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Abstract 

Narrowband transmission of some acoustic metamaterial limits their device applications. Here, we 

propose and demonstrate a broadband acoustic metamaterial comprising a space coiling structure by 

introducing an impedance-matching layer (IML) between air and the metamaterial. The impedance-

matching layer is achieved by specially designing the parameters of the space coiling structure to form 

gradient index (GRIN). It is found that the metamaterial with the impedance matching layers 

substantially improves energy transmission in the frequency range of 2 ~ 6 kHz. We also show the 

capability of such metamaterial to modulate the phase of acoustic waves with high energy transmission 

up to at least 60%. 

Recently, acoustic metamaterials have attracted great research attention due to their unusual material 

parameters, such as negative dynamic mass1, negative modulus2, and refractive index of negative3,4, 

near-zero5, or unusual high value6. They have shown great potentials in controlling acoustic wave and 

transformation acoustics, such as slowing down acoustic wave propagation6, acoustic wave focusing7–

9, extraordinary transmission10, and acoustic hologram11,12. Among all these metamaterials, the acoustic 

metamaterials based on coiled-up space6,13–15 are an interesting technical subject due to the well clarified 

physical mechanism, where the acoustic wave is forced to propagate in the tapered or coiled-up space, 

which leads to an unusual effective index if the effective medium methodology is applied. Various 

acoustic functional devices7,10,16–18 have also been reported based on acoustic metamaterial unit cells 

with the coiled-up space. 

Despite numerous advantages, these acoustic metamaterials by coiling up space suffer from the narrow 
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band of operating frequencies due to the impedance mismatch at the interface between air and the 

metamaterial, which leads to the transmission peaks and dips associated with Fabry-Pérot resonance in 

the metamaterial. Attempts have been made to achieve broadband acoustic metamaterials. For example, 

the acoustic metamaterial in which the inlet has the gradually varying cross section has been used to 

reduce the impedance mismatch and increase the energy transmission15. However, this method is not 

applicable for some specific acoustic metamaterials in which the inlets are large enough for propagation. 

In fact, it does not essentially solve the problem of impedance mismatch. 

 

In this paper, a broadband acoustic metamaterial with impedance matching layer (IML) is designed, 

numerically simulated, and demonstrated. The broadband performance is achieved by introducing the 

gradient index (GRIN) of the IML, where the parameters of coiled-up space are intentionally varied 

inhomogeneously. Parametric equations are used to describe this metamaterial precisely, associated 

with the effective medium method to retrieve the effective refractive index, and the effect of the IML’s 

parameters on the transmission spectrum of the metamaterial is also studied. A commercial impedance 

tube is adopted to investigate its acoustic properties, and the results are in good agreement with the 

simulation results from the finite element analysis (FEA). 

 

The broadband metamaterial is a variation to the reported metamaterial based on the coiled-up space6 

as shown in Fig. 1(a). The coiled-up space is achieved by four individual blades with the helical shape, 

connected by a column in the center. The structure can be described by several geometric parameters 

including outer diameter D, inner diameter d, total length L, and pitch of the lead P. The acoustic waves 

are forced to propagate along the helical channels formed by the blades. To further study the 

metamaterial, the effective medium method is applied to retrieve the effective parameters. The ratio 

between the length of the wave propagation path in the metamaterial and its corresponding variance in 

propagation direction, i.e., z-axis, can be simply considered as the effective refractive index effn , which 

can be expressed as6: 
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where eD  is the effective diameter for the acoustic wave propagation. Thus the transmission coefficient 

of the acoustic wave through the effective homogeneous medium, with a length of L, can be expressed 

as19:  
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where 0k  is the wave vector number of the acoustic wave in air, 0  the mass density of air, and eff   



the effective mass density of the acoustic metamaterial. It is obvious that the transmission coefficient 

at a specific frequency directly depends on the effective parameters of metamaterial effn , eff  and its 

length L. If the wave vector number 0k  meets the following equation: 
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the minimum transmittance can be obtained as follows: 
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If 0eff effn  , the transmission coefficient 1T  . Only if the wave vector number 0k  meets the 

equation of  0  0,1,2,...effk n L n n  , the maximum transmittance, i.e., =1T , is obtained. The 

frequency-dependent transmittance is caused by the impedance mismatch at the interface of air and 

metamaterial, which then leads to Fabry-Pérot resonance in the metamaterial. This behaviour induces 

the limitation of application in broadband since high transmission in a wide frequency range cannot be 

guaranteed. To solve this problem, the impedance matching should be enhanced at the interface between 

air and the metamaterial.  

 

We design the matching layer to improve impedance matching and broadband transmission. The 

impedance matching layer possesses gradient refractive index, which could be achieved by the variant 

pitch of the coiled-up space, as shown in Fig. 1(b). For the case of the metamaterial with constant pitch, 

Equation (1) can describe approximately the relationship between the effective refractive index and the 

parameters of coiled-up space. However, for the impedance matching layer, since the pitch of lead is 

not fixed, Equation (1) is not applicable anymore to describe the gradient index. Here, we use the 

parametric equations to describe one of the coiled-up blades of the metamaterial with the impedance 

matching layers in a coordinate system as follows: 
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for IML 1,  
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for the metamaterial with a fixed pitch of lead, where r and s are parameters of the parametric equations, 

representing the radius and angle, respectively, ω the angular coefficient, 1  and 2  the initial phases, 

1a  the coefficient as a constant to describe the metamaterial with a fixed pitch of lead, ( 2,3,...)na n   

the coefficient as a function of n to describe the impedance matching layer and 0 1 2 1 2, , , ,s s s r r  to define 

the ranges of parameters s and r for each part. To retrieve the effective refractive index of this 

metamaterial, the acoustic waves can still be simply considered to propagate along a helical path in the 

metamaterial, and Equation (5) ~ (7) could be applied to describe the helical path of propagation except 

that the parameter r should be replaced with er , i.e., the effective propagation radius for acoustic waves. 

The effective refractive index can be expressed as 

 eff

dl
n
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where dl is the length of the helical propagation path and dz the projection on propagation direction, 

i.e., z-axis in this case, as shown in Fig. 2(a). Since    2 2
1dl dz dx dz dy dz   , 

   dx dz dx ds ds dz  , and    dy dz dy ds ds dz  , the effective refractive index can be finally 

expressed as 
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In this equation, ω and er  are constants without dependence on other parameters (if we assume that er  

is proportional to D), and the term  2
ds dz  is determinant in describing the effective refractive index 

of the metamaterial. If 1n  , i.e., the case of metamaterial with a fixed pitch of lead which is presented 

in Equation (7), 11ds dz a  and 12P a  , we obtain  2
2 1eff en r P  , which is the same as 

Equation (1). However, if 1n  , the relationship between s and z is not linear anymore, and the value 

of   2
ds dz  is a function of z position, instead of a constant. By intentionally designing the parameters 

and variables, the gradient index can be obtained to improve impedance matching and achieve 

broadband applications. 

 

In this work, the geometric parameters and variables are 6 mmd  , 0.26  , 0 10 mms  , 1 3 mmr  , 

2 14 mmr   and 1 1 3a  . The value of the fixed pitch of lead is 12 8.06 mmP a   , and the values 

of 1 2 1 2, , , ,na s s    depend on the specific case, determined by the value of n. The value of er  or eD  can 

be obtained after the numerical fitting, which is: 0.423eD D . We keep the total length of the 



metamaterial (including the IMLs) as 60 mm, and present the blades of the metamaterials with different 

values of n, as shown in Fig. 2(b). By specially designing the value of 1 2 1, , ,na s s   and 2 , together 

with Equation (9), the effective refractive index distribution of the metamaterial across z-axis can be 

presented as shown in Fig. 2(c). It is obvious that the impedance matching layers possess the gradient 

index across the z-axis.  

 

To verify the effects of the IMLs and the broadband property of the metamaterial, we first adopt the 

finite element solver by the commercial software COMSOL Multiphysics to emulate the sound-

structure interaction in a standing wave tube, to obtain the transmission spectrum of the metamaterial. 

The experiment measuring the acoustic transmission spectrum of the metamaterial is carried out inside 

a commercial acoustic impedance tube (Brüel & Kjar Impedance Measurement Tube Type 4206T) and 

the commercial microphones (Brüel & Kjar 4187), with the software PULSE to process the data using 

the well-known four-microphone transfer-function method. The designed metamaterials are made of 

photosensitive resin (DSM Somos 14120), manufactured via laser sintering stereo-lithography 

(UnionTech RS4500). Fig. 1(c) shows the fabricated metamaterials with different structure parameters. 

 

The numerical simulation and experimental results of the transmission spectra of the metamaterial are 

shown in Fig. 3. The transmission spectrum of the metamaterial without IMLs is presented in Fig. 3(a). 

It is apparent that, across the studied frequency range, the transmission coefficient of the metamaterial 

reaches a sharp peak at around 5200 Hz, while at other frequencies, the transmission coefficient is 

relatively low, which is less than 10% at the frequency range of 2000~3500 Hz. The transmission peak 

is attributed to Fabry-Pérot resonance inside the metamaterial presenting high effective index, which is 

caused by the impedance mismatch at the interface between air and the metamaterial. Figures 3(b)-(e) 

show the transmission spectra of the modified metamaterial combined with IMLs at different values of 

parameter n. As the value of n increases, the transmission property of the metamaterials with IMLs 

could be further improved, and for 10n  , the transmission coefficient of the metamaterial with IMLs 

has been substantially improved, compared with that of the metamaterial without IMLs. This could be 

explained by Fig. 2(c) that with a higher value of parameter n, the effective refractive index of the 

metamaterial at the interface between air and the metamaterial ( 30 mmz   ) would be closer to 1, 

which is also the refractive index of air, resulting in a better impedance match between air and the 

metamaterial, and an improved transmission spectrum is shown. Thus, the IMLs show the capability to 

improve the transmission property of the metamaterial by enhancing the impedance matching of air and 

the metamaterial. Since a higher value of parameter n leads to the better transmission property, it is 

reasonable to consider the parameter n as the transmission enhanced factor of the IMLs, and the 

transmission property of the metamaterial would be improved when 1n  . 

 



The metamaterial as reported in the literature6 shows versatile functions for acoustics, including wave 

slowing down and phase modulation due to its relatively high effective refractive index. Meanwhile, as 

building blocks, it could also be considered as a unit cell to fabricate some integrated acoustic devices, 

which are able to show more functions in manipulating the acoustic waves to achieve some novel 

applications, such as acoustic wave focusing, acoustic hologram, and sound absorption. By introducing 

the impedance matching layers to break the constraint of the narrow bandwidth, many applications 

demanding broadband performance can be achieved. In Fig. 3(e), we show the performance of the 

metamaterial with IMLs to modulate the phases of acoustic waves in the studied frequency range. It is 

noted that the phase modulation capability of the metamaterial could also be adjusted by varying the 

parameters of the coiled-up structure of the metamaterial. Thus, it would be possible to produce acoustic 

functional devices based on such metamaterial unit cells for efficient broadband high energy 

transmission.  

 

In conclusion, we have demonstrated a broadband high transmission acoustic metamaterial in which 

the bandwidth has been dramatically improved by introducing the IMLs. The IMLs possess gradient 

effective refractive indices leading to impedance matching between air and the metamaterial. The 

experimental measurements are consistent with numerical simulation. The high effective index of this 

metamaterial and its capability to manipulate acoustic waves make it promising to realize acoustic 

functional devices demanding broadband transmission. 
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Fig. 1. (a) Reported metamaterial design based on the coiled-up space; (b) Design of metamaterial with 

impedance matching layers (IMLs); (c) Photo of the fabricated metamaterials via laser sintering stereo-

lithography, with different structure parameters. Scale bar: 20 mm. 

 

 

 

 

 

 



 

Fig. 2. (a) Effective propagation path in the metamaterial of the acoustic wave, where dl is the length 

of the helical propagation path and dz is the projection on propagation direction, i.e., z-axis in this case; 

(b) Pictures of the inner blades of the metamaterial with IMLs as different values of parameter n. From 

left to right: n=2, 3, 4 and 10, respectively; (c) Effective refractive index (RI) distribution of the 

metamaterial across z-axis. The gray region represents the metamaterial with the fixed pitch of lead. 

 

 



 

Fig. 3. Numerical simulation and experimental results for (a) transmission spectrum of the metamaterial 

without IMLs; (b)~(e) transmission spectra of the metamaterials with IMLs, for n=2, 3, 4 and 10, 

respectively; and (f) Performance of the metamaterial ( 10n  ) to modulate the phase of the acoustic 

wave. 
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