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Abstract: This letter presents the design and experimental demonstration of a gradient metasurface guiding spoof surface
acoustic waves (SSAWs) in the manner of a Luneburg lens for sound. By correlating the propagation characteristics of SSAWs
with the effective surface acoustic impedance, a straightforward concentric surface structure design is proposed to realize the
required refractive index distribution. The results from both simulation and measurement show that grazing incident sound
is converted into SSAWs propagating along the metasurface and focusing on the edge of the opposite side of the lens, which
may find applications in direction detection and acoustic sensing. VC 2022 Author(s). All article content, except where otherwise noted,
is licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Spoof surface acoustic waves (SSAWs) are a type of evanescent waves propagating over structured (e.g., perforated or
grooved) surfaces and exhibiting compressed wavelength and structure-governed dispersion.1–3 They have attracted
increasing attention in the past decade and have been extensively investigated for various associated effects and functional-
ities such as extraordinary acoustic transmission,4–6 beam collimation,7,8 directional or anisotropic wave guiding,9–12 and
subwavelength focusing13–16 and imaging.17–19 Since the wave field of such airborne surface mode can be readily measured
in a non-invasive manner, structures supporting SSAWs also appear as an ideal testbed for the direct observation of many
intriguing physical phenomena.11,20–25 In parallel, the possibility of adjusting the effective refractive index of SSAWs
through engineering the surface building blocks have inspired a new direction towards subwavelength sound manipulation
and gradient index (GRIN) design for acoustic waves. With a spatial variation of the building blocks, artificially structured
surfaces, namely, the so-called GRIN metasurfaces for SSAWs, have been proved adequate to control SSAW propagation
on demand, enabling innovative acoustic devices such as rainbow-trapping sensors,26–28 a focusing lens,16,29 a wave-based
analogue computing device,30 and vortex emitters.31,32 Among various GRIN devices, the SSAW version of the Luneburg
lens has not been realized so far.

The Luneburg lens was first proposed in geometrical optics33 more than fifty years ago, in which the parallel
rays of incident plane waves from one side are gradually bent to focus on the opposite edge of the circular or spherical
lens. Soon afterwards, Boyles introduced this concept to an acoustic wave system.34,35 However, the acoustic Luneburg
lenses did not receive much attention until the emergence of acoustic artificial structures that allow flexible modulation of
the required refractive index distribution. A series of GRIN metamaterials or phononic crystals have been utilized to real-
ize acoustic Luneburg lenses for purposes of imaging,36,37 signal retroreflection,38 and ultra-long emission.39 In this letter,
we propose a surface-type acoustic Luneburg lens by modulating SSAWs with a gradient metasurface. The building blocks
of the metasurface are graded perforations arranged in a concentric manner, in which the surface acoustic impedance of
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each concentric layer is considered as a whole to achieve the lens design. We numerically and experimentally show that
plane acoustic waves grazing the metasurface from various directions can be coupled to the SSAWs with trajectories con-
verging at the outer boundary of the lens as expected, which can potentially be applied to directional detection and
sensing.

2. Design methods of the SSAW Luneburg lens

A Luneburg lens exhibits spatially continuous variation of refractive index along the radial direction, expressed as

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� r=Rð Þ2

q
, where R is the radius of the lens and r is the distance between an internal point and the center. Due to

the lack of such materials in nature, discretization of the refractive index distribution is usually performed to facilitate the
lens design.38,40,41 For instance, one may allocate the specific refractive indices to individual concentric layers by taking
advantage of the axial symmetry to create a graded refractive index profile.42 By defining the effective radius of a layer as
the arithmetic mean of its inner and outer radii,43 the refractive index of a Luneburg lens can be rewritten in a discrete
form,

ni ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2� i� 0:5

N

� �2
s

; (1)

where N is the total quantity of the concentric layers and i is a positive integer denoting a layer’s sequence number from
1 to N .

For SSAWs, the designated distribution of refractive index can be realized by spatially varying the surface struc-
tures to form a gradient metasurface. Previously, the band structure of a square lattice was commonly used to determine
the effective refractive index of SSAWs.16,18,19,29,44,45 However, concerning the design of a circular lens, a large amount of
square unit cells sufficiently small is needed to approximate the refractive index distribution and fit the curved
edge.32,36,37,42,46,47 Otherwise, the unit cells turn deformed in a cylindrical coordinate, which leads to inevitable deviation
of the effective properties, especially near the coordinate origin.38,48 To circumvent this issue, here we directly consider the
overall surface acoustic impedance Zs rather than the detailed structures during the derivation of the dispersion relation of
SSAWs and the gradient metasurface design.

In the long-wavelength limit, the dispersion relation can be found by analyzing the divergence (zero of the
denominator) of the reflection coefficient,44,49 Rp ¼ Zscos h� q0c0ð Þ= Zscos hþ q0c0ð Þ, for a plane wave obliquely incident
upon a flat surface of impedance Zs, where q0 and c0 are the density and speed of sound in air, k0 ¼ x=c0 is the wave-

number with x being the angular frequency, h denotes the angle of incidence with cos h ¼ k�10 k? ¼ k�10

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20 � k2k

q
, and k?

and kk are, respectively, the out-of-plane and in-plane wavevector components satisfying k2? þ k2k ¼ k20. A surface mode is

propagative within the plane while evanescent along the vertical direction, which suggests kk > k0 and imaginary k?.

Hence, by rewriting k? ¼ j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2k � k20

q
(j ¼

ffiffiffiffiffiffi
�1
p

), the dispersion relation of SSAW is derived as

k2k þ
Z2
0

Z2
s
� 1

 !
k20 ¼ 0; (2)

in which kk corresponds to the propagation constant of SSAW, Z0 ¼ q0c0 represents the characteristic acoustic impedance
in air (background medium), and Zs should be a negative imaginary number (in the ideal lossless case) to guarantee the
existence of this surface mode. The refractive index of SSAW is defined as n ¼ c0=ck ¼ kk=k0, relative to that of air. Thus,
we can build a straightforward relation between Zs and n:

Zs

Z0
¼ �jffiffiffiffiffiffiffiffiffiffiffiffiffi

n2 � 1
p : (3)

With Eq. (3), one may easily determine the surface impedance distribution required by a Luneburg lens for
SSAWs. It can be practically implemented through graded subwavelength perforations (blind holes on a rigid surface)
along the radial direction, arranged in a concentric layout, as shown in Fig. 1. Some important principles need to be con-
sidered during the metasurface design: (a) the thickness of each concentric layer should be sufficiently small so that the
discrete refractive index distribution approximately mimics the continuous one; (b) the structural parameters (e.g., dimen-
sions and spacing of the holes) should be in the subwavelength regime so that the effective impedance description is valid;
(c) extremely narrow structures should be avoided to reduce the influence of thermo-viscous losses;44,50 and (d) spatial
variation in geometrics of the building blocks is gradual along the radial direction to minimize the slightly changed cou-
pling among neighboring concentric layers.

In our proof-of-concept demonstration here, we set the operating frequency as 6000Hz and discretize the
Luneburg lens region of total radius 150mm into 12 concentric layers each with a thickness of 12.5mm. We adjust the
structural parameters including hole diameter di, hole depth hi, and quantity of holes Qi to modulate the surface acoustic
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impedance of an individual concentric layer, where the subscript i ¼ 1;…; 12 denotes the layer number from the center.
The effective surface impedance provided by the structures within an individual concentric layer can be numerically
extracted and optimized in the commercial finite-element solver COMSOL MULTIPHYSICS. During the simulations, the target
concentric layer (having identical and equally spaced holes) is mounted at the end of a virtual impedance tube with the
corresponding ring-shaped cross-sectional area (except for the central one which is of circular cross section) so that
the overall effective surface impedance is retrieved from the reflection coefficient under normal plane wave incidence.51

The target effective property distributions as well as the associated structural parameters of our design are shown in
Figs. 1(c) and 1(d), which are determined after a careful consideration of above-mentioned design principles and discus-
sions about the discretization scheme and influence of losses.51

3. Results and discussions

We perform both 3D full-wave numerical simulations and experimental measurements to validate our design. For the sim-
ulations, the physical properties of air at 20 �C are q0 ¼ 1:204 kg=m3, and c0 ¼ 343:2m=s, and the computational domain
is truncated with perfectly matched layers to eliminate unwanted reflections. The thermo-viscous losses inside the holes
are taken into account to make the results more realistic. The corresponding measurements were conducted in an anechoic
chamber as shown in Fig. 2. The 3D-printed metasurface sample (made of photosensitive resin) is placed horizontally in
the middle of a square area with the side length of 330mm for sound field scanning [see Fig. 2(a)]. A single loudspeaker
is located 1.8m away from the metasurface sample, generating continuous sinusoidal acoustic waves with nearly planar
wavefront when approaching and grazing the sample, during which three representative azimuthal directions of incidence,
/ ¼ 0�, 15�; and 30� are considered [see Fig. 2(b)]. A 1/4-in., preamplifier built-in free-field microphone (Br€uel & Kjær,
type 4935 together with a conditioning amplifier Br€uel & Kjær, NEXUS type 2693A) carried by a 2D linear stage was
used to scan the sound fields 15-mm above the metasurface with a step of 5mm along both the x and y directions. The
signal generation and data acquisition is controlled by a lock-in amplifier (Zurich Instrument HF2LI).

Fig. 1. Design of the Luneburg lens metasurface for SSAWs. (a) Photograph of the fabricated metasurface sample. The metasurface consists of
12 concentric layers with a total diameter of 300mm. (b) Schematic illustration of the detailed geometries. Holes in each layer are uniformly
arranged with diameter di and depth hi, where i denotes the sequence number of the layers. ri is the effective radius calculated as the arith-
metic mean of the inner and outer radii of this layer. (c) Radial distributions of the refractive index and surface acoustic impedance in contin-
uous and discrete forms. (d) Radial distribution of holes’ geometries and quantity (see Table S1 in supplementary material for the detailed
data list).

Fig. 2. Experimental setup. (a) Top view of the square scanning region. The color scale of the inset schematically illustrates the gradient distri-
bution of the refractive index along the metasurface, with the darker green indicating larger refractive index at the center and the lighter green
indicating smaller refractive index at the edge. (b) Scanning measurements in an anechoic chamber. The loudspeaker is arranged in the same
horizontal plane with the metasurface sample to generate grazing incidence.
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The numerical and experimental results at the incident azimuthal angle / ¼ 0� are shown in Figs. 3(a)–3(d),
exhibiting a good agreement with each other. It can be observed that incident acoustic waves grazing the metasurface are
converted into the SSAW mode guided by the gradient surface structures. The trajectories as indicated by the bending
wavefront gradually converge towards a point on the edge of the circular lens, forming an energy hotspot of SSAWs on
the opposite side of the incidence. As shown in Figs. 3(e)–3(h), when / is changed from 0� to 15� and 30�, the location
of the focal spot moves accordingly along the edge of the metasurface, in response to the direction of incidence. These
results confirm the capability of the gradient metasurface to work as an acoustic Luneburg lens to detect the direction of
incoming waves. In practice, by further embedding a microphone array along the circular edge of the metasurface, the
directional information of sound sources can be inferred from the remarkable leaps of the captured signals.

Due to the dispersive behavior of SSAWs, the refractive index distribution is frequency-dependent and inevitably
deviates away from that of a Luneburg lens at frequencies other than 6000Hz. To evaluate the dispersion and broadband
performance of the metasurface, we calculate the effective refractive index distributions at several different frequencies as
given by Fig. 4(a), in which the inherent thermo-viscous losses inside the holes are also considered. At the designed oper-
ating frequency 6000Hz, the refractive index profile almost overlaps with that of an ideal Luneburg lens despite a very
slight deviation caused by the inherent losses. The variation of the curve caused by a frequency shift is more remarkable
near the metasurface center while less on the edge. Such refractive index profile change leads to varied focal position along

Fig. 3. Focusing effect of the SSAW Luneburg lens. (a), (b) Simulated sound fields 15-mm above the metasurface for incident azimuthal angle
/ ¼ 0�. (c), (d) Corresponding experimental results. (e), (f) Experimental results for / ¼ 15�. (g), (h) Experimental results for / ¼ 30�. (a),
(c), (e), and (g) are the normalized sound pressure fields, while (b), (d), (f) and (h) are the normalized sound intensity fields.

Fig. 4. Dispersion and broadband performance of the metasurface. (a) Distribution of the effective refractive index at different frequencies.
(b)–(e) Experimentally measured sound intensity fields at 6300, 6100, 5900, and 5700Hz, respectively.
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the radial direction and declined performance but is still acceptable in terms of the focusing effect as long as the frequency
shift is relatively small (e.g., 6100–200Hz). We also examine the measured results at these frequencies for / ¼ 0�. As
shown in Figs. 4(b)–4(e), the focal spot moves inward or outwards along the x axis for a higher or lower operating fre-
quency, as a result of the increased or decreased refractive index.52 It is worth noting that the sound fields at lower fre-
quencies [Figs. 4(d)–4(e)] are somewhat distorted compared to those at higher frequencies [Figs. 4(b)–4(c)]. This is due to
the fact that the SSAW mode tends to be confined to the metasurface and dominate the near-field region when the fre-
quency approaches the resonance of the surface structures from below. Detailed experimental results from 6500Hz to
5600Hz are also provided.51

4. Conclusion

In summary, we have presented the design and experimental realization of an acoustic Luneburg lens through a gradient
metasurface for SSAWs with concentrically arranged building blocks. The effective surface acoustic impedance of each
concentric layer is used to facilitate the design in polar coordinates, which is also applicable to other cylindrical lens
design. The enhanced SSAW field that is confined to the structure and open to the ambience allows our direct experimen-
tal observation of the focusing process inside the Luneburg lens, with results agreeing well with the numerical simulations.
With the capability to convert the incident plane waves into SSAWs and then focus them at a specific azimuthal location
on the rim, the proposed metasurface could find applications in directional acoustic sensing and detection.
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