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In this work, a transmission-type labyrinth structure (LS) is proposed to construct subwavelength acoustic functional metasurfaces, through which various desirable acoustic wavefront manipulation can be achieved in a broadband from 2,700 Hz to 3,900 Hz. By utilizing the excellent guiding property of LS, an invisibility cloak is designed to shield the target scattering body in the transmitted field. In addition, gradient metasurfaces composed of several LSs with different phase responses are constructed to obtain broadband beam deflection and focusing. Moreover, binary coding approach is adopted to further simplify the design philosophy of the metasurfaces by taking advantage of only two kinds of LS with opposite phase responses. Numerous wavefront manipulations including acoustic splitting beam and self-bending beam can be realized by using corresponding coding sequences. Our work provides a solution for multifunctional acoustic wavefront manipulation in a broadband, which may have potential applications in acoustic communication, detection and holography.
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1 INTRODUCTION
Acoustic wavefront manipulation is desirable in numerous engineering applications such as acoustic communication, detection, holography and bioimaging. Three wavefront categories including reflection wave, absorption wave and transmission wave are essential for target pattern of the acoustic field. It is easy to manipulate the reflection wave by groove structures with different depths [1–4]). To achieve tunable and broadband reflected wavefront modulation, Fan et al. [5] proposed a helical metasurface, through which many interesting acoustic phenomena including anomalous reflection, arbitrary focusing and self-bending beams were realized. They also designed a tunable lossy metsurface to achieve multi-plane acoustic holograms [6]. Weng et al. [7] adopted multiple resonant elements to construct an ultrathin planar metasurface with wavelength-dependent manipulation. Meanwhile, porous materials are investigated to achieve perfect absorption [8, 9]. For transmission wave, although using phased array transducers is an effective approach to generate arbitrary transmission wavefront, it has disadvantages in large scale, complex circuit and high cost.
In past decade, the development of acoustic metamaterial and metasurface provides another method to manipulate the transmission wavefront by artificial passive structures [10–17]. By utilizing the band characteristics of the phononic crystals, some abnormal acoustic phenomena for instance negative refraction [18], beam focusing [19] and topological energy transport [20] have been widely reported. Meanwhile, multiple fascinating acoustic wavefront modulations including splitting beam [21], vortex beam [22], Airy beam [23], focusing beam [24], and acoustic illusion [25] have been realized by taking advantage of the Helmholtz resonators [26], spiral cavities [27] and coiling waveguides [28]. For example, Zhu et al. [29] reported an investigation of multiplexed acoustic holograms at both audio and ultrasonic frequencies via a rationally designed transmission-type metamaterial. Wang et al. [30] proposed a tunable flat acoustic metasurface composed of fan-shaped annular resonator arrays. However, both the phononic crystals and resonant cavities are suffering from the limitation of bandwidth. In addition, the structure designed by phononic crystals has a large size, while that by resonant cavities needs a complicated configuration. Therefore, a simple design method for the realization of broadband acoustic wavefront manipulation is needed to be sought.
In this work, we propose a transmission-type labyrinth structure (LS) with sub-wavelength scale to achieve various acoustic wavefront manipulations. By changing the interdigital length of the LS, the phase response of the transmission wave can cover a full range from 0 to 2π under a high transmittance. Thanks to the excellent guiding property of LS to the transmission acoustic waves, a stealth structure is constructed to shield target scattering body. Meanwhile, a metasurface composed of several LSs with gradient phase responses is designed to achieve broadband beam deflection and beam focusing. Owing to the linear relation between operating frequency and phase shift, the metasurface showing a low dispersion feature for wavefront manipulation. Moreover, by taking advantage of the binary design, broadband splitting beam and self-bending beam are realized as well, which further simplify the design philosophy of the metasurface. Our work provides a solution for multifunctional acoustic wavefront manipulation in a broadband, which may have potential applications in acoustic communication, detection and holography.
2 MODEL DESIGN AND ANALYSIS
As shown in Figure 1A, the LS designed in our work is a rectangular cavity with several interdigital plates. The length, height, and thickness of the LS are L = 55.5 mm, H = 15.5 mm, and T = 10 mm. The air gaps between two adjacent interdigital plates are G1 = 6.4 mm, G2 = 2 mm, and G3 = 1 mm. The thickness and heights of interdigital plate at different positions are w = 0.5 mm and H1 = 8.6 mm, H2 = 11.3 mm, H3 = 12 mm, respectively. The LS is a mirror symmetrical structure, and the lengths of each composing cavity are L1 = L3 = 14 mm, L2 = 27.5 mm. Here, we adopt finite element software COMSOL Multiphysics to calculate the transmission information of the LS. The acoustic velocity and density of the air are c = 343 m/s and ρ = 1.29 kg/m3. Hard acoustic field conditions are set along the upper and lower boundaries of the LS, and plane wave radiation conditions are used in left and right boundaries of the LS to avoid unwanted echo interference. When we adjust the height of middle interdigital plate (H3), as shown in Figure 1C, the transmission information including transmittance and phase responses of the LS can be modulated correspondingly at 3,430 Hz. The phase shift can nearly cover a full range from 0 to 2π under a high transmittance when H3 changes from 8.3 mm to 14 mm, exhibiting an excellent performance for wavefront modulation by LS with subwavelength scale. The high transmittance steams from resonance effect of the LS and the phase shift originates from the change of equivalent acoustic velocity (or propagation length) caused by different shield heights. According to the acoustic pressure distributions shown in Figures 1A,B gradient phase response (ϕ = 0.4π, 0.8π, 1.2π, 1.6π, 2.0π) is generated by five LSs with different parameters (H3 = 13.30 mm, 11.53 mm, 10.12 mm, 8.97 mm, 8.30 mm) for plane wave incidence at 3,430 Hz, which verifies the ability of phase modulation for transmission wave. In addition, as illustrated in Figure 1D, the phase shift is linear with the operating frequency in a broadband of 2,700 Hz–3900 Hz, and the transmittance of the LS is relatively high (near unity) within this band. Therefore, as shown in Figures 1E,F), the gradient of the phase delay can be linear in a frequency range of 2,700 Hz–3900 Hz under a high transmission coefficient when H3 > 7.6 mm, providing an opportunity to achieve broadband acoustic wavefront manipulation.
[image: Figure 1]FIGURE 1 | (A) The three-dimensional schematic of LS. (B) The acoustic pressure distributions of the LS with different interdigital length (H3 = 13.30 mm, 11.53 mm, 10.12 mm, 8.97 mm, 8.30 mm) at 3,430 Hz. (C) The relation between the interdigital length and transmission information (transmittance and phase shift) for LS. (D) The relation between the operating frequency and transmission information (transmittance and phase shift) for LS. (E) The relation between phase shift and incident frequency with the increase of parameter H3. (F) The relation between transmission coefficient and incident frequency with the increase of parameter H3.
3 RESULTS AND DISCUSSIONS
The LS proposed here is flexible, which can control the acoustic propagation path of the transmission wavefront by rotating different angles. As shown in Figure 2A, the LSs with rotation angles of 30°, 45°, and 60° have identical transmission wavefront under the same incident condition (normal incidence at 3,430 Hz). With the increase of rotation angle, the acoustic propagation path moves up gradually, making it is suitable for LS to construct invisibility cloak. As shown in Figure 2B, when the plane acoustic wave normally incident on the LS array, the shape of wavefront in the transmission field is the same as that in the incident field. The result is applicable to both plane wave incidence and spherical wave incidence, indicating a zero refractive property of the LS array. Taking a circular scattering body as an example, as shown in Figure 2C, the transmission wavefront is damaged and disorderly when the scattering body is placed in a free air space for normal incidence, making it is easy to be detected under this circumstance. As a comparison, when the scattering body is surrounded by LS array, the incident acoustic waves propagate along the designed path and bypass the scattering body. In this case, the shape of transmission wavefront remains unchanged, and the scattering body is invisible. To further verify the stealth performance of the LS array, as shown in Figure 2D, the acoustic amplitude and pressure distribution along the cut-line 1 marked in Figure 1C is periodic and uniform. The target scattering body is hardly to be detected since the waveform in the transmission field is identical to that in the incident field. For acoustic amplitude and pressure distributions along the cut-line 2 marked in Figure 1C, it is uneven and visible owing to the strong scattering by rigid body. Therefore, the acoustic cloak designed by LS array can extremely improve the security of the acoustic target.
[image: Figure 2]FIGURE 2 | Acoustic pressure distributions of (A) the waveguide designed by LS with different rotation angles, (B) the array of LS stimulated by plane and cylindrical sources, and (C) the circular scattering body surrounded by LS array and without LS array at 3,430 Hz. (D) Acoustic pressure distributions along Lines one and 2 marked by yellow dashed lines in Panel 2C. (E) Acoustic intensity distributions of the circular scattering body surrounded by LS array and without LS array at 3,430 Hz.
Next, we construct a gradient metasurface composed of periodic LS arrays to achieve desirable acoustic beam shaping. Similar to the generalized Snell’s law in optics [31], if the acoustic wave with a frequency f is incident from one medium to another, the generalized Snell’s law in acoustics can be expressed as follows:
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where θi and θt represent the incident angle and refraction angle; ci and ct represent the acoustic velocities of the incident medium and transmitted medium, respectively; dϕ(x)/dx represents the phase gradient along the metasurface. To be simplified, we consider the case of θi = 0, and Eq. 1 is rewritten as
[image: image]
Following Eq. 4, the refraction property of the metasurface is closely related to the phase gradient along the metasurface. As shown in Figures 3A supercell composed of ten LSs is constructed as a periodic unit. The rectangular blocks with different colors correspond to distinct phase responses. The phase shifts from left to right are 0.4π, 0.4π, 0.8π, 0.8π, 1.2π, 1.2π, 1.6π, 1.6π, 2.0π, 2.0π. The design principle of the period length should be longer than incident wavelength, otherwise the surface acoustic wave will appear [32]. In Figure 3A, the period length is set as D = 155 mm, and it can be adjusted by altering the number of LS. When plane acoustic waves are normally incident on the metasurface, the propagation direction of the transmission wavefront is changed. The simulated acoustic pressure distributions verify that the desirable acoustic beam deflection is generated by a gradient metasurface. Meanwhile, the metasurface can work well in a broadband within 2,700 Hz–3900 Hz, showing an excellent wavelength tolerance.
[image: Figure 3]FIGURE 3 | (A) Acoustic pressure distributions and (B) intensity distributions of the metasurface composed of LS with different interdigital length at 2,700 Hz, 3,100 Hz, 3,500 Hz and 3,900 Hz. Normalized acoustic intensities along (C) horizontal and (D) vertical cut-lines in Panel 3B.
The function of the metasurface can be changed if we adopt other arrangements of LS. As shown in Figures 3A,B mirror symmetrical structure composed of 20 LSs is constructed to serve as an acoustic lens. From left to right, the phase responses of 20 LSs are 0.4π, 0.4π, 0.8π, 0.8π, 1.2π, 1.2π, 1.6π, 1.6π, 2.0π, 2.0π, 2.0π, 2.0π, 1.6π, 1.6π, 1.2π, 1.2π, 0.8π, 0.8π, 0.4π, 0.4π. Owing to the symmetrical distributions of the phase response, interference superposition of acoustic intensity is generated in the transmitted field. The acoustic intensity distributions of the metasurface shown in Figure 3B confirms that the incident plane acoustic waves are converted into focusing beams after passing through the designed lens, and the metasurface can work in a broadband from 2,700 Hz to 3900 Hz. Figure 3B also illustrates the acoustic intensity distribution of the metasurface with thermal viscosity loss, it can be seen that although the intensity of the focus is reduced compared with that in lossless case, the ability of beam focusing exists. In addition, note that the refraction angle of the transmission wave shown in Figure 3A and the focal length of the focus shown in Figure 3B are independent of incident frequencies. Following the linear relation between transmitted phase response and incident frequency shown in Figure 1D, the change of incident wavelength and gradient phase response along the metasurface can be offset, exhibiting a low dispersion feature for gradient metasurface. Figure 3C shows the normalized acoustic intensity distributions along the cut-line of y = 0.15 m marked in Figure 3B, apparent acoustic wave convergence can be observed at this position. The peak intensity value of the focus is at 3,500 Hz, which near the center frequency (3,430 Hz) of the LS. Moreover, the performance of the beam focusing can also be verified by plotting the normalized acoustic intensity distributions along the cut-line of x = 0 m marked in Figure 3B. From Figure 3D it can be seen that the beam focusing for different incident frequencies from 2,700 Hz to 3,900 Hz is generated at the position of y = 0.15 m, and the high intensity value of the focus is at 3,500 Hz, which agrees well with the results shown in Figure 3C. Therefore, the gradient metasurfaces designed by LSs not only can work in a broadband, but also have a low dispersion feature for acoustic wavefront manipulation [33].
As another feasible approach to realize broadband acoustic wavefront manipulation, binary design for functional metasurface can further simplify the design philosophy since only two kinds of coding units with high transmittance and opposite phase responses are needed [34–39]. We define LS with parameters of H3 = 10 mm and H3 = 14 mm as coding bits ‘0’ and ‘1’, respectively. Following the relation between phase shift of the LS and parameter H3 shown in Figure 1C, coding bit ‘0’ has a phase response of 1.2π and coding bit ‘1’ has a phase response of 0.2π, which meets the requirement of opposite phase response for the design of binary metasurface. As shown in Figure 4A, an acoustic beam splitter is composed of two coding bits ‘0’ and ‘1’ with a periodic coding sequence of 01/01/01 … 01/01/01, and the cycle length is set as D = 160 mm. According to the generalized Snell’s law, the diffraction orders of n = 0, 1, -1 are all open for normal incidence when the reciprocal lattice vector (G = 2π/D) is smaller than the wavenumber in air background. However, the diffraction orders of n = 1, -1 is preferential to the n = 0 order, leading to a beam splitting stemming from the transmission channel of the n = 1, -1 orders for normal incidence. The simulated acoustic pressure distributions display apparent beam splitting at four different frequencies (2,700 Hz, 3,100 Hz, 3,500 Hz and 3,900 Hz), verifying the broadband performance of the beam splitter.
[image: Figure 4]FIGURE 4 | (A) Acoustic pressure distributions and (B), (C) intensity distributions of the binary metasurfaces at 2,700 Hz, 3,100 Hz, 3,500 Hz and 3,900 Hz.
Meanwhile, the function of the metasurface can be customized by adopting different coding sequences. Taking acoustic self-bending beam as an example, as shown in Figure 4B, the coding sequence of the metasurface is a staggered arrangement composed of coding bits ‘0’ (orange blocks) and ‘1’ (grey blocks). From left to right, the numbers of the coding bit are 4, 4, 4, 4,4,4,4,4,4,5,5,5,5,5,6,6,7,9,12. The incident plane acoustic wave can be converted into self-bending beam at this time. The intensity of the transmitted wave is localized in the main lobe, and the trajectory of transmission wave is curved. Similar to the beam splitter, the acoustic self-bending beam generator can work in a broadband of 2,700 Hz–3900 Hz as well. Moreover, if we place two self-bending beam generators in a mirror symmetrical manner, as shown in Figure 4C, acoustic beam focusing can be obtained owing to the interference superposition from two identical self-bending beams with opposite radiation directions, which further expends the function of binary metasurface designed by LSs.
4 CONCLUSION
In summary, a labyrinth structure (LS) is proposed in this work for transmitted acoustic wavefront manipulation. Owing to the excellent guiding property of LS, an invisibility cloak is designed to achieve acoustic stealth for scattering body. The transmission information including phase response and transmittance of the LS can be modulated by the height of interdigital plate, and there exists a linear relation between phase shift and incident wavelength, which can be adopted to construct gradient acoustic metasurfaces to achieve beam deflection and focusing in a broadband from 2,700 Hz to 3,900 Hz. Moreover, a binary design for acoustic metasurface is utilized to further simplify the design philosophy by using only two kinds of LS with opposite phase responses. Two binary metasurfaces with different coding sequences are constructed to play the roles of acoustic beam splitter and self-bending beam generator, through which the broadband wavefront manipulation has been obtained. The acoustic metasurface constructed by LS has the advantages of simple design, subwavelength scale and broadband response, which may have potential applications in acoustic communication, detection and holography.
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