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ABSTRACT ARTICLE HISTORY

The optimal absorption of flexural energy by the critical coupling Received 25 October 2020
of a locally resonant grating embedded in a thin plate is reported Accepted 10 May 2021

in this work for the reflection and transmission problems. The grat-

B o : . KEYWORDS
ing is made of a 1D-periodic array of local resonators. A viscoelastic

Flexural Waves; Perfect

coating is also placed on top of each resonator to control the intrin- Absorption; Multiple
sic losses of the system. The scattering matrices for the propagative Scattering; Metamaterials;
waves of both problems are obtained by means of the Layered Mul- Critical Coupling

tiple Scattering Theory and validated by the Finite Element Method.
In this work, we find that the perfect absorption can be obtained in
the reflection problem and the maximal absorption in the transmis-
sion problemiis limited to 50% by tuning the losses only. These results
agree with the theoretical predictions since the eigenvalues reduce
to the reflection coefficient in the reflection problem and only one
of the two eigenvalues of the scattering matrix is critically coupled in
the transmission problem. These results highlight the adaptability of
the critical coupling method to optimize the absorption of locally res-
onant materials for flexural waves in 2D transmission and reflection
problems, and pave the way to the design of resonators for efficient
flexural wave absorption.

1. Introduction

Mitigation of low-frequency vibrations in plates by small and lightweight systems is a crucial
issue, especially in transport engineering where weight and space concerns remain critical.
While usual current passive methods for vibration control lead to heavy and bulky solutions
by making use of viscoelastic materials [1] or Tuned Vibration Absorbers (TVA) [2], other
solutions relying on Locally Resonant Materials (LRMs), i.e. metamaterials, have emerged
over the past decades [3,4].

LRMs are made of resonant building blocks embedded in a host medium. The distribu-
tion of these blocks usually follows a periodic pattern in such a way that the wavelength
corresponding to their resonance frequency is much larger than the periodicity of the sys-
tem. This results in a resonance frequency that is much lower than the Bragg frequency
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and a strong dispersion in the LRMs around the resonance frequency, leading to origi-
nal features and properties in the deep subwavelength regime, i.e. with dimensions that
are much smaller than the wavelength of the impinging propagating waves. These prop-
erties are exploited in particular in vibration control from wave filtering and focusing to
waveguiding, among others [5-12]. However, among all the possibilities offered by LRMs
for flexural waves, very few studies have focused on maximizing the flexural wave absorp-
tion at low frequencies with small and lightweight systems. In this context, subwavelength
perfect absorbers, which have been extensively studied in acoustics and electromag-
netism [13-16], are of particular interest for vibration damping. These absorbers have been
recently proposed for 1D resonant beam systems, demonstrating the possibility to perfectly
absorb the energy of one dimensional flexural waves [17].

Subwavelength perfect absorbers provide a total absorption of incident wave energy
whose wavelength is much larger than the size of the absorbers [18-23]. Their scattering
process for propagative waves can be represented in general by the scattering matrix. In
terms of this matrix, the perfect absorption appears at the frequencies at which its eigenval-
ues are zero. This is known as the critical coupling condition or simply impedance matching
condition. From a physical point of view, this critical coupling condition is obtained by
making use of two properties of the perfect absorber. First, the field inside the resonator
interacts with the external one (i.e. with that in the surrounding medium) through the inter-
face that connects the absorber to the medium. The wave energy can leak out through this
connection from the absorber to the surrounding medium and vice-versa. The absorber is
thus open to the surrounding medium and the quality factor of its resonance represents its
energy leakage. Second, the inherent losses of the resonator are accounted for and form
an internal source of energy dissipation. The critical coupling of such resonant absorbers is
controlled by the ratio between the inherent losses and the energy leakage [24]. Particu-
larly, this corresponds to the situation in which the inherent losses exactly compensate the
energy leakage, i.e. when intrinsic losses are the same as the energy leakage [25]. This situa-
tion leads to a maximal absorption of the wave energy [15,17]. Such a physical phenomenon
has been broadly studied in various fields for the reflection problem [26,27]. However, less
attention has been paid in maximizing the absorption in a transmission problem, where the
critical coupling conditions are more difficult to obtain.

This work analyzes the scattering of flexural waves by an infinite critically coupled grat-
ing made of local and identical resonators embedded in a thin plate. The local resonators
are made of circular reductions of the plate thickness in the center of which a mass is added.
A viscoelastic layer is also placed on top of each resonator to control the intrinsic losses of
the system. More specifically, this work focuses on the analysis of the absorbing efficiency
of this locally resonant grating in two configurations. The first one corresponds to a trans-
mission problem in which the grating is excited by a plane wave and the reflection and
transmission properties are evaluated to obtain the absorption. The second corresponds
to a reflection problem in which the scattered field by the grating interacts with a simply
supported boundary in a semi-infinite thin plate. This boundary is also assumed to be par-
allel to the grating axis. The excitation in both configurations takes the form of an incident
plane wave and is normal to the grating axis. The dimensions of the system are chosen in
such a way that the first resonance frequency of the inclusions are three times smaller than
the Bragg frequency of the grating. With these dimensions, the local resonances are well
decoupled to the Bragg diffraction of the grating and only the resonance is playing a role
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in the absorption process. The case in which the resonance frequency is close to the Bragg
frequency is also analyzed in order to show that perfect absorption can also be achieved
with several resonances playing a role in the absorption process. The composite mate-
rial formed by the inclusion and the viscoelastic coating is analytically modeled with the
Ross—Kerwin-Ungar (RKU) model for plates [1] and its losses are tuned in order to optimize
the absorption coefficient in both configurations.

The scattered field by the grating is studied by means of Layered Multiple Scattering The-
ory (LMST) [28-31], which is perfectly adapted to the study of wave propagation in LRMs.
Other numerical and analytical theories developed over the past decades also lend them-
selves to this type of study. Examples of such theories include the plane-wave expansion
(PWE) method, finite-difference time-domain (FDTD) method, finite element method (FEM),
and multiple scattering theory (MST) [31,32]. The results obtained from LMST in this work
are also numerically validated using a 3D semi-periodic FEM model from solid mechanics in
COMSOL Multiphysics®. The key feature of LMST is the application of field identities called
lattice sums or Schlémilch series [33] that makes use of Graf's addition theorem [34] and
Bloch-Floquet condition to relate the scattered displacement field in the vicinity of one
scatterer to the fields scattered by all the others and arising from the external sources. The
main difficulty in the evaluation of these identities arises through their conditional con-
vergence due to the presence of Hankel function in the solution. Various works have been
devoted to the development of efficient and accurate methods for their calculation [35,36]
since Twersky’s seminal work [37]. Although MST or LMST have been widely implemented in
vibration for waveguiding, wave focusing and filtering [5,9-11,38-42], its implementation
for maximizing the flexural wave absorption at low frequencies by using local resonances
have not been proposed in previous works.

The article is organized as follows. The formulation of the problems is presented in
Section 2. Section 3 summarizes the LMST as the semi-analytical model used to study the
scattering properties of the infinite grating made of the local resonators coated by a vis-
coelastic layer and embedded in a thin plate. Section 4 presents and discusses the critically
coupled transmission and reflection problems. Section 4.3 also presents an alternative opti-
mization of the absorption by making use of the local resonances and the periodicity of the
grating in the case of platonic crystal, i.e. when the first resonance frequency of the inclu-
sions are close to the Bragg frequency of the grating. Finally, Section 5 outlines the main
results and gives the concluding remarks.

2. Formulation of the problem

This section aims at describing the two configurations of scattering problems analyzed in
this work and also defining the theoretical context by means of the flexural wave equation
and the incident wave definitions.

2.1. Description of the configurations

2.1.1. Transmission and reflection problem

The two configurations analyzed in this work are represented in Figure 1, which represents
two views of an infinite thin plate in which a locally resonant grating is embedded. The thin
host plate has a constant thickness h, Young’s modulus E, Poisson’s ratio v, mass density p
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Figure 1. (a) Scheme of the transmission problem by an infinite grating of circular inclusions embed-
ded in a thin plate. The configuration of the reflection problem is obtained by substituting the interface
'~ by the interface I'P in which a simply supported condition is considered. (b) Side view of the unit

cell Q’c

and flexural rigidity D = 12(1 The first configuration corresponds to what is named in
this work as the transmission problem in which the locally resonant grating is embedded in
an infinite thin plate and excited by an incident plane wave as indicated in Figure 1(a). The
grating is limited between the interfaces I'™ and I'~ as shown in Figure 1(a). The goal of the
study of this first configuration consists in evaluating the reflection and transmission coef-
ficients produced by the grating and making the connection between the performance of
the system with the critical coupling conditions in order to evaluate the limits of absorption.
The second configuration corresponds to what is named as the reflection problem, in which
the locally reacting grating is placed in front of a simply supported boundary as indicated
in Figure 1(a). This boundary corresponds to the interface I',, placed at a distance yo from
the center of the grating and parallel to its axis. The system is also excited by a plane wave
and the scattered field is produced by a multiple scattering process between the inclusions
and the simply supported boundary.

2.1.2. Unit cells

Due to the periodicity of the system along the ey-axis, a semi-infinite unit cell Q2 of width
dy is considered in both configurations. This unit cell is attached to a global Cartesian
coordinate system (O, ey, e,), and thus the position vector is written as X = xey + ye,.The
analyzed system consists of the dy-periodic repetition of the unit cell 2 along the direction
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ey. The jth repetition of the unit cell is denoted Q’C wherej € Z,and isincluded in the Carte-
sian domain x € [0 + jdy; dx + jdx] and y € [yo — a; yo + al for the transmission problem,
and x € [0 + jdy; dyx + jdx] and y € [0; yo + al for the reflection problem.

2.1.3. Inclusions

A circular inclusion of radius a and denoted by Q0 is placed in the unit cell Q0. The inclu-
sion consists of a circular reduction of the plate thickness with a thickness hg (hg < h),inthe
center of which an added mass of radius a,,, and thickness hy, is placed (see the side view
of Figure 1(b)). This mass is obtained by locally increasing the thickness of the inclusion
(hm > ho) and is therefore also made of the same material as the host plate. The center of
QU is located at the point xq of coordinates Xo = xpex + yoe, = dx/2e, + yoe, (see Figure
1(a)). The inclusion is coated by a viscoelastic layer of constant thickness h; as shown in
Figure 1(b), whose material properties are defined by Young'’s modulus E;, Poisson’s ratio v,
density p; and loss factor ;. Each inclusion can be discretized in two homogeneous axisym-
metric layers, one containing the added mass and denoted by (m), and another without
mass denoted by (0) (see Figure 1(b)). The boundary conditions at the interfaces between
layer (m) and (0), and layer (0) and the surrounding plate, are the continuity of the displace-
ment, the normal derivative of the displacement, the bending moment and the (Kirchhoff)
shear force.

2.1.4. Domains 2, @t and @~

In the first configuration corresponding to the transmission problem, the dy-periodic
repetition of Q¥ can be divided into three domains Q¢ QF and Q= (see Figure 1(a))
where

e Q. corresponds to the grating of dy-periodic repetitions of Q° and is included in the
Cartesian domain x € [—oo; +o0]land y € [yo — a; yo + al,

e Q7T corresponds to the upper half-space included in the domain x € [—oo; +00] and
y € Yo + a; +00], where the incident wave initially propagates and is reflected from
the grating,

e Q7 corresponds to the lower half-space included in the domain x € [—o0; +o¢] and
y € [—00;yo — al, where the transmitted waves propagate away from the grating.

The interfaces between Q. and Q= are, respectively, denoted by I'%. In the second con-
figuration corresponding to the reflection problem, only Q¥ is considered since a simply
supported boundary is placed below the grating (see Figure 1(a)). The interface between
Q1 and Q¢ is then denoted I'" in this case, whereas the simply supported boundary is
denoted by I'P.

2.2. Flexural wave equation and incident wave

Assuming Kirchhoff-Love conditions, the flexural displacement at any position x in the thin
plate satisfies the biharmonic equation of motion [43]:

PWxt)

DV2V2W(x,t h
xt)+p Py,

0. (M
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This equation can be expressed in the harmonic domain with the time convention W(x, t) =
w(x) e (w being the angular frequency) as

(V2V? — k¥Hw(x) = 0, )

2
with k* = ‘”’T‘”, k being the wavenumber. The solution of Equation (2) can be written as the
sum of an incident wave winc and the scattered field ws:

W(X) = Winc(X) + Wsc(X). 3)

The incident field winc is considered in both problems as a propagative plane wave of uni-
tary amplitude and frequency f = 5. Note that winc initially propagates in QT with an
incident angle which is normal to the grating, and can be written as

Winc(x) = e, (4)

where k = kye, = —ke,.

3. Field representations in Q%

This section describes the main ingredients of the semi-analytical model used to study the
scattering properties of an infinite grating of circular inclusions coated by a viscoelastic
layer embedded in a thin plate. More details on LMST are presented in Appendix A. The
formalism considered in [31] for acoustic waves is also adapted here for flexural waves.
The scattered field in both configurations is expanded over plane waves. However,
only the discrete set of propagative wavevectors ki e, & kj’,‘ e, and evanescent wavevec-
tors y ey + yy“ey is admissible [44,45] due to the dy-periodicity of the grating, where the
propagative and evanescent Bloch wavenumbers are expressed, respectively, as

2T
kY = , 5
X a4 (5)
2T
n
= 7 6
Vx dy (6)

and ki = \/k2 — k> and 3" = |/ (ik)2 — y** with u € Z.

3.1. Transmission problem

The displacement fields w in QT and w™ in Q™ are expanded over plane waves in the
transmission problem by considering the spatial periodicity as follows:

W) = ) 8,0 €Wk 000t @) . g glkixtiky 6=00+a)
neZ

+ R/i eiy}‘x-i—iy}f‘(y—(yo-i-a)), with (x,y) € Qt, (7a)

w(X) = Z Tﬁ eikf)(—ik;f(y—()m—a)) + TZ eiy,ﬁ‘x—iyy“(y—(yo—a)), with (x,y) € Q7 (7b)
WEZ
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where §,,0 is the Kronecker delta and corresponds to the unitary amplitude of the incident
plane waves and R}, RS, 77 and T? are the reflection and transmission coefficients asso-
ciated with the u-th Bloch propagative (p) and evanescent (e) waves radiated from the
grating in QF. The expressions of the complex valued coefficients R}, RS, Th and TS are
derived by means of the Green-Kirchhoff Integral Theorem [31] and take the form

T
RO = DAY Kin e oot (82)
nez
T
R, = DA K et (8b)
nez
Sl TV ST
Tﬁ — 8M0 eIkX x—iky (y—(yo+a)) + ZAEL,KZ” eflkx Xo+iky yol (8¢)
nez
o LW
1= SR K o
nez

where Aﬂn and Aﬁn are the scattering coefficients of the circular inclusion 2° determined
by means of the boundary conditions at the interface between the inclusion and the
surrounding plate, the computation steps of which are detailed in A.5, and

2(-)"
pt i£n6
= —-8e “, 9a
e v (9a)
et I itna
= e "', (9b)
mn dx)/yu

with kel = ki + ik} and y e'* = " 4 iy". The reflectance, transmittance and absorp-
tion coefficient a7 of the grating are subsequently evaluated via [46]:

Re(k)
Rri* =) — o IR (10)
WEZ Y
Re(k)
T =) — 5Tl (1)
WEZ Y
ar =1 —|Rr|> = |Tr[%, (12)

3.2. Reflection problem

The interaction of the grating with a plane boundary I'? parallel to the grating and located
aty = 0is now studied (see Figure 1(a)). This study is possible owing to the expansion of
the scattered field wgc upon Bloch waves expressed in Equations (7a) and (7b). A simply sup-
ported condition is chosen here in order to analyze the simplest case in which no conversion
of wave types from propagative to evanescent, and vice-versa, occurs [47]. The incident
wave remains the same as in the previous study and is also expressed by Equation (4). The
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half-space Q* is now only considered. The displacement field w in QT formally reads as
the form of Equation (7a). However, the expressions of the reflection coefficients differ from
that of Equation (8a) and (8b) due to the presence of the simply supported boundary. The
scattering coefficients Ay, and Ak, by the circular inclusion Q0 are therefore determined by
a slightly different system and read as (details of the calculation are provided in Appendix
A.6)

o il by gy i
RZ — —5/40 euzky (Yo+a) + ZAHn elky (Yo+a) (KZZF e—lkx Xo—ikyyo _ Kzn e—lkx X0+|ky}/0), (13a)
nez
R — ZA ivy (vo+a) (Ke+ —iye' Xo—ivy'yo _ Ke= —i)/x“Xo+iyy“y0) (13b)
= K, € un © 1 © .
nez

The reflectance and absorption coefficient of the grating are thus expressed as

Re(k)
Rel® = ) — o IR (14)
NEL Y
_ 2
agp=1—|Rel". (15)

3.3. Critical coupling conditions

3.3.1. Transmission problem

The absorption efficiency of the grating is studied by analyzing its scattering properties. In
the study case of transmission in far-field (y — 4-oc0) with identical inclusions, the scattering
process is symmetric and reciprocal. The scattering of the system can thus be represented
by means of the scattering matrix S or S-matrix of the propagative waves with the following
form:

|t Rr
S_|:RT TTj|’ y — Foo0. (16)

The complex eigenvalues /1 ; of S can therefore be expressed as 1 = Tr + Ry and ¢, =
Tr — Rr. These two eigenvalues correspond to the reflection coefficient of two indepen-
dent reflection problems created by a virtual boundary condition placed at yp with either a
Neumann (dw/dy = 0) or a Dirichlet (w = 0) condition, respectively [48,49]. The first eigen-
value, Y11 = Rs corresponds to the reflection coefficient of the symmetric sub-problem as
Neumann boundary condition selects the modes with symmetric profiles [49]. Analogously,
the second one, 2 = R, corresponds to the anti-symmetric sub-problem [49]. Then, the
absorption coefficient of the propagative waves for each sub-problem can be defined as

as =1—|Rs|?, (17)

g =1—|Ral’ (18)

Finally, the total absorption coefficient of the original scattering problem in the transmis-
sion problem reads as
as +og

> (19)

oT =



WAVES IN RANDOM AND COMPLEX MEDIA . 9

The configuration in which the incident wave is totally absorbed corresponds, therefore, to
that where a; = ag = 1 and so |Rs|?> = |Rq|?> = 0.In other words, it corresponds to the case
in which the two eigenvalues of the original scattering matrix of the transmission problem
are zero. However, the grating analyzed here at the piston-like (monopolar) mode of the
inclusions, i.e. only the symmetric part of the problem can be perfectly absorbed. Therefore,
the optimal absorption of the system in the transmission problem is limited to 0.5.

3.3.2. Reflection problem

The reflection coefficient Rg represents the scattering of the system in the case of a reflec-
tion problem, since no wave is transmitted through the grating. Thus, Rg corresponds
directly to both the S-matrix and its associated eigenvalue (v = Rg), and the absorption
coefficient of the scattering problem reads as ag = 1 — |Rg|?. In this case, the configuration
of total absorption of the incident wave by the scatterer corresponds to that where Rg = 0.

4. Results

The two scattering problems, depicted in Figure 1, are now considered in the particu-
lar case where the incident field wjnc is a propagative plane wave of unitary amplitude
along the direction —e,. An aluminium plate of thickness h = 5mm is considered with
E =70 GPa, p = 2800kg.m~3, and v = 0.3, for all the problems. The viscoelastic coat-
ing used in the resonators is a tape of thickness h; = 0.3 mm and properties E; = 0.5 GPa,
o1 =950kg.m™3, vy = 0.3, and 5, = 0.7. Although the loss factor should be frequency-
dependent, it is assumed that this factor is constant over the analyzed frequency range.
This approximation has previously been considered in [17] and provided good agreements
between the analytical and experimental results. More complex viscoelastic models, like
Zener or generalized Maxwell-based model, or Karjanson’s formula could also be consid-
ered. Nevertheless, those are for highly dissipative materials, with quality factors lower than
50. They also make the problem more complex, which is not relevant in the context of this
work considering the frequency range of interest and the materials under study. It is also
considered that the inclusions have a radius of a = 7.5 cm, the added mass has a thickness
hm = 5mm and the grating has a periodicity of dy = 20 cm.

This section focuses on the reflection and transmission of waves in the far-field, (y —
+00), i.e. on the propagative waves that carry the energy. The expansion of the displace-
ment fields upon Bloch waves is truncated such that u € [—20 : 20]. The lattice sums S,",'_q
and S,'?_q used to compute the scattered displacement fields (see Appendix A.2 for more
details) are expanded upon 2000 terms, which ensures the convergence. The results are
validated against those simulated by 3D FEM models implemented with the solid mechan-
ics module in COMSOL Multiphysics®. The geometry of the FEM model is composed of
a single unit cell of the circular inclusion grating, in which the periodicity along ey is sim-
ulated using Floquet conditions and the infinite length along e, with Perfectly Matched
Layers (PML) (see Figure 2). The simply supported condition used in the reflection model is
simulated by imposing a zero displacement along e; at the corresponding boundary, while
the incident plane wave in both problems is created by imposing a harmonic load along a
line parallel to the grating axis.
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(b)

PML Simply supported

conditions

Source PML

s Source
Inclusion

Floquet conditions
Floquet conditions
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Figure 2. (a) 3D FEM model of three unit cells of the infinite grating of inclusions used in COMSOL soft-
ware to numerically compute |R7|?, |Tr|? and a7 in the transmission problem. The periodicity along ey
is simulated using Floquet conditions and the infinite length along e, with Perfectly Matched Layers
(PML). (b) 3D FEM model of three unit cells of the infinite grating of inclusions used in COMSOL soft-
ware to numerically compute |R7|2 and a7 in the reflection problem. The PML from one side imposes
the semi-infinite length of the system while on the other side, a simply supported boundary condition
is considered to create the reflection problem.

4.1. Transmission problem

The inclusion thickness hy and the added mass radius ry, are first optimized to reach the
maximum absorption coefficient at the inclusion fundamental frequency (piston-like or
monopolar mode). The maximum absorption is found for hg = 0.3 mm and r,, = 3 cm.
Figure 3(a) depicts |R7|%, |T7|2 and a1 = 1 — |R7|?> — |T7|? using both the LMST and FEM
models for this configuration, which are found to be in good agreement. The absorption
coefficient ar reaches 0.5 at f = 70.7 Hz as shown in Figure 3(a). This frequency corre-
sponds approximately to the resonance frequency of the first axisymmetric mode of the
isolated resonators, which was evaluated afterwards at fy = 69 Hz. This slight difference in
the resonance frequency can be explained by a weak coupling between the resonator in
the grating. The monopolar nature of the mode is also testified by the displacement field
snapshot depicted in Figure 3(b), where a maximum of displacement is clearly visible close
to the center of the inclusions. This pattern of displacement clearly shows that the reso-
nant mode of the system at the first axisymmetric mode is symmetric with respect to the e,
axis. Thus, as discussed in Section 3.3.1, the transmission problem can only be half critically
coupled by making use of a single symmetric mode [17], and the maximum of absorption
obtained here is only 0.5.

The results are also interpreted by making use of the Argand diagram, in which the real
and imaginary parts of a physical parameter are plotted. In this case, the Argand diagram of
the two eigenvalues y; = |Rr + T7|?> and ¥» = |Rr — T7|? of the problem is plotted from
50 to 100 Hz as shown in solid blue lines in Figures 3(c ) and 3(d), respectively. Note that
each frequency corresponds to a point in this diagram, therefore, the analysis of a range of
frequencies produces a line. Both eigenvalues v and v, follow a circular trajectory in each
diagram. The sense of the increasing frequencies is shown with arrows. It is clearly seen
that only the trajectory of ¢y passes through the origin of the diagram as shown with the
purple point in Figure 3(c). The frequency corresponding to this point is f = 70.7 Hz and
corresponds to the frequency of maximal absorption, meaning that ¥; = 0 and v, # 0 at
the resonance frequency. As a consequence, the perfect absorption is only obtained for
the symmetric sub-problem at f = 70.7 Hz and the maximum of absorption of the general
problem is limited to 0.5.
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Figure 3. (a) Representation of |Rr|2,|T7|? and ar around the first eigenfrequency of the critically cou-
pled resonators in the transmission problem. (b) Displacement field obtained in the FEM model in the
vicinity of the inclusions along e; at Re(f) = 70.7 Hz in the transmission problem. The boundaries of
the resonators and the masses are outlined in white solid and dashed lines, respectively. (c) Argand dia-
gram of (Rt + Tr) from 50 to 100 Hz for ; = 0.7 (solid line), n; = 1 (dashed line) and 1, = 0.5 (dotted
line). The purple point corresponds to the maximum of absorption at f = 70.7 Hz. (d) Argand diagram
of (R — Tr) from 50 to 100 Hz. The point corresponds to the maximum of absorption at f = 70.7 Hz.

Such a kind of representation provides information about the effect of the losses on the
system. The Argand diagram of v is then depicted in dashed line in Figure 3(c) for the case
in which an excess of losses is introduced by the coating layer (i, = 0.5). The trajectory of
Y1 remains circular, but no longer passes through the origin due to the excess of losses.
As a consequence, ¥ does not equal 0 and the maximum of absorption is under 0.5. Note
also that in this case, the origin of the diagram is located outside the circular trajectory of
Y¥1. On the contrary, case where the system lacks losses as shown in black dotted line in
Figure 3(c), the circle still does not pass through the origin leading also to an absorption
lower than 0.5. However, the lack of losses is characterized in this case by a location of the
origin that is inside the circle of 1.

4.2. Reflection problem

The grating obtained in the transmission problem is now bounded by imposing a simply
supported boundary at a distance yp, converting the previous transmission problem to a
reflection one. As discussed in Section 3.3.2, perfect absorption can be obtained in this con-
figuration. The only free parameter that remains in this problem is the distance between the
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Figure 4. (a) Representation of |Rz|2 and arg around the first eigenfrequency of the critically coupled res-
onators in the reflection problem. The point corresponds to the maximum of absorption at f = 68.6 Hz.
(b) Displacement field obtained in the FEM model in the vicinity of the inclusions along e, at Re(f) = 68.6
Hz in the reflection problem. The boundaries of the resonators and the masses are outlined in white solid
and dashed lines, respectively. (c) Argand diagram of Rz from 50 to 100 Hz. The point corresponds to the
maximum of absorption at f = 68.6 Hz.

simply supported boundary and the grating. By doing a parametric analysis, it is found that
the perfect absorption is reached for yy = 8.95 cm.

Figure 4(a) depicts |Rg|? and ar of the grating resonator located at xg = 10cm and
Yo = 8.95cm in unit cells of width dy = 20 cm. An absorption ag >~ 1 at f = 68.6 Hz is
noticed, meaning that the incident plane wave is totally absorbed by the grating of res-
onators at this specific frequency. In order to interpret these results, the Argand diagram
is used once again for the reflection coefficient. Its trajectory in the Argand diagram from
50 to 100 Hz in Figure 4(c) also illustrates the perfect absorption of the incident wave. The
trajectory of Rg possesses a circular shape and passes through the origin of the diagram at
f = 68.6 Hz, meaning that |Rg| >~ 0 at this particular frequency. The perfect absorption is
therefore obtained at f = 68.6 Hz and «g = 1. This means that the critical coupling condi-
tion is fulfilled for this configuration at this frequency. The displacement response inside
the resonators at f = 68.6 Hz takes again the typical form of that of a first axi-symmetric
mode as shown in Figure 4(b).

4.3. Optimization of absorption by making use of local resonances and the
periodicity of the grating: platonic crystal

The results presented in previous subsections highlight the adaptability of the critical cou-
pling method to optimize the absorption of LRMs for flexural waves in 2D transmission and
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Figure 5. (a) Representation of |Rr|2, |Tr|? and a7 around the Bragg frequency of the platonic crystal in
the transmission problem. (b) Displacement field obtained in the FEM model in the vicinity of the inclu-
sions along e, at Re(f) = 196 Hzin the reflection problem. The boundaries of the resonators are outlined
in white solid lines. (c) Representation of |Rg|? and o around the Bragg frequency of the platonic crystal
in the reflection problem. The resonators are outlined in white solid lines. (d) Displacement field obtained
in the FEM model in the vicinity of the inclusions along e; at Re(f) = 217 Hz in the reflection problem.

reflection problems. This was made possible by using a geometry of inclusion that ensures
its first resonance at a frequency which is three times smaller than the Bragg frequency of
the grating, allowing a decoupling between the resonances and the Bragg scattering. This
section aims to show that such results can also be obtained at higher frequencies in the
case of platonic crystals, and where the first inclusion resonance f is close to the Bragg fre-
quency fprqgq Of the grating. The two same scattering problems are considered here, except
that the inclusions have no more an added mass in their center but consist of homogeneous
circular reductions of the plate thickness, on top of which a viscoelastic coating is placed.
All the properties remain the same as before except the inclusion thickness hg = 0.84 mm
and radiusa = 10 cm, the coating thickness h; = 0.7 mm and loss factor n; = 2, and the size
of the unit cell of the grating dx = 24 cm and dy. These properties provide a first inclusion
resonance at fo = 184.9 Hz and a Bragg frequency fy,q49 = 206.3 Hz. The properties of the
coating layer are also chosen to optimize the absorption of the system for both scattering
problems. The absorption coefficient ot reaches again 0.5 atf = 196 Hz in the transmission
problem as shown in Figure 5(a), whereas ag >~ 1 atf = 214 Hz in the reflection problem.

5. Conclusions

The absorption of a propagative flexural incident plane wave by an infinite grating of cir-
cular resonators in 2D thin plates is studied. The absorbing efficiency of this system is
analyzed by means of the reflection, transmission and absorption coefficients using the
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LMST for both the reflection and the transmission problems. In the transmission problem,
the physical conditions imply only one type of symmetry of the resonant modes, and limit
the absorption of the grating to 50%. Two strategies could be considered to obtain a per-
fection absorption. The first one would be to use degenerate resonators with two types
of symmetry at the same frequency. The second strategy would be to break the symme-
try of the resonators in order to treat the full problem with a single type of symmetry of
the resonance mode [14]. One way to break the symmetry of the resonators would be to
consider a stack of parallel gratings. The resonance of a stack of parallel gratings in plates
has already been studied for the transmission problem by Haslinger et al.[7,8]. In particu-
lar, Haslinger et al. brought to light the Elasto Dynamically Inhibited Transmission (EDIT) by
tuning and coinciding local symmetric and anti-symmetric resonances of a stack of three
parallel gratings of rigid pins with a shifted middle grating. This filtering effect is related
to the Electromagnetically Induced Transparency (EIT) in optic fields, and is characterized
by peaks of transparency due to the coherent interferences between the two resonators.
Although resonances have been studied in [7,8], the type of resonance obtained differs
from that presented in this work, in that the resonances in [7,8] are Fabry—Perot resonances
and not local resonances due to resonant scatterers. Therefore, these resonances are not
obtained from the geometry of the inclusions itself but from the spatial configuration of
the gratings. The wavelength related to the frequency range of interest in [7,8] is then of
the same order as the spatial configuration of the gratings. Note also that the analysis by
Haslinger et al. only focused on the lossless case, i.e. without inherent losses in the system.
No absorption phenomena have therefore been analyzed. In the reflection problem, per-
fect absorption is possible. The results of this work highlight the adaptability of the critical
coupling method applied to flexural waves for problems in thin plates. The resonators used
here, the type of incident wave and the boundary conditions have been chosen as sim-
ple as possible and give the key features for future designs of 2D subwavelength perfect
absorbers for flexural waves.
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Appendices

Appendix 1. Viscoelastic losses in the resonator: the RKU model for plates

Each resonator of the grating is covered by a thin absorbing layer of thickness hj, the losses of
which are considered frequency independent. The complex Young Modulus of the absorbing layer
is E/(1 — in;), where 5, is its loss factor. Each resonator can also be discretized in two homogeneous
axisymmetric layers, one containing the added mass and denoted by (m), and another without mass
denoted (0) (see Figure 1(b)). Using the RKU model for a plate [1], each layer of the resonators is
modeled as a single composite layer with a given effective wave number kf’ written as

» (1202001 —1?) 1+ oPH?, /4
ki = 2 D -p p ’ (A1)
Eh? (=i +1—inh? B

where i = 0 or m, and the indices 0, m and / stand for the parameters of the uncoated layer without

and with the added mass and of the absorbing layer, respectively, pf = "’ hf’, = Z’,Ep E’ and oz,’? =
3+6h + 4hf,2. The flexural bending stiffness DY for each layer can then be written as
3
E[(V+ M af) —i(n + vihi EFel)]. (A2)

T T 20—
The mass density of the composite layers corresponds to the mean value of the mass density of the
uncoated layer and the absorbing material, such that
phi + pihy
,OIP = ’T: (A3)
1

where hf = h; + h;, and the Poisson coefficient of the composite is considered the same as the
uncoated resonator’s:

vg =v. (A4)

Appendix 2. Computation of the scattering coefficients

This section aims at detailing the computation steps to determine the scattering coefficients of each
inclusion in the two scattering problems described in Section 2.1. To do that, a polar coordinate sys-
tem (O, e’,,e’ ) is attached to the center of each circular inclusion €; (see Figure A6). The position

vector according to the coordinate systems attached to each inclusion Q; is written as v= r’e/ + 9/e’

A.1 Quasi-periodicity

The displacement field in the infinite plate can be expressed as the sum of the incident plane wave
Winc and the scattered field wc by the grating. The latter is the sum of the scattered fields W’SC by each
inclusion €, thus the total displacement field reads as

W = Winc + Wsc = Winc(X) + Z Wéc(rj)- (A5)
JjeL

Each scattered field m/;c is first expanded upon outgoing propagating and evanescent waves in its
own cylindrical coordinate system using Hankel functions of the first kind and Bessel functions of the
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Figure A6. Sketch of the configuration of the scattering problem by an infinite grating of circular

inclusions embedded in a thin plate with the polar coordinate systems.
(A6)

second kind:
W) = 3 TAL HED (k) + Al Ko (ke T €7,
nez

where A{_| , and Ajkn are the propagative and evanescent scattering coefficients of </, respectively.
Due to the quasi-periodicity of the grating along ey, the number of scattering coefficients to deter-
(A7)

mine can be reduced by exploiting the Floquet-Bloch condition:
(A8)

A, =A%, ek ez,

Ay, =ARped je.
As a consequence of Equations (A7)-(A8), it is sufficient to determine the scattering coefficients of
oneinclusion £ to solve the problem. Moreover, Equation (4) can be expanded upon Bessel functions
using the Jacobi-Anger expansion [50] such that

Winc(r,0) = Y 1A Jn (kr') + ARCIn (kr)1 e, (A9)
nez
where AN = i =M% and AN® = 0 are the incident amplitudes and finc = —/2.

A.2 Lattice sum
The scattering coefficients of the inclusion ° are now determined. The total scattered displacement
(A10)

field wgc therefore takes the following form:
Wee @) = > 3 1A HD (k) + AR K (kr)] €.

JEZ nel

Graf's addition [34] theorem is then used to express all the fields scattered by each inclusion €/, with
j € Z*, according to the local polar coordinate system (0°, €2, ) attached to Q0. The total scattered

displacement field wsc can be expressed in the vicinity of Q° as

s (%) = > TAS  HD (kr®) + A% K (kr®)] e
nez
+ 3N IA S In(kr®) @ 4 AY SK_n (k1 e™’, 1 <dy—anql (A1)
neZ qeZ
(A12)

where S and S§_ are written as
S =D H g (kid) (€ + (=1)""T e7Uk),

j>0
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K o= Koq(kid) ((—1)" eV 4 (—1)7 V), (A13)
j>0

In particular, Equation (A12) is known as the lattice sum or the Schlomilch series. Such a serie arises
naturally in scattering problems where the scatterer is an infinite periodic structure and accounts for
the contribution of the fields scattered by €/, where j € Z*, to the near-field close to ° [35]. The form
of the series as written in Equation (A12) is not suitable for numerical computation due to its very slow
convergence. However, it can be transformed into another expression which is amenable for compu-
tation [35,37]. As H(1)n(kjd) (- 1)”*‘7Hf,1_)q(kjd), S,'I,Lq = S;L,,. Furthermore, the transformation of
this serie takes several forms whether the order |n — g| is even, odd or 0 [35,37]. f n—q = 0:

kd 2 2
SH=—1-={(C+1In S < Al4
71( i (4 >>+kd5|n<1>o+m (kdsmd>0+> (A14)

where @, = arcos(cos Oinc + 2’"’T) and C is the Euler constant.
If |[n — q| is even,

|(n q) sign(m)®

~ =" Z s T2 (A15)

where N = (n — q)/2, sign(m) is the sign of m with the convention sign(0) = +1 and

N 2m

1 (=1M22"(N+m— 1! (27
— — Bom(0), A16
T mz_: 2m){(N — m)! kd 2m(0) (A16)

with By, the Bernoulli polynomial.
If |[n — q| is odd,

ei(2M—1)sign(m)d>m
SHoo=2— =My ————— + 2, A17
n—q G) I,;z e (A17)

whereM = (n—qg+1)/2and

M—1 ma2m 2m—+1
CUE D2 M A m =) (2w
A= mZ=O em+ )M —m— 1) <kd) Bam+1(0)- (A18)

Note that this slow convergence concerns only S,",', in the lossless case and not 55 g since Kn(x)
is exponentially decaying with the increasing argument x. Using the appropriate expression of the
Schlémilch serie, the total displacement field in the polar coordinate system (O°,e?,e2) takes the

following form in the vicinity of Q° (° < dy — a N Q9):

w(®) = Z[AEL,, H (kr°) + AR Kn (kr®)

nez

+ (Apn™0 A8 )In k®) + ALl (k)] €, (A19)
where

=Y AgShg and AR, =D AR.SK 4 (A20)

qeZ qeZ
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A.3 Flexural field inside the inclusions

A multilayer scattering approach is adopted to characterize the flexural field inside each inclusion [51].
This approach gives the relation between the converging and diverging amplitudes at the interface
inside the inclusions between the two circular coated layers (m) and (0). The flexural field W'g of layer

(0) is therefore described as the sum of the field W'g_ transmitted by the surrounded plate with the
field wh ™ scattered by layer (m):

wh=wh +whT = ALK + A1 (kG + AV HID (KEP) + ACHKn (KE). (A21)

n n
nezZ

The notation ~ describes a converging propagation of the fields towards the center of the inclusion
and T denotes a diverging propagation. Due to the singularity of H,(2) and K,(z) when z = 0, the
field of layer (m) has to be described as

wh = AT In (ko) + A1 (Kb, (A22)

Jn I,n
nez

A.4 Reflection coefficient of isolated ©2°
A?> e B andws - (4
A - — ,n ; X — ,n ,n
By using the notations Wnyj = <A(D ),j =0orm, Wn'0 = (A(“ >, w, = (A:,:]C> and W, = (Aﬁo ),
Ln K,0 , 9
the scattering relations at the interface between layer (0) and layer (m) and between layer (0) and
the surrounding plate at the order n can be written in the case of a single inclusion as

Wom = Tl:,mwr:,o'

w:,o = R;mw;o, 23
W;,o = T;,oW;f

Wy =R W, + T W,
where T and T;'lm are, respectively, the converging and diverging transmission coefficients at the
order n at the interface, and R, and R;m the converging and diverging reflection coefficients at the
order n, respectively. T, ., T4 Ry and R, are obtained by writing the boundary conditions at
eachinterfaces, i.e. the continuity of displacement, displacement normal derivative, bending moment
and (Kirchhoff) shear force, and by considering two types of incidence: converging incidence and
diverging incidence [51]. Assuming that all the scattering coefficients are known, it might be possible
to express the amplitude of all the converging and diverging fields as a function of the incident field

R .
R%.;) in the case of a prop-
Rﬂ

Rﬁ ) in the case
22

outside the scatterer and its scattering coefficients. In particular, W = (

agative incident wave of unit amplitude as expressed in Equation (A9) and W = (
Ry RY

of a pure evanescent incident wave with A" = 0 and A:r}f =i", whereR" = [R

Jn ] is the reflection

iy o n R
coefficient of a single inclusion.

A.5 Boundary conditions at I'g for the transmission problem

The scattering coefficients of ° are determined by means of the boundary conditions at the interface
o between the scatterer and the surrounding plate, i.e. the continuity of displacement, displacement
normal derivative, bending moment and (Kirchhoff) shear force [52], and by considering the scattered
amplitudes by the other inclusions of Equation (A20) in the incident field propagating toward 0. In
the case where the scattered field is expanded upon N orders of Hankel functions and modified Bessel
functions of the second kind (n € [—N; N], N € Z), the scattering coefficients are determined from the
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boundary conditions by solving the following system:

0 —N 0 cH —N 0 K —N 4inc,0
AH,N — Ry ZAHqS—N—q — Ry ZAKqS—N—q =Ry AIJr,EN

qeZ qeZ
0 —N 0 cH —N 0 cK _ p—N4inc,0
Ak_y — Ry ZAHqstfq — Ry, ZAqufoq =Ry Ay
qe’ qe’

0 0 0 cH 0 0 K 0 ,inc,0
AHO — Ry, ZAHqsofq — Ry ZAquofq = RHATOC

qe’z qe’Z (A24)
0 0 0 cH 0 0 K 0 4inc,0 :
AKO — Ry ZAHqso—q — Ry ZAKqSO—q = ’3’21"‘3'?0C
qeZ qeZ

0 N 0 cH N 0 K N 4inc,0
AHN — Ry ZAHqSN—q — Ry ZAKqSN—q = RHATACI

qeZ qeZ
0 N 0 cH N 0 K _ pN inc0
Aky — R21 ZAHqSN—q — Ry ZAKqSN—q =RuAN
= qeZ

The sums are truncated in practice to n € [—N; N] by using the following numerical recipe [53]:
N = floor(4.05(ka)'/* + ka) + 10 (A25)

to ensure their convergence. Note that this truncation concerns only the Hankel functions of the first
kind and the Bessel functions of the second kind in the scattered field, and that the lattice sum which
runs over the spatial repetition of the unit cell is evaluated independently of this truncation.

A.6 Boundary conditions at T'q for the reflection problem

The displacement field inside the unit cell 22 can be expressed as the sum of the scattered field inside
Qc (i.e.for0 < y < yo — a) and the reflected waves at the boundary ' such that

e I T RTY L L S !
W?(X) — Z f,5+ eikcx+ikyy + fﬁ ol x—ikyy + f;i+ elvx X+ivy'y | f/i elvx x—iny'y
HEL

+ Z Aﬂ Kz;’: e~ ik xoiky a ik x-+iky (y—(vo-+a))
n
nez

+ A&n K,ej e—iV;LXOZFina eiV;lXiin(Y—Uo+a))l (A26)

where the upper signs are taken wheny € Q% (y > yo + a) and the lower signswhen 0 < y < yo — a.
f,’fr and f,’f* account for the amplitudes of the ingoing and outgoing propagative Bloch waves in
Q9, respectively, whereas f;'j+ and fg~ correspond to the amplitudes of the ingoing and outgoing
evanescent Bloch waves in Q‘c’, respectively. The scattering coefficients in w as well as the waves'’
amplitudes of W? are determined by means of the boundary conditions at I'™ and I'P. The boundary
conditions at I'? and the continuity conditions at ' imply

L & iKY
/ wl e X dx = / wt e X dx
0

0 +
, yel™, (A27)
dy dx
/ owe oKX gy :/ W' ikix gy
o 9y o dy
and
dy .
/ wle kX dx =0

0 , yer®. (A28)

dy 92,,,0

x 94w, v

/ 2C e_'kXXdX:O
o Oy
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Applying the boundary conditions at ', I'" and making use of the orthogonality relation
. Sl v . - :

Jo ekix @=kix dy = 278, the amplitudes £, £, £+ and f2~, and the propagative and evanes-

cent reflection coefficients Rf, and R%, can be expressed as

f5+ = —8q0 eik‘y‘ (Yo+a) _ %AH,,K,’Z; e—ik;‘xo+ik’y‘y0, (A29a)

o= = 8,0 €l 00T, (A29b)

for = — rg Ak, KSn e~ Xo+in'yo. fe =0, (A29¢)

Rﬁ = —8u0 eizk;‘(yoJra) + rg Au, eik;‘(yo+a) (Kﬁ?,L efiki‘XO—iky"yo _ Kﬁ; efikfonrik}’,‘yo), (A29d)
RE = EZ:AK” &%y o+a) (K& e i Xo—iyy'yo _ Ke, e—ikexo+ivy'yoy, (A29¢)

fi,~ and f5~ account therefore for the incident wave amplitudes in Q0, whereas 2" and fet accounts

for the reflection at I'P of the incident wave and the scattered field by °. The scattering coefficients
An, and A, of Q0 are again determined by means of the boundary conditions at I'y. However, it
requires beforehand to expand the exponential terms of w? upon Bessel functions in the coordinate

system (0°, e?, €2) by using the Jacobi-Anger expansion, such that

TR in6®
f/’f’ elkx x+|kyy — Z Fﬁ;-’n (kro) emH , (A30a)
nez
iy x-tiyy)! 0y @in6®
f§+ elvx Xty — Z Fzﬁln(kr yeln (A30b)
nez
with
o __an . 3 ) M s M
Fin = (‘auo el 0ot — % AL Kiim e X°+'k”°> i @i @ik X0tk Yo (A31a)
meZ
Cn : I
Fot = 37 A2 Ko e 0 gy i girotiny, (A31b)
meZ

Hence, if the scattered field is expanded upon N orders of Hankel functions and modified Bessel func-
tions of the second kind, the scattering coefficients are determined from the boundary conditions at
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g by solving the following system:

0 —N oH —NoK _ p—N inc,0 ikl (yo+a);—N N6, ikl xo+ikl yo
ANy — RSy — RS y = RV LATN = D 8u0e™ iN @iN0i gikicxotiky

WEZL

0 —N oH —NoK _ p—N inc,0 ikl (yo+a):—N LiNO, ikl xo+iklyo
ARy — Ry Sy — Ry SEy = Ryl | ATSN = D 80 P e e

WEZL

. L I s
8,58 — oS = R (A'f‘g” - 3 ol o i

NEL
(A32)
N S i G
A&o — R, 8¢ — R, 86 = RY,; "\IJnoc'o - Z 8u0 elky bo+a) gikxotiky yo
HEL
Aﬂ . RI]\I] S,’(,I . Rl1\l2 Sﬁ _ RI]\I] AiJnNc,o - Z 8.0 eik,‘,‘(yo+a)iN o= iN6, eikx“xo+ik§,‘y0
N ,
WEZL
A%v _ RI2V1 SII\-II _ Rlzvzsﬁ _ R% AiJnI\(l:lo _ Z 510 eik},‘(yoﬁ-a)iN o= iN6u eikx”Xo+ik,7yO
NEL
with
H _ 0 H P2kl v, p—:n ,—inb,
Sy =D A | Shg— D ek PrineT ™ ], (A33a)
qeZ WEZ
K _ 0 K 2y} vo yre— n ,—ing,
Sh=D A% |Sh-q— D P K (— 1) e | (A33b)

qeZ WEL
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