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bGTM - Grup de Recerca en Tecnologies Mèdia, La Salle, Universitat Ramon Llull
C/ Quatre Camins 30, 08022 Barcelona, Catalonia (Spain)

cINSALyon, Laboratoire Vibrations-Acoustique (LVA)
25 bis, av. Jean Capelle, F-69621 Villeurbanne Cedex, France

Abstract

Acoustic black hole (ABH) indentations on plates are very efficient to reduce high frequency vibrations.
However, when the wavelength of the impinging bending waves on the ABH is larger than its diameter, waves
cannot be trapped and dissipated within the ABH and that becomes ineffective. Therefore, it would be highly
desirable to extend the performance of ABH plates to lower frequencies. In this work, a method is proposed
to accomplish that goal. It is suggested to design a metamaterial in which a set of periodic local resonators
are attached to an ABH plate. On the one hand, the resonators are tuned to have a bandgap at the plate
first eigenmode so as to suppress it. On the other hand, the resonators are also damped which substantially
lowers the peaks of the remaining low-order eigenfrequencies. In combination with the ABH effect, such
design, hereafter termed the MMABH plate, provides broadband vibration reduction covering the whole
frequency range. To characterize the MMABH, the Gaussian expansion method (GEM) for determining the
vibrations of the ABH plate is integrated with a component mode synthesis (CMS) approach, which allows
one to link the resonators to the plate. That method is validated against finite element simulations. The
MMABH is designed so that its overall mass (ABH plate plus resonators) equals that of the uniform plate
without ABH indentation, to offer a light-weight solution. Theoretical explanations of the functioning of the
MMABH plate are provided based on the analysis of the ABH effect, the dispersion curves and bandgaps
of infinite periodic plates with local resonators and finally, the merging of both topics.

Keywords: Acoustic black holes, Metamaterials, Low frequency, Gaussian expansion, Component mode
synthesis

1. Introduction

Research on acoustic black holes (ABHs) in mechanics has experienced a tremendous growth in the past
two decades [1]. Most ABHs rely on the variation of the thickness of a structure in such a way that when
elastic waves enter the ABH their phase and group velocity diminishes as their amplitude increases. The
waves get trapped inside the ABH and their energy is dissipated by means of some damping mechanism
(typically a viscoelastic layer is glued at the central region of the ABH). The ABH therefore constitutes a
passive, lightweight and efficient way to reduce structural vibrations and sound radiation. Since the initial
designs consisting in wedges following a power-law decay thickness at the end of a beam [2–4] and circular [5–
8] or groove [9] indentations on plates, several new proposals have been suggested. These include spiral ABHs
for beam terminations [10, 11], periodic ABHs embedded in straight [12] and circular beams [13], ABHs on
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elliptical plates [14], double-leaf ABHs in plates [12, 15], ring-shaped ABHs for vibration isolation [16, 17]
and annular ABHs for cylindrical shells [18–20]. It is worth mentioning that the ABH effect has been also
investigated for wave manipulation (see e.g., [21–25] among others), though this topic is out of the scope of
this paper.

Most of the above mentioned ABH designs share a common aspect. While being very effective to
dissipate vibrations at high frequencies, they fail to do so at low frequencies. In other words, there is a cut-
on frequency, fcut−on, beyond which the ABH effect becomes operative, but below which no improvement is
found (see e.g., [6]). In a nutshell, the reason for that is as follows. If the wavelength of the impinging waves
is larger than the ABH diameter, 2rabh, the ABH effect cannot take place as the whole plate essentially
vibrates in a combination of global plate modes. The wavelength of the entering waves need to be smaller
than the ABH diameter for the waves to slow down and concentrate at its center, where they can be
dissipated. Therefore, the radius rabh determines the cut-on frequency fcut−on. In fact, the situation is
slightly more intricate because there is a second cut-on frequency, the smoothness one, which guarantees a
proper impedance mismatch for waves getting into the ABH (we will not address this issue herein though,
see e.g., [26] for details).

To date, only a few strategies have been proposed to improve the performance of ABHs in the lower
frequency range. The topic is rather new. On the one hand, some current research has focused in optimizing
the ABH profile and the configuration of the damping layers [27]. For instance, adding a platform at the
ABH termination enhances its low frequency performance to some extent [28]. Also, multi-objective opti-
mization [29–31] and data-driven schemes [32] have been proposed to modify the ABH thickness profile and
achieve a better overall frequency response. However, the most promising strategies for broadband vibration
reduction are based on combining the ABH effect with some other technique relying on different background
physics, that could be effective at low frequencies. The degree of interaction between the ABH and the low
frequency technique is usually not known a priori and whether the coupling would be strong or weak may
determine broadband efficiency, design and ease of implementation. One tested option in this line is that of
exploiting non-linearity to transfer energy from low to high frequencies, where the ABH becomes efficient.
The effects of geometrical [33], material [34], and contact [35, 36] non-linearity have been investigated and
experiments have been recently reported in [37]. Using functionally graded [38] and composite [39] materials
to build ABH plates has revealed also beneficial. Besides, it has been proved that inserting co-polymers at
the entrance and exit of ABHs in beams can also reduce low frequency vibrations [40]. Another approach
has involved using ABHs as tuned mass dampers for uniform plates [41, 42]. If the dynamic damper is prop-
erly designed to meet, for instance, the critical coupling condition [43–45], the vibration peaks of the host
structure below the cut-on frequency can be greatly reduced. In this sense, it is also worthwhile mentioning
that tuned absorbers have been also proposed to achieve multimodal vibration reduction in plates [46]. Very
recently, a plate comprising periodically tangled ABH cells has been proved very effective for broadband
vibration [21] and sound radiation [47] reduction. First steps investigating the performance of non-local
ABH structures have also been carried out [48].

On the other hand, in recent years the possibility of suppressing low frequency vibration in structures
has also attracted much attention from the field of acoustic metamaterials. Such metamaterials generally
involve the arrangement of sub-wavelength material designs periodically or randomly distributed on a host
structure. In particular, locally resonant [49] acoustic metamaterials with periodic resonators have been
extensively studied for vibration reduction [50–52], sound suppression [53–55], and wave manipulation [56,
57]. Nevertheless, the frequency bandgaps that can be achieved with locally resonant metamaterials are
usually very narrow. Despite careful designs have been recently proposed (see e.g., [58, 59] among many
others), broadband frequency performance of metamaterials is still a challenge.

This paper presents two contributions. The first one is to propose a metamaterial plate (metaplate) that
provides substantial vibration reduction for the whole frequency band, from lower to higher frequencies. To
that purpose we consider an ABH plate with a circular indentation and grasp ideas from locally resonant
metamaterials to improve its low frequency behavior. For brevity, we will hereafter refer to that plate as
the MMABH plate. The strategy we follow is to attach periodic local resonators on the flat side of the ABH
plate. The resonators are tuned so as to get a bandgap that suppresses the first ABH plate eigenmode,
which is the most energetic one. The resonators become also damped which significantly diminishes the
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peak values of all the other low-order plate eigenfrequencies (see e.g., [60–63]). Although the research on
locally resonant metamaterials is extensive, as far as the authors know they have not been set yet on ABH
plates. Given the change in thickness of the ABH plate it is not clear a priori how the resonators and the
ABH plate will interact. Such issue plus other ones will be investigated in this work. It is to be mentioned
that a particularity of the proposed MMABH plate is that the mass removed from the uniform plate to make
the ABH indentation is recycled as the mass of the resonators. Therefore, no weight increment is involved
in the MMABH as compared to the original uniform plate.

The second contribution of this paper concerns the semi-analytical method used to characterize the
MMABH plate. It is herein proposed to use the Gaussian expansion method (GEM) in the Rayleigh-Ritz
framework previously used to determine the ABH plate vibration field, see [26, 64], and combine it with a
component mode synthesis (CMS) approach to link the resonators to the plate. For brevity, and to avoid
lengthy labels in the figures, we will refer to that strategy as the GECMS. The GECMS is validated in
the paper by comparison with finite element method (FEM) models showing excellent matching, with less
computational cost.

The organization of the paper is as follows. In section 2, we first give a brief reminder of the GEM
for bare ABH plates and then develop the GECMS method. The efficiency and precision of the GEMCS
are compared to those of a FEM model at the end of the section. Section 3 is devoted to characterize the
MMABH plate. We start studying its modal behaviour and then present results for the forced case showing
the broadband vibration reduction capability of the MMABH. We finish the section with a brief analysis
on the MMABH performance depending on the lattice constant. Conclusions close the paper in section 4.
Appendix A explains how to apply the GECMS to infinite periodic plates and provides some band gap
analysis that becomes useful to better understand the outcomes reported in section 3.

2. Numerical modelling of the MMABH plate

This section focuses on the numerical modelling of the MMABH plate. To that goal, and for completeness,
a brief reminder of the Gaussian expansion method (GEM) is first presented to derive the equations of motion
of a uniform plate with an embedded circular ABH (see e.g., [26, 64]). Then, the GEM is combined with
a component mode synthesis approach to reduce the computational cost and a procedure is established to
couple the resonators with the ABH plate. We refer to such modelling method as the GECMS. The GECMS
is validated at the end of this section against finite element simulations.

2.1. Gaussian expansion method for an ABH plate

The GEM essentially refers to using Gaussian functions for expanding the displacements of a structure
in the framework of the Rayleigh-Ritz method. Let us consider the bending displacement of the ABH plate
in Figs. 1a and 1b and express it as the series,

wp(x, y, t) =

N∑
i=1

ai(t)χi(x, y) = a>(t)χ(x, y) = Â>eiωtχ(x, y), (1)

where χ(x, y) is a vector (with N entries) composed of two-dimensional Gaussian functions, and a(t) = Âeiωt

represents the time-dependent coefficient vector in harmonic regime.
We can use Eq. (1) to obtain the following expression for the kinetic energy of the ABH plate,

Tp =
1

2

∫ Ly

0

∫ Lx

0

ρph(x, y)ẇ2
pdxdy =

1

2

∫ Ly

0

∫ Lx

0

ρph(x, y)
(
ȧ>χχ>ȧ

)
dxdy

=
1

2
ȧ>

[∫ Ly

0

∫ Lx

0

ρph(x, y)
(
χχ>

)
dxdy

]
ȧ ≡ 1

2
ȧ>Mpȧ, (2)

where ρp stands for the density of the plate and h(x, y) = εrm + hc for its local thickness. In the last
expression, m denotes the ABH order, r = [(x− Lx/2)2 + (y − Ly/2)2]1/2 the distance to the ABH center,
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Figure 1: (a) Plate with a circular ABH indentation with a viscoelastic layer on the top surface. (b) ABH plate profile. (c)
Configuration of periodic resonators on the bottom surface of the ABH plate. (d) Details of the unit cell.

ε = (huni − hc)/rmabh the slope (also referred to as the smoothness parameter) and hc the residual thickness
at the center of the ABH. In the second row of Eq. (2) we have identified the mass matrix Mp.

If we proceed analogously for the potential energy, we get,

Vp =
1

2

∫ Ly

0

∫ Lx

0

Dp(x, y)

[(
∂2wp
∂x2

)2

+

(
∂2wp
∂y2

)2

+νp
∂2wp
∂x2

∂2wp
∂y2

+ νp
∂2wp
∂y2

∂2wp
∂x2

+ 2(1− νp)
(
∂2wp
∂x∂y

)2
]

dxdy

=
1

2
a>

{∫ Ly

0

∫ Lx

0

Dp(x, y)

[
∂2χ

∂x2
∂2χ>

∂x2
+
∂2χ

∂y2
∂2χ>

∂y2

+νp
∂2χ

∂x2
∂2χ>

∂y2
+ νp

∂2χ

∂y2
∂2χ>

∂x2
+ 2(1− νp)

∂2χ

∂x∂y

∂2χ>

∂y∂x

]
dxdy

}
a

≡1

2
a>Kpa, (3)

where Dp(x, y) = Ep(1 + iηp)h
3(x, y)/[12(1 − ν2p)] designates the bending stiffness of the ABH plate, Ep

being its Young modulus, ηp the loss factor and νp the Poisson ratio. As previously done for the plate mass
matrix, in the last line of Eq. (3) we have introduced the stiffness matrix Kp. Besides, to dissipate vibration
energy we consider a circular viscoelastic layer of thickness hv and radius rv placed at the ABH center. The
damping layer mass and stiffness matrices can be obtained in the same way as those in Eqs. (2) and (3),
assuming the full coupling condition (see [26, 65]). For the sake of exposition these matrices, namely Mvis

and Kvis are not shown here (to get them one only needs to respectively replace the Young modulus, density,
Poisson ration and loss factor in the expressions for Mp nd Kp by Ev, ρv, ηv and ηv). In what follows, and
to ease notation, we will assume that Mp and Kp already account for the influence of the damping layer.

On the other hand, the external work resulting from a harmonic point force F (t) = F̂ eiωt exerted at the
ABH plate coordinates (xf , yf ) is given by,

W = F (t)w(t, xf , yf ) = a> [F (t)χ(xf , yf )] ≡ a>F = a>F̂ eiωt, (4)
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where we have defined the force vector F = F̂ eiωt in the last equality of Eq. (4).
Combining Eqs. (2)-(4) we can build the Lagrangian of the damped ABH plate,

L = Tp − Vp +W =
1

2
ȧ>Mpȧ−

1

2
a>Kpa+ a>F , (5)

and applying the Euler-Lagrange equations ∂t(∂ȧL )− ∂aL = 0 to Eq. (5) we get the equations of motion,(
Kp − ω2Mp

)
Â = F̂ . (6)

The solution to Eq. (6) determines how the ABH plate vibrates under the loading of the force vector F̂ .

2.2. The GECMS method for the MMABH plate

Once seen how to characterize the vibrations of the ABH plate with the GEM in section 2.1, we are in
a position to model the performance of the MMABH plate depicted in Fig. 1c.

We begin by setting F̂ = 0 in Eq. (6) and computing the modal matrix P̂ = [Â1, Â2, Â3, ..., Âi, ..., ÂN ].
Then, we reduce the dimensions of the original model by considering the first N mass-normalized modal

vectors P = [A1,A2,A3, ...,Ai, ...,AN ], with N � N and Ai = Âi/
√
Â>i MpÂi, ∀ i = 1 . . . N . The

generalized ABH plate mass and stiffness matrices are obtained as,

Mp = P
>
MpP ,

Kp = P
>
KpP . (7)

By projecting the coefficient vector of Eq. (1) into the modal space we get,

a = Pεp, (8)

which once used in the expression for the ABH plate kinetic energy yields,

Tp =
1

2
ȧ>Mpȧ ≡

1

2
ε̇>pMpε̇p. (9)

As done in previous equations, in the last line we have introduced the reduced mass matrix which turns to
be the identity matrix as we are using mass-normalized eigenvectors.

On the other hand, let us consider a total of Nr resonators linked to the ABH plate (see Fig. 1c). The
kinetic energy of the i-th resonator (Fig. 1d) is given by,

Tri =
1

2
ẇri∆Mriẇri =

1

2
ẇriẇri, ∀ i = 1 . . . Nr, (10)
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where wri = wri/
√

∆Mri. The total kinetic energy of the MMABH plate can thus be computed as,

T = Tp +

Nr∑
i=1

Tri

=
1

2
ε̇>pMpε̇p +

Nr∑
i=1

1

2
ẇriẇri

=
1

2



ε̇p
ẇr1
ẇr2
ẇr3

...
ẇri

...
ẇrNr



> 

Mp 0 0 0 · · · 0 · · · 0
0 1 0 0 · · · 0 · · · 0
0 0 1 0 · · · 0 · · · 0
0 0 0 1 · · · 0 · · · 0
...

...
...

...
. . .

...
. . .

...
0 0 0 0 · · · 1 · · · 0
...

...
...

...
. . .

...
. . .

...
0 0 0 0 · · · 0 · · · 1





ε̇p
ẇr1
ẇr2
ẇr3

...
ẇri

...
ẇrNr


≡ 1

2
ε̇>M̃ε̇. (11)

Likewise, the potential energy stored in the i-th spring is

Vri =
1

2
kr [wp(xci, yci)− wri]2

=
1

2
kr
[
w2
p(xci, yci)− wp(xci, yci)wri − wriwp(xci, yci) + w2

ri

]
=

1

2

[
εp
wri

]>([
P 0
0 1

]> [
krχiχ

>
i −krχi

−krχ>i ω2
r

] [
P 0
0 1

])[
εp
wri

]
≡ 1

2
εi
>Kriεi, ∀ i = 1 . . . Nr, (12)

where χi = χ(xci, yci) stands for the shape function vector at the location (xi, yi) of the i-th resonator.

Geometry parameters Material parameters
m = 2.5 ρp = 7800 kg/m3

Lx = 0.8 m Ep = 210 GPa
Ly = 0.6 m ηp = 0.01

huni = 0.005 m νp = 0.3
rabh = 0.24 m

ε = 0.1595 m−1.5 ρv = 950 kg/m3

hc = 0.0005 m Ev = 5 GPa
rv = 0.12 m ηv = 0.5
hv = 0.0005 m νv = 0.3

Table 1: Geometrical and material parameters of the ABH plate. ρp: plate density, ρv : damping layer density, Ep: plate
Young modulus, Ev : damping layer Young modulus, ηp: plate loss factor, ηv : damping layer loss factor, νp: plate Poisson
ratio, νv : damping layer Poisson ratio.
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Considering Eq. (12), the total potential energy of the MMABH plate becomes

V = Vp +

Nr∑
i=1

Vri

=
1

2
ε>pKpεp +

Nr∑
i=1

1

2
εi
>Kriεi

≡ 1

2



εp
wr1
wr2
wr3

...
wri

...
wrNr



>

(
P̃>K̃P̃

)


εp
wr1
wr2
wr3

...
wri

...
wrNr


≡ 1

2
ε>Kε, (13)

where

P̃ = diag

P , Nr︷ ︸︸ ︷
1, 1, 1, . . . , 1

 , (14)

K̃ =



Kp + kr
Nr∑
i=1

χiχ
>
i −krχ1 −krχ2 −krχ3 · · · −krχi · · · −krχNr

−krχ>1 ω2
r 0 0 · · · 0 · · · 0

−krχ>2 0 ω2
r 0 · · · 0 · · · 0

−krχ>3 0 0 ω2
r · · · 0 · · · 0

...
...

...
...

. . .
...

. . .
...

−krχ>i 0 0 0 · · · ω2
r · · · 0

...
...

...
...

. . .
...

. . .
...

−krχ>Nr
0 0 0 · · · 0 · · · ω2

r



. (15)

Finally, applying the Euler-Lagrange equations to Eqs. (9)-(15) and assuming ε = ε̂ exp(iωt), we derive
the eigenvalue problem (

K̃ − ω2M̃
)
ε̂ = 0, (16)

from which the synthesized modes of the MMABH plate can be calculated.

2.3. Validity of the GECMS method to simulate the MMABH plate

The efficiency and accuracy of the GECMS developed in the previous section is next validated against
FEM simulations. Prior to that, however, let us introduce some significant details on the configuration of
the MMABH plate. As explained before, our suggestion to extend the performance of the ABH plate to
lower frequencies relies on attaching a periodic arrangement of local resonators to the bottom surface of the
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Figure 2: Comparison of eigenfrequencies computed with GECMS and FEM, together with their relative error percentage
that is symbolized by the size and color of the bubbles. Note there is a break range between the resonant orders 20 and 180.
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Figure 3: Modal shapes computed with (a) GECMS and (b) FEM.

ABH plate (see Fig. 1c). For the sake of light-weight design and fair comparison, the mass removed from
the plate when manufacturing the ABH indentation is recycled to constitute the mass of the resonators.
According to the geometrical and material parameters in Table 1, the mass extracted from the uniform plate

is given by ∆M = ρpLxLyhuni − ρp
∫ Lx

0

∫ Ly

0
h(x, y)dydx = 3.5286 kg. We evenly distribute ∆M among

Nr = 192 resonators, which are located at the centers of the cells resulting from respectively partitioning Lx
and Ly into 16 and 12 equal segments. The lattice constant of the MMABH plate is therefore a = 0.05 m
(square lattice). As a consequence, the mass of each resonator becomes ∆Mr = 0.0184 kg. Because the
ABH plate’s first eigenfrequency is f1 = 48.3 Hz, we tune the resonators to that frequency, which results in
a stiffness value of the springs of kr = (2πfr)

2∆Mr = 1692.6 N/m. Simply supported boundary conditions
are considered at the four edges of the plate.

As regards the FEM model, it was built using the commercial software COMSOL Multiphysics. The
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3D Shell module was employed to simulate the ABH plate by defining a local thickness, and the springs
were introduced via a virtual Spring-Damper option, with the spring ends connecting the center of each
cell and the mass of the resonator. The in-plane vibrations were not considered to reduce the number of
degrees of freedom (dofs). The FEM model consisted of 854 triangular and 26724 quadrilateral elements,
involving a total of 615246 dofs. The GEM model for the ABH plate, however, only required N = 2714
two-dimensional Gaussian basis functions implying a total of N = 2714 dofs. The modal decomposition
allowed us to further reduce the GEM model by a factor of ten (i.e., N ≈ N/10) as only the first N = 272
modes were necessary for the analyzed frequency range. Note that modal frequency of the 272-nd mode is
9486 Hz, which is much larger than 1000 Hz, which is the highest frequency of interest. After connecting
the 192 resonators to the ABH plate, the total dofs of the GECMS became 464, which are much less than
the FEM model ones. Note that FEM requires a very fine mesh to correctly capture the vibrations at the
center of the ABH, because the thickness there is very thin. In what concerns the computational cost, it
only took 10 seconds to calculate the MMABH plate response with the GECMS by sweeping the frequency
from 20 Hz to 1000 Hz with a resolution of 0.1 Hz, on a personal computer AMD 5950X. In contrast, the
FEM computation took 49 hours to solve the same problem. By comparing the running times we can see
the advantages of the proposed GECMS method.

Once shown the computational efficiency of the GECMS, we focus on its accuracy. The modal frequencies
of the MMABH computed with the GECMS (blue dots) and FEM (black stars) have been depicted for
comparison in Fig. 2. For an easier inspection, there is a break in the abscissa of the plot between the
20-th and 180-th orders and the frequency axis is represented in a logarithmic scale. The matching between
the GECMS and FEM is remarkable. The relative error (see the right axis in Fig. 2), εfrel ≡ |fFEM −
fGECMS|/fFEM×100%, has been computed and represented by the color and size of the circles in the figure.

For the first 192 orders εfrel is no greater than 0.18% and beyond them it does not surpass 1.16%. In
addition, the modal shapes of the 50-th, 100-th, 250-th and 300-th orders are illustrated in Fig. 3 using both
methods; the first row corresponding to the GECMS and the second one to the FEM. The small squares
in the upper layers of the figure symbolize the resonators. In Fig. 3a, the points on the plate indicate the
coupling locations. Once more, the GECMS and FEM results look very similar, validating the precision of
the former. We elaborate more on the modal shapes of the MMABH plate below.

3. Performance of the MMABH plate

3.1. Modal behaviour of the MMABH plate

After validating the GECMS model, we next inspect the modal behaviour of the MMABH plate to
understand how the damping distributes within modes and how the local resonances interact with the
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Figure 5: Modal shapes of the MMABH plate. (a1)-(a8) associate with the modal order no greater than 192, while (b1)-(b8)
correlate to the ones higher than 192.

ABH effect. Starting with the former, Fig. 4 presents the modal loss factors (MLFs) computed for four
different plates: a uniform plate (UNI), an ABH plate (ABH), a uniform plate with damped local resonators
(UNI+DR) and the MMABH plate (MMABH). It is seen that for the uniform (UNI) plate the MLF is
constant and equal to 0.005 for all modes. When including resonators with loss factor ηr = 0.1 to the
uniform plate, the MLFs of the modes close to the plate’s first eigenfrequency f1 = 48.3 Hz increase, though
no changes are appreciated for higher order modes. This is reasonable since the resonators were tuned to
act on f1. The situation is very different for the ABH plate. In this case, large MLFs are expected at the
higher frequencies due to the ABH effect, and this is what is observed in the figure for f & 200 Hz (compare
with the UNI case). However, it is seen that the ABH plate MLFs at lower orders are very small, especially
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Figure 6: Mean square velocity (MSV) comparison between the ABH plate and the uniform (UNI) one. For frequencies
beyond the diameter cut-on frequency the ABH effect performs well (light green shaded region), but in the lower frequency
range the ABH behavior can become worse than that of a uniform plate (light red shaded area).

at f1. This is solved to a large extent by adding damped resonators to the ABH plate to build the MMABH.
Significant MLFs are then obtained for the whole frequency range.

Let us next have a look at the modal shapes of the MMABH plate to inspect how the resonators interact
with the ABH plate (see Fig. 5). The first two rows of the figure, namely (a1-a8), correspond to modal
shapes whose orders are lower than or equal to 192. For the 1-st order (see Fig. 5a1), we observe that the
ABH plate vibrates in phase with the resonators and with similar amplitude. This indicates that the effective
mass of the whole structure is greater than the real one (see e.g., [59, 60], among others). As the modal
order increases, the vibration amplitude of the resonators augments while that of the plate diminishes. This
holds true up to the 192-nd order at which the amplitude of the resonators becomes maximum, whereas
the ABH plate exhibits almost no motion. Also, the effective mass gets its highest value. However, once
past the 192-nd order the behaviour of the MMABH totally changes. For the 193-rd one (see Fig. 5b1), the
ABH plate starts vibrating again but with opposite phase to the resonators, which results in small or even
negative effective mass. As the modal order keeps increasing, the resonators become static and the plate
exhibits strong vibrations, especially in the ABH central area (see Figs. 5b1-5b8). These phenomena can
also be appreciated in the previous Fig. 3, which we used to compare GECMS and FEM simulations.
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Figure 7: Mean square velocity (MSV) comparison of the uniform (UNI) plate with and without non-damped resonators (R).
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Figure 8: Mean square velocity (MSV) comparison of the bare ABH plate (ABH) and the MMABH plate with non-damped
resonators (MMABH).

3.2. Broadband vibration reduction of the MMABH plate under external force

We now turn our attention to the MMABH plate response when excited by an external point force F̂ .
This is assumed to be 1 N in amplitude for all frequencies, perpendicularly pointing towards the plate and
located at (xf , yf ) = (0.7, 0.5) m. To characterize the plate response we compute its mean square velocity

(MSV), MSV (dB)=10 log
[∫ Lx

0

∫ Ly

0
ω2w2(x, y)dydx/(LxLy)

]
, when submitted to F̂ .

According to the values in Table 1, the embedded ABH has a radius rabh = 0.24 m, so its associated

diameter cut-on frequency becomes fcut−on = πhuni

4r2abh

√
Ep

3ρ(1−ν2
p)

=214 Hz. It is therefore expected that beyond

214 Hz the ABH effect will take place and vibrations will considerably diminish. As the response of a
single ABH plate under external excitation is well-known and has been extensively studied in the specialized
literature (see e.g., [1, 5–7, 26] among others), we will not address this issue in detail below. We simply
present in Fig. 6, a comparison between the MSV of a uniform plate (UNI) of thickness huni with that
of the ABH plate (ABH). The uniform plate has the same amount of damping layer than the ABH one
for a fair comparison. As expected, the ABH substantially reduces the MSV for frequencies higher than
214 Hz (region shaded in light green color). However, for lower frequencies the ABH is totally inefficient
(area shaded in light red). In particular, the stiffness reduction due to the ABH indentation even worsens
the response of the ABH plate with respect to the uniform one. This is very obvious for the first resonant
frequency of the uniform plate, f1 = 48.3 Hz.

On the other hand, once we add the resonators to the ABH plate to build the MMABH metaplate
band gaps appear and one would expect to somewhat broaden the vibration reduction to lower frequencies.
Once more, given that the underlying physics of adding resonators to uniform plates have been also widely
discussed in literature (see e.g., [60–63], among others) we will not address that issue below, but mostly focus
on the MMABH plate. We refer the reader to Appendix A to see how to compute the dispersion curves of
infinite periodic uniform plates with resonators using the GECMS method, and for results concerning the
band gaps dependence on the lattice constant and plate thickness of a uniform plate having the resonators
of the present case. Nevertheless, for comparison purposes with the performance of the MMABH plate, it is
interesting to show in Fig. 7 the effects of the resonators on the uniform plate (UNI) also depicted in Fig. 6.
Fig. 7 reveals that the MSV of the (UNI+R) plate strongly diminishes within the bandgap (shaded in gray)
induced by the resonators, while it has no influence at higher frequencies as compared to the uniform plate
with no resonators (UNI). Note that at this point we are considering non-damped resonators (as opposed to
the results previously shown in Fig. 4). The importance of damping the resonators will be made apparent
below. The results from Fig. 7 are reasonable since the resonators have been tuned so that the bandgap
suppresses the first plate mode, which is the one having more energy.

If we next have a look at the MSV of the MMABH plate (see Fig. 8), we observe that we basically get a
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Figure 9: Mean square velocity (MSV) ratio for ABH, uniform, uniform with local resonators and MMABH plate. Γabh

indicates the ratio between the MSV of the ABH portion and that of the total plate surface. Γuni stands for the ratio between
the MSV of the circle r < rabh to the total MSV for a uniform plate. Γres represents the ratio between the MSV of the
resonators to that of the plate surface.

combination of the results in Figs. 6 and 7. At the lower frequencies, the bandgap suppresses the first mode
of the MMABH plate but other resonances still have very significant peak values. It is important to note
that the bandgap also clearly manifests in this case despite the thickness of the ABH is not constant. This
was not evident a priori, but somewhat expected from the analysis of the bandgap variation with thickness
in Appendix A.2. For frequencies beyond the diameter cut-on frequency (214 Hz), the ABH effect clearly
manifests in Fig. 8 and the MMABH experiences the substantial vibration reduction depicted in Fig. 6.

It appears from Fig. 8 that the coupling between the ABH effect and the local resonance is rather
weak. To better assert this point and quantify the coupling between the two effects in the MMABH let
us proceed as follows. On the one hand, for an ABH plate the ABH effect can be characterized trough
Γabh = MSVabh/MSVtotal, which is the ratio between the MSV in the ABH area and the MSV of the total
plate surface. Analogously and for comparison, in the case of a uniform plate we can compute Γuni =
MSVr≤rabh

/MSVtotal as the ratio of the MSV within the circle r ≤ rabh over that of the whole uniform

(a1) f = 48.31 Hz (b1) f = 516 Hz (c1) f = 48.31 Hz (d1) f = 516 Hz

(a2) f = 48.31 Hz (b2) f = 516 Hz (c2) f = 48.31 Hz (d2) f = 516 Hz
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Figure 10: Forced vibration shapes of the ABH and UNI plates (first row) and the resonators (second row). Figures (a)-(b)
represent the shapes of the MMABH plate, while figures (c)-(d) contains the shapes of the UNI plate with local resonators.
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Figure 11: Influence of the damping of resonators on the MMABH plate’s MSV.

surface. Given that strong vibration concentrates in the ABH region, it must happen that Γabh > Γuni above
the cut-on frequency. This is clearly observed in Fig. 9 if one compares the ratio Γabh of the ABH plate (red
dashed line) with Γuni of the uniform plate (brown dashed line) beyond fcut−on = 214 Hz. On the other
hand, for a uniform plate with local resonators we could similarly define the ratio Γres = MSVres/MSVtotal

between the MSV of the resonators and that of the entire plate surface. As seen in Fig. 9, the ratio Γres (green
dashed line) only dominates in the vicinity of 48.3 Hz and becomes negligible long before reaching the ABH
cut-on frequency. This means that the two mechanisms, local resonance and ABH effect, occur in different
frequency ranges, which is logical since the resonators have been tuned for low frequencies. Next, let us see
what happens for the MMABH plate, where the two mechanisms become integrated. If we first compute
Γabh for the MMABH plate (continuous black line) and compare it with Γabh of the ABH plate (red dashed
line) no differences can be appreciated except for a slight dip close to 48.3 Hz for the former. Besides, if one
adds resonators to the uniform plate one can observe that Γuni remains almost identical (purple continuous
line versus brow dashed line) with, again, only a small variation near the resonant frequency. If we finally
contrast Γres for the MMABH plate and the uniform plate with resonators (continuous blue line against
green dashed line) no differences are observed. All in all, this means that the effects of the local resonators
and the ABH indentation are weakly coupled in the MMABH plate. This is actually good news, as it could
facilitate future metaplate designs for broadband vibration reduction.

To better understand the MMABH behavior, some forced vibration shapes have been calculated and
plotted in Fig. 10, where the first row represents the ABH plate (Figs. 10a1 and 10b1) and the UNI one
(Figs. 10c1 and 10d1). The second row contains the response of the resonators, which are connected to the
plates at the locations indicated by the black asterisks. At f = 48.31 Hz (namely in the band gap), the
resonators in the vicinity of the excitation point exhibit large vibrations while the ABH and UNI plates
remain still (see Figs. 10a1 and 10a2, and Figs. 10c1 and 10c2). Nonetheless, at a higher frequency like
f = 516 Hz, the plates dominate the total system vibration and the resonators barely move. Comparing
Fig. 10b1 and Fig. 10d1 one can clearly appreciate the benefits of the ABH effect.

Tuning the resonators helps suppressing the first mode of the plate but has no effect on other plate
resonances. In order to improve the low frequency performance of the MMABH not only at its first eigenomde
but also at all other modes, an efficient strategy is that of damping the resonators (see e.g., [61–63]). For
instance, if we allow the resonators to have some structural damping such that their stiffness becomes
complex, kr(1 + iηr), with ηr = 0.1 being the loss factor, all resonant peaks get reduced. This is shown in
Fig. 11, where we compare the MSV of the MMABH plate with damped resonators (D-MMABH) with the
MMABH plate with non-damped resonators. As observed, the typical problem of ABHs at low-frequencies
gets clearly mitigated when damping the resonators, offering a broadband vibration reduction that covers
the whole frequency range. These results are in agreement with the previously shown behaviour of the plate
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Figure 12: Displacement difference amplitude between the resonators and the plate at the connection points.

modal loss factors in Fig. 4.
To examine the damping effects of the resonators in some more detail, we have calculated and plotted

the displacement difference between the resonators and the connection points on the damped MMABH plate
in Fig. 12, for the frequencies f = {34.3, 66.8, 87.5, 109.36} Hz highlighted in Fig. 11. Even though at these
frequencies the resonators may have very limited vibration because they are far from 48.3 Hz, their influence
is remarkable. The reason is that the plate has strong vibration values at these frequencies, so there is
a large displacement difference between the plate and the resonators that positively correlates with the
damping effect (because the potential energy in the spring is proportional to the displacement difference).
As observed in Fig. 12, at f = 66.8 Hz the difference is the largest one (up to 3.6× 10−4 m, see Fig. 12b),
which corresponds to the biggest peak reduction in Fig. 11. Differences up to 5.6 × 10−5 m are achieved
for f = 34.3 Hz (see Fig. 12a), followed by 5.1 × 10−5 m at f = 87.5 Hz (Fig. 12c) and 8.0 × 10−6 m at
f = 109.8 Hz (Fig. 12d).

3.3. Influence of the lattice constant

To finish the analysis on the performance of the MMABH plate we will investigate the influence of
the lattice constant on its MSV response to the point external excitation. In Appendix A.1 it has been
shown that the lattice constant shows no influence on the bandgap analysis. That is, if one reduces the
number of resonators keeping their total mass constant and adjusts the spring stiffness (to keep the resonant
frequency at 48.3 Hz), the lattice constant augments but the bandgap remains almost unaltered. It is
therefore worthwhile checking whether this is also the case for the simply supported MMABH plate. Fig. 13
confirms this point. The MSV values corresponding to the four different lattice constant values of a =
{0.04, 0.05, 0.10, 0.20} m present meaningless differences.

One may next wonder what would occur if we push the process to the limit in which a single resonator
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Figure 13: Influence of the lattice constant on the MMABH MVS when the total mass of the resonators is kept constant and
their corresponding stiffness adjusted to have a resonant frequency of 48.3 Hz.
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is placed at the center of the plate. It was shown in [46] that a single resonator with a large mass could
suffice to reduce the vibration of the first eigenmode of a uniform plate. While this is certainly the case
for a uniform plate (see Fig. 14a), the situation is more intricate for an ABH one. For the uniform plate, a
single resonator can significantly suppress the first peak as observed in the purple line of Fig. 14a (see also
the three first forced vibration shapes of the plate with a single resonator plotted in the figure). However, in
this case the resonator acts as a dynamic vibration absorber (DVA) and no bandgap is formed as bandgaps
are a consequence of imposing cell periodic boundary conditions. However, when we split, for instance,
the big resonator into 4 smaller ones and distribute them on the plate surface, the peak reduction is then
achieved thanks to the bandgap formation (see the brown line in the figure). The situation is more intricate
for the ABH plate. As observed in Fig. 14b, if we add a single resonator the peak near 48.3 Hz is barely
reduced (red line against black line) in contrast to what occurred for the uniform plate (compare also the
forced vibrations for the ABH and uniform plates with a single resonator). The problem here is that the
thickness at the center of the ABH is very small and reducing the first peak with a single resonator would
require a non-trivial tuning process, which is deemed out of the scope of this paper. As opposed, when using
4 uniformly distributed resonators a significant reduction of the first peak is achieved thanks to bandgap
formation.

Finally, let us note that in the the strategy followed in this work we have simply tuned the resonators to
the plate first eigenmode and shown that if one properly dampers them the peaks of other eigenfrequencies
substantially diminish too. Alternatives could have been followed too. For instance, in [46] an optimization
process was followed to tune the parameters and locations of different resonators to suppress the first three
modes of a uniform plate.

4. Conclusions

In this paper we have suggested the design of a metaplate (MMABH) that is able to suppress bending
vibrations on a broadband spectrum. The MMABH combines the performance of the ABH effect at high
frequencies with the bandgap formation at low frequencies, typical from locally resonant acoustic metama-
terials. The MMABH consists of an ABH plate with attached periodic local resonators on its flat surface.
The resonators are tuned to suppress the ABH plate first eigenmode and become damped to also reduce
other low-frequency eigenmodes. To analyze the performance of the MMABH, a semi-analytical approach
has been proposed, namely the GECMS, which integrates the GEM method to determine the ABH plate
vibrations and a CMS approach to reduce the order of the model and connect the resonators to the plate. It
has been shown that the proposed GECMS method is very efficient and accurate by comparison with FEM
simulations.

In order to understand and design the MMABH, we have started analysing its modal behaviour. It
has been shown that the modal loss factors (MLFs) of the MMABH are very high, compared to those of a
uniform plate. Furthermore, the modal shapes of the MMABH plate have been carefully examined to see
how the local resonators interact with the flexural motion of the ABH plate. Next, the forced vibration of
the MMABH has been investigated, showing that the MMABH plate is able to provide broadband low mean
square velocity (MSV), as compared to uniform and conventional ABH plates. Finally, we have shown that
the lattice constant almost has no influence on the MSV response of the MMABH plate, provided one keeps
the total mass of the resonators constant and properly adjusts their stiffness.

The significant broadband vibration reduction of the MMABH observed in this study suggests this design
has also strong potential for diminishing sound radiation and that it could constitute a lightweight solution
for improving transmission loss between dwellings (remember that the plate mass extracted for the ABH
indentation has been used for the resonators). Future works will consider such aspects, as well the realization
of experiments to see how the MMABH will behave in practical circumstances.
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Appendix A. Band gaps of infinite periodic plates

Appendix A.1. The GECMS method for computing the dispersion curves of infinite periodic plates

In this appendix it will be shown how the essentials of the proposed GECMS method in section 2.2 can
be adopted to compute the dispersion curves of an infinite uniform plate with locally attached resonators.
Consider an infinite plate of constant thickness h having the unit cell represented in Fig. 1d. The resonators
are linked at the cells center. Our initial objective is to determine the dispersion curves and bandgap
formation in such a system. Let us first focus on the cell without resonator. The following Bloch-Floquet
periodic boundary conditions must be satisfied at its boundaries,
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It is to be noted that the Gaussian functions in Eq. (1) do not satisfy the above periodic conditions, unless
they get modified for that purpose. An efficient way to do so was developed in [23, 25]. Hereafter, let us
denote by χr the Gaussian functions fulfilling the periodicity in Eqs. (A.1)-(A.4) to distinguish them from
χ in Eq. (1).

Using this new function basis, we can obtain the mass matrix for the unit cell as,

Mp(kx, ky) = ρph

∫ a/2

−a/2

∫ a/2

−a/2
χr(kx, ky, x, y)χH

r (kx, ky, x, y)dxdy, (A.5)

and the stiffness matrix as,

Kp(kx, ky) =D

∫ a/2

−a/2

∫ a/2

−a/2

[
∂2χr
∂x2
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r

∂x2
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r
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∂2χH

r

∂y∂x
(kx, ky, x, y)

]
dxdy. (A.6)

In Eqs. (A.5)-(A.6), the superscript H represents the Hermitian (conjugate transpose) and χr(kx, ky, x, y) is
the new basis vector containing the above introduced functions χr.

From Mp(kx, ky) and Kp(kx, ky), the wavenumber depending eigenproblem of the plate unit cell turns
to be [

Kp(kx, ky)− ω2Mp(kx, ky)
]
Â = 0. (A.7)

The solution to Eq. (A.7) provides the truncated mass-normalized modal matrix P = [A1,A2,A3, ...,Ai, ...,AN ],
with N � N , from which we get the generalized mass and stiffness matrices,

Mp(kx, ky) = P
>
Mp(kx, ky)P ,

Kp(kx, ky) = P
>
Kp(kx, ky)P . (A.8)

Besides, projecting the weight coefficient into the modal space provides

a = Pεp, (A.9)

where εi are the vectors of modal participation factors. Considering Eq. (A.9), the kinetic energy of the
plate unit cell reads,

Tp =
1

2
ȧ>Mp(kx, ky)ȧ =

1

2
(P ε̇p)

>Mp(kx, ky)(P ε̇p) =
1

2
ε̇>p

[
P
>
Mp(kx, ky)P

]
ε̇p ≡

1

2
ε̇>pMp(kx, ky)ε̇p,

(A.10)

where in the last equality we have defined the reduced mass matrix of the system (which is the identity
matrix as we are using mass-normalized eigenvectors).

At this point, we can follow analogous steps to those in section 2.2 and include the influence of the
resonator on the unit cell. The kinetic energy of the resonator is given by,

Tr =
1

2
ẇr∆Mrẇr =

1

2
ẇrẇr, (A.11)

where wr = wr/
√

∆Mr. Therefore, the total kinetic energy of the unit cell (plate plus resonator) in Fig. 1d
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is nothing but the summation,

T = Tp + Tr

=
1

2
ε̇>pMp(kx, ky)ε̇p +

1

2
ẇrẇr

=
1

2

[
ε̇p
ẇr

]> [
Mp(kx, ky) 0

0 1

] [
ε̇p
ẇr

]
≡ 1

2
ε̇>M(kx, ky)ε̇. (A.12)

Likewise, the potential energy of the plate unit cell in modal space turns to be,

Vp =
1

2
a>Kp(kx, ky)a =

1

2
(Pεp)

>Kp(kx, ky)(Pεp) =
1

2
ε>p

[
P
>
Kp(kx, ky)P

]
εp ≡

1

2
ε>pKp(kx, ky)εp,

(A.13)

withKp being the normalized and truncated stiffness matrix, which is diagonal. The potential energy stored
in the resonator spring can be expressed as

Vr =
1

2
k [wp(kx, ky, xc, yc)− wr]2

=
1

2
k
[
w2
p(kx, ky, xc, yc)− wp(kx, ky, xc, yc)wr − wrwp(kx, ky, xc, yc) + w2

r

]
=

1

2

[
εp
wr

]>([
P 0
0 1

]> [
kχrχ

H
r −kχr

−kχH
r ω2

r

] [
P 0
0 1

])[
εp
wr

]
≡ 1

2
ε>Kr(kx, ky)ε, (A.14)

where χr = χr(kx, ky, xc, yc). From Eqs. (A.13) and (A.14) the total potential energy for the unit cell in
Fig. 1d becomes,

V = Vp + Vr

=
1

2
ε>pKp(kx, ky)εp +

1

2
ε>Krε

=
1

2
ε>
([

Kp(kx, ky) 0
0 0

]
+Kr

)
ε

≡ 1

2
ε>K(kx, ky)ε. (A.15)

Observe that in the last lines of Eqs. (A.12) and (A.15) we have introduced the total mass and stiffness
matrices for a unit cell in the wavenumber domain.

Finally, applying the Euler-Lagrange equations to Eqs. (A.12)-(A.15) and assuming ε = ε̂ exp(iωt), we
get the eigenvalue problem for the plate periodic unit cell with resonator,[

K(kx, ky)− ω2M(kx, ky)
]
ε̂ = 0. (A.16)

In the Brillouin zone (BZ), the wavenumber can be restricted to kx×ky = [−πa ,
π
a ]×[−πa ,

π
a ]. From Eq. (A.16),

we can compute the dispersion curves as usual, by sectioning the BZ and sweeping the wavenumber along
the edges (Γ−X −M − Γ) of the irreducible Brillouin zone (IBZ).

Appendix A.2. Dispersion curves and bandgap analysis of the infinite periodic uniform plate with resonators

In Fig. A.1, we show the dispersion curves of the infinite periodic lattice respectively computed with the
GECMS (red curve) and with FEM (blue dots), using the unit cell parameters in Table 1. The matching
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Figure A.1: Dispersion curves within 100 Hz resulted by the GECMS and FEM. Note the eigenmodes at the lower bound of
the band gap calculated with SCMS and FEM have been also included in the figure.

is remarkable, confirming again the validity of the GECMS. It can also be observed in the figure that a
bandgap appears between 48.2995 Hz and 52.6553 Hz. An eigenmode at the lower bound of the band gap
has been also computed with the GECMS and FEM and plotted in Fig. A.1 for comparison. There, the
bottom layer represents the plate and the upper one the resonator. Both methods exhibit almost identical
results, showing that, at this frequency, the plate stands still while the resonator strongly vibrates as one
could expect (the resonator was tuned for that purpose).

Having confirmed the reliability of the GECMS for eigenproblems like Eq. (A.16), we will next analyze
the influence of some parameters on the bandgap formation. Remember that our final goal in this study is to
improve the performance of the ABH plate at low frequencies, for which one could presume the need of wide
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Figure A.2: Influence of the lattice constant constant on bandgap formation.
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Figure A.3: Influence of the unit cell plate thickness on bandgap formation.

bandgaps. Unfortunately, those produced by local resonances are usually narrow, but we get to that point
latter on, in the main text. We start checking how the distribution of the resonators affects the bandgap in
Fig. A.1. As said at the beginning of section 2.3, the total mass ∆M = 3.5286 kg is uniformly assigned to
16× 12 = 192 ≡ Nr resonators, each one having mass ∆Mr = 0.0184 kg and a lattice constant a = 0.05 m.
However, other strategies could have been adopted. For instance, we could have kept the total mass fixed but
only attach 8×6 = 48 resonators to the plate with mass ∆Mr = 0.0735 kg and lattice constant a = 0.10 m, or
we could have simply used 4×3 = 12 resonators with ∆Mr = 0.2940 kg and a = 0.20 m. To retain the same
resonant frequency, fr = 48.3 Hz, in both cases, the spring stiffness shall be modified to kr = 6769.3 N/m
and kr = 27077 N/m, respectively. The dispersion curves and bandgap values of these three options have
been plotted in Fig. A.2. For a = 0.05 m the band gap comprises the interval [48.2995, 52.6553] Hz, while
for a = 0.10 m it is given by [48.2922, 52.6529] Hz, and for a = 0.20 m by [48.1746, 52.6110] Hz. As seen,
changes are almost negligible from one design to another, which is reasonable because the total mass of the
resonators is identical. Therefore, the current results seem to indicate that there is no need to design very
dense and small resonators in infinite periodic structures to achieve a band gap for a fixed value of the total
mass. In practice, however, a structure is always finite and the periodicity is ruined if one chooses a few
resonators with large masses. This may cause wave leakage (see e.g., [23]). As opposed, when very small
lattice constants are considered the periodicity is still relevant in finite domains (e.g., Lx×Ly = 0.8×0.6 m2

in our case), but the manufacturing complexity may be demanding. To summarize, if the total mass is fixed,
choosing a given lattice constant is a trade off between achieving periodicity and manufacturing difficulties.

Finally, it is worth analyzing the effects of the plate thickness on bandgaps, given that in the case of an
ABH plate the thickness will not be constant (see Figs. 1a and 1b). In Fig. A.3 we consider four different
thicknesses, h = {5.0, 2.5, 1.0, 0.5} mm, which vary between the limiting values found in the ABH of the
main text, namely huni = 5 mm and hc = 0.5 mm. It is observed in the figure that as the thickness h
decreases, the upper bound of the band gap increases from 52.6553 Hz to 81.7670 Hz, whereas the lower
bound remains almost unaltered (it only decreases from 48.2995 Hz to 47.8112 Hz). This behavior can be
attributed to the increase in relative added mass when the plate thickness diminishes. This result suggests
that the ABH profile may help broadening the bandgaps, which will benefit vibration reduction (although
the herein assumed periodicity conditions do not apply to the ABH).
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