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Abstract In this paper, we discuss well-posedness of the boundary-value problems arising in some “gradient-
incomplete” strain-gradient elasticity models, which appear in the study of homogenized models for a large
class of metamaterials whose microstructures can be regarded as beam lattices constrained with internal pivots.
We use the attribute “gradient-incomplete” strain-gradient elasticity for a model in which the considered
strain energy density depends on displacements and only on some specific partial derivatives among those
constituting displacements first and second gradients. So, unlike to the models of strain-gradient elasticity
considered up-to-now, the strain energy density which we consider here is in a sense degenerated, since it
does not contain the full set of second derivatives of the displacement field. Such mathematical problem was
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motivated by a recently introduced new class of metamaterials (whose microstructure is constituted by the
so-called pantographic beam lattices) and by woven fabrics. Indeed, as from the physical point of view such
materials are strongly anisotropic, it is not surprising that the mathematical models to be introduced must reflect
such property also by considering an expression for deformation energy involving only some among the higher
partial derivatives of displacement fields. As a consequence, the differential operators considered here, in the
framework of introduced models, are neither elliptic nor strong elliptic as, in general, they belong to the class
so-called hypoelliptic operators. Following (Eremeyev et al. in J Elast 132:175-196, 2018. https://doi.org/
10.1007/s10659-017-9660-3) we present well-posedness results in the case of the boundary-value problems
for small (linearized) spatial deformations of pantographic sheets, i.e., 2D continua, when deforming in 3D
space. In order to prove the existence and uniqueness of weak solutions, we introduce a class of subsets of
anisotropic Sobolev’s space defined as the energy space E relative to specifically assigned boundary conditions.
As introduced by Sergey M. Nikolskii, an anisotropic Sobolev space consists of functions having different
differential properties in different coordinate directions.

Keywords Strain-gradient elasticity - Weak solutions - Beam lattice - Pantographic sheets - Anisotropic
Sobolev’s spaces

1 Introduction

The strain-gradient theory of elasticity has its origin in the early works of some giants of continuum mechanics:
see [1-6] for historical developments in the mechanics of generalized continua, and it was developed further
in the original works by Toupin [7] and Mindlin [8,9]. The main conceptual tool for formulating these theories
is given by the principle of virtual work and/or the principle of least action: indeed also continuum mechanics
finds its more effective formulation when one bases its postulation on variational principles. This opinion was
also shared by Hellinger, see [10—12] who, in his masterpiece “Fundamentals of the mechanics of continua”,
showed, already with the knowledge available in 1913, that the unifying vision given by variational principles
could allow for a effective presentation of all field theories.

The strain-gradient elasticity found recently various applications to the modelling of behavior of various
materials with complex inner microstructure. A particular class of such microstructured materials are metama-
terials, see, e.g., [13,14]. Among them let us mention fiber-reinforced composites and woven fabrics [15-20],
fiber-reinforced composites with debonded fibers [21] and beam lattices [22-25], see also the report of two
recent conferences [26,27]. Example of beam lattice is given in Fig. 1, whereas a typical woven fabric is shown
in Fig. 2. Unlike to the general framework of the strain-gradient elasticity given by Toupin—Mindlin, the model
of pantographic beam lattices relates to a strain energy density which depends on functions having different
differential properties in different spatial directions, see [22-24,28]. We say that such a model belongs to
reduced strain-gradient elasticity [29] and we claim that the theory of anisotropic Sobolev spaces [30] finds
an interesting application in the study of pantographic structures.

These structures have been introduced in order to give an example of metamaterial which can undergo
very large deformations still remaining in an elastic regime. First preliminary experimental and theoretical
results are presented in [16,22,33-35]. These papers show that the concept underlying the design of pan-
tographic metamaterials deserved to be developed and therefore its mathematical modelling is needed, for
getting detailed predictions via suitably developed numerical codes. Being said metamaterials constituted by
lattices of beams, their numerical analysis may be inspired by discrete or semi-discrete models, see [36,37],
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Fig. 2 Dress and suiting fabric, 100% wool. The image was provided by nano-space.online. Morphology of the samples was
studied in native conditions in order to exclude surface effects from conductive film coating, see [31,32]

or by continuum models see, e.g., [38,39]. Also metamaterials with granular structures can be developed
by considering heuristically homogenized continuum models as presented in [40—43]. In order to perform
effectively the numerical analysis of complex beam lattices, the most efficient methods are desired, (as those
presented, e.g., in [44-50] and the references therein). Let us note that for polymer and metal materials when
certain level of deformations is reached it could be important to take into account also inelastic phenomena
[51-55]. Another source of inelastic behavior is the contact of the beams in the lattice and the related adhesion
interactions [56,57]. For current state of the pantographic metamaterials, we refer to [S8—63]. Beam lattices can
be used as “meso-models” of cellular solids or regular open-cell foams which are widely used in engineering
and tissue engineering: we therefore believe that the homogenized models introduced in the present paper
can have a wider range of application. Remark also that (see e.g., [63]) in pantographic metamaterials some
“phase segregations” or “phase transitions” have been observed: therefore it seems natural to assume that the
mathematical techniques used in [64—66] are applicable also in the present context. A generalized form of
Pott model has been used to simulate static and kinetic phenomena in foams and the biological morphogen-
esis [67,68]. Pantographic sheets modelling is closely related to mechanics of networks, see [69—71] and the
reference therein.

It has also to be investigated the whole damage mechanisms occurring in them, with methods which may
be inspired to peridynamics, see, e.g., [72-76]. The relationship between peridynamics and higher gradient
continuum theories, on the other hand, was already know to Piola himself [77,78], see also [79], and we believe
that it deserves to be fully investigated.

The main object of this paper is to prove a result of well-posedness of the deformation problem of linear
elastic pantographic sheets deforming in space: i.e., bidimensional continua generalizing standard plate models,
as their deformation energy not only depend on the second gradient of out-of-plane displacement but also
on second gradients of in-plane displacements. We believe that this is an essential intermediate step in the
study of large deformation of pantographic metamaterials or of composite reinforcements, in particular when
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wrinkling occurs. The experimental evidence about these phenomena, occurring in the forming of composite
reinforcements, is discussed in [80-83].

We believe that the insight gained by the results which we present here can supply a useful tool for developing
the analysis of the more general nonlinear case. To this end, one may need more advanced techniques as used
in the case of nonlinear theories of plates and shallow shells, see, e.g., [84—87].

2 Derivation of a continuum model

Let us consider a rectangular pantographic beam lattice, which consists of m vertical fibers of length /5
and n horizontal fibers of length /; connected by short pivots of length 4, see Fig. 3. In what follows, we
describe infinitesimal deformations of the lattice using the Euler—Bernoulli beam model. First, we introduce
two kinematically independent fields of translations and rotations and then using the standard kinematic Euler—
Bernoulli constraints we will replace rotations by derivatives of translations.

Assuming a hyperelastic behavior for the fibers’ and pivots’ material, we get that the stored energy functional
has the form

£ = Z/ul(xodxl +Z/U2(X2) dxz+ZZ/u3<x3>dx3 )

j=1y i=1j=1y

Here, U and U, are the strain energy densities of fibers, whereas /3 is the strain energy of the pivots. With xy,
X2, x3, and iy, ip, i3, we denote the Cartesian coordinates and the corresponding base vectors, see Fig. 3.

() (@)

Introducing the translations u® = u;"i; + u2 )iy + u i; and rotations ¢@ = qb(a)l + ¢(°’) i + ¢33
vectors for the oth family of fibers, o = 1 2, we assume the general form of U,

=t (a2 80) .t =th (a2, 62). @

Hereinafter, for brevity, we use the following notations for partial derivatives: (...); = aixi(. ..), while ¢§1)

and ¢§2) are the angles of torsion of first and second family of fibers, respectively, whereas other angles relate
to the bending.

For simplicity, we consider a symmetric cross section of fibers (such as circular or square ones), so that the
bending stiffness in the principal directions takes the same values. As a result, we get the following expressions
for U} and U,

A X2

»
> >
1

1 X1

Fig. 3 Scheme of a pantographic lattice


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

Well-posedness of BVPs for linear pantographic beam lattices

1 2 1 2 2 1 2
th = 5 (ulf)” 4 500 [ (08)+ (o1) ]+ 50 (o) ®
1 2] 2 2 1 2
@ o[ (@ @ @ (4@
Uy = KO (uf))” + SK; |:(¢1’2> +(¢32) ] + 5K (053) - @)

Here, Kg“), Kgx), and K;“) are the tangent, bending, and torsional stiffness parameters of the oth family
of beams, respectively. Formulae (3) and (4) present a simple form of energy of a Timoshenko-type shear-
deformable beam taking into account its bending, stretching, and torsion. Remark that more general form of
the strain energy for a beam under infinitesimal deformations is given in the literature, see, e.g., [88].

In what follows, we utilize the Bernoulli hypothesis. This leads to the standard relations between u® and
d@, see, e.g., [88,89],

@ = (a)il + ¢(a)12 + ¢§a)13,

W__ 0 a0 @0 0 Q)
d) Uz 1» d) 21’ d) 32’ ('b 12’

As aresult, 4] and U, take the form

1 2] 2 2 1 2

th = 3K (uf)+ 5K [(ugg]) + () }+§K§“ (¢1)". 5)
I 2\, 1. 2) \? V| L 1@ (@)

t = 5K? (u53}) +§K§,)[(u(l’%2) + (1) |+ 3K (¢53) - ©)

@) and angles of torsion ¢§2) and ¢§1) as kinematical descriptors of

Note that here we have displacements u,,
the model.

Referring then to the deformation of the pivots interconnecting the fibers, or referring to the fiber inter-
action in the woven fabric, we must now describe the corresponding deformation energy. Using theoretical,
numerical, and experimental results, it has been concluded that deformations of pantographic lattices cannot be
described without considering pivots deformations [22,90,91]. It has to be remarked here that the deformation
at microlevel of pivots induces a deformation of the pantographic sheet at macrolevel. Indeed, there are at
least two length scales for considering pantographic sheets: a microlevel where each fiber and each pivot can
be modelled as beams and a macrolevel where a homogenized continuum model is introduced generalizing
Mindlin plate theory. The generalization consists in the introduction in the deformation strain energy of the
second gradients of in-plane displacement components, see [18,92]. Therefore, a correspondence relationship
among microdeformations and macrodeformations needs to be specified: (i) micro-twist of a pivot results
into an apparent macro-shear, (ii) micro-bending of a pivot results into relative twist of fibers and (iii) micro-
elongation of a pivot results into relative displacement of fibers, which can be further distinguished into relative
fibers slip and relative detachment of fibers. Thus, considering stretching, bending, and torsion of the pivots,
we get the following efficient model by introducing the following strain energy density

s = KO () + K [(aﬁ(”) +(457) } + KO () )

where K?), Kl(f), and K?) are the stiffness moduli of the pivots.

In order to present 2D model of the pantographic lattice deformations, let us replace the third term in Eq. (1)
by an approximate value which depends only on the integrand values at x3 = 0, 4. This approximation can be
applied only in the case of relatively short pivots, and its applicability limits are investigated in [91]. First, we

replace uy, ; by the finite difference
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Hereinafter, we use the assumption on the continuity of displacements and rotations at the pivot fiber interface.
In a similar way, we treat the derivatives of angles

3) 3)
2 1 2) (1
6 = 4 x3=h B e _ 40— %
1,3 A P Y ,
3) 3)
2 1 2) (1)
6% = » x3=h — % B=0 _ ¢y — 3" _ P tus
2,3 h n h s
3) 3
2 1 @, 0
50 — N e weo _ 98 -5 uintu)
3,3 A W h ,

where we replace the angles by the correspondent derivatives of displacements.
As aresult, we get the approximated expression

h
1 2
/U3(X3)dX3 = EKS) (u§2> - u§1)>
0
[E) (1) @, O
TR [( — ) (o2 +31)
+2hK(3)( u?) + (21}) . ®)

The first term in (8) corresponds to a spring model. Indeed, it describes the energy of a vertical spring connecting
beams. Other terms in (8) can be introduced considering rotational springs like in [22] describing pivot bending
and twisting.

Being motivated by Fig. 2, we extend the model introducing horizontal springs of stiffness K§3) /h with

the energy
2
3 @ _ @ ()] 1
ZhK( ) [( “p1 T P1> + (w3 = 33) }
)

where u B and u' » ﬁ are the in-plane displacements of the upper and lower ends of the pivot. For the latter, there

are formulae
”(21) _ MEZ) . ¢(2) u(22) _ u§2)7 “(11) _ “il)’ u(l2) _ u§2) _ ¢(1)

where r| and r; are distances between the fiber cross section centers and ends of a pivot.
Thus, we can replace (1) with a semi-discrete energy given by the functional

Eu®(x)), u<2><xz> ¢(”<x1),¢§2>(xz)]

2 2
1 (1) (D (1) (1) ) ( (1)
:_Z/{ () ”11 + K, [(“2,11) +<”3,11>] 2K (d’ ) }dX1
I

i/ {K§2> 2,2 +K,(,2) [( 52;2) +( §2§2> }L IK(Z) (¢>(2)) }dxz
0

i=1

_|_

N | —

n

%iz {KG) (u§2) _ uéD) +K(3) [( ¢(1>> (¢(2) " gl)l> ]

i=1 j=1

2 2
2 1 2 2 1
+KY [(“g ) "‘(1 ) - r2¢§ )> + (“é - “é) - r1¢§1)) }

2
KD (42 +u) } , ©)

X1=X1j,X2=X2;
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where (x1;, x2;) are the coordinates of nodes, each one corresponding to a pivot. From the variational equation
8€ = 0, it follows a system of linear ordinary differential equations with respect to uP(x)) and u® (x»),

08} d 2
(o} (x1), an (o (x2).
Instead of the discrete model with the energy functional (9), we introduce equivalent continuum model

assuming that u® and u®, d)%l), and ¢§2) are functions which depend on x| and x3:

u =uxp, x), 0 =u®(x), x),
1. 2). 1 2
¢ =i+ 0670, o = ¢1(x1, 1), ¢ = da(x1, x2).

This assumption for averaging a la Piola was used in [22,23,77,78]. The continuous counterpart of (9) takes
the form

Elu (xy, x2), u? (x1, x2), $(x1, x2)]
1 p 2 2 2 1
1 (1) (D (1) (€8] @ 2
= E/f{K£)<u],l> + K, [(”2,11) +(”3,11) ]+§K’ oh
00
2 2 2 1
2 ) ) ?2) 2) 2) 2
+K® (”2,2) + K, [(”1,22) + (”3,22) ] + EK’ ®3,
2 2 2
O (1 ) 45D [ (=) (o2 0 udt)’]
2 2
n ]K§,3) [(u?) _ u(ll) _ r2¢2) n (u;m _ uél) _ r1¢1> }

2
+K® (uf; - ug{;) } dxy dxa, (10)

where with an abuse of notation we keep the same notations for the semi-discrete and continuum stiffness
parameters. Remark that continuum stiffness parameters are related to continuum ones by using the ratios
m/lyand n/l;.

In order to describe the behavior of the lattice as a whole and the detachment of fibers, we introduce mean
and relative displacements as follows

u= %(um +u®), y= %(um Dy,

Here, u can be interpreted as the displacements of the midsurface of the lattice, whereas v describes the relative
deformations that is the difference between displacements of the fibers. As a result, we have ud = u—v,
u® =u+v, = ¢ii; + i, and £ takes the form

I I

Elu, v, @] =//de1dx2, (11)
0 0
W= 1 {K(l) 2 (1) 2 2
=5 M (a1 —v1a)” + K, [(uz,u —v211)" + (u3.11 — v3.11) ]

1 2
+ KT + K793,

2 2 2 2
+K® (w224 v22)" + K;, ) [(ul,zz +v1,22)" 4 (43,22 + v3,22) ]

+ K2
+ K;(,3) [(u3,2 + 32— ¢1)2 + (¢2 +uz1 — U3,1)2]
+ KO [ = r¢2)? + (02 — r1¢1)?] (12)

3 2
+ Kf ) (ur2+uz1+vip—v21) }

In what follows, we analyze the properties of the differential equations which are the Euler-Lagrange station-
arity conditions for given energy and their weak solutions.
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3 Strain energy density and equilibrium conditions

An important element of the analysis of existence and uniqueness of weak solutions is the study of the energy
null-space, that is, set of admissible functions for which the given strain energy density is vanishing. For
standard linear elasticity, such null-space reduces to the so-called infinitesimal rigid body motions, see [93—
95]. For linear pantographic sheets considered within reduced strain-gradient elasticity, there are other possible
energy-free solutions [28].

3.1 Energy-free deformations and rigid body motions: full model

Let us find all smooth solutions of WW = 0, that is, the set of energy-free deformations. As K,(l) and K,(z) are
positive, we get that ¢1 1 = ¢2,2 = 0 which result in

o1 =d1(x2), @2 = d2(x1). (13)

From KS) > 0, we have v3 = 0. From K§3) > 0, it follows that
vy =nrg(x1), vy =rig1(x2), (14)

and WV takes the form
1 2 D2 2
W= 5 [Kgl) (”1,1 - ”1,1) "‘Ké : (”2,11 + “3,11)
2
+KP (u22 +v22)" + Kf) (uF 20 + 13.29)
(3) 2 2 3) 2

+ K7 | (u32—¢1)" + (d2 +us)” |+ K7 (w12 +uz1) |- (15)

From W = 0, we get the following system of differential equations

us 1 =u3n =0, (16)
uzp = ¢1, u3z1 = —¢, (17)
upl =vy, U2 =—v22, uzil=1u2 =0, (18)
uip+uz; =0. (19)

From (16), we get that u3 = ajjx1x2 + ajox1 + ap1x2 + ugO) . This function corresponds to a hyperbolic
paraboloid which is an example of doubly ruled surface. From (13) and (17), we have that a;; = 0, ¢1 = ao1,
and ¢» = —ajo. From (14), it follows that vi = —r2aj9 and vy = riap. So, in the null-space displacements
for deformation energy, the relative in-plane displacements are constants.

From (18), we have u; = fixo + u(lo), u, = frx| + ug)). Hereinafter, a1, a9, ao1, f1, f2, and u? are

constants. In addition, from (19) it follows that f, = — f] and up = — fix1 + ug)). As a result, we get six
linearly independent energy-free deformations given by
ul = fixa+ul”, (20)
us” = — fix) + 21
ugf) = ajox] + apix2 + ugo), (22)
01" =an, ¢5" = -a, (23)
vif) = —rajo, véf) = riaop]. 24)

In standard linear elasticity, energy-free deformations coincide with the infinitesimal rigid body motions. In
all 2D generalized plate considered here models the infinitesimal rigid motions must be included in the energy
null-space even if, in general, they do not coincide with it. So in order to recognize this property starting from
(20)—(24), let us recall that the infinitesimal deformations related to the rigid body motions take the form

u” =u® + o xx,
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where u® = u,EO)ik and @ = wy iy are constant vectors, and X = xxix. In scalar form, these deformations can

be written as follows

ugr) = wx3 — w3Xxy + u(lo), (25)
Mg) = —w1X3 + w3x] + Méo), (26)
ugr) = wi1x2 —wyx| + ugo). 27

Obviously, W is invariant under transformations u — u + u”). The analysis of energy-free solutions within
the linear Kirchhoff theory of plates [96, p. 271] brings the following solution
uY) =—w3xy + uio), u(2r) = w3x] + uéo), uér) = ajox1 + aoix2 + ugo), (28)
which coincides with (20)—(22). In other words, the displacement part of the elements of the null-space for
strain energy of pantographic sheets is a finite dimensional vector space and it is the same as in the standard
theory of plates.
Analyzing in-plane deformations of linear pantographic sheets, we demonstrated [28] the importance of

shear energy of pivots to avoid additional energy-free shear deformations. To consider both in- and out-of-plane
deformations, let us also underline the importance of the bending energies of pivots.

3.2 Energy-free deformations: pivot spring model

Let us remark that, when assuming
3 3
K =0, K=o, (29)

the elements of energy null-space have a non-vanishing u#3 including the addend a;x;x> and rotations having
the form (13). Indeed, if we consider a spring model for pivots which is considering only stretching, the
corresponding strain energy takes the form

1
=5 {Kgl) (ur,1 — v1,1)2 +Kl(,1) [(”2,11 - 02,11)2 + (u3,11 — v3,11)2]

1 2
‘HK:( )¢12,1 —HK,( )¢§,2

Wo

+ K (22 + vz,z)2 + Kf) [(M1,22 + 111,22)2 + (u3,22 + v3,22)2]

+KP 0+ KD [01 = rag2)? + (2 = rign)?] | (30)
Considering equation Wy = 0, we obtain the following energy-free solution

¢1 =¢1(x2), ¢ = ¢2(x1),

vp =raga(x1), v2 =r1¢1(x2), v3 =0,
)

0
uy =fix2 + ra¢a(x1) +u§ ', uy = fox1 — ridi(x2) +uy,

0
u3 =ap|x1xa + ajpx1 + aprx2 + ug ),

Thus, the null-space for the energy is even not finite dimensional and has the previously stated structure.

3.3 Energy-free deformations: fibers without torsional energy and pivots without bending energy

Assuming that torsional deformations of fibers and bending energy of pivots are vanishing, that is when

K" =00, K’ =0, 31)
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we derive the following strain energy

Woo = % {Kgl) (u1,1 - 111,1)2 + Kl(,l) [(uz,u - v2,11)2 + (u3,11 - v3,11)2]
+ K (u22 + vz,z)2 + K(bz) [(MI,ZZ + U1,22)2 + (u3 2 + va,zz)z]
+KPv3 + KD [vf + 03] + K® (w12 +uz1+vi2— v2,1)2} (32)
whose finite dimensional null-space consists of the functions
v = v = v3 =0, (33)

0 0 0
up = firxa + uﬁ ' up = — fixi + Mé ), w3 = anx1x2 + anxi + aoixa + Mg ). (34)
3.4 Energy-free deformations: perfectly connected fibers without torsion energy and pivots without bending
energy
Finally, if one in addition to (31) assumes that
3 3
K® = K® = oo, (35)
the relative deformations are vanishing. In this case, the strain energy function has the simplest form
1 1,2 2),2 (1 (2 2
Wooo = 5 [Kg huly +KPu3 o + Ky (3 +u )
2 3 2
+KG (3 00 + 3 20) + K (w12 + ua1) ] : (36)

The null-space for Wyoo consists of functions given by (34).

3.5 Equilibrium equations

In order to derive the corresponding equilibrium equations and to establish possible applicable external actions,
we calculate the first variation of the functional

€= / / W dxy dxa. (37)
w

where w C IR? is a bounded area with smooth enough boundary. The first variation of £ reads

8&[u, v, ¢; du, 5v, 5¢] :f/ SWdxy dxa, (38)

where
W =KD (ur1 —vi1) (Sur,1 — 8vip)
+ Ky [(u2,11 = v2,n) (Su211 = 8v2,10) + (3,11 — v311) (Suz, 11 — Sv3.11)]
+KP (2,2 + v2,2) (Suz2 + 8v2,2)
+ K, [(w1,22 + v1.22) (810122 + 8v1.22) + (322 + 3.22) (8u3 22 + 803 22) ]
+ KV 118011 + KD 922802,
+ KPv38v3 + K [(v1 — r2¢2) (Sv1 — r2862) + (v2 — r1¢1) (8v2 — r18¢1)]
+ KV (12 + uz,1 + 010 —v21) (81,2 + 8wt +v12 = Sva1). (39
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The consistent form of the work of external surface loads acting on the pantographic sheet is given by

SA = // (b18uy + brduy + b3duz + g18vy + g20v2 + g36v3 + m 8¢y
w

+m2d¢n) dx dxa,

where b;,i = 1, 2, 3, are the surface external forces, g; are external double forces, see [97], and m,, are external
torques, respectively.
From the variational equation,

8E—8A=0 (40)
we get the following equilibrium equations

— K111 = nKP (2 — ri¢1) = m, (41)
—KP¢220 — KD (v — rag) = ma, (42)
— KD (ur 11— i) — K (w120 +uz 12 +vi22 —v212) + Kl(,z) (u1,2220 + v1,2222) = by, (43)
KO (w11 —vin) + K& (1 — ragho) — K (w122 4 u2,12 + vi22 — v2,12)

+ K,(,Z) (41,2020 + v1,2222) = 81, (44)
— ng) (u2,0 + 02,22) — K,(3) (ul,lz +uz 11+ V112 — v2,11)

—HKIEI) (u2, 1111 — v2,1111) = ba, (45)
—KP® (u220 + v2,2) + K& (v2 — r1¢1) + K (w112 + w211 + vi,12 — v2.11)

- Kzl) (w1111 — v2,1111) = &2, (46)
Kl(,l) (u3,1111 — v3,1111) + Kf) (13,2020 + v3,2222) = b3, 47)
- K,E” (w3111 —v3,1111) + Kl(,z) (13,002 + v3.202) + KPv3 = g3. (48)

This coupled system of PDEs contains differential operators of different order, so the unknown functions have
partial derivatives of different order depending on the direction. This means that the system is not elliptic, in
general, see [98—100]. To underline the peculiarities of corresponding differential operators, let us consider
the simplest case (36). Now, the corresponding equilibrium equations have the following decoupled form

2 3
— KV up a1 + Ky ui0m — KPP (w122 + u2.12) = b, “49)
1 3
~KPup 00 + K uo 1 — K (1,12 + u,11) = bo, (50)
1 2
K s 1111+ K 32000 = bs. Gh

For example, here u (x1, x3) possesses second derivatives with respect to x| and fourth derivatives with respect
to x2. Introducing differential operators P;; as follows

Py = -K"8? - KVa3 + KVd3,
3
P = Py = —-K8,8,
_ w®a2  2)q2 (1) n4
P22— K[ 81 Ke 82+Kb 81,
Py =Kot + KPa5,

where 0, = %, we rewrite (49)—(51) in the symbolic form

Priuy + Pipuz = by, Paouy + Pouz = by,  Ps3uz = bs.
Operators P11 and P>, are neither elliptic nor strongly elliptic, but they belong to the class of hypoelliptic

differential equations [101,102]. The existence and uniqueness of weak solutions for (49)—(50) was analyzed
in [28]. Operator P33 is strongly elliptic.
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4 Existence and uniqueness of weak solutions

For the proof of the existence and uniqueness of weak solutions, we use the same technique as in [28]
which uses the anisotropic Sobolev’s spaces as the corresponding energy space for considered functionals.
These functional spaces were introduced in [30,103-105], see also [106]. They are generalizations of the
Sobolev’s spaces [107,108]. In what follows, we are restricted ourselves by the functionals which have a finite
dimensional null-space and non-singular boundary conditions [28]. Our non-singular boundary conditions are
nothing else as the Shapiro—Lopatinskii or complementary boundary conditions, see original works [109,110]
and [100,108,111, 112] for the mathematical definitions. For example, for strongly elliptic PDEs the Dirichlet-
and von Neumann-type boundary conditions satisfy the Shapiro—Lopatinskii conditions.

Without loss of generality, we consider the problems in the dimensionless forms. We start from the simplest
case.

4.1 Weak solutions for Wygo

We introduce the following bilinear form

Booo (u; w) = // [ wi,1 + u2 2w 4 uz 1wz 11 + U3 11W3 11+ U1 2w 22
w

Huznwin + (w12 +uz) (w2 + wai)] dxpdxg, (52)

and the linear functional

Looow = // (brw1 + brwy + byws) dxj dxs.
w

Obviously, if one uses the substitution w = §u the bilinear form Bggo coincides with the first variation of &,
whereas Lgoow is the dimensionless work of external loads.

The quadratic functional Bgyo(u; u) has all properties of a squared seminorm, but it is not a norm as the
norm requirement

Booo(w;u) =0 iif u=0

is violated. Indeed, Bggo(u; u) = O results in nontrivial solutions (34).
Let us consider the homogenous boundary conditions

ul,, =0. (53)

It is easy to show that in this case from Bygo(u; u) = 0 it follows that u = 0. Thus, Bggo(u; u) becomes a
norm on a set of functions satisfying (53). We assume the natural boundary conditions followed from (40) as
other boundary conditions.

We introduce the energy space Egoo as completion in the norm

2 .
||u||E000 = Booo(u; w)
0

of C>(w) functions which verify (53). The energy space Egoo can be characterized through the anisotropic
Sobolev’s spaces as follows

u = (uy,uy, u3) € E800 RS Wz(l’z)(a)), up € Wz(z’l)(w), us € sz(a)).
Thus, EJ® =w 51’2) (@ W gz,l) (@)® W 3(w). As Bogo(u; u) constitutes the squared norm in EJ%, it is
obvious that B is coercive.

Let us recall that the anisotropic Sobolev’s spaces contain functions which have different differential

properties. For example, for w € IR?, the norms in the spaces V‘E/EI,Z) (w), V(E/ ;2’ 1)(a)), W(zl’z) (w), and Wgz’l) (w)

coincide each other and are given by the formulae

Iy =W les + 1 falley + 1f220l s (54)
1 lyen = 1F 1L, + 1 farllz, +11f2l L, (55)
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Fig. 4 Examples of singular boundary conditions for (51) with non-unique solutions

Definition 1 We callu e Egoo a weak solution of the equilibrium equations (49)—(51), if the equation

Booo (u; w) = Logow (56)

is fulfilled for any test function w from a dense set in E800.
Using standard Riesz representation theorem and the Lax-Milgram theorem arguments [93-95,113], we
can prove the following

Theorem 1 Let by, by, and b3 belong to the space Ly(w). There exists a weak solution u* € E(())OO to the
corresponding equilibrium problem (49)—(51), which for any w € EgOO satisfies (56)

Furthermore, u* is unique and it is a minimizer of the energy functional:

Fu*) = inf F@), F@)=&@m)— Lypou.
ue YW

Let us note that since (49)—(51) are decoupled the problem can be splitted into two independent problems for
(49), (50) and for (51). This gives the possibility to consider these problems independently, that is independently
for u1 and u5 and for u3. The boundary-value problems for (49), (50) are studied in [28] in details. Some solution
of (51) is presented in [114, p. 1014]. Let us also note that for mixed boundary conditions we have non-unique
solutions of (51). For example, let us consider a rectangle such shown in Fig. 4 (on the left) where a half of
its boundary fixed, that is u3 = 0, whereas other part is free. As the natural boundary conditions for Wy
includes second and third derivatives, it is clear that for b3 = 0 there are two solutions. They are

uz3 =0, and u3z =ajjxix;

for any number ay.
Another example with smooth boundary can be obtained as follows. As the equation

0
ajix1xy + appxi + ao1x2 + ug '=0

constitutes an equations of a hyperbola, let us consider an area which boundary includes a part of hyperbola,
Fig. 4 (on the right). On this part, we again assume that #3 = 0 and other boundary conditions are natural
ones. Here, we also have two solutions that are trivial one u3 = 0 and nonzero solution

0
uz =c (a11X1X2 + ajox1 + ap1x2 + ug )> ;

with any number c. This solution belongs to the energy null-space, see (34).

These examples show that the consideration of out-of-plane deformations may lead to non-unique solutions.
Indeed, for in-plane deformations of pantographic sheets given in Fig. 4, the solution of (49) and (50) is unique
[28], whereas for out-of-plane deformations we have many solutions.
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4.2 Weak solutions for Wy
In a similar way, we introduce the following dimensionless bilinear form and the linear functional

Boo(u, v; w,z) = // [(ur1 —vi1) (win —zi1) + (w200 —va01) (w11 — 22,11)

w

+ (422 4+ v2.2) (w22 +22.2) + (u1,22 + v1.22) (w122 + 21,22)

+ (u3,11 - U3,11) (w3,11 - Z3,11) + (u3,22 + U3,22) (w3,22 + Z3,22)
+ (ul,z ‘urg+vi2— vz,l) (w1,2 +wo+212— 22,1)
+v323 + v121 + v222] dxy dxg, (57)
Loo(w, z) = // (biwy + bywy + b3ws + g121 + g222 + g323) dxy dxa. (58)
w

We again consider the clamped boundary that is with the following boundary conditions
uly, = V], = 0. (59)

For these boundary conditions, Byy(u, v; u, v) is a squared norm in some energy space E(())o which follows
from the completion of continuously differentiable functions in this norm,

2
00+
Ep

Boo(u, v;u, v) = [[(u, V)|
So, Byy becomes the coercive in Ego and similar theorems on the uniqueness and existence as above can be
formulated.

4.3 Remarks on other cases

Unlike two previous case, this technique cannot be applied straightforwardly to the pivot spring model intro-
duced by (30). Indeed, for this model, the corresponding null-space is not finite dimensional. And vice versa,
the full model with the strain energy density (12) can be analyzed similarly to these cases as its null-space is
finite dimensional. So, energy-null solutions can be avoided choosing proper boundary conditions.

Let us also underline the crucial difference between the semi-discrete model (9) and its continual coun-
terparts. The semi-discrete model corresponds to a system of linear ODEs. So its well-posedness is rather
obvious. On the other hand, the continual “homogenized” models may loose this property. So, one should be
aware of such situations.

5 Conclusions and future steps

In this paper, we formulate a linear elastic model for pantographic sheets which has the following features:

1. The placements of the two involved families of fibers are independent fields both defined in a bidimen-
sional Lagrangian reference configuration and having images in the 3D Eulerian Euclidean affine space of
positions;

2. Both families of fibers are modelled as beams which can store deformation energy due to elongation,
bending and twisting;

3. The pivots between the fibers are assumed to be connected with two sections belonging to two different
fibers (see Fig. 3), and these sections are assumed to behave as rigid bodies;

4. The strain energy of these pivots depends on the relative displacement and rotations of the aforementioned
fibers’ sections.
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We are aware of the fact that the listed assumptions do limit the range of applicability of the proposed model.
In particular, when the forming process of composite reinforcements has to be described the assumption of
small displacements and deformations cannot be accepted. Also, the friction phenomena among fibers have
to be included in the model. However, we consider the presented model as an improvement of those already
considered in the literature, see [18,28,92] and the reference therein, as the process of pivot deformation or
inter-fiber elastic interaction has not been taken suitably into account. Moreover, see [115], recently some
attention has been paid to the vibration phenomena of pantographic specimens and the experimental evidence
which has been obtained indicates that a linear elastic dynamical model can be very useful in applications.
Therefore, the first development which we will address of the results presented in this paper will surely include
the discussion of:

1. The most suitable inertial terms to be added in the Lagrangian for considered systems;

2. The properties of obtained dispersion formulas;

3. The properties of eigenfrequencies and modal forms of finite pantographic specimens suitably constrained
and excited.

Another result which we present in this paper concerns the study of well-posedness of the equilibrium
problem for the considered pantographic sheet. The mathematical problems to be faced are not as simple as one
should have expected. The standard Sobolev space setting is not suitable to frame in a satisfactory way. Instead,
anisotropic Sobolev spaces are needed and a careful study of the null-space of the postulated deformation
energy plays a crucial role in some instances of pantographic sheets where some stiffnesses are vanishing. The
null-space of some kinds of sheets may include finite or even infinite dimensional spaces of displacements
which strictly include rigid motions. The elements of these null-space have been sometimes called "floppy
modes." The boundary conditions to be imposed to assure well-posedness of equilibrium problems must, in
these singular cases, assure that all possible floppy modes are not allowed.

Let us note that here we restricted ourselves to infinitesimal deformations. On the other hand, high flexibility
of considered beam lattice structures results in necessity to analyze existence and uniqueness/non-uniqueness
of the corresponding nonlinear boundary-value problems. Unlike classic plates and shallow shells [84-87],
where deflections are larger than in-plane displacements, in general, for a beam lattice in-plane displacements
may have the same order of magnitude as out-of-plane ones. So, one can expect an essential nonlinearity of
the corresponding boundary-value problems.

We expect that the presented mathematical analysis, which shows that the treatment presented in [28] can
be extended to sheets deforming in 3D space, will guide us to treat the more complicated problems to be faced
when considering pantographic sheets undergoing large deformations, see, e.g., [18,22,92]. In other words,
we believe that for any linear or nonlinear physical model its linear mathematical counterpart that is a linear
boundary-value problem with suitable boundary conditions, such as fixed boundary conditions, should have
unique solution. Otherwise, this results not only in some pathological mathematical properties, but also in
essential difficulties in numerical calculations.

This conclusion may be also useful for the mathematical analysis of other enhanced models of continua and
structures, as for example polar, dipolar, non-local media and continue with additional kinematical descrip-
tors [95,116-120], where the enhanced kinematics may result in unusual floppy modes and corresponding
constraints to external loading.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate
if changes were made.
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