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Lamb waves manipulation by
piezoelectric metasurface with
tunable diffraction orders
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Science, Peking University, Beijing, China

In this paper, a piezoelectric metasurface is proposed to manipulate the anti-
symmetric mode Lamb wave by altering the diffraction order. The metasurface
attached to a host plate is symmetrically arranged by out-of-plane polarized
piezoelectric patches connected with synthetic inductance circuits. Without
changing the physical configuration, the transmitted phase of the anti-symmetric
mode Lamb wave can be shifted arbitrarily in O ~ 27 range by the metasurface.
Furthermore, the relationship between the phase gradient and diffraction order is
investigated, and different orders of diffraction waves can be obtained by adjusting
the shunting inductance circuits. The symmetric transmission and asymmetric
transmission from a couple of axis symmetric incident waves can be realized by
utilizing +1st-order and —1st-order diffraction. Moreover, omnidirectional wave
reflection and wave trapping in channelized waveguides can also be realized by
utilizing the Oth-order diffraction. The results indicate that the proposed
piezoelectric metasurface has great potentials in manipulating guided waves with
a large incident angle and isolating wave propagation.
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1 Introduction

The wave control method based on wavefront-manipulated metasurface has attracted much
attention owing to its capability of accurately adjusting the wave phase. Metasurfaces have been
developed for manipulating electromagnetic waves [1, 2], acoustic waves [3, 4], and elastic
waves [5, 6]. Based on the generalized Snell’s law (GSL) [7], the phase-gradient metasurface is
designed to adjust the relationship between the wave vectors of scattering and incident waves
for achieving abnormal functions, such as wavefront shaping [3, 4, 8], cloaking [9], mode
conversion [10-12], and splitting [13].

According to the classical GSL, the incident wave should be within a critical angle to obtain
a non-zero refracted wave. However, recent studies indicate that high-order-mode diffraction
may occur when the incident angle is greater than the critical angle, which provides a new
approach for manipulating acoustic waves [14, 15] and elastic waves [16] for negative refraction
or reflection with broad angles [17-19], asymmetric transmission [20-24], wave absorption
[25], wave isolation [26], and wave guiding [27]. These phenomena and functions have broken
the limitation of the GSL. Therefore, the mechanism of high-order-mode diffraction should be
explored for manipulating wave propagation far beyond the GSL.

Compared with the acoustic wave, guided waves in structures with multiple modes and
complex dispersive nature bring big challenges to control wave propagation, and their different
desired functions are realized by different configurations of metasurfaces. Based on +1st-order
and —1st-order diffraction, Li et al. [24] fabricated two kinds of zigzag metasurfaces with
different supercells, realizing the symmetric transmission and asymmetric transmission,
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respectively. Based on Oth-order diffraction, Liu et al. [26] designed a
circular meta-slab to isolate the flexural waves by total reflection, Cao
et al. [23] used a dual-layer elastic gradient metasurface to achieve the
asymmetric transmission of flexural waves, and Hu et al. [27] realized
the ultrathin waveguides using a channel bounded by two
metasurfaces. The functionality of these metasurfaces depends on
their diffraction orders. However, the diffraction order is determined
by the fixed geometric configuration of the metasurface, whose
diffraction order switching is difficult to realize. Moreover, for the
metasurface based on the structural configuration, broadband
application is hard to be achieved because the wave phase of the
metasurface is sensitive to wavelength. Accordingly, it is urgent to
introduce a tunable metasurface into the manipulation of high-order-
mode diffraction, especially realizing the adjustment of diffraction
order by the same metasurface.

Multi-physics coupling effect has good performance in tunable
modulation of elastic waves without structural reconfiguration.
Therefore, electromechanical coupling effects are favored by their
capabilities of circuitry integration and controllability, whether in
passive designs [28, 29] or active designs [30-36]. According to the
GSL, when the metasurface is composed of PZT (lead zirconate
titanate) patches connected with shunting circuits and is attached
to the host plate, the tunable manipulations of anti-symmetric mode
Lamb wave [37], shear horizontal wave [38], and multi-mode guided
waves [39] in the plate can be realized by adjusting the parameters of
the circuits. However, within severe constraints of the GSL, many
fantastic performances of the metasurface cannot be realized. In
addition, without changing the physical configuration, how to use
the shunting circuit to achieve the control of diffraction order is still a
key problem.

In this study, for conquering the limitation of the GSL on high-
order diffraction, a tunable piezoelectric metasurface is proposed
for controlling the anti-symmetric mode Lamb wave propagation
with tunable diffraction order. The remainder of the paper is
organized as follows: Section 2 introduces the integer parity design
in the high-order-mode diffraction, and a metasurface that can
control the diffraction order is further designed and investigated.
To show the tunable control of diffraction orders, +1st, —1st, and
0Oth orders of diffraction are investigated as examples in the paper,
and the corresponding special functions are investigated and
exhibited in Section 3 and Section 4. In Section 3, the high-
order anomalous refractions including symmetric transmission
and asymmetric transmission are realized based on +1st and —1st
orders of diffraction. Then, in Section 4, the omnidirectional
reflection and channelized waveguides are realized based on
Oth-order diffraction. Finally, Section 5 summarizes the paper
and provides conclusions.

2 Modulation of diffraction order
2.1 Integer parity design

The distribution of phase-shift gradient is an important factor in
the study of high-order-mode diffraction. Here, the phase shift is
described as the difference in wave phases between the incident wave
and the transmitted wave changed by the metasurface. By designing a
phase-gradient metasurface, which is equivalent to a periodic lattice,
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the diffraction mechanism [17, 22] in the metasurface can be
described as

(sin Orafret — SID Gim)k =&+ ngG, (1)

where 0, is the angle of the incident wave, Oy/ref is the angle of the
transmitted or reflected wave, k = 27/\ is the wavenumber, A is the
wavelength (assuming that the incident area and transmitted area have
the same medium), £ is the phase gradient along the metasurface, ng is
an integer which represents the effect of periodicity, and G is the lattice
constant of reciprocal lattice. In Eq. 1, the phase gradient & can be
expressed as & = d¢/dx,, where ¢ is the phase shift and x, is the
coordinate axis along the metasurface. { can be assumed as positive
because the positive and negative phase gradients are physically
equivalent.

To simplify the design of the metasurface, a supercell with
length S in the metasurface is introduced by including m functional
units as shown in Figure 1A to realize the distribution of the phase
gradient over a complete 0 ~ 27 range. Therefore, the phase shift of
the jth functional wunit in the
¢j =2nj/m(j=1,2,...,m). For the functional unit with a
fixed width W, the width of the supercell is determined by
including m function units, that is, S = mW. Thus, & can be

supercell is set at

written as the gradient of phase shifts in adjacent functional
units, that is, £ = A¢/W. In the supercell with m functional
units, it can also be written as & = (mA¢)/(mW) = 2n/S. In
addition, G can be written as G = 27/p for a one-dimensional
case, where p = S is the lattice constant of primitive lattice. So, G =
271/S, and the values of £ and G are naturally equal. For a single
supercell, Eq. 1 is rewritten as

A
sin einc + ng = sin etra/ref) (2)

where n = ng+1 is the diffraction order (n =0, 1, £2, ...). A/Sin Eq.
2 plays a role similar to the phase gradient, so it is not distinguished
from the phase gradient in the following sections. The positive and
negative angles are specified in Figure 1A, which is the same as
traditional refraction and reflection theories.

For the case of n = 1, Eq. 2 can be reduced to the GSL. For the
case of n # 1, the wave diffraction can be described as the result of
multiple reflections of the wave in the functional unit. Figure 1B
illustrates the process of wave propagating in the functional unit for
T times to reach its boundary. For example, if T = 1, it means that
the incident wave passes through the functional unit directly as the
transmitted wave. If T = 2, it means that the incident wave has one-
time reflection in the functional unit and then leaves it at the
incident side to be the reflected wave. Considering two adjacent
functional units in the supercell, if both have (T-1) times inside
reflections, the difference between their phase shifts becomes the
cumulative phase of T-time wave propagation, that is,
Ap=T(¢;,, —¢;) =2nT/m. Thus, the +lst-order diffraction
(GSL) can also be considered to have the shortest path with T =
1. For the case of n > 1, because A/S is positive, the GSL will also be
satisfied, if Eq. 2 is satisfied for the nth-order diffraction. However,
the diffraction orders with n > 1 can be neglected, and the +1st
order diffraction can replace them with the shortest path; this is
because the wave diffraction prefers to follow the tendency for the
shortest path of wave propagation [40]. Therefore, the actual range
of nisreducedton =+1,0, -1, — 2, .. ..
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FIGURE 1

(A) Metasurface designed by supercells, and each supercell includes m functional units. (B) Wave propagation path in each functional unit.

For the case of n < 0, the difference between phase shifts of two
adjacent functional units can also be written as A¢’ = 27in/m according
to Eq. 2, which is the nth-order diffraction wave. Furthermore, the
relationship of phase shifts between two adjacent functional units can
be established by using the plane wave expression method as ¢ =
™, that is, &/ = ¢!@m/m) For the diffraction order n < 0, a
positive integer Z is introduced to lead 27T/m = 2nn/m + 2nZ, which is
simplified to T'= n + mZ. Because the wave propagates following the
shortest path in the functional unit, the number Z is taken as 1, and
then a relationship in a supercell with m functional units can be
established as

T=m+n.

3)

If T is an odd number, the incident wave transmits through the
supercell, and if T is an even number, the total reflection occurs.
Consequently, by combining Eqs 2 and 3, the diffraction relation is
summarized as

A
sin Ojpc + n—— =8in Oy, T = m +n is odd,
mwW (4)

sin Gy + n—— =sinO,, T =m +n is even.
mW

Therefore, the relationship between transmission/reflection of the
wave and diffraction order # of the supercell is established by the wave
propagating path, which is related to the addition of m and ». It means
that the performance of wave propagation can be altered by changing
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the number of functional units m in a supercell or the diffraction
order n.

2.2 Tunable capability of the piezoelectric
functional unit

According to Eq. 4, the transmission or reflection of a wave can be
controlled by the number of functional units 7 when the diffraction
order n is determined. Actually, m and n are not independent in a strict
sense. The applicable diffraction order of the existing metasurface is
set by the distribution of the phase gradient in the supercell with fixed
m. Recent studies [23-27] only used different structures of
metasurfaces to realize different functional units m and then obtain
the desired diffraction orders. In order to obtain a variable number m
in the same metasurface, a basic functional unit based on the
electromechanical coupling effect is designed by attaching PZT
patches on both surfaces of the host plate as shown in Figure 2A.
In the functional unit, four PZT patches (orange) with thin electrodes
(blue) are symmetrically attached on both surfaces of the host plate
(gray). To realize the manipulation of Lamb waves in the plate, each
PZT patch is polarized along three directions [37], which are marked
with red arrows in Figure 2A, and connected to an adjustable
inductance L through the electrode on its surface. The effective
capacitance of the PZT patch C, and the shunting inductance L
form a capacitance-inductance resonant system to alter the
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PZT B electrodes fpolarization direction

(A) Functional unit with shunting inductance L. (B) Equivalent inductance circuit.

FIGURE 3

ratio of the Ap-mode Lamb wave at frequency 14 kHz with varying L.

A PML Functional unit Periodic boundary condition PML
| —_3 Incident area E [I]] E Transmitted area |
Excited wave T Periodic boundary condition
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(A) Plate with one functional unit. (B) Phase shift and transmission ratio and (C) the sum of square of the transmission ratio and square of the reflection

TABLE 1 Material parameters.

Aluminum
0.33 2,700 kg/m?
PZT-5H
chin 1272GPa |y, 802 GPa ‘ iy 84.7 GPa
s 117.4 GPa cEs 23.0 GPa ‘ kL, 23.5 GPa
e1s 17.03 C/m* es11 -6.62 C/m? ‘ €333 23.24 C/m?
& 1704.4 &, & 1,433.6 & ‘ P 7,500 kg/m*
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equivalent stiffness of the PZT patch [41, 42]. By adjusting the value of
shunting inductance L, the equivalent stiffness of the PZT patch can be
adjusted accordingly, and then the propagation of Lamb waves can be
manipulated by the functional unit.

In fact, it is difficult to realize continuous adjustment of
inductance using a real inductor. An adjustable synthetic inductor
is achieved by using Antonio’s circuit [42] as shown in Figure 2B,
which consists of two operational amplifiers, a capacitor (C,), three
resistors (R;, R, and R;3), and an adjustable resistor (R,). The
equivalent inductance of the synthetic circuit is induced by L =
RiR3R4C,/R,, which is easily and continuously tuned by changing
R,. The host plate in the functional unit is designed as I; x I, =
12 mm x 8 mm with the height & = 2 mm. The size of the PZT patch is
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I, x I, x hy = 5mm x 8 mm x 1 mm, and the gap between two PZT
patches is I; = 2 mm. The material parameters of the host plate
(aluminum) and PZT patch (PZT-5H) are listed in Table 1, where
the crystal symmetry of PZT-5H is 4 mm.

Without the loss of generality, the propagation of the anti-symmetric
mode Lamb wave A, in the aluminum plate is studied. To quantitatively
evaluate the capability of a functional unit for manipulating Ay-mode Lamb
wave propagation, wave propagation in a host aluminum plate with one
functional unit is considered, as shown in Figure 3A. To illustrate the
propagation of the Ay-mode Lamb wave in the plate, the incident Ay-mode
Lamb wave is excited at the left side of the functional unit, periodic boundary
conditions are applied to both upper and lower sides of the host plate, and
the perfectly matched layers (PMLs) are attached to both left and right sides
of the host plate. The wave propagation process is calculated by the finite
element method (FEM) via commercial software COMSOL Multiphysics.
To obtain reliable calculation results, the functional unit is meshed by
quadratic serendipity elements with a size smaller than one-tenth of the
wavelength, and the mesh is appropriately encrypted near PZT patches. For
the stable Ay-mode Lamb wave excited at a frequency of 14 kHz with the
wavelength A = 0.037 m, the transmission ratio, which is described as the
ratio of amplitudes of out-of-plane displacements (|w|) for the transmitted
signal to the incident signal, and the phase shifts are calculated as the
shunting inductance L changing from 0.095H to 0.140 H as shown in
Figure 3B. The results show that the phase shifts of the functional unit cover
a full 0 ~ 27 range, and the transmission ratio is relatively high (above 0.8).
Consequently, the functional unit can be an elementary unit of the supercell
to achieve an arbitrary phase shift in a 0 ~ 277 range by only adjusting the
shunting inductance. For a metasurface fabricated by a series of proposed
functional units, the number of functional units m in a supercell can be
changed by appropriately selecting the phase shift of each functional unit,
and the supercell makes the diffraction order to be changeable in the same
metasurface.

In addition, Figure 3C illustrates the sum of the square of the
transmission ratio |¢|* and square of the reflection ratio (the ratio of
|w] for the reflected signal to incident signal) |r|* to show the energy
loss of the Aj-mode Lamb wave at frequency 14 kHz. The wave
phase changes due to the local resonance of the PZT patch with a
shunting circuit, which will inevitably consume energy. Therefore,
the total energy is slightly less than 1, especially near the formant
frequency. However, the sum is close to 1 with altering inductance
L in general. It means that there is almost no strong energy loss and
mode conversion of the wave by passing though the functional unit.
Furthermore, the phase shifts, transmission ratios, and reflection
ratios of the functional unit at an arbitrary frequency in the range
from 10 to 30 kHz can also be calculated by FEM via commercial
software COMSOL Multiphysics, and the effectivity of the
functional unit to manipulate the Aj-mode Lamb wave by
adjusting the shunting inductance L is verified.

3 High-order anomalous refraction

To avoid the effect of higher order diffraction, the relation between
the wavelength A and the length of the supercell S should be

1<1/S<2. (5)

In addition, because the value of (sin Oya/rer — sin 0;,c) ranges from
—2t0 2, according to Eq. 2, only three diffraction orders (n = +1,0, - 1)
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exist for any incident angle. It is noteworthy that the Oth-order
diffraction may occur, that is, 0, = Oy Or Oinc = O Eq. 3
indicates that, for the case of n < 0, the Oth-order diffraction is the
longest path. Hence, if other order diffraction waves exist, the
amplitude of the Oth order diffraction wave is very small.

3.1 Symmetric transmission

If two Ap-mode Lamb waves are incident with two opposite angles
about the normal line of the metasurface, their transmitted angles are
still opposite to each other, so they should satisfy the following
condition:

sin (—6inc) + n1& = sin By,
3 ©)

sin (+6i,c) + HZ% = sin (—Oy,),

and n; = —n,, for realizing the symmetric transmission. Obviously, the
symmetric transmission cannot be achieved by the GSL. Considering
Eq. 5, only diffraction of +1st, —1st, and Oth orders exists in the
metasurface, so that the diffraction orders of symmetric transmission
in Eq. 6 are n; = —n, = 1. The incident wave with the negative incident
angle —0;,. is noted as NI and with the positive incident angle +6;,. is
noted as PI. Eq. 6 indicates that for the angles of NI and PI with axial
symmetry about the normal line of the metasurface, their transmitted
waves manipulated by the metasurface can have the axial symmetry
and travel at the same side of incident waves.

According to Eq. 4, T = m + n should be an odd number to
guarantee that the wave will transmit through the metasurface. For the
critical incident angle of the +1st-order diffraction (GSL) 0., =
arcsin(1 — A/S), the incident angle of NI should satisfy -0, < 6.1,
while the angle of PI should satisfy +0;, > 0, with the existence
condition of —1st-order diffraction, —1 < sin(+6;,.) — A/S < 1.

There are 64 functional units to be arranged as the tunable
metasurface in an aluminum plate as shown in Figure 3A for
manipulating the Ajp-mode Lamb wave at frequency 14 kHz. An
interval [, = 0.001 m is set between all adjacent functional units to
ensure that the phase shift modulation of the wave by each functional
unit is independent and free from interference. Therefore, the length
of the supercell can be obtained as S = m(l,+1;). When the difference in
phase shifts between two adjacent functional units is 7/2, a supercell
needs four functional units, m = 4, to form the distribution of phase
shifts in the range of 0 ~ 277 as shown in Figure 4A, so the metasurface
totally includes 16 supercells. In Figure 4A, the orange rectangles
represent the functional units. The length of the supercell with four
functional units as shown in Figure 4A is S,,—4 = 0.036 m, and it
satisfies the condition expressed in Eq. 5. The critical angle of +1st-
order diffraction is ,; = —1.59°, which means that most of the incident
angles can realize the symmetric transmission. For the incident angles
of 30° and 15, the transmitted angles 6,;, can be calculated by Eq. 6,
and the values are 31.86° (0, = 30°) and 50.26° (O = 15°),
respectively. FEM is conducted to verify the analytical result, and
the numerical results of out-of-plane displacement fields about
incident and transmitted waves with NI and PI of 30° are shown in
Figures 4B1, B2, respectively, while Figures 4C1, C2 show the results
with NI and PI of 15°, respectively. The white arrows in Figures 4B, C
point out the designed propagation directions of incident and
transmitted waves. Compared with the displacement fields of wave
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A Distribution of phase shifts in the supercell (m=4)

Max

Min

FIGURE 4
(A) Distribution of phase shifts along the supercell with m = 4. Out-of-plane displacement fields of (B) + 30° and (C) + 15" incident angles.

A Distribution of phase shifts in the supercells (m=3)

FIGURE 5
(A) Distribution of phase shifts along the supercell with m = 3. Out-of-plane displacement fields of (B) + 30° and (C) + 45° incident angles.

motion, the propagation of refraction waves is in good agreement with ~ refraction waves by the metasurface to transmit waves at the same
designs. The results shown in Figures 4B, C illustrate that two incident  sides along the designed transmitted angles with axial symmetry about
angles with the same value but contrary signs can manipulate the  the normal line of the metasurface.
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3.2 Asymmetric transmission

In general, for the angles of NI and PI with axial symmetry about
the normal line of the metasurface, their transmitted waves
manipulated by the metasurface can be without axial symmetry
and propagate along arbitrary directions and are called as
asymmetric transmission. Here, we consider one special case of
generalized asymmetric transmission, which is that the angles of
NI and PI have axial symmetry about the normal line of the
metasurface; however, NI can pass through the metasurface, while
PI is reflected by the metasurface. The corresponding condition for
this case is

sin (—Binc) + nl& = $in Oy,
3 )

Sin(+6inc) + HZ% = Sin(_eref)>

where n, = 1 and n, = -1 are the diffraction orders of NI and PI,
respectively. In Eq. 7, the angles of NI and PI still have axial
symmetry, and even the angles of transmitted/reflected waves
maintain numerical axial symmetry. NI transmits through the
metasurface following the GSL, and according to Eq. 3, T = m +
n, = m—1 should be an even number to make sure that the PI will be
reflected by the metasurface. Figure 5A illustrates the distribution
of phase shifts along the supercell with three functional units, m =
3. For manipulating the Ap-mode Lamb wave at frequency 14 kHz,
according to Eq. 5, the ratio 1/S,,_; = 1.370 makes sure that only
—1st, +1st,
metasurface. The critical angle of the +1st-order diffraction can

and Oth orders of diffraction can exist in the

be calculated as 6, = —21.74°. Different from the symmetric
transmission of NI and PI in the supercell with m = 4, the
limitation to the incident angle should be considered to realize
asymmetric transmission. If the incident angle is smaller than
0.1 = —21.74°, according to Eq. 7, only n; = n, = 0 satisfies the
diffraction equations and only reflected waves occur for both NI
and PL

Figures 5B, C show the out-of-plane displacement fields of A,-
mode Lamb waves calculated by FEM for the cases with the NI and
PI angles of 30” and 45°, respectively. The transmitted or reflected
angles 6y..a/rer Of both cases can be calculated according to Eq. 7 to be
60.50° (0inc = 30°) and 41.55° (6, = 45°), respectively. The white
arrows in Figures 5B, C illustrate the designed propagation
directions of waves, and the results are in good agreement with
the designed angles. In Figures 5B1, B2, the angles of NI and PI are
axial symmetry with 30°, but for the NI in Figure 5B1, the wave
transmits through the metasurface with the designed angle 60.50°,
while for the PI in Figure 5B2, the wave reflects backward by the
metasurface with the designed angle —60.50°. The same tendency
can be observed by the NI and PI cases of axial symmetry with angle
45%in Figures 5C1, C2. In addition, there are very low fluctuations
to be observed in Figures 4B, C, 5B, C. There are two reasons that
cause the chaotic disturbance. One is because the phase gradient of
the realistic metasurface is discrete, so a few waves directly pass
through the metasurface. The other one is because the Oth-order
in the
transmissions based on +1st- and —1st- orders of diffraction but

diffraction still exists symmetric and asymmetric
with negligible low amplitudes.
It should be noted that the transmission of NI and reflection of

PI in asymmetric transmission are determined for the positive
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phase gradient. Their functions can be exchanged when the sign of
the phase gradient is inverted, which is also applied in symmetric
transmission. The symmetric and asymmetric transmissions are
realized by the same metasurface based on the tunability of
diffraction orders. It also means that the function is tunable to
meet different demands and conquer the main drawback of the
existing metasurfaces.

4 Omnidirectional reflection and
channelized waveguides

4.1 Omnidirectional reflection

In Section 3, the relation between wavelength and length of the
supercell is restricted by Eq. 5 to avoid the generation of higher
order diffraction in the metasurface. The Oth-order diffraction has
the longest path among all the diffraction orders with n < 0 in the
same supercell according to Eq. 3. Thus, if the Oth-order diffraction
is used for designing the metasurface with a higher amplitude, all
the other order diffraction should be suppressed. Based on Eq. 2,
the supercell should be designed to satisfy the condition of /S > 2
to make sure that no diffraction wave exists except n = 0. As an
example, for the Ayp-mode Lamb wave at frequency 14 kHz, the
supercell with two functional units, m = 2, can satisfy the condition
MS,=2 =2.06 > 2. Accordingly, when n =0, T=m + n=2is an even
number and Eq. 4 becomes sin 6;,,. = sin 0., which means that the
wave only reflects directly along the same angle as the incident one
no matter which angle the incident wave is. Therefore, the
omnidirectional reflection wave is easily realized by the Oth-
order diffraction.

For the supercell with two functional units, m = 2, the distribution
of phase shifts is illustrated in Figure 6A. There are three cases of Ay-
mode Lamb waves at frequency 14 kHz with the angles of NI as 0°, 30°,
and 60°, respectively, to be calculated by FEM, and their out-of-plane
displacement fields are shown in Figure 6B. The white arrows in
Figure 6B mark the designed directions of incident waves and reflected
waves. The results in Figure 6B are in good agreement with the
designed arrows and show nearly total reflections in these cases.

To further demonstrate that wave reflection is independent of
the incident angle, a triangle-shaped metasurface is constructed by
the supercell with m = 2. A point source (S;) is placed in a random
position inside the triangle-shaped metasurface, and the energy
field (represented by |w|*) is shown in Figure 6C1. The result shows
that the wave energy is enclosed in the triangle, and no wave is
transmitted anywhere outside the triangle. When the point source
(S,) is moved outside the triangle-shaped metasurface, the wave
energy can be isolated by the triangle as the energy field (|w|?) as
shown in Figure 6C2. Therefore, the metasurface with the
capability of omnidirectional reflection can make the wave
energy to be concentrated inside the structure or isolated
outside the structure, which exhibits exciting prospects for wave
isolation.

4.2 Channelized waveguide

The supercell with m = 2 shows the strong ability to reflect the
wave energy with an arbitrary incident angle. To deeply utilize the
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(A) Distribution of phase shifts along the supercell with m = 2. (B) Out-of-plane displacement fields of 0°, =30°, and —60° incident angles. (C) Energy field
when a point source is placed inside and outside the triangle-shaped metasurface

FIGURE 7
Energy field of (A) a linear waveguide and (B) an “L"-shaped waveguide

property, a channel is constructed by two metasurfaces as the
route for wave propagation. When the wave propagates in the
channel, it will be reflected by the metasurface boundary
regardless of the incident angle. The channel can provide only
one way for the wave to travel, despite its shape, that is, straight or
curved. Figure 7 shows two examples of channelized waveguides
for the Aj-mode Lamb wave at frequency 14 kHz: one is a straight
line and the other is in “L” shape. Figure 7A shows the energy field

of out-of-plane displacement (|w|?) in a straight channel formed

Frontiers in Physics

Max

Max

by metasurfaces based on the supercell with m = 2. The white dot
with a red circle marks the location of the wave source. The width
of the channel is selected smaller than the wavelength as 0 .81 to
avoid the generation of wave interference [27]. The result shows
that the wave is trapped in the channel and propagates straight
forward. If the channel is turned to form an “L”-shaped channel
by metasurfaces, the energy field shows that the wave travels
through the channel with high amplitude as shown in Figure 7B.
Therefore, for two metasurfaces with omnidirectional reflection
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using the Oth-order diffraction, different shapes of waveguides
can be designed to realize wave propagation along any designed
route in the plate.

5 Conclusion

In this paper, a tunable piezoelectric metasurface is introduced to
manipulate anomalous transmission and reflection of the anti-
symmetric mode Lamb wave for achieving specific functions. The
functional unit of the metasurface is symmetrically attached to
piezoelectric patches with shunting inductance circuits on the host
plate, and its phase shift can be arbitrarily tuned in the range of 0 ~
2m with wide frequency by adjusting the shunting inductance circuits.
Without changing the physical configuration of the piezoelectric
metasurface, the functional unit number of a supercell in the
metasurface can be flexibly reprogrammed by properly adjusting the
shunting inductance circuits for the desired phase shift distribution, and
it can meet different requirements of manipulating wave propagation by
the design and utilization of different orders of diffraction. Four kinds of
exceptional functions are realized by tuning the diffraction orders in the
metasurface. By utilizing the +1st-order and —1st-order diffraction, a
couple of axis symmetric incident waves can achieve two functions: one is
the symmetric transmission to obtain two transmitted waves with axis
symmetry, and the other one is the asymmetric transmission to produce
two separate transmitted and reflected waves with the same angle but
contrary sign. By utilizing the Oth-order diffraction, the omnidirectional
reflection can be achieved and arbitrary channelized waveguides can be
designed. Similarly, other specific functions with higher order diffraction
can also be realized by the same metasurface. Consequently, this
proposed metasurface can promote the research beyond generalized
Snell’s law by adjusting the shunting inductance circuits to achieve
tunable high-order diffraction, and it has robustness, intelligence, and
multifunctionality for manipulation of wave propagation. The
metasurface has exhibited fair prospects of potential applications in
wave motion control, wave isolation, and other fields.
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