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Abstract

We propose a reconfigurable elastic metasurface for broadband plate wave control
where the flexural-dominated plate mode is concerned. The structure consists of a plate
with nuts and screws perpendicular to the plate. With the continuous changes of nut
positions on the screws, the phase shift can cover 2n span with high transmittance over
broadband frequency. The mechanism of the tunability of phase shift caused by the
screw-in depth is discussed based on the dispersion theory of local resonant phononic
crystals. Then, subwavelength elastic metasurfaces are designed based on the
generalized Snell’s law demonstrating numerically and experimentally abnormal
refraction and wave focusing functionalities without remanufacturing the metasurface.
Furthermore, we show asymmetric transmission with a structure containing two parallel
metasurfaces. Different functionalities can be achieved by changing the screw-in depth
at different frequencies. The proposed metasurface designs could provide a novel and
feasible route to control flexural waves in broadband frequency range and take a critical
step in the pragmatic development of elastic metasurfaces.

Keywords: Elastic metasurfaces; Flexural waves; Reconfigurability; Broadband; Phase
modulation; Wavefront control.

Introduction

Metamaterials can give unique characteristics that cannot exist in conventional
materials [1]. However, further applications of metamaterials have been restricted
because of their bulky and heavy characteristics [2]. Metasurfaces, which can be
considered as a two-dimensional (2D) counterpart of metamaterials, have opened up
possibilities for realizing extraordinary wave manipulation with lightweight and thin
planar designs [3-5]. After optic [6, 7] and acoustic metasurfaces [8-12], elastic
metasurfaces have been gradually developed because of their excellent manipulation
ability of elastic waves.

Most studies on elastic metasurfaces focus on the plate waves, and so does this paper.
The phase shift of elastic waves can be tuned mainly by changing their velocities
through a resonant or non-resonant way. Usually, the former can be achieved by



introducing resonant units such as pillars or columns [13-20], zigzag units [21-25], and
blocks [26-30] into the structure. The latter, however, can be realized by grooves [31],
notched units [32], strips [33, 34] or composite strips [35, 36], etc. Full phase control
can also be achieved by gradient-index phononic crystals [2]. However, the dimension
of the structure is much larger than the wavelength. According to the abovementioned
methods, researchers have proposed various metasurfaces to steer the wavefronts of
refracted plate waves. Anomalous refraction of Lamb wave [13] was first realized by a
metasurface composed of tapered resonance units. By erecting pillars or columns
perpendicularly on a plate, metasurfaces were designed with changing the heights of
the pillars or columns to manipulate flexural waves [14-19]. Cao et al. [20] also
discussed the identical pillared resonators with a random arrangement. In-plate [21-24]
and out-of-plate [25] zigzag units were proposed to design metasurfaces for source
illusion, refraction, focus, asymmetric transmission and ultrathin waveguide of A0
Lamb waves. Changing the sizes of resonant blocks added to beams was also able to
manipulate the phase of the transmitted flexural wave [26]. Making slits or openings on
a plate can form resonant units for the deflection of longitudinal wave [27] and broad-
angle modal conversion between P- and SV-waves [28] in plates. With the similar
structure of Ref. [28], a double-unit elastic metasurface composed of a phase modulator
and an impedance matcher was proposed to realize full-wave tailoring of longitudinal
wave [29]. Topology optimization was utilized to obtain resonant units for the
deflection and focus of a plate longitudinal wave [30].

As for the non-resonant way, the phase manipulation and different functions of SO
Lamb wave were realized by changing the groove positions in the groove array structure
[31]. A notched metasurface provides an innovative way to manipulate flexural waves
without resonators, which supports high transmittance and multi-parameter modulation
[32]. Various functionalities of in-pane waves [33] and SO waves [34] in plates were
achieved via designing the thickness of the straight beam unit. The straight beam can
be replaced by a composite beam or strip consisting of two different materials [35, 36].

However, the aforementioned metasurfaces can only work for a certain function at a
fixed frequency or an extremely narrow frequency range, which limits their practical
applications [37]. To break these restrictions, tunable metasurfaces have been proposed
with the help of piezoelectric materials or mechanical reconfigurability of the structure.
In fact, piezoelectric units with feedback circuits have been widely applied in smart
wave control in phononic crystals and metamaterials, cf. Ref. [38] among others. In Ref.
[39], piezoelectric resonant units were proposed to design a tunable metasurface which
can realize directional refraction, wave focusing and source illusion of AO Lamb wave
by adjusting the negative capacitance. The similar method was used to design a tunable
metasurface for SHO wave modulation [40]. And the real time control of a broadband
flexural wave was achieved via a programmable metasurface based on the piezoelectric
unit and feedback circuit control [41]. Recently, we proposed a fish-bone mechanically
reconfigurable elastic metasurface to manipulate the wave front of flexural [42] and in-
plane waves [43] based on the “screw-and-nut” working principle. By changing the
positions of the nuts on the screws, the phase shift of the transmitted wave can be
manipulated continuously with high transmittance. Mechanical reconfiguring methods



were usually used in design linear or nonlinear meta-structured materials [44].

Recent researches on the structure-based reconfigurable elastic metasurfaces without
a complex system are relatively scarce. In this paper, the “screw-nut” structure is
improved to make the metasurface easy to fabricate; and then different functionalities
for the refracted flexural-dominated wave are demonstrated numerically and
experimentally. The proposed broadband elastic metasurface could make a significant
progress in the practical applications.

Element design and phase shift analysis

Unlike the previous fish-bone model for which the screws are paralleled to the plate
[42, 43], in this paper we improve the structure by making the screws perpendicular to
the plate which will be more efficient for steering the flexure wave and can facilitate
the fabrication of metasurfaces. The calculation models of basic unit and functional
element are shown in Figs. 1(a) and (b). The gray and green regions represent the
substrate (aluminum) and vibrators (steel), respectively. The material parameters of
aluminum are as follows: mass density p = 2700 kg/m?, elastic modulus E = 68.9 GPa
and Poisson's ratio v = 0.33, and those of steel are p = 7670 kg/m?, E = 199.4 GPa and
v = 0.31. The influences of the geometric parameters shown in Fig. 1(a) on the
modulation of phase shift and transmittance are discussed in Appendix A. Base on the
results therein, we select a model of the functional element with 6 basic units in the
following analysis and take the values of other geometric parameters as shown in Table
1. The screw-in depth (s) refers to the distance that the nut moves inward from the outer
end of the column, as shown in Fig. 1(a). Notably, the distance between the front and
back rows of the nuts and the plate is always keeping the same. Fig. 1(c) is the
photograph of a functional element corresponding to Fig. 1(b).

For harmonic waves propagating in the inhomogeneous isotropic solids, the wave
equation can be written as the following form by omitting the time harmonic term:

V[(2(r)+2u(r))(V-u) |-Vx[ u(r)Vxu]=-p(r)e’u, (1)

where V=(8/8x,8/8y,5/82) is the differential operator; A and u are the Lamé

constants; r=(x,y,z) isthe position vector; U= (1 ,u ol )is the displacement vector

and o = 27f’is the circular frequency. In this paper, the finite element method is used to
study the wave properties. A line source with the out-of-plane excitation is applied on
the left side of the functional element. The phase shift and transmittance can be obtained
by taking the averaged values along the detection line of the right side. Continuous
periodic conditions are applied on the upper and lower boundaries, i.e.

- @

where y and y  are the displacements of the upper and lower surfaces, respectively.

In order to attenuate reflection, perfectly matched layers (PMLs) are set on the left and
right ends. The phase shift of the transmitted wave is regulated by changing the screw-
in depth (s) of the nuts.
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Fig. 1 The basic unit (a) and the strip model with functional element (b) in numerical calculations;
(c) the photograph of the strip specimen; the calculated nephograms of the phase shift (d) and
transmittance (e) as functions of the screw-in depth s and frequency.

The phase shift and transmittance are calculated by the finite element method with
the software COMSOL Multiphysics 5.4; and their variations with the frequency and
screw-in depth are illustrated in the nephograms shown in Figs. 1(d) and (e). It is noted
that the step of screw-in depth is 0.0lmm which can be realized by rotate the nut by a
certain angle (). The relation between s and «is s = tx /360 where ¢ is the thread pitch.
In the present design, we choose ¢ = 0.5 mm. Thus the precision of 0.01lmm for the
screw-in depth corresponds to o = 7.2° which can also be easily realized in the
experiments. The results shown in Fig. 1(d) demonstrate that the phase shift can cover
a 2m period in broadband when s is changed continuously. It should be noticed that the
appearance of “sudden changes” in the phase shift nephogram is due to the “phase fold”



at ¢ = 2mmn when the phase shift exceeds 2mn (m =1, 2, 3...) [42, 43].
The transmittance ¢ris calculated by

A
-y ©
&=4

where A1 is the transmitted out-of-plane displacement amplitude of the strip model with
a functional element shown in Fig. 1(b); and A4 is that for the uniform structure without
the “screw-nuts”. The transmittance within the two white dotted lines (the black zone
in Fig.1 (e)) is very low, so we should avoid this zone when designing the metasurface.

To interpret the mechanism of phase manipulation of the functional element shown
in Fig. 1(b), we consider it as a finite structure intercepted from a one-dimensional
locally resonant phononic crystal with the periodically distributed basic units (Fig. 1(a))
along x direction. Based on the Bloch’s theory, the wave field satisfies:

u(x+a)=u(x)exp(—ik.a)s 4)

where £ is the Bloch wave vector; and a is the lattice constant (here it is 9 mm), as
shown in Fig. 1(a)). Then, the dispersion curves of different screw-in depths are
calculated; and the results for s = 1.3, 2.9 and 4.5 mm are shown in Fig. 2(a). The color
of the bands represents the proportion of the out-of-plane displacement to the total
displacement defined as

‘J.V/, ude‘
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where the integrals are taken over the volume () of the rectangular plate of basic unit.
n — 1 (the dark red color) represents the flexure-dominated wave modes. The
displacement modes of the basic unit are shown in the insets of Fig. 2(a). The flexural
mode of the plate is mainly caused by the symmetric vibration mode (kx = 0.5m/a) of
the resonant structure (screw-nut), corresponding to the red part of band I. There are
also a few antisymmetric vibration modes (k. = m/a), corresponding to the blue part of
Band I.

; )

Table 1. Geometric parameters (unit: mm).

h hy h3 hy hs he h7
3 4 9 6 2.5 3 8

By observing Band I dominated by out-of-plane displacement, it can be clearly seen
that with the increase of s, the band is getting steeper indicating the increase of the
phase velocity c,. For a given frequency, the phase velocity can be calculated from the
dispersion curve through ¢, = 2zf/k where k is the wave number. For example, ¢, varying
with s at f= 6.4 kHz can be calculated from the crosspoints of the dot-line and Band I,
and the results are shown in Fig. 2(b). Then, when the wave propagates through the
functional element, the phase shift ¢ can be calculated by



¢=2mfllc,, (6)

where / is the length of the “screw-nut” structure i.e. the thickness of the metasurface
(here it is 54 mm). The phase shifts (the blue dots) calculated from the phase velocity
curve are close to the simulated ones (the black curve), as shown in Fig. 2(c).

By the way, the low transmittance region mentioned above can also be interpreted by
the dispersion curves. As shown in Fig. 2(a), there is a band gap (gray region) between
the two red passbands. Taking s = 1.3 mm as an example, the band gap for the flexural
wave shown in Fig. 2(a) is (7.2 — 8.0 kHz) which is exactly the same region of the black
zone shown in Fig. 1(e).
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Fig. 2 (a) The dispersion curves and the displacement modes for the screw-in depth s = 1.3, 2.9
and 4.5 mm; (b) the phase velocity curve varying with s for f= 6.4 kHz; and (c) the phase shifts
obtained by numerical simulation (the black curve), analytical calculation (the blue dots) and
experiment (the green triangles) for /= 6.4 kHz.

The phase regulating capacity of the functional element is also examined
experimentally in this paper. The experiment setups and the specimen (1054 mmx10
mmx4 mm) are shown in Figs. 3(a) and (b). The Polytec PSV-500 generated a
sinusoidal signal of /= 6.4 kHz which was transmitted to the piezoelectric patch (10
mmx10 mmx1 mm) shown in Fig. 3(c) through the power amplifier (AG1020). The



phase values on the line (see Fig. 3(d)) in the transmitted field were picked up by the
laser scanning vibrometer Polytec PSV-500. The big enough homogeneous regions with
the blue-tacks glued on the upper and lower boundaries of the specimen [13, 14] can
reduce the wave reflection well. Changing the screw-in depths of the nuts and repeating
the above operations, we can get the phase shifts which are shown by the scattered
green triangles in Fig. 2(c).

power amplifier

Fig. 3. (a) The experimental setup; (b) the functional element suspended on a vibration isolation
table; the zoomed-in diagrams of (c) piezoelectric patch, and (d) measuring line of the phase shift;
(e) the manufactured plate; and (f) the zoomed-in diagram of the metasurface structure and

piezoelectric patches array.



The experimental results match well with the theoretical and numerical ones when s
<4 mm. The large difference for s > 4 mm may be owing to the fact that the sample is
not strictly symmetrical due to processing errors. With the increase of s, the resonance
of the basic unit (screw with a nut) gradually weakens, and other wave modes (e.g. the
torsional modes) may be relatively enhanced, which affects the experimental results.
Fortunately, it can be seen from Appendix B (Tables B1-B3) that most values of s are
smaller than 4 mm. So this phenomenon has little impact on the ultimate goal of the
present design of the metasurface to achieve different functionalities. Anyway, the
sample processing and measurement deserve improvement in future studies.

Metasurfaces design and numerical simulations of multiple functionalities in
broadband

In this section, we will design the metasurface based on the GSL [45] to realize the
manipulation of transmitted flexural waves. First, abnormal refraction with arbitrary
refracted angles and wave focusing with arbitrary focus positions are realized
numerically in broadband by a single metasurface. Then, a double-layered metasurface
system is constructed to achieve the asymmetric transmission under different operating
frequencies.

® (a) (units : mm) 0 (b)

Fig. 4. The calculation model of the metasurface (a) and its finite element meshes (b) established
in COMSOL Multiphysics. (c) and (d) are the partial enlargements of (b).

The calculation model of a single metasurface with 40 functional elements is shown
in Fig. 4(a). The boundaries around the model are set as PMLs. An edge load along the

y-direction with the amplitude of 1.exp[—(z—a#)?/w2] (N/m) is applied at the



yellow dashed line to excite a Gaussian beam, where H = 10 mm is the height of the
functional element, as shown in Fig. 1(b). Multi-functionalities such as directional
refraction (a = 23.5 and wo = 0.1), wave focusing (a« = 0 and wo = 0.4) and asymmetric
transmission (o = 19.5 and wo = 0.1) will be realized numerically.

The finite element meshes ensuring the convergence of calculation are shown in Figs.
4(b)-(d). Sparse meshes are first built for calculation, and then the mesh density
gradually increases until the results no longer change, that is, the results are convergent.
The strips which contain resonant units are meshed by triangular prism elements and
divided into 5 layers in y-direction (Fig. 4(c)). The remaining parts of substrate are also
divided into 5 layers in y-direction by cuboid elements (Fig. 4(d)). The screws and nuts
are meshed by tetrahedral elements (Fig. 4(c)) with the extremely fine size, which
predefined in COMSOL Multiphysics.

In this paper, for the transmitted wave propagating along the designated direction,
the required phase distribution can be calculated from the following refracted GSL:

sin@—siné@:ﬁm, (7)

2r dz
where 6; and 6; are refraction and incident angles, respectively; ¢(z) is the phase
distribution along the metasurface which should be discretized during the design of the

metasurface; and 1o = c/f is the wavelength with ¢ being the phase velocity of the

flexural wave [33]:
2 _2
Y U (8)
12101 a _V12)

where £ is the thickness of the plate (here it is 4 mm). Once the phase shifts are known,
we can obtain the corresponding screw-in depth of each functional element according
to Fig. 1(d). Then the metasurface with the function of abnormal refraction can be
constructed. For different refracted angles or operating frequencies, the metasurfaces
can be reconfigured just by tuning the positions of the nuts.

The screw-in depths of the nth functional element (n = 1-40) for different refraction
angles in case of /= 6.4, 8.6 and 11.2 kHz (the corresponding wavelengths are 77.9,
67.2 and 58.9 mm, respectively) are listed in Tables B1 (6, = 15°, 50°) and B3 (6; = 90°)
in Appendix B. The results are shown in Fig. 5 in which the out-of-plane displacement
fields are presented. It can be seen that for different operating frequencies, the
transmitted waves can propagate along the designated directions (6; = 15°, 50° and 90°)
as marked by the arrows in Fig. 5. In conclusion, the designed tunable metasurface can
realize the directional refraction of an arbitrary refracted angle under different
frequencies. Besides, we notice that some undesired beams appear in addition to the
designed angles, especially for the cases of 50°- and 90°-refractions. These unwanted
beams stem from the high-order diffractions which become pronounced in the case of
large angle refraction [46, 47].



At AR

i

Fig. 5. The out-of-plane displacement fields for f= 6.4, 8.6 and 11.2 kHz. The refraction angles
are (a)-(c) 15°, (d)-(f) 50° and (g)-(i) 90°.

Next, the wave focusing is demonstrated by adjusting the screw-in depths of the nuts
of the designed metasurface. Given the desired focal positions (x, z), the required phase
shifts are thereupon determined by [42, 43]

¢, — b =%(\/(% —Z)2 +x? —\/(Z1 —Z)2+x2)s n=2,3,4... (9)

where ¢1 and ¢, are the phase shifts of the first and nth (n>1) functional elements of the
metasurface, respectively; z1 and z, are the z coordinates of the first and nth functional
elements of the metasurface, respectively. Likewise, by combining Fig. 1(d), the screw-
in depth for each functional element of the metasurface can be obtained. The
corresponding screw-in depths of different focal positions (x, z) = (150 mm, 0) and (200
mm, 0) in case of /= 6.4, 8.6 and 11.2 kHz can be found in Table B2 in Appendix B.
Fig. 6 shows the intensity of the out-of-plane wave fields. The positions of the focal
points are basically matched with the default positions (150 mm, 0) and (200 mm, 0).
All results show good focus capability of the proposed reconfigurable elastic
metasurface.
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Fig. 6 The intensity of the out-of-plane wave fields with f= 6.4, 8.6 and 11.2 kHz. The focal
positions are (a-c) (150 mm, 0) and (d-f) (200 mm, 0).

At last, we designed a structure with two metasurfaces to achieve asymmetric
transmission of the flexural wave. As shown in Fig. 7, two elastic metasurfaces (EM1
and EM2) are set parallel with the distance of =250 mm. The refraction angle of EM2
is designed as 90° in case of normal incidence. When the flexural wave is incident
normally from the negative direction (ND), the propagating wave will be converted into
an evanescent wave which cannot propagate through the structure. While when the
wave comes from the positive direction (PD), the propagation direction can be tuned
by EM1 to make sure that it can propagate through EM2.

First consider the wave coming from the ND. The phase shift of EM2, ¢»(z), can be
easily determined by the GSL
2n  dz
with ;= 0° and 6,= 90°. Then consider the wave propagation along the PD. The phase
shift of EMI, ¢1(z), can be expressed as

sin@, —sin @, =1=

sin@l—sinazﬁm, (11)
2n  dz
At the same time ¢»(z) should satisfy the following expression
sin@,, —sin 6, :ﬁM, (12)
2 dz

where 6o and 6, are the two propagating directions modulated by EM1 and EM2 as
shown in Fig. 7(a). So for a given O ( ‘Sin 0, - 1‘ <1), 6:1 can be obtained from Eqgs. (10)

and (12); and then substituting ;1 into Eq. (11), we can get ¢1(2).

Taking 6o = 30° as an example, Figs. 7(b)-(g) exhibit the results of numerical
simulation for /= 6.4, 8.6 and 11.2 kHz, respectively. When the flexural wave is incident
from the PD, the transmitted wave propagates along the designated angle. When the

11



flexural wave is incident from the ND, it is converted into an evanescent wave by the
EM2 and cannot propagate through the structure. It is noticed that the incident wave is
not completely converted to the surface wave modes in Fig. 7(g). This can be
interpreted by two reasons. The first one is that the incident wave beam is of finite width
(as shown by the dotted lines in the figures), so scattering may appear at the edges of
the beam. Secondly, as mentioned before, high-order diffractions may occur for large
angle refraction [46, 47]. Even though, the asymmetric transmission can be well
achieved by the proposed elastic metasurface in a wide frequency range. The screw-in
depths of all units of EM1 and EM2 are listed in Table B3 in Appendix B.

(a)

PD

\ ND

- am——

8.6 kHz 11.2 kHz

Fig. 7 (a) Schematic diagram of asymmetric transmission with red arrows representing PD and
green arrows representing ND. The out-of-plane displacement fields of (b)-(c) 6.4 kHz, (d)-(e) 8.6
kHz and (f)-(g) 11.2 kHz. (b), (d), (f) are the results of PD, and (c), (¢), (g) are those of ND.

The experimental demonstration

In this section, the functions of abnormal refraction and wave focusing are testified
experimentally. The experiment platform with the manufactured plate (1650 mmx>1100
mmx4 mm) is shown in Fig. 3(a). Figs. 3(e) and (f) show the zoomed-in diagrams of
the metasurface. The signal generator (AFG 3102) generated a burst signal and the
operation steps are similar as those of the functional element which are not stated here

12



for brevity. An array of 18 piezoelectric patches (20 mmx20 mmx1 mm) are bonded on
the surface of the plate as excitations. In order to suppress the symmetrical wave mode,
the out-of-plane excitation is applied only on one-side of the plate. As well known, the
wave mode excited in this way is flexure-dominated. The out-of-plane displacements
of scan areas 1 and 2 (corresponding to the same regions of Fig. 4(a)) are picked up.
Blue-tacks are glued on the boundaries of the plate [13, 14], and the homogeneous
regions are big enough; all these could well reduce the wave reflection.

For abnormal refraction, we consider the normal incident flexural wave of 6.4 kHz
refracted along 15°. Figs. 8(a) and (c) are the simulated and experimental results,
respectively. The polar directivity diagrams of Figs. 8(b) and (d) can be obtained from
the out-of-plane displacement values of the vertical black lines in Figs. 8(a) and (c). It
can be seen that the experimental results agree well with the simulation ones and the
flexural waves propagate well along 15°. Due to the robustness of the structure, in a
narrow frequency range of 6.3-6.5 kHz, 15°-refraction can still be achieved without
changing the screw-in depth s, as shown in Figs. 8(e)-(1). But for other frequencies, s
should be changed.

L %00
-90

Fig. 8 The out-of-plane displacement fields of 15° refraction for 6.4 kHz obtained by (a)
numerical simulation and (c) experiment; (b), (d) The polar directivity graphs correspond to the
results of (a), (c), respectively. (e)-(h) and (i)-(1) are the results of 6.3 kHz and 6.5 kHz with the

13



same metasurface, respectively.

Now we demonstrate the wave focusing experimentally. Firstly, the focusing position
of the flexural wave with /= 6 kHz is designed as (x, z) = (150 mm, 0) in the case of
normal incidence. Figs. 9(a) and (d) are the out-of-plane displacement fields of
simulation and experiment, respectively. Figs. 9(b) and (e) show the values along the
transverse black dashed lines of Figs. 9(a) and (d), respectively. Figs. 9(c) and (f) are
that of the vertical black dashed lines. The maximal values are marked by red asterisks.
Next, the focusing position is still (x, z) = (150 mm, 0), but the frequency is changed to
6.4 kHz. The simulated and experimental results are shown in Fig. 10. Fig. 11 shows
the results for /=6.4 kHz and focusing position being (x, z) = (200 mm, 0). We can
clearly see that the transmitted waves can be well focused on the expected positions,
and the simulated results are well consistent with the experimental ones. All these
validate the excellent focus performance of the metasurface.
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Fig. 9 The wave focusing results of (x, z) = (150 mm, 0) for f'= 6 kHz. (a) The out-of-plane

displacement fields of numerical simulation. The values along the transverse (b) and vertical (c)
black dashed lines of Fig. 9(a). (d)-(f) are the experimental counterparts of (a)-(c).
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Fig. 10 The wave focusing results of (x, z) = (150 mm, 0) for f'= 6.4 kHz. (a) The out-of-plane
displacement fields of numerical simulation. The values along the transverse (b) and vertical (c)
black dashed lines of Fig. 10(a). (d)-(f) are the experimental counterparts of (a)-(c).
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Fig. 11 The wave focusing results of (x, z) = (200 mm, 0) for f= 6.4 kHz. (a) The normalized out-
of-plane displacement fields of numerical simulation. The values along the transverse (b) and
vertical (c) black dashed lines of Fig. 11(a). (d)-(f) are the experimental counterparts of (a)-(c).

Conclusion

In this research, a broadband reconfigurable metasurface has been conceived, designed
and realized to control the wavefront of flexural waves based on the “screw-and-nut”
operating mechanism. By changing the screw-in depths of the nuts, full 27 phase shift
and high transmittance have been be obtained over a large frequency range. Abnormal
refraction and wave focusing functionalities have been demonstrated numerically and
experimentally. In addition, a structure with two parallel metasurfaces is constructed to
demonstrate the asymmetric transmission under different operating frequencies. The
proposed broadband elastic metasurface with continuous tunability proposed in this
work is of great significance, making an important progress to achieve pragmatic
engineering applications on elastic wave manipulation. It is should be noticed that the
“broadband wave control” of this paper refers to the active control. It is necessary to
change the screw-in depths of the nuts when switching between different functions and
different frequencies.

Finally, we would like to mention that the present design of the metasurface is based on
the GSL which cannot eliminate higher order diffractions in unwanted directions. In
order to solve this problem, the lattice diffraction theory can be adopted in designing
metasurfaces. However, it is a non-trivial task, especially for complex functionalities,
such as wave focusing, beam bending, etc. Generally, an optimization method should
be employed to completely suppress high-order diffractions [47]. This should be an
interesting topic in a future work.
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Appendix A Effects of structure parameters in design of elastic metasurfaces

The influences of different structural parameters (1, /1, hs, hs and h7, where n is the
number of basic units in a functional element) on the variation of phase shift and
transmittance with the screw-in depth are discussed in this appendix. We first obtain
the results for a set of parameters: n1 = 6, h1 = 3 mm, s = 2.5 mm, h¢ =3 mm and h7 =
8 mm. Then we alter the value of n; (here we take n1 = 4, 5, 6 and 7) with other
parameters unchanged, calculate the curves, and illustrate them in Fig. A1l. We can
observe from the figure that with the increase of #1, the coverage interval of phase shift
¢ (black solid line) gradually increases and cover a full 2z range with high transmittance
&r (red dotted line) until n; = 6. In order to keep the thickness of metasurface as small
as possible, we take ni = 6. Similarly, we change other parameters, /1, hs, hs or h7, one
by one to discuss their influences on phase shift and transmittance. The results are
presented in Figs. A2-AS. The shadowed areas represent the cases with low
transmittance. It can be clearly seen that with the gradual increase of ni, &1, s and A7,
the resonance is gradually enhanced, and the phase shift can gradually cover a 2n range
with high transmittance. With the increase of /¢, the resonance becomes weaker and the
coverage interval of phase shift decreases. In design of a metasurface, it should be
ensured that the phase shift with high transmittance should cover a full 2z range.
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Fig. A3 Phase shift (black solid line) and transmittance (red dotted line) as functions of screw-in
depth s for different 45 at f = 5.6 kHz.
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Appendix B The screw-in depths of the nuts

The following three tables show the screw-in depths of the nuts for various functions at different
frequencies.
Table B1. The screw-in depths of the nuts in the nth functional element for the 15° and 50°

directional refractions. (unit: mm).

15° 50°
Si
6.4 kHz 8.6 kHz 11.2 kHz 6.4 kHz 8.6 kHz 11.2 kHz
S1 3.39 3.89 3.49 3.39 3.89 349
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) 3.98 4.18 3.50 0.79 2.33 3.53

53 4.81 4.55 3.51 0.85 2.40 3.57
S4 0.79 2.33 3.53 0.93 2.46 3.64
Ss 0.80 2.35 3.54 1.04 2.54 3.73
S6 0.83 2.38 3.56 1.16 2.66 3.85
§7 0.85 2.40 3.57 1.31 2.83 4.04
S8 0.88 242 3.59 1.52 3.06 4.34
S9 0.90 2.44 3.61 1.84 3.42 4.80
S10 0.94 2.46 3.64 231 4.08 3.54
St 0.97 2.49 3.67 3.16 2.35 3.59
S12 1.01 251 3.70 0.78 241 3.67
S13 1.05 2.55 3.74 0.84 2.48 3.76
S14 1.09 2.58 3.77 0.91 2.57 3.90
S1s 1.13 2.62 3.81 1.02 2.70 4.12
S16 1.17 2.67 3.86 1.14 2.88 4.47
S17 1.22 2.73 391 1.28 3.12 3.51
S18 1.27 2.79 3.98 1.48 3.54 3.55
S19 1.32 2.85 4.06 1.77 430 3.60
8§20 1.39 2.92 4.15 221 2.36 3.70
$21 1.47 2.99 425 2.97 243 3.80
8§22 1.55 3.08 437 4.78 2.49 3.96
523 1.65 3.19 4.52 0.83 2.59 4.21
S24 1.75 332 4.71 0.90 2.74 4.62
825 1.88 3.47 3.50 1.00 2.92 3.52
526 2.02 3.67 3.51 1.12 3.20 3.57
8§27 2.19 3.90 3.53 1.26 3.67 3.63
$28 2.39 4.19 3.55 1.44 4.56 3.73
8§29 2.63 231 3.56 1.72 2.38 3.84
830 2.94 2.33 3.58 2.13 2.44 4.03
831 3.34 2.36 3.59 2.81 2.51 431
8§32 3.98 2.38 3.62 4.34 2.62 4.80
533 4.81 2.40 3.65 0.81 2.78 3.54
§34 0.79 242 3.68 0.89 2.98 3.58
535 0.80 2.44 3.71 0.99 3.29 3.66
$36 0.83 2.46 3.75 1.10 3.83 3.76
837 0.85 2.49 3.78 1.23 4.80 3.89
538 0.88 2.51 3.82 1.41 2.39 4.10
§39 0.90 2.55 3.87 1.67 2.46 4.44
S40 0.94 2.58 3.93 2.05 2.53 3.50

Table B2. The screw-in depths of the nuts in the nth functional element for the wave focusing.

(unit: mm).

(150 mm, 0) (200 mm, 0)

Si

6 kHz 6.4 kHz 8.6 kHz 11.2 kHz 6.4 kHz 8.6 kHz 11.2 kHz
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S1

§2

§3

Sq

S5

S6

s7

58

59

$10

S11

S12

S13

S14

NE

S16

$17

S18

S19

520

821

822

8§23

824

825

826

827

828

829

$30

§31

832

833

$34

835

836

8§37

$38

$39

S40

3.30
2.18
1.63
1.28
1.04
0.87
0.75
0.66
0.57
0.50
0.46
0.42
3.83
2.90
2.39
2.07
1.87
1.74
1.67
1.63
1.63
1.67
1.74
1.87
2.07
2.39
2.90
3.83
0.42
0.46
0.50
0.57
0.66
0.75
0.87
1.04
1.28
1.63
2.18
3.30

0.88
0.80
3.98
2.68
2.08
1.72
1.47
1.29
1.17
1.08
1.00
0.92
0.87
0.83
0.80
0.78
441
3.84
3.53
3.40
3.40
3.53
3.84
441
0.78
0.80
0.83
0.87
0.92
1.00
1.08
1.17
1.29
1.47
1.72
2.08
2.68
3.98
0.80
0.88

2.52
2.44
2.38
4.65
3.75
3.27
2.99
2.82
2.68
2.57
2.50
2.46
242
2.38
2.35
4.79
437
4.11
3.97
3.90
3.90
3.97
4.11
437
4.79
2.35
2.38
242
2.46
2.50
2.57
2.68
2.82
2.99
3.27
3.75
4.65
2.38
2.44
2.52

3.83
3.72
3.62
3.57
3.52
4.64
4.25
4.02
3.86
3.77
3.69
3.63
3.59
3.56
3.54
3.52
3.50
3.50
3.49
3.49
3.49
3.49
3.50
3.50
3.52
3.54
3.56
3.59
3.63
3.69
3.77
3.86
4.02
425
4.64
3.52
3.57
3.62
3.72
3.83

3.69
2.62
2.09
1.74
1.50
1.33
1.21
1.12
1.04
0.97
0.91
0.87
0.83
0.80
0.79
4.75
4.10
3.72
3.49
3.40
3.40
3.49
3.72
4.10
4.75
0.79
0.80
0.83
0.87
0.91
0.97
1.04
1.12
1.21
1.33
1.50
1.74
2.09
2.62
3.69

2.37
2.31
3.76
3.31
3.04
2.86
2.72
2.62
2.54
2.49
2.45
241
2.38
2.35
2.33
452
4.24
4.05
3.95
3.90
3.90
3.95
4.05
4.24
452
2.33
2.35
2.38
241
2.45
2.49
2.54
2.62
2.72
2.86
3.04
3.31
3.76
2.31
2.37

3.61
3.56
3.52
4.69
431
4.07
391
3.80
3.73
3.67
3.62
3.58
3.56
3.54
3.52
3.51
3.50
4.78
4.70
4.66
4.66
4.70
4.78
3.50
3.51
3.52
3.54
3.56
3.58
3.62
3.67
3.73
3.80
391
4.07
431
4.69
3.52
3.56
3.61

Table B3. The screw-in depths of the nuts in the nth functional element for the asymmetric

transmission. (unit: mm).

Si

6.4 kHz

8.6 kHz

11.2 kHz
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EMI (30°)  EM2 (90°) EMI (30°)  EM2 (90°) EMI (30°)  EM2 (90°)
51 3.39 3.39 3.89 3.89 4.66 4.66
5 2.67 0.80 3.48 2.35 435 3.54
53 2.23 0.89 3.20 2.44 4.13 3.60
54 1.92 1.03 3.01 2.53 3.98 372
55 1.68 1.19 2.86 2.70 3.86 3.88
s 1.50 1.41 275 2.94 3.78 4.18
57 1.36 1.77 2.64 3.35 371 3.49
s 1.25 2.40 2.56 421 3.65 3.55
5o 1.16 3.85 2.50 2.38 3.59 3.62
S10 1.08 0.82 245 2.46 3.56 3.74
si 1.00 0.92 241 2.57 3.53 391
S12 0.93 1.06 2.37 2.76 3.50 422
s13 0.87 1.23 2.33 3.03 4.58 4.84
S14 0.83 1.48 4.13 3.52 429 3.55
s1s 0.79 1.88 3.64 4.62 4.09 3.63
S16 4.06 2.59 331 2.40 3.95 3.75
s17 3.04 4.48 3.08 2.48 3.84 3.94
S18 2.46 0.84 2.92 2.61 3.76 427
S19 2.09 0.95 2.79 2.82 3.70 3.50
$20 1.81 1.10 2.68 3.13 3.64 3.56
1 1.60 1.27 2.59 3.74 3.59 3.64
2 1.4 1.55 2.52 2.34 3.56 3.77
3 1.30 1.99 247 242 3.53 3.97
24 1.20 2.83 243 251 3.50 432
$25 1.12 0.78 2.39 2.67 4.50 3.51
26 1.04 0.86 2.35 2.89 425 3.57
527 0.97 0.98 2.30 3.26 4.06 3.66
28 0.90 1.13 3.83 4.02 3.92 378
20 0.85 1.32 3.44 2.36 3.82 3.9
$30 0.81 1.62 3.17 2.45 3.75 438
$31 0.78 2.12 2.99 2.55 3.68 3.51
32 3.54 3.12 2.85 272 3.62 3.57
533 2.76 0.79 2.73 2.98 3.58 3.67
34 2.29 0.88 2.63 3.42 3.55 3.80
$35 1.96 1.01 2.55 2.30 3.52 4.03
$36 1.72 1.17 2.49 2.39 3.50 4.44
s37 1.53 1.37 245 247 4.44 3.52
$38 1.38 1.71 241 2.59 420 3.58
S50 1.26 2.27 2.37 2.79 4.02 3.68
S40 1.17 3.49 2.32 3.07 3.89 3.82
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