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Abstract

The development of vibration control methods adapted to light structures is a scientific and
technological challenge over past decades due to increasingly stringent economic and ecological
standards. The classical passive solutions for vibration damping usually rely on adding mass
into structures, therefore conflicting with the lightweight issues.

Meanwhile, recent promising studies in audible acoustics have focused on broadband wave
absorption at low frequencies by means of subwavelength perfect absorbers. Their design requires
the fulfilment of two conditions: (i) increasing the density of states at low frequencies by using
local resonators, and (ii) matching the impedance with the background medium by controlling
the ratio between the inherent losses of the resonator and the leakage of energy due to the
aperture of the resonator to the propagating medium. Particularly, the impedance matching
corresponds to the situation in which the amount of inherent losses in the resonator equals the
amount of energy leakage, and is known as the critical coupling condition. Such absorbers have
proven effective for the total absorption of the energy of an incident wave by audible acoustic
metamaterials, and a generalisation of the method to elastodynamics fields could be of great
interest to comply with the conflicting requirements for the vibration control of light structures.

This thesis aims at adapting the problem of perfect absorption for flexural waves in 1D and
2D systems with local resonators by using the critical coupling condition. First, 1D systems with
simple geometries are studied to prove the efficiency of the method for flexural waves. This first
preliminary study aims at opening up new avenues to the design of simple resonators for efficient
flexural wave absorption, showing also the limits of absorption induced by the geometry used in
the study. The 1D systems are then complexified by considering the study of the critical cou-
pling of 1D Acoustic Black Holes resonators. This motivated its interpretation via the concept
of critical coupling in order to provide the key features to future optimisation procedures of
such a type of termination. Then, the 1D perfect absorbers are extended to 2D, extending the
formalism of the critical coupling condition to 2D systems. The perfect absorption of the first
axisymmetric mode of a circular resonator embedded in an infinite thin plate is firstly analysed.
The multiple scattering of 2D systems is analysed to consider configurations close to practical
applications. To that end, an infinite array of penetrable and dissipative circular scatterers, em-
bedded in an infinite or semi-infinite 2D thin plate, i.e. a metaplate, is considered. Through this
thesis, analytical models, full wave numerical simulations and experiments are used to validate
the physical behavior of the presented systems, showing good agreement between them.

Keywords: Passive wave control, Flexural waves, Metamaterial, Locally resonant structure,
Perfect absorption, Critical coupling, Acoustic Black Hole.






Résumé

Le développement de méthodes de controle des vibrations a basse fréquence adaptées aux
structures légeres est un défi scientifique et technologique des derniéres décennies en raison des
contraintes économiques et écologiques de plus en plus strictes. Les solutions passives classiques
pour 'amortissement des vibrations reposent généralement sur ’ajout de masse dans les struc-
tures, ce qui va a l’encontre des problémes d’allegements.

Parallelement, de récentes études prometteuses dans le domaine de 'acoustique audible se
sont concentrées sur I’absorption large bande des ondes a basse fréquence au moyen d’absorbeurs
parfaits sub-longueurs d’onde. Leur conception nécessite de remplir deux conditions générales :
(i) augmenter la densité d’état a basse fréquence en utilisant des résonateurs locaux, et (ii) adap-
ter 'impédance au milieu de propagation en controlant le rapport entre les pertes inhérentes du
résonateur et les fuites d’énergie dues a I'ouverture du résonateur vers le milieu de propagation.
En particulier, ’adaptation d’impédance correspond a la situation dans laquelle la quantité de
perte inhérente dans le résonateur est égale a celle des fuites d’énergie, et est connue sous le nom
de condition de couplage critique. Ces absorbeurs ont prouvé leur efficacité pour ’absorption
totale de ’énergie d’une onde incidente par des métamatériaux en acoustique audible, et une
généralisation de la méthode pour le domaine élastodynamique pourrait étre d’un grand intérét
pour répondre aux exigences contradictoires du controle des vibrations des structures légeres a
basse fréquence.

Cette theése vise a adapter le probleme d’absorption parfaite des ondes de flexion dans des
systemes 1D et 2D avec des résonateurs locaux en utilisant la condition de couplage critique. Les
systemes étudiés sont complexifiés progressivement pour comprendre pas a pas les principaux
mécanismes physiques de ’absorption parfaite de ’énergie des ondes de flexion. Les systemes 1D
a géomeétries simples sont d’abord étudiés pour prouver efficacité de la méthode pour les ondes
de flexion. Cette premiere étude préliminaire vise a ouvrir de nouvelles voies & la conception de
résonateurs simples pour une absorption efficace des ondes de flexion, et montre également les
limites d’absorption induites par la géométrie utilisée dans ce type d’étude. Les systemes 1D sont
ensuite complexifiés en considérant I’étude du couplage critique de Trou Noir Acoustique (TNA)
1D. Ceci a motivé I'interprétation de I'effet TNA & I’aide du concept de couplage critique afin de
présenter des outils clés a de futures procédures d’optimisation pour ce type de terminaisons. Le
formalisme de condition de couplage critique est ensuite étendu aux systemes 2D. L’absorption
parfaite du premier mode axisymétrique d’un résonateur circulaire inséré dans une plaque mince
infinie est d’abord analysée. La diffusion multiple des systemes 2D est analysée pour considérer
des configurations plus réalistes, proches d’une application industrielle. Pour cela, une infinité
de diffuseurs circulaires pénétrables insérés dans une plaque mince 2D infinie ou semi-infinie,



appelée métaplaque, est alors considérée. A travers cette these, des modeles analytiques, des
simulations numériques et des expériences, montrant un bon accord entre eux, sont présentés
afin de valider le comportement physique des systemes présentés.

Mots clés: Controle passif d’onde, Absorption parfaite, Onde de flexion, Couplage critique,
Métamatériau, Trou Noir Acoustique, Structure localement résonante.
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Chapter 1

Introduction

1.1 Challenges of vibration control for light structures

Weight reduction of structures is an important concern in the engineering domain. The eu-
ropean transport industry is one example through its more stringent carbon emission standards,
imposed by the European Union’s objective to further reduce CO4y emissions through vehicle
technology. These measures have obliged manufacturers to change their way of designing ve-
hicles. The fuel consumption of a vehicle, and so its CO2 emissions, is directly related to its
mass: a heavy vehicle would need to consume more fuel to overcome forces resisting vehicle
motion during a driving cycle than a lighter one. However, the lightening of the structure may
be accompanied by an increase of vibration amplitude, which may be a source of structural da-
mage as well as noise radiation. This structural damage usually corresponds to fatigue failures
which are due to stresses coming from the dynamic loads of vibration on the structure. The
loads do not necessarily need to stress the components above their yield point to cause damages,
however a high number of cycles of vibration is sufficient to cause a mechanical failure. Noise
radiation may be an even more significant problem as it may create undesirable effects on people
and their hearing [I [45]. This issue is therefore also a health concern: noise radiation may lead
to a variety of effects including annoyance, reduced cognitive performance, sleep disturbance
and hearing loss of those who are exposed to it [45]. The mitigation of the vibration amplitude
to avoid all these inconveniences is nevertheless difficult to reconcile with the problematic of
weight reduction, showing that the development of vibration control methods adapted to light
structures is a crucial issue.

1.2 Overview of common methods for vibration control

The usual ways to control vibrations rely on active, semi-active or passive methods [I51].
The physical mechanisms used in each of them are various and clearly different, but they can
be grouped into few categories:

— changing the stiffness or mass of the structure in order to shift its resonance frequencies

out of the range of the source frequency,

— reducing the vibration amplitude of the structure at its resonance frequencies,

— Adding secondary sources to mitigate the primary one by using destructive interferences.

13



Introduction

This section aims at introducing the various damping methods. In particular, active and semi-
active damping methods are briefly described below since this dissertation focuses only on passive
damping methods. The description of the systems in this section is done according to three
frequency ranges from the vibration point of view: the low, medium and high frequency ranges.
Such frequencies ranges in vibration are not easy to define. However, a delimitation between each
range can be made for any complex system by looking at the behaviour of its transfer function
[136]. The low frequency range is characterised by a distinct resonant behaviour of the system
with sharp and well defined resonance peaks in its transfer function. In the intermediary range,
also called medium frequency range, the transfer function is sligthly smoothed and local groups
of resonance peaks are observed due to the increase of the modal overlap. In the high frequency
range, a smooth behaviour of the transfer function is commonly noticed and the diffuse field
assumptions are reached. These ranges can also be delimited using the Modal Overlap Factor
(MOF), which is defined as the ratio between the modal bandwidth at half amplitude A_s4p and
the average modal spacing between two consecutive modes A f,:

~ Asas
MOF = S, (1.1)

The frequency ranges in vibrations may therefore be delimited as follows [54]:
— MOF < 30%: the low-frequency range in which the structure admits a resonant behaviour,
— 30% < MOF < 100%: the mid-frequency range in which the modal overlap is higher,
— 100% < MOF: the high-frequency range in which diffuse field assumptions are reached.

1.2.1 Active and semi-active control methods

Active damping methods are implemented by bonding piezoelectric transducers to a flexible
structure using strong adhesive materials. These transducers can be used as actuators, sensors,
or both. The transducers, when used as actuators strain when exposed to a voltage, and inver-
sely produce a voltage when strained as sensors. A typical active damping method consists of
applying a voltage to the actuator to minimise the unwanted vibration of the structure [9, [149].
The voltage is controlled by a sensor which is most of the time identical to the actuator and
collocated on the structure to measure its vibration. The method has been developed for beams
[60] and thin plates [58] and applications on reduced noise radiation [I11] or vehicles have been
proposed [56, [150], among others.

The semi-active damping methods, also known as piezoelectric shunt-damping, use piezoe-
lectric transducers which are shunted by a passive electric circuit that dissipates mechanical
energy of the structure. The difference between active and semi-active methods is that no ac-
tive control of the voltage is performed in semi-active method. The pioneering work of Hagood
and Von Flotow [87] showed that a single shunted piezo-electric patch simply made of a single
resistance (resistive circuit shunting) or a serie RL circuit (resonant circuit shunting) can be
used to dissipate the mechanical energy of a structure at one given frequency. Numerous works
have then presented analysis of the efficiency of such systems for wave cancellation at a given
frequency 46, [49], and methods of optimisation [I3], [142] have been proposed. The extension
over broader frequency bands has also been developed by complexifying the shunting circuits
[14, 15, 194], and has been applied to beam [12], thin plate [34] and plate [29] systems.
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2. Overview of common methods for vibration control

The main interest of active and semi-active damping methods relies on the possibility to
tune the parameters according to the frequency. However, their implementation requires a large
number of active elements inducing substantial design costs and sometimes maintenance issues,
which restricts their industrial implementation.

1.2.2 Passive damping methods
a) Intrinsic damping

As a structure vibrates, forces appear in the material, resulting in losses by heat dissipation
and therefore to vibration damping. This dissipation can be characterised for a given material
by a loss factor 7. More precisely, 1 expresses the delay between stress and strain. Hence, the

Hooke’s law at the time ¢ and in the formalism e~ ** reads as:
O' .
E=-"2 = Eype ™, n >0,
ege™

where E is the complex Young’s modulus describing the damping properties of the material,
oq the force applied to the material, €y its related strain, and the ratio oy over €y corresponds
to the storage modulus or the lossless Young’s modulus Ey which describres the stiffness of
the material. This complex Young’s modulus is also used in another form which is obtained by
applying the Taylor expansion of e~ and by assuming low damping, such that:

E = EO(l - ”7)7

where the real part of E represents the elastic effect and the imaginary part represents the
dissipation. The damping representation by means of a complex Young’s modulus has been first
introduced by Myklestad [I31] and is now widely used to characterise and quantify damping
properties of materials. A way to effectively reduce the vibration amplitude of a structure by
using its intrinsic properties would consist in choosing materials with a high damping factor 7.
Unfortunately, most of materials having a high damping factor have also a weak storage modulus
and vice-versa. Materials with good intrinsic damping properties are therefore soft, which limits
their industrial implementation where materials with a good mechanical strength are sought.
This relation between Ey and 1 can be depicted in the form of an Ashby diagram as shown in
Fig. Such a type of diagram is a scatter plot of materials according to two or more properties
[7], and is useful to compare the ratio between different properties for the materials selection in
mechanical design. The materials located at the top-left of the diagram in Fig. correspond to
soft material with high loss factor ranging from polymeric foams to elastomers whereas materials
located at the bottom-right correspond to stiff material with low loss factor such as ceramics
and alloys.

b) Viscoelastic materials

Another way to take advantage of the intrinsic damping property of materials is to apply
add-on type damping, which consists of gluing a viscoelastic material with a high loss factor on
one side of the structure (Fig. [1.2). The bending of the structure produces extensional strains
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FIGURE 1.1 — Ashby diagram of the loss factor against the storage modulus [7]

in the viscoelastic layer in directions parallel to the structure surface, leading to energy storage
and/or dissipation of vibration energy. This strategy ensures a good mechanical strength of the
system by using a bearing structure, while introducing damping by means of the viscoelastic
material. These viscoelastic materials are mainly polymeric materials, ranging from natural or
synthetic rubber, through various adhesives to industrial plastics [102]. This damping mecha-
nism has been first modeled by Oberst in the case of a simply supported beam layered by a
viscoelastic material [I35]. This model provides modal parameters of the first flexural modes
of the composite system as well as its equivalent material and geometrical characteristics. This
has been thereafter generalised by the Ross-Kerwin-Ungar (RKU) model for two layered and
three layered models [I54) 178].The development of measurement methods of the dynamic pro-
perties of damping materials have then emerged from the pioneering model of Oberst and RKU
[173] 193]. These methods are not only limited to the characterisation of viscoelastic material
for vibration applications, but are also used for porous materials in acoustic applications [95].
Various applications using RKU and Oberst models have been proposed such as the design
of omnidirectional broadband insulating devices [40] and of Acoustic Black Holes [106] or the
study of tyre/road interaction noise [I39], to cite a few. More advanced methods have also been
presented for measuring the dynamic properties of composite materials, including Virtual Field
Methods [147] or Inverse Methods [I86], as well as methods for characterising the vibrational
behaviour of layered structure, such as higher-order theories [86], 152, 191] or dynamic stiffness
approaches in Wave Finite Element method [38] 37], to name a few.
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2. Overview of common methods for vibration control
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FIGURE 1.2 — Plate with attached viscoelastic layer. (Add-on type damping) [179]
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FIGURE 1.3 — Diagram of a stand-off layer damping system. [I51]

Viscoelastic materials are mainly chosen in vibration control engineering. Commercial air-
craft applications, for instance, use stand-off damping layers to provide damping treatment in
fuselages. Such a type of treatment is a variation of the add-on type method and consists in
spacing the damping layer with the structure in order to increase the shear deformation in the
viscoelastic layer and, as a consequence, the damping capacity of the treatment (see Fig .
Another example is that of automotive companies which use laminate material [203], which
consists of bonding two pieces of metal together with a viscoelastic adhesive. This damping me-
thod differs from classic add-on treatments, since it consists of replacing the original panel with
a new damping one. Figure depicts the simulation of the vibration response of a car dash
panel by using Finite Element Method for two materials: laminate and steel. The damping effect
of the laminate material is characterised by a smooth vibration response, and clearly contrasts
with the resonant behaviour of the steel panel.

The use of viscoelastic material in industrial applications has proven effective. However, it
requires an addition of material most of the time, and as a consequence, mass to the structure,
which is inconvenient on both an environmental and economic level.

c) Damping systems with graded properties

Materials with a graded impedance. Another approach to damp the vibration of struc-
tures is the use of systems with graded properties. This has been treated first in the work of
Vemula et al. [I81], in which they proposed to gradually change the impedance at the edges of
a beam system along the propagation direction of flexural waves as shown in the left figure of
Fig. To do this, several beams with different materials are combined together leading to
a decrease in impedance at the interfaces as the wave propagates toward the free end of the
system. A large attenuation of the wave reflections at the edges of the structure is therefore
obtained (see the right figure of Fig. The attenuation efficiency is directly linked to the type
of impedance variation at the end of the beam. This attenuation is achieved over a wide band
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FIGURE 1.5 — Diagram of a graded impedance interface at the edge of a steel bar [I81] (left).
Reflected energy by four configurations of graded edges of a steel bar: (- - - -) steel bar; (- - - -)
steel bar, Al; (- — — —) steel bar, Al, Lucite; ( ) steel bar, Al, Lucite, Composite. (right)

of frequencies and is more efficient for higher frequencies. However, it is accompanied by a large
amplitude of the propagating waves, since the amplitude increases as the impedance decreases
due to the conservation of the energy flux carried by the wave. The results have been obser-
ved experimentally and explained by means of an analytical model with a S-matrix formulation
based on Mindlin and Kirchhoff theory for flexural waves. The method has thereafter been ex-
tended to longitudinal waves by Chen et al. [35] where the impedance mismatch is controlled
by means of shape memory alloy (SMA) inserts, which are smart materials that change pro-
perties when heated. Other applications have also been proposed, such as wave cloaking [68]
or non-destructive evaluation techniques [I15]. In particular, Liew et al. studied in Ref. [115]
the suppression of reflections at the boundaries of a beam waveguide by using Metal-Polymer
Functionally Graded Materials (FGM). FGM is a two-component composite whose composition
varies from one component to the other in a continuous manner, as shown in Fig .
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2. Overview of common methods for vibration control
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FIGURE 1.6 — Picture of the Aluminium-Polycarbonate FGM used in Ref. [I15] where light areas
are aluminium while dark areas are polycarbonate.

Acoustic Black Holes. Using Euler-Bernoulli or thin beam theory, the bending wave
impedance of a beam is expressed as FIk? where F is the Young’s modulus, I the second
moment of area and k the wavenumber. Another way to obtain a system with graded impedance
than gradually changing the material is to modify k& which is also dependent on the thickness
of the system. Thus, the impedance of the beam can be graded if the thickness is continously
changed. From this statement, Mironov proposed to take advantage of the beam properties by
continuously decreasing the thickness toward the beam edge along the propagation direction of
flexural waves [I27] (see FiglL.5). This thickness decrease follows a power-law and vanishes at
the extremity of the beam. In the case where the varying thickness profile is expressed along the
z-axis as h(z) = ex™, the wavenumber k of the beam can be written as

—1y24/12p
k =€ 1/2 Y WCE /2, (].2)

where w is the circular frequency and p the mass density. The local phase velocity c4 and group

w o Bw? o
= — = —_— 1'
2
. - %‘,: _ ms/i‘: 2-D/2, (1.4)

By tending x towards zero, or equivalently by tending h towards zero, cs and c, tend also

velocity ¢, therefore read as:

towards zero. As a result, the flexural wave slows down by propagating along the termination
due to the decrease of thickness until reaching a zero phase ¢4 and group c, velocities at its
extremity. The wave is therefore trapped at the extremity of the beam and is not reflected back.
This slowdown is accompanied by a large amplitude of the propagating waves due to the conser-
vation of the energy flux. The amplitude at the beam extremity may therefore become infinite
in the conservative case due to its zero thickness, creating a singular point at the extremity.
This wave trapping system is the so called Acoustic Black Hole (ABH). Such an ideal system is
compact and lightweight since its does not require additional mass to provide absorption, but
it needs a continuous decrease of the thickness until zero. The main limit of such a system in
practice is that the thickness profile must be truncated. This leads to a non-null thickness at its
tip and therefore to a significant reflection of the flexural waves. Krylov proposed the addition
of a thin layer of viscoelastic material along the ABH profile to make up for the truncation
[107, 106]. The combination of the power-law shaped wedge and the effect of a thin absorbing
layer reduces significantly the wave reflection coefficient as compared to an uncovered ABH as
shown in Fig. He also showed the influence of the position of the truncation at the edge on
the reflection coefficient. A longer ABH provides better absorbing performances than a shorter
one for a given thickness power-law. These studies led to other devices in which the ABH effect
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and the presence of losses damping are combined such as spiral ABHs [112] which provide as
good damping efficiency as classical ABHs with the same thickness profile while meeting the
constraint of space limitation, compound ABHs which produce more effective ABH effect while
ensuring better structural rigidity [207], and ABH resonant beam dampers which use the ABH as
dynamic vibration absorbers [208]. The reflection coefficient of 1D ABH has been widely studied
through various methods, including plane wave model [79], multimodal approaches [53], finite
difference [54], finite element methods [I59] and wavelet decomposition [I71], among others.
Other strategies have also been employed to enhance the ABH performance, such as the use
of extended platforms to facilitate practical implementations of the ABH [IT], [170], the use of
constrained damping layers [51] or the use of beam non-linearities [55].

Krylov extended later on the operating principle of the ABH to axi-symmetric circular fea-
tures which consist of circular pits with power-law varying thickness [105] (see Fig. . These
systems can slow down and trap flexural waves similarly to 1D ABHs with omni-directional ab-
sorbing properties. However, the 2D thickness profile of the ABH must be truncated in practice
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2. Overview of common methods for vibration control

F1GURE 1.9 — Diagram of a typical 2D circular ABH with a radially dependent thickness profile
h(r) and a central plateau. (adapted from [41])

similarly to the 1D ABH. Two cases can therefore be considered and have been firstly studied
by Aklouche et al. [3]: having a hole at the center of the practical ABH due to the truncation,
or filling the hole with a plateau of thickness equal to the residual thickness of the truncation.
The efficiency of 2D ABHs as flexural vibration dampers has been experimentally highlighted
for the first time as part of the thesis of Cuenca [47] and published in |21}, [77, [79], thereafter. The
focusing or trapping effect of 2D ABHs have been experimentally and numerically highlighted
by Yan et al. in the ideal case, with a residual thickness and with a central plateau [201], 202].
They showed that the weaker efficiency of an ABH with a central plateau is due to the fact that
only a portion of the incident wave is focused in the ABH in this case. Aklouche et al. studied
the scattering properties of an ABH whose thickness follows a second order power-law in an
infinite plate [4]. The results exhibited a cut-on wavenumber below which the trapping effect
of the ABH is inefficient, showing the limits of such damping devices at low frequency. Other
kinds of applications using the 2D ABH system such as insulating [40] and lensing [41}, 210] de-
vices have been also proposed. Studies introducing multiple ABHs embedded in periodic lattice
configurations have also been carried out. These lattices form platonic crystals and give rise to
unusual wave propagation properties such as double refraction [209] or lensing [210], to cite a
few. The concept of platonic crystals and their properties are developed later in this chapter.

The main damping effect of such 1D and 2D systems appears in the mid-frequency and high-
frequency range, as shown in Fig. As a consequence the damping effect at low frequencies
is weak and the ABH is not useful for a plethora of technological applications in which the low
frequencies are the main source to be damped.

d) Tuned vibration absorbers

The use of Tuned Vibration Absorber (T'VA) is also relevant to damp vibration. This de-
vice was invented by Frahm in 1911 [76] and consists in adding a reaction mass and a resilient
element on the treated structure. In tonal applications, they are generally tuned to interefere
with the structural vibration at the disturbance frequency. This leads to an alteration of the
frequency response of the primary system and introduces another resonance in the composite
system due to the additional degree of freedom provided by the TVA. Their design focuses
on having a precise tuning of the mass and the damping to the disturbance frequency and on
controlling the damping to an appropriate level in order to have reasonable displacement am-
plitude of the TVA mass. The damping effect of such a system may be broadband when the
structure is lightly damped. TVA can be designed using the impedance coupling method [66]
that uses the impedance of the TVA. This method avoids heavy computations of the complete
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F1GURE 1.10 — Tuned Vibration Absorber attached to the end of a cantilever beam excited
by a sinusoidally varying force at its free end [167] (left) and transmissibility across the beam
according to dimensionless angular frequencies with (solid line) and without TVA (dashed line)

[167] (right). An additional resonance provided by the TVA can be noticed below the first
resonance frequency.

system since only the attachment point between the TVA and the background medium is com-
puted. The simplest design of a TVA is a mass-spring oscillator with viscous damping on the
structure to be treated or a mass with a viscoelastic spring system as shown in Fig. Several
design variations have been nonetheless proposed over the years such as a pendulum-type ab-
sorber [6] to control vibration of an inverted pendulum type structure, multi-degree of freedom
TVA which showed an improvement in the response of the conventional TVA by the introduction
of a significant trough in the frequency response function [I68] and broadband performances [22].

TVA can also be used in the case of infinite media rather than finite structures [23]. The de-
vice is sometimes called Tuned Vibration Neutraliser (TVN) and aims to suppress propagating
waves in the system rather than influence its resonant behaviour. It is then a scattering problem
instead of a modal problem. The tuning of the resonance frequency of an undamped TVN has
been analysed [23], showing that complete suppression of the flexural wave transmission can be
achieved but a wave absorption of 50% can only be obtained with this kind of device [62].

TVA and TVN are very effective at reducing vibrations of industrial mechanical structures

with relatively low cost. However, the damping effect of such systems at low frequency requires
a large addition of mass, which leads again to the same problematics as mentioned above.

1.3 Control of the flexural wave propagation using periodic struc

tures

The common methods described in the previous section lead to heavy and bulky solutions, or
in the case of ABHs, to solution limited to the high frequency range. A new class of innovative
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3. Control of the flexural wave propagation using periodic structures

materials based on a periodic modulation of their properties has meanwhile emerged. These
present promising results which may offer solutions to ecologic, health and economic issues in
vibration control. This section aims at presenting an overview of periodic systems for controlling
flexural waves. Two types of material regime are distinguished here: the diffraction regime due
to the periodic modulation of the material properties and the metamaterial regime due to the
introduction of local resonances in the material.

1.3.1 Diffraction regime : from photonic to platonic crystals

Brillouin observed in the mid 1950’s that the propagation of any type of wave motion through
a periodically modulated material is governed by a dispersion relation in which the wave vector
is a periodic function of the frequency, producing band structures [25]. This observation paved
the way to the design of photonic crystals in electromagnetic field. The pioneering work of Ya-
blonovitch [200] and John [I00] in the late 1980’s showed that such periodic systems present
bandgaps or stop bands, which correspond to frequency ranges in which wave propagation is
forbidden. These works have been inspired by the quantum mechanical band theory in which
the existence of energy bands and forbidden band have been highlighted. Unlike the energy
bands, the forbidden band or forbidden bandgaps correspond to particular energy ranges in a
solid in which the electrons cannot propagate. The analogies between the electromagnetic equa-
tions and those in acoustics and for elastic waves led to the emergence of phononic crystals a
few years later presenting bandgaps for acoustic and elastic waves [109] [161]. The terminology
phonon defines a quantum of vibrational energy in an elastic medium. It is used in the context
of vibrations in crystal lattices in analogy to the notion of a photon in electromagnetics [94].
Such acoustic periodic systems can provide sound attenuation in the frequency ranges of the
bandgaps and applications in sonic barriers for the human audible frequency range have been
proposed by exploiting this property [82] [108, 110} 156], among others [57].

More recently, the properties of flexural waves in periodically-constrained thin elastic plates
have been studied and bandgaps for flexural waves have been observed [65], [124]. These band-
gaps can decrease the vibrational response of the plate over certain frequency ranges similarly
to those of phononic crystals. McPhedran et al. proposed the name of platonic crystals [124] for
this type of structured system. In addition to these platonic crystals, periodic arrays of holes
in plates [130, [184], periodically undulated plates [176] or inclusions of different materials [162]
have been proposed. The study has also been applied to beam systems [176], 190] and to Lamb
waves in plates [32], [99]. Several methodologies for band structure calculations of platonic crys-
tals have been investigated such as multiple scattering [130], Finite Element [88], Super Cell
[180] or Plane Wave Expansion (PWE) method [176].

For all fields of physics, the bandgaps of periodic structures are due to Bragg interferences,
which are destructive ones encountered at particular frequency ranges. The frequency range and
the bandwidth of the gaps depend on the periodicity length scale a, which has to be comparable
to the propagation wavelength A. Thus, bandgaps at low frequencies require large and bulky
structures which is inconvenient for industrial applications. This scale dependency can however
be overcome by the use of locally resonant (LR) metamaterials on the sub-wavelength scale
(A >>a).
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1.3.2 Metamaterial regime

A metamaterial is broadly and briefly defined as an artificial media with unusual properties.
This definition is generally used since it captures the spirit of the subject. However, there is no
consensus on the meaning of the words unusual and artificial and there is no definition that is
universally accepted by everyone. Is a property defined as unusual by one person also unusual
for another? Does metamaterial always concern artificial media? Anyway, there is consensus
that the concept of metamaterial was first introduced in electromagnetics by Veselago in the
late 1960’s [I82]. The refractive index value of a material had always been considered positive
up to his work. Veselago hypothesised that the refractive index may also be negative if both the
electric permittivity and the magnetic permeability of a material are negative. Materials with
such properties are called lefi-handed material in reference to Fleming’s left-hand rule in elec-
tromagnetism and can exhibit negative refractive index. Pendry et al. [I145] proposed 30 years
later left-handed materials by introducing local resonances in a periodic array. These resonances
are introduced by means of split-ring metallic cylinders put in a square array. By doing so, a
negative effective permeability was observed in a bandgap around the resonance frequency of the
cylinder. This resonance frequency is far below the first Bragg frequency of the array, meaning
that wave propagation in periodic media can be mitigated for wavelengths A much longer than
the lattice size a ( A\ >> a) by using local resonances. This was validated experimentally by
Smith et al. [164] [165] later on. These works were then extended for the control of elastic and
acoustic wave propagation.

Liu et al. [I19] proposed a locally resonant (LR) sonic crystal in which the local resonances
are introduced by rubber coated lead spheres. These spheres were embedded in an epoxy matrix
and negative effective dynamic mass density was obtained for wavelengths that are two orders
of magnitude larger than the lattice size a. The negative effective mass density produces expo-
nential attenuation of the incoming wave amplitude through the sample, generating therefore
bandgaps at the resonance frequency of the local resonators. The local resonances can also give
rise to other original phenomena such as invisibility cloaks [33].

New classes of metamaterials that are not based on resonant properties have also emerged
thanks to manufacturing progresses such as auxetic metamaterials [129] with negative Poisson’s
ratio that contract in transverse directions under uniaxial compressive loads, pentamode me-
tamaterials [I03] with near-zero modulus that behave like fluids despite the fact that they are
solids, and origami inspired metamaterials [I17], to cite a few.

The potential of LR materials to mitigate wave propagation at low frequency has aroused in-
terest in the vibro-acoustic community to design devices for noise and vibration control. A wide
number of periodic systems have been designed in order to observe bandgaps in LR thin plates.
Local resonances in plates can be introduced by means of inclusions or by adding resonators on
top of plate host structures. The 2D periodic arrangements of inclusions such as rubber discs [92],
rubber-coated steel disc inclusions [104] or hemmed discs inclusions [195] have been investigated.
Xiao et al. [197] and Claeys et al. [39] have analysed theoretically the potential of LR panels
to obtain low-frequency vibrational bandgaps by using idealised mass-spring resonators onto a
thin plate. Practicable resonators in LR plates have also been proposed beside the theoretical
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FIGURE 1.11 — LR plate with a 2D periodic array of silicon stub resonators proposed in [137] (left)
and the corresponding averaged displacement field along the diagonal direction of the crystal. A
significant attenuation of the transmitted wave field is observed at a particular frequency range,
implying the presence of a BG at this frequency range. (right).

analyses with idealised mass-spring resonators. Wu et al. [I83] proposed a LR plate consisting
of a 2D periodic array of cylindrical aluminum stubbed resonators on a thin aluminum plate
host structure to obtain flexural wave bandgaps. Oudich et al. [I37] proposed silicone rubber
stub resonators instead of aluminum ones (see Fig. . An attenuation at lower frequencies
has therefore been obtained thanks to the less stiff property of silicone rubber compared to
aluminum. Assouar et al. [8] also added masses on top of the rubber stubs in order to broaden
and shift the LR bandgap at lower frequency. Various LR plates have been proposed such as 2D
periodic array of beam-like resonators attached to a thin plate [196] as shown in Fig. The
same investigations have also been applied to LR beams with idealised mass-spring and other

kinds of resonators [39, 118, [198].

A huge variety of original phenomena has also been observed in metamaterial plates similarly
to acoustic metamaterial such as negative refraction [166], flexural wave focusing [71] or confi-
nement [69], cloaking [70], lensing [30} [71] or waveguiding using periodically graded structured
plates [31], among others.

For all fields, the bandgaps generated by locally resonant materials do not require periodicity,
but arise from the addition of local sub-wavelength resonators to a hosting medium. Such mate-
rials can be small, lightweight and can operate in the low frequency regime. They are therefore
of great interest since they can answer to both the current industrial problematic of damping
vibration at low frequency and the problem of vibration control adapted to light structures.

1.4 Acoustic subwavelength perfect absorption

Recent studies in audible acoustics have focused on wave absorption at low frequencies
by means of subwavelength locally resonant materials. In particular, the design of broadband
subwavelength perfect absorbers, whose dimensions are much smaller than the wavelength of
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FIGURE 1.12 — LR plate with a 2D periodic array of beam-like resonators proposed in [196] (left)
and out-of-plane vibration transmittance from a point in the middle of the crystal to another one
at the edge (right). The results shows an attenuation of the wave field and implies the presence
of a BG.

the frequency to be attenuated, have recently been proposed [84) [96], 98] [125] [153]. Such devices
can totally absorb the energy of an incident wave and require solving the two complex problems:
(1) increasing the density of states at low frequencies and (77) matching the impedance with the
background medium. On the one hand, the use of local resonators is a successful approach for
increasing the density of states at low frequencies with reduced dimensions, as it has been shown
in the field of metamaterials [42, [61], 67, 119, 140, 163}, 174 187]. On the other hand, the local
resonators of such metamaterials are open and lossy ones. The field inside the local resonator
can interact with an external wave field in the background medium through the interface that
connects the resonator to the medium. This connection can be seen as an aperture through
which wave energy can leak out from one system to another (see left figure of Fig. . The
resonator is therefore considered as open to the background medium due to its energy leakage
to the medium. Inherent losses can also be added inside the resonator by introducing an internal
energy dissipation source. The impedance matching of such metamaterials can be controlled by
the ratio between the inherent losses of the resonator and the leakage of energy [17]. Particularly,
the impedance matching corresponds to the situation in which the amount of inherent losses
in the resonator equals the amount of energy leakage, and is known as the critical coupling
condition [205]. This situation occurs at the resonance frequency of the resonator and leads to
a perfect absorption of the wave energy by the resonator at this specific frequency (see right
figure of Fig. . This phenomenon has also been widely used to design perfect absorbers in
different fields of physics [28, [199] other than acoustics.

1.5 Motivations and objectives of the work

The solutions proposed by the usual passive damping methods do not necessarily answer
both the problematic of damping vibration at low frequency and the problem of vibration control
adapted to light structures. These methods either respond to one of these two problematics, but
neglect the other. For example, they can provide a satisfactory solution to face the problematic
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FIGURE 1.13 — (left) Diagram of the acoustic perfect absorber proposed in [I53] made of a
Helmholtz resonator loaded to a waveguide filled with air. The inherent losses in the resonator
are controlled with a porous material of thickness /,. The neck of the resonator of width S,
plays the role here of the aperture between the resonator and the waveguide. (right) Evaluation
of the absorption coefficient by the Helmholtz resonator of three different configurations with
different amount of losses. The solid line corresponds to the critical coupling situation in which
the incident wave is totally absorbed by the resonator at its resonance frequency.

of damping vibration at low frequency, but imply heavy and/or bulky solutions. Conversely,
these methods can comply to the lightweight constraint by taking advantage of the inherent
properties of the structure, but cannot achieve good performances at low frequency. This consti-
tutes therefore a motivation for this work. The objective being to understand, analyse and design
1D and 2D passive damping lightweight systems which can attenuate flexural vibrations at low
frequencies, and more particularly at wavelengths much smaller than the characteristic length
of the damping system.

1.5.1 Subwavelength absorber for flexural waves

Particular interest has been accorded to the design of subwavelength perfect absorbers. Such
absorbers have proven their efficiency for the total absorption of the energy of an incident wave
in audible acoustic metamaterials, and a generalisation of the method in elastodynamics field
could be of great interest owing to the constraints previously mentioned. Hence, this work aims
first of all at adapting the problem of perfect absorption for flexural waves in 1D elastic beams
with local resonators by using the critical coupling condition. The design of systems with simple
geometry are analysed to that purpose. They are composed of a main beam and an open re-
sonator simply consisting of a reduction of the thickness of the main beam. The resonator is
considered as open here since the field inside the resonator can interact with the one of the main
beam through the aperture between both systems. A thin viscoelastic coating is also attached
to it. The composite resonators present therefore both energy leakage due to the aperture of the
resonator to the main beam which can be controlled by changing the thickness of the beams, and
inherent losses due to the viscoelastic damping which is controlled by changing the properties of
the viscoelastic coating. The resonators are chosen first as an integral part of the main beam in
order to facilitate its implementation for the experimental validation of the method. Particularly,
the absorption of energy is analysed by means of the Transfer Matrix Method (TMM) for the
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two scattering problems: the reflection and the transmission of flexural waves. An experimental
validation is also performed. This first preliminary study aims to open up new avenues to the
design of simple resonators for efficient flexural wave absorption by means of the critical cou-
pling condition, showing also the limits of absorption induced by the geometry used in the study.

The problem is then complexified by extending the method in the 2D case. To that end, an
infinite array of penetrable circular scatterers embedded in an infinite or semi-infinite 2D thin
plate is considered thereafter. This system constitutes a 2D metaplate in which the penetrable
scatterers compose its resonant block. A 2D preliminary study is presented in which the perfect
absorption of the first axisymmetric mode of a circular resonator embedded in an infinite thin
plate is analysed. The resonator consists of a circular reduction of the thickness of the infinite
plate, and a thin viscoelastic coating is attached to the resonator similarly to the the 1D case.
This composite scatterer presents therefore leakage and inherent losses which can be controlled
similarly to the resonators presented in the 1D case. This analysis is done through the balance
between the energy leakage and the inherent losses in the resonator for the particular case of
a concentric incident wave propagating towards the centre of the resonator. The composite is
studied by means of a semi-analytical model based on the scattering method and is compared
with numerical results using FEM methods. The optimised 2D resonator is therefore embedded
in the form of an infinite array in a plate and two scattering problems are then studied by
using the multiple scattering method: the reflection problem in a semi-infinite plate and the
transmission problem in an infinite plate. This analysis aims at showing the adaptability of the
method for the case of 2D problems and at getting closer to a practical application.

1.5.2 Adapting the Acoustic Black Hole for perfect absorption of flexural
waves

The combination of the ABH effect and the presence of losses provides a good damping
performance while reducing the weight of the initial structure. However, the efficiency of ABH
devices is weak in low frequencies, thus limiting their application. Despite this drawback, the
ABH effect remains of great interest in designing damping system by removing part of the sys-
tem matter. This has acted as motivation to improve the absorbing efficiency of the ABH by
using the critical coupling condition. The combination of the ABH effect at high frequencies with
the perfect absorption obtained with the critical coupling condition at low frequencies would
allow for a broadband absorber without adding mass in the system. To that end, a system
composed of a main beam terminated by an open resonator which corresponds to an ABH of
finite length is analysed. A thin viscoelastic coating is also attached to the resonator creating a
composite material. The vibration response of the composite ABH is studied by discretising it
with constant thickness piecewise elements. The composite presents resonances, energy leakage
and inherent losses in the same way as the simple resonator described in the previous section. All
these properties fulfill the conditions to design a subwavelength perfect absorber as mentioned
in the previous section without altering the initial ABH effect since this effect originates only
from the geometry of the system.

A new physical insight of the ABH efficiency emerged through the study of the critical
coupling of a 1D ABH. The ABH effect may be interpreted as a consequence of the critical
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coupling at one resonance frequency of the ABH and of the broadband quasi-perfect absorption
at higher frequencies, thanks to the specific geometry of the resonator. This has motivated this
work to interprete the Acoustic Black Hole effect based on the concept of critical coupling in
order to provide the key to future optimisation procedures of such a type of terminations. Two
strategies to optimise the absorption efficiency of an ABH termination at low frequency are
proposed in this work, both consisting in applying the critical coupling condition. The first
consists in tuning the losses introduced by the viscoelastic layer by shaping its thickness profile
in order to achieve the critical coupling condition at several resonances of the ABH. The second
strategy is based on the addition of a mass at the extremity of the ABH which decreases the first
resonance frequency of the ABH. The critical coupling is then applied at this specific frequency
to obtain a low frequency absorption by the termination. The approach of mass addition on a
ABH has already been investigated by Aklouche et al. [3]. The study presented in this thesis
gives new perspectives of this approach by using the concept of critical coupling.

1.5.3 Layout of the thesis

This thesis is organised in the form of 5 chapters, the complexity of each of which is gradually
increased to understand step by step the main physical mechanisms of the perfect absorption of
flexural wave energy. The content of the chapters are as follows.

Chapter [5| presents a survey of usual methods for vibration damping, paying attention to
passive damping methods. A description of the methods to control the propagation of flexural
waves using periodic materials has been made afterwards. Finally the objectives, motivations,
and a brief overview of the work have been given.

Chapter [2| is devoted to the problem of perfect absorption of flexural waves in 1D elastic
beams with simple local resonators by using the critical coupling condition for the two scattering
problems: the reflection and the transmission of flexural waves. The design of an experimental
prototype and the measurement of its reflection and absorption coefficients in the reflection
problem are also presented, and are compared with a numerical model using Finite Element
Method (FEM). This chapter refers to the article [114] published in New Journal of Physics and
presented in Appendix.

Chapter [3| focuses on the link between the complex nature of the trapped modes within a
1D ABH and its reflection coefficient troughs, in terms of depth and frequency width. More
specifically, the purpose of Chapter 3 is to analyse first the absorbing efficiency of the ABH
by using the critical coupling condition. Two strategies to optimise the absorption efficiency of
an ABH termination at low frequency are then proposed in this work, both consisting in ap-
plying the critical coupling condition. All the analytical results are validated with a FEM model.

Chapter [4] concerns the design of the resonant blocks of a metaplate by using the critical
coupling condition. A preliminary study is presented in which the perfect absorption of the first
axisymmetric mode of a circular resonator embedded in an infinite thin plate is analysed. The
scattering of a resonator, consisting in a circular reduction of the thickness of the infinite plate
on which a thin viscoelastic coating is attached, is studied. The problem is then complexified by
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studying the scattering of a penetrable scatterer with radially varying thickness. The analysis is
done by means of the multiple scattering method for multilayered systems.

Chapter [5] concerns the scattering of flexural waves by an infinite critically coupled array of
circular inclusions embedded in a thin plate. This system composes a metaplate and the analysis
of the absorbing efficency of this array is made for two configurations. The first configuration
corresponds to a 2D transmission problem in which the array is embedded in an infinite thin
plate, wheras the second corresponds to a 2D reflexion problem in which the scattered field by
the array interacts with a simply supported plane boundary in a semi-infinite thin plate. The
scattered field by the array is studied by means of the multiple scattering theory and by using
a FEM model.

Chapter [0] gives the concluding remarks as well as perspectives for future works.
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Chapter 2

Flexural wave absorption by open
lossy resonators for the reflection
and transmission problems

2.1 Introduction

The design of broadband subwavelength perfect absorbers has recently proven its efficiency
in audible acoustics [84, [96], 98] 125, [I53]. Such devices have dimensions that are much smaller
than the wavelength of the frequency to be attenuated and can totally absorb the energy of
an incident wave provided that the critical coupling condition between the absorber and the
background medium is fulfilled (see Section [1.4]). The critical coupling condition is relevant for
applications in vibrations owing to the increasing need for damping materials at low frequencies
in several branches of industry [61]. Current passive solutions in this field are mainly based on
the use of viscoelastic coatings [I72]. Another solution yields in TVAs [50, 24} [63] that is used
to control flexural waves in beams. The tuning of the resonance frequency of an undamped TVA
has been analysed [24], showing that complete suppression of the flexural wave transmission can
be achieved. In most cases, TVAs have been used to minimise the transmission of a propagating
wave [24], resulting in practice in heavy treatments at low frequencies. Less attention has been
paid to the case of maximising the absorption in order to reduce simultaneously both the reflected
and transmitted waves.

The purpose of this chapter is to study the problem of perfect absorption of flexural waves in
1D elastic beams with local resonators by using the critical coupling condition. Particularly, the
absorption of energy is analysed through the balance between the energy leakage and the inherent
losses in the resonators for the two scattering problems: the reflection and the transmission of
flexural waves. The presented problem is related to the control of flexural waves in a beam using
a passive TVA but with a physical insight that allows the interpretation of the limits of the
flexural wave absorption based on both the critical coupling condition and the symmetry of
the excited resonances in the resonator. The analysed systems are composed of a main beam
and an open resonator simply consisting in a thickness reduction of the main beam. A thin
viscoelastic coating is attached to it, leading to a composite material whose loss may be tuned.
This composite material is modeled with the Ross-Kerwin-Ungar (RKU) method for beams
[154] and is embedded in the main beam. By tuning the losses, it is possible to analyse the
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different limits in both scattering problems. In practice, this type of resonator results in simpler
geometries than that of the TVA which consists of complicated combinations of mass spring
systems simulating a point translational impedance.

The composite is studied by means of an analytical model based on the transfer matrix
method. The analytical results, in accordance with the the experimental results, show the limits
of the maximal values for the flexural wave absorption and their physical interpretations in both
the reflection and transmission problems. The interpretations are based on the eigenvalues of
the S-matrix for the propagating waves, represented in the complex frequency plane [I53]. An
experimental prototype is designed and measured for the reflection problem. The experimental
results prove the perfect absorption of flexural waves and validate the analytical predictions.

The chapter is organised as follows. The study presents first a general scattering problem in
Section in order to show the relevance of the eigenvalues and eigenvectors of the scattering
matrix to identify the situations of perfect absorption in the system. In Section the theoreti-
cal model used to analyse the 1D scattering problems of flexural wave is presented. The physical
analysis of the absorption coefficient in the complex frequency plane are presented in Section [2.4]
This analysis is based on an analytical model and the concept of critical coupling to obtain a
perfect absorption of flexural waves. The experimental set-up used to validate the model for the
reflection problem is then presented in Section as well as the experimental methodology and
results. Finally, Section summarises the main results and gives the concluding remarks.

2.2 Scattering problem for 1D configurations

The absorbing devices proposed in this chapter are studied by analysing their scattering
properties. Scattering problems differ from usual modal analyses, since it deals with the scat-
tering properties (reflection, transmission and absorption) of waves in the system instead of
studying its resonant behaviour. The absorbers studied in this work are therefore embedded
in an infinite or semi-infinite medium according to the studied scattering problem, in order to
maximise the absorption of incident propagating waves. These media can be seen as waveguides
in the same way as in acoustics. This Section aims at presenting the two scattering problems in
1D in order to show the relevance of the eigenvalues and eigenvectors of the scattering matrix
to identify the situations of perfect absorption in the systems. The analysis of the problem is
achieved in the far-field (x — +00), i.e. with propagative waves that are related to the carried
energy. The reflection and transmission coefficients of the scattering matrix are therefore scalar
in this Section. Two cases are presented. A general scattering problem is first treated with three
types of scatterers: a mirror symmetric scatterer which corresponds to the one studied later in
this chapter, a point symmetric scatterer and a mirror asymmetric scatterer. The specific case of
the reflection problem is then presented. The analysis of the scattering problems is based on [125].

Consider an one-dimensional and reciprocal scattering process. The relation between the
amplitudes of the incoming (a, d), and outcoming (b, ¢) waves, on both sides of the scatterer X,
as shown in Fig. [2.1)(a), is given by

(‘;) —S(f)(Z)‘(BT— RT+><d> >y
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FIGURE 2.1 — (a) Diagram of the scattering process. (b) Symmetric and (c¢) antisymmetric
uncoupled sub-problems for the case of a mirror-symmetric scatterer . The time convention is
e~ (adapted from [125])

where S(f) is the scattering matrix (S-matrix) of the propagative waves, f is the incident wave
frequency, T' is the complex transmission coefficient, R~ and RT are the complex reflection
coefficients for left (—) and right (+) incidence, respectively. In this chapter, the time depen-
dence convention of the harmonic regime is e ™. The eigenvalues of the S-matrix 11 2 and the
eigenvectors vy 2 of the system are expressed respectively as:

Y12 =T+ [R R''?, (2.2)

Rt VRYR-
V1:<_W>, V2:< R+ ) (23)

A zero eigenvalue of the S-matrix corresponds to the case in which the incident waves can be
completely absorbed (b = ¢ = 0). This case is called coherent perfect absorption (CPA) [36] and
happens when T' = ++v/ R~ R* and the incident waves a, d correspond to the relevant eigenvector.

and

For an one-sided incident wave, the absorption coefficient is defined as:

of =1— |RT)? —|T)% (2.4)

2.2.1 Mirror symmetric scatterer

The scatterer X is considered as mirror symmetric. The reflection coefficients at both ports
of X are equal in this case such that:

Rt=R =R (2.5)

The scattering problem can be reduced to two uncoupled sub-problems by choosing incident
waves that are symmetric (see Fig. [2.1(b)) or antisymmetric (see Fig.[2.1]c)). The total reflection
coefficients of both problems are therefore respectively:

R,=T+R, R,=T-R (2.6)
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In particular, the reflection and transmission coefficients of the initial problem in Fig. [2.1f(a)
can be expressed in terms of Ry and R, as R = (Rs + R,)/2, and T = (Rs — R,)/2, while the
eigenvalues of the S-matrix can be written as ¢ = R, and ¥ = —R,. For an one-sided incident
wave, the absorption coefficient defined in Eq. can be written as:

a= w (2.7)
where as = 1 — |Rs|? and o, = 1 — |Ry|%. The total absorption of an incident wave at a given
frequency finae by the scatterer (i.e. a(fmaz) = 1) can therefore be achieved provided that the
reflection coefficient of both sub-problems equals zero at fp,q,. This has been achieved in Ref.
[148] for a mirror symmetric photonic crystal slab covered by a graphene layer and in Ref. [125]
for an acoustic mirror symmetric scatterer composed of 2 helmholtz resonators.

2.2.2 Point symmetric scatterer

> is now considered as a point scatterer. The length of ¥ is therefore reduced to one point at
x = 0. This case is relevant to the study of absorption by TVA since such devices are attached
to the background medium at only one point. Imposing the continuity of the wave-field at this
point [125] yields 1 + R = T and consequently to R, = —1 according to Eq. . In this case,
the scatterer ¥ is transparent to antisymmetric incident waves since a, = 0. The absorption

coefficient is then expressed as:
Qs

5

As a consequence, the absorption of the scatterer for an one-sided incident wave at a given

o=

(2.8)

frequency fiq may not exceed 0.5. In the case where a( finaz) = 0.5, @s(fmaz) = 1 which gives
Rs(fmaz) = V1(fmaz) = 0, and R(fmaz) = =T (fimaz) = 1/2. This case corresponds therefore
to the CPA of the two-incident waves problem for symmetric and in phase incoming waves at

fma:m ie., v2(fmaz)/v1(fmaz) =1 [188]

2.2.3 Mirror asymmetric scatterer

3. can be asymmetric in the most general case, such that:
Rt #R™. (2.9)

This problem corresponds to the one presented in Fig. (a) whose the corresponding eigenva-
lues and eigenvectors are given in Egs. and respectively. Therefore, Two absorption
coefficients are defined in this case according to the direction where the incident wave is coming
from and their expression is given in Eq. . The eigenvalues of the scattering matrix equal
zero when T' = =V RTR~. Thus, T' = 0 and the system presents Unidirectional Perfect One-
side Absorption (UNPOA) provided that one of the reflection coefficients reaches zero. From
the analysis of the eigenvectors, the direction from which perfect absorption is obtained will
correspond to the case of an eigenvector equal to (0,0)7, where T is the transpose sign.
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FIGURE 2.2 — Diagrams of the 1D configurations analysed for the reflection and transmission
problems for flexural waves. (a) Configuration for the reflection problem. (b) Configuration for
the transmission problem.

2.2.4 Complex frequency plane

When the eigenvalues are evaluated in the complex frequency plane [I53], poles and zeros can
be identified. The pole frequencies correspond to the resonances of the resonator while the zero
frequencies correspond to the perfect absorption configuration. Since the systems analysed in this
work are invariant under time-reversal symmetry, the scattering matrix, as defined in Eq. ,
presents unitary property [128), [133] in the lossless case (i.e., without dissipative losses):

S*S =L (2.10)

The complex frequencies of the eigenvalue poles of the propagative S-matrix are complex
conjugates of its zeros. Poles and zeros appear therefore symmetric with respect to the real
frequency axis in the lossless case.

2.3 Theoretical model for flexural waves

Two scattering problems are now presented in order to study the absorption of flexural
waves by open lossy resonators in 1D systems. The first one is the reflection problem where the
absorption by a resonator made of a thinner composite beam located at the termination of a
semi-infinite beam is studied (see Fig. [2.2|a)). The second one is the transmission problem where
the absorption of the same resonator located between two semi-infinite beams is considered
(see Fig. [2.2b)). Both resonators correspond to mirror symmetric scatterers as described in
the previous section. The governing equations used in the model are first introduced in this
section. The two scattering problems are then presented. The analytical results shown for the
two problems have been tested by numerical simulations, but not shown in this chapter for
clarity of the figures. The analytical results are validated experimentally in Section later on.

2.3.1 Flexural wave propagation in uniform thin beams

Consider a thin uniform beam whose neutral axis is denoted by the x-axis under Euler-
Bernoulli assumptions. According to the Euler—Bernoulli or thin beam theory, the cross-section
of the beam, initially orthogonal to its mean axis, remains planar and orthogonal to it, implying
therefore that shear strains are neglected. Assuming Euler-Bernoulli conditions, the flexural
displacement W (z,t) = w(z)e ™! where w is the angular frequency, satisfies [TT3]:

4 2
Da W(z,t) N O*W (x,t)

o T =0, (2.11)
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where D = ET is the flexural rigidity, £ the Young modulus, I the second moment of area and
m the linear mass. The solution of Eq. (2.11)) can be written in the frequency domain as:

2

88932 + (—ik)?] w(z) =0, (2.12)

82
4 k2
Ox? +

2
mw
where k is the wavenumber and k* = o Note that the wavenumber k is real and positive in

the lossless case and complex when damping is accounted for. The solution of Eq. (2.12) can be
separated in two parts such that:

w(z) = wi(x) + wa(zx),

where wy (z) and wa(x) are solutions of the following equations respectively:

2 el win-o. o
82
92 (—z’k)ﬂ wa(x) = 0. (2.14)

The first equation corresponds to the Helmholtz equation governing the propagating flexural
waves, while the second equation is the modified Helmholtz equation governing the evanescent
waves which are near field waves, the amplitude of which decreases exponentially with distance.
The solution of Eq. is therefore the sum of the solutions of Eqgs. (2.13) and (2.14) that
being the sum of four flexural waves:

w(z) = aTe®® 4 afe ™ 4 ae R 4 a et (2.15)

The complex amplitudes of the propagative and evanescent waves are a and ay respectively,
and the signs T and ~ denote the outgoing and ingoing waves respectively. The wave amplitude
is expressed in the vector form by convenience:

at a”
at = [ 4 , a = [ _] . (2.16)
an an

The relation between wave amplitudes along a beam with a constant thickness are then described
by
at(zg+z) =fat(xg) and a~ (zg + ) = fta~(xo), (2.17)

where the diagonal transfer matrix f is given by

ikx
f= [60 _O,m} . (2.18)

2.3.2 Reflection coefficient in a pure reflection problem

Consider an incident plane wave in the configuration described by Fig. (a)7 where the
system is terminated by a free termination at one end. The displacement w at any point for
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x < 0 reads as
w(r<0)=a"+a =a"+Ry-a", (2.19)

where R, denotes the reflection matrix of the resonant termination of the beam at x = 0. The
incident wave is transmitted into the resonant termination and reflected at its end, therefore
the matrix R, can be evaluated, using the displacement continuity at the interface and at the
boundary as [121]:

-1 B 1
R, =a a"™  =ris+ti2 ((frff) - I‘21> to1, (2.20)

where rj; and t;; represent the reflection and transmission matrices from section (7) to section (j)
of the beam (see Fig. ) Considering continuity and equilibrium respectively at the section
change, these matrices are given by

A4 A+ 4y (-1=iB)(1—1)
SEA |1t QA1+ | (2.21)
2 [—2(52 — 1)y +if(1—7)? (1—9)B(1 —~?) ] (2.22)
YA (1+4)B(1 -2 —2(8% — 1)y —iB(1 —7)?|’ '

where § = % and v = DJ-kQ

pedances, and A = (1 + 8)%(1 +7)? — (1 + 8%)(1 — v)2. The reflection matrix r¢ of the free

termination is given by
i (1 —1)
re = . 2.23
f [ (1414)  —i ] (2:23)

2
J

correspond to the ratios of wavenumbers and bending wave im-

R, is thus a 2 x 2 matrix where the diagonal components correspond to the reflection coefficients
of the propagative and evanescent waves respectively. It is recalled that the study focuses on
the reflection of waves in the far-field (x — —o0), i.e., on the propagative waves that carry the
energy. Only Ry (1,1) and R, (2, 1) contribute to the reflected field in the abscence of evanescent
incident wave. Moreover, Rn(2,1) vanishes in the far-field (z — —o0), as it corresponds to
the converted waves from propagative to evanescent waves during the reflexion process. The
first term of the reflection matrix Ry(1,1) = R, is therefore only considered. The absorption
coefficient ag of propagating waves in the reflection problem can then be written as:

ar=1-|R.]*>, = — —oc. (2.24)

Note that R, is simply equal to 1 for any purely real frequency in the lossless case, i.e. without
dissipation, as the energy conservation is fulfilled.

2.3.3 Reflection and transmission coefficients in a 1D symmetric and reci-
procal transmission problem

The transmission problem of the structure shown in Fig. (b) is described in this section,
considering b~ = 0. Due to the symmetry of the resonator and assuming propagation in the linear
regime, the problem is considered as symmetric and reciprocal. The reflection and transmission
matrices Ry and Ty at x = 0 and 2 = L are used to define the displacements on each side of
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the resonator, such as:
w(r<0)=at+a =a" +Rg-a™, (2.25)

w(z>L)=bT =T, -a". (2.26)

Using the displacement continuity at x = 0 and x = L in a similar way as in the previous section,
R: and T; are written as:

Ry =ri2 +t12 ((fl"23f)_1 - I'21) t21, (2.27)

T = a*a+_1 = t23(I — (fr21f)1‘23)71ft12. (2.28)

Therefore the absorption coefficient of the transmission problem is defined as:
ar=1—|Ti* = |Re|?, =z — +o0 (2.29)

where Ry = R¢(1,1) when = — —oo and T3 = T¢(1,1) when z — +o0.

2.3.4 Viscoelastic losses in the resonator: the RKU model for beams

The inherent losses of the resonator are introduced by a thin absorbing layer of thickness
h; as shown in Figs [2.2)(a) and [2.2b) and are considered frequency independent. The complex
Young Modulus of the absorbing layer is E;(1 — in;), where 1 is its loss factor. Using the RKU
model for beams [154], this region is modeled as a single composite layer with a given effective
bending stiffness D. written as:

34 (1+ he)?eche[l — nam — i(n2 + )]

D, = ExIy |(1 —ing) + ech2(1 —imy) + T+ eoha( — i)
clbc

. (230

where the indices 2 and [ stand for the parameters of the thin beam and of the absorbing layer

respectively, e. = E;/Es and h. = h;/hs. The wave number k. of the composite material can

pehw?
DC

then be written as k2 = , where h = h; + ho and p:.h = p2ha + prhy.

2.4 Limits of absorption for the reflection and transmission pro-
blems

This section describes the limits of absorption for flexural waves in the reflection and trans-
mission problem by using open, lossy and symmetric resonators. It provides tools to design
absorbers with a maximal absorption in both problems. For this purpose, the eigenvalues of the
scattering matrix of the propagative waves are represented in the complex frequency plane as in
Ref. [I53].The information given by this representation will be exploited to interpret the perfect
absorption in terms of the critical coupling condition. In particular, the concept of the zeros
and poles of the reflection coefficient in the complex frequency plane is introduced through the
analysis of the reflection problems. The material and geometric parameters used in the following
sections are described in Tab. 2.1l
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Geometric parameters | Material parameters
Main beam hy =5 mm p = 2811 kg.m ™3
b=2cm E =714 GPa
n=20
v=20.3
Resonator beam ho = 0.217 mm p2 = 2811 kg.m >
by =2 cm Ey, =71.4 GPa
L=16cm Ny =0
V9 = 0.3
Coating layer h; = 1.5 mm E; = 6.86 x 1072 GPa
by =2 cm pr = 93.3 kg.m ™3
L;=16cm i
v, =0.3

TABLE 2.1 — Geometric and material parameters of the studied systems. The value of 1; depends
on the experimental set-up used, see the main text for the values used. b, bo and b; correspond
to the width of the system.

2.4.1 Reflection problem
a) Lossless case.

In the reflection problem, where no wave is transmitted, the reflection coefficient R, repre-
sents the scattering of the system. Thus, R, corresponds directly to both the S-matrix and its
associated eigenvalue (¢ = R;). Its zeros correspond to the cases in which the incident wave is
totally absorbed. In the lossless case, |R,| = 1 for any purely real frequency and the pole-zero
pairs appear at complex conjugate frequencies. Fig. [2.3(a) depicts log,o(|R,|) in the complex
frequency plane. The main beam, the resonator beam and the coating layer have the geometric
and material parameters given in Tab. Note that the Young moduli are purely real in the
lossless case (n = n2 = m; = 0). As shown in Section , the poles and zeros appear in pairs
and are symmetric with respect to the real frequency axis. Moreover the value of |R,| along
the real frequency axis is equal to 1 since no energy is lost in the system and the incoming
wave is completely reflected back. It is also worth noting that the imaginary part of the pole
in the lossless case represents the amount of energy leakage by the resonator through the main
beam [I53]. With the time dependence convention used in this chapter, the wave amplitude at

the resonance frequency decays as e ™@pote)t Thus the decay time Tjeq; can be related with
Re(wpale)Tleak . Re(wpole)

2 2Irn(wpole)
rate can be defined as I'jeqr = 1/Tjeqr = Im(wpore). The imaginary part of the poles and zeros

the quality factor due to the leakage as Qeqr = , where the leakage

increases when the real part of the frequency increases, meaning that more energy leaks out
through the resonator at high frequencies.

b) Lossy case.

For the sake of clarity, this section only focuses on the first pole-zero pair of the system
previously described. The discussion can nevertheless be extended to any pole-zero pair of the
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FIGURE 2.3 — Analysis of the scattering in the reflection problem. (a) Representation of
log,o(|Rr|) in the complex frequency plane for the lossless case. (b)-(d) log;o(|R,|) in the complex
frequency plane in the lossy case for configurations with 7; = 0.02, 0.15 and 0.4 respectively.
The case when the critical coupling condition is fulfilled (7, = 0.15) is represented in (c). (e)
Trade-off of the absorption at the first resonance frequency of the resonator as the inherent loss
7, is increased in the system. The points along the absorption curve represent the values of the
absorption for the configurations represented in Figs (b)-(d). Red continuous (Black dashed) line
represents the absorption (reflection) coefficient as a function of eta; at 673 Hz, corresponding
to the first resonance frequency of the termination.

system in the complex frequency plane. Losses are now introduced into the system by adding
an imaginary part to the Young modulus of the damping material such that it can be written as
Ey(1—1imn;). As a consequence, the symmetry between the poles and zeros with respect to the real
frequency axis is broken since the property of Eq. is no more satisfied in the lossy case.
Figures depict log;o(|Rr|) in the complex frequency plane around the first resonance
frequency for three different increasing values of n;. Figure (b) represents the case for which
the losses are small (1, = 0.02). In this case, the pole-zero pair is quasi-symmetric with respect to
the real frequency axis. As the losses in the damping layer increase (7, = 0.15 in Fig. (c) and
n = 0.4 in Fig. d), the zero moves to the real frequency axis. In particular, the zero of the
reflection coefficient is exactly located on the real frequency axis in Fig. c). In this situation,
the amount of inherent losses in the resonator equals the amount of energy leakage. This situation
is known as the critical coupling condition [205] and implies the impedance matching, leading
to a perfect absorption.

The value of the absorption coefficient of the first resonant peak as a function of 7; is depicted
in Fig. (e). The position of the zero in the complex frequency plane is directly related to the
value of the flexural wave absorption. When the zero approaches the real frequency axis, the
value of the absorption is close to one, being equal to 1 when the zero is exactly located in the
real frequency axis. It should be noted that the perfect absorption cannot occur once the zero
has crossed the real frequency axis. This property might appear counterintuitive since it means
that adding a large amount of losses in the system might lead to a deterioration of the absorbing
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FIGURE 2.4 — Representation of the perfect absorption for the reflection problem. (a), (b) show
the representation of the log,o(|R;|) for the lossless and lossy configurations respectively. (c)
Red continuous and black dashed lines show the analytical absorption and reflection coefficients
for the critical coupled configuration respectively.

properties of the structure.

c) Design of perfect absorbers for flexural wave in the reflection problem.

A theoretical design for the perfect absorption of flexural waves is shown in this section
based on the configuration represented in the Fig. (b) and the parameters given in Tab.
Considering that there is no inherent losses in the main beam and the resonator beam (n =
n2 = 0), the loss factor of the coating layer has to be n; = 0.15 to obtain a perfect absorption
at the first resonance frequency of the system. Figures [2.4[a){2.4(b) depict log,o(|R,|) for the
lossless and lossy configurations in the complex frequency plane respectively. Figure [2.4p shows
particularly the first pole-zero pair of the system in the perfect absorption configuration where
the critical coupling condition is fulfilled, showing the zero exactly located on the real frequency
axis. Figure shows the corresponding absorption (red continuous line) and reflection (black
dashed line) coefficients according to real frequencies for the critical coupled configuration. These
coefficients are calculated with the analytical model described in previous sections. The incident
wave is totally absorbed at the first resonance frequency of the composite beam.

2.4.2 Transmission problem

For the transmission problem, the S-matrix is defined in Eq. and has two eigenvalues
¥1,2. The scatterer being mirror symmetric, the problem can be reduced to two uncoupled
sub-problems: a symmetric problem where s = T; + R; and an anti-symmetric, where ¥, =
T; — R;. 9 corresponds to the eigenvalue of the symmetric problem while v, corresponds to the
eigenvalue of the anti-symmetric problem. The absorption coefficient can also be expressed as
a = (a5 +ag)/2 where ag = 1— | b5 |2 and o, = 1— | 9, |?. Similarly to the reflection problem,
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FI1GURE 2.5 — Representation of the eigenvalues of the S-matrix for a transmission problem in
the lossless and lossy case. (a) and (b) Lossless case for log,((|1s|) and log;(|1e|) in the complex
frequency plane. (c) and (d) Lossy case for log;(|1s|) and log;y(|¢,|) in the complex frequency
plane. (e) Trade-off of the transmission (blue dotted line), reflection (black dashed line) and
absorption (red continuous line) for the maximum absorption of the first mode as the loss factor
of the coating layer increases. (f) Red continuous, black dashed and blue dotted lines represent
the absorption, reflection and transmission coefficients respectively for the half critically coupled
configuration.

poles and zeros of s and ¥, can be identified in the complex frequency plane. The following
sections focuses on the first resonant mode of the beam resonator, the displacement distribution
of which is symmetric. The interpretation of the results can nevertheless be applied to the higher
order modes with anti-symmetric distributions of the displacement field. It is worth noting that
the displacement distribution of the resonant modes changes from symmetric to anti-symmetric
as the mode increases due to the geometry of the resonators [97].

a) Lossless case.

Figures [2.5(a) and [2.5(b) show the variation of log;,(|¢s|) and logjo(|1ba|) evaluated respec-
tively in the complex frequency plane in the lossless case for the first resonant mode. The main
beam, the resonator beam and the coating layer of the studied system have still the material
and geometric parameters of Tab. where 1 = g = 1; = 0 in the lossless case. The symmetric
and anti-symmetric problems exhibit pole-zero pairs similarly to the reflection problem in the
lossless case. These pairs are also symmetrically positioned with respect to the real frequency
axis. The absence of dissipation is shown along the real frequency axis where |1} + R;| = 1 for
any real frequency. This section focuses only on the first resonant mode which has a symme-
tric distribution of the displacement field. Therefore, only the symmetric problem presents a
pole-zero pair at the corresponding resonance frequency, while the anti-symmetric one does not.
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b) Lossy case.

Unlike the reflection problem, the condition for perfect absorption is stronger in the trans-
mission one and needs to place the zeros of both s and v, at the same frequency in the real
frequency axis. Once this condition is fulfilled, a* and b~ correspond to the relevant eigenvector
and the system satisfies the Coherent Perfect Absorption (CPA) condition [36} 187, [125]. Losses
are introduced in the system in the same way as for the reflection problem, i.e., by increasing the
loss factor 7; of the material of the damping layer. Once the losses are introduced, the position
of the pole-zero pair of the symmetric eigenvalue in the complex frequency plane shifts towards
the upper half space while the anti-symmetric problem remains unchanged without pole-zero
pairs, as shown in Figs [2.5(c) and [2.5(d). Therefore, only the zero of the symmetric problem
can be placed on the real frequency axis, i.e., only half of the problem can be critically coupled.
Figure (e) shows the dependence of the reflection, transmission and absorption coefficients
on the inherent losses in the resonator for the first mode. The maximum absorption obtained is
0.5 since only the symmetric problem is critically coupled (o = (a5 + ag)/2 =~ (14+0)/2 ~ 1/2).

c) Design of maximal absorbers for flexural waves in the transmission problem.

Based on the results discussed previously, a configuration with maximal absorption for flexu-
ral waves in the transmission problem is designed with the parameters given in Tab. As for
the reflection problem, no inherent losses are considered in the main beam and the resonator
beam (17 = 1y = 0). The loss factor of the coating layer is 17, = 0.185. The reflection, transmis-
sion and absorption for this configuration is analysed in Fig. (f), showing that the maximum
absorption is 0.5 at the resonance frequency of the beam. This result is in accordance with the
ones previously obtained [63] 187, [125], even if the resonator is not a point translational impe-
dance. The absorption is limited to 0.5 since only one kind of geometry of resonant mode can be
excited. The problem is therefore half critically coupled. To obtain a higher absorption, other
strategies based on breaking the symmetry of the resonator [98] or on the use of degenerate
resonators are needed [204]. In these cases, both eigenvalues present poles and zeros located at
the same real frequencies. It would then be possible to fully critically couple the problem and
so obtain a perfect absorption (i.e. & = 1) at the appropriate frequency.

2.5 Experimental results

This section presents the experimental results of the reflection coefficient [78, [52] for an
aluminum beam system with the configuration described in Section [2.4.1fc)|

2.5.1 Experimental set-up

The beam is held vertically in order to avoid static deformation due to gravity. The extremity
at which the reflection coefficient is estimated is oriented towards the ground (see Fig. [2.6{a)).
The used coating layer have been experimentally characterised showing an 7; = 0.15, which is
the value for which perfect absorption can be observed. A photograph of the resonator with
the coating layer is shown in Fig. [2.6(b). The measurements are performed along the beam at
21 points equidistant of 5 mm and located on its neutral axis in order to avoid the torsional
component. The measurement points are also located sufficiently far from the source and the
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extremity of the beam to consider far-field assumption and neglect the contribution of evanescent
waves. In this case, far-field assumption is fulfilled at a distance [; from both the source and the
resonator for which the evanescent wave loses 90 % of its initial magnitude. The low frequency
limit of the measurements is then estimated using the relation: e *# = 0.1. The shaker excites
the beam with a sweep sine. The displacement field versus frequency is obtained from the
measurements of the vibrometer at each measure point.

2.5.2 Experimental estimation of the reflection coefficient

Consider the flexural displacement W (z;,w) measured at the point z;(i € [0, 20]) for a given
angular frequency w as
Wz, w) = A(w)e*®i 4 B(w)e i, (2.31)

The set of W (x;,w) for each measurement point can be written in a matrix format [52] such as

W (xg,w) etkmo o—ikzo

W(J}l,w) eikazl e*ikéh A( )

% xTo,Ww — eikm @*ikzz w -
(' ) : . (B(w) ’ (2.32)

The amplitudes A(w) and B(w) can then be derived from Eq. (2.32)) which forms an overdeter-
mined system. From these amplitudes, the reflection coefficient of the propagative waves can be
deduced for any w as:

R.(w) = ==, (2.33)

2.5.3 Experimental evidence of perfect absorption for flexural waves

Experimental results obtained with the experimental set-up are depicted in Fig. (c) A
drop of reflection is noticed at the first resonant frequency of the termination with a minimum
value of |R,.|? = 0.02 at 667 Hz for the experiment and |R,|> = 0 at 673 Hz for the analytical
result. The gap between the analytical and experimental resonant frequency is 0.9%. This fre-
quency shift between the model and the experiment is mainly due to the geometric uncertainty
in the resonator thickness, induced by the machining process. This geometrical uncertainty in-
duces also an estimation uncertainty of the energy leakage of the resonator. The absorption is
then experimentally limited to «, = 0.98. Snapshots of the displacement response of the experi-
mental system are presented in Figs and for two different frequencies, being f = 667H z
and f = 800H z. A standing wave can be seen in the whole system in Fig. since no perfect
absorption is provided by the resonator at this specific frequency at one end of the system and
a free condition is imposed at the other end. A progressive wave propagating towards the re-
sonator corresponding to the incident wave can be seen in Fig. The incident wave is then
absorbed by the resonator, avoiding therefore the standing wave. Evidence of perfect absorption
for flexural waves by means of critical coupling is shown experimentally here.
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FIGURE 2.6 — (a) Diagram of the experimental set-up. (b) Photograph of the resonator. (c) Black
crosses and red open circles show respectively |R,|? and a, for the critical coupled configuration
measured with the experimental set-up. Black dashed and red continuous lines show |R,|? and
o, calculated with the analytical model.

FIGURE 2.7 — Snapshot of the displacement response of the beam system measured with the
experimental set-up at 800Hz. The critically coupled resonator is located on the left-hand of the
beam system.
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FIGURE 2.8 — Snapshots of the displacement response of the beam system measured with the
experimental set-up at 667Hz. The critically coupled resonator is located on the left-hand of the
beam system.

2.6 Conclusions

Absorption of propagative flexural waves by means of simple beam structures is analysed
in this chapter. The main mechanisms are interpreted in terms of both the critical coupling
condition and the symmetries of the resonances for both the reflection and the transmission
problems. The positions of the zeros of the eigenvalues of the scattering matrix in the complex
frequency plane give informations on the possibility to obtain the perfect absorption. The perfect
absorption condition is fulfilled when these zeros are placed on the real frequency axis, meaning
that the inherent losses are completely compensating the energy leakage of the system. In the
reflection problem, the physical conditions of the problem lead to perfect absorption at low
frequencies. In this case a single symmetry for the resonance is excited and perfect absorption
can be obtained when the inherent losses of the system balance the energy leakage of the system.
In the transmission problem, the requirement to obtain perfect absorption is stronger than for the
case in reflection as two kinds of symmetry of the resonances are required to be critically coupled
simultaneously. In the case presented in this chapter, or in the general case of point translational
impedances, dealing only with one type of symmetry for the resonant modes [63] limits the
absorption to 0.5. Two strategies are therefore needed to obtain the perfect absorption in the
transmission case: (i) breaking the symmetry of the resonator in order to treat the full problem
with a single type of symmetry of the resonance mode [98]; (i7) using degenerate resonators with
two types of symmetries at the same frequency being critically coupled [204]. The resonator
used in this study has been chosen as an integral part of the main beam for experimental set-up
reasons. However, the presented approach can be applied to any class of 1D resonant-system
provided that the resonators are local, open and lossy ones. These properties of the resonator are
the essential points to achieve the perfect absorption at low frequency by solving the following
problems: increasing the modal density at low frequencies and matching the impedance with the
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background medium. The case studied in this chapter performs perfect absorption for a given
resonance frequency of the resonator. Its efficiency is therefore tonal. The next step of the work
is to design a perfect absorber with a broadband efficiency. To that purpose, the geometry of
the resonator is complexified by putting an ABH at the termination of a system.
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Chapter 3

Interpretations of the ABH effect by
using the complex frequency plane

3.1 Introduction

The representation of the eigenvalues of the scattering matrix in the complex frequency
plane has been exploited to interpret and design perfect absorbers of flexural waves in Chapter
and in [IT4]. In the case of a locally resonant termination, such as an ABH termination, the
reflection coefficient represents the scattering matrix which is scalar in this kind of problem. As
a consequence, the reflection coefficient is the eigenvalue of the problem. Moreover, it has been
shown that the reflection coefficient presents pairs of zeros and poles in the complex frequency
plane [153] [114]. These zeros and poles are complex conjugates one with respect to the other in
the lossless case, thus being symmetric with respect to the real frequency plane. In the ideal case
of an ABH in which the thickness is zero, the reflection coefficient should present a continuous
number of poles and zeros that coalesce at the real frequency axis. However, this situation is
not realistic since the thickness, despite its small value, is nonetheless always finite. In this case,
infinite discrete symmetric pairs of poles and zeros appear in the complex frequency plane. At
this stage, it is worth noting that the imaginary part of the pole represents the energy leakage
between the ABH tip and the main beam as this kind of termination can be interpreted as an
open resonator [114].

The damping efficiency of these open resonators can be improved by making use of the
inherent losses of the system. In doing so, by taping a layer of viscoelastic material along the
thickness profile for instance, the zero and poles can be tuned in the frequency plane. Thus,
as shown previously [153, 114], as the losses increase the pairs of zero/pole move along the
imaginary frequency axis in the same direction, locating the zeros closer to the real frequency
axis. In particular, perfect absorption of the incident wave can be achieved when the zero is
located on the real frequency axis, or physically speaking when the energy leakage is perfectly
compensated by the added losses, corresponding therefore to the critical coupling condition [205].
Concurrently, it has been shown that the damping efficiency of a practical ABH, also called ABH
effect, can be significantly improved by adding a thin layer of viscoelastic material along the ABH
profile [106, [107]. The reflection coefficient of such a system has been studied both experimentally
[52] and numerically by using various methods detailed in Section In general, the ABH
effect is characterised by drops of the reflection coefficient at specific frequencies corresponding
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to modes of the tapered zone [54]. However, it has not been shown in detail how the losses have
to be managed to obtain the perfect absorption of flexural waves.

This chapter focuses on this link between the complex nature of the trapped modes within
a 1D ABH and its reflection coefficient drops, in terms of depth and frequency width. More
specifically, the purpose of the chapter is to analyse first the absorbing efficiency of the ABH by
using the critical coupling condition. The absorption of the ABH termination can be controlled
by tuning the losses introduced via the added viscoelastic coating and the geometry of the ABH.
Two strategies to optimise the absorption efficiency of an ABH termination at low frequency are
then proposed in this chapter, both consisting in applying the critical coupling condition. The
first consists in tuning the losses introduced by the viscoelastic layer by shaping its thickness
profile in order to achieve the critical coupling condition at several resonances of the ABH. The
second strategy is based on the addition of a mass at the extremity of the ABH which decreases
the first resonance frequency of the ABH. The critical coupling is then applied at this specific
frequency to obtain a low frequency absorption by the termination.

The analysed system is composed of a main beam terminated by an open resonator which
corresponds to an ABH of finite length. The ABH termination is discretised by constant thickness
piecewise elements. A thin viscoelastic coating is also attached to the ABH creating a composite
material. This composite material is modeled with the Ross-Kerwin-Ungar (RKU) method in the
same way as in Chapter [2] The vibration response of the composite ABH is studied by means of
the Transfer Matrix Method (TMM) [121]. In particular, the eigenvalue of the scattering matrix
S, for the propagating waves are analysed in the complex frequency plane [I53], 114], providing
insightful interpretation on the absorption efficiency of the ABH. All the analytical results are
validated against full wave numerical simulations by Finite Element Models, which have been
implemented using 2D models of solid mechanics in COMSOL Multiphysics software.

The chapter is organised as follows. In Section [3.2] the theoretical model used to analyse the
reflection of flexural wave by a profiled termination is presented for a 1D reflection problem. In
Section the physical interpretations of the ABH effect of a truncated ABH with a coating
layer by using the complex frequency plane in the lossless and lossy cases are presented. Section
proposes two strategies to optimise the absorption efficiency of an ABH termination at low
frequency. The first consists in tuning the losses introduced by the added coating layer in order
to apply the critical coupling condition. The second strategy consists in adding a mass at the
end of the ABH in order to introduce a degree of freedom in the low frequency regime, where the
ABH is not efficient. Finally, Section summarises the main results and gives the concluding
remarks.

3.2 Theoretical model for the reflection of flexural waves by a
profiled termination

This section describes the theoretical model used to study the absorption of flexural waves
by a 1D open, lossy, and profiled termination. The model is based on the TMM as proposed by
Mace [121] and previously used in Chapter to interpret the perfect absorption of flexural waves
of a termination composed of a thin beam of uniform thickness. This method is applied here
to calculate the reflection coefficient of finite beam terminations described by N — 1 piecewise
constant property profiles, as depicted in Fig. [3.1]
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FIGURE 3.1 — (a) Diagrams of the 1D reflection problem for flexural waves with an ABH
termination. (b) Spatial discretisation of the thickness profil of the ABH termination.

3.2.1 Reflection problem
Consider a time harmonic (e~*?) incident plane wave that impinges the ABH termination
from the left (see Fig.[3.1[a)). The ABH is discretised into N — 1 beams of identical length Az,
but of height h;, bending stiffness D; = EI; where I; = bh;)? /12 denotes the second moment of
4 _ pihiw’
D;j

The material of the main beam and the uncoated ABH termination is identical, with E its

area, b being the beam width, and wavenumbers (k;) ,j=0,...,N (see Fig. (b))

Young’s modulus and p its density. The losses are accounted for via a loss factor 7, the Young’s
modulus thus being £ = E(1—in). The possible variations of the loss factor against the frequency
are ignored in this study, and 7 is assumed to be constant. This assumption is reasonable in
the case of the aluminium beam studied in this chapter. The continuity and equilibrium of the
displacement, slope, bending moment and shear force are considered at the interfaces between
each consecutive beam. Assuming the Euler-Bernoulli conditions, the flexural displacement w
in the main beam, i.e., for x > Ly, reads as

w=a"+a =(I+Rn)-a", (3.1)

where a are the complex amplitude vectors of the propagative and evanescent waves, the signs
T and ~ denote the ingoing and outgoing waves respectively, Ry is the reflection matrix at
x = L4, i.e. at the interface between the main beam and the ABH termination, and I is the
identity matrix.

The expression of Ry is a combination of reflection and transmission matrices at the inter-
faces of all the discrete beams that form the termination. It is obtained iteratively starting from
the reflection matrix of the free termination Rg = rgeee given by

Ifree = [ (111) (1__21) ] . (32)
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The iterative scheme takes the following form [121]
Ry =rj1,j+ b, (-1 Ry-afj1) ™ —xj5-1) 7'ty o for j =1 to N, (3:3)

where r; j and t; ; are the reflection and transmission matrices from section ¢ to section j respec-
tively. Considering the continuity and equilibrium of the displacement, slope, bending moment
and shear force, these matrices are given by

g | A8 +yy)  (-1-if) (1 - %‘j)] (3.4)
YAy [(F1 B (=) (LB ) |
o2 [—2( 2= Dy +iBi(1 — ij)? (1 —14)Bi;(1 —13) ] (3.5)
YAy (1+4)Bi(1 = 13) =2(8% — Dvig — iBi(1 —7i5)*]|
Djk]z

k.
where f3;; = k—] and 7;; = D12
% il

impedances, and Ag; = (1+ 8i;)*(145)* — (1+ 65)(1 — 7ij)*. The diagonal transfer matrix in
the uniform beams fj is expressed as

correspond to the ratios of wavenumbers and bending wave

ik;x
e'ri 0
f; = [ . e_ij] . (3.6)

Ry is thus a 2 x 2 matrix where the upper diagonal component corresponds to the reflection
coefficient of the propagative wave. The study focuses on the term Ry < Rn(1,1) that is the
only one related to the carried energy. It is recalled that only Rn(1,1) and Rn(2,1) contribute
to the reflected field in the abscence of evanescent incident wave. Moreover, Rn(2, 1) vanishes in
the far-field (z — —o00), as it corresponds to the converted waves from propagative to evanescent
waves during the reflexion process. As the configuration presented in this chapter corresponds
to a reflection problem, no wave is transmitted by the termination. In this case, the scattering
matrix collapses to a scalar which is the reflection coefficient. Therefore, the reflection coefficient
Ry represents the scattering of the system and corresponds directly to both the scattering
matrix of the termination and its associated eigenvalue. The absorption coefficient ag can thus
be written as:

ar=1—|Ry?>, 1z — —c0. (3.7)

3.2.2 Introducing viscoelastic losses in the system: the RKU model

A thin viscoelastic layer of identical material, and constant thickness piecewise hé is now
added all along the termination length as shown in Fig. Each discretised element of the
viscoelastic layer coincides with those of the ABH. The losses are assumed to be frequency
independent and characterised by a Young’s Modulus E;(1 — in;), where 7; is the loss factor of
the viscoelastic material. Using the RKU model [I54], the effective bending stiffness Df of the
j-th discretised composite beam of the coated tapered area is written as [79):

. - . 3+ (1+ he)2eche[l —nm —i(n +m)]
DS = EIL; |(1 —in) + e (1 — i) + < , 3.8
; i |[(L=in) + eche(1 —im) 1+ eohe(l = jm) (3.8)
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where the indices j and [ stand for the parameters of the uncoated j-th beam of the termination
and the absorbing layer respectively, e. = E;/E and he = hé» /h;. In addition, the wave number

pChSw?
kS of the j-th composite beam satisfies (k;)4 = ]_DJC. ,
j

where h§ = hé- +h; is the total composite

height and p§ = (pjh; + pihy)/h§ is the density.

3.3 Analysis of Ry in the complex frequency plane to interpret
the ABH effect

The absorption of flexural waves by a discretised 1D ABH termination coated by a viscoelastic
layer is now analysed in the reflection problem. In this section, the thickness hé- of the viscoelastic
layer is considered constant such that hé = hy, for j = 0,..., N — 1 . The eigenvalue of the
scattering matrix of the propagative wave reduces to Ry in the current case and is analysed in
the complex frequency plane [114] 153]. The material properties and geometric parameters are
also given in Tab.

Geometric parameters | Material parameters
hy =5 mm p = 2700 kg.m 3
Main beam b=2cm E =70 GPa
n=20
ho = 0.1125 mm P
b=2cm D;
Acoustic Black Hole L; =20 cm
LQ =3 cm
N =201
h; = 0.7 mm E; =0.5 GPa
Coating layer pr = 950 kg.m ™3
Yl

TABLE 3.1 — Geometric and material parameters of the studied systems. The value of the loss
factor 7; depends on the experimental set-up used. The parameter b corresponds to the width
of the system.

3.3.1 Analysis of lossless ABH terminations with different thickness profiles

Four configurations of termination with different thickness profiles of the uncoated ABH are
analysed in this section. The four thickness profiles differ from one another by their power-law
x such that each profile equation reads as :

x X
h(z) = hy () Vo> Lo, (3.9)
Ly
The analysed orders are linear (x = 1), quadratic (x = 2), cubic (x = 3) and quartic (x = 4)
respectively and are depicted in Fig. (d) The reflection problem is analysed first for each
configuration in the lossless case. In this case, no dissipation is considered and Young moduli are

pure real (n =n; = 0). log;o(|Rn|) of the different thickness profiles are depicted in Fig. [3.2{(a)-
(d). For each profile order, the poles and zeros are symmetric by pair with respect to the real
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FIGURE 3.2 — (a)-(d) Representation of log;q(|Rn/|) in the complex frequency plane for different
thickness profiles of ABH in the lossless case (linear, quadratic, cubic and quartic thickness
profiles, respectively). (e) Thickness profiles of the ABH studied in (a)-(d).

frequency axis in the lossless case, i.e. the complex frequencies associated to one pair of pole
and zero are complex conjugates one from the other. This symmetric distribution comes from
the time invariance symmetry of the scattering matrix [I53]. The pole frequencies correspond
to the resonances of the ABH termination while the zero frequencies correspond to destructive
interference phenomena. The value of |Ry| along the real frequency axis is equal to 1 as expected
since no energy is lost in the system and the incoming wave is completely reflected back (see
Fig. [3.2(d)). Since the ABH terminations are open resonators, the imaginary part of the poles
in the lossless case represents the amount of energy leaked by the resonator through the main

beam as previously shown in Chapter [2/ and in [I53]. The quality factor of the resonances can
Re(wp)
2Im(<,fp)

be given by @) = where w), is the complex frequency of the pole.

By observing the general trend of the discrete distribution of poles and zeros, it is possible
to note that the imaginary part of the poles (and zeros) increases (decreases) when the real
part of the frequency increases, meaning that more energy leaks out through the resonator when
the frequency increases. As a consequence, the quality factor of the resonances also decreases
as the frequency increases. Two different trends can also be observed according the thickness
profiles. On the one hand, the density of poles increases with the order of the profile as shown in
Figs. B.2(a)-(d). On the other hand, the poles/zeros are closer to the real frequency axis as the
order of the profile increases, meaning that the modes are more trapped in the termination and
that the energy leakage is lower for higher profile orders. As a consequence, the quality factor
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3. Analysis of Ry in the complex frequency plane to interpret the ABH effect

@ of the modes increases with the order of the profile, leading to narrower poles and thus zeros.

The previous analysis corresponds to the lossless case. The next stage is to introduce losses
in order to shift the zeros to the real frequency axis and design efficient absorbing devices.
This situation corresponds to the critical coupling condition at which the introduced losses
compensate the energy leakage of the system. Perfect absorption can therefore be observed in
that case. In order to do this, a compromise between the density of poles and the quality factor
must first be made in order to choose the proper profile. If a low (high) profile order is chosen,
the density of poles will be low (high) and the quality factor will be low (high), requiring a big
(low) amount of losses to produce a rippled reflection spectrum with broad (narrow) reflection
drops. The quadratic profile is chosen here, with x = 2 which shows a reasonable density of
poles with a leakage that can be compensated by realistic materials.

3.3.2 Lossy case

Losses are now introduced into the system by adding an imaginary part to the Young’s
modulus of the damping material of the viscoelastic coating such that it reads as Ej(1 — in).
Losses in the uncoated termination and the main beam are neglected (n = 0). In doing so, the
symmetry between the poles and zeros with respect to the real frequency axis is broken [153].
Figures. [3.3(b)-(c) depict log;o(|Rn|) in the complex frequency plane for two different values of
mi, which have to be compared to the lossless case depicted in Fig. [3.3(a) (7, = 0). As the losses
induced by the damping layer increase (1, = 2 in Fig. [3.3(b) and n; = 4 in Fig. [3.3|c)), the zeros
move to the real frequency axis. Drops of |R|? appear therefore in Fig. [3.3|(d) associated to the
resonance frequencies of the ABH termination. The closer to the real frequency axis the zero
in the complex frequency plane, the greater the drop of |R|? with respect to the real frequency
with two distinct situations: either the zeros are located in the opposite half space of the poles
and there is a lack of loss, or the zeros are located in the same half space as the poles and there
is an excess of loss. When the amount of losses exactly compensates the leakage of the system,
the corresponding zero of the reflection coefficient is located on the real frequency axis, e.g. at
Re(f)=3108 Hz in Fig. [3.3|b). This situation corresponds to the critical coupling condition [205]
and implies the impedance matching between the main beam and the resonator, leading to a
perfect absorption of the incident wave at this specific real frequency (see Fig. ) A good
agreement between the analytical and numerical results can also be observed in Fig. (d),
therefore validating the analytical model presented in the previous sections.

An overlapping of the zeros on the real frequency axis is observed in Fig. (b) above the
frequency for which the coupling condition is satisfied (3108 Hz). This is due to the geometry
of the resonator that leads to low quality factor resonances. The overlapping of the wide zeros
results in a broadband quasi-perfect absorption and |Ry|?> ~ 0 in this frequency range (see
Fig. [3.3(d)). This result is one interpretation of the ABH effect at high frequency and is the
main contribution of this work. The damping effect of a truncated ABH is the consequence of
the critical coupling at one resonance frequency of the ABH and the broadband quasi-perfect
absorption at higher frequencies. The critical coupling, and as a consequence the ABH effect
of truncated ABH, can be obtained for any power law of thickness profiles, providing that
the impedance matching between the main beam and the ABH is achieved by compensating
the energy leakage with additional dissipative losses from the viscoelastic layer. However, it is
difficult to compensate the leakage with realistic materials for profiles with xy < 2 due to the
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FIGURE 3.3 - (a)-(c) Representation of log;o(|Rx|) in the complex frequency plane for different
values of loss factor of the beam 7 and the viscous layer 7;. (d) Blue continuous, red dash-dotted
and black dotted lines show the analytical reflection coefficient according to the real frequency
for the configuration of (a),(b) and (c) respectively. Black and red circles show the numerical
validations of configuration (b) and (c) respectively. (e) Zoom of the analytical curves of (d).

fact that poles and zeros are far from the real frequency axis in the complex frequency plane,
as pointed out by Fig. (a). In practice, the critical coupling is therefore difficult to attain
for such a profile type. For practical application, one interesting goal is to design a system that
is critically coupled at the lowest resonance frequency as possible. However, this may require
a huge amount of losses, therefore increasing the mass of the system, possibly destroying the
higher frequency efficiency. Other strategies should therefore be developed.

3.4 Enhancement of the absorption of an ABH termination

This section proposes methods to enhance the absorption performance of an ABH termi-
nation. These methods are based on the use of the complex frequency plane, and can also be
applied to any geometry of termination. Two methods are presented. The first one is based on
the spatial distribution of the losses introduced by the coating layer by gradually changing its
thickness, i.e. hé is also varying with hj, 7 = 0,...,N — 1. The second one consists in slightly
modifying the geometry of the ABH, by adding a mass at the termination end. In this case,

the critical coupling at the first zero of the termination may be obtained, leading to a perfect
absorption at low frequency.
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FIGURE 3.4 — Thickness profile of the ABH termination (grey) and the coating layer (black).

3.4.1 Tuning the losses introduced by the coating layer

An enhancement of the absorption properties of an ABH is proposed through tuning the
distribution of losses along the ABH termination. Except for the thickness of the coating layer,
the geometric and material parameters of the ABH and the coating layer remain the same in
this study as in the previous sections (see Tab. [3.1). The thickness profile of the coating layer is
shaped so that the losses introduced in the system efficiently compensate the leakage for each
resonance of the termination, producing a broadband absorption. The progressive variation of
losses is based on a similar phenomenon to graded materials [I81]. The incoming wave reduces
its speed progressively as it propagates through the ABH. The thickness of the coating layer
(and thus the amount of losses) is tapered in such a way that the losses are higher where the
wave travels faster. The thickness profile of the coating layer therefore decreases as well as the
one of the beam as depicted in Fig. and it is defined as:

2
h(z) = 1.36 x ho (2) V> Lo. (3.10)

Figures. [3.5(a)-(b) show the reflection coefficient of the ABH and the coating layer described
in Fig. in the complex frequency plane in the lossless (n = 0, n; = 0) and lossy (n = 0,
m = 2) cases respectively. As the losses are introduced, the set of zeros are all aligned on the
real frequency axis. The critical coupling is therefore performed for each resonance frequency in
the analysed frequency band, leading to a total absorption of flexural waves at these particular
frequencies. In order to compare, Fig. [3.5{c)-(d) depict the reflection coefficient of the ABH with
a coating layer of constant thickness h; = 4.7 mm in the complex frequency plane in the lossless
(n =0, m = 0) and the lossy cases (n = 0, 7, = 2) respectively. Both configurations are designed
in such a way that they provide the same absorption performance at the first resonance frequency
fo = 185.2 Hz of the termination in the lossy case. It is worth noting that the quality factor
and the density of poles depend on the profile of the coating layer: the uniform coating layer
provides a smaller density of poles and smaller quality factors than the profiled one. However
larger zeros in the complex frequency plane are present for the uniform profile (see Fig. [3.5(d)).

Contrary to the profiled case, the control of the position of a given zero in the uniform
case cannot be achieved independently from the others. This is due to the fact that the losses
introduced in the model are frequency independent, and that the thickness of the coating layer
and 7, are constant in this case (see Figs. [3.5(c)-(d)). As a result, the distribution of zeros for
Re(f)> fo is not perfectly aligned on the real frequency axis in the presence of a coating layer
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FIGURE 3.5 — (a)-(b) Representation of log;o(|Rn|) of the ABH with the profiled coating layer
in the complex frequency plane for the lossless (n = 0, 7, = 0) and lossy (n = 0, 7, = 2) case
respectively. (c¢)-(d) Representation of log,(|Ry|) of the ABH with a coating layer of constant
thickness (h; = 4.7 mm) in the complex frequency plane for the lossless (n = 0, 7, = 0) and lossy
(n =0, m = 2) case respectively. (¢) Blue dash-dotted line and black circles show the reflection
coefficient of the ABH with a profiled coating layer according to the real frequencies. Red line
shows the analytical reflection coefficient of the ABH with a coating layer of constant thickness
(h; = 4.7 mm). (f) Zoom of the analytical curves of (e).

of constant thickness (see the position of the fourth zero in Fig. |3.5(d)). This result highlights
the relevance of using profiled coatings to control the position of the zeros independently from
the others, and so to produce a cascade of perfect absorption peaks. The reflection coefficients
of these two types of ABH terminations are shown in Fig. [3.5(e). The profiled case shows
several drops of |Ry|? corresponding to perfect absorptions. However, the uniform profile has
wider peaks due to the lower quality factor of the poles of |Rx|?. The analytical results of the
ABH with the profiled coating layer in Fig. |3.5(e) (blue dash-dotted line) are compared with
numerical results (red line). The analytical results of the ABH with the profiled coating layer
in Fig. [3.5(e) (blue dash-dotted line) are compared with numerical results (red line). A good
agreement between both results is noticed.

3.4.2 ABH termination with an added mass

Another parametric analysis based on the complex frequency plane is proposed to improve
the absorbing performance of the ABH at low frequencies. The study is carried out by modifying
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FIGURE 3.6 — Diagram of the spatial discretisation of the ABH with an added mass.

the geometry of the ABH. In particular, a mass is added at the termination end with a varying
thickness. The thickness h,, of the mass varies from 0.2 mm to 5 mm. The termination+beam
system is still discretised by N = 201 beams and the mass consists of increasing the thickness
of the 11 first beams of the termination (see Fig. . The geometric and material parameters
of the ABH and the coating layer remain the same as in the previous section and are described
in Tab. The lossy case is considered here and n = 0 and n; = 2.

Figure. (a) depicts the reflection coefficient around its first zero in the complex frequency
plane for an ABH configuration without added mass. The path of the zero in the complex
frequency plane is also depicted according to the increase of the mass thickness in Fig. (b)
As the mass thickness increases, the added mass effect in the termination increases too and the
real frequency of the zero decreases. Moreover, the zero moves to the real frequency axis as the
mass thickness increases. This is due to a localisation of the mode in the termination, leading
to a decrease in leakage and thus a decrease in the absolute value of the imaginary frequency of
the zero. In particular, the zero of the reflection coefficient is located on the real frequency axis
starting from h,, = hxy /2. The critical coupling is therefore obtained and a perfect absorption
of the incident wave is observed at Re(f) = 80 Hz and Re(f) = 61.5 Hz for h,,, = hy/2 and
hm = hy respectively (see Fig. [3.7(c)). The analytical results of Fig. [3.7(c) (black dotted, red
dashed and blue line) are validated with numerical results (black, red and blue circles), since
a good agreement is observed between both models. It is worth noting that the addition of
mass does not deteriorate the absorbing properties of the ABH at high frequencies as seen in
Fig. (d) These results highlight the possibility to improve the absorption efficiency of an 1D
termination by modifying its geometry and by analysing the position of the zeros of its reflection
coefficient in the complex frequency plane.

3.5 Conclusions

Absorption of propagative flexural waves by means of an 1D ABH termination is analysed in
this chapter in the case of a reflection problem. The ABH effect is interpreted through the use
of the complex frequency plane. The positions of the zeros of the eigenvalues of the scattering
matrix in the complex frequency plane provide information on the absorption properties of
the ABH. The ABH effect may be interpreted as a consequence of the critical coupling at
one resonance frequency of the ABH and of the broadband quasi-perfect absorption at higher
frequencies, thanks to the specific geometry of the resonator. This point is the main conclusion of
the chapter since it provides a physical explanation of the ABH efficiency. The understanding of
this mechanism provides the key to future optimisation procedures of such types of termination.
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FIGURE 3.7 — (a) Representation of log;y(|Rx|) for the ABH in the complex frequency plane
around its first zero. (b) Representation of log;y(|Rx|) in the complex frequency plane around
its first zero in the case with an added mass of thickness h,, = h;. White dashed line corresponds
to the path of the zero when the thickness of the mass is increased. Blue, red and black circles
give the positions of the zero for the configurations ABH (h,, = h¢), hy, = ho/2 and h,, = hg
respectively. (¢) Blue continuous, red dashed and black dotted lines show the analytical reflection
coefficient around the first real resonance frequency for the configurations shown with circles of
same color in (b). Blue, red and black circles show the numerical validations. (d) Blue continuous,
red dashed and black dotted lines show the analytical reflection coefficient according to the real
frequency for the configurations shown with circles of same color in (b).

Two methods are proposed to improve the absorption of a 1D ABH. The first consists in tuning
the losses introduced in the system by shaping the thickness profile of the coating layer. In doing
so it is possible to control the losses introduced in the resonator according to the real frequency.
The second method relies on the addition of a mass at the end of the ABH. The configuration
of perfect absorption at the first resonance frequency of the resonator can be obtained and
controlled according to the added mass by controlling the position of the corresponding zero in
the complex frequency plane.
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Chapter 4

Design of the 2D resonant building
block by using the critical coupling
condition

4.1 Introduction

The critical coupling condition has been presented in the case of 1D beam systems, and has
been used to show the perfect absorption of flexural waves in the reflection problem in Chapters
and [3| These scattering problems are characterised by a scattering matrix and its eigenvalues,
and the position of the zeros of the scattering matrix eigenvalues in the complex frequency plane
gives informations on the possibility to obtain the critical coupling condition. It has been shown
in previous chapters that the critical coupling condition is fulfilled when a zero is placed on the
real frequency axis, meaning that the inherent losses of the system are completely compensating
its energy leakage, producing therefore a perfect absorption peak at this specific frequency in
the reflection problem. Following this procedure, a perfect absorber at one given frequency in
a reflection problem has been designed in Chapter [2] by means of a simple beam termination
on top of which a coating layer has been attached. Then, a 1D broadband absorber has been
obtained in Chapter [3] by using an ABH termination and by combining the concept of critical
coupling with the ABH effect.

The next step of the study is to extend the perfect absorption of flexural waves in 2D systems.
Flexural waves propagating in a thin plate are therefore considered instead of a beam, and the
resonant inclusion consists of a penetrable circular scatterer embedded in an infinite or semi-
infinite thin plate. This penetrable scatterer presents leakage and adding a coating layer on it,
as done for 1D resonators in previous chapters, allows the control of its inherent losses. A direct
extension of the critical coupling condition in 2D can therefore be performed for the particular
case of a concentric incident wave propagating towards the centre of the scatter.

The purpose of this chapter is to study the problem of perfect absorption of flexural waves
in 2D thin plates with a local resonator by using the critical coupling condition. Particularly,
the energy absorption of the first axisymmetric mode of a circular resonator is analysed through
the balance between the energy leakage and the inherent losses of the resonator for the case
of a concentric incident wave propagating towards the centre of the resonator. The presented
problem is related to the problem of perfect absorption of flexural waves in 1D elastic beams
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treated in Chapter [2l The analysed systems are composed of an infinite thin plate and an open
resonator consisting in a circular reduction of the thickness of the plate. A thin viscoelastic
coating is attached to the resonator in order to introduce losses, leading to a composite material
whose losses may be tuned. This composite material is modeled with the Ross-Kerwin-Ungar
(RKU) model for plates [I54] and is embedded in the hosting plate. By tuning the losses in the
same way as in Chapter [2] it is possible to analyse the scattering problem in 2D and design
a 2D perfect absorber for a concentric incident wave. The composite is studied by means of a
semi-analytical model based on the scattering method, and the interpretations are based on the
eigenvalue of the S-matrix for the propagating waves, which is directly the reflection coefficient in
this case, represented in the complex frequency plane [I53]. A numerical model based on Finite
Element formalism is also implemented and validates the analytical predictions. The results
obtained in this chapter will be used to design a periodic array of penetrable circular scatterers
embedded in an infinite or semi-infinite 2D thin plate. This system constitutes a metaplate
whose resonant building block is composed of the penetrable and dissipative scatterers. This
problem will be detailed in Chapter[5] The geometry of the resonator then becomes more complex
by considering an axysimmetric profiled inclusion using the multilayer scattering approach. It
consists of discretising the thickness profile of the resonator into a finite number of layers, and
allows to compute the scattering coefficients as well as the propagative and evanescent field
amplitudes at each layer. The study is applied in the case of a 2D ABH resonator and shows
the efficiency of the method for more complex axisymmetric inclusion.

The chapter is organised as follows. In order to introduce the notations, the study first
summarises the governing polar equations and their solutions for the flexural wave propagation
in a uniform thin plate in Section In Section the scattering problem of an concentric
incident wave propagating towards the centre of a composite scatterer is treated. The extension
of the critical coupling condition for a 2D problem for the n = 0 axisymmetric mode of the
scatterer is then applied in Section The multilayer scattering problem of flexural waves by
a 2D profiled scatterer is presented in Section This allows to embed any kind of scatterer
with radially varying properties in the hosting plate and shows the adaptibility of the method
for more complex systems. This model is based on the multilayer scattering model [27]. Finally,
Section [4.7] summarises the main results and gives the concluding remarks of the chapter.

4.2 Flexural wave propagation in a uniform thin plate in polar
coordinate

This section first aims at introducing the flexural motion equations of thin plates accor-
ding to the Kirchhoff-Love assumptions. These assumptions possess analogue limitations as the
Euler-Bernoulli model in beam theory. However, it is sufficient to cover most of the situations
encountered in engineering and are good first approximations to describe the phenomena of
flexural wave propagation in thin plates. All these equations can be found in [81], 175, 113,
among others. This section summarises them and defines notations for the main purpose of this
chapter.
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FIGURE 4.1 — Kinematic of the thin plate deformation (from [81]).

4.2.1 Equation for flexural waves in a uniform thin plate

A thin uniform plate according to the Kirchhoff-Love theory is now considered. The assump-
tions given by this theory are the following [81]:

1. The thickness h of the plate is small compared to its other dimensions and the plate
possesses a mean plane.

2. Only the transverse displacement w is considered.
3. The stresses in the transverse directions are neglected.

4. The cross-sections, initially orthogonal to the mean plane, remain plane and orthogonal
(see Fig. [4.1)), implying that transverse shear strains are neglected.

5. The displacements v and v represented in Fig. in the mean plane result from two
effects:
— an initial uniform displacement field over the thickness which results from a loading
of the plate in its plane;
— the rotation of the cross-section.

The differential equation of motion for the transverse displacement W (r,#,t) of a plate in
the polar coordinate system (O, r,0) is given by

2 0,t
DA%W (r,0,t) + phaw;?(;”) =gq, (4.1)
where D = " is the flexural rigidity, p the mass density, h the plate thickness and ¢ the

12(1—12)
external forces applied to the plate. In absence of external forces, Eq (4.1)) can be expressed in

the harmonic domain with the time convention W (r,0,t) = w(r, 0)e~ ! as:

2
AQw(r, 0) — phe

w(r, 0) =0,

& (VEV2 — EYHw(r, 0) = [V + E[V2 — EHw(r,0) = 0, (4.2)
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where k% = % is the wave number. The solution of Eq. (4.2]) can be split in two parts:
w(r, ) = wg(r,0) + we(r,6),

where wy(r, ) and we(r, #) are solutions of the following equations, respectively:

(V2 + k2|w.(r,0) = 0, (4.3)

(V2 — k2 |w.(r,0) = 0. (4.4)

The first equation corresponds to the Helmholtz equation in which w,(r, ) refers to the propa-
gative waves, while the second equation is the modified Helmholtz equation where w,(r, #) refers
to the evanescent waves.

4.2.2 General solution of the flexural motion equation in cylindrical coordi-
nates

a) Expression of w,

Equation (4.3]) is now considered to compute w,(r,#). A variable separation is applied first,
such that:
wr(r,0) = R(r)O(0). (4.5)

By reinjecting Eq. (4.5]) into Eq. (4.3)) one can obtain:

0’R  10R ROO

Equation. (4.6]) can therefore be separated into two equations, a first one according to the radial
function R and a second according to the angular function O:

0?0

2
oz TO=0, .
or2  r or r2 -

The general solution of the equation satisfied by © takes the form of exponential functions
et9 However, any point M in the plate having the polar coordinates (r,6) coincides with the
point having the polar coordinates (r,0 + 2nw) where n € Z. Since the wavefield is uniquely
defined at each point of the plate, the solution © is 27-periodic, which implies that o« =n € Z.
Furthermore, the differential equation satisfied by R with a = n € Z is called the Bessel equation
of integer order n € Z. Any solution of this equation can be written as the linear combination
of two independent particular solutions called the Bessel functions of the first and second kind.
The expressions of © and R can therefore be expressed as:

_ inf
{ 0,(0) = C1pe™’, (48)

Ry, (r) = ConJn(kr) + Cs3n, Y (kr),
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FIGURE 4.2 — Variation of I,,(z) and K,,(z) for several orders.

where J,, and Y,, are the Bessel functions of the first and second kind, respectively. By reinjecting
both expressions of Eq. (4.8)) into Eq. (4.5)), the general solution w, is given by:

Wr(r,0) = [Ayndn(kr) + Ay n Yn(kr)] el (4.9)

The amplitudes Ay, and Ay, are determined according to the boundary conditions of the
studied system. The Bessel functions J,,(kr) and Y,,(kr) can be seen as standing decaying waves.
This can be proven by writing their asymptotic limits as kr — oo:

In(kr) — % cos(kr — ¢p,) and Y, (kr) — % sin(kr — ¢n,), (4.10)
where ¢, = ng + 7. In the same way as the complex exponential functions are formed from
sine and cosine functions, the Hankel functions of first and second kind H(" (kr) and H® (kr)
can be expressed as function of J,,(kr) and Y, (kr), such that: HY (kr) = J,,(kr) + iY,,(kr) and
H®) (kr) = J,(kr) — iY,,(kr). As linear combinations of Bessel functions, the Hankel functions
also satisfy the Bessel equation, Eq. , such that:

wr(r,0) = [AH(l)’nHﬁll)(kr) + AH(z)’an)(kr)} end (4.11)

H,&l)(kr) and Hff)(k:r) can be seen as outgoing and ingoing propagating waves respectively ac-
cording to the time convention e~™*. This can also be proven by writing their asymptotic limits
as kr — oo:

HO (kr) — /%eikr—dm and  HO(kr) — 2 ikr—bn (4.12)
TRT

wkr

These functions will be of importance later in this chapter for the computation of the 2D
reflection coefficient, since it requires a decomposition of the fields into ingoing and outgoing
waves.
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*oo

Yoo

FI1GURE 4.3 — Diagram of the 2D scattering problem with a concentric incident wave propagating
towards the centre of the resonator.

b) Expression of w,

The steps to express w, are similar to those for w, except that a modified Bessel equation

is obtained for the radial part. The solution is therefore expressed as a linear combination of
Tri"+1

modified Bessel functions of first and second kind I,,(z) = i7" J, (iz) and K, (z) = ™51, (iz):

we(r,0) = [Ar L (kr) + Ag K, (k)] e, (4.13)

Again, the amplitudes Ay, and Ak , are determined according to the boundary conditions of the
studied system, and the computation procedure is equivalent to that of propagative amplitudes.
Here, the modified Bessel functions describe the evanescent field in the plate as the shapes of
the functions are similar to pure real exponential functions (see Fig.

4.3 Scattering of a uniform circular inclusion in a thin plate

A 2D scattering problem in an infinite thin plate is now presented in order to study the
absorption of flexural waves by a 2D open inclusion. This inclusion is also both uniform and
circular. This problem has already been treated by Pao and Mow [I41] in the case of an incident
plane wave. The results for the limiting cases of a rigid inclusion and a cavity have been given by
Norris and Vemula [134] and are summarised in Appendix[B] This section concerns the particular
scattering case of an concentric incident wave propagating towards the centre of a composite
scatterer S of radius a (see Figs. and . It aims at introducing the analytical equations
and their solutions used in the model to design a 2D perfect absorber. The plate properties are
denoted by the index 1 and the uncoated scatterer properties by the index 0. The expressions
of the displacement fields in the system are expressed with the polar coordinate system (O, r, 6)
whose origin is aligned with the centre of the scatterer (see Fig. and [4.4). The RKU model
for a plate is first introduced in this section to model the composite material properties of the
resonator. The governing equations of the problem and their solutions are then introduced. The
boundary conditions are finally presented in order to compute the amplitude of the fields.
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3. Scattering of a uniform circular inclusion in a thin plate
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FIGURE 4.4 — Side view of the scattering problem.

4.3.1 Viscoelastic losses in the resonator: the RKU model for plates

The inherent losses of the resonator are introduced by a thin absorbing layer of thickness
h; and are considered frequency independent. The complex Young’s Modulus of the absorbing
layer is Ej(1 —in;) according to the chosen time convention, where 7; is its loss factor. Using the
RKU model for a plate [I54] , this region is modeled as a single composite layer with a given

effective wave number kg written as:

1/4
0= p) . o \RPEP g :
Eyh§ (1 —ing) + 1 — im)hr E¥ P

where the indices 0 and [ stand for the parameters of the uncoated resonator and of the absorbing
layer respectively, pf = ;%v he = Z—é, EP = g—é and of = 3 + 6h, + 4h2. The flexural bending
stiffness D} can then be written as

h

Dh=—-"0
07 121 — 1)

Eo (14 hyEra) — j (no + vihe Era)] . (4.15)
The mass density of the composite material corresponds to the mean value of the mass density
of the resonator and the absorbing layer, such that:

poho + pihy

o = g (4.16)
0

where hfj = ho + hy, and the Poisson coefficient of the composite is the same as the uncoated

resonator’s:
vh = 1. (4.17)
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4.3.2 Governing equations and their solutions

The flexural displacement field in the plate w(r,6) and in the composite scatterer wf(r, 6)
are governed by the following equations respectively:

2v72 _ 14 =
{ (VEVE = kDw(r,0) =0, Vr>a, (4.18)

(V2V2 — (KD)Hwh(r,0) =0, Vr <a.

where ki = %, and (kB)* is defined in Section [4.3.1] The displacement field w(r,6) in the
plate can be defined as the sum of the incident field wjn.(r, #) and the scattered field wy(r, §) by
using the superposition principle, such that:

w(r, 0) = wine(r, 0) + wy(r, 0). (4.19)

The incident field corresponds to a concentric wave of unitary amplitude which converges towards
the centre of the scatterer. Therefore, its expression is given by a Hankel function of the second
kind at the order n = 0 according to Eq. (4.12)) and the time convention used in this chapter:

Wine(r) = ABSHE (ky7), (4.20)

where Aﬁt‘é = 1. The general expression of wy and w}, is given by making the sum of Eq.
and Eq. at the order n = 0. However, the scattered field at r > a must be represented by
outgoing waves and must satisfy the Sommerfeld radiation condition. This condition is fulfilled
by Ho(ki7) and Ko(k17), as shown in Section and the scattered field w; in the plate is
expressed as:

wi = A oHY (kir) + Ak oKo(kar), 7> a. (4.21)

Furthermore, Hy(kr) and Ko(kr) are singular as r — 0. The displacement field w} in the com-
posite scatterer is then composed of a sum of a Bessel function and a modified Bessel function
of first kind at the order n = 0, such that:

wg = AJ,OJO(kgT) + AIVOIo(k}g’P), r<a. (4.22)

It is reminded that these expressions correspond to the case of a concentric incident wave pro-
pagating towards the centre of a composite scatterer (n = 0) and are a particular case of Norris
and Vemula’s work [134]. The generalisation of the expressions in the case of an incident plane
wave is summarised in Appendix [B]

4.3.3 Boundary conditions

Now that the displacement fields have been expressed according to the polar coordinate sys-
tem (O, r,0), the boundary condition at the interface between the scatterer and the surrounding
plate at 7 = a can be applied to compute the scattering coeflicients Ap g, Ak, Ajo and Arg
from the incident amplitude A%’ﬁ%. Four boundary conditions at r = a are distinguished accor-
ding to the Khirchhoff theory, and by ignoring the discontinuities of the mean planes between
the inclusion and the surrounding plate:

— displacement continuity

w = wh, (4.23)




3. Scattering of a uniform circular inclusion in a thin plate

— displacement normal derivative continuity

ow  Ouwh
—_— = 4.24
or or’ (424)
— bending moment continuity
M (w) = M (uf). (4.25)
— (Kirchhoff) shear force continuity
V(w) = VF (wh), (4.26)
with [I75]
82wi 1 8wi 1 62wi
Mi(wi)) = —Di—5 —Dwvi | =+ 553 | 4.2
(i) or? g (7“ or * 72 692> (4.27)
and 5 2 5
1 w; W
i(wi) = =D V?w; = Di(1 —v)) 5 2= (5 — — ), 4.2
Vi(w:) arvw ( V)r2392 (87“ r) (4.28)

where the index i can take the values 1 or §, which denote the plate and the composite scatterer,
respectively. Applying these continuity conditions leads to the equation system [134]:

A().X() = B(), (429)
with X
H(e1) Ko(er)  —Jo(eh)  —To(eh)
/
Ay = H" (1) Ko'(e1) —rJo'(e5) —rly (D)
1 1 ’
5}110 511{0 —DS% —DS%
T T, ~ -DI?  -DI?
(2)
Ano H(OQ) (c1)
X — AK70 By = — I—IO (81)
Ajo |’ SHém
Arp THE)Q)
_ kg _ P _ 1P, _ _ Dg
m—k—l,gl—kla, eg = kpa = keq andD—D—l.
%, = [n?(1 = w0) F &5’ Xn(eh) — (1 — m)eh X1, (<), (4.30)
Sk, = [n2(1 = w) F &l Xuler) — (1 - m)er X, (e0), (4.31)
%, =n(1 = v0) Xa(h) — [n?(1 = wo) + (eh)?] X7, (<), (4.32)
Ty, =n*(1 = v)Xa(e1) = [n2(1 = 1) + (21)%] X}, (=), (4.33)

Here, prime denotes 5%. The upper sign in Eqs. (4.30)-(4.33)) is taken when X,, = J,, or Hg)
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Geometric parameters | Material parameters
Host plate hi =5 mm p1 = 2800 kg.m ™3
E1 =70 GPa
m=20
VG = 0.3

Inclusion ho = 0.84 mm po = 2800 kg.m ™3
a =10 cm Ey =70 GPa
vy = 0.3

no =20

Coating layer h; = 0.7 mm E; =0.5 GPa
pr = 950 kg.m ™3
v, = 0.3
m

TABLE 4.1 — Geometric and material parameters of the studied systems. The value of 7; depends
on the experimental set-up used, see main text for the values used.

while the lower sign is taken when X,, = I,, or K,,. The solution of the equation system (|4.29))
gives the scattering coefficients An o, Ak, A5 and Arg for n = 0. This system is still valid for
any order n € Z provided that the order is replaced for every Bessel and Hankel function.

4.4 Extension of the critical coupling condition in a 2D problem
for the n = 0 axisymmetric mode

This section describes the extension of the critical coupling condition in a 2D problem for
the n = 0 axisymmetric mode of a uniform circular scatterer. It provides tools to design absor-
bers with a maximal absorption when the incident wave is concentric and defined by a Hankel
function of the second kind at the order n = 0. For this purpose, the reflection coefficient of
the propagative waves (r — o), which is the only reflection coefficient related to the carried
energy, is first defined for the specific case of an incident wave propagating towards the centre of
the scatterer. The incident wave is therefore described by a Hankel function of the second kind:
Wine = Hg)(klr). The reflection coefficient is then represented in the complex frequency plane.
The information given by this representation will be exploited to interpret the perfect absorption
in terms of the critical coupling condition, as introduced in Chapter 2 The concept of the zeros
and poles of the reflection coefficient in the complex frequency plane is once again shown in this
section through the analysis of the reflection problem. The open resonator is represented by a
circular reduction of the thickness of the plate, the material and geometric parameters of which
are described in Tab. {1l

4.4.1 Reflection coefficient in 2D scattering problems

The reflection coefficient describes how much an incident wave is reflected by a discontinuity.
It is closely related to the transmission coefficient which corresponds to the amount of energy
that is transmitted through the discontinuity. These coefficients can be easily defined for a 1D
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axisymmetric mode

reflection problem by doing the ratio between the reflected or transmitted wave amplitude over
the incident wave amplitude. Note that the incident wave interacts entirely with the discon-
tinuity and the amount of its energy that is not reflected is transmitted or absorbed by the
discontinuity. These coefficients can be computed for 2D systems in which the discontinuity is
a plane separating two media. In this case, the reflection coefficient corresponds to the amount
of energy that is coming back to the medium where it comes from. However, the definition of
the 2D reflection coefficient is not straightforward when the discontinuity separates a circular
medium from an infinite medium, since one part of the incident wave may not interact with the
circular medium and remain undisturbed. The term scattered wave instead of reflected wave is
therefore used. The scattering-cross section Q. is generally used to evaluate the energy deviated
or scattered by the scatterer. This quantity is defined as the ratio between the total energy flux
of the scattered field and the flux per unit length of the incident field [134] and is given by:

1 2w
Q=5 [ 110) a0, (43)
where f(0) is the far-field (r — oo) magnitude of the scattered field.

In the particular scattering problem of an incident wave propagating towards the centre of
a circular scatterer given by the expression of Eq. , the incident wave interacts completely
with the scatterer and its energy is either reflected or transmitted through the edge of the
scatterer. The scattered field corresponds therefore to a reflected field and the scattering-cross
section is equivalent to a 2D reflection coefficent. In this case, the reflected field represents the
field that diverges from the centre of the scatterer. The reflection coefficient of the propagative
waves 79 is then the ratio between the amplitude of the wave diverging from the scatterer centre
over the amplitude of the wave converging towards the scatterer centre, such that:

Amo

To = Aﬁ{%' (4.35)

It is worth noting that even if the incident wave can be transmitted through the scatterer edge,
this problem corresponds to a reflection problem and 7 represents the scattering of the system
since no wave is transmitted by the resonator itself.

4.4.2 Analysis of 7y in the complex frequency plane for the lossless case

As mentioned in the previous section, the reflection coefficient 79 represents the scattering
of the system in the reflection problem since no wave is transmitted by the resonator. Thus,
corresponds directly to both the S-matrix and its associated eigenvalue, and its zeros correspond
to the cases in which the incident wave is totally absorbed (see Section . In the lossless case,
|70] = 1 for any purely real frequency and the pole-zero pairs appear at complex conjugate
frequencies. Figure depicts log;o(|m0]) in the complex frequency plane for the lossless case.
The plate, the resonator and the coating layer have the geometric and material parameters given
in Tab. Note again that the Young’s moduli are purely real in the lossless case (g = n1 = n; =
0). Similarly to the case of a 1D beam resonator studied in Section the poles and zeros
appear in pairs and are symmetric with respect to the real frequency axis. The imaginary part
of the pole in the lossless case represents the amount of energy leakage by the resonator through
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FIGURE 4.5 — Representation of log10(|7y|) in the complex frequency plane for the lossless case.
The real frequency of each pole corresponds only to the resonance frequency of the axisymmetric
modes of the resonator since the incident wave imposes axisymmetric displacements at its edge.

the surrounding plate [I53]. Moreover, the incident wave imposes axisymmetric displacements
at the edge of the resonator. The only modes that are excited are therefore the ones with an
axisymmetric modeshape. As a result, the real frequency of each pole in Fig corresponds
only to the resonance frequency of one axisymmetric modes of the resonator.

a) Perfect absorption of 2D flexural waves for the n = 0 axisymmetric mode of a
uniform circular resonator

A theoretical design for the perfect absorption of flexural waves is shown in this section based
on the configuration represented in Fig. and the parameters given in Tab. Considering
that there are no inherent losses in the resonator and the surrounding plate (g = 1 = 0),
the loss factor of the coating layer has to be 7 = 2 to obtain a perfect absorption at the first
resonance frequency corresponding to the first axisymmetric mode (n = 0) of the resonator. This
value has been found by increasing progressively the losses until attaining the perfect absorption
as the zero reaches the real frequency axis.

Figures[4.6]a){4.6(b) depict log;,(|0|) for the lossless and lossy configurations in the complex
frequency plane, respectively. In particular, Fig. b) shows the first pole-zero pair of the system
in the perfect absorption configuration where the critical coupling condition is fulfilled, showing
the zero exactly located on the real frequency axis. This particular configuration corresponds to
the situation where the amount of inherent losses in the resonator equals the amount of energy
leakage (see Section for more details). Figure |4.6(c) shows the corresponding reflection (red
dashed line) and absorption (black continuous line) coefficients and the scattering-cross section
(blue dotted line) according to real frequencies for the critical coupled configuration. o ~ 1
and |7p| ~ 0 at the first resonance frequency of the composite inclusion (at Re(f) = 184.9 Hz),
meaning that the incident wave is totally absorbed at this specific frequency. The analytical
reflection coefficient |7o| is also compared in Fig. [4.6]c) with numerical results (magenta crossed
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axisymmetric mode
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FIGURE 4.6 — Representation of the perfect absorption for the reflection problem. (a), (b) show
the representation of the log;(|70|) for the lossless and lossy configurations respectively. (c)
Black continuous and red dashed lines show the analytical reflection and absorption coefficients
for the critical coupled configuration respectively. Blue dotted line corresponds to the scattering
cross-section and the magenta crossed line corresponds to the reflection coefficient obtained using

a FEM model.
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FIGURE 4.7 — Displacement response (in m) of the circular resonator embedded at the centre of
a circular plate for the critically coupled configuration (Re(f) = 184.9 Hz, n; = 2), using a 2D
axisymmetric model of solid mechanics in COMSOL software. The concentric incident wave is
simulated by imposing a load at the edge of the circular plate.
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FIGURE 4.8 — Representation of @, in the lossless (continuous black line) and lossy (red dashed
line, 7, = 2) cases for an incident wave defined by a Bessel function of the first kind at the order
n = 0. The parameters of the inclusion are given in Tab. [I.I] The lossy case corresponds to the
critically coupled configuration of the inclusion when the incident wave is described by a Hankel
function of the second kind H( ().

line) obtained with a FEM model. The FEM model has been implemented by using a 2D
axisymmetric model of solid mechanics in COMSOL software. The geometry of the model is
composed of a circular plate at the centre of which is placed the inclusion. The concentric incident
wave is simulated by imposing a load at the edge of the circular plate. A good agreement of
both results can be noticed, which validates the analytic model. The scattering-cross section
(blue dotted line) in Fig. [4.6/c) also has a zero value at the first resonance frequency of the
inclusion. This result highlights that it is as relevant to use Qs as 7y to study the absorption
of the inclusion in the particular case of an incident wave converging towards the centre of the
inclusion and described by a Hankel function of the second kind H® (z).

b) Remarks on the scattering-cross section

The previous section highlights that it is as relevant to use Q4. as 1y to study the absorption
of the inclusion in the particular case of an incident wave converging towards the centre of the
inclusion and described by a Hankel function of the second kind Hg) (z). However, most of the
scattering problems are studied with an incident plane wave defined as a linear combination of
Bessel functions of the first kind J,(z). In this case, the study of absorption by using Qs. has
to be taken with precaution due to the properties of the Bessel function of the first kind. To
illustrate this point, the same scattering problem as presented in Fig. is studied again except
that a Bessel function of the first kind at the order n = 0 is considered instead of a Hankel
function of the second kind : wine = Jo(k17).

The parameters of the scatterer remain the same as before and are given in Tab. The-
refore, the scatterer should still totally absorb all the wave which converges toward its centre at
Re(f) ~ 184.9 Hz, as shown in Fig. [4.6c. Figure 4.8 depicts Qs in the lossless (continuous black
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line) and lossy (red dashed line, 7, = 2) case. The lossy case corresponds to the critically coupled
configuration of the inclusion when the incident wave is described by a Hankel function of the
second kind H,(f) (z). A maximum of Q. in the lossy case instead of a minimum is observed at
the first resonance frequency of the scatterer in Fig. [4.8f The maximum of absorption can no
longer be observed as a minimum of Q.. This result is due to the properties of the incident
wave Jo(ki7), which can be expressed as a linear combination of a Hankel function of the first
kind and a Hankel function of the second kind, such that:

Jo(krr) = % (1§ (rr) + HP (k1) ) (4.36)

This means that Jo(k17) is composed of a converging and a diverging component according to
Eqs.. In this case, the definitions of 79 and Qs. given in Section are not equivalent
anymore since the incident wave contains a diverging component. A reflection coefficient for
the propagative wave can nonetheless be computed in this case by separating the diverging and
the converging component of the incident field of (4.36). Considering again an incident wave of
unitary amplitude wi,. = Jo(k17), the total converging field weon, in the plate corresponds to
one part of the incident wave and can be written as:

1
Weony = ngl) (klr)- (437)

The diverging field wg;,, in the plate which corresponds to the scattered field and the other part
of the incident wave, is expressed as:

1
Wiy = (2 + AH,O) H (k7). (4.38)

The reflection coefficient 7} takes therefore the form:
70 = 2Amup + 1. (4.39)

This observation can be extended to any order n € Z of Bessel function and to the case of an
incident plane wave. These results highlight that ()s. cannot be related to the absorption of a
scatterer for a general scattering problem with an incident plane wave.

4.5 Multilayer scattering of flexural waves by a 2D profiled scat-
terer

Now, the problem becomes more complex by studying the scattering of a penetrable scatterer
S with a radially varying thickness profile and coated by a viscoelastic layer. The scatterer is
perfectly bonded to the plate along the boundary ry. The model used for that purpose is the
multi-layer scattering method, where the continuous variation of the parameters of the system
uncoated scatterer+infinite plate has been discretised in a finite number N of homogeneous
axisymmetric layers [27]. The layers are numbered, such that the surrounding plate corresponds
to j = N and the core layer corresponds to j = 0. This method consists of a semi-analytical
approach that provides the scattering coefficients of each layer. The uncoated layers are dis-
tributed into concentric rings of identical length 4,, but of radially varying height h;, bending
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FIGURE 4.9 — Diagram of the 2D scattering problem with a concentric incident wave propagating
towards the centre of a resonator with radially varying thickness.

En3 .
ij?), and wavenumber ka = w,/%, j =0,...,N as shown in Fig. The

materials of the plate and the uncoated scatterer are identical, with E the Young’s modulus and

stiffness D; =

p its density. The losses are accounted for via a loss factor n, the Young’s modulus thus being
E = E(1 —in). A concentric incident wave wj,. propagating in layer N toward the centre of
the scatterer is considered. It is defined by a Hankel function of the second kind at the order
n = 0 as written in Eq. . The scatterer thickness varies between rg < r < ry by following
a quadratic law, leading to an ABH thickness profile defined as:

2
h(rj) = hyn (7;) Ve < rp. (4.40)

A plateau of constant thickness hg is therefore considered for all r < ry (see Fig. |4.9).

4.5.1 The RKU model for the multi-layered resonator

The inherent losses of the multi-layered resonator are introduced by a thin absorbing layer
of thickness h; and are considered frequency independent similarly to previous sections. The
complex Young’s Modulus of the absorbing layer is still expressed as Ej(1 —in;). Using the RKU
model [I54] for a plate, each coated layer j is modeled as a single composite layer with a given
effective wave number &% written as:

) 9 p 1/4
v <12OJ p](l — Z/j) 1+ pﬁrhj’r ]) , (441)

T\ ER l(l i) + L i),
where the indices j and [ stand for the parameters of the uncoated j-th layer and of the absorbing

layer respectively, pl; = = %’ s, = Z—;, EY, = g—; and o” = 3 + 6h,. + 4h2. The flexural bending
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stiffness D] can then be written as:

3
DP = ki

i mEa‘ (X + hjrEjra) = j (0 + vihjr Ej )] (4.42)

The mass density of the composite material is expressed as:

pihi + pil
o= PP, (4.43)
J

where h? = h; + hy, and the Poisson coefficient of the composite is supposed to be the same as

the uncoated resonator’s:
1/5’ = vj. (4.44)

4.5.2 Governing equations

A polar coordinate system aligned with the centre of the inclusion is now considered. The
equation of flexural motion in the scatterer+plate system is still modeled by using the Kirchoff-
7iwt)

Love approximation [8I]. Assuming time harmonic behaviour (e and no external forces, the

equation of the flexural displacement wf at each coated ring can be written along the z-axis as:
V2V = (k)] wl(r,0) = 0, (4.45)

The flexural field w? of the j-th coated layer is described as the sum of the field w;’ " transmitted
by the (j + 1)-th layer with the field w§+ scattered by the (j — 1)-th layer:

wh = wh” 4wl = AY)Jo(k0r) + AT (kD) + AV HSY (kPr) + AP Ko (kD). (4.46)

The notation ~ describes a converging propagation of the fields towards the centre of S and *
denotes a diverging propagation. However, this definition is not valid for the layer 0 due to the
singularity of H,(z) and K,,(2) when z = 0. The field of the layer 0 has then to be described as:

woy = AS?&Jo(kQT) + Ag)())lo(kor). (4.47)

The field of layer IV, corresponding to the surrounding plate, is given by the sum of the incident
field w;y,. with the field wj\r, scattered by the first layer of the scatterer:

WN = Wine + w} = ARGH (k) + ALGHS (k) + AL Ko (k). (4.48)
) ) A(j)

For the sake of clarity, the amplitudes ASJ ()) and Afg are now gathered in a vector Wa,j = A‘(] ’-()) ,
1,0

. . A(])
and the amplitudes Ag,)o and A%)O in W(J)r,j = ( H,)o) .
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4.5.3 Scattering matrix

The scattering problem of a scatterer with radially varying properties cannot be studied by
extending the problem of a uniform scatterer as shown in Section due to the presence of
ingoing and outgoing waves at each layer. A multilayer scattering approach is therefore adop-
ted to characterise this problem. This approach gives the relation between the converging and
diverging amplitudes at each interface between two consecutive layers j and j + 1, such that:

( VY_E,J ) B <T3_J+1 R3_J+1> (Wo,i+1> — S (Woi-s-l) ’ (4.49)
W 0,j+1 R 0,j+1 TO,J+1 WO,j WOJ

where S; + 1 is the scattering matrix of interface j + 1, T 1 are respectively the
01 the

converging and diverging reflection coefficients. As the scattering problem 1mphes propagative

041 and Ty g+
converging and diverging transmission coeflicients at interface j + 1, and R0 41 and R

and evanescent waves, the scattering matrix involves coefficients of size 2 x 2. The coefficients
are computed using the continuity conditions at each interface [40]. The steps to compute the
scattering coeflicients as well as the propagative and evanescent field amplitudes at each layer
of the scatterer are detailed in Appendix |C| according to [27]. The reflection coefficient of the
propagative waves at each layer j may be defined as the ratio of the amplitude of the converging
propagative wave in the j-th layer AJJ"O over the amplitude of the propagative scattered wave in

the j-th layer Ag?o, such that:
Ao
A

J _
TO—

(4.50)
The difference between Tg and the propagative term of Rar’ j is that the latter characterises the
reflection of propagative and evanescent waves at a given interface j regardless of the other in-
terfaces, while Tg characterises the reflection of the propagative waves in the system composed of
j layers. The global reflection coefficient 78’ of the ABH for the propagative waves is determined
by making the ratio of the incident wave amplitude Amc over the amplitude of the propagative

(N)

scattered wave in the plate AH’O and can be written as:

A(mc)

N H,0

= (4.51)
Al

4.6 Perfect absorption of 2D flexural waves for the n = 0 axi-
symmetric mode of a 2D ABH

A theoretical design for the perfect absorption of flexural waves is shown in this section based
on the configuration represented in Fig. and the parameters given in Tab. [4.2] Considering
that there are no inherent losses in the uncoated resonator and the surrounding plate (n = 0),
the loss factor of the coating layer has to be n; = 0.35 to obtain a perfect absorption at the first
resonance frequency corresponding to the axisymmetric mode (n = 0) of the ABH. This value
has been found, similarly to the case of a uniform circular resonator, by increasing progressively
the losses until attaining the perfect absorption as the zero reaches the real frequency axis.

Flgures- - depict logyo(|7"]) for the lossless and lossy configurations in the com-
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6. Perfect absorption of 2D flexural waves for the n = 0 axisymmetric mode of a
2D ABH

Geometric parameters | Material parameters
Host plate hy =5 mm p = 2800 kg.m™3
E =70 GPa
n=20
v=20.3
Acoustic Black Hole ho = 0.2 mm P
ro = 2 cm D;
ry = 10 cm
N =151
Coating layer h; = 0.7 mm E;=0.5 GPa
pr = 950 kg.m™3
m
v =0.3

TABLE 4.2 — Geometric and material parameters of the multi-layer scattering problem. The
value of n; depends on the experimental set-up used, see main text for the values used.

Analytic |7V |?

\ = = Analytic o
LR RN QM

1 ;|\ #  FEM P

400 500 600 700 800 ' I 700
Re(f) (Hz) Re(f)(Hz)

FIGURE 4.10 — Representation of the perfect absorption for the reflection problem. (a), (b) show
the representation of the log;o(|7¥|) for the lossless and lossy configurations respectively. (c)
Black continuous and red dashed lines show the analytical reflection and absorption coefficients
for the critical coupled configuration respectively. Blue dotted line corresponds to the scattering
cross-section and the magenta crossed line to the reflection coefficient obtained using a FEM
model.

79



Design of the 2D resonant building block by using the critical coupling condition
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FIGURE 4.11 — Displacement response of the ABH (in m) embedded at the centre of a circular
plate for the critically coupled configuration (Re(f) = 580 Hz, n; = 0.45), using a 2D axisymme-
tric model of solid mechanics in COMSOL software. The concentric incident wave is simulated
by imposing a load at the edge of the circular plate.

plex frequency plane respectively. Similarly to Fig. (b), Fig. (b) shows the first pole-zero
pair of the system in the perfect absorption configuration where the critical coupling condition
is fulfilled, showing the zero exactly located on the real frequency axis. Therefore, the amount of
inherent losses in the resonator equals the amount of energy leakage in this situation (see Sec-
tion for more details). Figure [4.10|c) shows the corresponding reflection (red dashed line)
and absorption (black continuous line) coefficients and the scattering-cross section (blue dotted
line) according to real frequencies for the critical coupled configuration. oY ~ 1 and |7{¥| ~ 0
at the first resonance frequency of the composite inclusion (at Re(f) ~ 580 Hz), meaning that
the incident wave is totally absorbed at this specific frequency see (Fig[d.11)) . The analytic
reflection coefficient \Tév | is also compared in Fig. with numerical results (magenta crossed
line) obtained with a FEM model. The configuration of the FEM model is the same as for the
Section @] except that an ABH is placed at the centre of the circular plate. Again, a good agree-
ment of both results can be noticed, which validates the analytical model. The scattering-cross
section (blue dotted line) in Fig. also has a zero value at the first resonance frequency
of the inclusion, showing also the perfect absorption at this frequency. These results show the
adaptability of the method for any radially inhomogeneous structure.

4.7 Conclusions

The extension of the critical coupling condition in a 2D problem for the n = 0 axisymmetric
mode of a 2D penetrable scatterer is analysed in this chapter. A first scattering problem of a
uniform circular inclusion with a concentric incident wave propagating towards the centre of
the resonator is presented. Similarly to the 1D problem presented in Chapter |2, the position
in the complex frequency plane of the zeros of the eigenvalues of the scattering matrix of the
penetrable scatterer provides information on the possibility to obtain the perfect absorption.
The perfect absorption condition is fulfilled when these zeros are placed on the real frequency
axis, meaning that the inherent losses are completely compensating the energy leakage of the
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7. Conclusions

system. The results also highlight that the scattering-cross section (Js. cannot be related to the
absorption of a scatterer for a general scattering problem with an incident plane wave due to
the properties of the Bessel functions that describe the incident wave. The adaptability of the
method for more complex geometries is shown by studying the scattering problem of an ABH,
and is validated by means of FEM models. Again, the presented approach can be applied to
any class of 2D resonant-systems provided that the resonators are local, open and lossy. The
problems presented in this chapter are the preliminary steps to the extension of the problem of
perfect absorption of flexural waves in 2D metaplates in which inclusions or complex scatterers,
such as ABHs, are embedded. The metaplates consist of an array of penetrable circular scatterers
embedded in an infinite or semi-infinite 2D thin plate. The penetrable scatterers that compose
the resonant building block of the metaplate are designed using the method presented in this
chapter in order to maximise their absorption properties.

81






Chapter 5

Scattering of flexural waves by a
critically coupled array of 2D
resonators

The resonant block of the metaplate was previously designed in Chapter [4] making use of the
critical coupling conditions by solving the scattering of a concentric incident wave by a circular
resonator embedded in an infinite plate. In order to get closer to practical problems encountered
in mechanical engineering, these resonant blocks are now periodically arranged to form an array
to design the metaplate. If several resonators, or more generally obstacles, are considered, the
field scattered from one obstacle will induce further scattered fields from all the other obstacles,
which will induce further scattered fields from all the other obstacles, and so on [122]. All these
recursive interactions of fields with two or more obstacles constitute what is called Multiple
scattering, and a variety of mathematical techniques for solving such a problem exist: the main
techniques involve separation of variables, integral equations and T-matrices [122]. Note that
the difference between multiple scattering and single scattering relies not only on the number
of obstacles that are in the system, but also on whether or not the interactions between the
scattered field by each obstacles is accounted for. The single scattering can be considered when
the spacing between the several obstacles is large compared to their size and the wavelength of
the incident wave. In this case, the total scattered field is just the sum of the fields scattered by
the individual [obstacles], each of which is acted on by the [incident] field in isolation from the
other [obstacles] [19].

The multiple scattering theory has been widely used in various fields of wave physics, from
electromagnetisms, to water waves, acoustics and elastodynamics [I122]. The studied obstacles
can be randomly [I43] or periodically distributed. In this latter, a crystal or an array is formed.
They can also be rigid as well as penetrable, involving elastic [123], porous [85] or poroelastic
[5, 189] materials. Such systems with penetrable obstacles thus become locally resonant, present
original properties, and are part of the metamaterial class as presented in Section [1.3

This chapter focuses on the scattering of flexural waves by an infinite critically coupled array
of circular inclusions embedded in a thin plate. More specifically, the purpose of the chapter is
to analyse the absorbing efficiency of this array in two configurations. The first configuration
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Scattering of flexural waves by a critically coupled array of 2D resonators

dy

FIGURE 5.1 — Sketch of the 2D scattering problem by an infinite array of circular inclusions.

corresponds to a 2D transmission problem in which the array is embedded in an infinite thin
plate, whereas the second corresponds to a 2D reflection problem in which the scattered field
by the array interacts with a simply supported plane boundary in a semi-infinite thin plate.
The excitation takes the form of an incident plane wave which is normal to the axis of the
array. The resonators consist of circular reductions of the thickness of the plate on which a
thin viscoelastic coating is attached. The resonator geometry and constitutive materials remain
the same as those of the resonators designed in Chapter 4} The scattered field by the array is
studied by means of the multiple scattering theory. In particular, the reflection, transmission
and absorption coefficients of the array are analysed for the propagating waves and are validated
using a 3D semi-periodic FEM model of solid mechanics in COMSOL software.

This chapter is organised as follows. In Section the scattering of an infinite array of
circular inclusions is presented for the 2D transmission and reflection problem. Section pre-
sents and discuss the critically coupled transmission and reflection problems. Finally, Section
[.3] summarises the main results and gives the concluding remarks.

5.1 Scattering by an infinite row of circular inclusions.

This section aims at presenting the semi-analytical model used to study the scattering pro-
perties of an infinite array of circular inclusions coated by a viscoeslastic layer embedded in a
thin plate. The formalism consided in [I57] is adapted here for flexural waves. A semi-infinite
unit cell Q0 of width d, is considered in a plate of constant thickness h, flexural rigidity D, and
mass density p. This unit cell is attached to a global Cartesian coordinate system (O, ey, ey)
and a polar coordinate system (O, e,,eg) (see Figl5.1). The position vector according to these
coordinate systems is written as x = ze, + ye, = re, + feg. A circular inclusion of radius a,
thickness ho and denoted by Q0 is placed in the unit cell 22. The centre of Q0 is located at the
point x¢ of coordinates xg = zoe;+yoey = dz/2€,+yoey. A polar coordinate system (0%, e?, eg)
is also attached to the centre of the inclusion. The inclusion is coated by a viscoeslastic layer of
constant thickness h;. This composite region is modeled by means of the RKU model introduced
in Section . The infinite array consists of the d,-periodic repetition of the unit cell Q¥ along
the direction e,. The j-th repetition of the unit cell is denoted €2/ where j € Z, and is included in
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1. Scattering by an infinite row of circular inclusions.

» T

the cartesian domain = € [0 + jd,; d, + jd.] and y = yo. A polar coordinate system (07, e/. eé) is
attached to the centre of each circular inclusion €2; of coordinates x; = x;e, +y;e, = rje,+0,eq.
The position vector according to the coordinate systems attached to each inclusion €2; is written
as 1/ =riel + Hjeg.

5.1.1 The incident wave w;,,.

The incident field w;;,. is considered as a propagative plane wave of unitary amplitude and
frequency f propagating along the direction —e, (i.e. i, = —m/2) in all this chapter. The

propagation of the incident wave is therefore normal to the array, and can be written using the
twt

time convention e " as:
Wine(x) = e*X = 7Y (5.1)
1/4
where k = —ke, is the wavevector and k = (p%jz) the wavenumber. The position vector x

can furthermore be expressed as x = x; + r’ where r/ = r/ cos6’e; + 1/ sinf’e,. As a result,

Eq. (5.1) becomes:

ikx.: —ikrd sin 7 ikx. ikrd Jj
winc(x) _ ezkxje ikr? sin 67 _ ezkxj ezkr cos(0 +2)’ (52)

where e’¥% plays the role of a complex amplitude which depends on the position x; of the centre

of the inclusion ¥ in the global Cartesian coordinate system. The term eikr? cos®+3) can be
expand upon Bessel functions using the Jacobi-Anger expansion [2], such that:
eikrj cos(69+%) _ Z(_l)an(krj)einGj' (53)

ne”L

The substitution of Eq. (5.3]) in Eq. (5.1]) leads to the following expansion of the incident field
upon the Bessel functions in the polar coordinate system (07, e/, eé) attached to the inclusion
O

Wine(r?) = Y AT T, (kT ) e (5.4)
nez
with
AY = 09Ny (-1, (5.5)
nez

The generalisation of these expressions to the case of an incident wave with an arbitrary incident

angle is given in Appendix .

5.1.2 Quasi-periodicity

The displacement field in the system is governed by the biharmonic equation of motion given
in Eq., and is written as the sum of the incident wave w;,. and the scattered field ws. by
the array. The latter is the sum of the scattered fields wi,. by each inclusion €7, thus the total
displacement field reads as:

W = Wine + Wse = Wine(X) + Z wl, (r7). (5.6)

JEZL
Each scattered field w?, 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
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Scattering of flexural waves by a critically coupled array of 2D resonators

of the second kind:

wl () = 3 [ Ay HO (k) + A Ko (k)| (5.7)
nez
where A{-Ln and A{'(’n are the propagative and evanescent scattering coefficients of Q7, respecti-
vely. The number of scattering coefficients to determine can be reduced in this case by exploiting
both the quasi-periodicity of the array along e, and the normal plane incidence feature of the ex-
citation, i.e., k = —ke,. Both conditions involve that the scattered coefficients of each inclusion
are equal due to the Floquet-Bloch condition:
A, =An, and Al ,=Ak, JEL (5.8)
Note that this relation is no more valid when the angle of the incident plane wave is arbitrary
and that a phase-shift has to be accounted for via the Floquet-Bloch condition. As a consequence
of Eq (5.8)), it is sufficient to determine the scattering coefficients of one inclusion €’ to solve
the problem.

5.1.3 Lattice sum

The scattering coefficients of the inclusion Q¥ are now determined. The total scattered dis-
placement field wy. takes therefore the following form:

Wee(r?) =D [A D (kr?) + AY n n(krj)} en?’. (5.9)

JEZnEL

The Graf’s addition theorem is then used to express the scattered fields by each inclusion 7,
with j € Z*, in the local polar coordinate system (O, e?,e))) attached to Q° (see Appendix
for more details on the Graf’s addition theorem):

wsc(ro) = Z {A%,nﬂg)(k‘ro) + A%nKn(krO)} eint”
nez
+ Z Z {AOHﬁqSE—qJ”(kTO)emeO + A%,qsg—qln(kro)] emgo, with 70 < dy —an an
n€EZ qeL
(5.10)

and S}ZLI,q and Sff,q are written as:

=S HY, (kjd) (1+ (—1)"79), (5.11)

7>0

= 3 Ko g(Rjd) (1) + (<1)7). (512)

§>0
In particular, Eq. is known as Lattice sum or Schlémilch serie. 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 €7, where j € Z*, to the near-field close to Q° [I16]. The
form of the serie as written in Eq. is unsuitable for numerical computation due to its very
slow convergence. However, it can be transformed into another expression which is amenable
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1. Scattering by an infinite row of circular inclusions.

for computation [116] [177](see Appendix for more details on the transformation of S,I:I_q).

Note that this slow convergence concerns only S,I;I_q and not SX | since K, (z) is exponentially

n—q’
decaying with the increasing argument z. Using the appropriate expression of Schlémilch serie,
the total displacement field in the polar coordinate system (O, e?, e)) takes the following form

»ry
in the vicinity of Q% (r¥ < d, —anQ?) :

w(x®) = 3 [Af HO (o) + AR Ko (r®) + (AT + AY ) Tn(kr®) + AR L (kr®)] e,
neL
(5.13)

where
A, =D Ax, S, and AR, => A SK.. (5.14)

q€Z qEZ

5.1.4 Boundary conditions and scattering coefficients

The scattering coefficients of QY are determined by means of the boundary conditions at the
interface I’y between the scatterer and the surrounding plate (see Fig. . Equation is
similar to the expression of the displacement field in the case of the scattering by an isolated
inclusion. The procedure to apply the boundary conditions at 'y is therefore exactly the same
as presented in Section Hence, applying the boundary conditions at I'g for a given order
n of Bessel function leads to the following equation system:

A2 x0 =B2a% (5.15)
with .
ng )/(5) Kn(e)  —Jn(ep) —In(5)
A0 _ | B (0) Ka'(e) —w%'(ef) —r"lo'(ep)
" SH,, Sk, -DSy -Dsy |’
T, v~ =Dy D17
AR In(e)  Ln(e) o
%0 — A(I)(,n . BY=_ In'(e) Tn'(e) . ad = AZJ%’ + A%,n :
nT Ay, " 1. S, " Ak n
A, Ty, Ty,
where k° = kb /k, € = ka, e} = klja = k% and D' = D} /D and
Sk, = [n2(1 = vi) F F] Xa(es) — (1= v)ei X (e4), (5.16)
Tk, =n*(1—v;)Xu(e:) — [nQ(l O E= 512} X! (&), (5.17)

where the indice ¢ is either equal to p or is null. The upper sign in Eqgs.(5.16) and Eq.
is taken when X,, = J,, or Hg) while the lower sign is taken when X,, = I,, or K,,. 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
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from Eq. (5.15) by solving the following system:

-N -N —N 4inc,0
A%_N - T11 > A%qSHqu - T12 2 A%QSKN—q = Tll A?,LiN

N < N < N 4inc,0
0 — 0 QH — 0 oK _ =N ginc,
Ag_y =Ty 2 A, Son_g — Ty > Ax, SN =T Ajx

q€Z qEZ

0 0 0 cH 0 0 oK _ 70 2inc0
AHO — 17 ZZ AHqSqu — 17y ZZ AKQSqu = llAJ,O
qe qe

ne.0 , (5.18)
Ay —TH X AY S, - TS, X Ay SK, =T9 AT
qEeZ qE€L
: 0
A~ TS A S5, TY T ALK, = THAT
q q
ne.0
A TN Y Ay SH_ TN S AY SK_, =T AT
qEZ q€EZ
where
T
n m 1
n__ 21 22| _ 0 . RO
™ — e (An) BY. (5.19)
mn mn
41 142

The sums are truncated in practice to n € [—N; N| by using the following numerical recipe [10]:

N = floor(4.05(ka)*/? + ka) + 10, (5.20)

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.

5.1.5 Reflection and transmission coeflicients
a) General expressions

The reflection and transmission coeflicients of the array are now computed. These coefficients
provide the global behaviour of the inclusion array submitted to an incident field in the Cartesian
coordinate system. To derive these coefficients, the system composed of the infinite plate and
the array is divided into 3 domains (see Fig. [5.2)):

— Q. corresponds to the array of d,-periodic repetitions of QU,

— QT corresponds to the upper half-space, i.e., above the array, where the incident wave

initially propagates and is reflected from the array,

— 7 corresponds to the lower half-space, i.e., below the array, where the transmitted waves

propagate away from the array.
The displacement fields w™ in O and w™ in Q~ are then expanded upon plane waves. However,
due to the dy-periodicity of the array, only the discret set of wavevectors kfe; & ke, and

Yhe: + vje, is admissible [I8, [74], where the Bloch wavevector reduces to ki = 4 = 2;;“

because the incident wave is normal to the array, ki) = 4/ k2 — k4% and V= (ik)2 —~& ? where
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1. Scattering by an infinite row of circular inclusions.

FI1GURE 5.2 — Sketch of the scattering coefficients, reflection coefficients and transmission coef-
ficients in the scattering problem.

i € Z. Therefore, the expansion of the displacement fields upon Bloch waves are:

wt(x) = Z 80 etRew—iky (y—(yo+a)) 4 Rﬁez‘ké‘wikéf (y—(yota)) 4 Rzeivﬁwivé‘(y—(yow))’ (z,y) € QF
v (5.21a)

w (%) = Z Tﬁeikgz—ikgy—(yo—a)) + Tﬁemﬁm—ivﬁ(y—(yo—a))_ (z,y) € Q™
e (5.21Db)

R, Rj,, T} and T} are the complex amplitudes of the propagative and evanescent outgoing
plane waves radiated from the array in QF. The relation between the Bloch waves amplitudes
RE, Ry, T and T} and the scattering coefficients A%n and A%n determined from Eq.
is derived by means of the Green-Kirchhoff Integral Theorem, which is detailed in [I57]. After
derivations, the Bloch wave amplitudes take the form:

R = 3 Apy Kpje terotikie, (5.22a)
nez
T s
nez
Tf = 8,00 | A0 K-tk itio (5.220)
nez
TS =" Ay K&, e ot (5.22d)
nez
with
2(—i)"
+ +n0
= g (3230
£ Ty
Kk = e, (5.23b)

where ke'r = kH +ikl and yeitn = yh +1i7}/. Due to the unitary amplitude of the incident wave,
the global reflection, transmission and absorption coefficient of the lattice can be expressed as
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FI1GURE 5.3 — Sketch of the scattering problem with a simply supported plane.

[85]:
Re 2
ReP=Y" ,SJ’) LA (5.24)
WEZ Y
Re (k*
T = e,goy) \Tfj g (5.25)
MEZ Y
ar =1—|Ry|? — |Tr|2 (5.26)

b) Interaction of the array with a plane boundary

The interaction of the array with a plane boundary I', parallel to the array and located
at y = 0 is now studied (see Fig. . This study is possible thanks to the expansion of the
scattered field w,. upon Bloch waves expressed in Egs. and . A simply supported
condition is chosen here to avoid the conversion of wave types from propagative to evanescent
and vice-versa [48], and so make the calculation easier. The incident wave remains the same as
the previous study and is still expressed by Eq. . The half-space Q7 is now only considered.
The displacement field w™ in QT keeps the same form as in Eq. . However, the expression
of the reflection coefficients differs from that of Eq. (5.22a]) and [5.22b| due to the presence of the
plane boundary. The displacement field inside the unit cell QU takes the form:

0 _ o+ ikhx+ikly p— ik x—ikly e+ ivka+ivly e— Jivhr—ivly
wc(x)_que Y +f,u,e Y +fu€ Y +fpe v
MEZL
+ Z A9, KPE—ikbzotikya  ikiz+iky (y—(yo+a)) (5.27)
n= T HT
nez

I

+ Ag(n KE:TIL: e~V ToFiVY @ givg iy (y—(yo+a))

where the upper signs are taken when y > yo + a and the lower signs when 0 < y < yo — a. fﬁ*
and f};~ account for the amplitudes of the ingoing and outgoing propagative Bloch waves in 09,
respectively, whereas fﬁ* and f;~ correspond to the amplitudes of the ingoing and outgoing
evanescent Bloch waves in QU, respectively. The scattering coefficients in w™ as well as the waves
amplitudes of w? are determined by means of the boundary conditions at Ty, I'p, and I'y. The
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1. Scattering by an infinite row of circular inclusions.

boundary conditions at I', and the continuity conditions at I'g implies:

da . da .
wle ke dy = / whe FeTdy
0 0
; y € [y, (5.28)
/dz ow? Ly /dz owt oY gy
o 0Oy o Oy
and
" wdle *Tdr =0
0
de 5240 , y el (5.29)
c efzklxdx —
0o 0y

Applying the boundary conditions at I'y, I', and making use of the orthogonality relation
de .

/ ket o—ikiz g, — 21dy6,y , the amplitudes f7F, fb=, f5* and f5~, and the propagative
0

and evanescent reflection coefficients Rf, and Rj, can be expressed as:

o = —0getote) N AR KDoeRerotikivo, (5.30a)
nez
fﬁ_ — 5#06ik5(y0+a)7 (530b)
fﬁ+ _ Z A%nKzge—iwgmo—Fi%ﬁyo’ (530(3)
nez
fo~ =0, (5.30d)
R = —3,0 i2ky (yo+a) 4 Z A9 § eik;‘(yo+a)( Kﬁie—ik;‘xo—iké‘yo — Kfoe —iky wo+lkyy0) (5.30e)
nez
RS = Z AY em (vota)( Ke+ —iYrTo—ivy Yo _ Kie —ikezotinyyo) (5.30f)
nez

fh~ and f;~ accounts therefore for the incident wave amplitudes in 00, whereas fﬁ* and fﬁ*

accounts for the reflection at I', of the incident wave and the scattered field by Q°. The scattering

cH

coefficients Ay, and Ak, of QU are again determined by means of the boundary conditions at I'.
However, it requires beforehand to expand the exponential terms of w? upon Bessel functions
in the coordinate system (O°,e?, eg) by using the Jacobi-Anger expansion, such that:

f’p+ ikl xtikyy _ Z FP+J m@o’ (5.31a)
neZ
foteniTtity — 32 Fery (k) e, (5.31b)
neZ
with
Pt — _5H0€ b (yo+a) _ Z AO Kp— —ikh wo+iklyo i"e 0o ik 1’0+lkyy0 (5.32a)
un Hm ’
me”Z
Fiv == 3 Ak, Ky e MEo v (e inan g ot o (5.32D)
7 m ' )

meZ
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Hence, applying the boundary condition at I'y for a given order n of Bessel function leads to the
following equation system:

A% x9 =BY.a0, (5.33)
T
with a%% = (A?fﬁ’o + A%,n + Z Ept A n T ZZ Fgr | and where T is the transpose sign. If
e e

the scattered field is expanded upon N orders of Hankel functions and modified Bessel functions
of the second kind, the scattering coefficients are determined from Eq. (5.33) by solving the
following system:
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The reflection and absorption coefficient of the lattice can then be expressed as:
2 Re ( ) D
[Rr|* = T ﬂR : (5.36)
HEZ
ar =1—|Rgl% (5.37)
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2. Scattering by an infinite array of circular resonators

5.2 Scattering by an infinite array of circular resonators

The following two scattering problems are now considered: the first one is named the trans-
mission problem and involves both the reflection and transmission coefficients and the second
one is named the reflection problem by backed infinite array of circular resonators and only
involves reflection. Both problems are depicted in Figs. and respectively. The resonators
in both problems consist of homogeneous circular reductions of the plate thickness on top of
which a coating layer is placed, similarly to the resonators studied in Section The geometry
and material parameters of the composite resonators are the same as those in Section 4.4] whose
values are detailed in Table [£.1] These resonators are critically coupled at their first axisymme-
tric mode when excited by a converging wave. They also totally absorb this concentric incident
wave, when isolated, at the corresponding eigenfrequency: Re(fy) = 184.9Hz (see Chapter {4 for
more details). The study focuses only on the reflection and transmission of waves in the far-field,
(y — £00), that is to say, on the propagative waves that carry the energy. The expansion of the
displacement fields upon Bloch waves is truncated such that p € [—20 : 20].

5.2.1 Transmission problem

The same configuration as in Fig. is considered for the transmission problem with d, = 24
cm. Therefore, the expansion of the scattered field upon the scattering coeflicients A%Ln and
A%’n is truncated at N = 15 orders (n € [—15 : 15]) by applying Eq. (5.20). The propagative
reflection coefficients |Rr|?, the transmission coefficient |Tr|> and the absorption coefficient
ar = 1 — |Ry|? — |Tr|? are evaluated around the frequency Re(fy) = 184.9 Hz by using the
multiple scattering model presented above. The lattice sums STPLI_q and S’,If_q are also expanded
upon 2000 terms.

Figure[5.4|depicts | Rr|?, |Tr|? and ar = 1—|Ry|?—|Tr|? using the multiple scattering model
and a FEM model. The FEM model is implemented by using a 3D model of solid mechanics in
COMSOL software. The geometry of the model is composed of one unit cell of the infinite array
of circular inclusions. The periodicity along e, is simulated using Floquet conditions, whereas
the infinite length along e, with Perfectly Matched Layers (PML) (see Fig. . The incident
plane wave is simulated by imposing a load at an edge parallel to the axis of the array.

The absorption coefficient a reaches 0.5 at most at Re(f) = 196Hz in Fig. This fre-
quency corresponds approximately to the resonance frequency of the first axi-symmetric mode
of the composite resonators. These results are similar to those obtained in the 1D transmission
problem presented in Section This absorption limit of 0.5 is, once again, due to the fact
that a single symmetric mode is excited here and that the system is thus half critically coupled
(see Chapter . The solutions to increase the absorption are the same as those presented
in Section which are: breaking the symmetry of the resonator[98] or using degenerate
resonators[204]. A good agreement between the analytical and numerical results highlights the
adaptibility of the critical coupling method applied to flexural waves for the 2D transmission
problem.

5.2.2 Reflection problem

The configuration of Fig. is now considered for the reflection problem. The width of the
unit cell is d, = 24 cm, yo = 12 cm and the expansion of the scattered field is still truncated such
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FIGURE 5.4 — Representation of |Rr|?,|Tr|? and ar around the first eigenfrequency of the cri-
tically coupled resonators. Black dashed, blue dotted and red solid lines show the analytical
transmission, reflection and absorption coefficients |Rz|?,|Tr|? and ar respectively, whereas
black triangle, blue circles and red crossed lines correspond to the transmission, reflection and
absorption coefficients computed by means of a FEM model.
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F1GURE 5.5 — 3D FEM model of the unit cell of the infinite array of inclusions used in COMSOL
software to numerically compute |Rr|?, |Tr|?> and ar. The periodicity along e, is simulated
using Floquet conditions and the infinite length along e, with Perfectly Matched Layers (PML).
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FIGURE 5.6 — Representation of |Rg|? and ap around the first eigenfrequency of the critically
coupled resonators placed in unit cells of width d, = 24 cm and yy = 12 cm. Black and red solid
lines show the analytical reflection and absorption coefficients | Rg|? and a g respectively, whereas
black and red crossed lines correspond to the reflection and absorption coefficients computed by
means of a FEM model respectively.

that n € [—15 : 15]. The propagative reflection coefficient | Rz|? and the absorption coefficient oz
are evaluated around the frequency Re(fy) = 184.9Hz by using the multiple scattering model
with a plane simple supported boundary presented above and by using a FEM model whose
configuration is depicted in Fig. [5.7] Note that the simply supported condition is simulated in
the FEM model by imposing a displacement equal to 0 along e, at the corresponding face.

Figuredepicts |Rg|? and ar around the first eigenfrequency of the resonators. The perfect
absorption is still not reached in this case since apr equals 0.92 at most at Re(f) = 196Hz.
This may be explained by the interaction between the boundary and the resonator which alter
the resonant behaviour of the latter, and more particularly its inherent losses. The resonator
positions are therefore slightly moved along e, axis in order to increase their absorbing efficiency.
Figure depicts |R R|2 and a g of the resonator array located at zog = 12 cm and yyp = 16.3 cm in
unit cells of width d; = 24 cm. An enhancement of the absorption is therefore noticed (g = 0.98
at Re(f) = 196 Hz). The frequency of the maximum of absorption is slightly modified due to
the coupling between the resonator and the boundary. These results highlight the adaptibility
of the critical coupling method applied to flexural waves for 2D reflection problem.

5.3 Conclusions

The absorption of a propagative flexural plane waves by an infinite array of circular resonators
in 2D thin plates is analysed in this chapter. The absorbing efficiency of this system is analysed
by means of the reflection, transmission and absorption coefficients using the multiple scattering
method 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
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F1GURE 5.7 — 3D FEM model of the unit cell of the infinite array of inclusions used in COMSOL
software to numerically compute |Rg|*> and ag. The periodicity along e, is simulated using
Floquet conditions and the semi-infinite length along e, with Perfectly Matched Layers (PML).
The simply supported condition is simulated by imposing a displacement equal to 0 along e, at
the corresponding face.
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FIGURE 5.8 — Representation of |Rg|? and ag around the first eigenfrequency of the critically
coupled resonators centred in unit cells of width d, = 24 ¢cm and yg = 16.3 cm. Black and red
solid lines show the analytical reflection and absorption coefficients |Rg|?> and ag respectively,
whereas black and red crossed lines correspond to the reflection and absorption coefficients
computed by means of a FEM model respectively.
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absorption of the array to 0.5. The strategies to obtain a perfect absorption in the 2D case would
be the same as in the 1D case (see Chapter [2]): (i) breaking the symmetry of the resonator in
order to treat the full problem with a single type of symmetry of the resonance mode [98]; (i7)
using degenerate resonators with two types of symmetries at the same frequency [204]. In the
reflection problem, perfect absorption is possible. To that purpose, the distance between the
resonators and the boundary has to be slightly increased to reduce their coupling. The results of
this chapter highlight the adaptibility of the critical coupling method applied to flexural waves
for 2D problems. The resonators used in this chapter, the type of incident wave and the boundary
conditions have been chosen as simple as possible to show the adaptability of the method for
2D problem and give the key feature for future designs of 2D subwavelength perfect absorbers
for flexural waves. Further studies could be considered by analysing the absorption of the array
submitted to several incidence angles and to other boundary conditions than simple supported.
More complex axi-symmetric geometries, such as pits of power law profile as ABHs, could also
be used by means of the method presented in Section The absorbing mechanisms presented
in this chapter may also be combined with other mechanisms, such as bandgaps obtained by
periodically arranging the resonators along e, and e,.
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Chapter 6

Conclusions and perspectives

The main objective of this thesis was to understand, analyse and design 1D and 2D passive
damping lightweight systems which can mitigate flexural waves at low frequencies, and more
particularly with systems whose characteristic dimensions are much smaller than the wavelength
of the incident wave. Particular interest has been accorded to the design of subwavelength perfect
absorbers which have proven their efficiency in audible acoustic metamaterials, and the problem
of subwavelength perfect absorption adapted for flexural waves has been investigated. The thesis
has been constructed following a bottom-up approach based on the understanding of the critical
coupling condition, which gives the rules for designing subwavelength perfect absorbers, and the
extension of this particular condition to the case of flexural waves.

Among other damping systems, this thesis has paid attention to the Acoustic Black Holes
(ABH). Such systems consist in continuously decreasing the thickness of the plate or beam
by following a power-law, and provide good wave control and absorption at high frequencies.
The thesis has investigated the combination of the ABH effect at high frequencies with the
subwavelength perfect absorption mechanisms obtained at low frequencies.

The main contributions presented in this dissertation are summarised below as well as pers-
pectives for future works.

6.1 Conclusions

6.1.1 Subwavelength absorbers for flexural waves

The absorption of propagative flexural waves by means of simple composite beam structures
has firstly been discussed in Chapter 2l The mechanisms of energy absorption have been inter-
preted in terms of both the critical coupling conditions and the symmetries of the resonances
for both the reflection and the transmission problems. In particular, the complex frequencies of
the zeros of the scattering matrix eigenvalues in the complex frequency plane has proven to be
a relevant tool for determining the possibility of achieving perfect absorption. The condition of
perfect absorption is fulfilled when these zeros are placed on the real frequency axis, meaning
that the inherent losses are completely compensating the energy leakage of the system. This
condition is also called the critical coupling condition. The perfect absorption has been obtained
for the reflection problem since it only involves a single symmetry of the resonances. In the
transmission problem, the requirement to obtain perfect absorption is stronger as two kinds of
symmetries of the resonances are required to be critically coupled simultaneously. In the case
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presented in Chapter [2| dealing only with one type of symmetry for the resonant modes limits
the absorption to 0.5. All the analytical results in Chapter [2| have been validated numerically
using FEM models and an experimental validation of the reflection problem have also been
performed. The presented approach can be applied to any class of 1D resonant-system provided
that the resonators are local, open and lossy ones. These properties of the resonator are the
essential points to achieve the perfect absorption at low frequency in addition to solving the fol-
lowing problems: increasing the modal density at low frequencies and matching the impedance
with the background medium. These results pave the way to the design of simple resonators for
efficient flexural wave absorption by means of the critical coupling condition, showing also the
limits of absorption induced by the geometry used. More complex 1D geometries have also been
considered in Chapter [3| by using 1D composite ABHs, showing the adaptability of the method.

The extension of the critical coupling conditions in a 2D problem for the n = 0 axisymmetric
mode of a 2D penetrable scatterer has been analysed in Chapter [l A first scattering problem
of an uniform circular inclusion with a concentric incident wave propagating towards the centre
of the resonator has been presented, and the perfect absorption has been performed by fulfilling
the critical coupling condition similarly to a 1D system. The results have also highlighted that
the scattering-cross section (Qs. cannot be related to the absorption of a scatterer for a general
scattering problem with an incident plane wave due to the properties of the Bessel functions that
describe the incident wave. The adaptability of the method for more complex geometries has
then been shown by studying the scattering problem of an ABH using a multilayer scattering
model, and has been validated by means of a FEM model. The presented approach can, once
again, be adapted to any class of 2D resonant-systems provided that the resonators are local,
open and lossy.

The 2D uniform circular resonator designed in Chapter [4] has been embedded in the form
of an infinite array in a plate, also called metaplate, and two scattering problems have been
studied by using the multiple scattering method: the reflection problem in a semi-infinite plate
and the transmission problem in an infinite plate. In the transmission problem, the physical
conditions have, once again, implied only one type of symmetry of the resonant modes. The
absorption of the array is therefore limited to 0.5 as for the 1D cases treated in Chapter [2| In
the reflection problem, perfect absorption is possible at low frequencies. To that purpose, the
distance between the resonators and the boundary have been slightly increased due to their
coupling. These results highlight the adaptibility of the critical coupling method applied to
flexural waves for 2D problems and give the key feature for future design of 2D subwavelength
perfect absorbers for flexural waves.

6.1.2 Interpretation of the ABH effect by using the complex frequency plane

A new physical insight of the ABH efficiency has emerged through the study of the critical
coupling of a 1D ABH. The ABH effect has been interpreted through the use of the complex
frequency plane in Chapter [3] The geometry of the ABH leads to low quality factor resonances
and, as a consequence, to wide zeros of its scattering matrix eigenvalues in the complex frequency
plane. The ABH effect may therefore be interpreted as a consequence of the critical coupling at
one resonance frequency of the ABH and of the broadband quasi-perfect absorption at higher
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frequencies, thanks to the specific geometry of the resonator. This point is the main contribution
of the dissertation on the ABH effect, and sheds new light on how to interpret the ABH effect
in beams. The understanding of this mechanism provides a guidance tool for the design and the
optimisation of ABH terminations. Two methods have been proposed to improve the absorption
of 1D ABHs using the concept of critical coupling. The first consisted in tuning the losses
introduced in the system by shaping the thickness profile of the coating layer. In doing so it is
possible to control the losses introduced in the resonator according to the real frequency. The
second method relies on the addition of a mass at the end of the ABH and was based on the work
of Aklouche et al. [3]. The configuration of perfect absorption at the first resonance frequency of
the resonator can be obtained and tuned according to the added mass by controlling the position
of the corresponding zero in the complex frequency plane.

6.2 Perspectives

Type of inherent losses. The problem of subwavelength perfect absorption adapted for
flexural waves has been treated in this dissertation. One key point to obtain perfect absorption is
to completely compensate the energy leakage of the system with its inherent losses. The inherent
losses of the resonators have been controlled in this thesis by placing a layer of viscoelastic mate-
rial on them. The use of such materials may be labourious from the experimental point of view to
controle precisely the amount of losses introduced into the system, since their properties depend
on the temperature and on the way they are glued on the structure. Moreover, the modification
of the losses in the system implies to change the viscoelastic material which can also be arduous.
The investigation for other methods to control more effectively the inherent losses of the resona-
tors is therefore of great interest. The use of Shape Memory Polymers (SMP), whose properties
are tuned by temperature control, would be relevant for instance. The damping properties of
such materials are strongly temperature dependent. In particular, SMP soften and become more
dissipative when the increasing temperature reaches the glass transition temperature of the ma-
terial. This particular temperature is localised in the transition state where the material changes
from a glassy state to a rubbery state. The application of SMP in the case of a 1D reflection
problem by an ABH termination has already been done in the work of Ouisse et al. [I38]. Their
work has shown the possibility to improve the acoustic black hole effect through the control of
the SMP loss factor by varying the temperature. It would be interesting to combine these types
of material with the concept of perfect absorption treated in this dissertation for future designs
of subwavelength perfect absorbers for flexural waves. Another kind of system that could be
used is semi-active systems made of piezoelectric transducers whose damping properties can be
tuned according to the frequency. This strategy is investigated by Guillaume Raybaud in the
framework of its PhD thesis in the Acoustic Laboratory of Le Mans University with the Project
ANR eTNAA -17-CE08-0035-01 (2017-2021) at the time of writing this dissertation.

Perfect absorption for the transmission problem. The absorption in the transmission
problems treated in this thesis is limited to 0.5 since the physical conditions implied only one
type of symmetry of the resonant modes and lead to a half critically coupled problem. Several
strategies based on breaking the symmetry of the resonator [98] or on the use of degenerate
resonators [204] have been proposed in acoustics and have proven effective. In these cases,
both eigenvalues of the scattering matrix present poles and zeros located at the same real
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frequencies. It would then be possible to fully critically couple the problem and so obtain a
perfect absorption at the appropriate frequency. Such strategies could be adapted in the case of
flexural waves in future works to obtain the perfect absorption for the transmission problem. A
simple way to break the symmetry of the resonator in the case of beam structures is to consider
a resonator made of two beams with different thicknesses, for instance. Perfect absorption from
degenerated resonators can be obtained when the interaction of their transmission response leads
to destructive interferences, while their impedance matching to the propagating medium implies
no back scattering.

Multiple scattering problem. This thesis has dealt with scattering problem of flexural
waves by a critically coupled array of 2D resonators. The angle of the incident wave and the
boundary conditions have been chosen as simple as possible (an incident wave normal to the axis
of the array and a simply supported condition have been considered) to show the adaptability
of the method of perfect absorption for 2D problem. Further studies could be considered by
analysing the absorption of the array submitted to several incidence angles and to other boun-
dary conditions than simple supported. More complex axi-symmetric geometries, such as ABHs,
could also be used by means of the multi-layer scattering method presented in Section The
absorbing mechanisms presented in Chapter [5| may also be combined with other mechanisms,
such as bandgaps obtained by periodically arranging the resonators along e, and e,. Finally,
the interaction between the boundary and the resonators has not been further investigated due
to a lack of time. Further investigations on the influence of this interaction on the resonator
properties could also be interesting for future design of metaplate.
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Abstract

The limits of flexural wave absorption by open lossy resonators are analytically and numerically
reported in this work for both the reflection and transmission problems. An experimental validation
for the reflection problem is presented. The reflection and transmission of flexural waves in 1D
resonant thin beams are analyzed by means of the transfer matrix method. The hypotheses, on which
the analytical model relies, are validated by experimental results. The open lossy resonator, consisting
of a finite length beam thinner than the main beam, presents both energy leakage due to the aperture
of the resonators to the main beam and inherent losses due to the viscoelastic damping. Wave
absorption is found to be limited by the balance between the energy leakage and the inherent losses of
the open lossy resonator. The perfect compensation of these two elements is known as the critical
coupling condition and can be easily tuned by the geometry of the resonator. On the one hand, the
scattering in the reflection problem is represented by the reflection coefficient. A single symmetry of
the resonance is used to obtain the critical coupling condition. Therefore the perfect absorption can be
obtained in this case. On the other hand, the transmission problem is represented by two eigenvalues
of the scattering matrix, representing the symmetric and anti-symmetric parts of the full scattering
problem. In the geometry analyzed in this work, only one kind of symmetry can be critically coupled,
and therefore, the maximal absorption in the transmission problem is limited to 0.5. The results
shown in this work pave the way to the design of resonators for efficient flexural wave absorption.

1. Introduction

Recent studies in audible acoustics have focused on wave absorption at low frequencies by means of
subwavelength locally resonant materials. In particular, the design of broadband subwavelength perfect
absorbers, whose dimensions are much smaller than the wavelength of the frequency to be attenuated, has
recently been proposed [1-5]. Such devices can totally absorb the energy of an incident wave and require solving
the twofold but often contradictory problem: (i) increasing the density of states at low frequencies and (ii)
matching the impedance with the background medium. On the one hand, the use of local resonators is a
successful approach for increasing the density of states at low frequencies with reduced dimensions, as it has
been shown in the field of metamaterials [6—13]. On the other hand, the local resonators of such metamaterials
are open and lossy ones, implying energy leakage and inherent losses. In these systems the impedance matching
can be controlled by the ratio between the inherent losses of the resonator and the leakage of energy [14].
Particularly, the perfect compensation of the leakage by the losses is known as the critical coupling condition
[15] and has been widely used to design perfect absorbers in different fields of physics [16, 17] other than
acoustics.

© 2019 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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Figure 1. Diagrams of the 1D configurations analyzed for the reflection and transmission problems for flexural waves. (a)
Configuration for the reflection problem. (b) Configuration for the transmission problem.

The critical coupling condition is also relevant for applications in vibrations owing to the increasing need for
damping materials at low frequencies in several branches of industry [10]. Current passive solutions in this field
are mainly based on the use of viscoelastic coatings [18]. Another solution yields in the tuned vibration absorber
(TVA)[19-21] that is used to control flexural waves in beams. The tuning of the resonance frequency of an
undamped TVA has been analyzed [20], showing that complete suppression of the flexural wave transmission
can be achieved. In most cases, TVA have been used to minimize the transmission of a propagating wave [20],
resulting in practice in heavy treatments at low frequencies. Less attention has been paid to the case of
maximizing the absorption in order to reduce simultaneously both the reflected and transmitted waves.

The purpose of this work is to study the problem of perfect absorption of flexural waves in 1D elastic beams
with local resonators by using the critical coupling condition. Particularly, the absorption of energy is analyzed
through the balance between the energy leakage and the inherent losses in the resonators for the two scattering
problems: the reflection and the transmission of flexural waves. The presented problem is related to the control
of flexural waves in a beam using a passive TVA but with a physical insight that allows the interpretation of the
limits of the flexural wave absorption based on both the critical coupling conditions and the symmetry of the
excited resonances in the resonator. The analyzed systems are composed of a main beam and an open resonator
simply consisting in a reduction of the thickness of the main beam. A thin viscoelastic coating is attached to it,
leading to a composite material whose loss may be tuned. This composite material is modeled with the Ross—
Kerwin—Ungar (RKU) method [22] and is embedded in the main beam. By tuning the losses, it is possible to
analyze the different limits in both scattering problems. In practice, this type of resonator results in simpler
geometries than that of the TVA which consists of complicated combinations of mass spring systems simulating
a point translational impedance.

The composite is studied by means of an analytical model based on the transfer matrix method. The
analytical results, in accordance with the the experimental results, show the limits of the maximal values for the
flexural wave absorption and their physical interpretations in both the reflection and transmission problems.
The interpretations are based on the eigenvalues of the S-matrix for the propagating waves, represented in the
complex frequency plane [1]. An experimental prototype is designed and measured for the reflection problem.
The experimental results prove the perfect absorption of flexural waves and validate the analytical predictions.

The work is organized as follows. In section 2, the theoretical model used to analyze the 1D scattering
problems of flexural wave is presented. The physical analysis of the absorption coefficient in the complex
frequency plane are presented in section 3. This analysis is based on an analytical model and the concept of
critical coupling to obtain a perfect absorption of flexural waves. The experimental set-up used to validate the
model for the reflection problem is then presented in section 4 as well as the experimental methodology and
results. Finally, section 5 summarizes the main results and gives the concluding remarks.

2. Theoretical models

This section describes the theoretical model used to study the absorption of flexural waves by open lossy
resonators in 1D systems, following the approach of Mace [23]. The governing equations used in the model are
firstintroduced. Two scattering problems are then presented. The first one is the reflection problem where the
absorption by a resonator made of a thinner composite beam located at the termination of a semi-infinite beam
is studied (figure 1(a)). The second one is the transmission problem where the absorption of the same resonator
located between two semi-infinite beams is considered (figure 1(b)). The analytical results shown for the two
problems have been tested by numerical simulations, but not shown in the article for clarity of the figures, later
on the analytical results are validated experimentally in the section 4.

2.1. Flexural wave propagation in uniform beams
Consider a thin uniform beam whose neutral axis is denoted by the x-axis. Assuming Euler-Bernoulli
conditions, the flexural displacement w(x, ) satisfies [24]:

2

106



10P Publishing

New J. Phys. 21 (2019) 053003 JLengetal

O*w 0w
D—r- + m——
Ox* ot?
where D = EIis the flexural rigidity, E the Young modulus, I the second moment of area and m the linear mass.
Assuming time harmonic solution of the form e'“*, where w s the angular frequency, the solution of equation (1)
can be written in the frequency domain as the sum of four flexural waves:

w(x) = ate ® 4 afe ™ 4 g el + age. )

The complex amplitudes of the propagative and evanescent waves are a and a, respectively, and the signs™ and ™

denote the outgoing and ingoing waves respectively. The evanescent component is a near field component, the
2
amplitude of which decreases exponentially with distance. The flexural wavenumber k is given by k* = m%,

which is real and positive in the lossless case and complex when damping is accounted for. The wave amplitude is
expressed in the vector form by convenience:

N _
at = [ZA a = [Zﬁ] 3)

The relation between wave amplitudes along a beam with a constant thickness are then described by

at(xy + x) = fat(xg) and a~(xy + x) = f'a"(xy), (4)

_ [8’”‘" g_kx] 5)

2.2. Reflection coefficient in a pure reflection problem
Consider an incident plane wave in the configuration described by the figure 1(a), where the system is
terminated by a free termination at one end. The displacement w at any point for x < Oreads as

wx<0)=a"+a =a"+R;-a, (6)

where the diagonal transfer matrix fis given by

where R, denotes the reflection matrix of the resonant termination of the beam at x = 0. The incident wave is
transmitted into the resonant termination and reflected at its end, therefore the matrix R, can be evaluated, using
the displacement continuity at the interface and at the boundaries as [23]:

Ry =a"at™!' =1 + tp((fre )™ — 1) 'ty (7)

where rj; and t;; represent the reflection and transmission matrices from sections (i)—(j) of the beam (see
figure 1(a)). Considering continuity and equilibrium respectively at the section change, these matrices are given

by

o i[ A+/HA+7 (—1+1pHA -~ 7)] ®
PUALI =i -y A+ A 4+ |
re 3[—2@2 B 1110 S LR OB VO R ] o
LA (1 =Dpa -7 =208 = Dy +ip — )
where 5 = %and v = ? 1]:’2 correspond to the ratios of wavenumbers and bending wave impedances, and
A=(1+ 01 +79)7° 71(1 + (1 — 7). The reflection matrix r¢of the free termination is given by
B -1 (142
e = [(1 — . ] (10)

R,isthusa2 x 2 matrix where the diagonal components correspond to the reflection coefficients of the
propagative and evanescent waves respectively. The study focuses on the reflection of waves in the far-field

(x — —00),1.e. on the propagative waves that carry the energy. The first term of the reflection matrix
R,(1,1)=R, is therefore only considered since R,(1, 2), R,(2, 1), Ry(2, 2) — 0 when x — —o0. The absorption
coefficient g of propagating waves in the reflection problem can then be written as:

a,=1—|RJ?, x— —oco. (11)

In the lossless case, i.e. without dissipation, R, is simply equal to 1 for any purely real frequency as the energy
conservation is fulfilled.

2.3. Reflection and transmission coefficients in a 1D symmetric and reciprocal transmission problem

The transmission problem of the structure shown in figure 1(b) is described in this section, consideringb™ = 0.
Due to the symmetry of the resonator and assuming propagation in the linear regime, the problem is considered
as symmetric and reciprocal. The reflection and transmission matrices Rand Tyatx = 0 andx = Lare used to

3
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Table 1. Geometric and material parameters of the studied systems. The
value of 1), depends on the experimental set-up used, see main text for the
used values retrieved from experiments.

Geometric
parameters Material parameters
Main beam hy = 5 mm p=2811kgm™>
b=2cm E=71.4 GPa
n=0
v=203
Resonator hy = 0.217 mm pr=2811kgm™
beam
b, =2 cm E,=71.4 GPa
L=1.6 cm =0
v, =03
Coating layer h; = 1.5 mm E = 6.86 x 10> GPa
by=2cm o= 933kg m~?
L;=16cm r],
v =03
define the displacements on each side of the resonator such as:
wx < 0)=a"+a =a" +R;-a', (12)
w(x > L) =b" =T - a". (13)

Using the displacement continuity atx = 0 and x = Lin asimilar way as in the previous section, Rand T, are
written as
Re = 1y + ti((frs )7 — 121) 'ty (14)
T =aat ! = t(I — (fra D) 'ftr. (15)
Therefore the absorption coefficient of the transmission problem is defined as
a,=1—|T)P — IR}, x— Foco (16)

where R, = R¢(1,1) when x — —ooand T, = T(1,1) when x — +o0.

2.4. Viscoelastic losses in the resonator: the RKU model

The inherent losses of the resonator are introduced by a thin absorbing layer of thickness h;as shown in

figures 1(a), (b) and are considered frequency independent. The complex Young Modulus of the absorbing layer
is E/(1 + iny), where n;is its loss factor. Using the RKU model [22], this region is modeled as a single composite
layer with a given effective bending stiffness D, written as:

3+ (1 + ho)ech [l — myn + j(n, + nm]

- 17)
1+ eh(1+jn)

D. = Ezlz[(l + i) + echd (14 jmp) +

where the indices 2 and I stand for the parameters of the thin beam and of the absorbing layer respectively,
pha?

e. = Ej/E,and h, = h;/h,. The wave number k. of the composite material can then be written as k* = o

whereh = h; + hyand ph = pohy + pihy.

3. Limits of absorption for the reflection and transmission problems

This section describes the limits of absorption for flexural waves in the reflection and transmission problem by
using open, lossy and symmetric resonators. It provides tools to design absorbers with a maximal absorption in
both problems. For this purpose, the eigenvalues of the scattering matrix of the propagative waves are
represented in the complex frequency plane as in [1]. The material and geometric parameters used in the
following sections are described in table 1.

3.1. Properties of the S-matrix

Consider a two-port, 1D, symmetric and reciprocal scattering process for the systems described in figure 1(b) in
the case where x — +00. The relation between the amplitudes a* and b~ of the incoming waves and a~and b"
of the outgoing waves when x — 400 is given by

4
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Figure 2. Analysis of the scattering in the reflection problem. (a) Representation of log, (|R,|) in the complex frequency plane for the
lossless case. (b)—(d) log, (|R,|) in the complex frequency plane in the lossy case for configurations with 7; = 0.02,0.15and 0.4
respectively. The case when the critical coupling condition is fulfilled (1), = 0.15) is represented in (c). (¢) Trade-off of the absorption
at the first resonance frequency of the resonator as the inherent loss 7;is increased in the system. The points along the absorption curve
represent the values of the absorption for the configurations represented in figures (b)-(d). Red continuous (Black dashed) line
represents the absorption (reflection) coefficient as a function of eta; at 673 Hz, corresponding to the first resonance frequency of the

termination.
a\ _ by _| T R|fb~
(b+)_S(W)((1+)_[Rt T,](a+)’ x — £00, (18)

where S is the scattering matrix or the S-matrix of the propagative waves. The complex eigenvalues of the S-
matrixare; , = T, £ R, Aneigenvalue of the S-matrix equal to zero implies that the incident wave is
completely absorbed (a~ = b = 0). This happens when T, = + R,and the incident waves [a™, b~] correspond
to the relevant eigenvector. When the eigenvalues are evaluated in the complex frequency plane [1], poles and
zeros can be identified. The pole frequencies correspond to the resonances of the resonator (zeros of the
denominator of the eigenvalues) while the zero frequencies (zeros of the numerator of the eigenvalues)
correspond to the perfect absorption configuration. In the case of a reflection problem, the eigenvalues are
reduced to the reflection coefficient.

Since the systems analyzed in this work are invariant under time-reversal symmetry, the scattering matrix, as
defined in equation (18), presents unitary property [25] in the lossless case (i.e. without dissipative losses):

S$*S =L (19)

The complex frequencies of the eigenvalue poles of the propagative S-matrix are complex conjugates of its
zeros. Poles and zeros appear therefore symmetric with respect to the real frequency axis in the lossless case.

3.2. Reflection problem
3.2.1. Lossless case
In the reflection problem, where no wave is transmitted, the reflection coefficient R, represents the scattering of
the system. Thus, R, corresponds directly to both the S-matrix and its associated eigenvalue (¢) = R,). Its zeros
correspond to the cases in which the incident wave is totally absorbed. In the lossless case, |R,| = 1 for any purely
real frequency and the pole-zero pairs appear at complex conjugate frequencies. Figure 2(a) depicts log, ,(IR,|) in
the complex frequency plane. The main beam, the resonator beam and the coating layer have the geometricand
material parameters given in table 1. Note that the Young moduli are purely real in the lossless case
(n = m, = n; = 0). Asshown in section 3.1, the poles and zeros appear in pairs and are symmetric with respect
to the real frequency axis. Moreover the value of |R,| along the real frequency axis is equal to 1. It is also worth
noting that the imaginary part of the pole in the lossless case represents the amount of energy leakage by the
resonator through the main beam [1]. With the time dependence convention used in this work, the wave
amplitude at the resonance frequency decays as e "™, Thus the decay time i, can be related with the
Re(wpole) Tieak Re(Wpole)

quality factor due to the leakage as Qjeax = B = ) where the leakage rate can be defined as
pole

Fieak = 1/Tieak = Im(wpore). The imaginary part of the poles and zeros increases when the real part of the
frequency increases, meaning that more energy leaks out through the resonator at high frequencies.
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Figure 3. Representation of the perfect absorption for the reflection problem. (a), (b) Show the representation of the log, ,(|R,|) for the
lossless and lossy configurations respectively. (c) Red continuous and black dashed lines show the analytical absorption and reflection
coefficients for the critical coupled configuration respectively.

3.2.2. Lossy case

For the sake of clarity, this section only focuses on the first pole-zero pair of the system previously described. The
discussion can nevertheless be extended to any pole-zero pair of the system in the complex frequency plane.
Losses are now introduced into the system by adding an imaginary part to the Young modulus of the damping
material such that it can be written as Ei(1 + in).

As a consequence, the symmetry between the poles and zeros with respect to the real frequency axis is
broken, since the property of equation (19) is no more satisfied in the lossy case. Figures 2(b)—(d) depict
log,,(IR/]) in the complex frequency plane around the first resonance frequency for three different increasing
values of ;. Figure 2(b) represents the case for which the losses are small (1, = 0.02). In this case, the pole-zero
pair is quasi-symmetric with respect to the real frequency axis. As the losses in the damping layer increase
(m = 0.15in figure 2(c) and 1, = 0.4 in figure 2(d)), the zero moves to the real frequency axis. In particular, the
zero of the reflection coefficient is exactly located on the real frequency axis in figure 2(c). In this situation, the
amount of inherent losses in the resonator equals the amount of energy leakage. This situation is known as the
critical coupling condition [15] and implies the impedance matching, leading to a perfect absorption.

The value of the absorption coefficient of the first resonant peak as a function of 7, is depicted in figure 2(e).
The position of the zero in the complex frequency plane is directly related to the value of the flexural wave
absorption. When the zero approaches the real frequency axis, the value of the absorption is close to one, being
equal to 1 when the zero is exactly located in the real frequency axis. It should be noted that the perfect
absorption cannot occur once the zero has crossed the real frequency axis. This property might appear
counterintuitive since it means that adding a large amount of losses in the system might lead to a deterioration of
the absorbing properties of the structure.

3.2.3. Design of perfect absorbers for flexural wave in the reflection problem

A theoretical design for the perfect absorption of flexural waves is shown in this section based on the
configuration represented in the figure 1(b) and the parameters given in table 1. Considering that there is no
inherent losses in the main beam and the resonator beam (n = 7, = 0), the loss factor of the coating layer has to
ben; = 0.15 to obtain a perfect absorption at the first resonance frequency of the system.

Figures 3(a), (b) depict log, (IR|) for the lossless and lossy configurations in the complex frequency plane
respectively. Figure 3(b) shows particularly the first pole-zero pair of the system in the perfect absorption
configuration where the critical coupling condition is fulfilled, showing the zero exactly located on the real
frequency axis. Figure 3(c) shows the corresponding absorption (red continuous line) and reflection (black
dashed line) coefficients according to real frequencies for the critical coupled configuration. These coefficients
are calculated with the analytical model described in previous sections. The incident wave is totally absorbed at
the first resonance frequency of the composite beam.
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Figure 4. Representation of the eigenvalues of the S-matrix for a transmission problem in the lossless and lossy case. (a) and (b)
Lossless case for log, (|4]) and log, ,(|#/]) in the complex frequency plane. (c) and (d) Lossy case for log, (|¢|) and log, (|¢4|) in the
complex frequency plane. (¢) Trade-off of the transmission (blue dotted line), reflection (black dashed line) and absorption (red
continuous line) for the maximum absorption of the first mode as the loss factor of the coating layer increases. (f) Red continuous,
black dashed and blue dotted lines represent the absorption, reflection and transmission coefficients respectively for the half critically
coupled configuration.

3.3. Transmission problem

For the transmission problem, the S-matrix is defined in equation (18) and has two eigenvalues ¢, ,. The
scatterer being mirror symmetric, the problem can be reduced to two uncoupled sub-problems: a symmetric
problem where ¢); = T, + R,and an anti-symmetric, where ¢, = T, — R,.

1), corresponds to the reflection coefficient of the symmetric problem while v, corresponds to the reflection
coefficient of the anti-symmetric problem. The absorption coefficient can also be expressed as &« = (o + «,)/2
where a; = 1 — [¢fand a, = 1 — [¢,*. Similarly to the reflection problem, poles and zeros of ¢,and ¢, can
be identified in the complex frequency plane. The following sections focuses on the first resonant mode of the
beam resonator, the displacement distribution of which is symmetric. The interpretation of the results can
nevertheless be applied to the higher order modes with anti-symmetric distributions of the displacement field. It
is worth noting that the displacement distribution of the resonant modes changes from symmetric to anti-
symmetric as the mode increases due to the geometry of the resonators [26].

3.3.1. Lossless case

Figures 4(a) and (b) show the variation of log, (|]) and log, ,(|¢/4]) evaluated respectively in the complex
frequency plane in the lossless case for the first resonant mode. The main beam, the resonator beam and the
coating layer of the studied system have still the material and geometric parameters of table 1, where

1 = 1, = eta; = 0in thelossless case. The symmetric and anti-symmetric problems exhibit pole-zero pairs
similarly to the reflection problem in the lossless case. These pairs are also symmetrically positioned with respect
to the real frequency axis. The absence of dissipation is shown along the real frequency axis where | T; + R, = 1
for any real frequency. This section focuses only on the first resonant mode which has a symmetric distribution
of the displacement field. Therefore, only the symmetric problem presents a pole-zero pair at the corresponding
resonance frequency, while the anti-symmetric one does not.

3.3.2. Lossy case

Unlike the reflection problem, the condition for perfect absorption is stronger in the transmission one and needs
to place the zeros of both 1), and v, at the same frequency in the real frequency axis. Once this condition is
fulfilled, a" and b~ correspond to the relevant eigenvector and the system satisfies the coherent perfect
absorption condition [2, 9, 27].

Losses are introduced in the system in the same way as for the reflection problem, i.e. by increasing the loss
factor 7 of the material of the damping layer. Once the losses are introduced, the position of the pole-zero pair of
the symmetric eigenvalue in the complex frequency plane shifts towards the upper half space while the anti-
symmetric problem remains unchanged without pole-zero pairs, as shown in figures 4(c) and (d). Therefore,
only the zero of the symmetric problem can be placed on the real frequency axis, i.e. only half of the problem can
be critically coupled. Figure 4(e) shows the dependence of the reflection, transmission and absorption coefficient
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Figure 5. (a) Diagram of the experimental set-up. (b) Photograph of the resonator. (c) Black crosses and red open circles show
respectively |R,|? and «, for the critical coupled configuration measured with the experimental set-up. Black dashed and red
continuous lines show |R,|? and o, calculated with the analytical model.

on the inherent losses in the resonator for the first mode. The maximum absorption obtained is 0.5 since only
the symmetric problem is critically coupled (o = (o + ,,)/2~ (1 + 0)/2 = 1/2).

3.3.3. Design of maximal absorbers for flexural wave in the transmission problem

Based on the results discussed previously, a configuration with maximal absorption for flexural waves in the
transmission problem is designed with the parameters given in table 1. As for the reflection problem, no inherent
losses are considered in the main beam and the resonator beam () = 7, = 0). The loss factor of the coating layer
is7; = 2.21. The reflection, transmission and absorption for this configuration is analyzed in figure 4(f),
showing that the maximum absorption is 0.5 at the resonance frequency of the beam. This result is in accordance
with the ones previously obtained [2, 9, 21], even if the resonator is not a point translational impedance. The
absorption is limited to 0.5 since only one kind of geometry of resonant mode can be excited. The problem is
therefore half critically coupled. To obtain a higher absorption, other strategies based on breaking the symmetry
of the resonator [5] or on the use of degenerate resonators are needed [28]. In these cases, both eigenvalues
present poles and zeros located at the same real frequencies. It would then be possible to fully critically couple the
problem and so obtain a perfect absorption (i.e. « = 1) atthe appropriate frequency.

4. Experimental results

This section presents the experimental results of the reflection coefficient [29, 30] for an aluminum beam system
with the configuration described in section 3.2.3.

4.1. Experimental set-up

The beam is held vertically in order to avoid static deformation due to gravity. The extremity at which the
reflection coefficient is estimated is oriented towards the ground (see figure 5(a)). The used coating layer have
been experimentally characterized showing an 7; = 0.15, which is the value for which perfect absorption can be
observed. A photograph of the resonator with the coating layer is shown in figure 5(b). The measurements are
performed along the beam at 21 points equidistant of 5 mm and located on its neutral axis in order to avoid the
torsional component. The measurement points are also located sufficiently far from the source and the
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extremity of the beam to consider far-field assumption and neglect the contribution of evanescent waves. In this
case, far-field assumption is fulfilled at a distance lffrom both the source and the resonator for which the
evanescent wave loses 90% ofits initial magnitude. The low frequency limit of the measurements is then
estimated using e¥r = 0.1. The shaker excites the beam with a sweep sine. The displacement field versus
frequency is obtained from the measurements of the vibrometer at each measure point.

4.2. Experimental estimation of the reflection coefficient
Consider the flexural displacement W(x;, w) measured at the point x;(i € [0, 20]) for a given angular frequency
was

W (x;, w) = A(w)e *i 4 B(w)ek, (20)

The set of W(x;, w) for each measurement point can be written in a matrix format [30] such as

W (x9, w) e(—ikxo)  alikxo)
W, ) | | ecibn etk
W (%, w) [=| e-ikx)  likr) (

A(“)). Qe

B(w)

W (o0, w) e(—ikx)  o(ikx)

The amplitudes A(w) and B(w) can then be derived from equation (21) which forms an overdetermined system.
From these amplitudes, the reflection coefficient of the propagative waves can be deduced for any was:
A(w)

R(w) = m (22)

4.3. Experimental evidence of perfect absorption for flexural waves

Experimental results obtained with the experimental set-up are depicted in figure 5(c). A drop of reflection is
noticed at the first resonant frequency of the termination with a minimum value of |R,[> = 0.02 at 667 Hz for
the experimentand |R,|> = 0 at673 Hz for the analytical result. The gap between the analytical and
experimental resonant frequency is 0.9%. This frequency shift between the model and the experiment is mainly
due to the geometric uncertainty in the resonator thickness, induced by the machining process. This geometrical
uncertainty induces also an estimation uncertainty of the energy leakage of the resonator. The absorption is then
experimentally limited to o, = 0.98. Evidence of perfect absorption for flexural waves by means of critical
coupling is shown experimentally here.

Three experimental scans of the whole beam at 500, 670 and 800 Hz have been measured’. At 500 or 800 Hz
the reflection coefficient is very close to one. The standing waves in the main beam are visible at these
frequencies. At 670 Hz, the termination absorbs totally the incident waves. There is therefore no standing waves
and the waves are propagating in the main beam.

5. Conclusions

Absorption of propagative flexural waves by means of simple beam structures is analyzed in this work. The main
mechanisms are interpreted in terms of both the critical coupling conditions and the symmetries of the
resonances for both the reflection and the transmission problems. The positions of the zeros of the eigenvalues
of the scattering matrix in the complex frequency plane give informations on the possibility to obtain the perfect
absorption. The perfect absorption condition is fulfilled when these zeros are placed on the real frequency axis,
meaning that the inherent losses are completely compensating the energy leakage of the system. In the reflection
problem, the physical conditions of the problem lead to perfect absorption at low frequencies. In this case a
single symmetry for the resonance is excited and perfect absorption can be obtained when the inherent losses of
the system balance the energy leakage of the system. In the transmission problem, the requirement to obtain
perfect absorption is stronger than for the case in reflection as two kinds of symmetries of the resonances are
required to be critically coupled simultaneously. In the case presented in this work, or in the general case of point
translational impedances, dealing only with one type of symmetry for the resonant modes [21] limits the
absorption to 0.5. Therefore for the perfect absorption in the transmission case, two strategies are needed: (i)
breaking the symmetry of the resonator in order to treat the full problem with a single type of symmetry of the
resonance mode [5]; (ii) using degenerate resonators with two types of symmetries at the same frequency being
critically coupled [28]. The resonator used in this study has been chosen as an integral part of the main beam for

3 See supplementary material is available online at stacks.iop.org/NJP/21/053003 /mmedia: videos 500 Hz.avi, 670 Hz.aviand 800 Hz.avi
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experimental set-up reasons. However, the presented approach can be applied to any class of 1D resonant-
system provided that the resonators are local, open and lossy ones. These properties of the resonator are the
essential points to achieve the perfect absorption at low frequency by solving the following problems: increasing
the density of states at low frequencies and matching the impedance with the background medium.
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Appendix B

Scattering of an uniform circular
inclusion in a thin plate

Chapter [4] deals with the particular scattering problem of a concentric incident wave conver-
ging towards the centre of a circular scatterer. This appendix summarise a more general scatte-
ring problem with an incident plane wave scattered by a cavity according to the work of Norris
and Vemula [I34]. The scattered field of an incident plane wave wj,. by an isolated circular scat-
terer S of radius a is considered. The material properties of the scatterer are assumed randomly
different from the surrounding plate. The scatterer properties are denoted by the subscript 0 and
the plate properties by the subscript 1. The expressions of the displacements field in the system
are expressed with the polar coordinate system (O, r,0) whose the origin is aligned with the
centre of the scatterer. The flexural displacement field in the plate w(r, #) and in the scatterer
wo(r, 0) are governed by the following equations respectively:

(B.1)

(V2V2 — kHw(r,0) =0,
(V2V2 — k§)wo(r,0) = 0,

where kj = pi}‘;(“;{z and kf = %. The displacement field w(r, €) in the plate is defined as the
sum of an incident field wjn.(r, 0) and a scattered field wq(r, #) such that:

w(r,0) = Wine(r, 0) + wi(r,0). (B.2)

B.0.1 Expression of the incident propagative plane wave

The incident wave w;,. is considered as a propagative plane wave with unitary amplitude
and wave vector ki. Assuming that a cartesian coordinate system is aligned with the centre of

the scatterer, the position vector reads as
X = r€e; + yey. (B.3)

Wine can then be written as:
Wine(Xx) = ekx, (B.4)

with k = ki,e; +kiyey. To satisfy the first equation of7 the relation k%x+k%y = k? must hold.
The wavenumber components can therefore be written in the form ki, = k1 cos(0;c) and ki, =
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Scattering of an uniform circular inclusion in a thin plate

k1 sin(0;nc), where the angle 6;,,. characterises the direction of propagation of the incident wave,
while the position vector reads in the polar coordinate system as x = rcos(f)e, + rsin(f)ey,.

As a result, Eq[B.4 becomes from Eq[B.3]:

ik17r{cos(0) cos(Oinc)+sin(0) sin(finc)} _ eikU“ cos(0—0inc) (B5)

Wine(r,0) = e

This expression can be expand upon Bessel functions using the Jacobi-Anger expansion [2] such

that:
+o0

Wine(r, 0) = Z Aﬁ”ﬁ n(klr)emg ,T > a, (B.6)

n=—oo

where Af]”,‘i = j"e~"Pinc ig the incident amplitude.

B.0.2 Expression of wy and w;

The general expressions of wg is given by summing Eq and Eq. [4.13| However, as H,, (kor)
and K, (kor) are singular as r — 0, the displacement field wy in the scatterer S is only composed
of a linear combination of Bessel functions and modified Bessel functions of first kind such that:

+oo
wo = Z [AJ7an(k07') + AI,nIn(kOT)] em? , 7 < a. (B?)
n=-—o00
H,, (k17) and K, (ki7) represents the outgoing waves in the system when r > a and satisfy the
Sommerfeld radiation condition as shown in Section [4.2.2] The scattered field w; in the plate is
therefore expressed as:

“+00
w = Y [AupHu(kir) + Ak Kn (k)] €™ r > a. (B.8)

n=—oo

B.0.3 Boundary conditions

Now that the displacement fields have been expressed according to the polar coordinate sys-
tem (O, r,0), the boundary condition at the interface between the scatterer and the surrounding
plate ( at r = a) can be applied to compute the scattering coefficients Ay, Ak pn, Ay, and
Ar, from the incident amplitude Af]’?ﬁ Four boundary conditions at r = a are distinguished
according to Khirchhoff theory:

— displacement continuity
w(a,d) = wo(a,d), (B.9)

— displacement normal derivative continuity

ow(a,0),  Owo(a,b),
or or

— bending moment continuity

M (w(a,0)) = My (wi(a,0)), (B.11)
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— the (Kirchhoff) shear force continuity

V(w(a,0)) = Vo (wi(a,0)), (B.12)
with [I75] 2 2
Mi(w) = —Dizrf ~ D (i(g”: + ;g;) , (B.13)
and 0 182 (ow w
Vi(w) = —DiEV%U - Di(1 - Vi)ﬁw (87" - r) ; (B.14)

where the subscripts ¢ = 0,1 denotes the scatterer and the plate respectively. Applying these
continuity conditions leads to the system of equations[I34]:

A, x, =Bph.a, (B.15)
where
Hn(el) Kn(gl) _Jn(g(]) —In(€0)
A H’n(gl) Kyn(gl) _’{J’n(go) _’{I’n(g())
n Sl Sk —DSY —DSY
Hy, Kn JIn L,
TI-lln Tf(n —DTJOn —DTI(L
AH,n Jn(el) In(el)
Axn Tn(e1) Tn(er) Al
n — ’ ) Bn = - ) n — o ’
= a, st st a 0
m:’g—?,alzkla,aozkoa:ﬁsl etD:g—é.
Sk, = [n*(1 =) F ] Xalei) — (1 - w)eiX) (ea), (B.16)
Ty, =n*(1—v)Xn(e) — [n2(1 O E= 53} X/ (&), (B.17)

The upper sign in Eq. and Eq. is taken when X,, = J,, or H,, while the lower sign
is taken when X,, = I,, or K,,. The solution of the equation system gives the scattering
coefficients Ay, Ak n, A3 and Ag,, for a given function order n. In the case where the solution
is a linear combination of IV order, the system has to be solved N times for each function order.
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Appendix C

Computation of the scattering
coefficients and the scattering field
finside a 2D scatterer with varying
properties

Section [4.5]deals with the particular scattering problem of a concentric incident wave conver-
ging towards the centre of a circular scatterer with radially varying thickness.This appendix aims
to show the computation steps to obtain the scattering coefficients as well as the propagative
and evanescent field amplitudes of a more general problem where the structure is radially ho-
mogeneous, that is, its parameters depend only on the radial coordinate. The problem is also
generalized to any Bessel function order n € Z. The model used to that purpose is the multilayer
scattering method, where the continuous variation of the parameters has been discretized in a
number N of homogeneous cylindrically symmetric layers [27]. The layers are numbered such
that the surrounding plate corresponds to j = N and the core layer corresponds to j = 0.

C.1 Expression of the scattered amplitudes inside the scatterer
according to the scattering coefficients.

The flexural amplitudes W__ j €t Wi ; at layer j can be related to the incident wave from
the recurrence relation of Eq. (4.49)), such that:

Wr_l,j—l = T;,j'wr:,j - R;,j'W:,j_l (C.1)
W:;j - RrJnr,j'W;,j + TK,j'WI,j_l (C.2)

Defining the elastic 'impedance’ matrix Zy; as the term which link the diverging field with the
converging field in the same layer (W;r j= Z,;. W, j) and replacing this term in Egs. 1) and
(|C.2), one can obtain:

= (1d - Ry Znj 1) fro W (C.3)

W nj Wa

n,j—1
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Computation of the scattering coefficients and the scattering field finside a 2D
scatterer with varying properties

W;,j—l = (Tz,j“zn,j%)_l . (Zn,j - R:lr,j) -W;,j' (C.4)

These two relations give a recursive relation between W, ; ; and W ; and a second between
Z,; and Zy j_1 such that:

Zn,j = Rr—il_,‘] + Ti’j.Zn’j_l.XnJ_l, (05)
— _1 —
Xpj1=(1d = RyeZnj1) Tpj, (C.6)
where W;j_l = Xn,j—1~W;7j- Assuming that all the scattering coefficients are known, the first

iteration to compute all the Z, ; and Xy, ; might be done between layer 1 and layer 0. Layer a0
is described by a combination of Bessel and modified Bessel function of the first kind. Therefore,

it is possible to write from Eqgs.(C.1|) and (C.2):
Xno="Th1

_ +
Zno=Rg,

As a result, it might be possible to express the amplitude of all the converging and diverging
fields as a function of the incident field outside the scatterer and its scattering coefficients, in
the same way as transfer functions.

C.1.1 Computation of the scattering coefficients inside the scatterer

The scattering coefficients are obtained applying the continuity conditions between each
interface. These conditions are the same as presented in Section and have to satisfy two
types of incidence: converging incidence and diverging incidence. The first case leads to the
computation of a diverging reflection and a converging transmission, and the second one to a
converging reflection and a diverging transmission.

Converging incident wave: Applying the continuity conditions at the interface between the
layers j — 1 and j at r = r;j_1 with a converging incident wave leads to the following equation

system :
An,an,j - Bnajan7j7 (07)
where
Hn(ej)  Kaley)) —Jn(gj-1) —Ln(gj-1)
A= | Bnle) Kaleg) —rndnlej-1) —riln(ej-1)
- St, Sk, -D;s7 -D;Sit |7
T, Ik, —D;TjH —DyT{H
€)
A, Ine) o) ;
o = /%’{) S In(ej) Tnle)) o — A%JT)L
5 - ? 5 ] ] ? 5 ?
AJj,ln S%n SI]n AI,Jn
Agfn_ b 13, 1y,
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1. Expression of the scattered amplitudes inside the scatterer according to the
scattering coefficients.

. kg _ _ Dy . .
with k; = i—j, ej =kjrj_1,€j-1 = kiprj_1 et D; = lj)j . Note that the expression of a, ; is

not valid when j = N in the case where the incident wave in the plate is defined with a Hankel

A(N) W+.
function of the second kind. In this case, an N = I(‘)LO . Writing xp; = ™o any =
n,j—1

C.7) = (Vf,‘fi’j ) = (?;) (Wss) (C.8)

l’l,j*]. n’j

(W:J) , we get:

These coefficients are directly computed from the material properties of the system and from
Bessel, Hankel and modified Bessel functions. This means that the coefficients are totally inde-
pendant of the field in the system.

Diverging incident wave: Applying the continuity conditions at the interface between the
J-th and j — 1-th layers at r = r;_; with a diverging incident wave leads to the following system
of equations :

AL i%nj = Bujan, (C.9)
where
In(gj-1)  In(gj-1)  —Ha(g) —Ka(g))

A | TrEm) Palejmn) —rigH(e)) —R1Ka(eg)
nj syt STt —DjaSh —DiaSk
T "' —DjaTh —DjaTy

Ag:) Hn(gj-1)  Kal(gj-1) .

x;’lj - A%(;)I) ’ B; i— H7"(€_J;1) K’n(lg—Jlil) ) a;’l i — ASJJE? )
S /0 R W W i Ve
A9) i T

) ki D,_
with k1; = ;ﬂ—jl, gj =kjRj_1, ej_1 = kj_1Rj—1 and D; = éj_l. As for (C.8), we can get from

[c9):

W_. R_.
i) = () (W (C.10)
( W ) (TI,J) (W)
This system has no physical meaning when it is solved for layer 0, since the scattered field
and the incident field are both described by a linear combination of Bessel and modified Bessel

functions. Furthermore, It is useless to compute the coefficient of layer 0 because they are not
used to compute X, et Zy,.
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Appendix D

Mathematical tools for multiple
scattering

Chapter [5| deals with multiple scattering problems with an infinite row of circular critically
coupled resonators. This appendix aims to detail the mathematical tools used to study this
problem.

D.1 Graf’s addition theorem

The Graf’s addition theorem is used in Chapter [5] to express all the fields scattered by each
inclusion 7, with j € Z*, according to the local polar coordinate system (O, e?, eg) attached to
Q0. This theorem is a particular case of the Neumann’s addition theorem and allows to apply the
coordinate change of Bessel, Hankel and modified Bessel functions from one coordinate system to
another at a given order. Let’s consider two polar coordinate systems (O1,71,601) and (O2, 72, 62)

whose origins are spaced at a distance b and angle Sas shown in Fig.
The Graf’s addition theorem of J,,I,, from the coordinate system (Oy,71,61) to (Ogz,72,62)

Ficure D.1 — Configuration of the two polar coordinate systems.
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Mathematical tools for multiple scattering

takes the following form:

—+00
Sn(kr)e™ = 3" S (kb)e MBS, (kry)e™2, (D.1)

m=—00

where S = J or 1. The expressions for the Hankel function H,, and modified Bessel function of
the second kind K,, require to distinguish two cases according to whether the wave is convergent
or divergent from the origin of the reference coordinate system

“+oo
Hy(kr)e™ = 3 Hyop(kb)e " =™8], (krp) ™2 7y < b, (D.2)
)elnf = Z Tnem (kb)e' ™ H,,, (kry)e™® vy > b, (D.3)
Kn(kr)e™ = 3 (1)Ko (kb)e' "™, (kro)e™ vy < b, (D.4)
Kn(kr)e™ = 3" (=1)" ", (kb)e' " ™PK (ko)™ 1y > 0. (D.5)

D.2 Transformation of the Schlomilch series

The Schlémilch series arises naturally in scattering problems where the scatterer is an in-
finite periodic structure. They account for the contribution of the fields scattered by all the
repetitions of the inclusion to the near-field close to this inclusion. The form of the serie as
written in Eq. is unsuitable for numerical computation due to its very slow convergence.
However, Linton and Twersky showed than it can be transformed into a new expression which is
amenable to computation [I16, [I77]. This sections aims to summarise the transformations of the
Schlomilch series that are used to treat the scattering problems of Chapter. [5] The Schlomilch
serie encountered in Chapter. [5| concerns the Hankel function and takes the form:

=S 1Y (kjd) (14 (~1)"79). (D.6)

7>0

As Hgl_)n(k:jd) = (—1)"7‘1H£Ll_)q(k:jd), Sy, = Sit,.. Furthermore, the transformation of this serie
takes several forms whether the order |n — ¢| is even, odd or 0 (see Ref. [116], [177] for more
details on these conditions). If n — ¢ = 0:

21 kd 2 / 2 /)
=—-1—-— l > D.
SO pi <C+ " <4 >> kd sin @ +m€Z <k:dsin<1>0 + 7T|m|) ’ (D7)

where ®,,, = arcos (cos Oine + 222”) and C is the Euler constant.

If |n — q| is even,
i(n—q)sign(m)®,,
H N € .
=2—(-1 E 21\ D.
Snfq ( ) = kd Sin (bm + ¢ N> ( 8)
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2. Transformation of the Schlomilch series

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

1 L (=1)m22™(N +m —1)! [27\?™
=502 @m)!(N —m)! (kd) Bam ),

with B, the Bernoulli polynomial.
If |n — q| is odd,
ei(ZM—l)sign(m)qu

S — o (—1)M; 2\
( )"mzejz kdsin®, M

where M = (n —q+1)/2 and

& (CymeP (M A m - 1) (2
=0 2m + DM —m — 1)! (k:d

m=0

2m+1
) B11(0).

(D.9)

(D.10)

(D.11)
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Controle des ondes de flexion au moyen d’absorbeurs parfaits sub-longueur d’onde : application au Trou
Noir Acoustique
controle passif d’'onde, onde de flexion, métamatériau, structure localement résonante, absorption
parfaite, couplage critique, trou noir acoustique

Le controle des vibrations a basse fréquence adapté aux structures légéres est un défi scientifique et
technologique en raison de contraintes économiques et écologiques de plus en plus strictes. De récentes études en
acoustique ont portées sur l'absorption totale d’'ondes basses fréquences a l'aide d’absorbeurs parfaits sub-
longueurs d’onde. Ces métamatériaux sont obtenus en exploitant la condition de couplage critique. Une
généralisation de cette méthode pour le domaine élastodynamique serait d’'un grand intérét pour répondre aux
exigences du contrdle des vibrations de structures légéres a basse fréquence.

Cette theése vise a adapter le probleme d’absorption parfaite des ondes de flexion dans des systémes 1D et 2D avec
des résonateurs locaux en utilisant la condition de couplage critique. Une étude préliminaire sur des systemes 1D a
géométries simples sont d’abord proposée. Celle-ci propose une méthode de conception de résonateurs simples
pour une absorption efficace des ondes de flexion. Une complexification du systeme 1D est ensuite considérée avec
I’étude du couplage critique de Trou Noir Acoustique (TNA) 1D. Ceci a motivé l'interprétation de I'effet TNA a l'aide
du concept de couplage critique afin de présenter des outils clés a de futures procédures d’optimisation pour ce type
de terminaisons. La condition de couplage critique est ensuite étendue aux systemes 2D. L’absorption parfaite par
le premier mode axisymétrique d’un résonateur circulaire inséré dans une plaque mince infinie est analysée. La
diffusion multiple par une ligne de résonateurs circulaires insérés dans une plaque mince 2D infinie ou semi-infinie,
appelée métaplaque, est aussi considérée dans 'optique de se rapprocher d’'une application industrielle. A travers
cette these, des modeéles analytiques, des simulations numériques et des expériences sont présentés pour valider le
comportement physique des systemes présentés.

Controlling flexural waves using subwavelength perfect absorbers: application to Acoustic Black Holes
Passive wave control, flexural waves, metamaterials, locally resonant structures, perfect absorption,
critical coupling, acoustic Black hole

The vibration control adapted to light structures is a scientific and technological challenge due to
increasingly stringent economic and ecological standards. Meanwhile, recent studies in audible acoustics have
focused on broadband wave absorption at low frequencies by means of subwavelength perfect absorbers. Such
metamaterials can totally absorb the energy of an incident wave. The generalisation of this method for applications
in elastodynamics could be of great interest for the vibration control of light structures.

This thesis aims at adapting the perfect absorption problem for flexural waves in 1D and 2D systems with local
resonators using the critical coupling condition. A study of 1D systems with simple geometries is first proposed. This
provides methods to design simple resonators for an effective absorption of flexural waves. The 1D systems then
become more complex by studying the critical coupling of 1D Acoustic Black Holes (ABH). The ABH effect is then
interpreted using the concept of critical coupling, and key features for future optimisation procedures of ABHs are
presented. The critical coupling condition is then extended to 2D systems. The perfect absorption by the first
axisymmetric mode of a circular resonator inserted in a thin plate is analysed. Multiple scattering by an array of
circular resonators inserted in an infinite or semi-infinite 2D thin plate, called metaplate, is also considered to get
close to practical applications. Through this thesis, analytical models, numerical simulations and experiments are
shown to validate the physical behaviour of the systems presented.
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