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ARTICLE INFO ABSTRACT

Communicated by W. Ostachowicz We investigate two-dimensional phononic metaplates consisting of a periodic array of cups on a
thin epoxy plate that is perforated with periodic cross holes. The cups are individually filled with
water or remain empty, in view of creating reconfigurable phononic waveguides. Phononic band
gaps exist for empty or filled epoxy cups, leading to waveguides defined with either positive or
negative contrast. Straight and 90° bent waveguides are considered experimentally. Lamb waves
are excited by a piezoelectric patch glued onto the metaplate and are imaged using a scanning
laser vibrometer. Experimental results are compared to a three-dimensional finite element
model of fluid-structure interaction. Passing and forbidden frequency ranges are identified for
positive and negative contrast, and confined propagation is observed along the waveguides.
Significantly, the propagation of acoustoelastic waves in the 90° bent waveguides is observed
experimentally. Reconfigurability and reusability are thus realized based on the coupling of
elastic waves in the solid and acoustic waves in the fluid. The results show plenty of potentiality
for the practical design of multiplexed and programmable acoustic devices implemented with
reconfigurable waveguides printed on demand in a phononic metaplate.
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1. Introduction

Phononic crystals (PCs) are periodic structures [1] that are engineered to manipulate the propagation of acoustic or elastic
waves [2]. A significant feature of PCs is the existence of bandgaps, or frequency ranges within which wave propagation is fully
forbidden due to periodicity. It is well known that many parameters influence bandgaps, such as material properties [3,4], viscos-
ity [5-9], multifield couplings [10-13], geometric variations [14,15], or interface conditions between different components [16].
Based on these ingredients, many researchers have considered the manipulation of elastic waves in PCs [17-19]. Defect states
appear inside bandgaps when periodicity is broken [20]. Various defects can be formed by changing the shape, the size, the
material properties of the scatterer or of the matrix, by removing or adding scatterers, etc. Active operation can be achieved
through the application of an external electrical field [21], of an external magnetic field [22,23], or of an external force [22,24].
Line waveguides and more arbitrary phononic circuits are thus formed to channel waves at selected frequencies in the bandgap
with strong confinement [18,25], promising a variety of potential applications [26-28] such as sensing [29-34], filtering [35], or
waveguiding [36,37].
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Fig. 1. The reconfigurable phononic metaplate considered in this work is based on the periodic unit cell depicted in (a). The 3D-printed epoxy metaplate sample
(b) contains 9 x 8 periodic unit cells. One cup is removed inside the phononic structure to bond a piezoelectric patch for excitation of Lamb waves. Imaging
of wave propagation is performed on the bottom side of the plate.

To date, many works have focused on Lamb wave guiding. Wang et al. investigated experimentally Lamb wave propagation
in coupled-resonator elastic waveguides formed by a chain of cavities in a two-dimensional steel PC slab with cross holes [37].
A straight waveguide and a wave splitting circuit with 90° bends were realized and strongly confined guiding and splitting at
waveguide junctions were observed. Ghasemi Baboly et al. [38] designed and fabricated an isolated, single-mode, 90° bent PC
waveguide by not drilling certain circular air holes in an aluminum substrate. Zhu et al. designed orthogonal linear waveguides
coupled by a defect cavity [35]. Whatever the quality of the design, however, the manipulation of waves remains hardly
reconfigurable once such a solid-state device has been manufactured. Thus, it is desirable to control waves flexibly, actively, or
smartly. In recent years, there have been an increasing number of researches on tunable [39] or active manipulation of waves,
either by mechanical means or basing on multifield coupling effects [40]. In particular, PCs containing fluid scatterers in a solid
matrix [16], which can be printed on-demand and reconfigured, can be good candidates for tunable waveguiding and sensing
applications. Fluid-solid coupling dynamics has become a rather extensive subject. Jin et al. [18] numerically tuned the additional
localized compressional and solid-liquid coupling modes either by varying the inner radius of the pillars or controlling the height of
the liquid. Amoudache et al. [41] theoretically investigated the potentiality of dual PCs for liquid sensing applications by studying
the transmission through a two-dimensional (2D) crystal made of infinite cylindrical holes in a silicon substrate. However, the studies
above are based on numerical simulations and remain to be experimentally verified.

In this paper, we consider a reconfigurable two-dimensional phononic metaplate inside which phononic waveguides are printed
by selective fluid filling. We fabricate an epoxy sample consisting of a periodic sequence of cups attached to a plate perforated with
a periodic array of cross holes and image the propagation of Lamb waves along the metaplate. The PC slab of cross holes provides us
with wide band gaps. Reconfigurability and reusability are accomplished by filling water into chosen cups. Phononic band gaps are
actually obtained when all cups are either empty or filled with water. Linear and 90° bent waveguides are then created with either
positive or negative contrast, i.e. by filling or emptying selected cups. Numerical and experimental results are generally found to
agree fairly well, despite slight resonance frequency shifts. The propagation of Lamb waves is imaged along the waveguides using
a scanning laser vibrometer. Conversions between bandgaps and passing bands are clearly observed due to the coupling of elastic
waves in the solid and acoustic waves in the fluid. Acoustoelastic waves are effectively observed to be guided for both straight and
bent waveguides.

2. Perfect PC plates

We first consider the perfect PC plate with all cups either left empty or filled with water. The unit cell is composed of a single
cup grafted onto a plate that is perforated with square lattice of cross holes, as depicted in Fig. 1(a). Geometrical parameters of the
unit cell used in this paper are a=5 cm, h = 0.8a, b = 0.2a, ¢; = 0.1a, r; = 0.38a, r, = 0.33a, and ¢, = 0.11a. The epoxy sample shown
in Fig. 1(b) is fabricated by a 3D printing technique. The plate and the cups are manufactured at the same time.

During experiments, a Polytec PSV-500 scanning vibrometer is used to detect and image the out-of-plane displacements at the
bottom surface of the epoxy plate. A periodic chirp is chosen as the source waveform. It is amplified by the power amplifier before
it is applied to the sample. The amplified signal is transformed to a displacement vibration signal via a piezoelectric patch bonded
on one side of the sample. The vertical displacement signal is recorded by the vibrometer at the bottom side of the sample.

Numerical simulations are conducted by using the finite element method. We need to account for the coupling of acoustic waves
in the fluid and elastic waves in the solid. Independent variables are pressure p in the fluid and displacements u; in the solid. At the
free surface between water and air, the boundary condition is taken as

p=0, 1)

hence we neglect the generation of acoustic waves in air. Note that pressure p is time-harmonic at angular frequency w, so that
the static atmospheric pressure does not appear in the above boundary condition. At the free surface between solid and air, the
boundary condition is taken as

T;n; =0, 2)
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Fig. 2. Schematic representation of the solid metaplate (a) with all cups empty and (b) with all cups filled with water. The green and gray parts represent
water and solid material, respectively. The phononic band structure of the perfect epoxy metaplate is shown with all cups either (c) left empty or (d) filled with
water. The color scale is for the polarization amount of the out-of-plane component of displacement. Numerical (e) and experimental (f) frequency response
functions (FRFs) are shown for the finite phononic metaplate with all cups either empty (red line) or filled (black line). The corresponding gray and light gray
frequency ranges highlight particular bandgaps discussed in the text.

with T}; the Cauchy stress tensor and where we neglect again the generation of acoustic waves in air. At the interface between solid
and fluid, the boundary conditions are
7]
19 _ w’u

. Ty i 3
o an = e Ty = o ®

ijlj
where u, is the normal displacement of the solid boundary and n is the normal unit vector oriented inside the fluid. These boundary
conditions ensure the coupling of elastic waves in the solid and pressure acoustic waves in the fluid.

Throughout the paper, the solid material parameters for epoxy are mass density p, = 1175 kg/m>, Poisson’s ratio v = 0.41,
and Young’s modulus E = 3.2 GPa; the fluid material parameters for water are mass density p, = 1000 kg/m’ and sound velocity
¢ = 1490 m/s. Hence, the material contrast between epoxy and water is limited, since for epoxy the longitudinal velocity is 2516
m/s and the shear velocity is 983 m/s.

Considering the pressure wave equation in the fluid, the elastodynamic equation in the solid, and their coupling through the
above boundary conditions, the discrete form of the acousto-elastic equations can be written [42]

(05 w)0)-6)

where u and p represent respectively the displacements and the pressure at the nodes of the mesh, and F are nodal forces. K; and K
are the stiffness matrices of the solid and fluid; M, and M, are the mass matrices of the solid and fluid; S, represents the fluid-solid
coupling matrix and STS is its transposed matrix. According to the dynamic equilibrium Eq. (4), we can obtain the pressure in the
fluid and the displacements in the solid. For the calculation of phononic band structures, two-dimensional Bloch-Floquet periodic
boundary conditions are applied at the lateral sides of the unit-cell depicted in Fig. 1(a) and there are no applied force. For the
computation of the frequency response, perfectly matched layers (PMLs) are added around a mesh of the full plate to avoid reflection
of elastic waves. A random wave source polarized along the z axis is applied at the position of the sample where a cup is removed.
The transmitted displacements are recorded outside the crystal, on the homogeneous plate. We evaluate the frequency response
by considering the ratio of the z-component of the displacements integrated over the source and the receiver. By sweeping the
excitation frequency f, we evaluate the frequency response R(f) in decibels units as
U,ds

z
R(f) = 20log;o| o |. (5)
U.ds
SS
S, is the area of the receiver and .S, is the area of the source.

The phononic properties of the crystal can be considered with all cups either empty, as depicted in Fig. 2(a), or filled with water,
as depicted in Fig. 2(b). The phononic band structures of the infinite and periodic crystal without water, in Fig. 2(c), and with water,
in Fig. 2(d), are indeed quite different. The numerical and experimental frequency responses are further shown in Figs. 2(e) and
2(D), respectively.
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Fig. 3. Schematic representation of a positive contrast straight waveguide defined in a solid metaplate by selective filling of a line of cups (a). The green and
gray parts represent water and solid material, respectively. The phononic band structure (b), and the corresponding numerical (c) and experimental (d) FRFs
are presented with all cups empty (red line) or only filled along the straight waveguide (blue line). The dark-gray frequency range presents the guiding band.
The calculation domain and the eigenmode P, at the marked dispersion point are inserted. The out-of-plane displacement distribution is shown for (e) the
numerical eigenmode at 6.36 kHz and (f) the experimental measurement at 6.33 kHz. The wave source and receiver positions are indicated by black and red
disks, respectively. Blue (red) corresponds to zero (maximum) amplitude for the displacement field.

When water is added inside or removed from the cups, the dispersion of waves in the plate is rather strongly affected. Generally
speaking, adding or removing water leads to a frequency shift of dispersion bands that is particular to each band. As a result,
exchanges between certain bandgaps and passing bands are observed. In those frequency ranges, band gap engineering becomes
available.

The local-resonance mechanism is not the only cause of the frequency shift of passing bands and bandgaps [16]. Owing to
the fluid-solid boundary condition inside the cup and hence to acoustoelastic coupling, Lamb waves in the solid metaplate are
partly converted to pressure waves in water. Furthermore, the finite and bounded volume of water leads to pressure acoustic waves
decomposing onto the available modes at the particular frequency of excitation. Back conversion to Lamb waves in the solid occurs
with a delay, causing an apparent slowing down of the propagation of Lamb waves along the metaplate, since the conversion is
not resonant for most frequencies. As a whole, the dispersion of propagating Lamb waves is shifted down in frequency for a given
wavenumber since the phase velocity is reduced. Removing water from the solid cups has the opposite effect.

In order to check the influence of energy loss on the results, the viscosity of water and the viscoelasticity of epoxy were considered
as the main sources of damping. It has been argued that damping has a limited influence on transmission for large lattice constants
and hence low frequencies [40]. After damping was added to the transmission model, it was indeed found that the numerical
frequency response function did not change appreciably, showing only a slight difference in the frequency position of passing
frequency ranges. This effect can be explained by the small group velocity of passing bands that leads to enhanced spatial decay on
propagation [6]. Overall, the numerical results agree fairly well with the experimental ones when neglecting the viscosity of solid
and fluid.

In the following, we consider the realization of PC waveguides defined by either positive contrast (defects are filled cups) or by
negative contrast (defects are empty cups). In either case, we need a phononic band gap for the supporting crystal. Two interesting
frequency ranges are highlighted in Fig. 2. Around 6.36 kHz, there is a complete band gap for empty cups, whereas around 8.35 kHz
there is a full band gap for out-of-plane waves for filled cups. The central frequencies indicated are the experimental response
maxima. Experimental results are globally consistent with numerical responses, except for slight frequency shifts that can possibly be
attributed to the slightly inaccurate modeling of the sample, inaccurate material properties, evaporation of water during experiments,
and the neglection of certain aspects of acoustoelastic coupling.

3. Straight waveguides

The observations of the previous section allow us for the design of reconfigurable waveguides and circuits with either positive or
negative contrast. In the first case, waveguides operating around 6.36 kHz can be written by filling cups with water in an initially
empty metaplate (positive contrast waveguides, see Fig. 3(a)). Conversely, waveguides operating around 8.35 kHz can be written
by emptying cups in an initially fully filled metaplate (negative contrast waveguides, see Fig. 4(a)). We explore this idea for straight
waveguides in this section.

First, phononic band structures for positive and negative contrast straight waveguides are shown in Figs. 3 and 4, respectively,
together with the numerical and measured frequency responses for the finite sample. It can be clearly observed in Fig. 3(b) that
additional bands appear inside the dark-gray frequency range between 5.73 kHz to 6.41 kHz after water is added into the cups
defining the positive contrast straight waveguide. In contrast, additional bands appear inside the light-gray frequency range between
8.0 kHz and 8.35 kHz for negative contrast, as shown in Fig. 4(b). These guiding frequency ranges are almost the same as for the
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Fig. 4. Schematic representation of a negative contrast straight waveguide defined in a solid metaplate by selective emptying of a line of cups (a). The green
and gray parts represent water and solid material, respectively. The phononic band structure (b), and the corresponding numerical (¢) and experimental (d)
FRFs are presented with all cups filled (black line) or only emptied along the straight waveguide (blue line). The dark-gray frequency range presents the guiding
band. The calculation domain and the eigenmode N, at the marked dispersion point are inserted. The out-of-plane displacement distribution is shown for (e)
the numerical eigenmode at 8.35 kHz and (f) the experimental measurement at 8.47 kHz. The wave source and receiver positions are indicated by black and
red disks, respectively. Blue (red) corresponds to zero (maximum) amplitude for the displacement field.

perfect PCs with all empty or filled cups. As in the case of the perfect crystal, there is a slight frequency shift between numerical
simulation and experiment that may be explained similarly.

Defect eigenmodes at points P; and N, are shown in Figs. 3 and 4, respectively. For both eigenmodes the dipolar wave vibration
is symmetric with respect to the direction of wave propagation. In both case, the vibration converts to a rotating mode in the cups
adjacent to the defect cup. Rotation occurs in opposite directions on either side of the defect.

Figs. 3 and 4 also present the numerical (e) and experimental (f) distribution of the out-of-plane displacement at 6.36 kHz and
6.33 kHz for the positive contrast straight waveguide and at 8.35 kHz and 8.47 kHz for the negative contrast straight waveguide.
Corresponding animations during one period of oscillation are provided in Supplementary Material [43]. The results clearly show
that wave propagation is strongly confined to the defect waveguides in both case. Overall, acoustoelastic waves are effectively guided
along both positive and negative straight waveguides. Reconfigurability is thus verified in the fluid-filled phononic metaplate with
straight waveguides.

In order to quantify the field localization in the waveguides, a confinement degree is proposed next. Generally speaking, the
confinement degree is related to the slope of the guided waves in the band structure. Guided waves are highly localized in the
waveguide if the band is flat. To quantitatively evaluate the confinement in the waveguides, a concentration degree [44] of the
guided wave is defined as follows:

-1
cn (1 2 [ or| o)
ly Iy |w|max

where /, and /, are the lengths for one row of the finite structure in the x and the y directions. |x| is the distance to the excitation. The
confinement degrees calculated for positive and negative contrast waveguides are C, = 25.13 m~2 and C, = 26.06 m~2, respectively.
There is only a slight difference between both contrasts.

4. Bent waveguides

In this section, we turn our attention to bent waveguides. Waveguides with one 90° bend, as shown in Figs. 5(a) and 6(a), are
defined by either positive or negative contrast. In this case, the waveguide is not periodic and computing a phononic band structure
is not adequate. In contrast, the frequency response can still be obtained and compared to experimental results. In the numerical
and experimental frequency responses shown in Figs. 5 and 6, it is apparent that excitation of the waveguide beyond the bend can
be obtained again around 6.3 kHz and 8.3 kHz, in accordance with the largest portion of the transmission bandwidths observed for
the straight waveguides and the bare PC. A fair agreement is obtained between numerical and experimental results, though some
differences exist.

Figs. 5 and 6 also present the numerical and experimental field distribution of the out-of-plane displacement at 6.36 kHz and
6.38 kHz, respectively, for positive contrast (8.35 kHz and 8.41 kHz for negative contrast, respectively). The vibration is mainly
localized along the defect waveguide. In the waveguide section before the bend, vibrations of the defective unit cells are symmetric
with respect to the direction of propagation, similarly to the case of straight waveguides. After the bend, however, symmetry with
respect to the direction of propagation is lost. Vibrations seem to be a superposition of two orthogonal dipolar components, oriented
along the x and the y axes, and effectively inducing an elliptical vibration. This effect can especially be observed in the animations
shown in Supplementary Material [43].
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Fig. 5. Schematic representation of a positive contrast bent waveguide defined in a solid metaplate by selective filling of a line of cups (a). The green and
gray parts represent water and solid material, respectively. The numerical (b) and experimental (c) FRFs are presented with all cups empty (red line) or only
filled along the waveguide (purple line). The dark-gray frequency range presents the guiding band. The out-of-plane displacement distribution is shown for (d)
the numerical response at 6.36 kHz and (e) the experimental measurement at 6.38 kHz. The wave source and receiver positions are indicated by black and red
disks, respectively. Blue (red) corresponds to zero (maximum) amplitude for the displacement field.
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Fig. 6. Schematic representation of a negative contrast bent waveguide defined in a solid metaplate by selective emptying of a line of cups (a). The green
and gray parts represent water and solid material, respectively. The numerical (b) and experimental (c) FRFs are presented with all cups filled (black line) or
only emptied along the straight waveguide (purple line). The light-gray frequency range presents the guiding band. The out-of-plane displacement distribution
is shown for (e) the numerical eigenmode at 8.35 kHz and (f) the experimental measurement at 8.41 kHz. The wave source and receiver positions are indicated
by black and red disks, respectively. Blue (red) corresponds to zero (maximum) amplitude for the displacement field.

5. Conclusions

In this paper, we have demonstrated experimentally how a phononic metaplate of cups on a cross-like PC slab can be reconfigured
to create waveguides on demand by filling selected cups or emptying them. The square lattice epoxy phononic metaplate is 3D
printed and is completely reusable. The crystal possesses band gaps when the cups are either all empty or all filled with water.
Creating defects by either filling or emptying selected cups then allows one to implement phononic waveguides or circuits with
either positive or negative contrast. The dispersion of the coupled acoustoelastic waves in the sample is controlled through fluid-
solid interaction within the solid cups. Straight and bent waveguides were formed by either positive or negative contrast. They were
characterized by an imaging scanning laser vibrometer. Strongly confined wave propagation was observed in all cases. Furthermore,
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transmission of strongly confined waves along 90° bent waveguides was observed experimentally and conversion of linear to elliptic
modal polarization at the bend was noted. Experimental results were found to be in fair agreement with numerical results in all
cases.

The present work paves the way for the reconfigurable manipulation of waves in phononic metaplates through the acoustoelastic
interaction. Based on the concepts exposed in this work, different acoustic circuits can be designed and realized without redesigning
the supporting metaplate. They are compatible with coupled resonator acoustoelastic waveguides and arbitrary resonant cir-
cuits [45]. They could also be a basis with potential for achieving further active and smart acoustic devices. Indeed, notwithstanding
the consideration of tunable solid materials, the operation of the metadevice can also be tuned through the material properties of the
fluid constituent, through the combination of different fluid materials, by changing the temperature of the materials or by applying
an external control field such as an electric or magnetic field.
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