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HOMOGENIZATION OF NONLINEAR INEXTENSIBLE
PANTOGRAPHIC STRUCTURES BY I'-CONVERGENCE

JEAN-JACQUES ALIBERT AND ALESSANDRO DELLA CORTE

We prove the I"-convergence of a pantographic microstructured sheet with inexten-
sible fibers to a 2D generalized continuum model. Large deformations considered
as geometrical nonlinearities are taken into account, and the I"-convergence argu-
ment is developed in terms of convergence of measure functionals. We also prove
a relative compactness property for the sequence of discrete energy functionals.

1. Introduction

Pantographic structures can be basically described as microstructured artifacts in
which two families of parallel fibers are mechanically connected in such a way
that changing the angle between two fibers, belonging to the two different families,
costs deformation energy. Here is an image of a possible physical realization of a
pantographic structure:
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Figure 1. A 3D-printed pantographic sheet made of polyamide
(courtesy of Professor Tomasz Lekszycki, Warsaw University of
Technology).
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The problem of the equilibrium of lattice structures has been studied for a long
time (see for instance [Rivlin 1964; Pipkin 1984; 1986; Steigmann and Pipkin
1991]), and pantographic structures in particular are currently of definite interest
both as a structural element, due to their interesting mechanical properties (see for
instance [dell’Isola et al. 2016b; Turco et al. 2016b; Battista et al. 2015; Barchiesi
et al. 2018b]), and as an experimental and theoretical model case for the onset
of behaviors that cannot be described by means of the theory of classical Cauchy
continua. In particular it has been shown that generalized continua, in which the
energy density depends explicitly on the second gradient of the placement function
(see [Mindlin 1964; 1965; Mindlin and Eshel 1968; Germain 1973] for historically
important references), are suitable for the description of the deformation of the
homogenized version of truss-like [Seppecher et al. 2011; Alibert and Della Corte
2015; Alibert et al. 2003; Turco et al. 2017a] and pantographic structures [Turco
et al. 2016a; Rahali et al. 2015].

Here we prove a rigorous homogenization result, namely that a discretized
model of pantographic structures (introduced in [dell’Isola et al. 2016a]) I"-converges
to a homogenized 2D continuum model described by an energy functional in which
second partial derivatives of the placement appear. The mathematical study of
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Figure 2. A schematic representation of a pantographic structure
in an arbitrary deformed configuration. At every node x of the
square lattice there are rotational springs acting between adjacent
orthogonal segments (in this case the energy depends, using the
notation of Section 3, on the angle 6,)) and between adjacent paral-
lel segments (in this case the energy depends, using the notation of
Section 3, on the angle 6, ;). The nodes are connected by means
of extensional springs that in the present paper are particularized
to be rigid bars.
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linear pantographic structures is already an active research field (see, e.g., [Boutin
et al. 2017; Eremeyev et al. 2018]). In the present paper, the main result will be
proven in the large-deformation regime, that is, taking into account geometrical
nonlinearities and in particular the actual curvature of the fibers and not only its
linearized form.

The microstructure considered herein consists of a square lattice, at each node of
which are positioned two types of rotational springs, one acting between adjacent
orthogonal segments and the other one acting between adjacent parallel segments
(a schematic representation of the structure, in an arbitrary deformed configuration,
is shown in Figure 2). In the general case, between the nodes are positioned exten-
sional springs allowing changes in the distances separating adjacent nodes. In the
present paper, however, we consider the inextensible case, i.e., we assume that the
nodes of the lattice are connected by rigid bars.

The I'-convergence argument is developed in terms of convergence of measure
functionals. This is, in our opinion, the most sensible approach, since in the real
object (at least in planar deformations) most of the deformation energy is actually
concentrated in the nodes, stored as torsional deformation energy of the cylindrical
pivots interconnecting the two layers of parallel fibers (see, e.g., [Giorgio 2016;
dell’Isola et al. 2015]). Therefore, it is quite natural to take this into account in
the mathematical modeling introducing a set of vector-valued measures concen-
trated in the nodes of the lattice. Then we circumscribe the admissible measures
by identifying them with functions belonging to suitable Sobolev spaces. This
approach allows us to avoid the use of (arbitrary, to some degree) interpolating
functions between the nodes. Along with the I'-convergence result, we prove a
relative compactness property, which ensures that controlling the total deformation
energy is enough to control the norm of the measure used for the description of the
current configuration of the discrete model.

The paper is organized as follows. In Section 2 the general concept of I'-
convergence of measure functionals is introduced; in Section 3 the admissible
measures are introduced and the energy of the discrete micromodel as well as
the boundary conditions are formally described; in Section 4 the same is done for
the continuous macromodel and the main result is stated; in Section 5 the main
result is proven, including the relative compactness property for the sequence of
discrete energy functionals; finally, in Section 6 some conclusions are stated and
some possible directions for future studies are indicated.

2. T'-convergence of measure functionals

We start by recalling the definition of I'-convergence for a sequence of measure
functionals.
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Let K :=10, 1]? and (C(K))? be the space of vector-valued continuous functions
on K endowed with the uniform norm ||¢|| := sup{|l¢(x)| : x € K} where || - ||
denotes the euclidean norm of R2. Let (M (K))? be the set of vector-valued bounded
measures on K endowed with the norm

Il == sup{{, @) : ¢ € (C(K))?, llglloo = 1)

where (-, -) stands for the duality bracket between (M (K 1?2 and (C(K)?). We
simply write wu,, — u to specify that the sequence (u,) of vector bounded measures
converges to u with respect to the weak™® topology, i.e., lim,,_ oo (i, @) = (i, @)
for every ¢ € (C(K))2. Recall (see for instance [Evans and Gariepy 2015]) that, if
a sequence of vector-valued bounded measures () satisfies

sup||pn . < 400,
n

then there exists 1 € (M(K))? and a subsequence (n;) such that p,, — u. Let (Fy)
be a sequence of functionals on (M(K ))? with values in RU {4+o00}. We say that the
relative compactness property holds for the sequence (F},) if for all sequences ()
in ((K))>
sup F (n) < +00 = supl|ullu < +o00.
n

n

We say that the sequence (F,,) I'- converges to F if the following two properties
are satisfied.

Lower-bound inequality. For all 1 € (M(K))? and all sequences (j4,,) in (M(K))?
Hp — K = linrggngn(/Ln) > F(u).

Upper-bound inequality. For each 1 € (UL(K))?, there exists a sequence (j1,) in
(M(K))? such that

pn =@ and - limsup F(un) < F ().

n—oo

For a general introduction to I'-convergence the reader is referred to [Braides
2002].

3. Micromodel for nonlinear pantographic lattices

3.1. Reference configuration and basic operators. Let §; be the Dirac measure
concentrated at the point ¢ € [0, 1]. We define four Radon measures on [0, 1] by
setting

n—1

1 o 1 1 o 1
Vy = ; . O(Si/n, l);:_ = ; . Oai/n, v, = ; £ 5,‘/,1, Vv, = ; £ 61/11
1= 1= 1= 1=
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The reference configuration of the microsystem is described by the measure o, :=
v, ® v, on K :=[0, 1] x [0, 1]. The support of the measure o, is the finite set

Support(o;,) = {(l;, %) :0<i,j < n}

Each point of the support of o, is called a node. Two nodes x and y are called
adjacent when ||y — x|| = 1/n and diagonally adjacent when ||y — x|| = v/2/n. We
define six measures on K and six discrete partial derivative operators by setting

O—r;',_l = vn+®v,,, leu(x) :=n(u(x+%el)—u(x)>,

ar:] =V, @V, arzlu(x) :=n(u(x)—u(x—%e1>>,

0112’1 = vi@vn, Bg’lu(x) :=n(8}i1u(x)—8;1u(x)),

J,E = vn®v;[, 8I2u(x) :=n(u(x+%ez> —u(x)),

0,2 =V ®V,, 8;2u(x) :=n(u(x)—u(x—%ez>>,

0Fy =1, @V, O Hu(x) :=n(d; u(x) — 9, ,u(x))

with e; := (1,0) and e, := (0, 1). Note that, if u : K — R? is defined at every
point in the support of oy, then for k € {1, 2} and s € {+, —, 2} the function 9, ,u :
K — R? is defined at every point in the support of o, Fora=(ai,a) € R? and
b = (b1, by) € R?, we set

anb .= a1b2 —azbl.

We define four measures on K and four discrete Jacobian determinant operators
by setting, for s, s" € {+, —}

o =@y, IV @) = 9 ux) A G ulx).

Note that, if u : K — R? is defined at every point in the support of o, then the
function J\"* (u) : K — R is defined at every point in the support of 6,** .

3.2. Current configuration and deformation energy of the n-micromodel. The
current configuration of the object is described by a vector-valued bounded measure
of the special set ., defined below.

Definition (admissible measures of the n-micromodel). The set of admissible mea-
sures of the n-micromodel is denoted by .i,, and consists of those vector bounded
measures i € (U(K))? of the form

u(dx) = u(x)o,(dx)
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where the function u : K — R? is defined at any point x in the support of o,, and
such that ||82’ku(x)|| > 0 for every (k, s) € {1, 2} x {4+, —}. For any admissible
measure u of the n-micromodel, the following notation is used:

9, u(x)
185 (Il

Let u(dx) = u(x)o,(dx) € M,. The function u is called the placement function.
The point u(x) is the current position of the node x. The above definition of admis-
sible measures imposes the natural requirement that two adjacent nodes should not
be mapped by the deformation on the same point (of course this does not exclude
the possibility that two generic nodes are mapped on the same point).

At each node x are placed extensional springs which connect x to the adjacent
nodes. The deformation energy associated with these extensional springs depends
on the distance between the current positions of adjacent nodes and is equal to zero
when the distance is equal to 1/n. So we introduce the following definition.

o5 () () = (185 ,u()[l and v}, ()(x) = )

Definition (extensional deformation energy of the n-micromodel). The extensional
deformation energy E,(lm) is defined on (M(K))? by setting E,(,em) (u) = +oo if
u ¢ M, and

2
E{™ (u) = Z/ fi(p, () do,f, otherwise,
k=1

where the functions f; : (0, 400) — [0, +o00] are assumed to be such that f; (1) =0
and fi(p) > 0if p # 1.

Remark 1. Our main result is obtained in the particular case when the springs
between the nodes are just rigid bars, i.e., when f| and f; are the indicator function

of the set {1}:
if p=1
fe(p) = {0 o=l @)

+o00 otherwise.

At each node x are placed four rotational springs (to provide shear stiffness)
which connect a pair of segments ([x, x + (s/n)e1], [x, x + (s'/n)ez]) with s, 5" €
{+1, —1}. Its energy at the node x depends on the angle 9,55*5/)(,u)(x) formed by
the vectors 9, u(x) and 8;‘1'Z2u(x). This energy is equal to zero if and only if the
angle is equal to 7 /2. We also assume that angles with finite energy must be in
the interval (0, 7r), so as to ensure that nodes diagonally adjacent are not mapped
by the deformation on the same point (again, this does not exclude the possibility
that two generic nodes are mapped on the same point). One has

sin(65) (W) (1)) = V5 1 (1) (x) A VS (1) (x).

So we introduce the following definition.
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Definition (first rotational deformation energy of the n-micromodel). The first ro-
tational deformation energy E"™ is defined on (M(K))? by setting ES"™ (u) =
400 if u ¢ M, and

Er(lShear) (n) = Z /g(s’sl)(vfl,l(u) A Uf,/,z(ﬂ)) dan(”/) otherwise,
s,s'e{+,—}

where the four functions g(”/) :[—=1, 1] = [0, +o0] are assumed to be such that
g (1) =0.

Remark 2. Our main result is obtained in the particular case when the four func-
tions g are assumed to be lower semicontinuous, convex, and such that {g(**) <
+00} is compact and g7 (8) = +o0 if § < 0.

The second type of rotational springs (providing bending rigidity along each
coordinate line) is those which connect a pair of segments ([x, x + (1/n)ex],
[x,x — (1/n)er]) with k € {1,2}. Their energy at the node x depends on the
angle 6, x () (x) formed by the vectors v;;k(u)(x) and v;k(u)(x). This energy is
equal to zero if and only if the angle is equal to 0 and one has

_ L
1= o8Bk (1)) = 710,70 () = 1 I = 5 18,0, (W (O
So, we introduce the following definition.

Definition (second rotational deformation energy of the n-micromodel). Second
rotational deformation energy E ,(,bend) is defined on (M(K))? by setting E ,(lbend) (w)=
+o0if u ¢ M, and

Kk ~_ :
E®end () = Z /3||3n,kvik(ﬂ)||2d(’ik otherwise.
ke{1,2}

Remark 3. Our main result is obtained in the case when the two real numbers «y
are assumed to be positive (which is quite natural since they represent material
coefficients accounting for the bending stiffness of the fibers).

Definition (Dirichlet boundary condition for the n-micromodel). Let K denote
the boundary of K. Let ¥ be a subset of dK and .l be the set of those measures
u(dx) = u(x)o,(dx) € M, such that u(x) = x for every x € X N Support(c,). We

denote by E,EE) the indicator functional of the set A/Lf, i.e.,
0 if wet>,

B (1) = "

+o00 otherwise.

Remark 4. Our main result is obtained in the particular case when X := (a, b) x {0}
or X :={0} x(a,b) withO<a<b<1.
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4. Macromodel and main result

4.1. Deformation energy of the macromodel. Let 2 := (0, 1) x (0, 1). For each
p €[1, +o0] we denote by L?(€2) the usual Lebesgue space. Distributional partial
derivative operators are denoted by 9. Distributional second partial derivative
operators are denoted by 9,9y . If k = k', we also write 8,3 in place of 9 0.

Definition (admissible measures of the macromodel). The set of admissible mea-
sures is denoted by Jl, and consists of those measures u € (M(K ))? of the form

udx) =u(x)dx

where the function u : Q@ — R? is such that u € (LY(Q))?, du € (L' (Q))?,
a,fu € (L*(2))?, and ||dru| > 0 a.e. in  for every k € {1, 2}. For any admissible
measure [, the following notation will be used:

8ku
13kl
Definition (extensional deformation energy of the macromodel). The extensional

deformation energy E®V is defined on (M(K))? by setting E©V(u) = +o0 if
U ¢ Moo and

Pr(p) = ||ogull and  ve(p) == €))

2
ECO(u) =) / fi(pe(p)(x)) dx  otherwise,
k=174

where f; was defined in Remark 1.

Definition (first rotational deformation energy of the macromodel). The first rota-
tional deformation energy E®P@ is defined on (UL(K))? by setting F (shear) (/) =
400 if p ¢ Moo and

E(shear)(u) :=/ gwi(u)(x) Ava(u)(x))dx otherwise,
Q

where g := gt 4+ g 4 g7 4 o) 655" wwas defined in Remark 2, and
vr () (x) was defined in (3).

Definition (second rotational deformation energy of the macromodel). The second
rotational deformation energy E®" is defined on (M (K ))? by setting E "D (1) =
400 if p ¢ Moo and

2
E®end) () ::Z/ %”akvk(ﬂ)(x)uzdx otherwise.
Q
k=1

If w(dx) = u(x) dx is admissible for the macromodel, the placement function u
admits a trace on the boundary of 2 because u € (L'(2))? and d;u € (L' (R))? for
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k =1, 2. The trace function associated with u will be also denoted by « and belongs
to the Lebesgue space of integrable functions with respect to the 1D Hausdorff
measure supported on 2 = d K. This last measure will be denoted by %ég

Definition (Dirichlet boundary condition for the macromodel). Let ¥ be a subset
of the boundary of €2 and J(/tfo be the set of those measures @ (dx) =u(x) dx € Moo
such that u(x) = x for %}m—a.e. x € X. We denote by E () the indicator functional
of the set M2, i.e.,

0 ifpels,

E® () =
W) {—{—oo otherwise.

4.2. Main result. Our main result states that the total deformation energy of the
n-micromodel, namely

. t h bend b
E, = Er(lex) +E’(ls ear) +Er(1 en )+Er(1 )’
["-converges to the total deformation energy of the macromodel
E = E(ext) + E(shear) +E(bend) +E(E).

This result is obtained under the assumption that two adjacent nodes are connected
by an inextensible bar. This is taken into account by assuming that f; and f, are
the indicator function of the set {1}. Moreover, we need that the angles Q,ES’S/)(,LL)
remain in the interval (0, r). Such an assumption is taken into account by assuming
that the four functions g are greater than the indicator function of the set (0, 1].
Finally, we need that the part of the boundary on which the displacement is zero
is not too small. More precisely, we have:

Theorem. If we assume that
(Hy) the two functions fy : (0, +00) — [0, +00] are the indicator function of the
set {1},

(Hy) the four functions g(s’s/) :[—1, 1] = [0, +00] are lower semicontinuous, con-
vex, and such that {g(”/) < 400} is compact, g(”/)(l) =0, and g(s’s/)(é) =
+o0 if§ <0,

(H3) the two real numbers ky are positive, and

Hy) X:=(a,b) x{0}or X :={0} x (a,b) withO<a <b <1,

then the sequence (E,) I'-converges to the functional E and the relative compact-
ness property holds.



10 JEAN-JACQUES ALIBERT AND ALESSANDRO DELLA CORTE

5. Proof of the main theorem

5.1. Consequences of the assumptions (Hy) and (H) on placement functions.
For the sake of simplicity, in Section 5 we will write ,0:[’ . and v:[’ « instead of ,O;:: ()
and v;f ().

When property (H;) is assumed, the extensional deformation energy of the n-
micromodel is just the indicator functional of the set of those admissible measures
i € JM, such that pfl’k (u)(x) = 1 for every node x € Support(orf’k) and every
(k,s) e {1, 2} x {+, —}. Moreover, if (H,) is assumed, then measures with finite
deformation energy have a very special form.

Lemma 5. If (H,)—(H,) are assumed and E¥ (w) + ES™ (1) < +o00, then the
placement function u associated with  is such that

18, ()| =1 for every node x € Support(o,",),
2
u(x)+u(0) = Z u((x -ex)ex) forevery node x € Support(o,).
k=1

Proof. Since ES™ (1) < 400 and (H;) is assumed, the first claim of Lemma 5
is clear and for any node x € Support(0n(+’+)) one has v;:k(x) = 8rf,ku(x). As a
consequence,

1 1
U:,l (x + ;ez> — v;:l (x)= vzz(x + r_zel) — v;fz(x).

Let us denote by w(x) any member of the previous identity. Observing that ||w(x)+
vl )17 and [lw(x) + v, ,(x)|1* are equal to 1 and v, ,(x + (1/n)ez) = v, ,(x),
we obtain

w(x) - (v, (x) = v (1) =0,
lw ) |1 + w(x) - (v, () + v, (x)) =0,
(w(x)+ v:,l(x)) A UZZ(x) = v:lfl (x + rllez> A v;2<x + rlzez)'
As ES™ (1) < +00 and (Hy) is assumed, v, | (x+(1/m)ea) Av, ,(x+(1/n)e2) >0

and le(x) A sz(x) > 0. As a consequence (vzl(x) + v;f’z(x), viz(x) — v:;l(x))
is an orthogonal basis of R, and for some real number A, one has

w(x) = A, (x) + v, ,(x)),
A4+a=0,
o+ D (0 Av ) = (@) + v () A, (x) > 0.

We obtain w(x) = 0. Consequently v,tk(x) = vZk((x - er)ey) for every x €
Support(c;*n"’r ) and 8;; 1 a,;f ,u(y) =0 for every node y € Support(o,f+’+)). The last
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identity is obtained by observing that for all x = (i /n, j/n) € Support(o;,)

i—1 j—1
u(x)+u(0) — Zu((x er)er) = 2228:13:2 ( ) U

q=0 p=0

5.2. Relative compactness property. The fact that the relative compactness prop-
erty holds for the sequence (E,) is a direct consequence of the following result.

Lemma 6. If (H;) and (H4) are assumed, then the relative compactness property
holds for the sequence (E,(,eXt) + E,(,E)).

Proof. Without loss of generality, we may assume that there exist two real numbers
aand b suchthat0<a <b <1 and {0} x (a, b) C X. Forall n suchthatb—a > 1/n
we set

8:(a, b)

va(a, b)’

$n (t) =
Let i € (M(K))? such that E,(,em (w) + E,(,E)(,u) < 400. Then the measure u is
such that u(dx) =u(x)o,(dx) with ||8fl’ku(x)|| =1 for every node x € Support(c,)
and v(x) :=u(x) —x = 0 for every node x € {0} x (a, b). One has
Il = [ lueoton@n < [Ixton@n + [ fucolon @)
and f @, (t)v,(dt) = 1; then for any node x = (x1, x2),

v(x) = / (01, x2) — (x1, D)gn (Da (d) + f (1. 1) — v(0, 1) (Ve (d1),

which implies

/IIU(X)IIGn(dX) < 2/||3n+,2”||d<’rfz+

ot vl do
va(@, b) Jionixany " 1

+ + + +
52/||8n’2u—ez||dan’2+ ||8n’1u—ell| a’an’l

va(a, b) Jio,11%(a,p)

4
< 8+2/||a,j2u|| do,jﬁMa’b) /||a;,flu|| do,f|

<12 .
=t @

Since (v,(a,b)™") and (f||x||o*n (dx)) are bounded sequences, the proof is com-
plete. U
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5.3. Lower-bound inequality. Throughout this subsection, (u,) is a sequence of
measures with bounded deformation energy, which implies w, (dx) = u,(x)o,(dx)
is an admissible measure for the n-micromodel and

sup E, (i,) < +o00.
n

To gain some regularity properties for the placement functions, which will be ex-
ploited in the following, it is convenient to introduce a sequence i, (dx) =i, (x) dx
of admissible measures for the macromodel which will be called the equivalent
sequence because of Lemma 9 below.

Lemma 7 (equivalent sequence). We define a sequence ji,(dx) = u,(x)dx in
(M(K))? by setting, forall t € [0, 1] and all x € K,

: :
W k(1) —Z&(——— %)8,1 kv:k<l—€k>

B k() = U7, (0) + / Ty (5) ds,
0
2 x-ex
B =0+ Y [ B
k=170

We assume that (H;), (Ha), and (H3) hold. Then i, is C'(K) regular with distri-
butional second partial derivatives in (L*(Q))%. Moreover,

2

Z/ %Ha,fﬁn(x)ﬂzdx =E® () and 8,001, =0 inQ,
Q

k=1

2

Kk — _
> 5 18kitn () = Bitn (O < lly = XN ELP" un) - for every x, y € K,
k=1

1
Oklly (x + %ek> = v;:k(x) foreveryk € {1,2} and x € Support(a,;fk).

Proof. In the proof of Lemma 5 we proved that v,t (X)) = v;: «((x - er)e) for every
node x € Support(orrj )- Then a direct computation gives us

1
_ n _
fo 10 1 (1)) dt = n—H/HE)n,k“Zksz%z,k-

As a consequence v, : [0, 1] — R2 is continuous on [0, 1] with distributional
derivative in (L?(0, 1))2, which implies that u, : K — R? is C1(K) regular with
distributional second partial derivatives in (L%*(2))? and such that 9;dii, = 0 in Q
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an

d
/ 1958 ()1 dx = / 1%,k (x - e)[1* dx = / 19, v II? doiy i
Q Q
Let x, y € K. One has
y-ek
/ Wy k() dt
X-ex

1
<Ily—x|| f W1 (2) |1 dt
0

2
18ty (¥) — Bt ()12 = 1Dk (y-€x) — Dnp (x-e)[|> =

< Ily—xllflla,;kv;ﬁk||2da,$.
Letx € Support(a,f, .)- There exists i € {0,...,n— 1} such thati/n = x - ¢;; then

_ 1 _ 1
Oy (x + %ek) = Upk (x ey + %>

i q/n+1/2n q
=v,.(0) + Z/ a;kunfk(—ek) dt
g=1 q/n—1/2n n

" —1
= ka(O) +Z<v:’k(%ek> — v:;k(q . ek>>

g=1

=0 ((x-ep)er) = v, (x). O

Lemma 8 (admissibility for the equivalent sequence). We assume that (H;), (Hy),

and (H3z) hold. Then i, is admissible for the macromodel. More precisely, for all
ke{l,2},

Oty (x) Adpity(x) >0 and 1> |0kit,(x)] >0

forevery x € K.

Proof. Whenx = (i/n, j/n) e Support(o,f+’+)), using Lemma 5 and the fact that p,
is admissible for the micromodel (we recall that u,, is a sequence of measures with
bounded energy), we obtain v, | ((i /n)er) A v, ,((j/n)e2) = v, (x) Av),(x) > 0.
As a consequence, for all g1, g2 € {1,...,n— 1} and all 61, 6, € [0, 1],

<(1—91)v,:1 (%el) +91v;1 (%q))/\((l—ez)v;Z(i—zez) +92v;f2 (%ez>> > 0.
Let x € K. When x € [1/(2n), 1 — 1/(2n)]? one has

g 1 qe 1
<y < Xy
n 2n_x ek_n+2n
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for some g1, g» € {1, ...,n —1}. A direct computation gives

1
akzz,,(x)=(1—9k)v;k<q—"ek)+9kvn+k(@ek> with ek:=n<x-ek—(q—"——>).
F\ n A\ n n 2n

Since 6; € [0, 1], we obtain 01, (x) A i, (x) > 0 and 1 > ||k, (x)|| > 0. The

proof is easily completed when x € K \ [1/(2n), 1 — 1/(2n)]°. U
Lemma 9 (asymptotic equivalence). Assume that (H;), (Hy), and (H3) hold and
set

lun — tnllLoo,) = supfllu, (x) — un (x)| : x € Support(ay)}.
Then

hy{n”un - ﬁn”Lc’o(an) =0.
Moreover, if sup, ||y llu < +00, then

suplluy |l Lo, <400 and pw,— i, =0
n

where (ji,) is the equivalent sequence defined in Lemma 7.

Proof. Step 1. Let x = (i1 /n, iy/n) € Support(c,). Using Lemmas 5 and 7 we
obtain

2

it () = it ()| <)

k=1

un((x - e)er) —un (0) — fx ! ity (rer) dt
0

ik ix/n
Un <_ek> —uy(0) — / Okt (tey) dt
n 0

2 -1

q/n+1/n
DN

dt

O cn (%ek) — Oxltn(rer)

1
Okltn ((C—I + _>6’k) — Oltn(ter)
n 2n
2 ig— q/n+1/n q 1 1/2 s 5 1/2
< Ih— )4t 9 v |I°d dt
S8 [ ol (o)

2

dt

1 1/2
<\5 Z( / ||a,;kv,;tk||2do,%,k> :

k=1

then the first claim of Lemma 9 holds because the sequence (E ,(,bend) () is bounded
and (H3) is assumed.
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Step 2. Let x be any node of Support(o,). Using Lemma 5 we obtain

1 1
llu, ()] < oK) /Ilun(y)llon(dyH oK) /Ilun(X) —uy (Yo (dy)
2
< |lpen Il + oK) /le—yllan(dy)
<l + 232,

It is assumed that the sequence (||, |l«) is bounded; then the second claim of
Lemma 9 holds.

Step 3. Let us set Qy :={y € K : maxg|(y —x) - ex| < 1/(2n)}, and let |2, | be the
area of 2. Observe that for any node x € Support(o,)

1/(n?)  if x is an interior point of K,
|2 | = 1/(4n2) if x is an extreme point of K,
1/(2n%) otherwise.

Letp e C(K )2 be a test function. Since @ - Uy is continuous on K one has

120 () - i (1) = / 0(y) - i (y) dy

X

for some y, € 2,. As a consequence (u, —u,, ¢) = A, + B, + C, + D, with

Av= Y Q@) - (i (y2) — itn (X)),

xeSupport(o,)

Bi= ) 1Q:0() - (iin(x) — uy(x)),
x €Support(oy)

Co= Y 1200 — () - un(x),
xeSupport(oy,)

1
D,= Y (|9x| - ;)w(x) ity (X).

xeSupport(o;,)

By Lemma 8, the sequence (i) is uniformly equicontinuous on K; therefore,
lim, A, = 0. By Lemma 9, lim, ||it, — u,||1~(,) = 0; thus, lim, B, = 0. The
test function ¢ is uniformly continuous on K, and it is assumed that the sequence
([llunll doy) is bounded; thus, lim, C,, = 0. Observe that

2n+1
|Dp| < 0 @l o) 1 unll Lo,

then by Lemma 9, lim, D, = 0. |
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Lemma 10 (convergence of the equivalent sequence). We assume that (H;), (Hy),
and (H3) hold and p, — . Then the limit measure W is of the form pu(dx) =
u(x) dx where u is C'(K) regular with distributional second partial derivatives
in (L*())?* and 3,9u = 0 in Q. Moreover, for all k € {1, 2}
Uy, —> U with respect to the uniform norm on K ,
Orit, — ou  with respect to the uniform norm on K,
8k2[t,, — 8k2u with respect to the weak topology of (L*(Q))%.

Proof. Since v, — p, the Banach—Steinhaus theorem implies sup,, || x|l < 4-00.
Using Lemma 9, we obtain

Uy, (x)dx — pu(dx).

Lemmas 7 and 8 imply that (u,) and (dxu,) are uniformly equicontinuous on K.
By the Ascoli theorem, #, — u and dyit, — oru with respect to the uniform
norm on K for some u € (C'(K))%. As a consequence 8,%12,1 — 8,314 in the sense
of distributions on €2. Since by Lemma 7 the sequence (8,312,!) is bounded with
respect to the (L2(2))? norm, the above convergence holds with respect to the
weak topology of (L?(£2))?. O

Lemma 11 (lower-bound inequalities). We assume that (H;), (Hy), (H3), and (Hy)
hold and (t,, — (. Then the measure u(dx) = u(x) dx is such that

E (et (n) =0,
[ (shear) (n) <liminf Er(lshear) (n),
n

E®D () < liminf E® ().
n

If moreover sup, EX® (1) < 400, then E® (1) = 0.

Proof. Let (f1,) be the equivalent sequence associated with ().

Step 1. Lemma 7 implies that ||dgut,(x + (1/(2n))er)|| = 1 for every node x €
Support(ol;"r )» and Lemma 10 asserts that dyu,, — d;u with respect to the uniform
norm on K. Hence, ||dyu(x)|| = 1 for every x € K, which implies E©Y(u) = 0.
As a consequence p is admissible for the macromodel and

2
E (1) = / g@uABu)dx,  E*G=) / Slofuo) | d.
Q k=17

Step 2. Since the four functions g(”/) :[—1, 1] — [0, +0o0] are lower semicontin-
uous, there exist four sequences of nonnegative functions (gﬁ,” )) in C[O0, 1] such
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that
g;s:‘l) > g, and sup gl(js,s) — g(s,s ).

p /
Using Lemmas 7 and 10 again, the fact that O’,ES’S ) (dx) — dx, and the monotone
convergence theorem, we obtain

.. sh . .. s s
hn}lme,(f D () = hn}llnfz / gV (@) Av L, ))e ) (dx)
s,s’
. . ! —- N — S/ /
z Z lm},mf/ g (31un (x + Zel) A aiy (x + %ez»af’s )(dx)
S,8

> su Zliminf 5D 5, i + i A Oii + 1 65 (dx)
= Sup n &p Hn | X5 el 2Un | X+ 5 €2 | )0 x

p 5.5

zam}j/lﬁfkmuu>A%uu»dx
P VS

z/g@wwA@MMMx=ﬂmmw»
Q

Step 3. Using Lemmas 7 and 10 and remembering that the (L*(2))? norm is weak
lower semicontinuous we obtain

2
liminf £ (11,,)) = lim ian f K—"||a,§ﬁn(x)||2dx > E®end) )y,
n n —Ja 2

Step 4. The condition sup,, E,(,Z)(p,n) < +00 says that u,(x) = x for every x €
> N Support(o,). Using Lemma 9 (i.e., lim, ||u,, — | L~(5,) = 0) we obtain

lim sup{||&,,(x) — x|| : x € X N Support(c,)} = 0.
n
Using Lemma 10 we obtain

lim sup{|lu(x) — x|| : x € X N Support(c,)} = 0.

n

Since X = O N A2 where O is an open subset of R? we deduce that u(x) = x at
any point of X. Hence, E® (n) =0. ([l

5.4. Upper-bound inequality. We recall that the upper-bound inequality for the
sequence (E,) means that for each u € (M(K ))2, there exists a sequence (,)
in (M(K))? such that

Un — 1 and  limsup E,(u,) < E(1).

n—oo

This is easily obtained by means of Lemma 13 below.
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Lemma 12. We assume that (H;), (H,), and (H3) hold and n(dx) = u(x) dx is an
admissible measure for the macromodel such that E(u) < +00. Then the place-
ment function u is C'(K) regular with distributional second partial derivatives
in (L*(2))?* and for all x € K and all k € {1,2},

2

[u()l =1 and M(X)+u(0)=zu((x-ek)ek)-
k=1

Asa consequence

E(Cxt) (M) — 0’

EGhean () — / g(@u(x) Adu(x))dx,
Q

2
E® ()= | 37 ZHlofuto] dx.
@ =1

Proof. Step 1 (H*(2) regularity). Let H~'(Q) denote the dual space of the usual
Sobolev space HO1 (). Since E®VY(u) < 400 and (H;) is assumed, one has
l0kull = pr () =1 ae. in Q and ddxu = dp v (1) € (L*(2))? for every k € {1, 2}.
As a consequence
dndu € (H™'(2))?,

31(3102u) = 02(37u) = Br(d1v1 (1)) € (H™ ()7,

02(3102u) = 31 (5u) = 31 (rv2(1)) € (H™ ().
A well known result by Necas [Carroll et al. 1966] asserts that, if a distribution
and its first distributional derivatives are H ™' () regular and if 2 is bounded

with Lipschitz boundary, then the distribution is L?(2) regular. Hence, d;,u €
(L*())*.

Step 2 (010u = 0 a.e. in 2). Thanks to Step 1 one has
281 2u) - Bru+ dou) = d||d1ul)® + 81 12 ))* = d201 (1) + 31 p2(w)* =0,
2(818au) - (Bou — dyu) = 1 | daue||> — a1 ul|* = 31 p2 (1) — D21 (11)* = 0.
Since E®P@) (1) < 400 and (H3) is assumed, one has d;u A du > 0 a.e. in €,

which implies that (d,u+ dyu, dou — 9 u) is a direct orthogonal basis of R? ae.in Q;
therefore, 9;0,u =0 a.e. in Q.

Step 3 (C'(K) regularity). Let k € {1, 2}. By Step 1, Step 2, and the usual Sobolev
embedding theorem one has

opu(x) =vr(x-¢;) forae x e
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for some vx € (C[0, 1])* with distributional derivative in (L2(0, 1))%. As a conse-
quence u € (C'(K))? and the proof is easily completed. ([

Lemma 13 (approximating sequence). We assume that (Hy), (Hy), (H3), and (Hy)
hold and 11 (dx) = u(x) dx is an admissible measure for the macromodel such that
E(u) < 4o0. Then there exists a sequence W, (dx) = u, (x)o,(dx) such that

E®(u,) = E(u)=0 forevery integer n,
ECY(u,) = E®Y(u) =0 for every integer n,
M’I’l — Mv
h’{n Er(lshear) (/’Ln) — E(shear) (M)’

E,(lbe“d) (tn) < E®D (1) for every integer n.

Proof. Step 1 (construction of the sequence (©,)). It is assumed that n is large
enough so that at least two nodes are contained in X := (a, b) x {0}. As a conse-
quence of Lemma 12, one has dju(te;) = e; for every ¢ € [a, b]. It is then possible
to define v,-a.e. two functions u, 4 : [0, 1] — R?2 by setting

i i . i
upa|l — ) =—e ifa<—<b,
n n n

1 . . |
n<un,1 <i) —Up | (l—)) = Blu((i—l——)e]) foreveryi € {0,...,n—1},
n n n 2n

and

un,2(0) = uy,1(0)

11 . —
n(umz(%) —un,2<£)) = dhu ((%—Fﬂ)ez) for every j € {0,...,n—1}.

We finally define w, (dx) := u, (x)o,(dx) by setting

2
n () = =1t 1(0) + Y st i (x - €x)

k=1

for every x in the support of o;,. It follows from the definition of w,, that u, (x) = x
for every node x € X, and then E,(lz)(,un) = 0. We have also

1 1
a;lfkun(x) = n(un,k (x © €k + ;) — un,k(x . ek)) = aku(x + ﬁek).

Using Lemma 12, we obtain || a,j «Un(x) |l =1 for every node x in the support of cr”+ P
(ext) ’ ’
then £, (u,) = 0.
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Step 2 (weak convergence of the sequence (u4,)). Let us denote

n—1

q 1 (g+D/n
8ku<(—+—)el)—nf oru(tey) dt
; n 2n q/n

Enk = % Z

q:

By Lemma 12, the placement function « is C'(K) regular and then the sequences
(&n.k) converge to 0 as n tends to co. Since u, 1 (x - e;) — u(x) =0 for some node
x € ¥ and u,, 1(0) = u, 2(0), one has

o () (i)
() (2

Let ¢ be a test function in C(K). Using Lemma 12 and the definition of u,, a
direct computation gives us

<én1 foreveryi € {0,...,n—1},

) <éu1+enn forevery je{0,...,n—1}.

(o — 1 @) = ( f qo(x)on(dx)><u<0> 1 (0))

2
+> / () (i (x - ex) — u((x - ex)ex))on (dx)
k=1

4 ( / () dx — f w(X)On(dX))u(O)
Q

2
+ Z( / () u((x - ex)e) oy (dx) — fQ P)u((x - ex)er) dx>;
k=1
then

(O]

{n—w, @) < ‘/w(x)an(dx) (38n,1+8n,z)+‘/9<p(x)dx—/<0(x)0n(dx)

2
+2
k=1
Since the measure o, weakly converges to the Lebesgue measure on K and the
function x — @(x)u((x - ex)ey) is continuous on K, we obtain

/(p(X)u((x-ek)ek)an(dX)—/Qw(X)u((x-ek)ek)dx

im[(p, —p, @) =0.

Step 3 (convergence of the sequence ES"*” (11,,)). Let x be a node in the support
of o%%'. Using the definition of u,, we obtain

/
Oy 1 Un (X) A ajizun(x) =01u (x + 2S_nel> A Oru (x + ;—nez>.
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By Lemma 12, the function u is C'(K) regular. Assumption (H) and the fact that
E (1) < 400 imply that u(x) € {g®") < 400} for every x € K and the function
g restricted to the closed set {g%" < 400} is continuous. As a consequence,
the function

x = g9 @ux) A du(x))

is uniformly continuous on K, which implies that

lim f 8903 1 () A ) pun (0))0, ) (dx) = fﬂ gt (B1u(x) A du(x)) dx

so that lim,, ES% (11,) = EGhean (1),

Step 4 (upper-bound inequality of the sequence E,(,bend) (4n)). Let x be a node in
the support of onz’ - Using Lemma 12 and the definition of u,, we obtain

1 1
8,%’kun(x) = n(aku<(x e+ ﬂ)ek> — Oru ((x -er — ﬂ>ek)>;

then Jensen inequality gives us

x-ex+1/(2n)

187 yun (O <1 / 02u(te)|? dt.
x-ex—1/(2n)

Integrating with respect to the measure crnZ’ « We obtain
2 2 2 n—1 2 2
105 g utn ()| 70 5 (dx) < . QIlaku(X)II dx,
and therefore, E\™ (u,,) < E®nd) (1), O

6. Conclusions

In the present paper we proved the I'-convergence of a discrete lattice of rigid bars
and rotational springs to a 2D generalized continuum model, along with a relative
compactness property for the sequence of discrete energy functionals. The result
is proven taking into account geometrical nonlinearities.

The main result can be generalized in various ways, the most important of which
is probably the extension of the I'-convergence argument to less restrictive hypothe-
ses on the function fi, in particular allowing extensional deformation, i.e., changes
in the distances of adjacent nodes. The assumptions on the functions g®*” can also
be relaxed in future investigations.

Of course, future mathematical studies have to take into account also the nov-
elties of mechanical nature coming from experimental and numerical results. For
instance, worth mentioning are the recent results on the peculiar 3D (out-of-the-
plane) behavior of pantographic structures (see, e.g., [Steigmann and dell’Isola
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2015; Misra et al. 2018; Giorgio et al. 2017; Barchiesi et al. 2018a]) and the investi-
gation of generalized pantographic sheets with nonstraight or nonorthogonal fibers
[Turco et al. 2017b; Giorgio et al. 2016]. These findings will probably require
the development of new techniques in order to obtain rigorous homogenization
results. Finally, the possibility of oscillations at the lattice level would require
more complex homogenization formulas where the extensional, bending, and shear
deformation energies may not be uncoupled anymore.
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