterial configuration comprises cantilever beams that are firmly 
attached at their midpoint to a base flat panel using holders. The metamaterial structure B includes an 
additional panel with resonators that have been cut into it, also mounted by holders to the base flat panel. 
In both cases, the entire plate exhibits periodicity in the XY plane and is excited by an incident plane wave 
propagating along the Z axis. Figure 1 highlights the individual unit cell, distinguished by a blue colour. The 
base panels are 𝑑𝑑=60 mm apart and have a thickness of 10 mm, while all other resonant components (such 
as beams, additional panel, and holders) have a thickness of 3 mm. Fig. 4 showcases photographs of the 
metamaterial structures.  
 

a) 

 

b) 

 
Figure 4. Photographs of metamaterial structures a) type A, b) type B. 

The materials employed in the simulations are orthotropic, where cardboard is used for the additional 
structures, and paper honeycomb is used for the base panel. Notably, due to the cardboard’s orthogonal 
nature, the measurements were conducted in both the machine direction (MD) and cross-machine 
direction (CD). The beams in metamaterial A are intentionally designed with different lengths to achieve 
a matching resonance frequency between the beams, and therefore, to simplify the mechanic 
representation to that of single degree of freedom, as presented on the Fig. 2. This is accomplished by 
considering the varying Young's modulus in the X and Y directions, ensuring that the projected resonance 
frequencies align closely. Table 1 provides a comprehensive overview of all the material parameters.  

Table 1. Mechanical parameters of metamaterials components type A and B. 

Element Quantity Symbol Direction Value 

Beams, additional panel, 
and holders 

Young Modulus 𝐸𝐸 
y (CD) & z  1.0 GPa 

x (MD) 2.0 GPa 
Damping ratio 𝜁𝜁2 every 0.069 
Volumetric density 𝜌𝜌 - 667 kg/m3 

Base panel 
Young Modulus 𝐸𝐸 Every 0.11 GPa 
Density 𝜌𝜌 - 76 g/m3 

 

3.2. Methods 

The numerical analysis was performed using ANSYS 2022 R1 software, employing the following: Modal 
Analysis to obtain the dispersion relation and Harmonic Acoustics to calculate the Transmission Loss. Both 
simulations were carried out on a single unit cell, considering periodic boundary conditions [10, 11, 13]. 

This paper utilizes two measurement methods: the vibration-damping properties of metamaterials 
components, and laboratory measurements of AMMs sound insulation. 

The vibration-damping properties were measured using the beam resonance method (based on the 
ASTM E-756 standard [14]) for dynamic Young's modulus 𝐸𝐸 and damping ratio 𝜁𝜁2. The method involved 
non-contact measurement of the frequency and quality factor of cantilever beam resonance. A Polytec PSV-
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400 laser vibrometer was used to capture the beam's vibration velocity, while a Brüel & Kjær MM002 
magnetic transducer with a chirp signal excited the beam.  

Laboratory measurements of sound insulation were performed in a reverberation chamber (based on 
the ISO standard 15186-1 [15] for the weighted modified intensity Sound Reduction Index (RI,M,W) in 1/3 
octave bands. The measurements involved clamping a sample with dimensions of 1162 mm x 865 mm in 
the opening of a reverberation transmitting chamber with non-parallel walls and a volume of 67 m3. The 
joint between the clamping frame and the sample was sealed with butyl and a layer of EPDM rubber. A 
Norsonic 276 reference sound source was used to create a diffuse sound field within the chamber, and the 
resulting average sound pressure level was measured at locations representative of the sound energy 
impacting the sample. The sound intensity probe, with Gras 40GK 1/2" microphones located 100 mm from 
the sample surface and a 50 mm probe microphone separator, captured the signal outside the chamber 
using a sweeping method. 

4. Results 

The results section presents the analytical evaluation of Sound Transmission Loss (STL) under two 
conditions: plane wave excitation and diffused field excitation. Additionally, the analytical results are 
specifically compared to the measured Sound Reduction Index (SRI) results obtained under the diffused 
field. This comparison provides valuable insights into the agreement between the analytical predictions and 
the experimental measurements. 

4.1.  Analytical results 

Figure 5 presents the analytical results of STL for two types of metamaterials, A and B, obtained with the 
equations (2)-(4), and (6). The upper row illustrates the results for plane wave excitation, while the bottom 
row showcases the STL in the diffused field. The STL of the metamaterials is compared to that of a double 
wall, specifically a simple double wall consisting of two honeycomb plates, and an equivalent mass double 
wall where one plate's mass is increased by the mass of resonant elements. 
 

a) 

 

b) 

 
c) 

 

d) 

 
Figure 5. Analytical results of Sound Transmission Loss of metamaterials (red line) compared  

to the double wall with equivalent mass (dark blue dotted line) and double wall  
without additional mass (light blue dashed line). Band gaps are represented by grey area. 

Excitation by the plane wave: a) type A, and b) type B; and under diffused field: c) type A, d) type B. 
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Both metamaterial types demonstrate a substantial increase in STL within the frequency range of their 
respective band gaps. This improvement addresses the limited effectiveness of the double wall's sound 
transmission loss near its mass-air-mass resonance. Metamaterial Type A achieves an increase of 5.9 dB, 
while metamaterial Type B achieves an increase of 9.8 dB. However, for frequencies slightly above the upper 
limit of the band gap, the metamaterials exhibit a drop in STL. Consequently, the overall STL above this 
threshold is lower compared to a structure with equivalent mass. This dependence is not observed when 
comparing the metamaterials to the host structure alone. 

The presence of a diffused field does not impact the frequency of the STL peak for the metamaterials. 
However, it does affect the frequency of the lowest point in the STL value for the double wall configuration. 
As a result, the difference between these two frequencies changes under different excitations. In the case of 
metamaterial Type A, where the STL peak frequency is slightly lower than the resonance of an equivalent 
mass double wall, the introduction of a diffused field does not contribute to the improvement of STL within 
this range. Conversely, for metamaterial Type B, the frequency of the STL peak aligns closely with the drop 
in STL observed in the diffused field for the equivalent mass double wall, and consequently, the STL near 
double-wall resonance improves. 

Overall, the addition of metamaterials significantly enhances the double wall insulation properties. 

4.2.  Measurements results  

The measurement results of sound transmission are presented in Figure 6, where the Sound Reduction 
Index (SRI) of the Acoustic Metamaterials (AMMs) is compared to the SRI of a double wall without any 
additional masses. In the bottom row of Figure 6, the measured SRI increase is compared to the analytical 
results. 

The comparison reveals, that in the case of metamaterial Type B, the peak SRI increase aligns well with 
the theoretical peak frequency. There is a good agreement between the measured and analytical results for 
metamaterial Type B. Any discrepancy below 200 Hz could be originated by resonances arising within the 
reverberation room. However, in the case of metamaterial Type A, the agreement between the measured 
and analytical results is not as strong. 

a) 

 

b) 

 
c) 

 

d) 

 
Figure 6. Measurements results of Sound Reduction Index metamaterials (red line) compared to 

the double wall (light blue dashed line). Band gaps are represented by grey area: a) type A, and b) type B. 
Measurement results of metamaterials’ SRI (solid line) compared to the analytical results (dotted line) 

c) type A, and d) type B. 
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Several factors may have contributed to these differences. One factor is the limitation of the 1/3 octave 
band measurement technique used, which does not capture the complete frequency response accurately. 
Additionally, the mechanical properties of paper, such as the inconsistent Young's modulus throughout the 
structure volume, due to the paper production process, could have influenced the width of the resonance. 

Comparing the two metamaterial types, Type B demonstrates better performance. This can be attributed 
not only to the higher surface mass of the metamaterial additions but also to the higher repeatability of the 
structure. The repeatability is achieved by cutting the springs of the local resonators in the metamaterial 
only in the Y direction, allowing for a consistent local resonance frequency throughout the metamaterial 
structure. On the other hand, in the case of metamaterial Type A, the structure is more sensitive to technical 
difficulties during the manufacturing process. One possible reason could be the inadequate stiffness of 
a holder, stemming from the potential delamination, leading to the emergence of a bending mode within the 
holder body rather than the desired bending mode within the beam. This would result in the resonator 
applying a reduced force to the plate in the z-direction, consequently diminishing its effectiveness. 

The weighted Sound Reduction Index (SRI) of the host double-wall structure is 19 dB, while for 
metamaterial Type A, it is 22 dB, and for metamaterial Type B, it is 24 dB. This indicates an increase in the 
whole frequency band of 3 dB and 5 dB, respectively, highlighting the effectiveness of the metamaterials in 
enhancing sound reduction. 

5. Conclusions 

This study presented two plate-type Acoustic Metamaterial (AMM) designs aimed at addressing the mass-
air-mass resonance impact on sound insulation. The designs incorporated locally resonant elements, 
including cantilever beams (type A) and masses cut into an additional panel (type B), placed between 
lightweight honeycomb cardboard partition walls. Numerical simulations and experimental measurements 
were conducted to evaluate the effectiveness of the proposed designs. 

Analytical results of Sound Transmission Loss (STL) and experimental measurements of the diffused-
field Sound Reduction Index (SRI) demonstrated the enhancement of sound insulation provided by the 
metamaterials. Both metamaterial types showed a significant increase in STL within the frequency range of 
their respective band gaps. The peak STL increase, within the band gap presence, equals 5.9 dB in case of 
metamaterial type A, and 9.8 dB in case of metamaterial type B.  

The measured SRI results compared to the analytical results showed good agreement for metamaterial 
Type B, where the peak SRI increase coincided well with the theoretical peak frequency. However, the 
agreement between the measured and analytical results was not as strong for metamaterial type A. Possible 
factors contributing to these differences include maintaining a consistent local resonance frequency 
throughout the metamaterial structure. In contrast, the structure of metamaterial Type A was more 
sensitive to manufacturing difficulties. This factor also affected the metamaterial type B better performance 
compared to type A.  

The introduction of the metamaterials resulted in an increase in the weighted SRI, with the host double-
wall structure having an SRI of 19 dB, metamaterial type A achieving 22 dB, and metamaterial type B 
reaching 24 dB. This corresponded to an increase in the whole frequency band of 3 dB and 5 dB, 
respectively, demonstrating the effectiveness of the metamaterials in improving sound insulation. In 
conclusion, the application of locally resonant metamaterials showed promising results in enhancing the 
sound insulation properties of double walls. Further research and development in this field could lead to 
the design and implementation of more efficient solutions. 
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