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Fixing non-positive energies
in higher-order homogenization
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CNRS, Institut Polytechnique de Paris CNRS, Institut Polytechnique de Paris Sorbonne Université, CNRS,
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Abstract

Energy functionals produced by second-order homogenization of periodic elastic structures commonly fea-
ture negative gradient moduli. We show that this undesirable property is caused by the truncation of the
energy expansion in powers of the small scale separation parameter. By revisiting Cholesky's LDLT decom-
position, we propose an alternative truncation method that restores positivity while preserving the order of
accuracy. We illustrate this method on a variety of periodic structures, both continuous and discrete, and
derive compact analytical expressions of the homogenized energy that are positive and accurate to second
order. The method can also cure the energy functionals produced by second-order dimension reduction,
which suffer similar non-positivity issues. It naturally extends beyond second order.

Keywords Linear elasticity, Variational asymptotic homogenization, Higher-order homogenization

1 Introduction

Asymptotic homogenization is a rigorous tool to derive the effective properties of a given periodic elastic microstruc-
ture [AS77, BP89, BLP11, San80]. It delivers the microscopic strain as a series expansion involving the successive
gradients of a macroscopic displacement. The terms in this expansion depend on localization tensors that are
obtained as solutions of a cascade of cell problems. At leading order, a standard effective Cauchy continuum is
obtained. Pushed to higher-order, the method yields an equivalent continuum whose energy depends on the suc-
cessive gradients of the macroscopic strain [Bou96, BS11, GK89, LM18]. This correction allows to capture size-
effects that typically occur when microscopic fields vary on the scale of a few cells [DLSS22, YAL24].

There remains a stumbling block to the use of these higher-order models: in most cases, the effective second-order
elastic stiffness delivered by the homogenization procedure is non-positive [ABV16, AL.23, DLSS22, L.M18, SCO00].
The corresponding second-order effective energy is therefore non-convex, which makes the equilibrium boundary-
value problem mathematically ill-posed. Typically, spurious solutions having short-scale oscillations are produced
by the homogenization procedure [TAL24a]. Besides, the negative stiffness associated with short-scale perturbations
leads to severe issues when the homogenized energy functional is minimized numerically [KA24].

Some remedies have been proposed. The so-called ‘Boussinesq trick’ is often applied to the strong form of the equi-
librium, effectively turning the gradient stiffness into a positive one [ABV16]. The trick however introduces higher-
order derivatives of the applied load, degrading its smoothness, and introduces quantities whose physical meaning
is unclear. Another option is to trim to zero the negative eigenvalues of the second-order stiffness tensor [DLSS22].
This option is interesting in the particular case of structures whose leading-order elasticity is degenerate but comes
at the price of degrading the order of accuracy of the homogenized model. Another approach has been proposed
recently, on which the present work builds up. It has been observed in [KA24] that the positivity of the original
microscopic problem can be preserved by carrying out homogenization at the energy level (and not at the level of the
equilibrium equations) and by truncating the microscopic strain appearing in this energy rather than the energy
itself. In this approach, positivity is restored at the price of calculating a number of non-asymptotic higher-order
energy terms whose expressions are cumbersome.

In the present work, we improve on the latter method and propose an original truncation procedure applicable to
the asymptotic expansion of the homogenized energy. It is applicable to higher-order homogenization at any order,
including second-order homogenization, and preserves the positivity of the original ‘microscopic’ energy that gets
homogenized. In the context of second-order homogenization, the effective energy obtained in this way is the sum of
two terms: (i) a first term in which the leading-order homogenized elastic moduli are combined with a generalized
strain, which we derive in the form of the usual macroscopic strain corrected by strain gradients, and (i) a second
term in which higher-order elastic moduli are combined with the strain-gradient. The procedure warrants that both
the classical (leading-order) elastic moduli and the higher-order ones are non-negative. The proposed truncation
method preserves asymptotic correctness: the difference between the positive energy functional delivered by the new
method and the non-positive one produced by the standard approach is not larger than the homogenization error.
The early version of the truncation method which we proposed recently in [KA24] shares the same key properties
but requires calculating a number of ‘negligible’ homogenized elastic moduli. The truncation method proposed here
is significantly easier to implement and yields much more compact energy functionals.



2 SECTION 2

The proposed truncation method is inspired from Cholesky decomposition, a popular numerical method used
for solving linear systems of equations involving a positive matrix #, see [Str07]. The Cholesky method produces
a diagonal matrix D > 0 having positive entries and a lower triangular matrix L having 1's on the diagonal, such
that the original matrix can be decomposed as =L -D-LT. Whereas the Cholesky method is primarily used as a
numerical method, we revisit it here in the context of homogenization (see Section 5). Specifically, we apply the
first few iterations of the Cholesky method to a block-matrix # representing the asymptotic expansion of the energy,
and observe that this produces a truncated energy possessing the desired properties of positivity and asymptotic
correctness. The positive, block-diagonal entries in the matrix D >0 are interpreted as homogenized moduli and the
entries in the lower triangular matrix L as coefficients defining the generalized strain.

The approach is illustrated with a variety of periodic structures, including continuous microstructures (Section 2)
and discrete truss and beam lattices (Section 3 and 2.4). We also cover the case of non-centro-symmetric structures,
whose homogenized energy couples strain and strain gradient (Section 6). In passing, we explain the empirical
observation that strain-gradient moduli are never negative in soft structures, i.e., when the leading-order elasticity
is degenerate [DLSS22, S18a, Dur22]. Finally, we show that our method naturally extends to higher-order dimen-
sion reduction and fixes the negative higher-order effective moduli that are found in, e.g., the bending of elastic
beams (Section 7).

In all our examples, we follow the energy-based higher-order homogenization method developed in [Lel5, AL23].
The macroscopic displacement is prescribed and the small-scale, oscillatory component of the displacement (micro-
scopic shift) is found by optimizing the elastic energy. The potential of the external loading is ignored in this process
as the external loading is coupled to the macroscopic displacement but not to the microscopic shift under standard
scaling assumptions on the load magnitude—the external loading can be restored later, when the homogenized
model is used to solve a structural problem, see the discussion in Section 3.1 in [AL23]. Next, the solution for the
microscopic shift is inserted into the elastic energy, delivering a homogenized energy functional ®*. The present
work is concerned with the final step, which is to truncate ®* in a way that preserves positivity.

2 A laminate subjected to antiplane deformation

In this section we analyze a laminate, i.e., an elastic medium made up of layers having dissimilar elastic properties.
In the interest of simplicity, we limit attention to antiplane deformation: the layers are periodic in the direction
denoted as i; in Figure 2.1, and the displacement takes place along an orthogonal direction i3 and is invariant
along 3. There is no major difficulty in lifting the assumption of antiplane elasticity but the calculations are more
involved.

The beginning of our analysis closely follows the work of [LLe15], where an asymptotic homogenization procedure
has been used to derive the equivalent elastic properties up to second order in the scale separation parameter 7.
In Section 2.4, we recall the deficiencies of the homogenized energy functionals obtained in this prior work. In
the following subsections, we discuss alternate truncation procedures, including one in Section 2.6 that preserves
positivity and is simple to set up.

2.1 Geometry and elastic energy
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Figure 2.1. Geometry of a laminate having periodicity 7 in the direction ;. The laminate is invariant in the direction i3
perpendicular to the plane (i1,i2) shown. The shear modulus of the phases (shown in blue and grey) are u; and g, respec-
tively. We limit attention to the case of linear, antiplane elasticity: the displacement is along the transverse direction i3, and
invariant in this direction.

We consider the infinite laminate sketched in Figure 2.1. It is periodic along i; with spatial period 7 >0. The
phases are made up of a linear isotropic material, with respective shear moduli ;7 >0 and u;7>0. We denote as a the
fraction of the first phase, with 0 <a < 1. The domain of the first phase is the set of points = (x1,x2) € R? such that

% Ex (phase I) 2.1)
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where y is the set of scaled coordinates y = 1~ x1 covering phase I, as shown at the bottom of Figure 2.1,

X= U [i,i+al. 2.2)
€T
The set y contains the real numbers y of the form i +b where i is a signed integer and b is the fractional part of y,
with 0<b<a< 1.
We limit attention to out-of-plane loading, i.e., assume that the displacement v is along the transverse direction
i3, and invariant in the transverse direction,

v (x1,%2) =0 (x1,%2) 3. (2.3)

The in-plane gradient of the transverse displacement v (x1,x2) is denoted as

;T”l(xl,xz)
E (x1,x2) = Vv (x1,x2) = o eR2 (2.4)
o, (1, %2)

The classical, linearized strain E from 3D continuum mechanics can be expressed in terms of the reduced strain
vector E as

=~ 1 . .
E (x1,x2) =§(E(x1,x2) ®iz+iz®E(x1,x2)), (2.5)

where ® denotes the outer product. With trE =0, the strain energy ® of the laminate, per unit thickness in the
transverse direction i3, can be expressed as

1 I
O[E] = ?IRZZM(xl)E:de
= 3 [ pGD IE G, x)12de 2.6)
1
= EJlWE(xl,xZ)'k(%) -E(x1,x2) dx

where u(x1) denotes the local shear modulus, w(x1) = puz if 77‘1 x1 € x and w(x1) =y if 77‘1 X1 ¢ x> and ||| is the
Euclidean norm of the vector E. The elastic stiffness k(y) is the periodic function with period 1 of the stretched
variable y =7"1x;

wr ifyey,

i i yE y. 2.7

k(y)=Isx {
Here, I is the identity matrix of dimension 2. Since both u; and w7 are strictly positive, the symmetric matrix & (y)
is also strictly positive in the sense of quadratic forms,

Vy, k(y)>0. 2.8)

2.2 Series solution for the microscopic strain
We now consider the limit of well-separated scales,
K1, (2.9)

in which homogenization is applicable. We use formal two-scale expansions and seek the displacement v (x1, x2)
in (2.3) in the form of a series expansion having dependence on both the slow variable x = (x1,x2) and on the fast

variable y =7~ lx1,
+o0

v(x) =Z7]ivi(x, n7lx1). (2.10)
i=0
The ‘coefficients’ v;(x,y) are assumed to be smooth functions of their arguments x and y, and can be sought as
periodic functions of y without loss of generality. In (2.10), we have introduced a single stretched variable y =75~1x;
as the laminate is periodic in the direction ;.

The leading-order displacement vy (x,y) can be identified with the macroscopic displacement u (x) and does not
depend on y. The higher-order contributions v;(x,y) for i >0 are found [Le15] as the solutions of successive problems
formulated on the unit cell y € [0, 1], using asymptotic homogenization. They are proportional to the successive
gradients of the macroscopic strain € (x): the solution derived in [Lel5] can be written as

vx) =u@) +9 Yo txy) -e@x) + 2 T (7 xy) - Ve) + 52 T (7 lxy) - V3e(x) + O (ph). (2.11)

In our notation, the macroscopic (effective) strain € and its gradients are presented as vectors that are defined in
block notation as

e

P (x)
du o€ aVe 2%
= (x) =—(x) (x) (x)
@) =Vu@) =| ™ ER? Vew)=| ™ ERY, Vi@ =| ™ = | o RS,  (2.12)
2 (%) 2 (x) ) oe
dxy x 9xy x 0xy x 01 0x5 ()

e
a—x%(x)
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The macroscopic strain vector €(x) € R2 is a condensed representation of the classical strain tensor €(x) from con-
tinuum mechanics, and the latter can be expressed in terms of the former by a formula similar to (2.5). Note
that some of the entries in the strain gradients are redundant, such as (V2e)3=0[(Ve)3]/dx1 =021/ (9x1 0x2) =
AL(Ve)1l/dxz = (VZe)s5.

The first relocalization vectors ¥o(y) € R? and ¥;(y) € R* appearing in the homogenization solution (2.11) are
obtained in subsection 2.4.2 of [Le15] in explicit form as

(1= puir) X{ (1-a) (5-y) ifyey

Yo(y) = Mo mram ™ |a(y-22)  ifygy
0
a 2 a(l-2a, .
—MX (1-a) (7}'—%+—(1122 ’) ifyey
1- + 2 _1+a a?+3a
(1-a) pr+apn a(y?_lTy+2 i +1) vy @.13)
0
Yi(y) = o

a(l-a) (a® (1-a)? u(é‘?’) ifyey
—(pr = pur) [ o) (E_ T )+{L“(H“y_ﬁ_£) v ]
w(Ty-5-3 X
By design, the operators W¥;(y) are all y-periodic and their average is zero,
(Wo)y =02, (W¥1)y=04, ... (2.14)

where ()y represents the average operator on a unit-cell

()= fol -dy. (2.15)

The microscopic strain E can be obtained by inserting the solution (2.11) for the microscopic displacement
into (2.4). The result is of the form E(x) = E* (x, 77‘1 x1) where E*(x,y) is the smooth function, defined in block-
matrix notation as

E*(x,y) = Fo(y)-e®) +1F1(y) - Ve@) +n?Fa(y) - Vie(x) + O (n®)
@) 5 (2.16)
= (Fo(y) Fi(y) Fo(y))-| nVe®) |+0@%3).
772V2£(x)

The strain relocalization matrices Fy, Fy, F, ... have respective dimensions 2x2, 2x4, 2x 8, ... and are given by

Fo(y) = I + 19 ¥)(y)
Fi(y) = 110 (¥o(y) 02)+i2® (02 ¥o(y) ) + i1® ¥i(y) 2.17)
Fo(y) = i1® (F1(y) 04) +i2® (04 ¥1(y)) + i1® ¥i(y),

where -’ denotes derivation with respect to y and (s ¢) denotes the vector obtained by concatenating the vectors s
and ¢ in block-vector notation. In the right-hand side of (2.17), the terms in the first and second column come from
differentiating (2.11) with respect to x and 5~ x; respectively.

In view of (2.14), the averages of the relocalization matrices are (Fo), =12, (F1),=0, (F2), =0, etc. By (2.16), this
ensures that the macroscopic strain coincides with the average of the microscopic strain with respect to the fast
variable, £(x) =(E* (x,y) ).

2.3 Series expansion of the energy

In the limit of well-separated scales 7 — 0 and up to boundary terms which we can ignore since the laminate covers
the entire plane R2, the strain energy ®[E] in (2.6) can be integrated sequentially, over the fast variable y first and
over the slow variable x next,
®[E] = [ E@ ~k(x—1) E(x) dx
1 B n (2.18)
5 oo (B*@,9) -k(9) -E*(x,3)), dx.
This identity is at the heart of energy-based homogenization and is used, e.g., in Equation [2.5] of [Le15] .
Inserting the series solution (2.16) into the right-hand side in equation above, we obtain the strain energy ®*[e] =
@ [E] in the form of a functional of the macroscopic strain &,

1 £(x) e(x)
D[] :ij§ nVew@) |.t-| nVe®) |dv+00®) (2.19)
772 Ve (x) 772 V2e(x)
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where the matrix of homogenized elastic properties # is the symmetric matrix of dimensions 14 x 14 defined by

t=<(F0(y) Fi(y) Fa))" k() (Fo(y) Fi(y) Fa(y) )> (2.20)

y
Note that the block matrix (F, F, F,) is of size 2x (2+4 + 8) =2x 14, and that both contractions take place over the 2
rows of this matrix. The quantity # can be expressed in terms of u7, uzr and @ using (2.13) and (2.17) but the resulting
expressions are cumbersome and are not included here.

The symmetric matrix # is clearly positive in view of the positivity of k(y) in (2.8),

>0, (2.21)

and our goal will be to preserve this positivity in the final homogenized energy.

The laminate being mirror-symmetric in both the horizontal and vertical directions, the homogenized energy
@* can only couple gradients of the strain whose orders are either both even, or both odd: these are the only energy
terms whose sign is preserved by the mirror symmetries. This is a classical result known as centro-symmetry in
the context of periodic homogenization, see Appendix B of [Bou96] and [ABB09, TB96]. An explicit calculation of #
using a symbolic calculation language confirms that the blocks in the matrix ¢ that couple even and odd orders in
the strain gradients are zero, so that # can be rewritten in block-matrix notation as

K 094 C
t=| Osx2 B 043 |. (2.22)
CT 0gs Z

In view of (2.19), the diagonal terms K, B, Z are square matrices with respective dimensions 2x 2, 4x4 and 8 x 8

that give rise to energy contributions proportional to £ ® £, 7? Ve ® Ve and 5 V2e ® V¢, respectively, whereas the

off-diagonal block C has dimensions 2 x 8 and gives rise to an energy contribution proportional to 7% ® V2e.
Equation (2.19) can be rewritten in expanded form as

O] = [ 3 (e K-e+77 (Ve-B-Ve+2e-C-V2e) +7 Ve - Z- V%) du+ O (). 2.23)
The sub-blocks of ¢ associated with the successive orders in 7 are therefore arranged along lines parallel to the SW-

NE diagonal, stacked form NW (order 770) to SE (order 774), using standard abbreviations for intercardinal directions:

e the contribution of order 770 comes from the top-left block K which contains the results of leading-order (clas-
sical) homogenization,

« the diagonal CT-B-C gives rise to energy contributions proportional to 7]2,

o the lower-right block Z gives rise to energy contributions proportional to 7*—these contributions are negli-
gible in view of the remainder © (7]3) in (2.23) but we keep it for a moment.

With help of (2.20), we obtain the following expressions of the blocks making up the matrix ¢ in (2.20)

order | diagonal blocks off-diagonal blocks
" |K = (F§ ) k) -Fow),
7 |B = (F{ () k() -Fi(), C = (F{ o) k() -Fa)), (2.24)
"t |Z = (F () k() -F(),

By (2.8) or (2.21), the symmetric blocks K and B appearing on the diagonal of # are positive in the sense of
quadratic forms,
K >0

B > 0. (2.25)

The negligible diagonal block Z is positive as well but this property will not be used. The strict positivity of K
in (2.25) comes from the fact that k(y) >0 and detFy(y) =[(1-a) /L]+G/LII]_1 X { Z:’ ﬁ:j;;‘ >0, implying that Fy is
full-rank.

Remark 2.1. The blocks C and Z are expressed in (2.24) in terms of Fa, which is itself given in (2.17)3 in terms of a
high-order relocalization vector ¥o(y). The expression of ¥y (y) is not included in Equation (2.13) and can only be
obtained by pushing homogenization to a higher order which leads to cumbersome calculations. There is in fact no
need to compute Wy (y):

e By the same argument as used at the end of Section C.3 in the Appendix of [AL23], one can establish the
identity (FOT ) - k(y) - (E1® \I'é(y)))y =0 which is a property of the leading-order solution Fj, and holds
irrespective of the expression of Wa(y). This shows the correct value of C can be obtained by setting simply
Yy (y) =0.

o Setting ¥o(y) =0 does affect the value of Z, but this has no consequence. Indeed, (i) Z gives rise to negligible
energy contributions, of order 7%, and (ii) the only benefit of Z is to preserve the positivity of £, see Section 2.5
below, but this positivity follows from (2.20), irrespective of the exact expression of Wy (y). Setting Wa(y) =0
is therefore acceptable.
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2.4 Naive truncation of the energy

In this section, we present the standard truncation procedure used in the literature on high-order homogenization,
including in [Le15] among a number of other works, and point out its deficiencies.

The most obvious way of truncating the energy in (2.23) is to drop the negligible term of order 7]4, which yields
an approximation df[e] =D [e]+ O (7]3) consistent with second-order homogenization in the form

df[e] = Rz%(e-K-e+772(Vs-B-Ve+2r-:-C-V2r-:))dx. (2.26)

This truncation amounts to trim off the blocks appearing below the SW-NE diagonal in the expression of ¢ in (2.22),
that is to replace ¢ with
K o0C
t'=] 0 BO (2.27)
ctoo

Next the C-terms, proportional to V2¢, are integrated by parts and merged with the B-terms. This yields another
approximation ®*[£] of the energy consistent with the previous one up to boundary terms (which we ignore since
the laminate is infinite in all directions),

dHe] = L n* :
[e] = IRZ (Ee(x)-K-e(x)+7Ve(x)'B -Ve(x))dx
1 e(x) K 00 e(x) (2.28)
= IR2§ nzvg(x) 0 Bt o ZV;‘(x) dx.
n“Vae(x) 0 00 n°V<e(x)

where the gradient properties are now captured by the symmetric matrix
Bf=B-(C+CT). (2.29)

Here, C is the 4 x 4 matrix obtained by splitting the matrix C = (¢, ¢;) of dimensions 2 x 8 into two blocks C; and Csy
having dimensions 2 x 4 each, and rearranging them as

e(a)

The new tensor B¥ capturing the gradient effect is not positive. Indeed, its diagonal component BL, calculated
with the help of Equation [2.89] in [Le15], is strictly negative,

a2<1—a)2(m—mz)2((1—a)m+amz)<0

2.30
12 g gy ( )

Bj,=

With a non-positive matrix of high-order homogenized moduli B the energy €] is entirely useless. Indeed, observe
that the mode u_(x1, x2) = sin (77‘1 x9) has strain e_= (0 5 cos (77'xy) ), strain gradient Ve_=—(0 0 0 »2sin (5xy) ),

and contributes to the energy density through the gradient term as %ZBL (Vel)3 ="T_ZBL sin® (7 xg), which on
average over xg and for small 7 is a very large, negative contribution. An arbitrary equilibrium solution u that
makes the energy ®¥[e] stationary can be combined with a perturbation along the mode u_ with a small ampli-
tude © (7]1/ 2) « 1 to make the energy as large and negative as one wishes. This shows that the energy ®*[¢] is
not bounded from below in any neighborhood of any particular solution. In particular, no equilibrium is stable.

In the remainder of Section 2, we explore an alternative truncation method that preserves the positivity of # and
requires no integration by parts.

2.5 Over-conservative truncation

In recent work [KA24], we have proposed to skip the truncation altogether as a way to preserve positivity: an energy
functional similar to that appearing in (2.23) has been used, including the high-order Z terms,

IRZ%(E-K-E+772 (Ve-B-Ve+2¢e-C-V2¢) +7* V- Z- V) dar. 2.31)
The work [KA24] was in fact concerned with nonlinear dimension reduction and is being rephrased here in the
language of linear homogenization. The positivity of the # matrix, see (2.21), warrants that the homogenized energy
above does not suffer from the deficiencies discussed in the previous section. The energy functional could success-
fully be used in numerical simulations to generate self-contained, coarse-grained predictions having higher-order
accuracy [KA24].

This approach requires to explicitly calculate the ‘negligible’ Z block for the sole purpose of preserving positivity.
Calculating Z is tedious, as shown by the (incomplete) set of expressions given in the Appendix of [KA24]. This work
concerned a ribbon, in dimension d =1, and the size of the square matrix Z grows quite quickly with the dimension
d, making the calculation of Z even less desirable.
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2.6 Minimal truncation preserving positivity

We proceed to present the new truncation method which preserves positivity without computing the Z-block. It only
uses the asymptotically meaningful blocks K, B and C as input, i.e., it starts from the truncated matrix of elastic
moduli,

K 034 C
t=| 042 B ---|. (2.32)
CT

where the dots denote blocks associated with higher-order effects.
Instead of integrating the £ ® V2¢ terms by parts, we incorporate them into the leading-order terms: up to terms
of order 7)3 denoted by the ellipses, we have

®*[e]

JIR2%(E~K~E+772(VE’B-V€+2€~C'V2€))dx+"'

(2.33)
1 _ _

=[5 {e+n?K1-C-V%}-K-{e+7?K1-C -V} +7?Ve-B-Ve) du+ -
The right-hand sides on the first and second line differ only by a negligible term, 7* (C- V2¢) -K~1. (C- V2¢). We have
just identified another asymptotically correct approximation of the energy at this order, ®,[e] = ®*[e] + O (%%), in
the form
1 _ _
§{e+7)2K L.c.v%}-K-{e+n’K1.C-V%}
el =, 2 (2.34)

+2-Ve-B-Ve
In addition to being asymptotically correct, this energy is positive thanks to the positivity of the symmetric matrices
K>0and B>0, see (2.25). The strict positivity of K also ensures that it can be inverted.
The energy density in (2.34) is made up of two terms:

e On the first line, the leading-order homogenized elastic coefficients are combined with a generalized strain
appearing in curly braces, which is the classical strain € at leading order corrected by a second-gradient term
2 -1 2
n°K-C-V=e;

e On the second line, the positive matrix of higher-order moduli B is combined with the standard strain gra-
dient.

The key property of ® in (2.34) is that the C block, which has no special positivity property—it is not even a square
matrix—, enters in the definition of the generalized strain (inside the arguments of the quadratic forms) but rot in
the definition of the elastic moduli (in the quadratic forms themselves). By contrast, the writing in (2.26) suggests
that the entries in C can be interpreted as homogenized elastic moduli, which is misleading.

The homogenized energy ® . [£] is therefore both asymptotically correct and simple to derive.

2.7 Notation recap

In Table 2.1, we recapitulate the symbols used for the energy at the successive steps of homogenization. The micro-
scopic energy we started from is denoted as ®[E], where E is the microscopic strain. Using homogenization, we
have been able to eliminate the macroscopic variables in favor of the macroscopic strain € and derive a functional
®*[e]. Next, we have discussed two strategies for truncating ®*. In existing work, all terms that are negligible are
removed, yielding a functional ®f[e] which is subsequently integrated by parts into ®*[e]. The latter, however,
is non-positive. We proposed an alternative truncation yielding a non-negative energy functional @, >0. All these
energy functional agree up to an error of order 7P*1, where 1 <« 1 is the scale separation parameter and p is the
homogenization order—we use p =2 throughout in this paper.

microscopic model ®[E]
output of homogenization ®*[¢]
naive truncation ®f[e], P¥[e]
positive truncation @, [€]

Table 2.1. Main steps in homogenization procedure and symbols used for the different types of energy functionals.

3 A simple lattice: the triangular truss

In this section, we show that the truncation procedure proposed in Section 2.6 can be applied to discrete elastic
structures as well. We start with the triangular truss in dimension 2, shown in Figure 3.1. In a simple lattice such
as the triangular truss, the nodal displacement is expressed directly in terms of the macroscopic displacement and
there is no need to introduce a microscopic shift. This makes homogenization straightforward. Non-positivity issues
do arise in the homogenized energy of simple lattices, however, and they can be fixed by the same strategy as that
presented in Section 2.6 for the laminate, as we show. The case of a complex lattice is addressed in the next section.
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This section and the next one are based on the high-order homogenization method for elastic lattices presented
in [YAL24]. For a detailed presentation, the reader is referred to this paper.

Figure 3.1. A 2D infinite periodic triangular lattice, composed of identical springs with spring constant 2. A unit cell is shown
in red, and contains three springs of types ¢ € {I,II,IIT}. The center of a particular spring analyzed in the text is denoted as
«x¢ and its endpoints as +.

3.1 Geometry and elastic energy

The triangular lattice is shown in Figure 3.1. It is obtained by repeating periodically the unit-cell, shown in red
in the figure, along the generating vectors 7i; and i3 =7 (i1 -3 i2) /2, where 5 < 1 is the length of the truss
elements. There are three families of springs with different orientations in space, having all the same rest length 7
and spring constant k. The families are labelled by an index ¢ € {I,II,III}, with ¢ =1I for the springs aligned with
the i direction.

In this simple lattice, homogenization is carried out by writing the nodal displacement vy of a node labelled B
having undeformed position xg in terms of a macroscopic displacement u: R - R2 as

vg=u(xp). 3.1)

Next, the linearized change of length of the different springs is calculated. Consider the particular spring of type
I having midpoint (center) ¢ shown in Figure 3.1, for instance. We denote its endpoints as 8 =— and 3=+, having
n

undeformed position X, =x°+ i, respectively. The linearized change of length of the spring can be written as

(u{o) o —20))

_ o (ua, e Pur 4
= 77(axl(’”“L3!22 o3 O
2 2
Ui d%11 c 4

+0O
S 5 (77))
1

n ([i1®i1] 1e(x%) +7]2 [Wh@il@il@il] 11 V2e(x0) +@(n4)),

(vy-v) iy

(3.2)

7 (En(xc) +

where the symbols : and :: represent multiple contraction, see Appendix A for a proper definition, and £(x) denotes
the macroscopic strain,

£(x) =%(Vu(x) +Vul (x)). (3.3)

The strain £(x) is now a symmetric, 2 x 2 matrix as we no longer use the compact, vector form of the strain used
earlier in (2.12), that was relevant to antiplane elasticity. The successive strain gradients Ve are now tensors of
order £ + 2 and dimensions 2x ... x 2 and are no longer represented in compact, vector form either.

In view of (3.2), we introduce the continuous function

Er(x) = [i1®i1] :€(x) + 7> [ i1®i1®i1®i1] 11 V2 (%) + O (%), (3.4)

1
3122
which yields the change of length in a spring of type I as 7 Ej(x®), where x¢ is the spring midpoint position in
undeformed configuration. The dependence of Ej(x) on 7 is implicit in our notation.

The argument is repeated with the two other families of springs and the quantities E;(x), Ej7(x) and Ejj7(x) are
collected in a vector called microscopic strain,

E(x)=

Er(x)
En(x) |€RA. (3.5)
Epr(x)

Using (3.2) and similar formulas for the other types of springs, we can express E (x) in terms of the macroscopic
strain € as

E(x)=Fj:e(x) +172F2::V25(x) + @(7)3). (3.6)
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where the constant tensors Fy and Fa, with respective dimensions 3x2x2 and 3x2x2x 2 x 2 are obtained by assem-
bling the coefficients appearing in square brackets in Equation (3.2) for type-I springs and in the corresponding
equations for the other types of springs.

Denoting as i € ¢ the index of a generic spring of type ¢ and as x7 its midpoint, we can write the energy of the
discrete lattice as a sum of all springs, grouped by family,

1
o= ) ) Sk(nE,@D) 3.7
pE(LILIT} i€y

Using the Euler-macLaurin formula [KC02], and up to boundary terms which we ignore as the domain is infinite,
we can rewrite each sum (involving a particular type of links ¢) as an integral

1 92,2
(3} IRZEPn kEy(x) dx
pE(LILIT} (3.8)

- [ % p PR IE @) | d.

Here, p represents the density per unit area of any particular type of springs,

2
- ) 3.9
P
The strain energy (3.8) can be rewritten in a way similar to (2.6-2.7) as
1
O[E]= [ ,7E@ k-E) d, (3.10)
where k is the stiffness matrix
r=2kp, (3.11)

V3
Equation (3.10) follows from Equations [3.38,3.39,5.1] in [YAL24].

3.2 Series solution for the microscopic strain

As the lattice is simple, there are neither a microscopic shift nor a fast variable y, and the expansion (3.6) already
yields the microscopic strain E in terms of the macroscopic strain € and its gradients, like Equation (2.16) for the
laminate.

In the companion notebook homogenize-triangular-truss.nb provided as supplementary material [TAL24b] to the
present paper, we use the shoal library [Aud23], that carries out automatic second-order homogenization of elastic
lattices based on the symbolic calculation language Wolfram Mathematica [Wol21]. The library is presented in
detail in [AL23]. The geometrical and elastic features of the lattice are given to the library, which calculates the
various quantities related to its homogenization, including the strain localization tensors Fy and Fa: their detailed
expressions are available in the companion Mathematica notebook.

3.3 Series expansion of the energy

By inserting the expansion of the strain E(x) in (3.6) into the continuous energy ®[E] in (3.10), we can define an
effective energy ®*[e] for the triangular lattice as

*[e] = fW%e(m K:e@) +n2e®) :C:: V() da+ O (1) (3.12)

where K and C are the fourth and sixth-tensors, respectively, given by

Kijkl = (FO)pijkpq (FO)qkl

3.13
Cijkimn = (F0) pijkpg (F2) gkimn- 3.13)

Here, we follow Einstein's summation convention, whereby a repeated index implies an implicit sum on this index.
These expressions of K and C are similar to those derived for the laminate in (2.24).

The tensors K and C are directly output by the shoal library in symbolic form as the library already implements
the formulas (3.13). With the help of the symbolic calculation language Wolfram Mathematica, we have rewritten
their action on £ and V2¢ in terms of invariants that reflect the symmetries of the triangular lattice. The details of
the reduction are available from the companion notebook and the result is

K:e(w)=A+p)Istre+2pueP, (8.14)
where e = e —Iotr £/2 denotes the deviatoric part of € in dimension 2 and A and u are the Lamé parameters

predicted by leading-order homogenization,
3k
/l:,lLZ‘/—T>0. (8.15)

The expression of K in (3.14) is consistent with classical homogenization results from previous work, see [VP12,
S18c] among others.
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Equation (3.14) shows that the quadratic form K acting on symmetric tensors ¢ is strictly positive,

K>0. (3.16)

The tensor C in (3.13) is reduced similarly using a symbolic calculation language and we obtain

. v2.. gzT[3,1,2] Tsym
C::V%(x):L v2tre+Ae+§§b::v2e+ FVeFg "7 , (3.17)
32,3 2 2
where Ae = V2e:I, denotes the Laplacian of the strain,
F=i1®(—i1Qi1+i2®i2) +i2® (i1 Qi +i2Q®i1) (3.18)

is a rank-3 tensor that is invariant by the Ds symmetry of the triangular lattice, Djri = Faij Faki/2 is the pro-
jector on the subspace of deviatoric strain, s7[3:1:2] denotes the generalized transpose of a rank-3 tensor s such that
(sT[3’1’2])jki =8, and [I]%¥" = (i + iT) /2 denotes the symmetric part of a 2 x 2 tensor.

Remark 3.1. Comparing (2.23) and (3.13) reveals that B =0 for the triangular lattice. This is a direct consequence
of the fact that F; =0, as shown by comparing (2.16) and (3.6), see also the expression of B in (2.24).

Remark 3.2. Since we will be applying the new truncation method presented in Section 2.6 and will be bypassing
the over-conservative one from Section 2.5 for this application (as well as for the forthcoming ones), we have not even
derived the Z terms of order 5* in the energy (3.12), unlike earlier in (2.23).

3.4 Naive truncation of the energy

If we truncate and integrate by parts the term e(x) :C:: V2¢(x) as we did earlier in (2.28), and as is commonly done
in the literature, we get an energy ®*[¢] in the form

2
Bifel= [ 2e@) Kie@ L Vew) : (20) - Vew) dr. (3.19)

This expression is similar to that in (2.28-2.29) for the laminate, but with B¥=—2C since B=0. Note that the tensor
C natively satisfies the major symmetries, Cjrimn = Cimnijk-

The quadratic form B¥=-2C is calculated in symbolic form in the companion notebook, and all its eigenvalues
are found to be negative, B*<0, i.e., 2C>0. The energy ®*[¢] is therefore non-positive and the naive truncation
fails again.

3.5 Truncation preserving positivity

As argued earlier in Section 2.6, incorporating the second-order term £(x) :C:: V2e(x) in (3.12) into the leading-
order term €(x) : K : e(x) preserves positivity. This yields an approximation of the energy that is exact to order 772
included, ®[e] = ®*[e] + O (%), in the form

Oilel= [, leK:zdr wherei={e@) + 2K 1:C:: V2% @) (3.20)

Here, K1= 41(3®+I;) + 22 is the inverse of the strictly positive quadratic form K, satisfying K~1:K :e= €. The proposed
energy @, matches that in (3.12) up to a negligible term, of order %%. It also closely resembles that of the laminate
in (2.34), except for the fact that the triangular lattice has B=0. The positivity of leading-order stiffness K in (3.16)
warrants that @, [€] is positive.

The generalized strain €= {e + 772K‘1 :C:: Vze} is obtained in the companion notebook in explicit form as

2 . v2,. ggTI3,1,2] 7sym
E={E+Z—8(Ae+(v2tre)D+ %] )}, (3.21)

where (Vztr e)D =% :: (Vtre) = V2tre—Iy Atre/2 denotes the deviatoric part of the second gradient of (tre). This,
together with the expression of K in (3.14), makes the expression (3.20) of @ fully explicit.

Note 3.3. In its first version, the library shoal was implementing the naive truncation method from Section 3.4,
which broke positivity. Along with this paper, we are releasing an update to the library that outputs the homog-
enized properties K, B and C without integrating by parts. This update to the library was used to produce all the
homogenization results for the lattices analyzed in this paper (triangular, honeycomb and pantograph).

Remark 3.4. (geometric compatibility) A symmetric tensor field € (x) is said to be geometrically compatible if
there exists a vector field & (x) such that &(x) = (Vi (x) + Val (x)) /2. In dimension 2, a necessary condition for
geometrically compatibility is 9811/ 0x3 + 02/ x5 — 2 dé12/ (dx1 dx2) =0 for all x. In the companion notebook, we
test this equality using the generalized strain & given in (3.21) and find that it is violated at order %2. This proves
that there does not exist a generalized displacement @ (x) in terms of which the generalized strain could be defined
as E(x) = (Va(x) + VaTl (x)) /2.
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4 A complex lattice: the honeycomb

In this section, we consider the honeycomb lattice in dimension 2, as sketched in Figure 4.1. It is a complex lattice
as it contains two different types of nodes (shown in black and in white in the figure) that are not congruent to one
another via the generating translations of the lattice. In complex lattices, one needs to introduce microscopic degrees
of freedom, denoted as £ and 1. here, that capture the relative displacements and rotations of the two types of
nodes. Homogenization links the microscopic degrees of freedom to the macroscopic strain € and its gradients.

Second-order homogenization of the honeycomb lattice has been carried out in [YAL24], and we follow closely this
presentation in Sections 4.1 to 4.4. In Section 4.5, we apply the novel truncation scheme preserving positivity to the
non-positive energy obtained in this previous work.

Figure 4.1. A 2D infinite periodic honeycomb lattice, composed of identical beams. The red cell, indexed i, is the minimal unit-
cell and contains three beams of type ¢ € {I,II,IIT}. The center of a particular beam that is analyzed in the text is denoted as x°.

4.1 Geometry and elastic energy

We consider an infinite honeycomb lattice, obtained by repeating the unit-cell (show in red in the figure) periodically
along the generating vectors i1 = (y3i1+i2)/2 and 2. The unit cell contains three families of beams of length 7,
each family being labelled ¢ € {I,II,1II}. The beams are considered inextensible.

When this complex lattice is homogenized, the Cauchy-Born rule states that the displacement vg and rotation 0
of a node having undeformed position xg take different forms depending on the node family, see also Equation [3.4]
in [YAL24],

| displacement vg rotation ﬂﬁ
white nodes u(xg) -7 f(xﬂ) vy(xg) + Yo (%) (4.1)
black nodes u(xﬁ) +7 f(x/g) fy(x/g) + 1ﬁ+(x/g).

Here u (x), f (®), y(x) and Y. (x) are smooth functions of the macroscopic variable x that can be expressed as
regular series in 7, as earlier in (2.10), u (x) being the macroscopic displacement, y(x) = (dug/dx1—du1/dx2) /2 the
associated rotation, f (%) the microscopic shift and V. (x) the microscopic rotation of the black nodes (1_) and white
notes (Y;). Even though these functions are smooth, the displacement vg and rotation 9/3 in (4.1) vary quickly at
the scale of a unit cell due to the alternating signs + in front of the microscopic displacement (+7 £ term) and in the
microrotation (v, terms).

The main task of homogenization is to solve for the microscopic displacement and rotation in terms of the macro-
scopic strain €(x) = (Vu+ VuT) /2, see (3.3). A perturbative solution is available from Equation [5.10] in [YAL24],

Ex) —%yze(x) + 0xn + ...

Ya(x) = 0 + Z)iTncurl(g':(-:(x)) + ...

(4.2)

where 7 is the rank-3 tensor characteristic of Dg symmetry introduced in (3.18) and curla(x) denotes the (scalar)
curl of a vector field in dimension 2.
The inextensibility of the beams requires the macroscopic deformation to be incompressible,

tre=0, (4.3)

as stated for instance in Equation [5.8] from [YAL24].
The energy of the beam labelled 'I' in Figure 4.1 is given by linear beam theory as == (K] +1277 #) where 7 is the

beam length, EI is the bending modulus, and k;=60, -0_and ;= €’+ G40 (@iov) are two strain measures relevant

to the linear theory of inextensible beams, see Equation [2.12] in [YAL24]. The elastic energy for the entire lattice

can then be written as

®= ) %ﬂ (k2 +1272), “.4)

pe(LILIT} i€y
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where the first sum runs over beam families ¢, and the second sum over beams belonging to a particular family, see
Equations [2.16] and [2.23] in [YAL24]. The dependence of the strain measures &, and 7, on the particular member
i of the family ¢ is implicit in the sum above.

4.2 Series solution for the microscopic strain

The strain measure «; =0, —0_ quantifies the mean curvature imposed by the rotation f. of the endpoints. By a
similar calculation as earlier in (3.2), but paying attention to the fact that the (-) endpoint is now black whereas the
(+) endpoint is white, one can express the strain «7 in the horizontal beam labelled 'I' in Figure 4.1, having midpoint
x°, as

kp = 04-0_
(o ) - ) - o)+ o3
NVYE) + o+ Yo (@) + g VYo (@) A1 =Y () + 9 Vi (69 i+ -

The gradient of the macroscopic rotation Vv can be worked out as Vy = (@elg/axl - de11/0xe) i1+ (—de12/ dxe +
afzg/ a.xl).ig =% . Ve in terms of the strain gradient Ve, where ¢ =i ® Lenthoh o 11-11011Q11Qiz—i2®
Lonthon g is+i2Q®i2®i3® i1 is a constant rank-4 tensor, see Appendix A.3 of [YAL24]. On using the solu-
tion (4.2)g for the microscopic shift and rewriting curl (% : €) = ¢’ - Ve with the help of another constant rank-4
tensor &’ (whose expression is omitted for the sake of brevity), one obtains the Taylor expansion of k7 as

kr=[0]:e(=x%) +7 [?—%9'] ~Ve(x®) +12 [0] 11 V2 (x%) +0(5%). (4.6)

Next, we introduce the full set of deformation measures relevant to all 3 families of beams in the form the micro-
scopic strain vector,

E=(«; 71 ky o kmr Tir ) ERC. 4.7
A similar calculation as that done above in (4.6) yields the Taylor expansions of the strain measures «,, and 7, for

each type ¢ of beams. Collecting them, one obtains a Taylor expansion for E = E(x) in the same form as earlier
in (3.6), where E (x) is the smooth function

E(x)=Fy:e(x)+nF1-Vex) +772F2::V2e(x) + @(n3). (4.8)

The tensors Fy, F1 and F; are calculated in symbolic form using the homogenization library shoal in the companion
notebook homogenize-inextensible-honeycomb.nb, provided as supplementary material [TAL24b]. The tensors F; are
constant that have no dependence on any parameter.

4.3 Series expansion of the energy

By a similar argument as earlier in Equation (3.8), the strain energy @ in (4.4) can be continualized as

PEI=5 [ E@® b E® b 9
where k& is the diagonal matrix
1
(" 12)
EI
k='°T (') , (4.10)

("12)
with missing components being zero. The 3 diagonal blocks are each associated with a family of spring, to reflect
the ordering conventions in (4.7). The coefficients 1 and 12 making up each block come from Equation (4.4) and
p=2/(3y3 772) is the area density of each particular type of beam. The continualized form of the energy (4.9)
appears in Equations [3.38,3.39,5.1] in the original paper [YAL24].

For the lattice energy to remain finite in the limit 7 — 0, we require that the bending moduli EI scale as 773, ie.,
we rewrite EI =E17° where the scaled bending modulus ET is finite. The coefficient in the right-hand side of (4.10)
can then be rewritten as pEI/9=2E1/(33).

By inserting the approximated strain E (x) (4.8) into the continuous energy ®[E] (4.9), we identify an effective
energy for the honeycomb lattice in the form

o 1ePI=24 [, %ED(x) €D () + 72 (%VED(x) ~B-VeP(x) +eP(x):C:: v2eD(x)) dx+ 0P “.11)
where y is the homogenized shear modulus predicted by classical homogenization

;4:4\/§E'_I, (4.12)

which is obviously positive, u >0. By the incompressibility condition (4.3), the macroscopic strain is purely deviatoric,
hence the notation £ =P in the homogenized energy. There is no term coupling €” and Ve? in the expression (4.11)
of ®*, as a consequence of the lattice being centro-symmetric.

The tensors B and C are calculated by the library shoal in terms of the F;'s using formulas similar to (2.24)
and (3.13). They are given in symbolic form in the companion notebook.
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With the help of symbolic calculations, we have further reduced the operators B and C in the companion note-
book: their action on the first and second gradient of strain has been rewritten in terms of invariants as

Vel (x) ~B Vel (x) = icurlz(y D)+ |_OZ V(Z:eD)|?
9T[3 1,2] ] ) (4.13)

..v2.D _ 1 D ?VZED
C:: Ve (x) =16 (3Ae -79: [—2

>

where & is given in (3.18), & and T'[3,1,2] are the deviatoric projector and generalized transpose already appearing
in (3.17), respectively, A is the Laplacian and the square norm lel® of a (deviatoric) tensor ¢ is defined as |e|2=¢:e.
The positivity of the quadratic form B is evident from (4.13);,

Vel (x) B~ Vel (x) 0. (4.14)

4.4 Naive truncation of the energy

The original analysis of honeycomb lattices [YAL24] was based on an early version of the library shoal which cal-
culated the expression (4.11) internally but carried out an integration by parts and the naive truncation without
exposing the form ®* nor the tensors B and C to the user: the homogenized energy reported in Equation [5.9] of this
paper [YALZ24] took the form (analogous to (3.19))

2
i =2 [ ( SePieP 4o ( ~TVEP VP + 22| VD TP + 2div? (F:€P) ) ) d. (4.15)
The strain-gradient contribution is non-positive due to the negative coefficient (-7), as noted by the authors in their
Remark 17.

4.5 Truncation preserving positivity

Applying instead the positivity-preserving truncation scheme from Section 2.6 to (4.11), we obtain an alternative
expression of the homogenized energy that is consistent to order 52 included,

%{ED(x) +n20::V2£D(x)}:{£D(x) +1720::V26D(x)}
O, [eP]=2p |, 2 dx. (4.16)
+ ’77 Vel (x) ~ B~ VeP (x)

The quantity {...} inside the curly braces is a generalized strain measure. Equation (4.13)2 shows that the strain
correction nz C :: V2eP (x) is a deviatoric rank-2 tensor (i.e., it is symmetric and traceless) like the leading-order
strain P,

A fully explicit expression of @, is obtained by combining the expression above with (4.13), which yields

1| 7]_2 . ' . V2eD; gTI3.1.2] 2
5l +16 3Ae”-79D: —2

Dy _
D, [e ]_2MIR2 de, 4.17)

2
+% (icurlz (F:eP) +45 ||_OZ V(P: eD)||2)
This functional is clearly positive.

Remark 4.1. (geometric compatibility) By the same method as for the triangular lattice, see Remark 3.4 at the
end of section 3, it has been checked in the companion notebook that the generalized strain {eD x) + 7]2C 1 V2P (x) }
is not geometrically compatible.

5 Connecting with Cholesky decomposition

In this section, we connect with the LDLT Cholesky decomposition, a classical method used in numerical
analysis [Str07]. The Cholesky decomposition takes a symmetric positive matrix ¢ on input and decomposes it iter-
atively into #=L-D - LT, where L is a lower-triangular matrix filled with 1's on the diagonal, and D is a diagonal
matrix containing only positive entries, D >0.

We introduce the following variant of the Cholesky decomposition:

o We start from a symbolic matrix ¢ whereas the original Cholesky method works on numerical matrices.

e We carry out only the first steps of the Cholesky decomposition: when homogenizing to order % included (p =2
in our examples), we stop after p + 1 iterations.

e In our variant, the input matrix # is defined by blocks and the Cholesky decomposition is carried out at the
block level and not at the level of the individual entries of £. This enables us to handle the common situation
where there are multiple scalar measures of macroscopic strain—the laminate example from Section 2, for
instance, uses a strain E having 2 components, see (2.4).
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The Cholesky decomposition helps extending the truncation method proposed so far in two important ways:

e tonon-centro-symmetric structures (the examples analyzed so far were all centro-symmetric, a particular case
in which our truncation method simply requires moving the cross terms of the form Ce¢’’ into the leading
order K £2/2, see for instance Section 2.6).

e to arbitrary homogenization order (even though emphasis is on second-order homogenization here).

5.1 Cholesky decomposition by blocks

The input to our variant of the Cholesky decomposition is symmetric matrix # written in block-matrix notation as
K A C
AT
cT ...

[l>~}

t= , (5.1)

where the ellipses represents blocks that we do not need to resolve as they represent higher-order effects. Obviously,
the diagonal blocks K, B, etc. have to be symmetric.

Anticipating on what comes next, we annotate the various blocks with multiple underlines to denote the iteration
at which the various blocks enter into the procedure: K will be used in the first iteration (numbered 0), A in the
second iteration (numbered 1) and B and C in the third iteration (numbered 2). A key remark is that the iteration
numbers match the orders of the e_nergy_terms associated with the different blocks when # is interpreted as the
matrix of elastic coefficients—see Equations (2.19) and (2.22) for example. Indeed, the K block gives rise to an energy
contribution - K- €/2 of order 770, the A block gives rise to an energy contribution £-A - (7€) of order 771, the B and
C blocks give rise to energy contributions (n&’) -B- (ne’) [2+€-C- (772 €’’) of order 772, etc. This match in the orders
Efmagnitude of the blocks in the matrix # producgd by homogeni;ation, and in the iteration number of the Cholesky
decomposition makes the latter perfectly suited to the former.

We assume that the top-left (symmetric) K block is positive definite, and that the matrix # is positive but not
necessarily definite. The only positivity properties which we will use in second-order homogenization are

K A
K>0, AT B >0. (5.2)
For homogenization at order p, we would assume that the first p square super-blocks starting from the top-left
corner of ¢ are all positive.

Following Cholesky, we seek a decomposition of # in the form

I 00-- Dy, 0 0 - I 00--\T
‘e L I O0-- 0 21 L I 0-- ’ 5.3)

Ly - 1o = L -

where the first matrix is lower-triangular by blocks and has only identity blocks on the diagonal, the third matrix
is the transpose of the first, and the second matrix is block-diagonal.

Calculating the matrix products on the right-hand side of (5.3) and identifying with (5.1), one obtains the fol-
lowing relations: at iteration 0, Do =K at iteration 1, D Lyl‘ =A; at iteration 2, Dy QE =CandL;-Dy -Ljf +D1=8B,
etc. The pieces of the LDLT decomposition can be solved from these relations uniquely ‘and the solution is shown
in Table 5.1. Note that we have correctly anticipated the iteration number, shown by the number of underlines, at
which the quantities L; and D; are solved (left-hand sides in the table) and at which the blocks of £ are first used (in
the right-hand sides in the table).

iteration | 0 1 2
moduli Dy=K D;=B-AT - KT.-A
coefficients Li=&1.4)T Lo= (K1.0)T

Table 5.1. Solution for the Cholesky decomposition.

€ 0)
We now apply the quadratic form associated to # in (5.1) to a vector written in block-vector notation as [ ne® ]

Each of the subvectors €® is a flattened (rank-1) version of the rank-(k + 2) tensor Ve representing the”l‘e—th
gradient of the macroscopic strain, as earlier in Equation (2.12). Using the Cholesky decomposition (5.3), we have

£ £
1 o) o) 1. . R .
3 ne -t 7726 @ =§(e(0)-D0-e(0)+7]2£(1)~I=)1~e(1)+-~-) (5.4)

n?e® n%e
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where the generalized strains (@, ¢V ... are defined as

é(O) I 0O --- T E(O)
ne® | | Li I 0 - ne®
pe@ | | Lo oo n2e®

- (5.5)
e©® 4 7}L€'€(1) + 7]2£72'.€(2) + o
7’]6‘(1) +

In the right-hand side of (5.4), the matrices D; are interpreted as homogenized moduli (satisfying the positivity
properties established in the forthcoming Section 5.2) and the matrices L; appearing in (5.5) contain the coefficients
entering in the generalized strains.

5.2 Positivity of the homogenized moduli
By the same argument as in the original Cholesky decomposition, the positivity of ¢ in (5.2) carries over to the blocks
Dii

Dy>0, D; >0, (5.6)

This positivity property holds in the sense of quadratic forms, Dy being positive definite while the other D;'s are
positive but not necessarily definite.

The proof goes as follows. Inserting (5.1) into (5.3) and extracting the top-left 2 x 2 super-block (or p x p super-
block at higher order), we get

Dy, 0 0 -
(Ké]_(100~-~) 0 D; - (100...)T
ATB) ~\Li10 ---)° "\LiTO -
£ = =t o =t .7
_ 10 ] Dy 0 ) I 0\7T
- LI 0 Dy L 1)~
Multiplying by the inverse of the triangular matrices appearing on both the left and right, we obtain
Do 0 (I 0 K A I 0)\7 .8)
0D )7(-Li1)\a"B) \-Li T '

which proves (5.6) using (5.2).

5.3 Centro-symmetry as a particular case

In the special case where the unit cell is centro-symmetric, all blocks having an odd number of underlines vanish.
In the context of second-order homogenization, the A block is the only one vanishing,

A=0. (5.9)

The solution to the Cholesky method in Table 5.1 then boils down to Dg=K, L1 =0, D;=B and Ly= (K1 -C yT, and
the decomposition (5.4-5.5) takes the special form

e© K o C - e©
1| 9e® | 0 B | e®
2| y2e® cr ... n2e®
(5.10)
{5(0)+7]2K—1.g.e(2)+...}.K.{E(0)+7]2K—1.g.e(2)+...}
=5 +{neD+...}.B-{ne®+...}
+ .-

This matches the form of the positive energy functionals which we have obtained for the centro-symmetric examples
covered so far, namely the laminate in Equation (2.34), the triangular lattice in Equation (3.20), having B =0, and
the honeycomb lattice in Equation (4.17). The positivity of the moduli Do=K >0 and D1 =B >0 follows dirzctly from
the assumptions in the centro-symmetric case, see (5.2).

In the centro-symmetric case, the Cholesky decomposition therefore reduces to the positivity-preserving trunca-
tion method used so far.

6 A non-symmetric pantograph

In this section, we analyze a variant of the classical pantograph truss, shown in Figure 6.1. In this variant, the
springs shown in black in the figure are stiffer than the springs shown in blue, which breaks the left-right symmetry
and makes the lattice non-centro-symmetric. As a result, the homogenized one-dimensional model couples the strain
€(x) and the strain gradient £’ (x), as we will see.
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The homogenized one-dimensional energy is derived using standard high-order homogenization method first.
Next, we apply the Cholesky decomposition from Section 5 to the resulting energy to truncate it in a way that
preserves positivity.

Spring constants 2% /7 and k /7 are assigned to the black and blue springs, respectively. The vertical springs
shown by dashed lines in Figure 6.1 are assigned a spring constants & y /7, where y is the stiffness contrast para-
meter. Pantographs are known to feature a floppy mode in the limit yy — 0 and this floppy mode is coupled to
macroscopic stretching [S18b, BGP17, DLSS22, SAI11]. When we homogenize the pantograph, the parameter Yy is
treated as a symbol whose value remains unspecified. We discuss the finite-contrast case y = @ (1) first, and the
high-contrast limit y — 0 next.

Figure 6.1. A non-symmetric pantograph. The black springs have been made stiffer than the blue springs so as to break
the mirror-symmetry with respect to a vertical plane. The spring families ¢ are shown using Roman numerals. The spring
constant k y 77! of the vertical springs (dashed line) is parameterized by x- In the limit of large contrast, ) — 0, the pantograph
displays a soft mode whereby all right triangles move rigidly and the pantograph stretches or contracts horizontally.

6.1 Summary of homogenization

The pantograph shown has 13 different types of springs, labelled using Roman numerals, and 6 types of nodes
(Bravais sub-lattices), shown using different colors. Except for the choice of spring constants, this pantograph is
identical to that studied in section 7.5 of [YAL24]. We homogenize it automatically again using the shoal library
in the companion notebook homogenize-pantograph-non-symmetric.nb, provided as supplementary material [TAL24b].
The homogenization follows the same steps as that of the honeycomb (Section 4) and is almost identical to that
presented in Section 7.5 of [YAL24] and we limit ourselves to a summary of the main results here.

The homogenization limit 7 — 0 is approached as follows. Working with a symbolic value of the contrast para-
meter y, the library calculates the expressions of the microscopic shifts f(p of the different Bravais sub-lattices
(indexed by ¢ =1,..., XIII) as an expansion in terms of the successive derivatives of the one-dimensional macroscopic
strain e(x) =u’(x), where u (x) is the (scalar) macroscopic displacement. Having determined the microscopic shifts,
it proceeds to derive the expressions of the rescaled change of length ¢, of the different types of spring. They are
collected in a vector E= (& -+ egy) € R13. Using Taylor expansions, it is written in terms of the macroscopic strain
£(x) in a similar form as earlier in (4.8),

E(x,y) =¢(x)Fo(y) +n¢e (x) F1(y) +7]25"(x)F2(X) +0 3. 6.1)

The strain relocalization vectors Fo(y) = (% ), Fi(y) = ( % ) and Fz(y) = (#ﬂwg) ) are
output by the library, see the companion notebook.

The (discrete) strain energy of the lattice can be approximated by the integral

1 pt+oo
®E1=5 [ "E(xy) k() -E(x ) dx, 6.2)
where
k(y) =kdiag(2,--+,2,1,---,1, %) (6.3)
is the matrix filled with the spring constants 2k /7, /7 and y &/7 on the diagonal, times the density p = 77‘1 of each
particular type of spring per unit length, times a factor 772 reflecting the convention that the change of the length of
springs is 7 E and not just E.
Inserting (6.1) into (6.2), one obtains an expansion of the energy of the form

oo 1 e(x) £(x)
o= [T ne'@ || ne@ |dwroad (6.4)
nzsll(x) 7]26//(x)

where # is a symmetric 3 x 3 matrix
K(x) A(x) C(x)
tip=| A0 B(x) - | (6.5)
Cly) -
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whose (non-asymptotic) higher-order contributions, denoted as ellipses, are ignored here. The coefficients of # are
given by similar formulas as earlier in (2.24),

order | diagonal blocks off-diagonal blocks
1’ |K(x) = Fo(y) k(x) Fo(x) ©6.6)
U A(x) = Fo(x) k(x) Fi(x) '

7% |B(x) = Fi(x) -k(x) -Fi(x) C(x) = Fo(x) k(x) Fao(x)

Their expressions and their particular values for y =1 and y =0 are listed in Table 6.1.
Note the presence of the A(y) term coupling the effective strain ¢ and its gradient £’, which is a consequence of
the broken symmetry.

| K(x)/k A(y) [k B(y) [k C(x)/k
276y 2y (69+85))  552-19y+638y° y (1149+17242y)
general case 69+ 181y (69+181 y)? (69+ 181 y)? 18 (69+ 181 y)2
x=1 1.104 4.928x107%  1.874x1072  1.635x1072
x=0 0 0 1.159x 1071 0

Table 6.1. Scaled values of the homogenized elastic constants of the pantograph: general case, case of low elastic contrast
(x=1) and limit of infinite elastic contrast discussed in Section 6.4 (;y = 0).

Since k() >0 is a positive quadratic form and #(y) in (6.5-6.6) can be rewritten as £(y) = (R Fi(p B )T-
k(x) - (F(p Fi(x) F(y ), we conclude that #(y) >0 is a positive quadratic form. In particular, its top-left 2 x 2 sub-
block is a positive quadratic form: both the first diagonal entry K and the determinant of the latter are positive,

Vx>0, K(x)>0 and K(X)B(X)BAZ(X)- (6.7)

The strict positivity of K (iy) =Fo(x)-k(y) -Fo(y) comes from the fact that () >0 and Fo(y) #0 for y >0. These
inequalities can also be checked directly using the expressions in Table 6.1.
In the limit y — 0, K ()y) — 0 and the pantograph becomes soft, as discussed in Section 6.4 below.

6.2 Naive truncation of the energy
When the energy ®*[¢] (6.4) is truncated beyond order 72, we get

df[e]= I_+°° % (K(x)e2+2nA(x) e’ + 72 (B(y) E’2+2C(X) ee’’)) dx. (6.8)
’ d (Ae? 77 d ’ ’2 . .
Both the terms Ace’ = E(T) and Cee” = E(C ee’) —=Ce’” can be integrated by parts. Upon neglecting the
boundary terms, we obtain the approximation
too 1 ’2
<I>:]E[E]=J‘_co E(K(X) E2+7’)ZBi(X)E ) dx (6.9)
where
B*(y) =B(yx)-2C(x)- (6.10)

The quantity B¥( ) is not necessarily positive, unlike the original gradient modulus B () which is a diagonal entry
oft(X) >0, see also (6.7). For y =1, for instance, B¥(1)=-1.396x 102k <0, making the energy ®*[¢] in (6.9) non-
positive. The set of positive values of yy that make B*( ) positive can be worked out as y € (0,0.602): we will explain
in Section 6.4 why Bi( ) has to be positive in the limit y — 0 where the lattice becomes floppy.

6.3 Cholesky-based truncation preserving positivity

We restart from the homogenized energy given in (6.4), and apply Cholesky decomposition from Section 5 to the
matrix ¢ appearing in (6.5). Since there is only one scalar macroscopic strain measure ¢ in the one-dimensional case,
we can ignore the block structure of # which we assumed in Section 5 for the sake of generality.

Setting €@ = (¢), e = (¢’), €@ = (¢”"), Equations (5.4-5.5) yield an alternative expression of the energy which
is accurate to order %2 included,

o 2 2
. 1e1= [ (%DO(X){E(x) +nLy(x) €’ () +72La() 5"(x)} +LDiy) e'z(x))dx. 6.11)
The homogenized moduli D;(y) and coefficients L;(y) are read off from Table 5.1 as
A
Do(x) = K(x) Ly = 22
2(y) 082)) (612
D =B - L = ==

Combining (6.11) and (6.12), we obtain the positive, order-nZ-accurate expression of the energy for the pantograph
as

too 2 2 2
D, [e]l= f_w [%K(X) {E(x) +772(())8 e’ (x) +n2%e"(x)} +% [B(X) —?{((;()) ] E'Z(x)]dx. (6.13)
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In the non-symmetric case, the generalized strain {...} includes a correction of order 7 proportional to ’.
In the finite-contrast case, y >0, the positivity of the energy ® follows from (6.7), see also the general proof in
Section 5.2. The limit of large elastic contrast, y — 0, is studied next.

6.4 Floppy limit, y >0

In this section, we discuss the form of the energy ®, in (6.13) in the limit of large elastic contrast, y — 0, where
a floppy mode coupled to macroscopic extension appears. Specifically, we explain why the naive procedure from
Section 6.2 produces a positive energy in this particular case, B¥(0) >0.

From the expressions of K (), A()y) and C(y) appearing in the second row of Table 6.1, on can obtain the
following equivalents in the limit y — 0

2k 383k
K(x)~4kx, A ~ggx:  CX)=35g585 X (6.14)
whereas B ( X) converges to a positive constant
B(y) ﬁ%. (6.15)

The scaling behavior observed in (6.14—6.15) can be explained as follows. For y =0, the diagonal matrix of micro-
scopic moduli £(0) in (6.3) has a zero entry in the last, 13th, position on the diagonal and the first 12 components
of the vector Fy(0) vanish, implying &(0) - Fo(0) =0. Now, from (6.6), the homogenized constants K(y), A(yy) and
C(x) appear to be the dot product of k() - Fo(y) — 0 by one of the F;(y)'s, but B(y) is not of this form. This
is what makes K (y), A(yy) and C(y) proportional to y in the limit y — 0, whereas B(y) has a non-zero limit.
This behavior appears to be generic in structures possessing a soft mode, which is such that k& - Fy is not full-rank,
see [DLSS22].

In the limit ) — 0, the ratios A/K and C/K in (6.13) are therefore finite, whereas both K and A%/ K go to zero.
In view of (6.13), the homogenized energy relevant to the soft limit is therefore

o 72
P, [e] = j_* %B(O) e (x)dx. (6.16)
On the other hand, the energy produced by the naive truncation method in (6.9) becomes, in the limit,
o 2
Die] = f L-BH0) e dx. (6.17)

Equation (6.10) shows that BI(O) =B(0) as C(0) =0 by (6.14)3. The energies (6.16) and (6.17) produced by the naive
and Cholesky methods therefore coincide in the presence of a soft mode, when the regular, leading-order elasticity
is degenerate. This explains why the naive truncation method predicts a correct (positive) strain-gradient elasticity
in this soft limit.

7 Extension to dimension reduction: bending of an elastic slab

In this section we show that our approach extends naturally to dimension reduction. We analyze the bending of a
linearly elastic slab in dimension 2. Specifically, we revisit the work of [LA20] and derive a second-order energy for
the bending of an infinitely long rectangular 2D beam, fixing the non-positivity of the gradient-of-curvature modulus
reported in this previous work.

7.1 Summary of dimension reduction

‘ -

‘ (Y,v) 1

oo

Figure 7.1. A linearly elastic slab in dimension 2 having Young modulus Y and Poisson's ratio ». A second-order equivalent
beam bending model is derived by dimension reduction, see Equation (7.13).

The rectangular domain of the slab is shown in Figure 7.1. It is infinite in the longitudinal x; direction and its
width is denoted as 7. We introduce the stretched transverse coordinate
X2
y=== (7.1)
n
The stretched coordinate y varies in the range —% <y< +%.
Dimension reduction addresses the limit 7 <« 1, see [LA20], and can be summarized as follows. The displacement
field relevant to bending is of the form (see Section 4.2 of [LA20])

u(x,y) =[-ny V' (x1) + 92 E1(x1, y) i1+ [V (1) + 92 Ealx1,9) ] i, (7.2)
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where V (x1) denotes the macroscopic displacement in the transverse direction, £;(x1,y) are the components of the
microscopic displacement and (i1,i2) is the Cartesian basis. The latter is subject to the constraint

Vo, [ By dy=0 (73)

warranting that the macroscopic displacement V (x1) i2 is the average of the displacement u (x1,y) in any particular
cross-section with coordinate x1.

Using asymptotic analysis, the microscopic displacement that minimizes the elastic energy for a prescribed deflec-
tion profile V has been obtained in [LA20] in the form

6+5r 2 ,
Ei1x,y) = 0 - y( ;4 z gyy2)77/< (x1) + -+
y2 1 (7.4)
Ea(x1,y) = vi(x1) (?—ﬂ) + 0xn + -
where x(x1) denotes the macroscopic bending strain,
k(x1) =V (x1), (7.5)

and v is the Poisson's ratio of the material appearing in Equation (7.8) below. The solution (7.4) satisfies the con-
straint (7.3).
The microscopic 2D strain (Vyu + V.ul) /2 is obtained from (7.2) in the form 5 E(x1,y), where
afl afz) l1®lz+lz®11 E)f

0
E(xl,y)=(—yx(x1)+na—i)i1®i1+(—+77— 3

. 2 12 ®is. (7.6)
X1

Inserting (7.4), we obtain

E(x1,y) = [—y(i1®i1—lli2®i2)]x(x1) .
+ [—(1+1/) (%—yz) —ll®l2;l2®ll] Nk’ (x1)

[ (6+5v 2+v
-y

7.7)
T— 3 yZ)i1®i1+"’]772K”(xl)

+...

The quantities appearing in square brackets in (7.7) have been denoted as F; earlier, see for instance Equation (2.16).
In the fourth line of (7.7), the ellipsis stands for a contribution coming from the order-n2 term in the displace-
ment, that has not been resolved in (7.4). This contribution does not contribute to the energy at order-52, however,
by the argument already given in Remark 2.1.

The linear theory of elasticity in 2D yields the strain energy of the slab in the form

PBY oo p+1/2
I I 1/2 (
where Y and v are the Young modulus and Poisson's ratio, respectively, in the sense of two-dimensional elasticity.

By using the identity E:E=EP:EP + %tr2E, where EP=E —%trE is the deviatoric part, one can show that the range
of elastic parameters corresponding to a stable material are

Y>0 and -1<v<l1. (7.9)

2B (x1,9) + 1 T EGLy) E(xl,y))dxldy, (7.8)

Note that the incompressible limit corresponds to »=1 in 2D, and not to »3p=1/2 as in 3D.

The prefactor 773 in (7.8) comes from the fact that the actual 2D strain is 7 E (and not just E) and that we are
using the stretched coordinate y in the transverse integration. For the energy to be finite in the limit 7 — 0, we can
conveniently assume that the Young modulus scales as Y = 77_3 Y, where Y =0 (1).

Inserting the expression (7.7) of the strain into (7.8) and integrating with respect to the transverse coordinate y,
we obtain

O[] = Y/12foo ( 2(xy) +2 (H%)n K (x1) K (x1)+1‘5"” 2 '2(x1))dx1 (7.10)

where Y/12 is the scaled bending modulus predicted by classical dimension reduction. Due to the left-right sym-
metry, there is no energy contribution coupling ¢ and ¢’ (A terms).

The form ®* = % [ (Ex®+7?(2Ckk”" +B K'2)) dx; of the energy matches that relevant to homogenization, see
for instance (6.8) for the pantograph. The coefficients can be identified from (7.10) as

7
te o
vV
¢ = 3(”?) (7.11)
K
B = g(l-{-ll).

By the same arguments as earlier, the homogenized moduli K >0 and B >0 are positive over the range (7.9) of
permissible elastic parameters. This is a consequence of the positivity of the energy which we started from in (7.8).
The positivity of C is coincidental.
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7.2 Naive truncation of the energy

Upon integration by parts of the x ¥’’ term in (7.10) and after discarding the boundary terms, we recover the non-
positive functional

[k ]_ﬂf (KQ(xl)-l(Hﬂ) ic’2(x1))dx1, (7.12)
—co 5 6
which was the final result of [LA20], see their Equation [4.10]. The expression Bf=B-2C= —% (1 +%y) of the

apparent gradient modulus is similar to that derived earlier in the context of homogenization, see (2.29) and (6.10).
The apparent modulus is negative, B¥ <0, which makes ®* non-convex.

7.3 Truncation preserving positivity
Applying instead the method from Section 2.6 to the one-dimensional energy ®* in (7.10), we get

¢>+[K]=¥If: ({x<x1)+%(1+n ) 2 ”(xl)} 1;”n2x'2<x1))dx1. (7.13)

This is a convex, second-order-accurate approximation of ®*. It is akin to the other energy functionals @ derived
earlier, see for instance in (2.34) for the laminate.

Remark 7.1. (geometrlc compatibility) The generalized strain appearing in (7 13) can be rewritten as {K(xl) +

( Jn? "(xl)} " (x1) in terms of the alternate macroscopic displacement V,
Vix1) =V (x1) +%(1+ 1112”)n2v”(x1>. (7.14)

In this sense, the generalized bending strain is geometrically compatible, as is any strain measure in dimension 1.
This yields a compact and positive expression of the homogenized energy in the form
Y/12

. _—{;ooo (V,,Z (xl) 4 1 ;— v 7]2 V///z (xl) (xl)) d_’)Cl, (715)

which differs from the energy @ [«] in (7.13) by negligible terms, of order 7%, coming from subdominant contribu-
tions to the strain gradient.

8 Discussion and conclusion

We propose a truncation method for energy functionals produced by higher-order homogenization. It solves a long-
standing issue concerning the presence of non-positive strain-gradient stiffnesses. This issue made simulations of
homogenized models ill-posed and may explain the limited popularity of high-order homogenization. In our approach,
the non-positive, higher-order homogenized constants are revisited as coefficients entering in the definition of gen-
eralized strain measures that are used as arguments of a positive quadratic form. The positivity of the energy &,
obtained in this way follows from the positivity of the initial microscopic energy. The truncation preserves the
order of accuracy of the homogenization procedure.

The positive functional ®, produced by truncation depends solely and uniquely on the homogenized constants
that are obtained by homogenization at a given order p. The truncation method can be implemented as post-
processing step that takes as an input the order-p Taylor expansion ®' of the energy produced by conventional
homogenization, such as that in Equations (2.26) and (6.8). To derive the positive energy ®. for the laminate
which we obtained in (2.34), for example, we could simply extract the non-positive energy functional ® in (2.26)
from previous work [Lel5] (carefully avoiding the alternate form (2.28) that involves an additional integration by
parts) and apply the decomposition method directly.

Thanks to the iterative nature of the underlying Cholesky decomposition, the positive functional & obtained at
order p refines that obtained at a lower order p’ < p, by adding higher-order terms without modifying the existing
terms. By extending the Cholesky factorization done in Section 5 at order p’ =2 to order p =4, for instance, one
obtains an energy of the form

cp:%j (é(O).DO.g(O)+7]2é(1).1=)1.é(1)+774é(2).l=)2.é(2)+...)dx 8.1

where the generalized strains ¢ ® are given by
80 = O 4 Il e® 4 P2LE.e® 4 PLE-e® 4+ i LE.e@® 4+ ..
¢ = eV gIe® + L5 e® 4 (8.2)
:® — =£<2> i =
and £® represents the components of the tensor V¢ flattened into a vector. The homogenized constants having
2 underlines or less are identical to those obtained at order p’ =2, see Equations (5.4-5.5). Increasing the homoge-

nization order to p =4 brings in the quantities bearing 3 or 4 underlines, namely a new, positive block of homogenized
moduli D2 acting on the second gradient of strain £, and higher-order coefficients L3, Lg, L4 and L3 refining

the generahzed strain measures £(® and ¢ that were already present at order 2.
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With L, #;2 and Lo :/:1;3 in general, the second generalized strain &) appearing in (8.2) is not simply the

gradient of the first generalized strain £©.

Overall, the Cholesky-based truncation handles non-centro-symmetric structures, see Section 6, continuous
as well as discrete structures, arbitrary space dimension, and arbitrary homogenization orders p, including odd
ones—the case p =3, for instance, corresponds to discarding the quantities l=)2, I=J4 and 1;3 in (8.1-8.2).

The truncation method restores positiveness by introducing a higher-orﬁer=non-as37mpt0tic term, which in the

case of the laminate and at homogenization order p =2 takes the form "—AVZE- [CT.K™1.C]- V2, see (2.34). As a
result, the order of the boundary-value problem for the displacement is 6, which is higher than the order (4) of the
boundary-value problem produced by the naive truncation method. In general, when homogenizing at an even order
p, the boundary-value problem associated with the positive energy ® . is of order 2 (p + 1), which is 2 more than that
produced by the naive truncation method, namely 2 p. With this relatively high differentiation order, the numerical
solution of the boundary-value problem produced by the positive functional ®, may require special attention.

In hindsight, at least two instances of positive energy functionals of the type @, have appeared in earlier work
on second-order dimension reduction:

¢ The one-dimensional energy governing the twisting of linearly elastic beams has been obtained in Equa-
tion [5.17] of [AL21] in a form which we can rewrite as

L 1 144 ’
Oy =[sud ({r@+12L7" @} + 7267 ) ) d, (8.3)

where pdJ >0 is the classical twisting modulus, 7 is the cross-section radius, {7+ ...} is a generalized twisting
strain that corrects the classical twisting strain 7(x) =@’ (x) by a higher-order term, f(x) is the rotation of
the cross-section about the axis, L is a constant depending on the cross-section properties, and b is a higher-
order modulus. The reasoning done in Section 5.2 of the present work proves that the higher-order modulus
b >0 is positive, as long as the underlying elastic material is stable. The positivity of b had only been noted
in the special case of elliptical cross-section in the original paper [AL21].

¢ The one-dimensional energy governing the stretching of an elastic cylinder subjected to finite deformations
has been initially derived in [AH16] and later reformulated in Appendix B.1 of [AH19] in the form

= [ Wo({10 + 2L 0) N (X }) dX 8.4)

where A (X) =dx/dX is the effective longitudinal stretch, X and x are the longitudinal coordinates in ref-
erence and deformed configurations, respectively, 7 is the initial radius of the cylinder, Wy(A) is the energy
per unit length when the cylinder is subjected to uniform simple traction, the coefficient L was found as
L(A)=1/(16 ). This energy is similar to that obtained in (3.20) for the triangular truss, when the quadratic

potential leK:e applicable to linear elasticity is identified with the non-quadratic potential Wy(A) relevant

2 M
to finite-strain elasticity. By contrast with the linear case, however, the generalized strain A = {) + 2 X 2 /
(16 /\4)} used as an argument of W in (8.4) includes a correction proportional to (X )2 and not 772 X’. The
functional (8.4) will typically yield stable solution whenever the underlying one-dimensional potential Wy(A)

is convex.

The energy functional (8.4) relevant to finite elasticity suggests that the proposed reduction method can be extended
to nonlinear problems in homogenization and dimension reduction.

In the nonlinear analysis of the stretched cylinder [AL21], it has been noted that the generalized one-dimensional
stretch A X) = {/\ X) + 772 X 2(X )/ (16 X(X) )} has a simple physical interpretation, unlike A (X): it is the average
over the cross-section of the microscopic nonlinear measure of longitudinal strain. This suggests that the generalized
strain measures produced by the Cholesky procedure, such as {e+7--- + nz -+-}, are more meaningful than the
standard strain measures, such as €= (Vu + VuT) /2, used in previous work on higher-order homogenization. We
hope that additional useful mathematical properties of the homogenized energy concerning, e.g., the regularity of
the solution, can be identified by working with this alternate strain measure.

Having restored the crucial property of positivity, our method could help increasing the popularity of higher-
order homogenization. There remains a last obstacle towards this goal, which will hopefully be clarified in future
work: we have limited attention to infinite systems in this paper and it is yet unclear how one can account for
boundary conditions in the energy approach.

Acknowledgements: we would like to thank Hussein Nassar for pointing out the connection of our work with the
Cholesky method, and Antoine Gloria for insightful comments.
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Appendix A Notation for multiple contractions

Given two tensors @ and b of respective order p and p’, the contraction operations are defined as

(@:0)4,. iy ois..iy = Qiy.ip okl DRy 1) ,
(@=0)i iyt iy = Qi ipgklmOkimis.. i) s (A1)
(@::B)i,. i, s..i, = @iy i, iklmn Okimnis. i} -
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