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Abstract In this paper, elastic wave propagation in a one-dimensional micromor-
phic medium characterized by two internal variables is investigated. The evolution
equations are deduced following two different approaches, namely using: i) the
balance of linear momentum and the Clausius-Duhem inequality and, ii) an as-
sumed Lagrangian functional (including a gyroscopic coupling) together with a
variational principle. The dispersion relation is obtained and the possibility of the
emerging band gaps is shown in such microstructured materials. Some numerical
simulations are also performed in order to highlight the dispersive nature of the
material under study.
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1 Introduction

Elastic wave dispersion is very often an indicator of the presence of a microstruc-
ture in a solid. The study of the wave dispersion in bodies with regular microstruc-
tures goes back to Newton and Euler (see [15] for the historical background). This
line of research resulted in crystal lattice theory [13], and is come back in fashion in
recent years due to the possibility of manufacturing materials with a microstruc-
ture which is very finely controlled by means of computer-aided methods [49,25,
22,58].
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Irregular or natural microstructures require different treatment due to their
stochastic character. Among the proposed approaches, homogenized, generalized,
and microstructural descriptions are able to take into account a microstructural in-
fluence on the macro-motion. Classical homogenization uses “effective” (averaged)
quantities without changes in governing equations [52,54]. The main task here is
to find the appropriate values of “effective” material properties. Wave dispersion
does not appear here.

Asymptotic homogenization is more sophisticated. Here, governing equations
include additional high-order terms (general reference on higher-order continua are
[24,2,10]) which provide the wave dispersion [17,33,4,38]. The advantage of the
asymptotic homogenization is the possibility of the prediction of additional mate-
rial parameters, althiugh they usually require more advanced mathematical tech-
niques [14,48]. Computational homogenization [36,57,41,51] includes multiscale
treatment. Recently, it was demonstrated that computational homogenization can
result in the micromorphic microelasticity [11].

The micromorphic microelasticity theory [50,28] postulates the existence of a
micromotion in addition to a macromotion. This theory predicts both acoustical
and optical branches of a dispersion curve, which is not the case for more simplified
gradient models [6,34]. The disadvantage of the micromorphic microelasticity is in
a certain amount of additional material parameters depending on the complexity
of the microstructure under consideration. Therefore, some kind of the reduction
of the micromorphic theory can be useful [53].

The micromorphic microelasticity theory is a particular case of the general
microstructural approach [16,42,27,3,35], which introduces a set of directors for
the description of microstructure. This approach can be useful in deterministic as
well as in stochastic contexts, as exemplified by the well-known Ising and Potts
models [55,19,40]. However, evolution equations for these directors, as well as
boundary conditions for them, are not straightforward.

Another particular case of the general microstructural approach is presented
by theory of internal variables [47,45]. The recent extension of this theory recover
the micromorphic microelasticity theory [9] and provides the evolution equations
for internal variables as the consequence of the second law of thermodynamics [59].
It was shown that the dual internal variables approach unifies all known models
for the elastic wave dispersion [8]. However, this was demonstrated on particular
examples, while it is much more difficult to analyze the general case.

In what follows, the quadratic dependence of free energy on dual internal vari-
ables is used in the one-dimensional setting after the reminder of the structure
of evolution equations for these variables. Then, the complete dispersion relation
is derived and studied. Numerical simulations of pulse propagation through a mi-
crostructured solid confirm the possibility of stop bands predicted theoretically.

2 Theoretical background

A motion of a body is considered as a time-parametrized sequence of mappings
X between the reference configuration and the actual configuration: x = x(X,t),
where t is time, X represents the position of a material point in the reference
configuration, and x is its position in the actual configuration. The deformation
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gradient is defined by
F = 0x/0X], = V. 1)

If the constitutive relation for free energy has the form W = W(F,...,X,t), then

the first Piola-Kirchhoff stress tensor T is defined by
ow

= 35 (2)

In the so-called Piola-Kirchhoff formulation local balance laws of mass, phys-

ical (linear) momentum, and energy for sufficiently smooth fields at any regular
material point X in the body read (cf. [44]):

T

9po -
M 3)
Apov)| . _
ot < DZ’URT = fo, (4)
a(K—I—E)’ ~Ve-(T-v—-Q)=fo-v, (5)
ot x

where po is the mass density in the reference configuration, v.= 9x/dt|x is the
physical velocity, fo is a body force per unit reference volume, K = pov?/2 is
the kinetic energy, E is the internal energy per unit reference volume, Q is the
material heat flux, d/dt = 9/0t|x or a superimposed dot denotes the material
time derivative.

The second law of thermodynamics is written as [45, e.g.]

oS

at' 1 VRS>0, S=(Q/0) K, (6)
X

where S is the entropy density per unit reference volume, 6 is the absolute tem-
perature, S is the entropy flux, and the “extra entropy flux” K vanishes in most
cases, but this is not a basic requirement.

The canonical form of the energy conservation has the form [45]

8(S0)

p +Ver - Q=hr" p™.=T:F—- —| |, (7)

ot |«

’ X

where the right-hand side of Eq. (7); is formally an internal heat source.
Correspondingly, the canonical (material) momentum conservation equation is
obtained as [45]
83 — Di b= fint ext inh
wrb = + £ £ (8)
ot |x
where the material momentum P, the material Eshelby stress b, the material inho-
mogeneity force £ the material external (or body) force £¢**, and the material
internal force £ are defined by

P:=—pwv-F, b=—(LIzg+T -F), L=K-W, (9)
; oL oL 1 ow
finh = =2 == = (7v2> Vepo — ——| ,  (10)
oX expl oX fized fields 2 oX expl

£ = —fy - F, " =1T:(VgF)" — VaWl, - (1)
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Here the subscript notations expl and impl mean, respectively, the material gra-
dient keeping the fields fixed (and thus extracting the explicit dependence on X),
and taking the material gradient only through the fields present in the function,
IR is the unit matrix in the reference configuration.

3 Single internal variable. One-dimensional case

Up to now the microstructure was not specified. In the framework of the phe-
nomenological continuum theory it is assumed that the influence of the microstruc-
ture on the overall macroscopic behavior can be taken into account by the intro-
duction of an internal variable ¢ which we associate with the integral distributed
effect of the microstructure. The idea of internal variables has a long history [46].
The theory of a single internal variable is well established [45]. It is instructive to
remind the reader how it works on the example of one-dimensional case.

The free energy W is specified as the general sufficiently regular function of
the strain, temperature, the internal variable, and its space gradient [45]

The corresponding equations of state define not only the stress and entropy, but
also the "microstress” n and interactive ”force” 7

U_aW _ oW T.__aW _ oW

Touw U7 a0 TT T T Tog.

(13)

Following the scheme originally developed by [43] for materials with diffusive dis-
sipative processes described by means of internal variables of state, we chose the
non-zero extra entropy flux K in the form

K =—0""ne. (14)

In this case, the ”internal” material force and heat source each split in two terms
according to

fint — fth + J}Vint'r’ hint — hth +';Lint'r’ (15)
where the thermal sources and the ”intrinsic” sources are given by [45]
fih= 539, Rth .= 56,
Ox
(16)
Tintr ~8<P Taintr [~ .
f =7, h =T,
ox

so that we have the following consistent canonical equations of momentum and
energy:

oP _ 67,5 __ pth Tintr
o " ag =1 (17)
a(SO)  IQ  in  Tiner
A\ 2 1
ot + oz h" +h , (18)

with dissipation
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where the new definitions are introduced [45]:

o W (OW 0 (OWANY_
So Op  Or \ Ops - Ml

— (pov® )2 — W + oty — nz).

) (20)

b

In the isothermal case, dissipation inequality (19) is automatically satisfied if
T=ko

with k£ > 0 since
&=k > 0. (21)

The fully non-dissipative case corresponds to k = 0.

To be more specific, we consider a simple free energy dependence as a quadratic
function )
N poc
W =

2
where c is the elastic wave speed in the medium without microstructure, and con-
stant parameters A, B, and C' depend on the material. The corresponding stresses
are calculated as follows:

ow

- Oug

1 1

= pOCQUx + A%v, n= _g:;V = _AUCC - C‘Joﬁcv (23)

g

and the interactive internal force 7 is, respectively,
ow
dp

—Be. (24)
Consequently, the balance of linear momentum is rewritten as
A
Utt = Czuxw + — Yz, (25)
Po

and the evolution equation for the internal variable in the fully non-dissipative
case (with k = 0) reduces to

Cpzs — Auge — B = 0. (26)

Evaluating the second space derivative of the internal variable from the last equa-
tion

C A
Prx = E@xzzm - Euwxwmy (27)

and its fourth space derivative from eqn. (25)

A
%(pacwxac = (Utt - CQUmm) 5 (28)

we will have, inserting the results into the balance of linear momentum

A2

2 C 2
Utt = C Ugy + — | Utt — C Uz -
xxT PO

B
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Equation (29) is the most general model for the dispersive wave motion provided
by the single internal variable theory [8, cf.].
If coefficient C' vanishes then we arrive at the strain gradient model

A

Y = Eumc ) (30)

which results in the equation of motion of the form

2
puUtt = PCQwa + Fuzwmx (31)
As it is shown in [8], dispersive wave equation (29) does not describe the optical
branch of dispersion curve. To go further, we need to introduce one more internal
variable following [59].

4 Dual internal variables. One-dimensional case

For a more general description of wave dispersion we need to use the extension
of the internal variable theory onto the case of dual internal variables [59]. Let
us consider the free energy W as a (sufficiently smooth) function of two internal
variables ¢, 1 and their space derivatives

W:W(Uw707¢7¢waw7ww)' (32)

In this case the equations of state are given by

LW oW oW oW 53
T ouw, U e T g T T g,
oW oW

=55 =g (34)

The non-zero extra entropy flux is included into consideration similarly to the case
of single internal variable

K=—0""np; — 07 "(&. (35)

The canonical equations of momentum and energy keep their form

oP ag _ rth rintr
5 = [T (36)
8(50) a@ th Tintr
——r 4+ —==h h 37
ot ou +ar (37)
with the modified Eshelby stress tensor
~ 1
b=— <§pv — W + oug — npe —C¢x> (38)

and intrinsic source terms

FmT = Fop + €hay, BT = For 4 4t (39)
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In the above equations the following definitions are used

PO (G- 2 (5)) = (40)

) Op  Ox \ Opy
oS _ (oW _ o (oW _
§="%0 "‘(31/; T oz (a«pm)) =G (4D

which are similar to those in the case of single internal variable.
The corresponding dissipation is determined by

& =h"™"" — 80, =Tor + &y — SO, > 0. (43)

In the isothermal case, the dissipation inequality reduces to the intrinsic part
depending only on internal variables

@ = 1" =Toor + & = (T —n)pr + (€ = Ga)ibe 2 0. (44)
It is easy to see that the choice
Yt = R(E - Cz)v wt = _R(T - nm)a (45)

where R is an appropriate constant, leads to zero dissipation. Therefore, the dis-
sipation inequality (44) is satisfied automatically with the choice (45). The latter
two evolution equations express the duality between internal variables: one internal
variable is driven by another one and vice versa.

5 Microstructure description

Now we return to the description of a microstructure. The free energy function is
constructed here as the sum of two similar contributions of internal variables

2
C 1 1
W = pOTUi + Arprug + AL (p1) st + 53190% + 501(901)%
) . (46)
+ Aspoty + A (2)sts + 53290% + 502(902)%.

The corresponding stresses are determined as

ow
o= = pocug + A1p1 4+ AL (1)z + Azpa + Ab(p2)a,
ow ’
= — =-C z — Ajug, 4
m (1) 1(1) 1 (47)
ow ’
= — =-C z — Asug,
2 8(802)1 2(902) 2
as well as the interactive internal forces
ow ow
T1T = ——7 = _Alum — Bl@l, T2 = — 7 - _AQUZ - BQQDQ' (48)

Op1 02
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Accordingly, the balance of linear momentum results in
poutt = pOc2umz + Al(spl)m + A;_(Qpl)zz + A2 (802)27 + A/2 (@2)1m7 (49)

and evolution equations for internal variables (45) have the form

(p1)e = R(m2 = (12)),  (p2)e = —R(11 = (1)), (50)

or, in terms of internal variables
(1)t = R(C2(p2)ze + Astza — Aous — Bapa), (51)

(p2)t = —R(C1(¢1) 2z + Altzz — Atug — Bip1). (52)

The obtained evolution equations are coupled with the balance of linear momen-
tum (49).

6 Deduction of evolution equations via a variational principle

The variational principle can be alternatively used to derive the evolution equa-
tions derived in the previous sections, by using the D’Alembertian postulation
instead of the postulation based on balance equations and Clausius-Duhem in-
equality. This methodological choice can be regarded as preferable by somebody
for its conciseness and efficacity (see e.g. [23,30,31,32,29,7,20,21]). In order to
do this, following the standard procedure due to Hamilton [60], we introduce a
Lagrangian density function composed by kinetic and potential energies as follows

T:%d'Md+G, (53)
W:%d-Kd+%dm-szz+d'Adm (54)

where M is the mass parameter, G is the additional gyroscopic term

G= (d~Bd—d-Bd>, (55)

(56)

N =

where d and d, consist of internal variables and their gradients, respectively,

(7 U
d= |p| and ds= |¢z]|, (57)
(i Y
and where B, K, K, and A are material parameters,
K** K¢ K" Ky Ky Ky¥ A AR A
K = | Kwe gee KvY . Ky = | KM K¢% K;pw , A= | AP" A¥¥ APY
KW KoY gve K;“l’ wa K;M’ AVe AV pvY
(58)

The previous assumption needs some clarifying comments:
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1) The choice of a Lagrangian is the first step in the D’Alembertian postulation.
Very often the supporters of balance postulation ask why a specific Lagrangian
is “true”. To these supporters one should ask why balance laws are true and
why constitutive equations are true and why Clausius-Duhem inequality must be
true. We believe that the two approaches can be always treated in such a way
that they are equivalent. Indeed, it is very well known that every scientific theory
must be based on postulates which are basic assumptions whose validity can be
proven only a posteriori. It is worth noticing that this is a particular case of an
epistemological phenomenon that has been investigated by Pierre Duhem himself:
that of underdetermination of a scientific theory (see [26]). A class of phenomena,
indeed, does not uniquely determine the theoretical model which is able to describe
it; on the contrary, the same phenomena can be “saved” by different models, and
asking which one of these is “true” is often times pointless.

2) We will prove that the Euler-Lagrange equations deduced from the previ-
ous Lagrangian density functions are a generalization of the evolution equations
found in the previous sections. We leave to anybody to decide which approach is
preferable.

3) In particular, we underline that the role of the gyroscopic terms is very well
known in Lagrangian mechanics. We found particularly interesting the treatment
found in [39,5,12]. When one has a pair of Lagrangian parameters, whichever is
their physical meaning, in order to have an exchange of energy between these
two degrees of freedom, without dissipation, it is necessary to introduce a term in
the kinetic energy as those we postulated in the expressions in G. Even if in the
Euler-Lagrange equations one will find a term depending on first derivatives of
Lagrange parameters, so that one of them may appear to be non-conservative, all
together they will be conservative: Hamiltonian is constant along their solutions.
Physically speaking, the energy disappearing from one degree of freedom reap-
pears in another degree of freedom without loss. Many examples have been found
in various applications exploiting gyroscopic coupling [1,56,37]: the name of the
coupling being simply related to the first occurrence in the equations of the heavy
top. Here, we want to explicitly cite the suggestive and careful book by Crandall
[18].

The next step consists in writing the principle of minimum action as follows:

t —+oo t —+oo
5/ / £dxdt:5/ / (W — T)dzdt =0, (59)
tg 4 —o0 to J —o0

where L is the Lagrangian density function, and we will assume a Hamiltonian
structure for it, involving potential and kinetic energies. The first one will not
depend on time derivatives, while the second one will be either quadratic or linear
in these derivatives, in formulae

£(d,d,d;) =W(d,dy) —T(d,d) = W(d,d) — (T1d+ %d . ng) ) (60)

where T7 and T» are linear functions of the Lagrangian coordinates d.
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The first variation of each term in the Lagrangian density function is obtained
as follows:

t oo tortee faw oW
t ot row a (oW d (oW
_/to/_oo [Wch—l—%(adT&d)—%(adm)éd} d dt
trtorow 9 [(OW
= — = d
/tn /,Oo [8d oz <8d1¢>} 6d oz dt,
t —+oo t —+oo .
// 6dedt:// (%dﬁi}sd) dz dt
to J —o0 to 4/ —o0 8d ad
trteergr 9 <8T)}
= = — (=) éddzxdt.
/tu/_oo [8d ot \ od

Then, by imposing that the condition given in Eqn. (59) is valid for every dd, we
1
get

ad 9z \od,) od " ot \ od

where we used a compact vector form. Finally, by substituting the following pre-
viously calculated expressions

37W_2<3W> 8T+Q(a£> _o, (61)

%—Vg — Kd+ Ad,,

gz = K.d, + A"d,
o)
Z%:Md—l—%(Bl—BlT)d,

into Eqn. (61), the linear evolution equations (linearity being a consequence of the
assumed quadratic form of Lagrangian density functions) are obtained as

Kd+ (A—A")dy — Kodow + Md + (B — B )d = 0. (62)

Now, substuting the following particular choice of the matrices involved in the
definition of Lagrangian,

00 00 00 0 poc® Al Al
M=|000|, K=|0B 0|, K.,=|A, ¢1 01,
000 0 0 B Ay 0 Co

1 We remark here that also in the mechanics of metamaterials the visionary statement found
in Lagrange preface to analytical mechanics is true: “No figures will be found in this work. The
methods I present require neither constructions nor geometrical or mechanical arguments, but
solely algebraic operations subject to a regular and uniform procedure. Those who appreciate
mathematical analysis will see with pleasure mechanics becoming a new branch of it and hence,
will recognize that I have enlarged its domain.”
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—A, —A,

0 =5 5 00 O
A= |40 0|, B=|00 —5%|,
L o 055 O
2 2R
the final form of evolution equations, resulting to be equal to those obtained in

the previous sections, is

pO'ij = poC2'U/z$ + Al]_QOlzI + A/QQOQII + Al@leQSDQam (63)
—% = Cliplm + Allumm — Aluz - B1S017 (64)
% = CQQOZME —+ A/2'l,l,z$ — AQUI - B2Q02- (65)

It should be noted that this equivalence holds due to the absence of dissipation in
the considered case.
7 Dispersion relation

In order to study dispersive effects, we derive the dispersion relations by assuming
the solutions in the form of harmonic waves

u(z,t) = et ke —wt) p1(x,t) = <ﬁ1ei<kx7wt>, pa2(x,t) = gﬁgei(kwfwt), (66)
where k is the wavenumber, w is the frequency, and i = —1.
It should be noted that time derivatives of evolution equations
(¢1)tt = R(C2(p2)tax + AdUtze — Aztita — Ba(p2):), (67)
(p2)tt = —R(C1(p1)taz + AUtz — Atute — B1(p1)t), (68)

can be rearranged by means of Egs. (51) and (52) as follows

(‘pl)tt = - R202(01 (4,01)9056 + A/lua:w — Ajuz — Bl@l)xm + A/QRuth — AsRuga+
+ BZRQ(Cl(@l)zm + Alluzz — Atug — Bl(Pl),

(69)

(@2)“ = — R201 (CQ((PZ);wc + A’zum — Asug — B2802)3ca: - A/lRut:car + A1 Ruge+

+ BlR2(C2(Q02)a:a: + A/QUmz - A?“:v - BQQDQ)'
(70)

Substituting relations (66) into Eqs. (49), (69), and (70) we get
— potiw? = —poctuk® + A181(ik) — AL g1k? + Asga(ik) — AbGak?, (71)
—p1w® = — R*Co[-C161k” — ALak® — Ava(ik) — B1g1)(—k?) + AL Ra(iw)k® —
— AsRiwk + B2 R*[-C11k* — ALak® — Ava(ik) — Bigi),
(72)
—pow? = — R*C1[—Capok® — Abtik® — Asi(ik) — Bawa](—k*) — Al Ru(iwk®)+
+ A1 Riwk + B1 R?*[—Cagok® — Abuk® — Azi(ik) — B2iga).
(73)
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The same can be represented in the matrix form

p002k2 — p0w2 —1 A1k + Allk2 —1Ask + Al2k2 U
G1 Fy 0 ¢ | =0, (74)
Go 0 ) D2

where
G1 = A R*Cok* + A1 R*Co (ik®) — AL R(iw) k> + Ao Rwk+ A} Bo R*k* + A1 Bo R (ik),

Fi = R?C2C1k* + B1R*C3k® + BoR*C1k? + B1BaR? — w2,
Go = ALR?C1k* + A R?Cy (ik®) — A} R(iw)k*+ A1 Rwk+AS B R?k* 4+ A2 By R (ik),
Fy, = R°C1C2k* + BoR*C1k? + B1R*C3k? + BaB1R? — w?,

In order to get nontrivial solutions the determinant of this system must vanish,
ie.,

(poc®k® — pow?)F1 Fy + (iAr1k — AYk®)G1Fs + (iAok — ASk*)FiGa = 0. (75)
Since F = F3, the latter equation is slightly simplified
(poc®k? — pow®)Fy + (iAr1k — ATk*)G1 + (iA2k — ASk*)G2 =0,  (76)
and its explicit form can be reduced to

poc’k?(RC2C1k* + B1RCok® + BoRC1k?* + B1BaR — w? /R)
— pow?(RC2C1E* + B1RC2k* + BoRC1k* + B1BoR — w?/R)
— A1 AL RCok* + Ay Abwk® + 1Ay Aswk® — A1 BoRA 1 K?

— AV AV RCKS + i Af Abwk® — Af Aswk® — A} A BoRE*

— AsAsRC1E* + A} Aswk® + iAs Aiwk® — Ay Ay B RE?

— ASALRC1ES + i AL A wk® — AL A wk® — AL AL B REY = 0.

Real and imaginary parts should be equal to zero separately, which demands for
the imaginary part

A1 Aswk® + A} Aywk® + Ap Ajwk® + AL Alwk* =0 (77)

or
A1As + ATALK? =0 (78)

The obtained condition can be satisfied for arbitrary k in following cases:

1. A1=A11:0;
2. AQZAIQZO;
3. A1 = AL, =0;
4. A2:Al1:0;
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Due to the symmetry of the adopted free energy with respect to internal variables,
it is sufficient to consider only cases 2 and 3.
In the case 2, dispersion relation (76) is reduced to

p062k2(0201/€4 + B1CQkJ2 + Bzclk2 + B1Bs — w2/R2)
— p0w2(0201k4 + BlchQ + B201k2 + B1B2 — w2/R2)
— A1 A1Cok™ — A1 A1 Bok? — AL AL Cok® — AL A Bok* =0,

while in the case 3 we have

p002k2(02clk4 + B102k2 + Bgclkz + B1Bs — w2/R2)
— pow?(CoC1k* + B1Cok? + B2C1k? + B1Bs — w?/R?)
— AL AV Cok® — AL AL Bok® — A3 AsChk® — AsAsBrk? = 0.

Introducing a characteristic frequency wo and a characterisric wavenumber ko, we
can represent the dispersion relation in the non-dimensional form

(po®k3k® — powsw?)(CaCrkok* + B1Cokik? + BoCikik® + BiBa — wiw®/R?)
— A1 A1 Cokgk® — AL A1 Bokiok? — AV AL CokSKS — AV A Bakgk® =0

The natural choice for the connection between the characteristic frequency and
the characteristic wavenumber is wgp = cko = R. For the convenience, we denote
Cokd = c2, C1kE = c1, which leads to

(k2 — w2)(6261k4 —+ B162k2 + Bzclk‘z + B1By — w2)
_me%#_mm&%ﬁ_me%W_MM&%#:O
poc? poc? poc? poc? )

Now we introduce

2 /Al 1.4
A1A1k0 2 AlAlkO 2
2 =as, 2 =a1
poc poc

and have finally a quadratic equation for k2 — w?

(k2 — w2)2 + (k2 — w2)(0201k4 + Blczk2 + BQC1]€2 + B1By — kz)

1,4 1 2 /1.6 /1 4
—ajcek”™ —a1Bak® —a'jc2k” —a'1B2k™ =0,

(79)

which has the standard solution

(w2 — kQ) = 0.5(0261k4 + Blch2 + BQC1]€2 + B1Bs — kz)

+ \/0.25(6201k4 + Bicok? + Baci1k? 4+ B1Bs — k2)2 + CL%CQk4 + a%BQkQ + a'%CQkG + a'%BQk‘l.
(80)
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- - - f_
B1_1 62-031 _0.431_0.16

Fig. 1: Variation of dispersion curves depending on values of the dimensionless
parameter ci

8 Band gaps in microstructured materials

In this section, we investigate the effects of different parameters on dispersion
curves and band gaps in microstructure. As can be seen from Eq. (80) there are
6 independent material parameters, and in order to analyse their roles, we start
with ¢2 = 0, which coincides with the unified microstructure model [8]

(w? — k%) = 0.5(Bac1k® + B1 By — k?)

(81)
+\/0.25(Bacik? + B1Ba — k2)? + a3 Bok? + a/3 Bk,

We choose the starting point of the optical branch in such a way that it corresponds
to a unit frequency. Therefore, we have B1 B = 1, as it follows from Eq. (81) and
we begin with investigating the effects of ¢1 on the dispersion curves by choosing
the following parameters: B = 1, ca = 0, a1 = 0.4, and a} = 0.16. As can be
seen from Fig. 1, while the optical branch, in the considered case, changes slightly
with different c¢; values, the acoustic branch varies significantly, and a band gap is
observed with the lower values of ¢1. In Figs. 2 and 3, we present the effects of the
dimensionless parameters a; and a} on the band gap obtained with ¢; = 0.025 in
the previous considered case. It is clearly seen that the band gap expands when
the value of a; increases. However, the band gap does not change significantly
with different a} values, and here, we again observed that the optical branch is
not considerably affected by different values of a1 and aj.

The influence of dimensionless parameters ca is studied in Fig. 4. It is clear
that the band gap disappears with increasing c2 values, and the optical branch
varies slightly. We also studied the effects of the dimensionless parameter B on
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r
B1 = 1,(:1 =0.025, °2=°’ a =0.16

Fig. 2: Variation of dispersion curves depending on values of the dimensionless
parameter ai

B,=1,¢,=0.025c,=0,a, =04

Fig. 3: Variation of dispersion curves depending on values of the dimensionless
parameter a}

the band gap. In Fig. 5, we observe that the lower values of Bi, especially the
values less than 1, may affect not only the band gap but also the optical branch,
the widest band gap is obtaned with B1 = 0.2. On the other hand, higher values
of B; (the values greater than 1) do not significantly affect the dispersion curves,
and so the band gap.
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- - - -
B1 ..1,(:1 =0.025, a, =04, a, =0.16

Fig. 4: Variation of dispersion curves depending on values of the dimensionless
parameter c2

¢, =0.025¢c,=0,a =04 a; =0.16

Fig. 5: Variation of dispersion curves depending on values of the dimensionless
paramater Bi

We also elaborated an efficient code to systematically look for band gaps in
the plots of frequency dependence on wave numbers in planar waves. In our code,
we consider full dispersion relation Eq. (80) with By = B%. This is a novel situa-
tion with respect to the ones considered previously in the literature. Indeed, the
existence of two internal variables (¢1,¢2) implies the existence of two possible
internal elastic stiffnesses (B1, B2), which because of gyroscopic effect influence



On the wave dispersion in microstructured solids 17

the derivative of the other internal degree of freedom. Now, we want to find which
band gaps exist in the dispersion relationships within some determined ranges
for the parameters Bi, c1, c2, a1, and a}. In order to do this we conceived a
computational procedure which adopts the following flowchart

Algorithm 1 Band Gaps

Choose the ranges for By, c1, ¢z, a1, a} to be examined
Calculate the corresponding range of B2

Choose a tolerance, TOL > 0

Start a for loop over parameter ranges

e

— Calculate wt (optical branch) and w™ (acoustic branch)
— if wT —w~™ > TOL and imag(w?) = 0 and imag(w™) =0
— then store the corresponding Bi, Ba, c1, ¢2, a1, a) values, and the thickness of the
band gap.
— End the for loop
5. Find the maximum band gap thickness

We remark that we did not explicitly state our condition for the existence
of a energy conservation principle for the family of Lagrangian density functions
introduced in Eq. (60). However, we have imposed that the plane waves propagate
in the considered material without being neither damped nor forced so that for a
given wave number the frequency must be assumed to be real.

The influence of dimensionless parameters By and cz is studied in Figs. 4 and
5. It is clear that the band gap contracts slightly with increasing c2 values while
it is expanded with lower values of Bj.

We conclude this section by observing that the described algorithm allows us
to determine some values of the constitutive parameters for which the band gap
has as amplitude the value 0.8622 which seems to us to be close to the optimal
one. More investigation about this point is postponed to further investigation. The
value of the parameters calculated and the shape of the dispersion formulae are
shown in the following figure.

9 Propagation of wave trains in conceived metametarial

In this section, the behaviour of the internal variables is investigated by solving
the partial differential equations given by Egs. (63), (64), and (65) with COM-
SOL Multiphysics® considering a one-dimensional domain with a length of 20 m,
density po = 1, and the coefficients determined by the condition of maximality
of band gap amplitude. The simulation has been performed with the standard
package Weak Form PDE and therefore we do not need to describe it. We have
imposed for a very long slab of metamaterial on the left side boundary conditions
fixing equal to zero the value of all fields and we left free their derivatives. On
the other hand, on the right boundary an imposed displacement is assigned as a
function of time as specified in Fig. 7,

u(t) = Ao sech (k [—aTs + t]) tanh (k [—aTs + t]) + Ro (82)
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Fig. 6: Optimal band gap

%100
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Fig. 7: Time-varying displacement boundary condition on the right side of the slab

where t € [0,Ts], and T is the total simulation time which is 20 s in this study, «
is 0.1, k is 6 sfl, Ap is 107°% m and Ry is a constant to impose that «(0) vanishes.
The internal variables are again assigned to be zero at the right side, with all
derivatives being left arbitrary.

Finally, we have chosen as constitutive parameters those for which the band gap
is the widest possible (B1 = 0.5, c1 = 0.25, c2 = 0.05, a1 = 0.7, a] = 0.5). We are
aware that a complete Fourier analysis is needed of the incoming signal to describe
how the band gap cuts some of the frequencies contained in the Fourier spectrum
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Fig. 8: Displacement progress without internal variables

of incoming signal, and we are also aware that standing evanescent waves may
arise inside the slab varying periodically with time: we also postpone this analysis
to later investigations where we will more carefully consider the meaning of the
equations discussed after Eq. (78). In Fig. 8, we show how the displacement signal
progresses inside the slab when it is not coupled to the internal variables (R = 0).

This simulation will give us a benchmark for estimating the attenuation ca-
pacity of the designed metametarial. Indeed, with the optimal parameters already
found, in Fig. 9, we show how, in the considered slab, the excitation of the vibra-
tions of internal parameters is able to attenuate the amplitude and slow down the
progressing speed of the displacement wave.

Finally, in Fig. 10, the total energy is plotted as a function of time to verify
that there is no dissipation and so the system is conservative as it is expected.

10 Conclusion
The results presented in this paper are both theoretical and numerical. Indeed, we

proved that Lagrangian variational principles and Clausius-Duhem thermodynam-
ics give consistent predictions and exactly the same evolution equations also for
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Fig. 9: Displacement progress with internal variables

microstructured metametarials with two internal variables. On the other hand, we
have shown how one can optimize the constitutive parameters of a precise class of
metametarials to get a numerically optimized band gap for plane non-evanescent
waves. [t is a remarkable observation the one which we obtained at the end of the
previous section: a slab of optimized metametarial, even in the absence of damping
and dissipation, can slow down a progressing displacement wave. Many questions
were left open for later investigations which did not appear of relevance before. We
list few of them: 1) It has to be cleared up the role of evanescent standing waves
and their relation with the conditions after Eqn (78), 2) boundary conditions for
finite slab and their influence in attenuation of displacement waves must be care-
fully considered, 3) non-linearities and damping must be included in the modeling,
4) inertia for internal variables must be generalized with a mass matrix M which
is positive definite and its influence on wave phenomena has to be investigated, 5)
the evolution equations deduced from the most complete Lagrangian, including all
gyroscopic effects, have to be studied and optimized, probably showing even more
effective band gaps.
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Fig. 10: Total energy as a function of time
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