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Abstract 

Resonators are used in a variety of commercial applications to reduce or accentuate specific frequencies (e.g., 

acoustic absorbers, musical instruments). For most of these devices, however, the fixed geometry does not 

allow to variably tune the frequency response. Here we propose a device composed of multiple resonators, 

each mechanically tunable and in the shape of a hollow ring with variable internal volume. Together, the 

resonators modify the tonal content of a soundwave passing through a cylindrical pipe in similar way to a 

passive audio equaliser, without the need for electrical current. In this preliminary study, we use a finite 

element method model to analyze the propagation through the pipe with different ring configurations. We 

highlight the interactions between multiple rings sequentially and compare simulations with measurements. 

Finally, we discuss how similar devices can be used in the music industry. 
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1 Introduction 

 

Resonators are used in various commercial applications related to the reduction or selective accentuation of 

specific frequencies (silencers for car mufflers, acoustic absorbers, musical instruments) [15]. In the fields of 

sound reproduction devices and musical instruments, the concept of resonance is fundamental for the 

generation and control of the tonalities emitted [7]. Such characteristics are usually determined by the size, 

structure, and shape of the sound box of the instrument. Electronic equalizers also allow to change specific 

frequencies during recording and production or to intervene on unwanted audio signals inside music studios. 

However, traditional solutions as such often require the use of electricity; are bulky in size and heavy; or they 

are also expensive and prone to components failure. 
 

The use of acoustic metamaterials for the absorption or manipulation of resonant frequencies has been the 

subject of countless studies in recent years. Various solutions with geometries smaller than the wavelengths 

have been considered, many of which exploit internal local resonances: e.g., Helmholtz resonators [4], Fabry-

Perot resonators [10], perforated gradient structures [3]. For this reason, they offer much desired innovation to 

the creative industry. The fixed geometry of such devices however does not allow the sound emissions to be 

flexibly tuned to specific frequency bands [26].  
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In this document we propose an acoustic meta-structure consisting of a serial chain of tunable resonators 

(Figure 1) that allows to modify the tonal content of an acoustic beam passing through a cylindrical section 

tube. The purpose of this device is to intervene on the output signal in a manner like an electronic passive 

equalizer [10]. The introduction of tunable resonant elements aims at passively varying the flexibility of the 

equalization settings produced by an instrument, sound, or a speaker to control its tonal emission. 

Firstly, we run simulation models with ring geometries with different diameters (60 and 90 mm) to how the 

AMT structure reduces an acoustic wavefront passing through cylindrical sections of different sizes. Finally, 

we measured the AMT performance in a solid model through a laboratory test and compared it to an identical 

simulation finding good agreement between the simulation and the experimental results. 

 

 

   

 

 

 

Figure 1: The tunable resonator described in this study, applied to an acoustic guitar sound hole. 

2 Model design 

Extensive academic research has been focusing in recent times on creating innovative acoustic materials to 

increase broadband absorption while reducing geometrical footprint and 

weight [2],[5],[11],[12],[13],[20],[26]. Traditional porous materials have a high absorption coefficient due to 

viscous dissipation near the material surface and heat conduction through solids. However, such dissipation is 

a quadratic function of frequency and weakens at low frequencies [9]. By exploiting local resonances, acoustic 

metamaterials (AMMs) can be designed to obtain near-perfect absorption at subwavelength scales: however, 

the results are generally narrow band in nature [1],[2],[4],[12],[13].  

In this work, we apply some of the learned lessons to the conceptual design of a product, with the aim of 

estimating how to manufacture innovative solutions to be introduced into the music audio sector at a later stage 

[7],[8]. Specific aspects such as underlying physics [22], complexity of the geometrical structure [24], intended 

and potential applications, manufacturing techniques, theoretical modelling [18],[19],[23], testing 

methodology and experimental results were analyzed. This exercise identified a passive equalizer (EP) as a 

first potential product. 

 

The EP was performed using Sketchup Pro 2020 (Figure 1). Despite being inspired by previous solutions 

([1],[2],[4],[10],[11]) the geometry of the EP presents some innovations: 
 

1. The annular resonator’s volume can be easily modified, varying the resonance frequency in real 

time or with preset settings. 

2. A choice of interactive disks can be used to change the overall effect on the emitted frequency 

bands.  
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The internal volume of each ring’s resonance chamber can also be varied, if needed, stacking multiple modules 

into a single ring structure, therefore increasing the overall internal height by multiples of a single ring. The 

preliminary study aims to optimize dimensions and sound reduction values related to the range of frequencies 

considered. The planar section of the EP can be seen in Figure 2. The orange dotted insert highlights: 

 
1. The passage opening between the central section of the ring and the resonator. 

2. The fixed internal partition of the resonator. 

 

In the blue solid insert one can see the movable partition, the rotation of which in relation to the fixed partition 

allows to change the volume of the chamber at intervals of ten degrees between 10 and 350 degrees. 

 

 

Figure 2: Plan section of the EP showing the fixed partition (blue solid line) and the fixed partition with the 

adjacent resonator opening (dotted orange line). 

3 SIMULATIONS 

1.1 Single ring model - 60 mm internal diameter 

A single ring model was created for an initial simulation using COMSOL Multiphysics 5.5 Acoustics module 

(Figure 3). The sections constituting the central cylindrical opening, the volume of the resonator and the inlet 

passage of the resonator were assigned to the sound pressure physics in the frequency domain. Hard boundaries 

were set at the interface between the object and the air surfaces. 
 

 

Figure 3: COMSOL model showing a port at the upper output surface of a single resonator ring. 

L2 

Ang1 
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The model was converted to a mesh with elements of maximum size λ_min/6 (where λ_min is the shortest 

wavelength used in the simulation). Thermo-viscous physics were disregarded in this simulation. The AMT’s 

transmission loss values (TL) were calculated, using inlet and outlet ports, as a function of the movable 

partition at 10 deg intervals rotation (Ang1 parameter), for frequencies between 40 and 5000 Hz at intervals 

of 1/24 octaves. The resulting TL peaks for individual frequency/Ang1 combinations can be seen in Figure 4. 

This simulation showed that for certain specific frequency there is at least one position of maximal effect. The 

study was replicated by assigning variable parameter values between 1 and 8 mm to the resonator height 

parameter L2. The overall results of the parametric study, highlighted by the graph in Figure 5, suggest 

excellent potential between 1.6/2 kHz with L2 = 5 mm to be confirmed with experimental results on prototypes. 

 
 

 

Figure 4: TL value peaks at relative frequencies with fixed height parameter L2 = 4 mm 

 

 

 Figure 5: TL values (0-30 dBs) with parameter L2 (resonator’s height) between 1 and 8 mm (Y axis) 

and parameter Ang1 between -170 and 170 degrees (not shown) 



 

 

 5 

1.2 Double ring 90 mm internal diameter 

It was then decided to manufacture a prototype for experimental testing and compare the results with an 

identical model simulation. To simulate the average dimensions of an acoustic guitar sound hole, a 90 mm 

diameter dimensions was chosen for the internal air passage cylinder. The Sketchup 2020 Pro layout (Figure 

6) was turned into a solid object using a 500 mm long acrylic pipe section with 90 mm internal diameter to 

channel the emission of a car speaker model JVC CSJ520X speaker sound source through the AMT central 

opening. A base with slotted supports was manufactured using a laser cutter, preventing the test system from 

moving; a double ring metamaterial composed of three 3d printed plastic parts, externally sealed with adhesive 

acoustic tape. To guarantee acoustic leakage-free results, acoustic tape was also attached to the metamaterial’s 

pipe connectors faces, the interface between the acrylic pipe and the supports, the gap between the enclosure 

and the speaker mounting plate.  

1.2.1 Experimental Test 

An omni-directional microphone (1/2’’ free field, model Norsonic, type 1201/30323) was attached to a 

3d-printer adapted for noise mapping and used to scan the acoustic sound pressure levels (SPL) generated by 

the speaker through the AMT. Received signals were acquired using a Picoscope 2200b and acquisition 

software developed for the purpose. An arbitrary wavefront generator (AWG) was used to generate a 20 μs 

square pulse source signals, recorded with a resolution of 0.7 μs for 5.7 ms. A program compiled in Matlab 

was developed to compute the transfer function between the measurements.  

To limit the rear dipolar transmission effects, the speaker was enclosed with a box utilizing internal metabricks 

[21] (Figure 6). We measured a SPL difference of 33 dBs at 6 kHz between the cylinder outlet front and the 

rear of the metamaterial enclosure using a calibrated DIGI++ Analyzer app. The test was run positioning the 

microphone at 10 mm along the Y axis centered on the metamaterial outlet, at frequencies between 300 Hz 

and 20 kHz. Results with and without the metasurface were compared to obtain TL values generated at the 

AMT outlet level. 

 

 

Figure 6: Experimental test layout, showing the speaker, the enclosure, the pipe, the AMT, and the 

microphone locations. 

The AMT’s internal partition were set in the A/J configurations shown on Table 1. The resonators inlet 

passages relative locations can be seen in Figure 7, while the individual rings Ang = 0 deg reference points are 

shown in Figure 9. It can be noted that, as the angle between the two inlet passages changes accordingly to the 

Ang1 and Ang2 values, the interaction between the two passages creates a peak resonance at 3114 Hz with 

Ang2 = 90 deg (blue solid insert in Figure 10). 
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Figure 7:  Resonator rings inlet passages at Ang1 = 90 deg and Ang2 = 90 deg (Table 1/A) 

 

Figure 8: Resonator rings inlet passages at Ang1 = 270 deg and Ang2 = 90 deg (Table 1/F) 

 

 

Figure 9: Ang1 and Ang2 0 deg reference positions with Table 1/A values 

Table 1 

 ANG2 deg ANG1 deg 

A 10 90 

B 10 180 

C 10 270 

D 90 90 

E 90 180 

F 90 270 

G 100 280 

H 180 90 

I 180 180 

J 180 270 
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The TL values, indicated in Figure 10, show some indicative results at 778.5 Hz with Ang1 = 270 deg / Ang2 

= 90 deg and Ang1 = 90 deg / Ang2 = 10 deg. This result was investigated running a COMSOL simulation on 

a model with similar geometry (Figure 11): although significantly lower in TL value (1.4 dB against 8 dB), 

the comparison between the laboratory test and the FEM simulation showed close agreement at 775 Hz. 

 

 

Figure 10: TL dB values with Ang2 = 90 deg and 10 deg, Ang1 = 90/180/270 deg. The blue solid insert 

indicates different TL values at 3114 Hz with changes in the resonators’ inlets relative positions. 

 

 

Figure 11: COMSOL model replicating experiment test setup at 775 Hz. 

 

Figure 12: TL value peak at 775 Hz in COMSOL model.  
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4 Conclusions 

In this project, we explored how acoustic metamaterials can be incorporated into creative tools used in 

recording studios and music venues (e.g., music instruments, speakers, amplifiers, stage monitors) to control 

the frequency range in acoustic instruments, focus or direct their projection and increase their volume, and 

improving clarity at distance. At present, more complex models are being developed. Further studies will be 

carried out on multiple disk systems, with elongated wave guide, etc. Combined geometries will be explored 

in future studies through the incorporation of flexible labyrinthine internal structures, intercommunicating 

openings, and baffles. The metamaterial structure could potentially be able to intervene on a music instrument 

or audio speaker output signal in a similar way to a passive audio equalizer without the use of electric current 

(Figure 13). The interaction between multiple rings with variable parameters would benefit from the creation 

of an analytical model to allow the optimization of the geometric dimensions used according to the required 

results in terms of attenuation levels on specific frequencies. 

 

The COMSOL simulations were coherent in terms of transmission loss values, although the results greatly 

vary between the 60 mm and 90 mm diameter models. This will be the subject of future studies: However, the 

laboratory comparative test showed reasonable agreement, although the interaction mechanisms between the 

resonators rings need further investigation.  

 

 

Figure 13 
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