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Detection of different possible responses of a time-dependent nonlinear
periodic chain with local and global potentials

A. Labetoulle®, A. Ture Savadkoohi?, E. Gourdon®

“ENTPE, Ecole Centrale de Lyon, CNRS, LTDS, UMR5513, Vaulz-en-Velin Cedex, 69518, France

Abstract

A time-dependent periodic chain of coupled nonlinear oscillators including local and global potentials
is studied. The continuous form of system equations is projected on an arbitrary mode. Detection
of different dynamics are highlighted leading to clarification of equilibrium and singular points of the
reduced system. The analytical studies permit prediction/design of periodic and quasi-periodic regimes
of the system validated by results obtained through direction numerical integrations.

Keywords: Nonlinear periodic chain, time-dependent, fast/slow dynamics, strongly modulated
response

1. Introduction

Metamaterials are an assembly of mono- or multi-physics elements with architected arrangements
which present extraordinary responses against induced excitations [1-3]. At their early stages, they
were exploited in optics and electromagnetic fields [4, 5]. In the domain of mechanics, metamaterials
are developed managing interesting characteristics of behavior at atomic and macro scales. These
designed responses cover unusual mechanical properties in the macro scale such as zero or negative
Poisson’s ratio, density, mass and compressibility through the creation of bandgaps, where the sys-
tem stops to respond or responds in controlled manner against external excitation or waves, or even
to design localized energies and strains in materials [6-14]. One of special types of (meta) systems
presenting unusual responses are chain of coupled oscillators which could be used to generate/design
bandgaps [15-19], to localize energies or to exchange energies between modes [20-27]. Such designed
systems can be applied for vibration control or energy harvesting [28-32]. Chain of oscillators can
exploit different types of restoring forcing terms covering from cubic [33, 34] to Hertzian interactions
[35] providing spatially localized waves in the chain leading to solitary waves and traveling breathers
[36, 37]. Particles of a chain, in additions to global interactions with adjacent particles, can possess
local potential as well [38]. For analyzing coupled nonlinear systems, several methods exist, including
the harmonics balance method [19, 39, 40], averaging and multiple scale methods [41]. However, for
our study for detection of different dynamics of the system, fast and slow dynamics, we use the com-
plexification of Manevitch [42] accompanied by the multiple scale method [41]. These methods are
particularly useful for studying both transient and permanent regimes [43]. The potential applications
of this study are metamaterials in the mechanical or vibro-acoustic fields, for example by using non-
linear membranes[44].

In this work, we consider a periodic chain of oscillators possessing both local and global potentials.
The local restoring forcing term is linear while the global one presents time-dependent cubic nonlin-
earity. This nonlinearity is unusual and is one of the novelties of this article. The behavior of unit cell
of such chain has been already articulated by Labetoulle et al. [38]. The purpose of this article is to
study the behavior of the chain. For this purpose, a reduced model of the discrete chain is defined,
and analytical predictions of its behavior are developed based on parameters and external exication.
The goal is to verify that these predictions can be applied to the chain. To this end, the dynamic



responses of the reduced system and of the chain are compared.. The organization of the paper is
as follows: the general methodology for detection of different system dynamics based on projected
continuous form of equations on an arbitrary mode is presented in Sect. 2. Then the developments are
narrowed to consideration of cubic nonlinear restoring forcing function for the system with constant
and time-dependent coefficients in Sects. 3 and 4, respectively. Several numerical results are provided
in mentioned sections. Finally, the paper is concluded in Sect. 5.

2. General methodology

In this section, a system with general nonlinear stiffness will be presented and its different dynamics
will be detected using analytical tools.

2.1. Problem statement

Let us consider a chain of coupled oscillators depicted in Fig. 1. It comprises L masses M; where
j =1,2,..., L, equally spaced at the rest position with the distance Az. These masses are coupled
to each other by a linear stiffness and a damping denoted as k; and c;, respectively. Each mass M;
is locally and linearly coupled an oscillators comprising a mass m;, a pure odd nonlinear restoring
forcing function denoted as A(v) and a linear damping c;. The displacements of masses M; and m;
are denoted as u; and vj, respectively. Additionally, we assume that each mass M; is subjected to
external excitation, characterized by Fj(t), and that %; < 1. For this study, we assume that M; = M

Figure 1: Diagram of the studied system: a chain of linearly coupled masses M; which are locally and linearly coupled
to masses m; possessing a nonlinear restoring forcing function, where j = 1,2,.., L. The M; masses are equally spaced
(Az) at rest.

and m; = m for all j =1,2,..., L. The governing equations of discrete system depicted in Fig. 1 are
given by:

B2, du;  du, du;— i
M df,; +k1(2uy — it —ujo1) + o (275 — 7(;:1 - (jf l) +7(uj —v;) = Fjsin(Qt)
2 (1)
d Vj dvj
mW + A(U) + CQE +'7(U] — UJ) =0

We define X = (j — 1)Az = Az the continuous spatial variable where z is the normalized continuous
spatial variable. Assuming that the number of cells L is very large (L > 1), we can approximate the
displacements w;(t) and v;(t) as u(x,t) and v(z,t), respectively, where z € [0, L — 1] and L becomes
the length of the continuous system. Let us express the variables u(z = j — 1,¢) and v(z = j — 1,¢) in
the form of Taylor series as described in [36]:

ou (£1)™ 0™u
ugELy = Ug-10 £ 50— L)+ o

(G—1,t)+ ... (2)



ov . +1)" 0"v .
V(j+1,6) = V(j—1,1) + afx(j — 1,t) + ...+ ( ’I"L') %(‘] — 1,t) + ... (3)

Consequently, the system can be expressed in the continuous domain, so Eq. (1) can be written as:

0 I(L?(;,t) p? z(;ia; t Cl% <%> +y(ulz, t) — v, 1)) = F(z) sin(Q) .
1
m% + A(v(z, 1)) + Czw +7y(v(z,t) —u(z,t)) =0

In the next subsection, modal characteristics of the obtained continuous system described in Eq. (4)
will be analyzed.

2.2. Determination of linear modes of the continuous system

To detect the modal characteristics of presented system in Fig. 1, we focus on the linear and
conservative elements of Eq. (4) which can be expressed as:

0u(z,t) 0u(z,t)
M Ot2 — ki Ox2 + ’Y(u(wa t) - U(CU, t)) =0 (5)
0?v(x,t)
M +v(v(z,t) —u(z,t)) =0
The spatio-temporal variables of Eq. (5) are separated as follows:
u(z,t) = A(z)e™? (©)
v(z,t) = D(z)e?

where w represents the angular frequency of the continuous system. After injecting Eq. (6) into Eq.
(5), we obtain:

d’A
(—Mw? +7)A(x) — ky (@) _ ~D(xz) =0
dz? (7)
(—=mw?® +7)D(x) = vA(z) =0
Thus, we can write:
D(z) = AA(z) (®)
with
_ Y
A= —w2m + 5 (9)
The first equation of the Eq. (7) can be reorganized as:
d?A(z) 1 9 72
d$2 +F1<Mw —’7+m A(Jﬁ)fo (10)

u2

Considering a periodic chain with the same displacement and rotation for the first and last cells as the
boundary conditions, the non-trivial solutions of Eq. (10) are:

A (z) = acos(ppx) (11)



with ok
m
ke = I (12)

where & € N* is the mode number. To determine a, we opt for the normalized form of Aj(z) leading

to, a = % Then, the spatio-temporal system variables can be expressed as:

u(z,t) = Z Ag(2)gx(t)
%

(13)
v(z,t) = > MeA(@)ne(t) =Y Ap(x)hi(t)
k k

where gx(t) and hy(t) represent the modal coordinates of the continuous system. To investigate
behaviors around a spacial mode, the continuous system will be arbitrarily projected on one of its
linear modes and further treatments will be carried out on it.

2.8. Projection of the continuous system on the k™ mode

We aim to study the projected form of continuous system equations on its k'™ mode, i.e. Ay(z).
To this end, we apply the inner product between system equations and the function Ay (x). The inner
product on the vector space of general continuous functions f(s) and g(s) in the interval [a, b] is given

by: \
(f(s) 9(s)) = / £()g(s) ds (14)

In applying Eq. (14), we assume that the response of the continuous system is dominated by the k™
mode and we ignore internal resonances and mode couplings of the system. Then, from Eq. (13) we
can write:

u(z,t) = Ap(x)gr(t)

(15)
v(x,t) = Ag(z)hi(t)
Then the projection of Eq. (4) on Ag(z) reads:
A2 gy (t 5 Okt b .
MO ka0 + it 2+ (gu(0) — ha0) = [ F(@)sin(s) dn(e)d
2 0
(16)
d>hy(t . dhy (t
m (;:2( ) + / Aw)Ap(x)de + ¢ 721‘( ) + 5 (he(t) — gr(t)) =0
JO g

For the rest of this paper and for simplicity, the index k will be dropped from modal coordinates g (t),
hi(t) and pp. The equations of the continuous system projected on the k™ mode, as presented in
Eq. (16), are similar to a two degree-of-freedom (dof) system (see Fig. 2). This system consists of a
mass M with the modal displacement g(¢) linearly coupled to a mass m with the modal coordinate
as h(t) with a nonlinear restoring forcing function [38]. In the following, this system is referred to as
the reduced system or continuous system in the modal domain. The objective is to identify the fast
and slow dynamics of this system in order to predict its behavior. For this purpose, the governing
equations are non-dimensionalized (a new time 7 is defined), then the complex variables of Manevitch
[42] are introduced and the Galerkin method is used to keep the first harmonic of the system.



Figure 2: Schematic of the reduced system: a main mass M is linearly coupled to a mass m possessing nonlinear restoring
forcing function. The displacements of M and m are noted as g(7) and h(7), respectively.

2.4. Detection of different dynamics of the reduced system
2.4.1. Non-dimensionalization and complezification of the reduced system

We introduce a new time 7, = twy, where wy is the angular frequency of the k™ mode of the
continuous system. In the following the index of the non-dimensionalized time 7 is dropped for
simplicity. Thus, Eq. (16) is written as follows:

d*g(t) | kip?

2 dg(r L F(x
g(7) P dg(7) Tp— (9(1) = h(1)) = Sin(m')/ F )Ak(:v)dx

dr? Mw? wM dr Mw? 0 wiM
(17)
d?h(r) R co dh(T) v
€ = + 2 /0 AW) Ay (z)dz + EW—M I + EMwQ (h(1) —g(1))=0
withe = §; < land v = %, where w represents the mode of the continuous system that depends on
w according to Eq. (10) (at the order 1, w? = %) The simplified form of Eq. (17) is given by:
d*g(7) dg(r) | Xo : b Fy(x)
i +g(r) + enz = + EF (9(1) = h(1)) = 5sm(ur)/0 TMQAk(a:)dw
(18)
d?h(T) 29 dh(T) Xo
e s +eAi(v) + Eﬁ e 8? (h(1) —g(1)) =0
. 1 v _Fo(z) _ F(2) 1 /L ca
th = ——, eXg = —, = , eN] = A() Ay (z)dz, = .
with €21 N eXo T 5 o * e M%kl | (v)Ag(x)dx, 29 N

Assuming F(z) follows the linear mode of the continuous system with F(x) = Facos(ux)), then we

L
F F
can define: esin(v7) C(z(fz) Ap(x)dx = 5@—02 sin(v7). In order to detect different dynamics of the
systems, following the complex variables of Manevitch are introduced:
<P10M€Z:VT = 9(7') +ivg(T) (19)
waor e = h(1) + ivh(r)
with i2 = —1. Then, a multiple scale method [41] is applied, where the time 7 is decomposed into fast
(1o = 7) and slow time scales (7, = P7, p = 1,2, ...). Consequently, we obtain:
d 0 0
— = —+ . +eP— 20
dr  Omy tete ot (20)

Solutions can be expressed in the terms of Fourier series, and a Galerkin method is used to keep the first

harmonic of the system and truncate others [45, 46]. For an arbitrary function s(w1ca, Y20, Oicn Cacn)s

the expression corresponding to the first harmonic is denoted as S:

2w

v v * * —livt
/o s(p1omM, P2oMy Picar Paon)e YT dr (21)

S(eioms P2oms Clom Paom) = b



Thus, Eq. (18) becomes:

; v 1 Z1p10M Xo € /L
_ — = — Fo(x)A d
brom + 5piom + g piom te——5—— i (prom — pacm) Sian? ), 0(z)Ag(z)dx

Xo
(<P2CM + 5 2o + 2M<P2CM t 52 o 5 (p2cm — prom) + G(v )) =0

(22)
with G (v / Ay (v)e”™7dr. We aim to clarify the system behaviors around the 1 : 1 resonance.

To achieve thls we set v =1+ eo. If we consider F(z) = acos(ux), we obtain:

L
€ ek}

— Fo(z)A dr = 23
ez [ Fol)Auta)ds = 0 (23)

In the following sections we will examine the equations of the reduced system at different orders of
to detect different dynamics.

2.4.2. Fast dynamics
Let us consider €° order of the Eq. (22):

dp1om —0
87'0 - 24
om0 (24)
%2 M H(oroms p2cm) =0
0
with,
) zZ2 ZXO X
= 2= G 25
<2+2M 2M>902CM+2M29010M+ (v) (25)
0 0
At order €9, Fpiom _ 0 is satisfied. Since 79 — 400, i.e. in an asymptotic state, we have YoM _ 0,

87’0 o
leading to S (w100, 2o ) = 0, which is called the Slow Invariant Manifold (SIM) of the system. Let
us consider the complex variables of Manevitch (Eq. (19)) in the polar domain:
piom = NICJMQZ:B]CM (26)
acm = Nacred2om

with Nyop € NT and d,cm €R, ¢ =1,2.

2.4.3. Slow dynamics
In this section, we aim to identify the characteristic points of the system, i.e. the equilibrium and
singular points. To this end, we will search for the ! order of Eq. (22). The first equation of Eq. (22)

at the ! order is:
8@10 M i0 121 1Xp iFy

on + 590101\4 + 5 Piem + oM — o2 —(prenm — p20ur) + e

=0 (27)

&

The evolution of the SIM (see Eq. (25)) is studied at the slow time scale 71, by denoting the complex
conjugate of variables by (.)*, we have in matrix form:



oA A T [Opscn A OH Y [ dpiom

=-&
Opacy O} or _ dip1 o ar
o* o™ 850361~M =~ |ok* ok* 8¢Tclwf * (28)
=-&
dpacm a‘)OSCM on ) 8§0T on
B

Thus, equilibrium points can be defined as the points that satisfy the following conditions:

E(proms P2oM, Pion Pocar) =0
H(p1oMs 200, Plon Pooar) = 0 (29)
det (B) #0

and the singular points are defined such as:

E(prom, p2cmr, Picar Pocm) =0

F(p1oMy P20, Plions Poon) = 0 (30)
det (B) =0

Here the equilibrium and singular points are defined. In the next subsection, some preliminary treat-
ments of the discrete form of the system equations are carried out. Then, the results obtained from
the reduced system are confronted with those of the discrete equations.

2.5. Discrete system

Let us non-dimensionalize the discrete equations of the chain (see Eq. (1)) by considering F; =
aF cos(u(j — 1)), so we have:

d2u]- d’U,J de+1 du]_l
M pTe) + k’l(Q’U,j — Ujy1 — Uj_l) +c 2% — 7 — a
(= v5) = aF cos(u(j — 1)) sin(S2) (31)
d?v; dv;
m-—z + M)+ el + (v —uy) =0
. . . . . . 2 kq ///2
After introducing the same time as for the reduced system: 7 = tw, considering w” = i at the
order O(1), and introducing the parameters of Eq. (18), Eq. (31) becomes: A
(12 ’llj 1 EZ1 de duj+ 1 d’ll]’, 1
grz T an Tt  u) o (2 o dr
EAXp eFy . .
B Li — i) = —— COS| 4 — 1 S
2 (uj —vy) 2 cos(p(J )) sin(vT) (32)
Ed%j A(v) | ezpdv; | eXo (v — ) = 0
dr?  kyp? w o dr w2 :

Furthermore, we assume that the discrete system is under initial conditions that follow the Kkth
modal form of the chain (see Eq. (11) and 13) i.e.: u;(r = 0) = acos(ux(j — 1))g(r = 0), and
vj (1 =0) = acos(up(j —1))h(r = 0), where j = 1,2, .., L, g(7 = 0) and h(7r = 0) are the initial modal
coordinates of the reduced system.



2.6. Comparison of results obtained from discrete and reduced systems

Two methods are used to compare the behavior of the discrete and reduced systems. In the first
one, the numerical results obtained from the discrete form of equations are projected on the k*® linear
mode of the continuous system defined in Eq. (11) Ax(z) = acos(urx) where x is the position of the
cellsand z = j — 1 with j =1,..., L. We set A, as follows:

acos(ug x 0)
App = | acos(u x (j—1)) (33)

o cos (g >< (L-1))

We also define U, U, V and V as the displacement and velocity vectors of the masses M; and m;,
respectively:

ul(T) ’&1(7') 1}1(7') 1')1(7')

U= ujtT) ;U 11.7“(7) V= ’UjéT) V= ’f)jiT) (34)

ur () () oL (7) 01(7)

Moreover, we set gp(7), hp(7), p(7) and hp(7) as the modal displacements and velocities associated
with the masses M and m obtained from the discrete system, and they are defined as:

gp(r) = AipU(7)
hp(T) = A V(T)
gp(7) = AppU(7)
hp(T) = AchV( )

(35)

Thus, results of the system in the modal domain obtained from discrete system (discrete system in the
modal domain) and the reduced system can be compared. The second method consists of calculating
the response of the continuous domain from the response of the reduced system. In other words,
u(z,t), v(z,t) and their derivatives are calculated from g(¢), h(t) and their derivatives using Eq. (15).
The numerical results obtained in the physical domain from the reduced system are then compared
with those of the discrete chain. Both methods are summarized in Fig. 3.

Let us introduce the complex variables of Manevitch for the different cases: the reduced system
denoted as pqcnr (see Eq. (19)), the continuous system in the physical domain as @,c s ph, the discrete
system as @gappn and the discrete system in the modal domain as ¢4pas, where ¢ = 1, 2.

VrompreT = w(x, 7) + ivu(z, 7) = Ap(2)g(7) + wwAg(z)g(r) = Ak(x)gocheiW

(36)
wacrpre”” = 0(x, ) +ivv(z, 7) = Ar(x)h(7) + A (z)h(T) = Ak(x)pacre™”

@1ppheT = () +ivu,(7) (37)

Yopph €T = 0;(T) + ivv; (1)
{ ¢1pyme™” = gp(T) +ivgp(T) (38)

wopme™™ = hp(7) + ivhp(r)

In the polar domain, for ¢ = 1, 2:

@qcrrpn = Nyonppe'dacrrr (39)
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Figure 3: Diagram summarizing the methodology used to compare results obtained from discrete and reduced systems.
Elements in red are the result of numerical integrations.

dof notation Ny g
Continuous system, Modal (1) 2 g(t), h(r) Nycm dgcM
Continuous system, physical (2) 2L  wu(x,7), v(z,7) Necmpn dqcmph
Discrete system, Modal (3) 2 gp(t), hp(T) Nepm dgDM
Discrete chain, Physical (4) 2L u;(71), v;(7) Nypprn dqDPh

Table 1: Notation of the different chains. (1): modal domain obtained from continuous system (reduced system); (2):
physical domain obtained from the modal domain of continuous system; (3): modal domain obtained from the discrete
system; (4): physical domain from the discrete system (¢ = 1, 2).

s ‘
@gpPh,j = Ngpph,je' PP (40)

@gpr = Nypare'sPM (41)

For clarity, the different notations are summarized in Table 1.

In summary, in this section, a reduced system (2 dof) was defined from the discrete system (2L dof)
by writing the equations in the continuous domain and then by projecting them on an arbitrary linear
mode of the continuous system. Analytical studies were performed to predict the behavior of the
reduced system. Finally, two comparison methods were presented to verify that the reduced system is
representative of the discrete one.

In the following sections, the general methodology developed in Sect. 2 will be applied for a system
with a constant cubic stiffness (see Sect. 3) and then for a system with time-dependent cubic stiffness
(see Sect. 4).

3. Presentation of the system possessing a constant cubic nonlinear stiffness

In this section, we will consider the discrete and reduced systems with constant stiffness. The
methodology explained in Sect. 2 will be employed to study different dynamics of the reduced system.

3.1. General presentation

Let us assume that the nonlinear restoring forcing function A(v) (see Fig. 1 and Eq. (1)) is cubic.



Alv) = ng?(t) (42)
where ks is the stiffness of the nonlinear oscillators. In the continuous domain A(v) reads:

A(v) = kov3(2,t) = ko Ap(2)3hi(t)? (43)

L
Considering the continuous system in the modal domain / A(v)Ag(z) dx as defined in Eq. (16) reads:
0

L L 3
/ A@) A (z) dz = koh(t)® / Ap(2)* Ap(2) dz = g’”hL(t) (44)
0 0
The non-dimensionalized equations of the continuous system in the modal domain (Eq. (17)) becomes:
d*g(r) dg(r) . Xo . " Fy(a)
o +g(r) + enz = + EP (9(r) = h(7)) = ESID(VT)/O x)dx
(45)
dzh(T) 3 P() zZ9 dh(T) Xo
e 2 0p s 2 h =
e ey b+ 22 S 8 () — g(r) = 0

k

with e Py = k—z Then the complex variables of Manevitch are introduced. For better readability,
1

wgcm s Ngonmr are denoted as g and N, with ¢ = 1,2 for the analytical developments. After applying

the Galerkin technique, Eq. (22) becomes:

. w 1 z X ek
901—|-*-|—f,501+5M € .O 5 (1 —p2) = 02
2 2w 2 2y, 2zau 46
L 0oy 2y K0 N o (46)
f\P2T 52T 96,8 2L 14p2|p2 M@z 2ivi? Y2 —p1) ) =

In the next subsection, several system dynamics will be clarified as explained in Sect. 2.

3.2. Detection of different dynamics of reduced system
8.2.1. Fast dynamics
To detect the fast dynamics of the reduced system, Eq. (46) is considered at the order €. Then,

0
a—% = 0 is verified and we seek an asymptotic state, i.e. 79 — 00 so —— 8 = 0. Thus, as defined in Eq.
T TO
(24), we look for J2 (1, p2) = 0 with:
w2 (. 2z . Xo 9P, 1Xop1
H=2 i+ = —ig - ——2 AT
2 (42 -i22 - S ) + 5 (47)

The equation of the SIM of the reduced system, with the polar variables ¢, = qui‘sq (¢g=1,2),is in
the real domain:

Ny . 9P,
Ny = )(0\/(22[1)2 + <u2 - Xo— oL N22> (48)

Now, we would like to determine the stability limits of the SIM. To do this, ¢o and @3 are linearly
perturbed:

@5 = 95+ Aps,  [Aps| < s
where (-)* stands for complex conjugate of the complex variable. After substituting Eq. (49) into the

second equation of Eq. (46) at the order € (and also into its complex conjugate), the following system
is obtained:

{ @24>§D2+A9027 ‘A@ﬂ <<|902| (49)

10



9
i1 = Xo _9N2) _ 22 - 2
)2((CEE e Ve
08 p; a 5 9 . * . XO 9 z2 Al
070 78T‘LL27/POSO§ 2 (17F71N22> —; P2
M

To study the stability of the SIM, the eigenvalues of the matrix M, denoted as Ay are evaluated. To
find the unstable zone of the SIM, we search for the characteristic equation of the matrix M, which is
expressed as follows:

A — omAm + Bu =0 (51)
By noting Aw,; and Awo as the solutions of Eq. (51), we have Ay, + Ame = am = _= and
I
Am,1Am,2 = Bm. The system is unstable if the real parts of Ay, and A2 are positive, i.e. By > 0.
Thus, the equation Sy = 0 corresponds to the stability boundary of the SIM, defined as:

9 h

—_ 2_
61 122 — o = Xo)

Figure 4 shows an example of the SIM for provided parameters from Table 2 for the first mode of the
chain, while Figs. 5a and 5b depict the SIM for the third and tenth modes with the unstable zone in
green. For simplicity, Nycas is denoted as IN; on these figures.

243 P2 9
—5 Ny — N3 + (1% = Xo)® + (221) = 0 (52)

Parameter Value

21 0.1
= 0.1
‘ééi) 0.5
Lu? ]

Table 2: Parameters of the system.

[~ s
Unstable zone of the SIM
« Boundaries of the unstable zone|

0 05 1 15 2 25 3 35
Ny

Figure 4: The SIM of the 1% mode of the continuous system for provided given from Table 2: stable and unstable zones
of the SIM are depicted in black and green, respectively. The boundaries of stability are represented by white dots.

It is observed that as the mode number increases, the local minimum of the SIM becomes very close
to the horizontal axis. This is in agreement with previously developed works [38, 47]: as the mode
number increases, i.e. when y increases, the equivalent damping of the non-dimensionalized equation,

z
i.e. 22 becomes smaller. When 1 — 00, it becomes zero, and the SIM touches the horizontal axis.
I
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Figure 5: The SIM of the a) 3", b) 10** modes of the continuous system for given parameters from Table 2: stable and
unstable zones of the SIM are depicted in black and green, respectively. The boundaries of stability are represented by
white dots.

3.2.2. Slow dynamics
The reduced system is studied at the order ¢! to determine the equilibrium and singular points.
As explained in Sect. 2.4.3, the equilibrium points are defined for & = 0 (see Eq. (29)) with:

. Py Xo Fy Xo
& = {z (cr (1 + TMQ) — F) + ,lLZ1] p1+ ZoTuQ + ZF<P2 (53)

So the equation of the equilibrium points is:

acX? +0.X*+c X +d. =0 (54)

with X = N2, where the coefficients of Eq. (54) are defined in Appendix A. Figures 6 and 7 represent
the equilibrium points of the reduce system for the first and the second mode of the continuous system

2
Table 2. The equilibrium points located in the unstable zone of the SIM are represented in green. We
can see that for the continuous system in the modal domain projected on the first mode, there are
two branches: a main branch (i) and an isola (ii). Moreover, we can see that some equilibrium points
are located in the unstable zone of the SIM of the first mode, while for the second mode (see Fig. 7)
there is only one branch and the equilibrium points are all situated on the stable zone of the SIM. For
numerical results we will focus on the first mode because it presents more interesting behavior.

Equation 54 provides equilibrium points of the reduced system enabling the prediction of the
behavior of the system. We aim to compare the reduced system with the discrete one. To achieve this,
the equilibrium points are plotted in the physical domain using Eq. (36). They depend on o, Nicarph
and Nacarpy, (see Fig. 8). For simplicity, Nyoar and Nyoarpr, are denoted N, (¢ = 1,2) on the figure
axis.

According to Eq. (30) the singular points of the system are defined for det(B) = 0. From Eqgs. (28)
and (47), the matrix B is defined as [38]:

F
in modal domain, respectively, with a external excitation as =% — 1.1 and for the parameters from
«

o (- - ) it e} )
i;’LIZOQ 2" 2 ( — % — —49532 N§)
So, the equation of the singular points (det(B) = 0) reads:
243 2 A7l 9 XO PO 2 Zg XO 2
GaL2A 10 2*5(1*F)WN2+E+(1*F) =0 (56)
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- Equilibrium points - Equilibrium points
10 - Unstable zone of SIM| - Unstable zone of SIM|
\ (ii)

[
fum points ~Equilibrium points
- Unstable zone of SIM - Unstable zone of SIM

F
Figure 6: Equilibrium points for the first mode of the reduced system under external excitation as —02 = 1.1 a) Three-
«
dimensioned view (o, Nocar, Nicar); b) Two-dimensioned view (o, Nacar); ¢) Two dimensioned view (o, Nyoar); d)
Two-dimensioned view (Nacas, Nioar). Parameters of the system are reported in Table 2. Equilibrium points situated
in unstable zone of the SIM are illustrated by green color.

~Equilibrium points
- Unstable zone of SIM|

Figure 7: Equilibrium points for the second mode of the reduced system under external excitation as —02 = 1.1.
m

Parameters of the system are reported in Table 2.
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" 0.4}
05 =
02
0

05
2 -1 0 1 2
N, e
(®)
15 15

- cell 51 CMPh|
- cell 60 CMPh|

1 1}
= =
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- cell 60 CMPh|
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o N,
(c) (d)

Figure 8: Equilibrium points in physical coordinates corresponding to cells 51 and 60 of the discrete chain (z =

F
j — 1 where j stands for the cell number) under external excitation as —02 = 1.1 a) Three-dimensional view
«

(o, Nocmphs Nicavpn); b) Two-dimensional view (o, Nocarpp); ¢) Two-dimensional view (o, Nyoarpp); d) Two-
dimensional view (Nacarph, Niompr). Parameters of the system are reported in Table 2. Equilibrium points situated
in unstable zone of the SIM are illustrated by green color.
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We can find solutions of this equation which correspond to amplitudes of singular points. It is observed
that Eq. (56) is identical to the equation that defines the boundaries of the unstable zone (see Eq.
(52)). Consequently, it is observe that the singular points are located on the boundaries of the unstable
zone. Thus, the equilibrium points in the unstable region of the SIM are unstable and correspond to
a specific dynamical regime in a forced case. Indeed, the system is in a quasi-periodic regime; it does
not converge to an equilibrium point but instead presents repeated bifurcations between the stable
branches of the SIM.

In summary, through the analytical developments of this section, predictions have been made for the
fast and slow dynamics of the continuous system in the modal domain: the SIM and its unstable zone
for the fast dynamics, and the equilibrium and singular points for the slow dynamics.

In the next subsection, preliminary treatments are performed on the discrete chain to compare the
obtained results with those of the reduced system from continuous equations in the modal domain.

3.8. Non-dimensionalized form of discrete equation of the chain

Since we consider the nonlinear restoring forcing function A(v) = ng?(t), the non-dimensionalized
equations of the discrete chain (see Eq. (32)) become:

d?u; 1 €21 duj dujr;  duj_y
a2 e T )+ (%T# T ar )t

EX() erp . .

—(u; —v;) = —5-cos —1))sin(vr

MQ ( J J) Mz (M(] )) ( ) (57)
Ed%j n ePy v 4 ezg dv;  eXg

2 TRl T e T e (vj —u;) =0

In the next section, we will numerically integrate the governing equations of the continuous system in
the modal coordinates and those of the discrete system to validate these predictions.

3.4. Numerical results

Parameter Value

nz1 0.1
— 0.1
SL(Z
= 0.5
T
0
— 0.1
Lyu?
€ 0.01
L 100

Table 3: Parameters of the reduced system with a constant nonlinearity.

To validate the analytical predictions, numerical integrations (NI) are performed on Eq. (45)
(reduced system) and Eq. (57) (discrete chain) with the Runge-Kutta method. As a representative
example, we consider an excitation with a frequency around the first mode of the system. Four cases
are considered. The first one corresponds to a free system with the parameters from Table 3 setting
the external force Fy = 0. The other three cases correspond to forced system with the parameters from

F
Table 3 and —02 = 1.1 for different values of . The second case considers ¢ = 0.5. For this value, a
«

single equilibrium point is located in the unstable zone of the SIM. The third and fourth cases consider
o = —0.55. For 0 = —0.55, the reduced system has several possible equilibrium points, as shown in
Fig. 6. Specifically, two of them are on the branch (ii), i.e. the isola, and one of them is on the main
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Figure 9: NI of Eq. (45) in light blue (reduced system) and Eq. (57) in dark blue (discrete chain in modal domain),
SIM of the reduced system (in black), its unstable zone (in green), the boundaries of the unstable zone (white dots) and
the ICs (pink dot) for parameters from Table 3, Fy = 0, (g(7 = 0), h(T = 0), g(7 = 0), h(7 = 0)) = (2,2.5,0,0).

branch (i). Two NI with different initial conditions (ICs) are performed to reach the isola and the
main branch. The ICs of the discrete chain are set as u;(7 = 0) = acos(u % (j — 1))g(r = 0) and
vj(T = 0) = accos(p % (j — 1))h(7 = 0) where g(7 = 0) and h(7 = 0) are the ICs of the reduced system
and j = 1,...L. Furthermore, to present the results in the physical domain, obtained from the discrete
chain and the reduced system, the focus will be on only two cells: the 515 and the 60" cells. This
choice is made because these two cells are located at antinode levels and exhibit large displacements
compared to cells at node levels, where different regimes may be more difficult to observe. Further
details on this choice are discussed in Sect. 3.4.2. On the axis of the figures, Nycar, Ngqcrvphs Ngpm
and N,ppy, are denoted as N, (¢ = 1,2).

8.4.1. Case I: free system

First, we consider a free system, i.e. Fy = 0 and the following ICs (g(7 = 0),h(r = 0),g9(r =
0), h( = 0)) = (2,2.5,0,0). Figure 9 illustrates the NI of Eq. (45) in light blue (representing the
reduced system) and that of Eq. (57) in dark blue (representing the discrete system in the modal
domain). The ICs are represented by a pink dot, the SIM is represented by a dark line, the unstable
zone of the SIM is represented by a green line and the boundaries of the unstable zone/singular points
are marked by white dots. Figures 10a, 10b illustrate the time responses Nypas and Nycas as functions
of 7, respectively. The time responses of cells 51 and 60 for Nycarpn and Nyppp, are presented in Figs.

11a and 11b (¢ = 1,2).

2 ~Nipy| 4 ‘ —Napas
Niom e Nocur
15 3
Z 1 22|
0.5 1
—_— r——
0 500 1000 1500 2000 0 500 1000 1500 2000
T T
(a) (b)

Figure 10: a) Nipar and Nicps as functions of 7; b) Nopas and Nocas as functions of 7 (dark blue and light blue,
respectively); for parameters from Table 3, Fy = 0, (9(7 = 0), h(7 = 0),g(7 = 0), h(r = 0)) = (2,2.5,0,0).

Figure 9 shows that the NI of the reduced system (depicted in light blue) follows the upper stable
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Figure 11: a) Nippp and Nicoarpp as functions of 75 b) Noppp and Nocaspp, as functions of 7 of cells 51 and 60 (dark
red, dark green, orange and light green, respectively); for parameters from Table 3, Fo = 0, (9(7 = 0), h(1 = 0),g(7 =
0),h(r =0)) = (2,2.5,0,0). For the continuous system x = j — 1 where j stands for the cell number.

branch on the SIM until the unstable zone. Then, it jumps to the other stable branch of the SIM and
finally, the system converges to zero as excepted. The NI of the discrete system in the modal domain
(presented in dark blue) presents the same behavior as the reduced system, although the jump is less
precise. This discrepancy may result from different factors such as keeping only the first harmonic in
the analytical developments, approximating the overall behavior of the chain by a single mode and
neglecting internal resonances and the effect of the € parameter. This shift is also present in the time
responses in Figs. 10 and 11. The N7 responses of the different systems are very close. However,
for Ny we can observe that the jump does not occur exactly at the same time for the 2 dof systems
and the cell 51 does not reach the same amplitude for the continuous system in the physical domain
and discrete chain. In summary, despite the approximation of the response of the overall chain by
considering only one of its modes, the analytical developments based on this assumption are in good
qualitative agreement with those obtained by projecting of the chain on only one of its modes.

3.4.2. Forced system
In order to have a better understanding of the attraction of the system to different possible regimes,
basins of attractions are plotted for the first cell of the discrete chain (see Figs. 12a and 12b) and

F
for the reduced system (see Figs. 12c and 12d) using the parameters from Table 3 and —02 =1.1.
ap

These plots are accompanied by the equilibrium points (violet line) and the unstable zone of the SIM
(green line) (see Fig. 6). We can point out that the basin of attraction is the same for the cell 51
and for the cell 1, given that the chain is periodic and follows the first mode, with a force of the form
F; = aF cos(pu(j — 1)). The coordinates of the points on the basins of attractions correspond to ICs
of the NI and the color represents the attracted regime of the system. In this case, we can discern the
behavior of the system based on the ICs and the excitation frequency (v = 1 + o¢). For the reduced
system, we have (see Eq. (19)):

Niem(r =0) = [§(1 = 0) +ivg(r = 0)] (58)
Nocm (7 =0) = |h(r =0) + ivh(r = 0)]
Since we consider (7 = 0) = 0 and A(T = 0) = 0, we can express:
NlC]M(T:O) = ‘g(T:O)l (59)
NZCA{(T = 0) = ‘h(T = 0)|
For the discrete chain, we have (see Eq. (38)):
Nipum (T =0) = |u;(r = 0) + ivu;(r = 0)] (60)
NQDMJ‘(T = 0) = |@j(T = 0) +’iVUj(T = 0)|
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So,

{ Nipwm,j(1=0) = |u;(r =0)| = acos(u x (j —1))g(r = 0) (61)
Nopir,j(T=0) = [0;(T = 0)] = acos(p x (j = 1))h(r = 0)

The axis N; and Ny correspond to the ICs g(7 = 0) and h(r = 0). In Fig. 12, the red, light blue
and dark blue dots correspond to a system that reaches a quasi-periodic regime, the isolated or the
main branch of the frequency responses (see Fig. 6) (periodic regimes), respectively. For both systems,
a similar organization is observed, which is clearer for Ni(7 = 0) and ¢ than for Na(7 = 0) and o.
For ¢ > 0.1, both systems are in the quasi-periodic regime, as predicted by the unstable zone of the
SIM. As shown in [47], the existence of singularities can lead the system to exhibit a quasi-periodic
response. Moreover, if the system has only one equilibrium point located in the unstable zone of the
SIM, then the system will present quasi-periodic regime [48]. For the first cell of the discrete chain
for 0 € [-0.4;0.1], N1(7 = 0) € [0;8] and No(7 = 0) € [0;5], it is noticeable that the cell is on the
isola regardless of the IC. For the reduced system, a similar behavior is observed for o € [—-0.3;0.1].
For smaller values of o, several groups (isola or main branch) are observed which depend more on
Ni(r = 0), i.e. g(r = 0), and o than on No(7 = 0),i.e. h(r = 0), (see Figs. 12¢ and 12a). In
summary, the behavior depends more on Nyi(7 = 0) and o than on Na(7 = 0). It is important to note
that for the discrete chain, only the first cell (and so the 515 cell) is considered, which may not be
fully representative of the general behavior of the entire chain. In the rest of this subsection, some

- Quasi-periodic regime
- Isola
- Main branch

~Quasi-periodic regime
Tsola

- Main branch
Equilibrium points

o Instable zone

Equilibrium points
Instable zone

« Equilibrium points
Unstable zone
in branch

o Equilibrium points
e Unstable zone

- Main branch
- Isola

eriodic regime

Figure 12: Basins of attractions a) Nippp,1 as a function of o; b) Nappp,1 as a function of o; ¢) Nicas as a function
of o; d) Nacps as a function of o.

E
results will be presented for the forced systems with 702 = 1.1 but with different values of detuning
op
parameters, o, and IC.
Fy
Case II: 0 = 0.5, o =1.1, (g(r =0),h(r =0)) = (0,0)
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In this part, forced systems are examined and the analytical developments are compared with the

numerical results for the parameters from Table 3, with o = 0.5 and the ICs given by (g(7 = 0), h(7 =
0),g(t = 0),h(r = 0)) = (0,0,0,0). Figure 13 illustrates the SIM of the first mode of the reduced
system (represented by the black line) accompanied by the numerical results of the reduced system
(light blue line) and the discrete chain in the modal domain (dark blue line). The time responses of
Ngcam and Nypps are presented in Fig. 14 and those of Nyppn and Nyoarpn (for cells 51 and 60)
are presented in Fig. 15. To provide a clearer understanding of the behavior of the systems, three-
dimensional views of the time responses of Nyppp j(7) and Nycapr(z, 7) as functions of mass number
(j) and space () are depicted in Fig. 16 (¢ = 1,2).
In Fig. 13, the response of the reduced system obtained from NI exhibits repeated bifurcations between
stable branches of the SIM. This corresponds to the predictions shown in Fig. 6: the only equilibrium
point for this value of o is located in the unstable zone of the SIM. The NI of the discrete system
in the modal basis presents the same behavior but with less precision, especially for N,. Indeed, all
predictions based on the reduced form of the continuous system show an averaged behavior of the
entire chain around one of its modes, while results obtained from the direct NI of the overall chain
cover whole system behavior. In Fig. 16, we observe that the discrete and continuous systems in the
physical domain follow the form of the absolute value of the first linear mode of the continuous system,
i.e. acos(uxz). Thus some cells are situated near nodes (cells 26 and 76), which do not move much,
while others are near an antinode (cells 1 and 51) which have large displacements. For this reason, cell
51 and cell 60 are chosen to study of the discrete chain. Cell 60 is slightly offset from the antinode but
remains close. If we compare Figs. 16a, 16b and 16¢, we can see that Nicnyrpn, Noompn and Nippp
closely follow the shape of the mode while for Noppp, in Fig. 16d the response deviates somewhat from
the linear mode.

CM
2l.1c
- SIM
- Unstable zone
1.5 Unstable zone borders
- DM
2 of
0.5F
0 . . . . . I I )
0 0.5 1 1.5 2 25 3 35 4

N,

Figure 13: NI of Eq. (45) in light blue (reduced system) and Eq. (57) in dark blue (discrete chain in modal domain), SIM
of the reduced system (in black), its unstable zone (in green), the boundaries of the unstable zone (white dots) and the

ICs (pink dot) for parameters from Table 3, 702 =11, 0 =0.5, (g(r = 0), h(r = 0), §(r = 0), h(r = 0)) = (0,0,0,0).
o

To better understand the quasi-periodic behavior, the Poincaré map [49] is plotted for the 2 dof
systems (the reduced system and the discrete system in the modal domain). For a system in quasi-
periodic, the Poincaré map corresponds to a closed loop, while for a system in a periodic regime, it
ideally corresponds to a point. The discrete and continuous systems in the modal domain are plotted
in Figs. 17a and 17b (§p(7) as a function of gp(7), ¢(7) as a function of g(7), hp(7) as a function
of hp(7) and h(7) as a function of h(7), respectively). The Poincaré maps of the 2L dof systems are
not plotted to avoid overloading the paper; indeed Figs. 14 and 15 already highlight the differences
between the systems. It is noteworthy that the global geometry of Poincaré maps looks like a closed
loop which corresponds well to a quasi-periodic regime.
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Figure 14: a) Nipay and Niops as functions of 7; b) Nappas and Nocps as functions of 7 (dark blue and light blue,
F{ .

respectively); for parameters from Table 3, —02 =1.1, 0 =0.5, (¢(r = 0),h(r = 0),4(r = 0),h(r =0)) = (0,0,0,0).
o

0.25 —Nippn cell 51 06 :xiii: zzﬁ 2(1)
—Nipey cell 60 —Nacarpy cell 51
0.2 —~Nicarpn cell 51 0.5 —Nocarpn cell 60)
=Nicarpy cell 60
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Figure 15: a) Nippp and Nicppp as functions of 7; b) Noppp and Nocarpn as functions of 7 of cells 51 and
Fo
60 (dark red, dark green, orange and light green, respectively); for parameters from Table 3, T/LQ = 1.1, ¢ = 0.5,

(g(r = 0), h(r = 0), g(r = 0), A(r = 0)) = (0,0,0,0). For the continuous system 2 = j — 1 where j stands for the cell
number.
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Figure 16: Three-dimensional view of a) Nicarpn(x,7); b) Nacympn(2,7); €) Nipph,j(7); d) Nappp,;(7); for parame-
F{ ,

ters from Table 3, 702 =1.1, 0 = 0.5, (g(r =0),h(r =0),9(r =0),h(r =0)) = (0,0,0,0).
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Figure 17: Poincaré maps a) gp(7) as a function of gp(7) and §(r) as a function of g(7), b) hp(r) as a function

of hp(r) h(r) as a function of h(r) (dark blue and light blue); for parameters from Table 3, —02 =11, 0 = 0.5,
. o
(9(r = 0),h(r = 0),9(7 = 0),h( = 0)) = (0,0,0,0).

To observe the effects of different harmonics on the system responses, we filter the results obtained
from the direct NI keeping only the first and the third harmonics for the reduced and discrete systems
in the modal domain. Figures 18 and 19 summarize results for Nypas and Nyoar (¢ = 1,2), for the
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filtered first and third harmonics, respectively. For N, the first harmonic provides a good representa-
tion of the overall response while the third harmonic has an almost negligible effect on overall response
(see Fig. 18b). On the contrary, for N, the first harmonic corresponds to the average amplitude and
the third harmonic has a more significant effect on values of Ny compared to the first harmonic (see
Fig. 19b), it takes into account the oscillations. This can explain the difference between the Ny values
obtained directly from the reduced form of continuous system and those obtained from the discrete
chain as depicted in Fig. 13. In fact, for detecting the SIM, only the first harmonics of the system are
kept, see Eq. (22), while filtering the data shows that the third harmonic of the Ny plays an important
role in the system responses. However, the analytical developments based on keeping only the first
harmonic are able to qualitatively predict system responses during extreme nonlinear interactions in
the system.

z
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Figure 18: Filtering around the first harmonic and the response with all the harmonics a) N1pas and Nycps as functions
of 73 b) Napar and Nacy as functions of 7 of the discrete chain in the modal domain (black dotted line, dark blue line,

F{
gray dotted line and light blue line, respectively); for parameters from Table 3, —02 = 1.1, ¢ = 0.5, (g(r = 0),h(r =
ap

0),9(r = 0), i(r = 0)) = (0,0,0,0).
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Figure 19: Filtering around the first harmonic and the response with all the harmonics a) N1pas and Nycps as functions
of 75 b) Nappy and Nacops as functions of 7 (black dotted line, dark blue line, gray dotted line and light blue line,

F .
respectively); for parameters from Table 3, —02 =1.1, 0 = 0.5, (g(r = 0),h(r =0),9(r =0),h(r =0)) = (0,0,0,0).
o

F
Case III: o = —0.55, 0732 = 1.1, (¢9(r = 0), h(r = 0)) = (0,0)
For the third case, we consider the parameters from Table 3, with ¢ = —0.55 and the following

ICs (g(t = 0),h(r = 0),9(r = 0),h(r = 0)) = (0,0,0,0). According to Fig. 6, for 0 = —0.55,
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there are three possible equilibrium points situated on the main branch and also on the isola. The
basin of attractions (see Fig. 12) shows that for mentioned IC, both discrete and reduced systems
should be attracted by the main branch. Figure 20 illustrates the SIM of the first mode of the reduced
system accompanied by numerical results of the continuous (light blue line) and discrete (dark blue
line) systems in the modal domain. The time responses of Nycar and Nypas of cells 51 and 60 are
presented in Fig. 21, Nyppp and Nyconmpp are illustrated in Fig. 22 (¢ = 1,2). Figures 23a and 23b
show Nycarpn as a function of  and 7 and Figs. 23c and 23d represent Nyppy, as a function of j and
T (g=1,2).
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Figure 20: NI of Eq. (45) in light blue (reduced system) and Eq. (57) in dark blue (discrete chain in modal domain), SIM
of the reduced system (in black), its unstable zone (in green), the boundaries of the unstable zone (white dots) and the

F .
ICs (pink dot) for parameters from Table 3, —02 =1.1, 0 = —0.55, (9(r = 0), h(r = 0),g(r = 0), h(r = 0)) = (0,0,0,0).
ap
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Figure 21: a) Nipy and Nicops as functions of 7; b) Napas and Nocpas as functions of 7 (dark blue and light blue,
F .

respectively); for parameters from Table 3, —02 =1.1, 0 = —0.55, (g(7 = 0),h(r = 0), g(r = 0),h(r = 0)) = (0,0,0,0).
ap

In Fig. 20, we observe that both systems follow the SIM and reach an equilibrium point on the lower
branch. Futhermore, Figs. 21 and 22 show that the response of both systems are very similar and
that the reduced system accurately describes the behavior of the discrete one. The responses of all
cells in the discrete chain are almost identical to those of the reduced form of the continuous system
(see Fig. 23). Unlike case II, where there are some differences between different values of Ny (from
different systems), here the attracted equilibrium point is on the lower branch of the SIM (see Fig.
21). Therefore, the nonlinearity of the system is less activated compared to the case II, leading to
weaker effects of higher harmonics and internal resonances. All this contributes to good predictions of
the system behavior after projection on a single mode. Thus, the analytical predictions are validated
as the reduced system and the discrete system in the modal domain converge to Nicpr = 0.52 and
Nooy = 0.54 as predicted in Fig. 6.
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Figure 22: a) Nippp and Nicapn as functions of 7; b) Noppp and Nocppp as functions of 7 of cells 51 and 60
F
(dark red, dark green, orange and light green, respectively); for parameters from Table 3, Tp?Q = 1.1, ¢ = —0.55,
(9(r = 0),h(r =0),9(r = 0), h(r = 0)) = (0,0,0,0).
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Figure 23: Three-dimensional view of a) Nicarpn(z,7); b) Nacarpr(,7); €) Nipphn,j(1); d) Nappp,;j(7); for param-

F .
eters from Table 3, % = 1.1, 0 = —0.55, (g(t = 0),h(r = 0),g(r = 0),h(r = 0)) = (0,0,0,0). For the continuous
a

system & = j — 1 where j stands for the cell number.



R
Case IV: 0 = —0.55, — = L1, (uy(7 = 0), uz(7 = 0)) = (3.3,0)
ap

Let us consider the parameters from Table 3 with o = —0.55 and the following ICs (g(7 = 0), h(7 =
0),g(m = 0), h(r = 0)) = (3.3,0,0,0). Figure 24 represents the SIM of the first mode of the reduced
system with numerical results of the continuous and discrete systems in the modal domain. Figure 25
corresponds to the time histories of Nycn and Nypys and Fig. 26 represents Nycarprn and Nyppp, of
cells 51 and 60 (¢ = 1,2). The ICs are higher than for case III. The systems converge to an equilibrium
point on the isola corresponding to a high energy level of the main system (see Figs. 25 and 26). Nicas
and Nipys (see Fig. 25a) as well as Nocas and Napys (see Fig. 25b) are close but do not converge to
exactly the same points. Indeed for the discrete chain, the cells close to a node, do not have enough
energy the reach the isola, creating a shift compared to the reduced system. We can also notice that
for the discrete chain, Noppp, of cells 51 and 60 have almost the same amplitude in stationary regime
(after 7 = 500) (see Fig. 26b).

oM
oIC
- SIM

- Unstable zone
1.5|oUnstable zone borders
- DM

0.5

Figure 24: NI of Eq. (45) in light blue (reduced system) and Eq. (57) in dark blue (discrete chain in modal domain), SIM
of the reduced system (in black), its unstable zone (in green), the boundaries of the unstable zone (white dots) and the ICs

(pink dot) for parameters from Table 3, aiuoz =1.1, 0 = —0.55, (g9(r = 0), h(r = 0), §(r = 0), h(r = 0)) = (3.3,0,0,0).
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Figure 25: a) Nipay and Nicops as functions of 7; b) Napps and Nocps as functions of 7 (dark blue and light blue,
F .

respectively); for parameters from Table 3, % =1.1,0 = —0.55, (9(t = 0), h(r = 0),g(r = 0), h(r = 0)) = (3.3,0,0,0).
ap

3.5. Conclusion

The reduced and discrete systems were considered for a constant stiffness and a cubic restoring
force. An analytical study of the reduced system, including the detection of its fast and slow dynamics,
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Figure 26: a) Nippp and Nycapp as functions of 7; b) Noppp and Nocprpp as functions of 7 of cells 51 and 60
. . Fo
(dark red, dark green, orange and light green, respectively); for parameters from Table 3, TM = 1.1, 0 = —0.55,

(g(r = 0), h(r = 0), g(T = 0), h(r = 0)) = (3.3,0,0,0). For the continuous system = = j — 1 where j stands for the cell
number.

has led to the definition of the SIM, equilibrium and singular points. Numerical integrations of both
systems for different cases on the one hand validate the analytical predictions and on the other hand
show that the reduced system globally predicts the response of the discrete chain, although there are
some discrepancies between the responses of selected cells.

4. Presentation of the system possessing a variable cubic nonlinear stiffness

In this section, a time-dependent nonlinearity will be considered. The method described in Sect. 2
will be used to study the different dynamics of the reduced system.

4.1. General presentation of the system
Let us assume that the nonlinear restoring forcing function A(v) (see Eq. (1)) is cubic and time-
dependent. It is defined as follows:

Aw) = ko ()03 (2) (62)

In the continuous domain A(v) is given by:
A(v) = ke (t)v® = ko () Ag(2)?hy(2)? (63)

The non-dimensionalized equations of the continuous system in the modal domain (see Eq. (18)) reads:

d? d eX eFy
gs T 9) + ezl + S (g(r) — () = o sin(ur)
(64)
d2h 3€P0(T) EZ9 dh EXO
o R )t 22 - 20 —h(r)) =
gzt ane MO SR g e — k) =0

with e Py(7) = kzk—(:) We assume that Py(7) is 2% periodic around a constant value Ko and that it can

be developed in terms of Fourier series, as follows:

n=-+oo

Po(r)= Y Kne™" (65)

n=—oo
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For the analytical development ¢ycar, Nyomr and d4car will be denoted as g4, Ny and §, (¢ = 1,2).
After introducing the complex variables of Manevitch [42] the Galerkin technique is applied, Eq. (22)
reads:

. +Z + 1{;‘ + 1 —|—EX0 1 ( ) €F0

—v —epz — — - =—7

P1 2 $1 2 Hz1$1 2ws01 12 2iv P1— P2 iap?
(66)

. 7 1 Z9 XO 1
e(p2 + 51/(,02) + 55;@2 + Eﬁ%(tpg —¢1)+eG(uz) =0
with .

G 5= L [GBK o — 3Ko|pa|20s + 3Ks|pa| 20k — 0K 67
(p2,95) = 33 (P3K o 0l@2l? 2 + 3K |pa|* 05 — 05 Ky (67)

As explained in Sect. 2.4, in the next subsection, different dynamics of the reduced system will be
detected leading to the determination of characteristic points of the reduced system.

4.2. Detection of different dynamics of reduced system

4.2.1. Fast dynamics
For this subsection, Eq. (66) is considered at the € order. As in Sect 3.2.1, we seek (1, @2) = 0
with

1 7 N N
=3 — [P5K 2 — 3Ko|p2|*p2 + 3Ka|pa2* 05 — 05° Ky (68)

z2 ’iX()
2= (2 — 1)+ 3

o 20 20

1o +

So, considering Ky € R, K; = kg + ik;r, j = {2,4} and K_; = K7, the equation of the SIM in real
domain (see Eq. (26)) reads:

2
Ny = N;(“ VA2 4+ B2 (69)
0

01 = b5 + arctan (%) (70)

where A(Ns,d2) and B(N3,d2) are defined in Appendix B. Thus, the SIM of the reduced system
depends on the phase d5 in addition to N7 and Ns. To determine the boundaries of the unstable zones
of the SIM, we are interested in the second equation of Eq. (66) which is written:

6‘,02 1 . Z2 .XO { * * * *
o + 5 |1P2 + ;902 - ZF(QOQ — 1) + 1 (@gKQ — 30505 Ko + 3p2905° Ko — @23K4) =0 (71)

After considering the complex conjugate of Eq. (71), and introducing a perturbation on s (w2 —
2 + Aps) and its complex conjugate ¢} (5 — ¢ + Aps), we obtain:

0Apsy
0T _ Apo
oAg; | =M (Agp*) (72)

2

87'0

where M, is detailed in Appendix C. Using the method described in Sect. 3.2.1 the boundaries of
the unstable zone of the SIM correspond to:

ayN3 +b,N2 +¢, =0 (73)
with a,, b, and ¢, defined in Appendix D.
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4.2.2. Slow dynamics

In this subsection, we will consider Eq. (66) at the ! order. The equilibrium points correspond to
& =0, from Eq. (27), we seek:

F, X, X
i+ (z <20 - —3) + uz1> P1+igpr =0 (74)
afp I I

After substituting the equation of the SIM (see Eq. (??)) into Eq. (74) to eliminate the o; terms, we
obtain:

p1oN3° + ps NS + prNJ + psN§ + ps Ny + paNg + psNi + paN3 +po = 0 (75)
with p;, j = 0,...10 defined in Appendix E. The sets of (d; € R, Ny € Ry and o € R) verifying Eq.
(75) correspond to the equilibrium points of the system. The geometric position of singular points
corresponds to the values of Ny that satisfy det(B) = 0 (see Eq. (30)). Let us assume X = N3 and
after some mathematical developments, (see Appendix E in [38]), we obtain:

det(B) = a5 X2 + bsy X + Cs0 (76)

where agy, bs, and cg, are defined in Appendix F. Equation 76 is identical to the equation defining the
boundaries of the unstable zone of the SIM (see Eq. (73)). Figure 27 illustrates various perspectives

F
of the equilibrium points of the system, considering the parameters from Table 4 and —% =11.In
e

the figure, Nycns is denoted as Ny (¢ = 1,2). We can notice that there are two branches as for the
constant case.

Parameter Value

j2%41 0.1
2
=2 0.1
A'l)j(’?
= 0.5
yie
0
-0 0.1
L2
K2T'
I 0.009
Ko
2 0.009
Lu?
Ear 0
k‘4i 0
e 0.01
L 100

Table 4: Parameters of the reduced system with a variable nonlinearity

4.3. Non-dimensionalized form of discrete equation of the chain
The non-dimensionalized equations of the discrete chain (see Eq. (32)) considering A(v) = ko (t)v?(t)

are as follows:

J

SXO
2

.. 1 € . . . el .
i + ;(Quj —uj_1 — Ujy1) + 71(2uj —Uj_1 — Ujq1) + 7(% —v;) = M—O cos(uT) sin(vr)

. ePy(T g2y . eX
eb; + 02( )vf 21)]- - —20 (uj
1 1 1

—v;) =0
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In the next subsection, we will numerically integrate the equations of the reduced system (see Eq.
(64)) and the discrete system (see Eq. (77)) using the Runge-Kutta method. The obtained results will
then be compared.

4.4. Numerical results

4.4.1. Basins of attractions

As for the constant stiffness case, we analyze the basins of attraction for the first cell (also corre-
sponding to the basins of attractions of cell 515¢) of the discrete and continuous systems in the modal
domain, as depicted in Fig. 28. Figures 28a and 28b present different perspectives of the basin of
attractions for the first cell (and also for cell 51) of the discrete chain (N,(7 = 0) as a function of ¢ for
g =1 and g = 2, respectively). Similarly Figs. 28c and 28d correspond to different views of the basin
of attractions of the reduced system (N,(7 = 0) as a function of o for ¢ = 1 and ¢ = 2, respectively).
As for the constant case (see Sect. 3.4.2) Ni(t = 0) and Na(7 = 0) correspond to g(r = 0) and
h(r = 0), respectively. Red dots on the plots indicate a quasi-periodic regime, while light and dark
blue dots represent periodic states (isola and main branch, respectively). The purple line represents
the equilibrium points of the reduced system and the green line represents for the unstable zone of the
SIM. As observed in the constant case, the behavior of the systems depends more on Ny (7 = 0) than
on Ny(7 = 0), i.e. the behavior depends more on the initial displacement of the main mass than that
of the mass with the nonlinearity. Here d2(7 = 0) is not considered as a parameter for the basin of
attractions because its depends on h(7 = 0) and h(r = 0), which are already considered by Ny(7 = 0).
For the first cell (and also for the 51%¢ cell) of the discrete chain, the quasi-periodic regime appears for
o > —0.28 which is not precise compared to the unstable zone of the SIM starting at o = 0.13. However
for the reduced system, the quasi-periodic regime agrees better with the predictions. In contrast to
systems with constant nonlinearity, there is no specific zone of o where the systems reach the isola for
very low IC. For o around —0.6 and N; € [6;8] as well as o € [-0.6; —0.1] and above the equilibrium
points, two zones are identified where both systems are on the isola (see Figs. 28a and 28c). For the
discrete chain, however, there is another zone where the first cell is on the isola: for o € [-0.65;0.3]
and N; € [0;4] (see Fig. 28a). It is important to note that only the basin of attractions of the first cell
of the discrete chain is plotted, which does not fully represent the behavior of the entire chain. For
some parameters, only the first cell or those in close to it may be on the isola while most cells remain
on the main branch.

4.4.2. An example for the forced system
In this section, we focus on a representative example, specifically a forced case where the equilib-
Fy

rium points are positioned in the unstable zone with ¢ = 0.5 and — 1.1. The parameters for
e

this example are given in Table 4. Figures 29a and 29b depict a three-dimensional view of systems
amplitudes (V7 as a function of Ny and d2) and a two-dimensional view (N7 as a function of Ns),
respectively. The results obtained from the reduced system are in light blue while those of the discrete
system in the modal domain are in dark blue. The red curve corresponds to the SIM, the green lines
represent the boundaries of its unstable zone and the pink dot denoted the IC. Figure 30 illustrates
the time responses of Nycnr(7), Nypar(7) and 64pa (7). Finally, Figs. 31 and 32 represent the re-
sponses of cells 51 and 60 of Nyppn(7), d2ppn(T) and Nycarpr(7), d2cmpn () for = 50 and = = 59
(¢ = 1,2), respectively. These figures demonstrate that both systems are in quasi-periodic regimes.
As for the constant case, the amplitude and the frequency of the system during repeated bifurcations
are different, but the reduced system verifies the predictions of the analytical study (see Fig. 29).
The Poincaré maps of both discrete (dark blue lines) and continuous (light blue lines) systems in the
modal domain are plotted in Fig. 33. The form of the closed loop maps indicates that the different
systems exhibit quasi-periodic behaviors.
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the ICs (pink dot) for parameters from Table 4, % =1.1,0 = 0.5, (g(r = 0), h(r = 0), g(r = 0), h(r = 0)) = (0,0, 0,0).
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(g(r = 0), h(r = 0), §(r = 0), h(r = 0)) = (0,0,0,0).

Then, the filtering of the first harmonic of the responses shown in Fig. 30 is presented in Fig. 34.
Similar to the previous case, for N7 only the first mode is activated and for Ny the first and the third
harmonics are activated. The filtering process helps to clarify the cause of the differences between
results, since all the analytical developments are based on keeping only the first harmonics. However,
the analytical developments are in good qualitative agreement with the numerical results and correctly
predict different regimes of the system.

5. Conclusion

The purpose of this paper was to study the behavior of a periodic chain of coupled oscillators with
a time-dependent cubic restoring forcing function, which has not been well studied. The goal was
to verify that the analytical predictions of the reduced system can be used to predict the behavior
of the discrete chain. This reduced system is defined from the continuous equations of the chain
projected on an arbitrary mode by neglecting the internal resonances. Although this method captures
the main dynamics, this approximation leads to lower accuracy and differences in response amplitude.
Analytical predictions are made using the multiple scale method and complex variables of Manevitch.
Different dynamics of the system are detected leading to the clarification of several possible regimes,
i.e. periodic and non-periodic. Two cases are considered, the first with constant nonlinearity and the
second with time-varying nonlinearity. The analytical predictions are in good qualitative agreement
with results obtained from direct numerical integrations of the chain and the reduced system, although
slight discrepancies between predicted and numerically obtained amplitudes are observed in some cases.

Nevertheless, the predicted regimes (periodic or non-periodic) from analytical developments agree
well with those observed in the chain. The results of this study provide tools for the development
of new types of time-dependent (meta-) materials for vibro-acoustic control. One perspective of this
work is the consideration of internal resonances of the chain [34, 50] and also the programming/or
fabrication of time-dependent nonlinearities for an experimental study [51]. Moreover, in the current
study, we have assumed that the oscillators are perfectly identical and we do not include uncertainties
in the design [19, 52]. To take into account of the uncertainties required for experimental studies, a
stochastic optimization procedure should be performed. This study is also a perspective of the current
work.
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Appendix A. Parameter of the equation of the equilibrium point for constant cubic

nonlinearity
3 2 Xo
_(_ 2 2 ARV
au_(wipo) () + 2o = ? (A1)
3 Xo Xo.9 Xo, X3
b,——PO{—1+— {Wlu 202992 4 (20 — SN 20 A2
o= g (1402 [ 0 T2 + o = ) (4.2)
Xo 2{ 9 Xo 2} Xo Xo Xg
ce = (=14 2202 | (uez1)® + (20 — 2202 | +2(=1 4+ Z2)(20 — S 20
e=( uﬁ) (1kz1)” + ( Mﬁ) ( ui)( ui)ui
2\ 2 X
+Gm+4®-uw—%ﬁ% (A.3)
M i k
X2
d, = —F?=0% A4
c 004#2 ( )

Appendix B. Details of the SIM for a time-varying nonlinearity

X N2
A = (—1 + 720) B (4K2R COS(262) + 4K2[ sin(2(52) — 3K0 — K4R COS(462) — K4[ sm(452))

pe) o ALpg
(B.1)
2 N . ,
B = e (—2Kopsin(202) + 2K5; cos(202) + Kyp sin(4d;) — K4y cos(4d2))  (B.2)
k k

Appendix C. Parameters of M, for a time-varying nonlinearity

We have M, = (lel M“Q) and

My21 M2z
7 X() 3 2 2 ) 22
Myt = —o(1- 290 4 2 [Q2K3 — 20005 Ko + p32Ko) | — =2
11 23<i ui 4LH% [902 2 P2pafio T P2 2] 2
My12 = TS0 (—93Ko + 20205 Ko — 03> Ky)
alall C.1)
31 * * Tk * (
My21 = 802 (—95> Ko + 20205 K5 — 03 K7)
k
7 X() 3 2 2 %)
My = =(1—— oKy —2 S K K| - —
22 5 < 2 + 1L [902 2 P21po kS0 + 3 2] i
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Appendix D. Parameters of the equation of the unstable zone of the SIM for a time-
varying nonlinearity

9
a, = MTM,%(SKS —2KZ2, —2K2p — K31 — Kip+
4(—K0K2R + Koy Kyr + KQRK4R) COS(262) — Q(KQQI — KSR + KQK4R) COS(462)

— 4(—K2RK4I + KQI(KQ + K4R)) sin(252) + 2(2K2[K2R — K0K41) 5111(452)) (D.l)

3 Xo :
by = s <_1 - /Ti) (Ko — Kag cos(20) — Ky sin(203)) (D-2)
1 Xo\o |, %3
o= L1 q Ko, 2 D.3
1 ui) ui) ()

Appendix E. Parameters of the equation of equilibrium points for a time-varying non-
linearity

_%i((% —20)2 + (ux21)?)2 (9K + Ko(8Kor KopKar — 4K3 Kag + 4AK3 5 KaR)
+ (K3 + K3p)(8K3, + 8K3, — Ky — Kip) — K§(19K3, + 19K, + K3 + Kig)
— 2(K§(KarKar — KopKug) + (K3 4+ K35) (Ko Kar — KorKag)
+ Ko(—3K3; Ko + Kap — KopKi; + 2Kor Kar Kar + KorKig)) cos(682)
+ 2(K§ (KopKar + Ko Kar) + (K3 + Kig)(KorKar + K21 Kug)
+ Ko(K3; — 2Kor K1 Kar + Kor(—3K3g — Ki; + Kjg))))sin(652)  (E.1)

Pio =
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Appendix F. Parameters of the equations of the singular points for a time-varying non-

v = 956 L2

linearity)

1 (18K Ky sin(482) + 18 KoK 4r cos(465)
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+ (36K3; — 36K35) cos(282)? + (—36 Ko Kur
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+9K3R + 9K +36K5, — 27TKj|  (F.1)
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