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This paper presents a practical investigation into the development and potential noise control 

application of an acoustic metamaterial. Acoustic Metamaterials are capable of changing the 

natural properties of sound, giving exposure to a new range of acoustical phenomena that have 

never been witnessed before, such as a negative bulk modulus and a negative mass density. 

The material investigated consisted of a panel structure of concatenated Helmholtz resonators 

with diffraction characteristics, which was incorporated into an acoustic enclosure. The design 

aimed to attenuate sound across a wide frequency range, while allowing air to flow through 

the panel. Sound insertion loss tests of the enclosure were carried out in an anechoic chamber. 

Airflow resistance tests were also undertaken in a controlled environment. Satisfactory sound 

attenuation and air flow resistance results indicated this metamaterial has the potential to be 

used as a noise control solution for acoustic enclosures requiring ventilation. 

 

1. Introduction 

The successful creation of Electromagnetic Metamaterials [1] [2] [3] led to research in the field of 

mechanical waves, for which Acoustic Metamaterials were proposed and developed. Acoustic Met-

amaterials introduced new attributes to the theory of sound, such as sonic waves with negative bulk 

modulus and mass density. Although these materials have been studied theoretically and experimen-

tally [4] [5], practical applications for this technology seem to be moving at a slower pace [6] [7] [8] 

[9] [10]. 

It is widely known that materials found in nature are constituted of atoms, which move and 

interact in infinite degrees of freedom. Controlling the parameters involved is extremely challenging, 

especially regarding the interaction of atomic structures with electromagnetic waves, such as light. 

The solution to this limitation comes with the introduction of Metamaterials; artificial materials with 

geometries designed to have properties that cannot be found in nature and that affect electromagnetic 

waves in a way natural molecular arrangements cannot. 

A very important notion required to understand the concept of Metamaterials is that the effects 

observed are not related to the materials used, but to the structure created. Metamaterials are not 

related to the atomic properties of materials but to the way the artificial structures are built. Many 

different geometries and shapes can be created for different purposes, for example metamaterials with 

resonant properties. 
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This paper presents an investigation into the practical development and application of a resonant 

acoustic metamaterial based on an earlier prototype developed at the Mokpo National Maritime Uni-

versity, in South Korea [11]. The material here presented consists of a concatenated array of Helm-

holtz resonators intended to attenuate sound across a wide range of frequencies while allowing air to 

flow through them. The proposed application for this metamaterial was to use a sample area (window) 

initially as part of the wall of an acoustic enclosure. The application of the window allows the enclo-

sure to maintain its sound attenuation properties at determined frequencies, while also permitting air 

to flow from its interior, enabling a passive ventilation system. Sound insertion loss measurements 

were carried out in an anechoic chamber to determine the sound attenuation capabilities of the sample. 

Airflow resistance characteristics were determined using a calibrated air flow test rig. 

The design could potentially be used as a noise control implementation for industrial noisy ma-

chinery, as the airflow properties could provide the necessary ventilation for operational temperatures 

inside the enclosure, allowing the hypothetical machine to operate normally, without the need of extra 

ventilation and silencing systems being installed. This solution would not only reduce installation 

costs, but would also lower the overall energy consumption, making it more cost-effective, sustaina-

ble and environmentally friendly. 

2. Resonant Metamaterials 

An analogy between a mass-spring-damper system and an electron cloud can be used to describe 

resonance in metamaterials. In this analogy (Fig. 2.1) an electron cloud around the atom nucleus gets 

stretched with the application of an electric field E creating a local dipole defined by an electric dis-

placement field D. When removing the electric field, just like the mass-spring-damper system, the 

electron cloud would move back and forth in an oscillatory pattern. 

 
Figure 2.1. Comparison of a mass-spring system with the oscillation in atoms when an electric field is 

applied. 

 

The system above, called Lorentz Oscillator Model, was proposed by Hendrik Lorentz [12] in an 

attempt to describe the interaction between atoms and electric fields in classical terms. The electron, 

which has a very small mass, is bound to the more massive nucleus of the atom, by a force that 

behaves according to Hooke’s Law, i.e. a spring-like force. The applied electric field interacts with 

the charge of the electron, causing “stretching” or “compression” of the spring, which sets the electron 

into oscillating motion. 

From the classical equation of motion (Eq. 2.1), and using complex mathematical transformations, 

it is possible to derive a dielectric function for the local electric dipole created (Eq. 2.2). This function 

will be written in terms of the Lorentz parameters and the resonating frequency, allowing a descrip-

tion of atomic scale resonances with classical formulation [12].  

 

(2.1) 𝑚
𝜕2𝑟

𝜕𝑡2 + 𝑚Γ
𝜕𝑟

𝜕𝑡
+ 𝑚𝜔0

2 = −𝑞𝐸⃗⃗;     where 𝜔0 = √
𝐾

𝑚
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(2.2) ℰ̃r(𝜔) = 1 +
𝜔p

2

𝜔0
2 − 𝜔2 − 𝑗𝜔Γ

 

  

In Eq. (2.1), the first term on the left side of the equation accounts for the acceleration force, the 

second for the frictional force due to the damping Γ, the third term for the restoring force due to the 

natural or resonating frequency 𝜔0, and the term on the right accounts for the electric force due to the 

electric field E. In Eq. (2.2), 𝜔 is the angular frequency of the time-varying electric field driving the 

oscillator, ℰr is the relative electric permittivity of the medium related to the displacement in this 

oscillatory system; and 𝜔p is the plasma frequency of the material, for which an explanation goes 

beyond the interest of this document. 

Because the electric permittivity was written in terms of angular frequency, this can be treated as 

a complex function, since complex numbers allow specification of magnitude and phase [13]. The 

real part of the permittivity is related to the stored energy within the medium, while the imaginary 

part is related to the loss of energy within the medium, hence, if the permittivity is zero, it means 

there is no energy dissipation. Therefore, it can be said that the imaginary part only exists when there 

is energy loss and in this case there will also be a contribution of the real part to the dissipation. 

When plotting the real and imaginary parts of the permittivity separately, the result obtained pre-

sents the shapes seen in Fig. (2.2), which are typical of a Lorentz Model and are sometimes referred 

as Lorentzian Functions [12]. 

 

 
 

 

Figure 2.2. Real (top) and imaginary parts of the dielectric constant plotted as a function of the fre-

quency. 

 

One important aspect seen in Fig. (2.2) is that around the resonant frequency the dielectric constant 

suffers a considerable drop and presents negative values. This behaviour is not found in nature, where 

the permittivity can only be found with positive values, and is only possible to be obtained by the use 

of metamaterials. 

Figure 2.2 shows that resonant metamaterials are absorptive around the resonance frequency. This 

property can introduce problems when considering light propagation, but is a vital characteristic for 

the sound attenuation of the acoustic metamaterials studied in this paper.  

Frequency 
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2.1 Resonant Acoustic Metamaterials 

 

The physics and the formulation behind resonant acoustic metamaterials are similar to their elec-

tromagnetic analogue, with the difference that mechanical waves need a medium to transmit the en-

ergy. In such a medium, a bulk of material larger than the atomic scale yet smaller than the wave-

length, can be defined as an acoustic particle [14] [15]. In this scenario, the two physical quantities 

that describe the wave are the dynamic pressure P of the medium and the velocity of the acoustic 

particles v, which have their relationship given by Eq. (2.3) below, where K is the bulk modulus or 

compressibility of the medium: 

 

(2.3) ∇ ∙ 𝑣 = −𝐾
𝜕𝑃

𝜕𝑡
 

 

The acoustic particles oscillate in the medium, in the same way as the electron cloud of atoms of 

a dielectric material when an electric field is induced, as seen in Fig. (2.1). Hence, acoustic waves 

can also be analysed as a mass-spring-damper system and can be solved using the Lorentz Model. 

But in the acoustic environment, rather than electric permittivity, it will be the bulk modulus K to be 

written in terms of Lorentz parameters [16] [17] [18]: 

 

(2.4) 𝐾r̃
−1

(𝜔) = 𝐾0
−1 [1 −

𝐹𝜔0
2

𝜔2 − 𝜔0
2

− 𝑖𝜔Γ
] 

 

The geometric factor F in Eq. (2.4) is a comparison between the volume and the neck of the reso-

nator, related to their capacity to scatter the sound waves inside the cavity [11]. In Eq. (2.4) above, 

𝜔0 is the resonant angular frequency. As this is still a Lorentzian function, it is possible to separate 

and plot the real and imaginary parts of Eq. (2.4). 

 

 
 

 

Figure 2.3. The real (red) and imaginary (blue) parts of the bulk modulus in a Lorentz Model. 

 

Figure 2.3 shows that it is also possible to obtain negative values for the bulk modulus (K < 0). 

Previous experiments showed that it is possible to obtain metamaterials with a negative bulk modulus 

by concatenating Helmholtz resonators of sub-wavelength dimensions with a sub-wavelength perio-

dicity [16] [19]. This can only happen in a specific frequency band, which is related to the resonant 

frequency of the resonators. 

Frequency 
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As mentioned previously, absorption occurs in the region where the imaginary part of the Lorentz 

function has values away from the zero limit. Figure 2.3 demonstrates that this will happen between 

the resonant frequency 𝜔0 and the frequency in which the real part of the bulk modulus becomes 

positive again as the frequency increases. In other words it can be understood that sound absorption 

will occur when the bulk modulus presents negative values. 

At the cut-off frequency where the bulk modulus becomes positive again the loss is very low, and 

the damping factor can be considered to be zero [11]. With this information, it is possible to solve 

Eq. (2.4) to find the limiting frequency 𝜔CUT-OFF, where the bulk modulus becomes positive (Fig. 2.3): 

 

(2.5) 𝜔CUT-OFF = √1 + 𝐹𝜔0 
 

Hence, it is possible to define that a negative bulk modulus will occur in an interval as the one 

shown in Fig. (2.3): 𝜔0 < 𝜔 < √1 + 𝐹𝜔0. In this interval the negative bulk modulus is responsible for 

the separation of sound from its medium resulting in sound attenuation [11]. The Helmholtz resona-

tors studied in this project were designed to present a negative bulk modulus respecting the conditions 

above (Eq. 2.4 and Eq. 2.5). 

3. Resonators Design 

In the material designed for this study (Fig. 3.1) each of the resonator cells was built individually 

with 5mm thick transparent acrylic and arranged in a specific matrix to form the metamaterial. Three 

kinds of individual resonator, also called resonator cells were built (Fig. 3.1), each with different 

internal volumes, in order to achieve attenuation over different frequency ranges. The first kind of 

resonator had one internal chamber with dimensions 150mm x 150mm x 40mm. The second had two 

internal chambers of dimensions 150mm x 75mm x 40mm and the third had four internal chambers, 

each with dimensions 75mm x 75mm x 40mm. 

 

  
 

Figure 3.1. The three kinds of resonator cells built with one, two and four resonating chambers, respec-

tively (left). The three kinds of resonator cells arranged in series (right). 

 

Orifices with a diameter of 20mm were made on each of the largest surfaces of the resonator cells. 

The orifices constitute the neck of the resonator cells and also allow air to flow through the sample. 

Diffraction at the orifice makes the sound waves diffuse inside the resonators and for this to happen, 

the diameter of the orifice must be smaller than the wavelength of the sound wave 𝑓 [11]. Hence, the 

condition is that the frequencies need to be lower than the cut-off frequency 𝑓D, for which the wave-

length is the same as the size of the orifice: 𝑓 < 𝑓D.  

The resonator cells were arranged in series (Fig. 3.1) to obtain a negative bulk modulus effect. 

Finally, to make the attenuation noticeable and to enhance the airflow effect, a panel sample (or win-

dow) of resonator cells was built with twelve three-layer sets in a 4 x 3 arrangement (Fig. 3.2). This 

construction replicates the design proposed by researchers at Mokpo National Maritime University 

[11]. 
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Figure 3.2. The final panel (or window) constituted of the different kinds of resonator cells. 

3.1 Insertion Loss Measurements 

A acoustic enclosure was built using 36mm thick sheets of Medium Density Fibreboard (MDF) 

with dimensions 1.12 x 0.96 x 0.8m (ratio 1:1.2:1.4) to minimise internal modes in the frequency 

range of interest. 

The acoustic enclosure was placed in the centre of an anechoic chamber with an omni-directional 

sound source (hemi dodecahedron) inside emitting pink noise. Two Class-1 sound level meters 

(SLMs) were placed 1.5m away from the sound source, 1m from the grid floor and at a 30o angle 

from each other (Fig. 3.3). Linear sound pressure levels LZ between 500Hz-5kHz were measured in 

one-third-octave bands for this configuration. 

 

 

 

 
 

Figure 3.3 Insertion loss measurements with the acoustic enclosure. (A) Side View. (B) Top view. 

 

Subsequently, an opening was cut in one of the enclosure’s walls to accommodate the panel sample 

constituted of resonating cells. The acoustic enclosure, now with the window applied to it, was placed 

in the centre of the anechoic chamber with the sound source inside of it maintaining previous meas-

urements conditions (Fig. 3.4). New LZ levels between 500-5kHz were measured in this configuration 

for a comparison with the performance of the enclosure without the sample window. 

Figure 3.5 presents the measured insertion loss levels for the acoustic enclosure with and without 

the window sample incorporated to it. Overall, the sound attenuation performance in the frequency 

region of interest (500Hz – 5kHz) of the acoustic enclosure increased by 3dB with the panel of reso-

nators in place. 

 

A 

B 
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Figure 3.4 Insertion loss measurements with the sample applied to the acoustic enclosure. 

 

At most frequencies in the region of interest, the performance of the enclosure with the window 

was the same or higher than that of the full enclosure with no resonators. Clear sound attenuation 

peaks can be observed at around 800Hz, 2kHz and 4kHz. 

 

 
  

Figure 3.5 Insertion loss levels for the acoustic enclosure with and without sample. 

 

Intuitively it would be expected that the insertion loss should be lower with the presence of a 

perforated window. However, the fact that the performance of this configuration was generally equal 

or better than that of the enclosure without the window sample is a clear indication that the negative 

bulk modulus of the sample is playing an important role in the sound attenuation performance.  

Further work would include configuration modifications aiming to obtain higher IL levels over a 

broader frequency range, while allowing higher airflow rates. These would include air filters being 

applied to the neck of the resonators in order to make the attenuation peaks wider. Furthermore, dif-

ferent construction materials and arrangements involving different dimensions combinations could 

be investigated leading to sound attenuation over other frequency ranges. 

4. Air Flow Resistance Tests 

As mentioned previously, the airflow properties of the sample could provide the necessary ventilation 

for operational temperatures inside the enclosure. In order to verify such ventilation, airflow re-

sistance tests were undertaken using a calibrated air flow test rig. The volume flow rate Q was deter-

mined with and without the enclosure applied to the rig for a range of different incident air veloci-

ties (Fig. 4.1).  
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The results presented in Fig. 4.2 below demonstrate that for low incident air velocities (approxi-

mately 7m/s) the airflow rate through the sample becomes very similar to the case where no enclosure 

is in place. This indicates that in a real case scenario where air velocities are at or lower than 7m/s, 

the sample would provide a considerable amount of ventilation to the enclosure. 

A further assessment can be made by considering values of pressure loss factor due to the presence 

of the enclosure with the sample. The pressure loss due to the presence of the enclosure on the test 

rig was derived using an anemometer (Fig. 4.1) from which a Pressure Loss Factor ζ can be obtained.  

Perforated sheets with a 20% free area ratio when applied to ventilation ducts are known to cause 

a pressure loss of ζ = 51 [20]. The window sample applied to the enclosure has only 2% free area 

ration and its pressure loss factor was measured as being approximately 35, suggesting the pressure 

loss performance of the sample is comparable to that of perforated panels in ventilation ducts. 

 

 
 

Figure 4.1 Air flow test rig with the enclosure with resonators and adaptor applied to it. 

 

 
Figure 4.2 Volume flow rate vs incident air velocity with and without enclosure  

5. Conclusions 

The metamaterial construction investigated in this work applied to part of an acoustic enclosure 

showed clear indications of significant levels of sound attenuation over a wide frequency range. Air-

flow resistance tests demonstrated that the metamaterial sample tested does not restrict air flow sig-

nificantly at the low air speeds typical of ventilated enclosed machinery.  

These results demonstrate that it is possible to apply this kind of metamaterial to an acoustic en-

closure and obtain favourable insertion loss in the frequency range of interest, while allowing suitable 

ventilation for the enclosure machinery. 
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