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Abstract

:

Metamaterials enable the modulation of elastic waves or acoustic waves in unprecedented ways and have a wide range of potential applications. This paper achieves the simultaneous manipulation of surface elastic waves (SEWs) and surface acoustic waves (SAWs) using two-dimensional acousto-elastic metamaterials (AEMMs). The proposed AEMMs are composed of periodic hollow cylinders on the surface of a semi-infinite substrate. The band diagrams and the frequency responses of the AEMMs are numerically calculated through the finite element approach. The band diagrams exhibit simultaneous bandgaps for the SEWs and SAWs, which can also be effectively tuned by the modification of AEMM geometry. Furthermore, we construct the AEMM waveguide by the introduction of a line defect and hence demonstrate its ability to guide the SEWs and SAWs simultaneously. We expect that the proposed AEMMs will contribute to the development of multi-functional wave devices, such as filters for dual waves in microelectronics or liquid sensors that detect more than one physical property.
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1. Introduction


Metamaterials (MMs) are artificial composites that possess wave properties beyond those of conventional materials [1,2]. One of the remarkable properties of MMs is the presence of complete bandgaps that prohibit the wave transmission along any direction in a specific wavelength range [3,4,5]. Such a complete bandgap exhibited in periodic MMs provides opportunities to control and manipulate classical waves. To date, the MMs have shown great potential in various applications, such as cloaking technology [6,7,8,9,10], acoustic imaging [11,12], piezoelectric energy harvesting [13,14,15,16,17,18], wave filtering [19,20], liquid sensing [21,22,23,24], and waveguiding [25,26].



Traditionally, the MMs are used to manipulate a single type of classical wave (e.g., electromagnetic, elastic, or acoustic waves). However, considering continuously increasing demand for multi-functional devices or structures, several researchers attempted to simultaneously control two or even more physical fields within the same MM. It is known that the wave properties of MMs depend largely on their topological (or geometrical) structures as well as material constituents [27]. Notably, through a reasonable design, two different kinds of physical fields can be modulated in a single MM. Bilal et al. [28] designed a complex three-dimensional (3D) MM that can attenuate both elastic and acoustic waves in all directions over a wide frequency range. Yuan et al. [29] proposed a tunable and multi-functional one-dimensional (1D) metastructure that can manipulate surface elastic waves (SEWs) and surface acoustic waves (SAWs) simultaneously. Xu et al. [30] proposed a sound and vibration absorber (SVA) with a simple structure that achieves the functions of vibration control and sound absorption. Gu et al. [31] designed lightweight MMs and demonstrated their abilities of vibration isolation as well as low-frequency sound absorption. Kheybari et al. [32] reported a tunable auxetic MM (i.e., MM with negative Poisson’s ratio) in which the propagation of elastic vibrations and airborne sounds is prohibited. Elmadih et al. [33] proposed low-profile metamaterials that possess the bandgaps of acoustic and elastic waves. In their study, apart from the numerical predictions, the existence of elastic wave bandgaps was experimentally validated. Li et al. [34] leveraged the absorption mechanism of the Helmholtz resonance to design the structural elements independently of the sound-absorbing elements. In addition to the modulation of elastic and acoustic fields, there have been a number of studies devoted to the simultaneous manipulation of thermal and electric fields [35,36,37], or acoustic and electromagnetic waves [38].



Despite the efforts devoted to the MMs for simultaneous control of elastic and acoustic waves, the two-dimensional (2D) MMs for the dispersion control of the SEWs and SAWs are rarely reported. Notably, compared to the 1D case, the 2D manipulation of surface waves provides more possibilities of designing functional devices. Thus, to control and guide the SEWs and SAWs simultaneously, we propose the design of 2D acousto-elastic metamaterials (AEMMs) in the present work. The proposed AEMMs exhibit the bandgaps for the SEWs as well as the SAWs and, hence, enable precise waveguiding of dual surface waves by the introduction of a line defect. The remainder of this paper is organized as follows. Section 2 describes the 2D AEMM model and the calculation method. The band diagrams and the frequency responses of the SEWs and SAWs propagating in the 2D AEMM are presented in Section 3. Section 4 shows the design of the defected AEMM structure for simultaneous guidance of the SEWS and SAWs. Finally, the conclusions are given in Section 5.




2. Model and Method


We consider a square lattice array of periodic hollow cylinders arranged on a solid substrate, in which either the substrate or the pillars are made of aluminum; see the schematic of the AEMM unit cell in Figure 1a. It is important to note that in this paper we neglect acoustic–structural coupling because of the large impedance mismatch between the solid and air. As a result, the elastic waves and the acoustic waves are solved independently [28,32]. In other words, the elastic waves propagate in the solid material and involve the elastic deformation as well as the particle vibration. On the other hand, unlike the elastic waves, only the air domain is taken into account for the propagation of acoustic waves. That is, the solid materials are rigid for airborne sounds and, hence, their boundaries are regarded as sound hard ones. The air domain of the AEMM unit cell for the calculation of acoustic waves is schematically illustrated in Figure 1b. It is clearly seen that an air layer that supports the sound propagation is also considered. Here, the material parameters for the aluminum are the mass density of 2700   kg /  m 3   , Young’s modulus of elasticity of 70 GPa, and Poisson’s ratio of 0.33, respectively. The mass density and sound velocity of the air domain are 1.21   kg /  m 3    and 343 m/s, respectively. The lattice parameter for the periodic cylinder array, the inner radius, outer radius, and height of the hollow cylinders are denoted by a,   r 1  ,   r 2  , and   h 1  , respectively. The depth of the aluminum substrate and the thickness of the air layer are denoted by   h 2   and   h 3  , respectively. Note that the structural surface is set to   z = 0  . To reduce the effects of wave reflection on the outermost boundaries, perfect matched layers (PMLs) with a thickness of 3a are employed, as illustrated in Figure 1a,b.



For an isotropic and linearly elastic solid material, the governing equation for the harmonic elastic waves is


   ( λ + μ )  ∇  ( ∇ · u  ( r )  )  + μ  ∇ 2  u  ( r )  = − ρ  ω 2  u  ( r )  ,  



(1)




where  ρ  is the mass density of the elastic medium;  λ  and  μ  are the Lamé constants;  ω  is the angular frequency;   u = (  u x  ,  u y  ,  u z  )   represents the displacement vector that is dependent on the position vector   r = ( x , y , z )  ; ∇ and   ∇ 2   are the gradient and Laplace operators, respectively. For the acoustic counterpart, the governing equation of the pressure waves in the air domain can be expressed as


  −    ω 2   ρ  c 2     p  ( r )  = ∇ ·  (   1 ρ   ∇ p  ( r )  )  ,  



(2)




where   p ( r )   represents the acoustic pressure, while c denotes the sound velocity. Considering the periodicity of the 2D AEMM, we apply the Bloch’s boundary condition on the boundaries along the x and y directions of the unit cell:


  u  ( r + a )  = u  ( r )   e  i k · a   ,  



(3)






  p  ( r + a )  = p  ( r )   e  i k · a   ,  



(4)




where   a = ( a , 0 , 0 )   or   ( 0 , a , 0 )   is the lattice vector and   k = (  k x  ,  k y  , 0 )   is the wave vector. To solve the governing equations, the finite element (FE) method was utilized, where the discrete form of the eigenvalue equation for the AEMMs is


  ( K −  ω 2  M ) Ψ = 0 ,  



(5)




where  K  and  M  are the stiffness matrix and the mass matrix, respectively;  Ψ  denotes the components of displacement or pressure fields at each node. Throughout this paper, at each node, the numerical calculations are performed using a commercially available software package, COMSOL Multiphysics (https://cn.comsol.com/). It is worth noting that the degrees of freedom in the numerical calculations are checked to ensure convergence of the results.




3. Band Structure Analysis


Figure 2a,b shows the dispersion relations of the 2D AEMM for the elastic and acoustic waves, respectively, where the used geometrical parameters are   r 1   = 0.4a,   r 2   = 0.3a,   h 1   = 0.5a,   h 2   = 10a, and   h 3   = 10a. The frequencies of the elastic and acoustic waves are normalized by    c t  / a   and    c a  / a  , respectively, in which   c t   represents the transverse wave velocity of aluminum, while   c a   denotes the sound speed of air. It is noteworthy that for both the elastic and acoustic waves, the existence of homogeneous (aluminum and air) half-spaces leads to the 2D AEMM, an open system. As the elastic and acoustic waves can leak into the half-spaces, only the SEWs and SAWs traveling along the structural surfaces of the 2D AEMM are of interest. To identify the surface modes, we define the following parameters  α  (for elastic waves) and  β  (for acoustic waves) as


  α =   1 a   ·     ∫  V A   z   u x   u x *  +  u y   u y *  +  u z   u z *   d V    ∫  V A     u x   u x *  +  u y   u y *  +  u z   u z *   d V    ,  



(6)






  β =   1 a   ·     ∫  V B   z  ( p  p *  )   d V    ∫  V B    ( p  p *  )   d V    ,  



(7)




where   V A   and   V B   are the solid and air parts of the volume integral for the elastic and acoustic waves, respectively. When  α  or  β  tends to 0, the waves are concentrated at the surface, i.e., the surface wave modes. In addition, the concept of a sound cone is employed to emphasize the results of the SEWs and SAWs. Correspondingly, the sound lines of the elastic and acoustic waves are determined by the relations   ω =  c t   | k |    and   ω =  c a   | k |   , respectively. It is well known that for either the elastic or acoustic case, the true surface modes that cannot leak into the substrate (or background) emerge below the sound lines [39]. In the band diagrams [see Figure 2a,b], several frequency bands corresponding to the surface modes generate below the sound lines. Importantly, there are bandgaps for both the SEWs and SAWs, as highlighted by the gray shadows. This implies that the SEWs as well the SAWs in the frequency ranges of these bandgaps cannot propagate along any direction in the structural surface (i.e., the   x y   plane). In addition, we point out that for the elastic waves, the periodic cylinders can be regarded as additional mass-resonators on the substrate surface for opening bandgaps of the SEWs. On the other hand, for the acoustics, the hollow cylinders behave like the Helmholtz resonators, which lower the acoustic bands below the sound lines.



To provide a clear view of the surface modes, an eigenmode analysis was performed for selected frequency bands at point X in the first Brillouin zone. Figure 2c displays the distributions of elastic displacement fields at points A, B, C, D, E, and F. Obviously, the relatively flat bands (e.g., points A–E) correspond to different resonant modes of the hollow cylinders. Meanwhile, the bands with a relatively high slope (e.g., point F) act as the Rayleigh surface waves. On the other hand, Figure 2d depicts the pressure distribution of acoustic waves at points a, b, and c. One can find that for point a, the sound is concentrated inside the hollow cylinders. On the contrary, for point b, the acoustic waves are mainly distributed within the space between the periodic cylinders. The separation of acoustic modes a and b results in the emergence of the acoustic bandgap below the sound lines. Additionally, there are dispersion curves in a red color beyond the sound lines, i.e., the leaky surface waves. For instance, in the case of point c, the acoustic waves are still distributed along the structural surface. It is noteworthy that the energy of these elastic and acoustic surface modes is highly concentrated at the structural surface and decays rapidly away from the surface, demonstrating the generation of dual surface waves in the proposed 2D AEMM.



Alongside the band structure, the response spectrum is usually employed to evaluate the wave attenuation within finite-sized MMs. Herein, the frequency responses of the elastic and acoustic waves are calculated by constructing the AEMM structure with nine unit cells along the x direction (i.e., the  Γ X direction). The line sources parallel to the y axis are placed at one end of the array of hollow pillars to excite the elastic and acoustic waves. Additionally, two detection points are set at the other end to facilitate the measurement of the elastic and acoustic outputs, respectively. Also, the PMLs are used to reduce the effect of wave reflection. Figure 3a depicts the transmission curve of the elastic waves along the  Γ X direction, in which the displacement is normalized by the maximum displacement. Similarly, for the SAW transmission, the normalized pressure as a function of the excitation frequency is displayed in Figure 3b. It is pointed out that the shaded areas are the directional bandgaps predicted by the band diagrams. The transmission curves almost coincide with the dispersion curves. However, the first bandgap of the elastic waves in the transmission curve is slightly different from that in the band diagram, as shown in Figure 3a. This is due to the fact that during the transmission calculation, a line source is used to generate the SEWs in the form of plane waves. Consequently, the modes with y-polarized deformation (e.g., mode D) and the complicated breathing mode (e.g., mode E) cannot be effectively excited. Moreover, a transmission peak (see point III in Figure 3b) appears in the transmission curve within the first acoustic bandgap predicted by the band diagram. This is due to the presence of the leaky surface modes beyond the sound lines (e.g., point c in Figure 2b). In general, the bandgaps of surface waves are determined by the energy bands below the sound lines. Notably, the leaky surface waves above the sound lines can also propagate along the structural surface, although their amplitude decreases with the increase in the propagating distance [39]. Thus, especially in practical applications, it is important to study the attenuation of leaky surface waves in the bandgap frequency ranges.



Figure 4 shows the distributions of displacement and pressure fields in the finite-sized AEMM at frequencies 1, 2, 3, and 4 as well as I, II, III, and IV. When the transmittance is very low, the surface waves cannot pass through the finite-sized AEMM due to the bandgap effect; see the elastic case at the normalized frequencies of 0.2819 and 0.4677, while the acoustic case is at the frequency of 0.3819. In contrast, a high transmittance generally corresponds to the passbands of the SEWs or SAWs. Clearly, SEW modes A and F (see Figure 2c) are excited when the frequencies are 0.2562 and 0.4196, respectively. On the other hand, SAW modes a and b (see Figure 2d) are well guided along the AEMM under the frequencies of 0.3499 and 0.4227, respectively. It is noticed that despite leakage, SAW mode c (see Figure 2d) also gets excited at the frequency 0.4052.



Also, it is important to explore the effect of the AEMM geometry on the bandgaps for the SEWs and SAWs simultaneously. To facilitate the analysis, the elastic and acoustic band structures of the 2D AEMM are calculated for five different cylinder heights. Keeping the other geometrical parameters the same as those used in Figure 2, the heights of the hollow cylinders are set to 0.4a, 0.5a, 0.6a, 0.7a, and 0.8a, respectively. As the cylinder height increases, the central frequency of the SEW bandgap decreases; meanwhile, the bandgap itself becomes narrower, as plotted in Figure 5. And we can see that when the cylinder height increases to 0.7a, the aggregated bands gradually separate. Finally, when the cylinder height reaches 0.8a, a bandgap is formed between the aggregation bands and the upper bandgap disappears. At the same time, as the height of the cylinders increases, the complete SAW bandgap shifts to lower frequencies and becomes wider. We further calculate the transmission curves of the AEMMs for different cylinder heights, where the direction of wave propagation is the  Γ X direction too. As shown in Figure 6, the shaded areas are marked as the bandgaps predicted by the band diagram; the SEW and SAW bandgaps move to lower frequencies as the cylinder height increases. It can be seen that the transmission curves are consistent with the results of the band structure analysis, demonstrating that we can effectively tune the bandgaps of SEWs and SAWs by adjusting the AEMM geometry. This provides a basis for the design of various wave functions that require precise control of wave propagation characteristics. Importantly, the bandgaps are prerequisites for creating various functional components, such as cavities or waveguides. These results could provide a guide for the design of 2D AEMMs in different potential applications.




4. Dual Waveguides for SEWs and SAWs


In the previous section, it has been demonstrated that the proposed 2D AEMMs support the band gaps for the SEWs and SAWs simultaneously. Additionally, the band gaps for dual waves can be effectively tuned by changing the AEMM geometry. In this section, based on the bandgaps for dual waves, we will further construct the AEMM structure with a line defect for simultaneous guidance of the SEWs and SAWs, namely, the AEMM waveguide. By appropriate geometrical construction, both the SEWs and SAWs can propagate along a straight line in the AEMM structure. As schematically illustrated in Figure 7, the line defect is introduced by changing the dimension of the central cylinder in the AEMM supercell. Here, the height of the perfect cylinders is set to   h 1   = 0.6a, while that of the defected cylinder is   h 4   = 0.5a. The other geometrical parameters are   r 1   = 0.4a,   r 2   = 0.3a,   h 2   = 10a,   h 3   = 10a, respectively. Moreover, to distinguish the line defect modes from other wave modes, we define the concentration ratios  γ  (for elastic waves) and  δ  (for acoustic waves) in the band diagram calculations:


  γ =     ∫  V 1       u x   u x *  +  u y   u y *  +  u z   u z *    d V     ∫  V 2       u x   u x *  +  u y   u y *  +  u z   u z *    d V     ,  



(8)






  δ =     ∫  V 1      p  p *    d V     ∫  V 2      p  p *    d V     ,  



(9)




where   V 1   denotes a relatively small domain containing the line defect and   V 2   denotes the whole computational domain. If the concentration ratio  γ  or  δ  approaches 1, the wave energy is concentrated within the defect domain, implying the emergence of line defect states.



Figure 8a,b depicts the band structures of the AEMM supercell for the SEWs and SAWs, respectively, where the red color indicates the concentration ratios ( α  and  β ) close to 1. Several bands of line defect states for the SEWs emerge below the sound line, while only one band of defect states for the SAWs appears. To visualize and examine the field distributions of the SEWs and SAWs, several frequencies are selected for the modal analysis. Figure 9a shows the displacement field distributions of different guided modes (i.e., line defect states). It is clearly observed that the displacements are concentrated within the defect region and decay rapidly away from the line defect. In the case of acoustics, the pressure fields of mode a are guided along the intermediate defects and especially distributed inside the hollow cylinders. In contrast, as mode b is not a line defect state, its modal profile shows that the pressure fields are distributed over the entire surface of the structure. As a result, the designed AEMM structure with a line defect supports the line defect states of both the SEWs and SAWs and thus could be used for the guidance of dual waves.



We construct the AEMM waveguide using the line defect and then calculated its frequency responses of the SEWs and SAWs, as schematically shown in Figure 10a,b, respectively. The AEMM model consists of a   7 × 9   array of hollow cylinders, where the yellow markers exhibit the wave propagation path (i.e., the defected cylinders), and the hollow cylinders keep the same dimension as those used in Figure 7. The wave sources are placed near the waveguide entrance for the excitation of the elastic and acoustic waves. And two measuring points are set at the other end of the waveguide to collect the transmitted elastic and acoustic waves. In addition, the PMLs are located at the left and right sides as well as the bottom of the computational domains to minimize the wave reflection.



The transmission curves of the SEWs and SAWs are shown in Figure 11a,b, respectively, where the light green shadows are the waveguide ranges predicted by the band diagrams. Herein, the displacement and pressure in the transmission curves are normalized by the corresponding maximum values, respectively. The transmission curves almost coincide with the band diagram predictions. Nevertheless, we find that the waveguiding frequency range of the SEWs is wider in the band structure than that in the transmission curve. It is possible that when we calculate the frequency responses of the SEWs, the incident plane waves are z-directional polarized and propagate along the x direction. Consequently, some guided modes cannot be excited effectively, such as mode D (see Figure 9a), whose polarization is mainly along the y direction. These things considered, owing to the existence of the leaky SAWs above the sound line, the frequency range of the guided SAWs in the transmission curve is wider than the dispersion prediction. Furthermore, to visualize the wave transmission clearly, we select points 2 and II, which are located within the waveguide, and points 1 and I, which are not within the waveguide, to be studied in Figure 11. Figure 12 shows the elastic displacement distribution field and acoustic field distribution at the excitation frequencies of points 1, 2 and I, II. For the SEWs, when the transmittance is very low (see mode 1 in Figure 12a), the SEWs decay quickly after the excitation and cannot propagate through the AEMM structure due to the bandgap effect. In the frequency ranges of line defect states, the elastic waves (see mode 2 in Figure 12a) as well as the acoustic waves (see mode II Figure 12b) could be transmitted along a straight line on the surface of the AEMM waveguide. At the frequency of passbands for the SAWs, the acoustic waves can propagate over the entire surface of the AEMM structure; see mode I in Figure 12b. The transmission results verify simultaneous guidance of the SEWs and SAWs in the proposed AEMM waveguide.



The increasing demands for multi-functional materials stimulate the development of metamaterials for the control of two or even more physical fields. Before the conclusion remarks, we summarize the basic information of different metamaterials for simultaneous manipulation of the elastic and acoustic waves (see Table 1). As shown in the table, although some AEMMs with different periodic dimensions have been proposed, the research in the field is quite limited. The integration of multi-functions within a single AEMM device is still changeing. Our further work includes the experimental validation of the 2D AEMMs for the control of dual surface waves. Moreover, as the wave steering is also important in various scenarios, topological edge states as well as abnormal wave refraction or reflection in the AEMMs need to be explored.




5. Conclusions


In this study, we investigate the propagation characteristics of the SEWs and SAWs in the 2D AEMMs, which consist of the hollow cylinders periodically arranged on a semi-infinite substrate surface. The band structures as well as the frequency responses for the elastic and acoustic waves were numerically calculated. The proposed 2D AEMMs possess SEW and SAW bandgaps simultaneously. The effective modulation of the bandgaps for the SEWs and SAWs is achieved by modifying the geometry of the hollow cylinders. As the height of the hollow cylinders increases, the bandgap of the SEWs decreases and becomes narrower, while the bandgap of the SAWs shifts to lower frequencies and becomes wider. Based on the bandgap characteristics, the AEMM with a line defect is constructed by changing the height of the hollow cylinders to achieve the guidance of the SEWs and SAWs simultaneously. Furthermore, the SEWs and SAWs propagating within a finite-sized AEMM waveguide is studied. It is verified that the SEWs and SAWs can be well guided along the designed path within the AEMM structure. This provides us an effective method to manipulate and control the propagation of the SEWs and SAWs. It is expected that the AEMMs will contribute to the development of multifunctional wave structures or devices. As the geometry scale of the 2D AEMMs decreases, the operating frequencies increases correspondingly. It is expected that similar 2D AEMMs in the micro-scale can be utilized for the design of filters or delay lines in the field of microelectronics. Moreover, due to the ability of dual-wave manipulation, the AEMMs are suitable for detecting two physical properties of liquid solvents, showing their potential in the sensing application [40].
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Figure 1. Schemes of the AEMM unit cells for the elastic (a) and acoustic (b) waves. (c) Cross-section view of the AEMM unit cell. (d) The first Brillouin zone of the square lattice. 
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Figure 2. Band diagrams of the AEMM unit cell for the elastic (a) and acoustic (b) waves. (c) Displacement distributions and deformations of the SEW modes marked in (a). (d) Pressure distributions of the SAW modes marked in (b). 






Figure 2. Band diagrams of the AEMM unit cell for the elastic (a) and acoustic (b) waves. (c) Displacement distributions and deformations of the SEW modes marked in (a). (d) Pressure distributions of the SAW modes marked in (b).



[image: Crystals 14 00997 g002]







[image: Crystals 14 00997 g003] 





Figure 3. Transmission spectra of the SEWs (a) and SAWs (b) in the finite-sized AEMM along the  Γ X direction. 
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Figure 4. Distributions of the displacement (a) and pressure (b) fields of the finite-sized AEMM at different excitation frequencies. 
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Figure 5. Band diagrams of the AEMM unit cell with different cylinder heights, where the upper and lower panels are the results of the elastic and acoustic waves, respectively. 
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Figure 6. Transmission curves of the SEWs (upper panel) and SAWs (lower panel) along the  Γ X direction for different cylinder heights. 
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Figure 7. Schemes of the AEMM supercells with a line defect for the elastic (a) and acoustic (b) waves. 
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Figure 8. Band diagrams of the AEMM supercell for the elastic (a) and acoustic (b) waves, where the direction of wave propagation is the  Γ X direction. 
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Figure 9. (a) Displacement distributions and deformations of the SEW modes marked in Figure 8a. (b) Pressure distributions of the SAW modes marked in Figure 8b. 
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Figure 10. Schemes for calculating the frequency responses of the AEMM waveguide: (a) solid domain and (b) air domain. 
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Figure 11. (a) Transmission curves of the SEWs in the AEMM waveguide, where the normalized frequencies corresponding to marker points 1, 2 are 0.257, 0.293. (b) Transmission curves of the SAWs in the AEMM waveguide, where the normalized frequencies corresponding to marker points I, II are 0.30, 0.36. 
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