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Abstract - In this study uses the efficient refractive index and efficient impedance to analyze two coiling-up structures with 

differing sound pressure. These structures have a high effective refractive index and effective impedance. To calculate the 

resonance frequencies, the coiling structures were modelled as a simple medium7, 8, 13. Our study calculated the sound pressure 

using the Fabry-Perot resonance theory. The application of this calculation applies to the different features of both open and 

closed cavity structures. In other words, it acts as a band-stop filter to reduce specified frequencies. We designed a metamaterial 

as an acoustic filter to attenuate or reject the desired frequency components using two types of cavities. Sound pressure typically 

appears as a periodic feature in the open cavity structure. In the closed cavity structure, the sound pressure produces attenuation 

due to the effects of the reflections on the slab. At the end of the transmission, the characteristics of the FP are maintained and 

the specified frequency components exhibit attenuation. These features can be applied to acoustic focusing, cloaking and 

filtering. 
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1. Introduction  
To deform acoustic energy in a small volume, it is 

essential to create both a high impedance and high refraction 

index using an efficient acoustic structure that employs a 

coiling up of the structure. Naturally occurring materials with 

both a high impedance and high refractive index are rare, as 

an increase in density in materials is due to an increase in the 

velocity of sound pressure. Generally, acoustic attenuation 

parameters such as air, water, and metal are proportional to the 

frequency squared.  

This means that there is a high loss in high frequencies. 

Attenuation rates are high at high frequencies and low at low 

frequencies. Low-frequency signals are used for underwater 

sound, and low-frequency signals are used for underwater 

acoustic communication over hundreds of kilometers. High 

frequencies are used for Ultrasound imaging.  

As such, studies of acoustic metamaterials have been 

proceeding in order to find ways to control the propagation of 

sound waves. Acoustic metamaterials can be made through an 

approximate analysis of the effective refraction factor, n and 

the effective impedance, Z, of the artificial structures. Studies 

of many acoustic metamaterials are largely carried out to 

modify the propagation characteristics of sound waves. 

Metamaterials can be analyzed by calculating their effective 

refraction index and their effective impedance in an artificial 

structure.  

2. Existing Method 
To solve the transmission and reflection coefficients of 

our cavity, Fabry-Perot theory and acoustic numerical 

retrieval scattering methods 28 32 are used. The transmission 

coefficient, T, the reflection coefficient, and R of the 

metamaterial can be calculated using the effective medium 

parameter from the incident, as well as reflective and 

transmission waves. Assuming the amplitude of the 

displacement of the incident wave as 1, the reflective wave as 

R and the transmission wave as T, the amplitude of 

displacements, P(x, z), on the slab as A and B are expressed 

as Equation 1.  

P(𝑥, 𝑧) = {   

𝑒𝑖𝑘𝑧𝑧(𝑒𝑖𝑘𝑥𝑥 +  𝑅𝑒−𝑖𝑘𝑥𝑥), 𝑥 < 0

𝑒𝑖𝑘𝑧𝑧(𝐴𝑒𝑖𝑘𝑥𝑥 +  𝐵𝑒−𝑖𝑘𝑥𝑥), 0 < 𝑥 < 𝐿

𝑇𝑒−𝑖𝑘𝑧𝑧𝑒𝑖𝑘𝑥(𝑥−𝐿), 𝑥 < 𝐿

 (1) 

 
Where is the radial frequency, k, the wave number, is, A 

is the amplitude of the forward propagating wave, and B is the 

amplitude of the backward propagating wave, and the 

frequency of our cavity structures, which consists of a volume 

cavity with open and closed coiling up is calculated by 

equation 1. Figure 1 demonstrates the amplitude of 

displacements of our metamaterial cavity. In calculating, the 

pressure field and normal velocities are considered by 

continuity at x=0 and x=L on the slab. By applying density 

and acoustic speed c, the transmission and reflection 
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coefficient for incident waves on the slab with density and 

acoustic velocity are considered as density and the acoustic 

velocity of air.  

 T =
4𝑍1𝑍2

(𝑍1− 𝑍2)(𝑍2− 𝑍1)eiφ + (𝑍1 + 𝑍2)2 
  (2) 

𝑅 =
(𝑍1 + 𝑍2)(𝑍2− 𝑍1)e−2iφ + (𝑍1 − 𝑍2)(𝑍1+  𝑍2)

(𝑍1 + 𝑍2)(𝑍2− 𝑍1)e−2iφ− (𝑍1 − 𝑍2)2 
 (3) 

Where = is the impedance, is the angle between the 

incident wave and the slab, is the phase, is the frequency of 

the indent wave, and L is the slab thickness. In the loss of 

transmission condition, the reflection and transmission index 

ratio is determined by the density by p, Young’s modulus by 

E, the shear modulus by G, and Poisson’s ratio by v. To reduce 

the loss of transmission, the material with a small Poisson ratio 

is applied. Also, to satisfy, T = 1 is considered in the full 

transmission. The effective refractive index n and effective 

impedance Z are obtained from the complex reflection and 

transmission coefficients for a plane wave normally incident 

on the slab. The effective density and speed of sound is 

calculated as follows: 2, 3 

n =
±cos−1( 

(1−𝑅2+ 𝑇2 )

2𝑇
  )

𝑘𝑑 
 (4)                   

Where k is the wave number and d is the unit cell 

dimension.  

 
(a) A coiling-up structure in an open cavity used to produce identical 

path lengths of L and width w 

 
(b) A coiling-up structure in a closed cavity used to produce identical 

path lengths of L and width w 

 
(c) The effective medium of the open cavity structure shown in (a) using 

the refractive index and impedance 

 
(d) The effective medium of the closed cavity structure is shown in (b) 

using the refractive index and impedance 

Fig. 1 Transmission and reflection coefficients of two coiling up 

structures 

The sound pressure for transmission changes in the slab 

depends on these coefficients and is inversely proportional to 

wave path lengths L, Lc and heights H, Hc. Therefore, it is 

possible to shift the amplitude of transmission to higher 

frequencies by increasing L and control frequency bandwidth 

by increasing H in the open cavity and, further, to attenuate 

the amplitude of reflection lower by increasing Lc and the 

control frequency bandwidth by increasing Hc in the closed 

cavity in calculation. After using FP resonance, the gain and 

bandwidth in the desired frequency can be controlled 

[1][2][3][5][11]. 

3. Proposed Method 
Recent analyses of acoustic characteristics mainly use the 

Fabry-Perot theory as opposed to the classic Helmholtz 

resonant analysis. This can achieve satisfactory results at a 

very small scale to achieve the effective coefficients through 

an analysis of the characteristics of the incident and the 

reflected waves by using the effective refractive index and 

impedance. Thus, as shown in Figure 2, we can model the 

coiling up structures to two effective mediums.  

By using both an open and closed cavity, the transmission 

coefficients and the reflection coefficients can be obtained, as 

shown in Figures 2(b) and (d). Figures 2(a) (b) show the 

change in the transmission coefficient according to the length 

of the cavity in this structure of variable depth (L). Figure 2 
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(b) shows a frequency-dependent reflection coefficient that 

corresponds to the width (w) and depth (L) of the cavity. The 

FP resonance frequency is calculated in the coiling-up 

structure, and the respective effective refractive indexes are n 

= 2.23 and n = 3.16 in the flange width w = 10mm, lengths L 

= 40mm and 60mm.  

As shown in Figure 2 (d), when the reflection coefficient 

is 4.12 in L = 80mm and 6.08 in 120mm, this effect, with an 

increasing coefficient, will be a lower stop-band frequency. 

This study uses an open and closed coiling-up cavity. The 

open cavity has Fabry-Perot resonance characteristics, and the 

closed cavity has stop-band characteristics due to the 

refractive index.  

These sound pressure changes can be obtained by using 

transmission coefficients and reflection coefficients. As 

shown in Figures 3(a) and (c), the effective refractive index 

and the effective impedance are proportional to the size of the 

flange; that is, the change of sound pressure is proportional to 

the length of the flange. This appears differently depending on 

the length a, width w and depth d of the unit cells. As shown 

in Figure 3(b), in the flange, the effective refractive index is 

inversely proportional to the width w and depth d.  

This is applicable when making highly effective 

refractive index metamaterial. Figure 3(d) compares the 

flange length changes for the two coiling up structures and 

shows the maximum FP resonance frequency and the 

minimum FP resonance frequency in transmission and 

reflection. The dimension of the flange used in the simulation 

was d = 1 mm to 10mm, w = 1mm to 10mm, and L = 40mm. 

The results for d and w calculated to 1mm were a maximum 

frequency of 983 Hz in the open cavity and a minimum 

frequency of 491 Hz in the closed cavity. Follows that a 

variety of frequency selections can be determined by L, w, and 

d changes of the flange. 

 
(a) Two different effective structures with open cavities and varying 

length L, (b) Transmission coefficients inside the wavelength cavity for 

the two different effective mediums are shown in (a) 

 
(c) Two different effective structures with closed cavities and varying 

length L, (d) Reflection coefficients inside the wavelength cavity for the 

two different effective mediums are shown in (c) 

Fig. 2 Transmission and reflection coefficients in the effective medium 

 

(a) The effective refractive index for open 

 

(b) Effective refractive index for closed 
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(c) Effective impedance of coiling up metamaterials for open 

 
(d) Effective impedance of coiling up metamaterials for closed 

Fig. 3 Effective refractive index and effective impedance of coiling up 

metamaterials 

We designed a closed cavity and an open cavity for a 

coiling up structure with a unit cell size of L = 55mm (Figure 

4 (a)). The elements inside the unit cell have the dimensions 

of a = 45mm, w = 5mm, d = 5mm. In order to obtain the 

theoretical frequency response and the sound pressure of the 

meta-material, we performed calculations with the software 

package COMSOL Multi-physics. In the normal direction, the 

incident wave on the slab was used for a plane wave. For our 

calculations, we used Young’s modulus of 8.5 x 109 Pa, a 

density of 1011 kg/m3, and a Poisson’s ratio of 0.33 to 

simulate the properties of aluminum and chose air as the fluid. 

For the open cavity, we analyzed the characteristics of the 

metamaterial, obtained the coefficients transmission (Figure 4 

(b)), and the characteristics of the FP resonance appear 

periodically (Figure 4 (c)). For the closed cavity, we obtained 

the reflection coefficients (Figure 4 (d)), and this is confirmed 

by the reflected wave, which appears with resonant properties 

that match the coiling up structure (Figure 4 (e)) [2][9][10]. 

 
(a) The fabricated metamaterial samples consisting of an open cavity 

and a closed cavity 

 
(b) The schematic of the unit cell with the w = 5mm, d = 5mm, a = 

40mm for an open cavity 

 
(c) The transmission coefficient of an open cavity with the unit cell 

0

2

4

6

8

10

12

1 2 3 4 5 6 7 8 9 10

E
ff

ec
ti

v
e 

Im
p

ed
an

ce
 

Flange Length(L), cm

0

100

200

300

400

500

600

1 2 3 4 5 6 7

F
re

q
u
en

cy
(f

),
 H

z 

Flange width(d), mm 

Open cavity Closed cavity



Seonggeon Bae / IJETT, 73(5), 297-303, 2025 

 

301 

 
(d) The schematic of the unit cell with the w = 5mm, d = 5mm, a = 

40mm for a closed cavity 

 
(e) The reflection coefficient of a closed cavity with the unit cell 

Fig. 4 Design of two types of metamaterial cavities 

4. Results and Discussion 
Figure 5(a) shows the sound pressure for frequency 

response, which is calculated using three types of cavities in 

transmission parts. Here, the lengths Lc of the closed cavity 

with pressure reduction characteristics were 25mm, 30mm, 

35mm and 45mm. Therefore, to decrease the desired 

frequency components, we can select a variety of frequencies 

according to the calculation formula. FP resonance frequency, 

fFP, is determined for the open cavity in the calculation, and 

bandwidth of selectable stop-band frequencies with a dynamic 

range (fFP - fPITCH / 2 < fFP < fFP + fPITCH/2) of the period, 

fPITCH of the FP resonance frequency. The stop-band 

frequency range can be obtained by adjusting the unit cell of 

the closed cavity length, which is determined from the 

maximum FP resonance frequency. This experiment was 

performed to simulate COMSOL use of aluminum and air. 

The dimensions of the flange in the simulation are length (L) 

45mm, width (w) 5mm and depth (d) 5mm. The open cavity 

used is a fixed size, and by adjusting the flange length Lc of 

the closed cavity, we can control a wide variety of locations 

of stop-band frequencies in the controllable bandwidth, BWc. 

Figure 5(b) shows how the dynamic frequency changes 

according to the length of the flange of the open cavity and the 

closed cavity. When the length of an open cavity, L, is 100mm, 

and the length of a closed cavity varies from 10mm to 100mm, 

the stop-band frequency can be adjusted from 380Hz to 770Hz. 

 
(a) Comparison of the simulated data through two cavities of 

metamaterial according to the lengths (Lc) of the closed cavity; the 

black lines represent the sound pressure of FP resonance in the open 

cavity, while the gray lines represent the calculated data in the closed 

cavity 

 
(b) Controllable bandwidth with the resonance of FP in the open cavity 

with fixed L and the stop-band resonance in the closed cavity according 

to the length of the flange (Lc). 

Fig. 5 Control of sound pressure using our metamaterial 

The experimental method of this study was conducted 

with respect to the sound pressure analysis of the metamaterial. 

Sound pressure was calculated using COMSOL and a plane 

wave in the slab. In the experiment, sound pressure was 

measured using a white random signal. To evaluate the sound 

pressure, we used consist of two unit cells with coiling-up 

structures. The coiling-up structures consist of an open cavity 

and a closed cavity. In order to measure the sound pressure 

difference, the transmission coefficient and the reflection 

coefficient were measured and analyzed. In Figure 5(a), the 

calculated sound pressure and the measured sound pressure 

can be accurately matched. The controllable dynamic range is 
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from 400 Hz to 1,350 Hz, and the effective refractive index 

used was from 1.14(Lc = 25mm) to 2.23(Lc = 45mm). Figure 

5(b) shows that the maximum frequency at FP resonance is 

840 Hz, the minimum frequency at stop-band is 440 Hz, and 

the maximum frequency is 1350Hz. 

 
(a) Experimental setup for measuring transmission 

 
(b) Comparison of the experimental data of transmitted data through 

two cavities of metamaterial; the solid lines represent the experimental 

data, while the dashed lines represent the calculated data. 

Fig. 6 Measurement of sound pressure 

In order to verify our studies on acoustic wave 

propagation, the effect of our metamaterial structure 

theoretically and experimentally was investigated. In an 

absorbing form, the transmitted acoustic pressure was plotted 

in accordance with the direction of wave propagation for 

waves of various frequencies, as shown in Figure 6(a). The 

random signals used for measuring sound pressure were used 

at 100 Hz to 5,000 Hz. The length L of the metamaterial was 

55 mm, and the material was made of aluminum. The chamber 

used for accurate measurements had dimensions of 1,000mm 

x 500mm x 500mm (Length x width x Height). The distance 

between the metamaterial and the speakers was 500 mm. To 

compare simulation and measurement, test measurements 

were taken at a range of 400 Hz to 1,500 Hz. Figure 6(b) shows 

that the measured and calculated results are identical. In the 

flange, by changing the length of the closed cavity, this stop-

band filter is performed at a range of frequencies from 440 Hz 

to 1,320 Hz. 

In order to obtain the acoustic characteristics for this 

study, results in simulation were performed by using the 

simulation software package COMSOL Multi-physics. The 

calculation of sound pressure in various samples was carried 

out by consideration of the refractive index and the impedance 

in the cavity. The metamaterial samples in the experiment had 

a width (w) of 10mm, a depth (d) of 10mm and a length (L) of 

45mm and were designed and manufactured to the 

specification of 360mm x 500mm. We used a single-unit cell 

of two types with periodic boundary conditions for all the 

calculations. The sound amplitude in the metamaterial was 

measured by input from generating a white noise (100 Hz ~ 

5,000 Hz) on the PC.  

The acoustic signals of specified frequencies were 

generated using a virtual instrument via a commercial 5ohm 

speaker connected to the computer's soundcard. This speaker 

was powered to amplify the generated sound waves using a 

sound amplifier. Sound signals were acquired by a 

microphone connected to the soundcard. The SPL 

measurement in meta-material was carried to the sound 

pressure transmitted through the microphone and speaker in 

the absorbing form, and the distance between the metamaterial 

and the speaker was 1,000mm. In order to compare the 

calculated and experimental evaluation of the results, the 

measurement frequency for the sound pressure in 

metamaterial is used a bandwidth of 440Hz to 1,350 Hz. In 

order to compare the relative evaluation, the amplitude of 

sound pressure was compared using the transfer function of 

the reference SPL and cavity SPL. 

5. Conclusion  
In this study, we design a metamaterial that attenuates 

desired frequency components using open and closed coiling 

structures. In particular, we confirmed that it performs better 

in the part that emphasizes or reduces low-frequency 

characteristics in the experiment, so we focused on the 

frequencies between 400 Hz and 1500 Hz. In the structure and 

sound concentration space used in the experiment, we can 

emphasize diversity with excellent spatial changes rather than 

the specificity shown in existing structures.  

There has been no research on structures that provide 

various changes to specific frequencies yet, and we obtained 

the advantage of being applicable to various structures and 

verified it through experiments. We obtained successful 

results by comparing theoretical calculations and 

experimental measurements. The results were designed to be 

suitable for small scales to be applied to highly effective 

refractive indices. The metamaterial based on the FP 
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resonance theory was calculated as an effective coefficient for 

analyzing the characteristics of open and closed cavities. Both 

open and closed structures can overcome the shortcomings 

shown in existing studies and can be changed into various 

structures.  

The metamaterial, using a combination of the 

characteristics of the two cavities, appropriately maintained 

the FP resonance and performed a band-stop filter function. 

This study is advantageous in changing the acoustic 

characteristics by designing the cavity and other spaces 

separately. It especially affects the change of low-frequency 

components rather than high-frequency components. For this 

reason, we show a method to design an acoustic filter by 

changing the length and width. We propose a metamaterial 

design based on transmission and reflection at FP resonance.  

The experimental and numerical results are in good 

agreement, and it is experimentally shown that it maintains FP 

resonance and removes redundant frequencies in amplitude. In 

the future, this study can be applied more widely to acoustic 

applications using existing acoustic metamaterials by 

reflecting the characteristics of various structures, and it is 

expected to play an important role in the field of basic 

metamaterials. In particular, it can be applied in various ways 

by applying the characteristics to special structures rather than 

applying them to monotonous structures. The results 

presented and tested in this paper can be potentially applied to 

acoustic filtering, absorption, and imaging. 
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