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Fig. 1. (a) Schematic view of the structure for the metasurface, in the left panel, elastic rods (in green) are assembled symmetri-

cally on both side of the plate, arrows in color show the effect of deflecting a plane wave from 6; to 6; or 6; direction, the unit
cell of the structure is shown by a hollow box, the right panel shows the detailed structure of a single unit cell, the symbols ag, ho ,
and d; represent respectively the size of the unit cell in z direction, the thickness of the plate, and the distance between two rows
of cylinders. The radius of the cylinder is denoted by rcy , the height of the n -th pair of cylinders is denoted by hy ; (b) top view
of the unit cell. The multi-port structural model is marked in deep color. The red lines indicate the ports in the plate. The amp-
litudes of the modes in these ports are denoted by Azlt, Ag:, e ,Ag: , respectively, circles in green are elastic cylinders, the amp-
litude of the k-th mode in the n-th cylinder is denoted by H ,:ctn ; (c) the deformation of three vibration modes in cylinders that
can couple with the flexural wave in thin plate, from the left to the right are the shear modes (S, and Sy ) and longitudinal mode

(L), respectively.
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Fig. 2. (a) The optimized hy / k!, value for structures with 6 = 60°, 70° and 80°, the height of the cylinders in the row closed to
the incident side is denoted by hy, , while those in the other row is denoted by h!, ; (b) the field distribution of the real part of the

z-component displacement on the middle plane of the plate for the structure with 6. ¢ =60°, the left and right panels correspond

respectively to the anomalous refraction and anomalous reflection, the white arrows indicate the direction of the plane wave;

(c) configuration of the GSL structure for comparison (left) and the displacement field of the scattering wave for the structure with

0 = 60° (right).
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Fig. 3. (a) Top view of the planar focuser. The structure is constructed by symmetrically assembling two rows of cylinders with a

ao ao
- << —
2 27

(0, f) and (0,—f) are the focal point of the reflection-type and refraction-type structure, arrows indicate the wave propagation

space of d; on each surface of the thin plate, on each surface, the elastic cylinders are arranged equidistantly in

trajectories; (b) the optimized height of the elastic cylinders for the structure, the height of the cylinders in the row closed to the in-
cident side is denoted by hy, , the ones in the other row is denoted by h!l, , panels on the left (right) -hand side are for structures

with ag = 10Ag (20X ), panels on top (bottom) are for reflection (refraction) -type structures.
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RSB PR (b) 210 B0 refE 070, BHAURR T |2 < 15X KIS MME, £ EFRPM o1 oo R T FIEMN D2

Fig. 4. (a) Field distribution of the scattered wave from the planar focuser under the normally incident plane wave. The fields value
is defined by 7¢ = |As /Ai|2 , where Ag and A; are the amplitudes of the scattered and incident waves, respectively; (b) the r¢
values along the focal plane, only the value in region |z| < 1.5A¢ is shown. In the top-left panel, edges of the main peak are

marked by z; and z2 .
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F 1 AFCRREZ WBIEFLRE (NA) | £ SALSREE L
(re ) BP0 I 04 002155 55 (HWMP), LK B
#(n)

Table 1.  Numerical aperture (NA), intensity ratio at the
focal point (7 ), half height width of the main peak on
the focal plane (HWMP), and focusing efficiency (n) for

four different structures.

REERA MMKE N4 e HWMP  1/%

SR E 100 0.928 29.92 0.372\0 64.36
PN 200 0.980 48.01 0.375\¢ 48.97
B 100 0.928 23.66 0.396\0 67.82

BEHF 200 0.980 3859 0.414\ 67.71
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Fig. 5. (a) ¢ and (b) n value as a function of the normal-
ized working wavelength /Ao for the reflection-type fo-

cuser with ag = 10\g .
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Nonlocal thin plate elastic wave metasurface designed
based on multi port model’
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Abstract

Recent development of metasurfaces indicates that achieving high efficiency requires nonlocal designs where
the coupling between constituent units is fully considered. However, most metasurfaces for elastic waves are still
designed as local structures based on the Generalized Snell’s Law (GSL), which ignores the coupling between
sub-units, thus often resulting in low efficiency. In order to design nonlocal structures for flexural wave in thin
elastic plate, a previously proposed method based on the multi-port structural model (MPSM) for acoustic
metasurfaces is extended in this work. Using this method, anomalous reflector and anomalous refractor, each
with a large diffraction angle and planar focuser with large numerical aperture for flexural waves in thin elastic
plates, are designed.

As the first example, an anomalous reflector or anomalous refractor for flexural wave on an infinite free
thin elastic plate with elastic cylinder pairs assembled symmetrically on both surfaces is considered. The design
target is to optimize the heights of the cylinder pairs, by which anomalous reflection or refraction for flexural
wave in plate can be realized. It is shown that by modelling the structure as an MPSM, configurations with the
desired functionalities can be efficiently determined. The three dimensional finite element simulations show that
even for structures with a deflection angle as large as 80°, the proposed anomalous reflectors and refractors can
achieve near-unity efficiency.

By the same method, a planar focuser is further designed. It is shown that by optimizing the heights of
each cylinder pair, the normally incident flexural wave can be focused on the incident side or the transmitting
side of the metasurface with arbitrary focal length. It is found that the focusing efficiency of our nonlocal
designs is significantly higher than that of their GSL-based counterparts, particularly for the structures with
numerical apertures approaching unity.

This work not only presents an effective design method for nonlocal metasurfaces of flexural waves in thin
elastic plates, but also provides two efficient nonlocal structures with broad application prospects in sensing,

energy harvesting, and other fields.

Keywords: flexural wave in thin plate, nonlocal metasurface, multi-port structural model, anomalous

reflection, planar focusing
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