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Abstract

The conception of new metamaterials showing unorthodox behaviors with respect to elastic wave
propagation has become possible in recent years thanks to powerful dynamical homogenization tech-
niques. Such methods effectively allow to describe the behavior of an infinite medium generated by
periodically architectured base materials. Nevertheless, when it comes to the study of the scattering
properties of finite-sized structures, dealing with the correct boundary conditions at the macroscopic
scale becomes challenging. In this paper, we show how finite-domain boundary value problems can
be set-up in the framework of enriched continuum mechanics (relaxed micromorphic model) by im-
posing continuity of macroscopic displacement and of generalized traction when non-local effects are
neglected.

The case of a metamaterial slab of finite width is presented, its scattering properties are studied via
a semi-analytical solution of the relaxed micromorphic model and compared to numerical simulations
encoding all details of the selected microstructure. The reflection coefficient obtained via the two
methods is presented as a function of the frequency and of the direction of propagation of the incident
wave. We find excellent agreement for a large range of frequencies going from the long-wave limit
to frequencies beyond the first band-gap and for angles of incidence ranging from normal to near
parallel incidence. The case of a semi-infinite metamaterial is also presented and is seen to be a
reliable measure of the average behavior of the finite metastructure. A tremendous gain in terms
of computational time is obtained when using the relaxed micromorphic model for the study of the
considered metastructure.

Keywords: enriched continuum mechanics, anisotropic metamaterials, band-gaps, wave-propagation,
relaxed micromorphic model, interface, scattering, finite-sized metastructures.
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1 Introduction

Recent years have seen the rapid development of mechanical metamaterials and phononic crystals showing
unorthodox behaviors with respect to elastic wave propagation, including focusing, channeling, cloaking,
filtering, ete. [8 @) 14l 27, [3T]. The basic idea underlying the design of these metamaterials is that of
suitably engineering the architecture of their microstructure in such a way that the resulting macroscopic
(homogenized) properties can exhibit the desired exotic characteristics. Omne of the most impressive
features provided by such metamaterials is that of showing band-gaps, i.e. frequency ranges for which
wave propagation is inhibited. The most widespread class of metamaterials consists of those which
are obtained by a periodic repetition in space of a specific unit cell and which are known as periodic
metamaterials. For such metamaterials, renown scientists have provided analytical [37, [38] 39, 40] or
numerical [I3] homogenization techniques (in the spirit of the seminal works of Bloch [7] and Floquet
[12]), allowing to obtain a homogenized model which suitably describes, to a good extent, the dynamical
behavior of the bulk periodic metamaterial at the macroscopic scale. Rigorous models for studying the
macroscopic mechanical behavior of non-periodic structures become rarer and usually rely on the use



of detailed finite element modeling of the considered microstructures (see e.g. [15]), thus rendering the
implementation of large structures computationally demanding and impractical.

At the current state of knowledge, little effort is made in trying to model large metamaterial structures
(which we will call metastructures), due to the difficulty of imposing suitably boundary conditions in
the framework of homogenization theories (see [36]). We propose to shed new light in this direction
by the introduction of an enriched continuum model of the micromorphic type (relaxed micromorphic
model), equipped with the proper boundary conditions for the effective description of finite sized band-
gap metastructures. The relaxed micromorphic model (see [2} [4], [5l 10] 17] 18], 191 201 2T, 221 23], 24] 25|
28, 29] [30] for preliminary results) has a simplified structure which allows to describe the homogenized
properties of (periodic or even non-periodic) anisotropic metamaterials with a limited number of constant
material parameters and for an extended frequency range going from the long-wave limit to frequencies
which are beyond the first band-gap. The rigorous development of the relaxed micromorphic model for
anisotropic metamaterials has been given in [I0], where applications to different classes of symmetry
and the particular case of tetragonal periodic metamaterials are also discussed. In the latter paper, a
procedure to univocally determine some of the material parameters for periodic metamaterials with static
tests is also provided. It is important to point out that the relaxed micromorphic model is not obtained
via a formal homogenization procedure, but is developed generalizing the framework of macroscopic
continuum elasticity by introducing enriched kinematics and enhanced constitutive laws for the strain
energy density. In this way, extra degrees of freedom are added to the classical macroscopic displacement
via the introduction of the micro-distortion tensor and the chosen constitutive form for the anisotropic
strain energy density. This allows to introduce a limited number of elastic parameters through fourth-
order macro and micro elasticity tensors working on the sym/skew orthogonal decomposition of the
introduced deformation measures (see [10] for details). The need of using an enriched continuum model
of the micromorphic type for describing the broadband macroscopic behavior of acoustic metamaterials
as emerging from a numerical homogenization technique was recently proven in [35]. Nevertheless, the
authors of the latter paper showed that a huge number of elastic parameters (up to 600 for the studied
tetragonal two-dimensional structures) is indeed needed to perform an accurate fitting of the dispersion
curves issued by the Bloch-Floquet analysis. This extensive number of parameters can also be found in
other micromorphic models of the Eringen [I1] and Mindlin [26] type. The need of this vast number of
parameters is related to the fact that the macroscopic class of symmetry of the metamaterial and the
correct (i.e. sym/skew-decomposed) deformation measures are usually not accounted for. As a matter of
fact, the relaxed micromorphic model, as proposed in [I0], is able to minimize the number of parameters
(15 for the tetragonal 2D-case) thanks to the introduction of “generalized classes of symmetry” for
metamaterials and to the sym/skew-decomposition choice of the introduced deformation measures. The
fitting of the dispersion curves, which can be obtained by the inverse fitting procedure proposed in [10],
cannot reproduce point-by-point the dispersion curves issued via Bloch-Floquet analysis (which is not
the aim of our work), but is general enough to capture the main features of the studied metamaterials’
behavior including dispersion, anisotropy, band-gaps for a wide range of frequencies and for wavelengths
which can become very small and even comparable to the size of the unit cell.

Last, but most importantly, since it is issued by a variational procedure, the relaxed micromorphic
model is naturally equipped with the correct macroscopic boundary conditions which have to be applied
on the boundaries of the considered metamaterials. This implies that the global refractive properties of
metamaterials’ boundaries can be described in the simplified framework of enriched continuum mechanics,
thus providing important information while keeping simple enough to allow important computational
time-saving.

Very complex phenomena take place when an incident elastic wave hits a metamaterial’s boundary,
resulting in reflected and transmitted waves which can be propagative or evanescent depending on the
frequency and angle of incidence of the incident wave itself. The primordial importance of evanescent
(non-propagative) waves for the correct formulation of boundary value problems for metamaterials has
been highlighted in [36] [4I], where the need of infinite evanescent modes for obtaining continuity of
displacement and of tractions at the considered metamaterial’s boundary is pointed out. One of the
advantages of the enriched continuum model proposed in the present paper is that the generalized
boundary conditions (continuity of macroscopic displacement and of generalized traction) associated to
the considered boundary value problem are exactly fulfilled with a finite number of modes.

We will show that the proposed framework allows to describe, to a good extent, the overall behavior
of the reflection coefficient (generated by a plane incident wave) of an interface between a homogeneous
medium and a specific tetragonal band-gap metamaterial (both considered as semi-infinite in space),
as function of the frequency and of the angle of incidence of the incident wave. Moreover, given the



auto-consistency of bulk PDEs and associated jump conditions, we are able to treat the more realistic
case of a metamaterial slab of finite width treated as an inclusion between two semi-infinite homogeneous
media. Also for the latter case, we are able to obtain the reflective properties of the slab as a function of
the frequency and angle of incidence of the plane incident wave. To the authors’ knowledge, a boundary
value problem which describes the dynamical behavior of realistic finite-size metamaterial structures via
the introduction of rigorous macroscopic boundary conditions, is presented here for the first time.

The results show very good agreement (for a wide range of frequencies extending from the low-
frequency Cauchy limit to frequencies beyond the first band-gap and for all the possible angles of inci-
dence) with the direct FEM numerical implementation of the considered system in COMSOL, where the
detailed geometry of the unit cell has been implemented in the framework of classical linear elasticity.
We observe a tremendous advantage in terms of the computational time needed to perform the numerical
simulations (few hours for the relaxed micromorphic model against weeks for the direct FEM simulation).

We structure the paper as follows: In Section[I] we present an introduction together with the notation
used throughout the paper. Section [2] briefly recalls the governing equations describing the motion of
Cauchy and relaxed micromorphic continua, with specific reference to the definition of the energy flux
for both cases. In Section [3| the plane-wave solutions for the Cauchy and relaxed micromorphic continua
are obtained as solutions of the corresponding eigenvalue problems. In Section [4] we provide essential
information concerning the correct boundary conditions which have to be imposed at the metamaterial’s
boundaries, in the relaxed micromorphic framework. In Sections [f] and [6] the problems of the scattering
from a relaxed micromorphic single interface and relaxed micromorphic slab of finite size, respectively,
are rigorously set up and solved. Section [7] presents the detailed implementation of the microstructured
metamaterial slab based on classical elasticity and implemented in the commercial Finite Element soft-
ware COMSOL Multiphysics. Section[§thoroughly presents our results by means of a detailed discussion.
Section [9] is devoted to conclusions and perspectives.

1.1 Notation

Let R3*3 be the set of all real 3 x 3 second order tensors which we denote by capital letters. A simple and
a double contraction between tensors of any suitable order is denoted by - and : respectively, while the
scalar product of tensors of suitable order is denoted by (-, >E| The Einstein sum convention is implied
throughout this text unless otherwise specified. The standard Euclidean scalar product on R3*3 is given
by (X,Y) = tr(X - YT) and consequently the Frobenius tensor norm is || X|* = (X, X). The identity
tensor on R3*3 will be denoted by 1; then, tr(X) = (X, 1).

We denote by By, a bounded domain in R3, by 0By, its regular boundary and by ¥ any material
surface embedded in By,. The outward unit normal to 0By, will be denoted by v as will the outward unit
normal to a surface ¥ embedded in By. Given a field a defined on the surface 3, we define the jump of
a through the surface X as:

[a]] =a™ —a™, with a”:= lim a, and at:= lim a, (1.1)
z€B;\Z r€BF\D
T2 T2

where B}, Bf are the two subdomains which result from splitting By, by the surface 3.

Classical gradient V and divergence Div operators are used throughout the paperﬂ Moreover, we
introduce the Curl operator of the matrix P as (Curl P), ; = €jmnLin,m, where €, denotes the standard
Levi-Civita tensor, which is equal to +1, if (j,m, n) is an even permutation of (1,2,3), to —1, if (j,m, n)
is an odd permutation of (1,2,3), or to 0 if j =m, or m =n, or n = j.

Given a time interval [0, T], the classical macroscopic displacement field is denoted by:

u(z,t) = (ul(:c,t),uz(w,t),ug(:n,t))T, x € B, te€0,T]. (1.2)

In the framework of enriched continuum models of the micromorphic type, extra degrees of freedom are

1FOI' example, (,A’l})Z = Aijvj, (A B)lk = Aiijk, A:B= Aiiji7 (C’B)”]€ = C,']'pok, (C : B)Z = Cijpoja <v,w) =
VW = viws, <A, B> = AijBij, etc.

2The operators V, curl and Div are the classical gradient, curl and divergence operators. In symbols, for a field u of any
order, (Vu); = u,;, for a vector field v, (curlv); = €;;5vg,; and for a field w of order k > 1, (Divw) iy in...i5, 1 = Wiqin...ip,ip



added through the introduction of the micro-distortion tensor P denoted by:

P(Iat) = le(x,t) ng(l‘,t) ng(:v,t) R ze B, te [O,T]. (13)

2 Governing equations and Energy flux

2.1 The classical isotropic Cauchy continuum
The equations of motions in strong form for a classical Cauchy continuum are:
pUt = Div a, PU;tt = Oij,j5, (21)
where
o = 2usym Vu + Atr(sym Vu)1, oij = (i + uj;) + Aug g, (2.2)

is the classical symmetric Cauchy stress tensor for isotropic materials and p and A\ are the classical Lamé
parameters.

The mechanical system we are considering is conservative and, therefore, the energy must be conserved
in the sense that the following differential form of a continuity equation must hold:

E,; +divH =0, (2.3)

where E is the total energy of the system and H is the energy flux vector, whose explicit expression is
given by (see e.g. [2] for a detailed derivation)

H=-0- U.t, Hk = —Oik Uk,t- (24)

2.2 The anisotropic relaxed micromorphic model

The kinetic energy density in the anisotropic relaxed micromorphic model considered in this paper is
[10]:

1 1
1Y <u t, U t> + §<Jmicr0 sym P,t7symP,t> + §<Jc SkeW P,t; skew P,t>

1
(Tesym Vu ¢, sym Vu ;) + 3 (T, skew Vu ¢, skew Vu 4), (2.5)

where u is the macroscopic displacement field, P € R3*3 is the non-symmetric micro-distortion tensor
and p is the apparent macroscopic density. Moreover, Jc,Jmicro,Jdc, Le and T, are 4th order inertia
tensors, whose precise form will be specified in the following. An existence and uniqueness result for
models with these types of generalized inertia terms is given in [32].

The strain energy density for an anisotropic relaxed micromorphic medium is given by [10]:

1 1

§<(Ce sym(Vu — P),sym(Vu — P)) + §<(Cmicro sym P, sym P)
1

+ §<(Cc skew(Vu — P),skew(Vu — P))

W(Vu, P,Curl P) =

2
+ % ({L sym Curl P,sym Curl P) 4 (LL.. skew Curl P, skew Curl P)), (2.6)
where C., Cpicro, Ce, Le and L. are 4th order elasticity tensors which will be precisely defined in the
following. Moreover, L. is a characteristic length, which may account for non-local effects in the meta-
material. We remark that non-local effects provide small corrections to the average behavior of the
metamaterial, so that only a small error is introduced if in a first instance, non-localities are neglected.
Let to > 0 be a fixed time and consider a bounded domain By, C R3. The minimization of the action
functional of the system at hand is defined as

A= /0 v /B (= wyaxds, (2.7)



where J is the kinetic and W the strain energy of the system, defined by (2.5) and (2.6)), respectively.
The action functional ([I0]) provides the governing equations for the anisotropic relaxed micromorphic
model:

puy —Divoy = Divo,

Jmicro sym Py = 0 — s — sym Curlm, Jcskew Py = 0, — skew Curlm, (2.8)
where we set

e = Cesym(Vu — P), . = C.skew(Vu — P), 0 =0e + 0c, 0 = Tesym Vu + T. skew Vu,
$ = Cmicro sym P, m = Li (Le sym Curl P + L. skew Curl P). (2.9)

Conservation of energy for an anisotropic relaxed micromorphic continuum is formally written as in
equation (2.3]). The specific form for the energy flux for an anisotropic relaxed micromorphic continuum
is (see Appendix for detailed derivation of this expression)

H=— (5 + E)T SUp — (mT . Rt) e, Hp= —U; ¢ (5zk + (/T\lk) — mihPijytejhk. (2.10)

From here on, we set L. = 0 for the remainder of this article. Indeed, it will be shown that even if
non-locality is switched off (L. = 0), the relaxed micromorphic model is able to capture the more relevant
features of the considered problem. Taking the internal length into account provides small corrections
to the overall behavior of the metamaterial. Such effects will be discussed in forthcoming papers.

2.3 The plane-strain tetragonal symmetry case

In this article, we are interested in plane-strain solutions of the system (2.8). This means that the
macroscopic displacement v and the micro-distortion tensor P introduced in ([1.2)) and (1.3]) are supposed
to take the following form:

u=u(r1,x2) = (ul(xl,mg),ug(xl,xg),O)T, and wu;3=0, i=1,2, (2.11)
and
Pii(x1,22) Pia(xy,22) 0
P = P(l‘l,.’L'Q) = P21(xl7x2) P22(SC171’2) 01, and Pij’g = 0, 7= 1,2, j = 1,2 (212)
0 0 0

Following [10], we denote the second order constitutive tensors in Voigt notation corresponding to
the fourth order ones appearing in the kinetic and strain energy expressions (2.5) and (2.6) by a tildeﬂ
For the tetragonal case, the constitutive tensors in Voigt notation are (see [4} [10])

2 Me —+ Ae Ae * 0 O 0 2 Mmicro + )\micro Arnicro * 0 O 0
>\e 2 Me + )\e * 0 0 0 >\micro 2 Mmicro + )\micro * 0 0 0
~ * * * 0 0 O ~ * * * 0 0 0
(Ce = 5 Cmicro -
0 0 0 x 0 O 0 0 0 = O 0
0 0 0 0 O 0 0 0 0 =% 0
0 0 0 0 0 pu: 0 0 0 0 0 Hhicro
2m +mns 73 x 0 0 0
73 2 m+mn3 *x 0 0 0
* 0 0 * 0 0
~ ~ * * * 0 0 O ~
(Cc = 0 % 0 5 Jmicro - 3 Jc = 0 0 )
0 0 0 0 O
0 0 4puc 0 0 4n
0 0 0 0 O
0 0 0 0 0 n

3For example, the 4th order tensor C. is written as (66 in Voigt notation.




2101 + 13 73 * 0 0 O
73 2m4+7n3 « 0 0 O
* 0 0
~ * * * 0 0 O ~
Te: 3 Tc: 0 =% 0 5
0 0 0 = 0 O
0 0 42
0 0 0 0 « O
0 0 0 0 0 7

where we denoted by a star those components, which work on out-of-plane macro- and micro-strains and
do not play any role in the considered in plane (plane-strain) problem.

3 Bulk wave propagation in Cauchy and relaxed micromorphic
continua

3.1 Isotropic Cauchy continuum

We make the plane-wave ansatz for the solution to (2.1)):
u(ml,xz,t) _ ’[/J\ei((k’x>_wt) _ ,(z}\ei(klﬁf1+k2 xz—wt)’ {/1\ c (CZ7 (31)

where k = (k1,ko)T is the wave vector and w is the angular frequencyﬂ Plugging (3.1 into equation
(2.1) we get a 2 x 2 algebraic system of the form

A =0, (3.2)
where
pw? = (2p + A) kT — p k3 —(p+ ) k1 ko
—(+ A) Ky ko pw? — 2p+ N k3 — puk?

The algebraic system ([3.2]) has a solution if and only if det A = 0. This is a bi-quadratic polynomial
equation which has the following four solutions:

L,r P S,r P L, P S, 14
ky :—4/2N+)\w2—k§, Ky :—,/;oﬂ—k%, klt:,/maﬂ—kg, k1t=1/;w2—k§, (3.4)

where we denote by L and S the longitudinal and shear waves and by r and t whether they are “reflected”
or “transmitted”, respectively. In a semi-infinite medium, the sign of these solutions must be chosen
according to the direction of propagation of the considered wave. We plug the solutions into
to calculate the corresponding eigenvectors

Ao (3.3)

1 1 ~ 1 1

7L R Lt _ St —
,(/} 71": k;"r ?w ' - kls,r bl 1/) ¢ - ké/,t 5 w t — k_ls,t . (35)

— 7L St Lt 7St
Ky k5 k1 ks

Normalizing these eigenvectors gives:

1~ 1~ 1~ 1~
Pt = gt T = S = gt St = S (3.6)
‘wL,r ‘T/JS’r ‘wL,t‘ ’ws,t
Then, the general solution to (2.1)) can be written as:
’LL(ZEl,]JQ,t) :aL,er,rei(kfvrzl+k;£”r g;2—wt) + aS,rwS,rei(kls’Tz1+k§’r 1;27wt)
(Lt Lt (.5t St
+ aL,twL,tez(kl z1+ky 2 wt) + aS,t/l/JS,tez(kl z1+ky " x2 wt)7 (37)

. i Lt L
where a”*, a%" al*t a%* € C are constants to be determined from the boundary conditions, k" = —k{"*

and kf’t = —k‘i9 " according to (3.4). Depending on the specific problems which are considered (e.g. semi-
infinite media), only some modes may propagate in specific directions. In this case, some of the terms in

4As we will show in the following, k2, which is the second component of the wave-number, is always supposed to be
known and is given by Snell’s law when imposing boundary conditions on a given boundary.



the sum ([3.7) have to be omitted. In particular, if we are considering waves propagating in the x; < 0
half-space, then the solution to (2.1]) reduces tofﬂ

’U/($1, T2, t) — aL,er,rei(le’rzlJfk;”r (1:27wt) + aS,rwS,rei(kf’rzl+k25’r (1:27wt)’ (38)
while if we are considering the x1 > 0 half-space, then the solution to (2.1]) reduces to:

w(@, w2, t) = aL,twL,tei(kf‘t:cl-&-kzL’t @y —wt) n aS,th,tei(kf’tx1+k§’t za—wt) (3.9)

3.2 Relaxed micromorphic continuum

We start by collecting the unknown fields for the plane-strain case in a new variable:
v = (uy,us, P11, P, Pa1, Pa2) ™. (3.10)
The plane-wave ansatz for this unknown field reads:

v = (Eei((k,x)fwt) — ;z;ei(kl T1+koxo—w t)’ (311)

where ¢ € CS is the vector of amplitudes, k = (ki, k2)T € C2 is the Wave—vectoﬁ and w is the angular
frequency. We plug this into (2.8) and get an algebraic system of the form

~ o~

A(kl, kQ,QJ) . (725 = 0, (312)

where E(k‘l, ko,w) € C%%6 is a matrix depending on ki, ko,w and all the material parameters of the
plane-strain tetragonal relaxed micromorphic model (see for an explicit presentation of this matrix).
In order for this system to have a solution other than the trivial one, we impose det A=0.

The equation det A = 0 is a polynomial of order 12 in w and it involves only even powers of w. This
means that, plotting the roots w = w(k) gives 6 dispersion curves in the w — k plane (see Fig. . On
the other hand, the same polynomial is of order 4 (and bi-quadratic), if regarded as a polynomial of kq
(ko is supposed to be known when imposing boundary conditions) when setting L. = 0. We can write
the roots of the characteristic polynomial as:

D (kg w), B2 (kyw), &P (kg w) = =k (ke w), K (ko w) = =k (o, w). (3.13)

2 2
We have verified that, plotting the two functions &™) (w) := \/(k%l)) + (kél)) and

2 2
) (w) = \/(k‘gz)) + (kéQ)) gives the same diagrams as in Fig. This means that each of the 2

modes k), i = {1,2} actually gives rise to 3 branches in the k — w plane.
We plug the solutions (3.13)) into (3.12)) and calculate the eigenvectors of A, which we denote by:

~ -~

oW, QZ(Q), 5(3), # . We normalize these eigenvectors, thus introducing the normal vectors

_ ! N A C RO N
6] 6] 6] 6]

Considering a micromorphic medium in which all waves travel simultaneously, the solution to (2.8)) is:

o) - CORIAC) 2D g3 = o™, (3.14)

4
(kD e kD o
o@n,30,t) = 3 oyl (2 ks aamat), (3.15)

j=1

where a;; € C are unknown constants which will be determined from the boundary conditions,

k‘%g) = fk'gl) and k§4) = fkgg). If, on the basis of the particular interface problem one wants to study
only some waves traveling in the considered medium, then the extra waves must be omitted from the

5This choice for the sign of k1 always gives rise to a solution which verifies conservation of energy at the interface. We
will show in the following, that this particular choice, which at a first instance is rather intuitive, is not always the correct
one when dealing with a relaxed micromorphic medium.

SHere again, as in the case of a Cauchy medium, ks will be fixed and given by Snell’s law when imposing boundary
conditions.



sum in (3.15). This means that if we are considering waves traveling in the 1 > 0 direction, then the
solution to (2.8) is given by

i(k§1)x1+kél> szwt) k§2)rl+k§2) :527wt)

vz, 29, t) = g pWe + s ¢(2)ei( , (3.16)

while if the wave is traveling in the 1 < 0 direction, the solution to (2.8)) is given by

i(13® 3 i( @ 4
v(xl,xg,t):ag ¢(3)€1(k1 z1+ks mgfwt) +a4¢(4)ez(k1 z1+k; mﬂut)- (3-17)

4 Boundary Conditions

In this paper we will consider two types of interface problems: (i) a single interface separating a Cauchy
and a relaxed micromorphic medium, both assumed to be semi-infinite and (ii) a micromorphic slab
of finite size embedded between two semi-infinite Cauchy media. In the following, we will simply denote
“single interface” and “micromorphic slab” the first and second problem, respectively.

In the single interface problem, two infinite half-spaces are occupied by two materials in perfect contact
with each other. The material on the left of the interface is an isotropic classical Cauchy medium, while
the material on the right is a microstructured tetragonal metamaterial modeled by the tetragonal relaxed
micromorphic model (see Fig .

In the micromorphic slab problem, two infinite half-spaces are separated by a micromorphic slab of
finite width A. Three materials are thus in perfect contact with each other: the material on the left
of the first interface is a classical linear elastic isotropic Cauchy medium, the material in the middle is
an anisotropic relaxed micromorphic medium, while the material on the right of the second interface is
again a classical isotropic Cauchy medium (see Fig. [1(b)).
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Figure 1: Panel (a): single interface separating a Cauchy medium from a relaxed micromorphic medium
(both semi-infinite in the zy direction). Panel (b): A micromorphic slab of width h between two semi-
infinite elastic Cauchy media. Both configurations (a) and (b) are semi-infinite in the x5 direction.

4.1 Boundary conditions at an interface between a Cauchy continuum and
a relaxed micromorphic continuum with vanishing characteristic length
L.=0

In the particular case where L. = 0, there are two sets of boundary conditions which have to be imposed:

continuity of displacement and continuity of generalized traction (see [I} 2, 25] for more details)[] For

7On the other hand, if L. > 0, one should also impose boundary conditions on the tangent part of the micro-distortion
tensor P and of the double force (see [ 2} 25]).



the displacement, we have:
W]l =0=u"=u",  on a;1=0, (4.1)

where u™ is the macroscopic displacement on the “minus” side (the z; < 0 half-plane, occupied by
an isotropic Cauchy medium) and u™ is the macroscopic displacement on the “plus” side (the xz; > 0
half-plane, occupied by an anisotropic relaxed micromorphic medium). As for the jump of generalized
traction we have:

t=t, (4.2)

where t is the Cauchy traction on the “minus” side and ¢ is the generalized traction on the “plus” side.
We recall that in a Cauchy medium, ¢ = o - v, v being the outward unit normal to the surface and o
being the Cauchy stress tensor given by . The generalized traction for the relaxed micromorphic
medium is given by

/tv: (5+ 8) -V, ti = (5” +3lj) *Vj, on r; = 0, (43)

where 7,7 are defined in (2.9).

4.1.1 Continuity of macroscopic displacement and of generalized force implies conserva-
tion of energy at the interface

We have previously shown that conservation of energy for a bulk Cauchy and relaxed micromorphic
medium is given by equation , where the energy flux is defined in and , respectively. It is
important to remark that the conservation of energy has a “boundary counterpart”. This establishes
that the jump of the normal part of the flux must be vanishing, or, in other words, the normal part
of the flux must be continuous at the considered interface (this comes from the bulk conservation law
and the use of the Gauss divergence theorem). In symbols, when considering a surface ¥ separating two
continuous media, we have

[H-v]=0 on . (4.4)

We want to focus the reader’s attention on the fact that, in the framework of a consistent theory in
which the bulk equations and boundary conditions are simultaneously derived by means of a variational
principle, the jump conditions imposed on ¥ necessarily imply the surface conservation of energy ,
as far as a conservative system is considered. We explicitly show here that this is true for an interface
3 separating a Cauchy medium from a relaxed micromorphic one. The same arguments, however, hold
for interfaces between two Cauchy or two relaxed micromorphic media.

To that end, considering for simplicity that the interface ¥ is located at 1 = 0 (so that its normal
is v = (1,0)T) and assuming L. = 0 we get from equation that the normal flux computed on the
“relaxed micromorphic” side is given by:

(H- )t :=H =" - G+05)T uloat ap =0. (4.5)

By the same reasoning, the flux at the interface on the “Cauchy” side is computed from (2.4) and
gives:
(H-v)":=H{ =—v~ -0-ujy. (4.6)

Equation (4.4) can then be rewritten as:

—V+-(E+3)T-u7+t:—u_-a~u;. (4.7)
It is clear that, given the jump conditions and 7 the latter relation is automatically Veriﬁedﬁ

As we will show in the remainder of this paper, when modeling a metamaterial’s boundary via the
relaxed micromorphic model, we only need a finite number of modes in order to exactly verify boundary
conditions and, consequently, surface energy conservation. This provides the most powerful simplification
of the relaxed micromorphic model with respect to classical homogenization methods, in which infinite
modes are needed to satisfy conservation of stress and displacement at the metamaterial’s boundary (see
[39]). The first step towards the final goal of studying finite-sized complex metastructures, will be made
in this paper by studying the scattering properties of a finite-sized relaxed micromorphic slab.

8 An analogous calculation can be done with L. > 0, but in that case boundary conditions on the tangent part of P
and of the double force need to be used in order to automatically verify the conservation of energy on the boundary.
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4.2 Boundary conditions for a micromorphic slab embedded between two
Cauchy media

Given the macroscopic nature of the boundary conditions presented in section they can be used
to solve more complex large-scale problems, in which multiple interfaces are present. In particular, the
boundary conditions to be satisfied at the two interfaces separating the slab from the two Cauchy media
in Fig. are continuity of displacement and continuity of generalized force. This means that we
have four sets of boundary conditions, two on each interface. The finite slab has width h and we assume

that the two interfaces are positioned at z; = —h/2 and 21 = h/2, respectively. The continuity of
displacement conditions to be satisfied at the two interfaces of the slab are{’]
~ h ~ h
uT =v, onx =——, v=u", onz = —. (4.8)
2 2
As for the continuity of generalized force, we have:
~ h ~ h
t~ =t, on T = -3, t=t", on 71 =3, (4.9)

where t* = 0% . % are classical Cauchy tractions and ¢ is again given by (4.3).

5 Reflection and transmission at the single interface

In this section, we study the two-dimensional, plane-strain, time-harmonic scattering problem from an
anisotropic micromorphic half-space (see equations (2.8))), occupying the region x; > 0 of Fig.
With reference to Fig. [L(a)l the half-space x; < 0 is filled with a linear elastic Cauchy continuum,
governed by equation (2.1]). For simplicity, we assume that the incident wave hits the interface at the
origin. Considering that reflected waves only travel in the z; < 0 Cauchy half-plane, only negative
solutions for the kq’s must be kept in equation , so that the total solution in the left half-space is

u (@1, @2, t) = aL/s,iwL/s,iez‘((LkL/Svi)ﬂ;t) + aL,rd}L,rei((z,kl”wfwt) + aS,rwS,rei(<z,ks"'>7wt)

. /S

+ uL,r + uS,r’ (51)

where we write L or S in the incident wave depending on whether the wave is longitudinal or shear and
i and r in the exponents stand for “incident” and “reflected”. Amnalogously, the solution on the right
half-space, which is occupied by a relaxed micromorphic medium, i

v(z1, 22, t) = 1 ¢(1)ei(<m,k(1)>—ut) +as q75(2)ez‘(<ac,lc(2>)—wt)7 (5.2)

where we have kept only terms with positive k1’s in the solution (3.13]), since transmitted waves are
supposed to propagate in the ;1 > 0 half-planeE
Since the incident wave is always propagative, the polarization and wave-vectors are given by:

Pt = (sin 0%, — cos )T, kL = |kF|(sin 0, — cos 61)T, (5.3)
Y3 = (cos 07, sin 0%)T, kS = |k%|(sin 0%, — cos §°)T, (5.4)
where, according to (3.4), |k*| = o= and k3| = o, with ¢, = \/(2p+A)/p and c¢s = /p/p the

longitudinal and shear speeds of propagation and ° and #° the angles of incidence when the wave is
longitudinal or shear, respectively (see Fig. [I| and [2] for a more detailed exposition).

The continuity of displacement condition provides us with the generalized Snell’s law for the
case of a Cauchy/relaxed micromorphic interface (see [2] for a detailed derivation):

KE/SH = b = 5T = gD = k). (5:5)

Generalized Snell’s Law

9We denote by ¥ the first two components of the micromorphic field v defined in equation .

10We suppose here that, for the transmitted wave we have to consider only the positive solutions of . Even though
this choice can seem rather intuitive, it is not the correct one since negative refraction can take place for high frequencies
in order to respect conservation of energy.

HWe will show in section |§] that, given the anisotropy of the relaxed micromorphic model, there exist some angles of
incidence and some frequencies, for which this choice for the sign of the k;’s is not correct, in the sense that conservation of
energy (2.3 is not satisfied. In fact, for these angles of incidence and frequency intervals, we have to invert the sign of the
k1’s in order to correctly satisfy conservation of energy. This can be somehow related to what is known in the literature as
negative refraction phenomena.

11



As for the flux, the normal outward pointing vector to the surface (the x5 axis) is v = (—1,0).
This means that in expressions and (2.10) for the fluxes, we need only take into account the first
component. According to our definitions nd (remembering that L. = 0 and that we impose
the plane-strain restriction), we have

Hl_ = —Ujt 01, Hii_ = —Vjz¢ (511 + &}1), 1 =1,2. (56)

Having calculated the “transmitted” flux, we can now look at the reflection and transmission coefficients
for the case of a Cauchy/relaxed micromorphic interface. We deﬁn@

1 T 1 T 1 T
i_ i r__ T t — t
Ji= 7T/O Hi(z,t)dt, J 7T/O HY(z,t)dt, J 7T/0 H(z, t)dt, (5.7)

where T is the time period of the considered harmonic waves, H' = H; (u/%1), H* = H; (ub* + u")
and H® = H{" (v), with H;" and H; defined in (5.6). Then the reflection and transmission coefficients
are

J* Jt

R=%. T="7% (5.8)

Since the system is conservative, we must have that R + 7T = 1.

6 Reflection and transmission at a relaxed micromorphic slab

As pointed out, in this case there are three media: the first Cauchy half-space, the anisotropic relaxed
micromorphic slab and the second Cauchy half-space. The two Cauchy half-spaces are denoted by —
and +, while the quantities considered in the slab have their own notation.

The solution on the first Cauchy half space is given, as in the case of a single interface, by

U (th%t) — aL/S,iwL/S,iei(<w,k:L/S'i>fwt) + aL,er,,rei(<w,kL”r>7wt) + aS,rwS,rei«z,kS’r)fwt). (6].)

In the case of a relaxed micromorphic slab, when solving the eigenvalue problem we must select and
keep all the roots for k1, as given in , both positive and negative. This is due to the fact that there
are waves which transmit in the micromorphic part from the first interface (z1 = —h/2), upon which
the incident wave hits and waves which reflect on the second interface (x1 = h/2). This means that the
solution of the PDEs in the slab is

v(zy, T, t) = o ¢(1)ei(<1”“(1)>_‘”t) + g ¢(2)ei(<1>’€(2)>_‘”t) + az ¢(3)ei(<1>’€(3)>_‘”t) +ay ¢(4)ei(<$>’€(4)>_m),

(6.2)

where k;gl) = —kf’) and k‘§2) = —k‘§4) (see section. Finally, the solution on the right Cauchy half-space
is

u(z1,20,1) = aL,twL,tei(@,kLv‘)—m) + aS,t¢S,tei(<z,kS"’>7wt). (6.3)

The continuity of displacement conditions (4.8) again imply a generalized form of Snell’s law for the
case of the micromorphic slab:

ky' S =kt =kt = kY = kY = kY = kY =k =k (6.4)

Generalized Snell’s Law in a micromorphic slab

In order to define the reflection and transmission coefficients in the case of the anisotropic slab, we
follow the same reasoning as for the single interface. However, in this case, the transmitted flux is defined

as the flux on the right of the second interface, which is occupied by an isotropic Cauchy medium.
In this case, the reflected flux is evaluated at 1 = —h/2 and the transmitted flux at ;7 = h/2.
Both the reflected and the transmitted fields propagate in isotropic Cauchy media, so that the quantities

Ji, J¥, J¢ defined in (5.7) are given by (see [2])
’ k{’i):| ‘aj’i ’

121n order to easily compute these coefficients in the numerical implementation of the code, we employ Lemma given

in Appendix @

) 1 0
Jslab = ERB ([(QN +A7) ‘wi

A () gtk e (wi CRNETS

w) , (6.5)
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TR (1) g e (vl () R o

1 ir 2 .
Thab = D 5 Re ({(2#_ +A7) )U){ k] )} |a?" |2w) , (6.6)
jeT
1 12 . * . i . . * s 12 . .
Hha = 32 g ([emrt wxn [t [ i e xs (o) ugt et (00 () 1+ o) ] oot )
jeT
(6.7)
where, J € {L, S}, a’',a?",a’* € C and 471,473 43t € C? with J € {L, S}, are the amplitudes and
polarization vectors for incident, reflected and transmitted waves, respectively (see also equation (3.6)),
w27 and pt, A" are the Lamé parameters of the left and right Cauchy half-spaces, respectively.
So, the reflection and transmission coefficients for the slab are

JE Jt
Ratab = 522, Toap = 322 (6.8)
o Jslab - Jslab

Since the system is conservative, we must have Rgjap + Tslap = 1.

7 Reflective properties of a micro-structured slab

Here, we consider the scattering of in-plane elastic waves from a slab containing cross like holes drilled
in an isotropic elastic material (see Fig. a)). The holes in the micro-structured slab are arranged
according to a truncated square lattice, i.e. a finite number N of cells in the z; direction and an infinite
number of cells in the x5 direction.

N =10

'\

H . aHQ
e e i — ,

L2

(a): : (b)

Figure 2: Panel (a) is a schematic representation of a slab of cross like-holes which is finite in the
x1-direction (N = 10 number of unit cells) and periodic in the zo-direction. The red shadows represent
the finite element domain v where the scattering problem is set up and solved. The domain 7y contains
two perfectly matched layers (darker red regions at the sides of the rectangular domain ). Panel (b)
is a schematic representation of a unit cell Q(ny,ns), for a generic pair of integers (n1,n2). The inner
boundary 9()Q(n1,ns) (dashed black line), the outer boundary H)Q(ny,ny) (dot-dashed black line),
and the normal and traction vectors along d(7)Q(ny,n2) (black and red arrow lines, respectively) are
also shown.

We consider an incident time-harmonic plane wave
u(z,t) = ahi(z)e ™ = &/ e“kj’”")*i“’t, (7.1)

where the index j € {L, S} denotes longitudinal and shear waves, respectively. Accordingly,

K o= w/cj(sinﬁ,—cosﬂ,O)T, with j € {L,S} and 6 the angle of incidence, ¢;, = \/()\A1 +2uA1)/pAl
and cg = y/pa1/pa1 are the longitudinal and shear wave speeds for aluminum. The Lamé parameters
of aluminum are Agy; = 5.11 x 10'° Pa and pal = 2.63 x 10'° Pa, and the density of aluminum is
pal = 2700 Kg/m3. The Lamé parameters define uniquely the fourth order stiffness tensor Cgaj, whose
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Voigt representation is

2pa1 + Aal Aal *« 0 0 0
AAL 2uar+Aa * 0 0 0
N * * ~ 0 0 0
Cal = , (7.2)
0 0 0 ~ 0 O
0 0 00 %« O
0 0 0 0 0 par

where the stars denote the components which do not intervene in the plane-strain case. In equation
we have introduced the polarization vectors d/, j € {L,S} of amplitude dy for longitudinal and shear
waves, defined as d¥ = dy(sin, —cosf,0)" and d° = dy(cos®,sinf,0)T, respectively. The scattering
problem in terms of the elastic plane-strain field v/ = v/(z,t), j € {L,S}, in the micro-structured
material, according to linear elasticity, can be written as

DAL u{tt = Div ((CA1 sym Vuj) , 2 € Qo(ni,ne)

(7.3)
fw) =0, ze€d)Uni,ny), VYni€{l,---,N} and Vny € Z,
where we have introduced the traction vectors
f(u?) = (Cpy sym Vd) v, j€ {L, S}, (7.4)

v being the normal unit vector (see black arrow line in Fig. [2[b)) to the cross-like holes boundaries
d-)Q(n1,ny) and where we denote by € the part of the domain €, which is non-empty (occupied by
aluminum). The elastic field in (7.3)) can be written according to the scattering time-harmonic ansatz

ul (z,t) = (ﬂj’i(:r) Jrﬁj’sc(:r)) et je{L,S}, (7.5)

where 47! has been introduced in equation ([7.1]) and @/ is the so-called scattered solution. By linearity
of the traction vector ([7.4), and using equation (|7.5)), we obtain

fl(2,t) = [f(@”(2)) + f(@*(2))] e =0, je{L,S}. (7.6)

Using the fact that u?(z, t) is a solution of the PDE in equation (7.3)), together with equation (7.6]), the
PDEs system ([7.3) can be rewritten in a time-harmonic form with respect to the field u/%¢(z), as:

—wszl % = Div ((CA1 sym Vﬂj’sc) , x€ Qo

(@) = (Cay sym V@) - v = —f(@), z€dQni,n2), VYnie{l,---,N} and Vns € Z,

(7.7
with j € {L,S} and where we have canceled out time-harmonic factors. The analytical expressions
for the boundary conditions for the scattered field (see right-hand side of the boundary conditions in
equation (7.7])) are given component-wise as:

f(@) - er = fl(z) = (Car sym V@) - e
= wp { [c% sinfd)’ — (ci, — 2c%) cos dg’i} el 4 cx [f cos @ d 4 sin 0 dé’i] ez} ei<kj'i’z>, (7.8)

Cj

with j € {L, S} for vertical boundaries of 9(~)Q(n1,n2) with normal vector parallel to e; (see Fig. [2(b)).
Similarly, for vertical boundaries with normal vector anti-parallel to e; we have f(@’') = —fI(z). In

addition, for horizontal boundaries in 8(*)&'2(711, ng) whose normal vector is parallel to es we have:

F@) - ez := fi(z) = (Car sym V') - ez
= we { [(ci —2¢%)sinfdi" — ¢F cos O dé’i] ez 4 c% [f cos 0 d 4 sin 0 dé’i] 61} e“kj'i’z)7 (7.9)
Cj

with j € {L,S}. Similarly, for vertical boundaries with normal vector anti-parallel to e; we have

F@) = = f ().
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7.1 Bloch-Floquet conditions

We recall that the primitive vectors of a square lattice are defined as:
a1 =ae;, and a2 =aesy, (7.10)

where a is the side of the unit-cell (see Fig. [2[b)). Since the scatterers (i.e. the cross-like holes) are
periodic in the zo-direction, the displacement field in equation (7.5 satisfies Bloch-Floquet boundary
conditions

WS (x + g ap) = 2255 (), for x €y, and ny €7, (7.11)

where ko is the component along the zo-direction of the wave vector k. The value of ks is known and
should be equal, given the considered geometry represented in Fig. a), to the second component of the
wave vector of the incident wave. This requirement is essential in order to construct a solution which
satisfies the prescribed boundary conditions within a micro-structured medium which is periodic in one
dimension, i.e. in a layered micro-structured medium (see e.g. [33]). This, of course, is the well known
Snell’s law governing the refraction of waves at the interface between two half-spaces with different
material parameters (see the book by Leckner [16] for a mathematical introduction encompassing several
physical scenarios). As it is customary in Floquet theory of PDEs with periodic coefficients, we can
obtain the solution of the PDEs system , by solving the problem in its period (i.e. the red strip in
Fig. a) here denoted as 7) provided that the Bloch-Floquet condition on the scattered field is
satisfied.

Although the z; extension of the domain -y is infinite in our model problem, in the finite-element im-
plementation of the boundary value problem we are of course restricted to finite computational domains.
In order to annihilate the reflection from the sides of «v with constant x1, we use perfectly matched layers
[6] away from the microstructure.

7.2 Reflectance

The time-averaged Poynting vector associated with a 2D time-harmonic displacement field
u(x,t) = i(x) et is defined as [2, 3]

F:f%Re(ia'u*), (7.12)

Wy

where “x” denotes complex conjugation and ¢ = Cu;sym Vu is the Cauchy stress tensor associated
with the elastic field u. From equation (7.12), and using equation ([7.1)), it follows that the energy flux
associated with the incident displacement field ([7.1]) is

s

o1 ook
Fii= 5p0j|d]’1|2 je{L,S}. (7.13)

)
Similarly, we define the flux F° j’S_C of the scattered field to be as in equation ((7.12]) with

u(z,t) = w5 (x)e” ™t where 4/°¢ is the solution of the PDEs system (7.7)). The reflectance, i.e. the
ratio of reflected energy and incident energy passing through a vertical line of length a, is

R — 1 1 /a/2 <F'j’sc| €1> dzsy
<Fj’i,€1> a —a/2 r1K—aN/2" ’
B 2 12 e .
0 P ot 3 € 125} (7.1

The reflectance associated with incident shear waves (R®) differs from that associated with incident
longitudinal waves (R¥). The Poynting vector is evaluated at a given x; < —aN/2 away from the slab
to avoid the contribution from the near elastic field close to the microstructure. Provided the condition
x1 <€ —alN/2 is satisfied, we have verified that the reflectance does not depend on the exact value
of -
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8 Results and discussion

In this section we present the comparison between the refractive behavior of the finite metamaterial’s slab,
as modeled in Comsol (see Fig and the relaxed micromorphic model (see Fig. . We also provide the
results concerning the relaxed micromorphic single interface, which will be seen as an average behavior
with respect to the micromorphic slab of finite size. To this end, we chose the material parameters of

the relaxed micromorphic model as in Table

Ae He e Amicro  Hmicro  Hmicro Pe L. Amacro  fmacro  Hmacro
[GPa] [GPa] [GPa] [GPa] [GPa] [GPa] [GPa] [m] [GPa] [GPa] [GPa]
—0.77 1734 0.67 598 893 833 2.2-1073 0 1.74 589  0.62

p m 12 3 n m 7y 73 m
{kg/ m?’} [kg/m]  [kg/m]  [kg/m] [kg/m]  [kg/m] [kg/m] [kg/m] [kg/m]

1485 9.5-107% 1-10=" 0.86-107° 3.27-10~°> 107* 2.107* 8-107% 107°

Table 1: Summary of the numerical values for the elastic (top) and inertia (bottom) parameters of the
tetragonal relaxed micromorphic model in the 2D plane-strain case. The macroscopic parameters of the
resulting homogenized Cauchy material (see [2, [10]) are also provided (top right).

The choice of the metamaterial parameters is made according to the procedure presented in [10],
which allows to determine the parameters of the relaxed micromorphic model on a specific metamaterial
by an inverse approach. This fitting procedure is based on the determination of the elastic parameters of
the relaxed micromorphic model via numerical static tests on the unit cell and of the remaining inertia
parameters via a simple inverse fitting of the dispersion curves on the analogous dispersion patterns as
obtained by Bloch-Floquet analysis (see [10] for details). The fitting of the bulk dispersion curves for
the periodic metamaterial, whose unit cell is shown in Fig. is presented in Fig.

Dispersion diagram at normal incidence Dispersion Curves, 45 deg incidence
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Wave number k Wave number

(a) (b)

Figure 3: Dispersion diagrams for normal (a) and 45 degrees (b) incidence. The solid curves are obtained via
the tetragonal anisotropic relaxed micromorphic model, while the dashed curves are issued by Bloch-Floquet
analysis. In panel (a), green color stands for modes which are mostly activated by a shear incident wave, while
blue color indicates modes which are mostly activated by a longitudinal incident wave. This uncoupling between
L and S activated modes at normal incidence is analytically checked in the relaxed micromorphic model and
only approximate for Bloch-Floquet modes. In panel (b), we keep the same coloring, but all curves are coupled
together, which means that L and S incident waves may simultaneously activate all modes.

We checked that a sort of distinction between modes which are activated by an L or S incident wave
can be made for an incident wave which is orthogonal to the interface. This is exactly true for the
relaxed micromorphic model, but an analogous trend can be found for Bloch-Floquet modes at least for
the lower frequency modes (before the band-gap). The uncoupling between L and S activated modes is
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present only for § = 0 (and, by symmetry, § = 7/2), but is lost for any other direction of propagation. In
general, for any given frequency, all modes which are pertinent at that frequency may be simultaneously
activated by an L or S incident wave (excluding the particular case of normal incidence). Nevertheless,
we will show that this uncoupling hypothesis can be retained with little error for angles of incidence
which are close to normal incidence.

Once the bulk properties of the considered metamaterial, as modeled by the relaxed micromorphic
model, have been established, they can be used to study the scattering problems presented before.

8.1 Scattering at a relaxed micromorphic slab

We start by presenting the reflection coefficient of the relaxed micromorphic slab as a function of the
frequency for two fixed directions of propagation of the incident wave (§ = Z and 6 = I) and for both

2 4
longitudinal and shear incident waves.
S
fj’ ¥

Reflection coefficient for an L wave at normal incidence Reflection coefficient for an L wave at 45 degrees incidence

-I--- 1.0 ! -

BZ '

=

Reflaction coefficient

10 =107 1.5x107

Wave frequency w [1/5]

(a) (b)

Figure 4: Reflection coefficient at the relaxed micromorphic slab for an incident L wave and for two directions
of propagation § = w/2 (normal incidence) (a) and 0 = 7/4 (b). The red curve is generated by the analytical
tetragonal relaxed micromorphic model and the black dashed line indicates the microstructured model. The
green vertical lines denote the long-wave limit, below which the relaxed micromorphic model is equivalent to a
homogenized Cauchy model. The dispersion diagrams for § = 7/2 and 0 = 7 /4, given in Fig. |3| are also rotated
and displayed on the top of each picture to allow for a better interpretation of results.

Figure [4] shows the behavior of the reflection coefficient for the considered microstructured slab in
the case of a longitudinal incident wave and for normal incidence (Fig. a)) as well as for incidence at
45° (Fig. [4(b)). The black dashed line is the solution issued via the microstructured model obtained
by coding all the details of the unit cell presented in section [7] The red continuous line is obtained by
solving the relaxed micromorphic problem presented in section [f] using the software Mathematica.

It is immediately evident that the relaxed micromorphic model is able to capture the overall behavior
of the reflection coefficient for a very wide range of frequencies. More particularly, for lower frequencies
and up to the band-gap region, oscillations of the reflection coefficient due to the finite size of the slab
are observed in both models. The band-gap region is also correctly described and corresponds to the
frequency interval for which complete reflection (R = 1) is observed.

After the band-gap region, a characteristic frequency can be identified corresponding to which almost
complete transmission occurs. This phenomenon is related to internal resonances at the level of the
microstructure. It is easy to see that the relaxed micromorphic model is able to correctly describe also
the internal resonance phenomenon. The internal resonance is clearly visible in both the discrete and
the relaxed micromorphic model at normal incidence. It is, however, lost in the discrete simulation at
45° notwithstanding the presence of a zero group velocity mode in both models. Similar arguments can
be carried out for an S incident wave with reference to Fig.

In addition to the comments carried out for an L incident wave, we remark in Fig. a) the presence of
a spurious internal resonance in the lower part of the band-gap for the relaxed micromorphic model. This
spurious resonance can be eliminated by activating the non-locality of the model by setting L. > 0. In
this case, the moderate transmission present in Fig. a) before the band-gap can be reproduced. More
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Figure 5: Reflection coefficient at the relaxed micromorphic slab for an incident S wave and for two directions
of propagation § = 7/2 (normal incidence) (a) and 6 = 7/4 (b).The red curve is generated by the analytical
tetragonal relaxed micromorphic model and the black dashed line indicates the microstructured model. The
green vertical lines denote the long-wave limit, below which the relaxed micromorphic model is equivalent to a
homogenized Cauchy model. The dispersion diagrams for § = 7/2 and 6§ = 7 /4, given in Fig. |3| are also rotated
and displayed on the top of each picture to allow for a better interpretation of results.

details about non-localities will be given in forthcoming papers. This moderate transmission observed in
the microstructured simulations are due to the imperfect uncoupling of the S (green) modes from the L
(blue) acoustic mode in the Bloch-Floquet dispersion diagram. Thus, there exist some small frequency
ranges, for which the L acoustic mode can be activated also by an S incident wave. The associated
transmission remains very small.

At this point, in order to fully present the potentialities of the relaxed micromorphic model, we depict
in Figures |§| and El the transmission coefficient (7 = 1 —"R) as a function of both the angle and frequency
of the longitudinal incident wave for both the relaxed micromorphic and the microstructured models.

Figure [6] shows the broadband transmission coefficient’s behavior for an L incident wave as a function
of the frequency and angle of incidence. We observe an excellent agreement between the continuous
and discrete simulation for frequencies lower than the band-gap. Transmission is principally allowed
by the blue acoustic mode for all directions of propagation. Even if there exists some coupling at non-
orthogonal incidence with the other lower frequency modes, the blue acoustic mode is the one which is
predominantly activated by an L incident wave and it is, to a big extent, responsible for the transmission
across the metamaterial slab. The band-gap region is also correctly described. The validation of the
fitting performed on higher frequencies was impossible due to the difficulty of establishing the convergence
of the microstructured simulations with the semi-analytical results of relaxed micromorphic model this
issue deserves deeper investigations and will be left for forthcoming works.

Figure [7] depicts the analogous results for an S incident wave. For frequencies lower than the band-
gap, we observe once again an excellent agreement between the discrete and continuous simulations for
all angles of incidence.

We also remark additional interesting phenomena. Firstly, for smaller angles of incidence, we see that
the band-gap region extends to lower frequencies. This is related to the previously discussed acoustic
mode uncoupling, which is observed for angles close to normal incidence. A shear incident wave mostly
activates the green acoustic mode (see Fig. which is almost entirely responsible for the propagation
pattern. Since the blue acoustic mode is not activated for angles close to normal incidence, the bottom
band-gap limit is consequently lower compared to the case of an L incident wave.

A first threshold value of the angle of incidence exists (around 57/24), for which the two acoustic
modes start to couple and energy starts being transmitted. More remarkably, a second threshold value
of the incident angle exists (around 7/3), for which the amount of transmission suddenly increases,
approaching a total transmission pattern. This is due to a stronger coupling between the two acoustic
modes which are activated by an S incident wave for incident angles beyond the second threshold. This
impressive pattern is clearly associated to the tetragonal symmetry of the metamaterial: the need for
introducing “generalized classes of symmetry” in an enriched continuum environment is now evident.
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The investigations for higher frequencies will be discussed in forthcoming works.

We deduce that the agreement is very satisfactory for all the considered angles (going from normal
incidence to incidence almost parallel to interface) and for the considered range of frequencies. This fact
corroborates the hypothesis, which has been made according to Neumann’s principle and which states
that the class of symmetry of the metamaterial at the macroscopic scale is the same as the symmetry of
the unit cell (tetragonal symmetry in this case).

We conclude this section by pointing out that the simulations performed to obtain Figures [6] and [7]
took less than 1 hour for the relaxed micromorphic model and 3 weeks for the discrete model. Both
computations were made with 200 points in the frequency range and for 90 angles.

This tremendous gain in computational time underlines the usefulness of an enriched continuum
model versus a discrete one for the description of the mechanical behavior of finite-size metamaterials
structures. Metamaterial characterization through the relaxed micromorphic model opens the way to
effective FEM implementation of other morphologically complex metastructures.

Incident L micro-structured slab {new) Incident L, relaxed micrormorphic rmodel

107 rsds

107 15

Fraquancy

Wave frequency

o0 e
o i
T

Angle of incidence 5 Angle of incidence = [rad]
(a) (b)

Figure 6: Transmission coefficient of the metamaterial slab as a function of the angle of incidence 6 and of the
wave-frequency w for an incident L wave. Panel (a) depicts the microstructured simulations, while panel (b) the
analytical relaxed micromorphic model. The origin coincides with normal incidence (8 = 7/2), while the angle of
incidence decreases towards the right until it reaches the value § = 0, which corresponds to the limit case where
the incidence is parallel to the interface. The band-gap region is highlighted by two dashed horizontal lines,
where, as expected, we observe no transmission. The dark blue zone shows that no transmission takes place,
while the gradual change from dark blue to red shows the increase of transmission, red being total transmission.
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Figure 7: Transmission coefficient of the metamaterial slab as a function of the angle of incidence 6 and of the
wave-frequency w for an incident S wave. Panel (a) depicts the microstructured simulations, while panel (b) the
analytical relaxed micromorphic model. The origin coincides with normal incidence (0 = 7/2), while the angle of
incidence decreases towards the right until it reaches the value § = 0, which corresponds to the limit case where
the incidence is parallel to the interface. The band-gap region is highlighted by two dashed horizontal lines,
where, as expected, we observe no transmission. The dark blue zone shows that no transmission takes place,
while the gradual change from dark blue to red shows the increase of transmission, red being total transmission.

8.2 Scattering at a single relaxed micromorphic interface: Some hints to-
wards negative-refraction-like phenomena in enriched continua

In this subsection we show the results for the reflection coefficient obtained by using the single interface
boundary conditions for the relaxed micromorphic continuum as described in section 4.1

Figure [§] shows the reflection coefficient as a function of the frequency for two different angles of
incidence (0 = n/2 and 6 = w/4), when considering an L incident wave for the “single interface”
boundary conditions. Figure [J] shows the analogous results for an incident S wave. As expected, the
solution obtained using the “single interface” boundary conditions, provide a sort of average behavior for
the oscillation at lower frequencies. This is sensible, since when considering a semi-infinite metamaterial,
multiple reflections on the two boundaries of the slab are not accounted for. The difference between
“single” and “double interface” boundary conditions in the relaxed micromorphic model becomes less
pronounced for higher frequencies, since the wavelength of the considered waves is expected to be much
lower than the characteristic-size of the slab.

When processing the semi-analytical solution for the relaxed micromorphic model with single interface
boundary conditions, we were faced with an interesting phenomenon. For frequencies higher than the
band-gap and for angles of incidence smaller than normal incidence, we found a behavior provided by the
relaxed micromorphic model with single interface, which could be related to what is known as negative
refraction. We observed that for some frequency intervals, the third instead of the first (or the fourth
instead of the second) modes had to be chosen in order to satisfy conservation of energy at the interface.
This behavior has been observed for a wide range of directions of propagation and always for frequency
intervals higher than the band-gap and when the two modes are simultaneously propagative (see yellow
areas in Figures|10|and [11|for L and S incidence, respectively). When one of the two propagative modes
is negatively refracted (in the sense we just specified), the other remains positively refracted and the sum
of the two continues to be positively refracted. This phenomenon is similar to the one described in [41],
where homogenization methods for a laminate composite are presented.

We acknowledge that negative refraction can also be simulated when coding a problem corresponding
to the single interface, but involving all details of the microstructure. The results are only qualitative
and not conclusive and further investigations are needed to obtain accurate microstructured simulation
allowing the definitive validations of the relaxed micromorphic model also for higher frequencies. This
delicate task is left for future work.

In any case, we point out that this negative-refraction-like phenomenon occurs in the relaxed micro-
morphic model without the need of having negative group velocity (the dispersion curves for the relaxed
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Figure 8: Reflection coefficient at the single interface for an incident L. wave and for two directions of propagation
0 = 7/2 (normal incidence) (a) and 6 = /4 (b). The blue curve is generated by the tetragonal relaxed
micromorphic model and the black dashed line indicates the microstructured model. The green vertical lines
denote the long-wave limit, below which the relaxed micromorphic model is equivalent to a homogenized Cauchy
model. The green shaded area is where the first transmitted mode is negatively refracted. The dispersion
diagrams for § = /2 and 6 = 7/4, given in Fig. |3| are also rotated and displayed on the top of each picture to
allow for a better interpretation of results.
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Figure 9: Reflection coefficient at the single interface for an incident S wave and for two directions of propagation
0 = 7/2 (normal incidence) (a) and § = w/4 (b). The blue curve is generated by the tetragonal relaxed
micromorphic model and the black dashed line indicates the microstructured model. The green vertical lines
denote the long-wave limit, below which the relaxed micromorphic model is equivalent to a homogenized Cauchy
model. The green shaded area is where the first transmitted mode is negatively refracted. The dispersion
diagrams for § = 7/2 and 6 = 7 /4, given in Fig. |3| are also rotated and displayed on the top of each picture to
allow for a better interpretation of results.

micromorphic model are always monotonically increasing). This may be related to the fact that group
and energy velocity do not necessarily coincide when considering an anisotropic generalized continuum
[34]. This specific issue requires nonetheless deeper investigation and will be addressed in further work.
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Figure 10: Values of Im(k1) as a function of the angle of incidence  and of the wave-frequency w for the modes of
the relaxed micromorphic medium and for the case of an incident L wave. The origin coincides with normal incidence
(6 = w/2), while the angle of incidence decreases towards the right until it reaches the value § = 0, which corresponds to
the limit case where the incidence is parallel to the interface. The red color in these plots means that the mode is Stoneley
and does not propagate, blue means that the mode is propagative and yellow that the mode is propagative and the sign of
k1 had to be switched in order to satisfy conservation of energy.
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Figure 11: Values of Im(k;1) as a function of the angle of incidence 6 and of the wave-frequency w for the modes of
the relaxed micromorphic medium and for the case of an incident L wave. The origin coincides with normal incidence
(6 = 7/2), while the angle of incidence decreases towards the right until it reaches the value § = 0, which corresponds to
the limit case where the incidence is parallel to the interface. The red color in these plots means that the mode is Stoneley
and does not propagate, blue means that the mode is propagative and yellow that the mode is propagative and the sign of
k1 had to be switched in order to satisfy conservation of energy.

Figures[10] and [T1]show the imaginary part of the modulus of the first component of the wave vectors,
given in equation , as a function of the frequency and the angle of incidence for L and S incident
waves, respectively. We see that, depending on the value of the frequency and of the angle of incidence,
these modes can be either propagative (Im(k) # 0, blue region) or evanescent (Im(kq) = 0, red region).
In the same figures, the yellow regions indicate the frequency/angle-of- incidence regions for which the
sign of the mode must be changed (negative instead of positive) in order to verify conservation of energy
at the interface. This negative refraction-like phenomenon is observed here for the first time in the relaxed
micromorphic model and is interesting in itself. More accurate investigation is nonetheless needed to
better understand its possibilities of application.
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Figure 12: Transmission coefficient of the single interface as a function of the angle of incidence 6 and of the wave-
frequency w. Panel (a) depicts the case of an incident L wave, while panel (b) the case of an incident S wave. The origin
coincides with normal incidence (@ = m/2), while the angle of incidence decreases towards the right until it reaches the
value 6 = 0, which corresponds to the limit case where the incidence is parallel to the interface. The band-gap region is
highlighted by two dashed horizontal lines, where, as expected, we observe no transmission. The dark blue zone shows that
no transmission takes place, while the gradual change from dark blue to red shows the increase of transmission, red being
total transmission.

We conclude this subsection by showing the transmission coefficients at the “single interface”, as a
function of the frequency and the angle of incidence for L and S incident waves (Fig. and
respectively). Comparing Fig. [6(b)| to [12(a)] and [7(b)] to [I2(b)] we can visualize the extent to which
the single interface can be considered to represent a metastructure of finite size. Although some basic
averaged information is contained in Figures and (band-gap, critical angles), the detailed
scattering behavior of the finite slab cannot be inferred from it. This provides additional evidence for
the real need to propose a framework in which macroscopic boundary conditions can be introduced in
a simplified way. Semi-infinite problems for metamaterials are solved in the context of homogenization
methods in [36, [38], but to the author’s knowledge, the rigorous solution of scattering problems for
metamaterials of finite size is not available in the literature.

9 Conclusions

In this paper we presented for the first time the scattering solution of a metamaterial slab of finite size,
modeled via a rigorous boundary value problem describing its homogenized behavior.

The correct macroscopic boundary conditions (continuity of macroscopic displacement and of gener-
alized tractions) are presented and are intrinsically compatible with the used macroscopic bulk PDEs.
The scattering properties of the considered finite-size metastructures, as obtained via the relaxed mi-
cromorphic model, are compared to a direct microstructured simulation. This simulation is obtained by
assuming that the metamaterial’s unit cell is periodic and linear-elastic. Excellent agreement is found
for all angles of incidence and for frequencies going from the long-wave limit to the first band-gap and
beyond. Further work will be devoted to better understanding the high-frequency behavior of the con-
sidered metamaterials so as to provide a final validation of the relaxed micromorphic model also for such
higher frequencies.

The results presented in this paper open the way to the future study of the scattering properties of
more complex 2D or 3D finite-sized metastructures in a simplified macroscopic environment.
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A Appendix

A.1 Energy flux for the anisotropic relaxed micromorphic model
A.1.1 Derivation of expression ([2.10)

The total energy is given by:
E = J(us,Vuy, Pr) + W(Vu, P,Curl P), (A1)

where J(uzt, Vug, Pt) and W(Vu, P, Curl P) are defined in (2.5 and (2.6]). Differentiating (A.1]) with respect to
timd™| we have:

E¢ = {uy, pu) + (sSym Py, Jmicro Sym Pyt) + (skew Py, Jec skew Pyi) + (sym Vu ¢, Te sym Vi)
+ (skew Vu ¢, Tc skew Vu 4¢) + (Ce sym(Vu — P),sym(Vu — P) ¢) + (Cc skew(Vu — P),skew(Vu — P) 1)
+ (Crmicro sym P, sym P.) + L2 ({Le sym Curl P, sym Curl P;) 4 (L. skew Curl P, skew Curl P,;)) . (A.5)

Using the governing equations (2.8)), definitions (2.9)) for 7,5, s, m and (A.2), (A.3)), (A.4) we have:

(ut, puge) = (u, Div(Te sym Vu 4 + Te skew Vu i) 4+ Div o)
= (u,t, Div o) + (ut, Div(Te sym Vu it + Te skew V1))

=0

= (u,t, Diva) + (uz, Div o),

(sym P, Jmicro sym P ys) + (skew Py, Jc skew Pyt)

= (sym P + skew P, Jmicro Sym P) + (sym P + skew Py, J. skew P 1)

= (P4, Jmicro sym Pyt + Je skew Py) = (Py,0e — s — sym Curlm + o, — skew Curl m)
= (Py,0 — s — Curlm) = (Py,0) — (Py,s) — (P4, Curl m),

’

(sym Vu,, Te sym Vu i) + (skew Vu g, Te skew Vu ¢4)
= (sym Vu,; + skew Vu ¢, Te sym Vu ) + (sym Vu ; + skew Vu ¢, Te skew Vu +¢)
= (Vuy, Te sym Vu iy + Teskew Vu i) = (Vue,0) = Div(uy - 6) — (u, Diva),

(Ce sym(Vu — P),sym(Vu — P) ;) + (Cc skew(Vu — P),skew(Vu — P) ;)
= (Cesym(Vu — P),sym(Vu — P) ; + skew(Vu — P) ;)
+ (Ccskew(Vu — P),sym(Vu — P) ¢ + skew(Vu — P) 4)
= (Cesym(Vu — P) 4+ Cc.skew(Vu — P), (Vu — P) ) = (7, (Vu — P) )
= (6,Vu,) — (7, P;) =Div(u, - 7) — (u, Dive)y — (7, P),

(Cmicro sym P, sym P ;) = (Cmicro sym P, sym P, + skew P4) = (Ciicro sym P, P1) = (s, Py),

LZ ((Le sym Curl P,sym Curl P;) 4 (L. skew Curl P, skew Curl P.;))
= L2 (L sym Curl P,sym Curl P; + skew Curl P.;) + (L. skew Curl P, sym Curl P; + skew Curl P.;))

s

= (LZ(LL. sym Curl P 4 L, skew Curl P), Curl P;) = (m, Curl P;) = Div ((mT -Py): e) — (Curlm, P;).

So, by adding all the above and simplifying (A.5]) becomes:

E ;= Div [(E +0)" s+ (mT . P,t> : e] , (A.6)
from which we can define the energy flux for the general anisotropic relaxed micromorphic model:
H=—(E+E)T~u,t—(mT-P,t) D€ (A.7)
13Let 1) be a vector field and A a second order tensor field. Then
(V4, A) = Div(4 - A) — (3, Div A). (A2)
Taking ¢ = u,; and A = ¢ we have
(Vu,t,0) = Div(uy - ) — (u¢, Dive) . (A.3)
Furthermore, we have the following identity
(m, Curl P¢) = Div ((mT -Py): e) + (Curlm, Py), (A.4)

which follows from the identity div(v X w) = w-curlv — v - curl w, where v, w are suitable vector fields, X is the usual vector
product and : is the double contraction between tensors.
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A.1.2 Analytical expression of the flux for the relaxed micromorphic model when L. =0

The flux H of the relaxed micromorphic model when L. = 0 can be written as (using Lemma [1))

H = %Re [(c1w(—2w? A + B) + aow(—2w?C + D)) £ + (1w (F + wG + w’H) + axw(Z + w J +w’K)) L],

with

1
A= k£1)¢§1) (7]1 + 2773) + ko ¢gl)7737

B= (A + 2u0) (k§1>¢§1> _ g%) Y (ko oSV — ¢g%) ,

1
c=k"¢? (m + 2773) + ko 62773,

D= +20) (202 — 600) + A (koo — 600)
€ = g +azey”,

F=ho (= ne) 6 + k" (g + o) 637,

G = —(ug = ) 85" — (uz + ue) 95,

H = ko 01" (iﬁz - ﬁ*) — kgl (iﬁz - ﬁ*) ,

T =ko (15— pe) 87 + k2 (it + pe) 657,

T == (= pe) 5 — (it + pe) 687,

L I
K = ko ¢§2) (4772 =1 > - kf) 51) <4772 +17 ) ;
L =005 + azey.

A.2 The matrix A

We present the matrix row-wise. We have

—(p+ k120 +173) + K3 (572 +771)) W° + kT (Ae + 2pe) + K3 (pe + pl)
kiks (3712 — 718 + 7)) w® + kika(Ae — pre + )
A ik1(Ne + 2pe)
ik (pe + pe)
i ko (—pe + pz)
ikie

kiko (i% — N3 — f]f) w? 4 k1ka (e — e + pl)
—(p+K32m +173) + kT (372 +71)) w® + k3 (Ae + 2pe) + KT (e + p2)
~ 1kade
—ik1(pe — pe)
ik1(pe + pic)
tka(Xe + 2pte)

(A.8)

(A.9)

—1 kl(Ae + 2#8)
—ikae

~ _(2"71 + 773) (/J2 + )\e + )\micro + 2(#6 + Nmicro) + kgLE

—k1ko L2
0

—n3 W2 + Ae + Amicro
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—ika(pe + pe)
ik (pe — pe)
—k1ko L2
—(n2 +01) W + pre + pE + Piiero + FTLZ
(2 = n7) W — e + pE + Hiiero
0




ik2(pe — pe) —ikiAe
—i k1 (pe + pd) —ika(Ae + 2pe)
~ 0 ~ - Wz + )\e + )\micro
As = , , As = "
(2 = n7) W™ — pe + pe + Mimicro 0
—(m2 + 1) w? + pre + pE + fniero + K3LE —kiko L
—klk‘QLi _(2771 + 7]3) WQ + >\e + >\n1icro + 2(Me + ,umicro) + k%Lg
Then, the matrix A s
~ NG o
A= (A17A2,A3,A4,A5,A6) (A.10)

A.3 Lemmalll

We have the following well-known result.

Lemma 1. Let | |
ui(z,t) = A(m)e’(“’t_m)7 ug(z,t) = B(x)ez(wt—kx)

be two functions with A, B : R®> — C. Then the following holds

%/0 Re{ur (2, £) YRe{us (2, £)} dt = %Re(AB*), (A11)

where T is the period of the functions u1,us and B* denotes the complex conjugate.

Proof. We have:

1 TR{ (z,t) }Re{ua( t)}dt—l TR (A i(wt—km))R (B i(wt—km))dt
T/, e{u1(z, e{ua(z, =7/ e Ae o (Be

1 T Aei(wtsz) 4 A*efi(wtsz) B€i<Wt7km> + B*efi(wtsz) J
- t
/ 2 2
_ AB 2iwt 2ikx AB” A*B A*B* 2iwt _2ikx
= T ; - ¢ e + 1 + 1 + 1 — e”"rdt
periodic periodic
" AB ZA / Re (AB") dt — %Re (AB"),  (A.12)
where we used the facts that the periodic function e?** integrated over its period is zero and that for any complex
number z € C: Re(z) = #t2-. |
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