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Abstract 

In this study, the proposed Acoustic Metamaterial (AMM) controls low-frequency 
noise in a wide range. The designed AMM structure is compact andhas both space 
coiling channels and a resonator. The acoustic band gap and transmission loss of the 
AMM structure are computed using the COMSOL Multiphysics software. A wave 
vector in the irreducible Brillouin zone versus frequency is used to plot the acoustic 
band diagram. As per the Bloch theorem, the result shows that low-frequency 
broadband noise attenuation occurs within the band gap formation. In this study, three 
different cases are discussed by varying the thickness (L) of the space coiling 
structure. The decreasing L acts as a local resonator, and most of the band gap is 
formed at a high-frequency range. The effect of space coiling structure is dominant 
with increasing the L value and produces multiple band gaps in a low-frequency 
regime. These findings suggest a method for designing a lightweight structure to 
minimize low-frequency noise in future work. 
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1. Introduction 

According to mass frequency law, the 
conventional materials fails to adopt for low 
frequency broadband noise control with 
light weight structure. It led to the 
development of metamaterials. 
Metamaterial is a material engineered to 
have properties that are not found in nature, 
such as negative bulk modulus and mass 
density. These engineered structures have 
meta-atoms or unit cells to control and 
manipulate sound waves. Two decades of 
research and development on metamaterials 
have resulted in an effective strategy for 
alleviating thickness barrier to 
subwavelength scales and even more 
profound.[1,2] 
In classical literature, many worthwhile 
efforts have been madeto apply 

metamaterials for soundproofing 
applications, which includes micro-
perforated panel absorbers[3,4] mass-
decorated plates[5,6] meta-surface 
absorbers[7,8] foam-filled sandwich 
panels[9,10] and locally resonant structures. 
Furthermore, Wu et al. [11] studied the local 
resonance phenomenon of the Helmholtz 
resonator as a point defect in asonic crystal 
led to develop a new acoustics devices. 
Besides, Guenneau et al.[12] theoretically 
studied that the double 'C' resonators 
provide negative refraction effect in the 
low-frequency spectrum. Elford et al.[13] 
numerically studied the array of sonic 
crystals.  
The FEM model was employed to evaluate 
the sound transmission properties and band 
gap formation. They found that the band gap 
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mostly occurs below the first Bragg 
frequency. As per the Bloch theorem, band 
gap formation is the crucial feature for 
transmission loss in periodic structures.[14] 
There are various methods developed to 
evaluate the band structure, such as Multiple 
Scattering Theory (MST)[15], Plane Wave 
Expansion Method(PWE) [16], Boundary 
element method (BEM) [17], and Finite 
Element Method (FEM).[18] Moreover, 
Movchan and Guenneau [19] presented an 
asymptotic analysis of an eigenvalue 
problem of periodic split-ring resonators. 
The results show that the model can predict 
low-frequency stop bands and agree well 
with FEM.Despite their significant 
achievements, all these methods have better 
sound insulation, but only within a small 
range of frequencies. Multiple resonators 
were implemented to accomplish broadband 
noise suppression. Howeveronly the 
widened initial band gap is 
observed.Through significant research, 
scientists have discovered that space coiling 
structures exhibit various resonances that 
can result in several bandgaps,thus 
accommodating more broadband sound 
insulation. When sound waves move 
through the channels in these structures, 
rather than moving straight ahead, their 
transmission pathways are significantly 
lengthened producing an ultraslow 
transmission effect.The high refractive 
index and other remarkable features, such as 
negative refraction, acoustic tunneling are 
made possible by the extension of the 
transmission route. Liang et al. [20] proposed 
a 2D space coiling metamaterial. The 
numerical results demonstrate the negative 
refraction effect in acoustic tunneling with a 
near-zero density property. Cheng et al. [21] 
introduced high-refractive index space coiling 
AMM for low-frequency noise control 
applications. Man et al.[22] created the spaced 
coiling metamaterial to achieve a broad 
dispersion spectrum. The design produces 
many bandgaps in higher-order fractal 
structures. Liu et al. [23] constructed a space 
coiling metamaterial based on Hilbert fractal 
AMM to achieve broadband sound insulation. 

Space-coiling fractal structures have a wide 
range of applications, such as noise reduction 
[24], acoustic lenses [25], and broadband 
acoustic wave filters. [26]  In this study, the 
proposed AMM is based on the combination 
of local resonance structure with space coiling 
design. By varying the space coiling structure, 
three different cases are used for analysis. The 
acoustic transmission characteristics, eigen-
mode analysis, and band gap plot are studied 
with the help of COMSOL Multiphysics 
software. The bandgap plot is validated with 
Plane Wave Expansion (PWE) method. 
 
2. Material and Methods 

In the present study a 2D local resonance 
structure with a space coiling design is 
considered for the Transmission Loss (TL) 
characteristics, as shown in Figure 1. This 
structure's interior resembles the Helmholtz 
resonator, and the outer structure design, i.e., 
the wall of the Helmholtz resonator, is 
adopted from the space coiling structure. In 
Figure 1, L represents the space coiling 
structure thickness, t is the wall thickness, 
androand riare the outer and inner radii, 
respectively. The design parameters of the 
considered structures are detailed in Table 
1.The Finite Element Method-based 
COMSOL Multiphysics software is used to 
study the dispersion phenomenon, eigenmode 
analysis, and TL characteristics. The 
computational domain has two parts: steel 
(white region in Fig 1b) and air (grey region 
in Fig 1b). The material properties are listed in 
Table 2. 
The Helmholtz equation for the air domain 
can be expressed as  ∇ ��� ∇�� + �	�
	 � = 0              (1) 

Here p is sound pressure, 
 is the angular 
frequency, � and � are the speed of sound 
and density of air medium, respectively. The 
vibration of the solid part is eliminated 
because the impedance of the solid domain 
is moresignificant than air. Further, the 
solid-acoustic interface is considered as 
rigid wall boundary condition to simplify 
the computational model. 
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Figure 1: (a) The unit cell with the lattice constant 'a' 

(b) The Irreducible Brillouin zone of the square 

lattice 

 
The sound pressure field, as per the Bloch 
theorem, is expressed in equation(2) ��� + �� = ������������        (2) 
Where r is the position vector and k is Bloch 
wave-vector. Each unit cell is arranged in a 
square lattice arrangement with the size of 
'a=75mm'. The Floquent Bloch periodic 
boundary condition is applied to both ends 
of the boundaries of a unit cell. The band 
structure is obtained by solving the 
frequency domain equation with varying � –

wave vector in the Irreducible Brillouin 
zone (IBZ), as shown in Fig 1b.  
In real-time, the infinite form of the periodic 
structure is impossible. Hence, the acoustic 
performance of the finite periodic structure 
is evaluated. In this study unit cells are 
arranged in a 5 × 5 array. As illustrated in 
Fig 2, the sound waves travel in the x and y 
directions, and periodic boundary conditions 
are applied to both sides of the domain. The 
Perfectly Matched Layer (PML) is 
employed at both ends of the domain, which 
helps avoid reflection to the propagation 
field. The left side of the structure is 
considered asa Background Pressure 
Field(BPF). The Transmission loss is 
calculated as follows: 
 �� = 10	�����  !"# $%  (3) 

 &'()is the transmitted acoustic power 
measured on the right portion of the 
structure (green line) and,&*+is the acoustic 
power in BPF measured on the left side of 
the structure (yellow line). 
3. Validation 

To verify the computational study, the band 
diagram of the COMSOL result is compared 
with the Plane Wave Expansion Method 
(PWE).27The simple steel cylinder inclusion 
in an air medium model is considered for 
validation. The simulation results perfectly 
matched the PWE method, as shown in Fig 
3a. Using the results of  Yu et al.28 the 
acoustic characteristic of the computational 
model is validated. 
 
 

 

 
Figure 2: The computational model for transmission loss analysis 
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4. Results and Discussion 

This section discusses computational results 
on bandgap plots, eigenmode, and 
transmission loss characteristics of the 
proposed structure with different incident 
angles. The band diagram plot and 
transmission loss plot are shown in Figures 
4 (a), 4(b), and 4(c). In case 1, the three 
different band gaps are observed. Those are 
540 to 670 Hz, 684 to 750 Hz, and 800 to 
907 Hz, and the cumulative bandwidth is 
observed to be 250 Hz. Also,in Case 2 three 
different band gaps are observed, but the 
width of the last two bands(820-891 Hz & 
913-982 Hz) narrowed, and in case 3 a 
single band gap (560-880 Hz) is observed. 
Thecumulative bandwidth of case 2 and 
case 3 are observed to be 340 and 320 Hz, 
respectively. Therefore, decreasing space 
coiling thickness' L' reduces the band gap in 
low frequency. The relative frequency fR is 
calculated and is as shown in equation 4. In 
the three different cases, the fR values are 

less than 1, which shows that the designed 
structure can perform well for 
subwavelength noise control. ,- = ./0%#01	.102010%/0                            (4) 

Here ,34.434+
4	 =	� �⁄  ,
4+)43 - Centre frequency of bandgap, c- 
speed of sound in m/s and �-lattice 
constant. 
Fig4 shows the transmission loss for three 
cases studied. A 50 dB TL at 715 Hz is 
observed for cases 2 & 3.In case 3, only the 
first band gap is shown in Fig 4; other band 
gaps are formed in the higher frequency. For 
case 1, TL is less than 40 dB. Further, with 
an increasing 'L' value, TL decreases.  
The band gap depends on the resolution of 
eigenfrequencies. The first eigenfrequency 
for all cases is the same due to external 
dimension similarity. The second 
eigenfrequency follows the increasing trend 
with the decreasing L, as shown in Fig 5

 
 

 
 

 
Figure: 3 (a) Validate the COMSOL result with the PWE method (b) Validation of 

Transmission characteristics of COMSOL result with Yu et al.
28 
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Figure 4: Transmission Loss spectra and band diagram for different cases 
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.In cases 1 and 2, the resonance effect is 
created due to the spacecoiling effect. 
Whereas in case 3, the resonance effect is 
formed due to the Helmholtz structure. The 
thickness of the space coiling structure in 
case 3 is less, thus acting as a local 
resonance structure. The resonance 
frequency for case 3 is higher, and a wide 
range of frequency band gaps is observed. 
But for cases 1 & 2, several eigen 
frequencies are formed within 1000Hz, so 
the number of band gaps also increases due 
to the space coiling effect. 
Therefore for cases 1 & 2, eigen frequencies 
depend on the space coiling effect due to a 
higher L value. Meanwhile, case 3 depends 
on the local resonance effect due to a lower 
L value.The transmission characteristics of 
different incident angles are also evaluated. 
Fig 6 shows that the TL increases when 

increasing the incident angle and still obey 
the band gap plot. In case 3, TL is observed 
for a broader and continuous frequency 
range of 450-900Hzfor all incident angles. 
In cases 1 and 2, the TL characteristics are 
absent in a few frequencies where 
constructive interference is formed due to 
the space-coiling resonance.From the Bloch 
theorem, if the band gaps are wider, it will 
reduce the broadband noise.To  
understand the variation of bandgap relation 
amongdifferent cases, the Total Relative 
Bandgap (TRB) is expressed as29. 
 Total	Relative	Bandgaps =	∑ HI.",%K.L,%MI.",%N.L,%M*+O�           (6) 

Where f u,n  and f l,n   are the upper and 
lower ends of the bandgap, and i represents 
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the number of bandgaps within the 
frequency of 1000Hz. 
The actual bandwidth and TRB are shown 
in Fig 7. The decrease in the L value causes 
the band gap shift to higher frequencies. In 
case 1, the first bandwidth is only shown 
here, and others are in the higher frequency 
range (more than 1000Hz). Multiple 
bandgaps are formed within the low-
frequency region due to the increasing 
thickness of the space-coiling structure. But 
the TRB value decreases with increasing the 
influence of space coiling structure, as 
shown in Fig 7. These results are promising 
and can further be improved by optimizing 
other parameters to make a wider band gap 
within the low-frequency regime. 
 

 
 
Figure 7: Schematic of band gap and TRB 

plot 

 
5. Conclusion 

The proposed structure based on combine 
effect of space coiling and local resonance 
offers a good solution for low-frequency 
noise control applications. It is found that 
while increasing the space coiling thickness 
L, multiple resonance band gaps are formed 
in the low-frequency region. The 
eigenfrequency plot shows that case 3 acts 
as a local resonator at the first band gap due 
to the lower L value. The simulation result 
shows cases 2 & 3 have almost 50dB noise 
attenuation. The TL is calculated for 
different incident angles, which shows that 
case 2 have a wider noise attenuation 
compared to case 1& 3. Therefore the 

reasonable space coiling thickness provides 
broadband noise control. 
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