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Abstract

We return to a classic problem of structural optimization whose solution requires microstructure. It
is well-known that perimeter penalization assures the existence of an optimal design. We are interested
in the regime where the perimeter penalization is weak, i.e. in the effect of perimeter as a selection
mechanism in structural optimization. To explore this topic in a simple yet challenging example, we focus
on a 2D elastic shape optimization problem involving the optimal removal of material from a rectangular
region loaded in shear. We consider the minimization of a weighted sum of volume, perimeter, and
compliance (i. e. the work done by the load), focusing on the behavior as the weight ¢ of the perimeter term
tends to zero. Our main result concerns the scaling of the optimal value with respect to €. Our analysis
combines an upper bound and a lower bound. The upper bound is proved by finding a near-optimal
structure, which resembles a rank-two laminate except that the approximate interfaces are replaced by
branching constructions. The lower bound, which shows that no other microstructure can be much better,
uses arguments based on the Hashin—Shtrikman variational principle. The regime being considered here
is particularly difficult to explore numerically, due to the intrinsic nonconvexity of structural optimization
and the spatial complexity of the optimal structures. While perimeter has been considered as a selection
mechanism in other problems involving microstructure, the example considered here is novel because
optimality seems to require the use of two well-separated length scales.

1 Introduction

It is a classic problem to ask what geometry or shape of an elastic body best supports a load while using
a minimum amount of material [1]. This question has typically been phrased as the variational task of
finding geometries which minimize a weighted sum of volume and compliance (the work done by the load).
It has been known for a long time that this problem in many cases requires microstructure, i.e., there
are no optimal geometries in the classical sense, but instead an infinitely fine microstructure is required to
achieve the optimal behavior. In particular, so-called laminates (infinitely fine alternating layers of material
and void, sometimes arranged in different hierarchies) can always reach that infimum [1]. This situation
is somewhat unsatisfactory since infinitely fine microstructures are rather of a theoretical nature and can
for instance not be manufactured. As a remedy, a regularizing term can be added to the objective. For
strong regularization, there is a broad corresponding literature, which provides the variational analysis as
well as numerical implementations using level set formulations [3], phase field approaches [6, 22, 20], multiple
materials [6, 22], design-dependent loads [3, 6], nonlinear elasticity [20], and topological regularization [7].
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In this article we are instead interested in the case of small regularization, in which very finely structured
geometries are optimal. In essence, we ask which structures are selected when perturbing the non-regularized
problem by a slight regularization involving the perimeter of the geometry. We approach this question by
proving a scaling law for the minimum cost, a nowadays widely used technique in the analysis of variational
pattern formation that has already been successfully employed to better understand finely structured config-
urations in martensitic metals [16, 8], ferromagnets [10], superconductors [9] and other physical situations. In
particular, we will prove that the minimum cost for a 2D geometry supporting a shear load on a rectangular
boundary (Figure 1) scales like v/ where ¢ is the weight of the perimeter regularization.

While regularization involving perimeter has been considered in a number of other problems requiring
microstructure, most such studies have considered microstructures with a single internal length scale. Our
work is different, because the problem we consider requires a microstructure with two well-separated length
scales—a so-called rank-two laminate, whose material strips are aligned with the two principal stress direc-
tions (at 45° angles with the Euclidean axes). Allaire and Aubry have already observed that this is the only
optimal microstructure for a shear load [2] (whereas other loads such as hydrostatic pressure allow various
kinds of optimal microstructures). As e — 0, our construction of a near-optimal geometry will thus have
to approach this microstructure. Our analysis shares some elements with that of [14], which is only natural
since the problem considered there also requires two microstructural length scales.

The rest of this introduction discusses the exact form of our objective functional, which is devised to
optimize a structure under a fixed shear load, then briefly summarizes results from [15] for the simpler case
of compliance optimization under a uniaxial load, and puts forward a brief heuristic argument explaining
the observed energy scaling.

1.1 Problem formulation

We consider the minimization of the objective functional
JoBemELLIO] — aComptTOL(O) + BVol(O) + ePer(O)

among all geometries O C Q = [0,] x [0, L], where «, 3, > 0 are positive weights, ¢,L > 0 are the
geometric parameters, and p > 0, F' represent a shear modulus and a stress value, respectively (Figure1).
Per(©) denotes the perimeter of the set @, Vol(©) its volume, and the so-called compliance Comp*"4L(©)
stands for the mechanical work done by a shear load of magnitude |F| applied at 09,

1

Comp* 4L (0) = f/ (6n)-uda witho= (%5,
o0

2

where n is the unit outward normal and v : @ — R? is the equilibrium displacement of the loaded structure
and thus minimizes the free energy

B RO U] = /O ple(u)|® do — /(m(&n) -uda with e(u) = 3(Vu" + Vu).

Note that for simplicity we here assumed the structure O to consist of a homogeneous, isotropic material with
zero Poisson’s ratio so that the elasticity tensor reduces to the single scalar p. The existence of minimizing
geometries O for € > 0 is standard (see e. g. [4, 12, 1, 5]).

The compliance is a measure of the inverse structural stiffness with respect to the imposed load, hence
minimization of the compliance yields a structure as rigid as possible. The structure volume and perimeter
can for instance be interpreted as material and production costs, respectively.

As already mentioned previously, we are interested in the limit of small perimeter penalization . In
that limit optimal geometries typically exhibit fine-scale structures which cannot be resolved numerically.
Instead we try to provide some understanding by analyzing how the minimum energy scales in € as ¢ — 0.
Our analysis involves the construction of a family of near-optimal geometries that give insight into how
optimal geometries probably behave. From the viewpoint of variational pattern analysis this problem is
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Figure 1: Left: Load geometry considered in this article. Right: Sketch of a near-optimal geometry as
constructed in Section 2. The gray structures are only shown in part of the image.

very interesting since unlike most others it requires two different fine length scales. Further motivation
comes from viewing this variational model as a prototype problem to better understand pattern selection in
biological structures, which also often exhibit very fine scales, such as e.g. the spongiosa in bones. Though
for instance bone formation is certainly not governed by the variational principle examined in this article, it
seems not unreasonable to assume an evolutionary pressure towards rigid, but light-weight structures. The
small perimeter penalization here just limits the possible structural complexity.

It is well-known that the compliance can also be expressed in terms of the equilibrium stress o rather
than the equilibrium displacement u. Testing the Euler-Lagrange equation for minimizing E*F4 X u] with
the equilibrium displacement u yields

0:2/Ou|e(u)\2dx—/8ﬂ(&n)-uda

and thus, for any symmetric test stress field o : O — ngxrﬁ,

Comp“’F’e’L(O) _ / (6n) - uda — %/ (6n) - uda
80 o0

= [ o uda— [ pletw s
< /ém(&n) cuda — /Otr(e(u)To) - 4%|0|2 dx

:/ ((6—U)n)~uda+/ diva~udx+/ +lof* dz
o9 o o™

by Legendre—Fenchel duality and an integration by parts, where equality is achieved only for the (divergence-
free) equilibrium stress o = 2ue(u). Hence we may write

Comp" 4L (©) = min / ﬁ|a|2dx
o

where the set Zfd of statically admissible stress fields is given by divergence-free symmetric tensor fields
satisfying the prescribed stress boundary conditions,
YO ={0:Q = RZ2|divo =0in Q2,0 = 0in Q\ O,0n = én on IN}.

Sym

Finally, a non-dimensionalization yields

JosBem P LLI L O] — ﬂLle,l,BLL,%,F 4%57%,1[0] (1)
so that it suffices to consider the optimization problem of minimizing
JPH0] = Comp™(O) + Vol(O) + ePer(0)  with Comp™(0) = min / o da. (2)
cexy Jo
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Figure 2: The optimal microstructure to support a shear load is a two-rank laminate aligned with the two

orthogonal principal stress directions. The material strips of the finer scale make up a material fraction
61 = |F| and bear a longitudinal stress of magnitude 1, while the strips of the coarser scale make up

a material fraction 0 = 1|7L|‘F‘ and bear a biaxial load of magnitude 1 — |F| in longitudinal and |F| in
transversal direction. The total material fraction is 6 = (1 — 62)01 + 02 = 2|F.

The purpose of this article is to show the following energy scaling law, the upper and lower bound of
which are given in Sections2 and 3, respectively.

Theorem 1 (Optimal energy scaling for shear load). In the regime { > 1, ¢ < |F| < %, there eist ¢,C >0
(depending only on £ and F') with

for I8 = 20| F|(2 — |F|). Here Q =10,£] x [0,1] and J=F is defined by (?7).

Above, JS’F’Z is the infimum of the energy for zero perimeter penalization, JS’F’[ = infocq JOFO]. The
minimum ceases to exist for € = 0, and the infimum is realized by a finer and finer sequence of laminates [2].
The infimum value can be obtained as the minimum of the lower semi-continuous envelope of J%[0] with
respect to weak L!-convergence of the characteristic function of O, which has long been known [17, 18, 19].
Identifying O with the set of points where the equilibrium stress is nonzero, we can write

0 if 6 =0
IRt = inf / dz  with = ’
0 Ugigd Qg(0> z with g(o) lo]2+1 else.

Quasiconvexification of g now yields the lower semi-continuous envelope of the integral [17, 18, 19],

x . - 2 - if <1,
JO’F’Z = min / g(o)dx with g(o) = (o |2+ ‘022‘ lo102]) if |ou| + |oaf <
oex?, Jo 1407+ 03 else.

The minimum is achieved by ¢ = 6. The corresponding microstructure is a rank-two laminate [21] as
sketched in Figure2. In our construction of near-optimal geometries for nonzero € we also have to use two
different scales, and we will replace the material strips on both scales by branching constructions.

Remark 2. Our proof of the upper bound in fact establishes

min JoF0] — I3 P < Co|F|ze?
ocQ

for a constant C' independent of £ or F under the additional constraint ¢ < |F|* (i.e., the dependence of
C from Theorem 1 on ¢ and F is made explicit). It is not clear, though, whether this scaling in ¢ and F



is sharp, since our proof of the lower bound does not provide any information on how ¢ and F' enter the
1
prefactor in front of £2.

Remark 3. Undoing the non-dimensionalization, we obtain a dimensional version of Theorem 1: Consider the
domain Q = [0, £]x[0, L] and the functional defined in (??), then in the regime £ > L, 2e < |F|Ly/af/u < L,

there exist ¢, C' > 0 depending only on % and F', /M% with

¢ 3733 : NCRENTN NN 7 @, B,%,1,F,¢,L ¢ $r3.3
c(f,F,/l%)ﬁzL%? S(IgncuflzJa it 0] — Jg SC(Z,F,/P%)ﬁzL?az

for JgAmmlbE — yr|p| Cf—f(2 — |F|\/155)- The more precise upper bound from the previous remark

min JoemPOL(o] — gebrmPbL < oy /|F|Le ¢/afB) 1

oca

becomes

for C' independent of the model parameters.

1.2 A simpler case: Compliance minimization for a uniaxial load

A shear load represents a biaxial stress state with a compressive and a tensile principal stress in orthogonal
directions. A simpler compliance optimization problem is obtained if the shear load on 90X is replaced by

the uniaxial load Gynin = (§ %) n, i.e.

min JS50] with J2540] = min / lo|? da + Vol(O) + Per(0) ,
och sexo o

ad,uni

where X0, = {0 :Q — R2X2|dive =0 in Q2,0 =0in Q\ O,0n = Gunin on 9Q}. The energy scaling law

ad,uni Sym
for this functional is determined in [15].

Theorem 4 (Optimal energy scaling for uniaxial normal load). In the regime |F| < 3, ¢ < min(¢3|F|,|F|*),
there exist ¢,C > 0 (independent of ¢ and F ) with
Ccl|F|3e% < min JS20] - I B8 < co|F|sed
oca

0,uni

for J2EE = 90| ).

0,uni

The successful construction is given by a truss-like structure which refines from the center to the boundary
via branching as illustrated in Figure 3. Each level consists of an array of unit cells with a triangular structure
inside, where the unit cell width w halves from level to level and the unit cell height scales like w3/2. We
will employ such a construction as a structural element in the proof of the upper bound for the shear load
case. We will need a version with L # 1, which is given by

Wl

Wl
™

Wl

clL3|F|3ed < min J550H (0] - Jphit < orL
— OCQ uni

0,uni —

in the regime |F| < %, &/L < min(¢3|F|/L?,|F|*) and with J§:0:0" = 20L| F].
Let us briefly provide the details of the construction for later usage. We have to specify a geometry

together with a stress field and compute its energy. It is convenient to proceed in steps.

Specify unit cell and compute its energy. The employed unit cell of width w and height h is given in
Figure4. Its excess energy over the infimum energy for ¢ = 0 can straightforwardly be computed as [15]

3
AJcell,uni = COInpcell,uni + VOlcell,uni + 5Percell,uni - 2|F|'LUh ~ |F|u;)T + 5(h + w) y

which becomes AJeen uni(w) ~ /|F|w3e for the optimal h ~ 4/|F|w?/e. Here and in the following, ~
denotes equality up to a constant factor independent of ¢, L, F', and ¢.
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Figure 3: Left: Load geometry for Theorem 2 (uniaxial load) with a uniform normal tension F' at the top
and bottom. The optimal design O is sought inside Q. Right: Sketch of optimal construction (here with
three branching levels), which is composed of several unit cells.
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Figure 4: Sketch of a unit cell for Theorem 2; the domains of constant stress are numbered. The right graph
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serves to indicate the geometric parameters. We take tan o = w/4h, a = tana, and b =



Determine coarsest unit cell width and compute total bulk energy. Let us number the levels from
1 (coarsest) to N (finest). Considering only the upper half of the structure (the bottom half is symmetric),
the total heighté has to equal the sum of the heights h; of the levels, £ = Zf\;l h;. Using h; = \/|F|w} /e
and w; = w1 /271, we arrive at £ ~ /|F|w}/e so that w; ~ {/L%/[F|. The requirement w; < ¢ then
implies the condition L2 < |F|¢3. The total bulk excess energy is
Ny
L1 2
AJbulk,uni =2 Z EAJcell,uni(wi) ~ (L3 |F| 3gs .

i=1 °

Introduce boundary layer. The layering of finer and finer levels has to stop when the unit cell height
becomes comparable to the unit cell width, i.e. hy ~ wy or equivalently wy ~ €/|F|. Between this finest
level of unit cells and the top and bottom boundary 92, respectively, a material layer of thickness £/|F| is
introduced, which can be shown not to impair the total energy scaling [15]. Furthermore, since N > 1 or
equivalently wy < w;, we obtain the condition €/|F| < wy or ¢/L < |F].

1.3 A heuristic argument for energy scaling with and without branching

Before proceeding to the details of proving Theorem 1, let us provide a brief heuristic argument for the energy
scaling with and without branching. For simplicity and as in the previous section, let us call the quantity of
interest, JoF[O] — I35 the excess energy AJ of the geometry O.

Without branching, the geometry will look as in Figure2. Denote by [; the length scale or periodicity
of the finer struts and by I the period between any two of the coarse struts. The excess energy over the
infinitely fine rank-2 laminate has three contributions:

e At 01, the stresses will deviate from the optimum by an amount of order 1 within a boundary layer
of thickness Iy, yielding excess energy ~ lls.

e Likewise, there is a boundary layer of width l; where the fine struts meet the coarse bars. Since there
are ~ /Iy such boundary layers, the corresponding excess energy contribution is ~ E%.

e The perimeter contribution comes mostly from the fine struts and thus scales like €£/1;.

Summarizing, AJ ~ flly + 6;—; + /1y, which is minimized by I; ~ &2/3 and Iy ~ el/3 to yield AJ ~ £e'/3.

Above, the length scales of the fine and the coarse structures stay spatially constant. This is subobtimal
since perimeter energy can be saved by making the length scales coarser away from 0. This can for instance
be achieved via branching as in Figurel. Let z = % be the coordinate parallel to the coarser layers,
and let I(z) be the local length scale of the coarser structure. There are two dominant contributions to the
excess energy:

e The effect of the finer-scale structures looks to the coarser-scale structure like an effective surface
energy. From the previous section and [15] we know that the corresponding excess energy scales like
£2/31(2)Y/3|F|'/3 per unit length along z. Since there are ~ £/1(z) coarse layers, the total contribution
of the finer-scale structures is

1
‘
AJfine-scale ~/ 2B 1)V ——dz.
fine-scale ™ | (2)/°|F| I

e The excess compliance from branching on the coarser scale behaves like

1
AJcoarse—scale ~ £|F| /2 (l/(z))Q dz.
0



Figure 5: Sketch of a near-optimal geometry. It exhibits two scales, a coarse one (black) and a finer one
in between (gray, not shown everywhere). On the coarser scale the construction is based on several levels
that each consist of an array of unit cells (one is framed by a dashed line). The fine scale is based on the
construction for a uniaxial load from Section 1.2.

Both contributions balance when I'(2)? ~ £2/31(2)~2/3|F|~2/3, i.e. when
Z(Z) ~ 61/4|F|71/423/4 ,
which produces the expected scaling

AJ ~ AJﬁne—scale + AJcoarse—scale ~ €|F|1/251/2 .

2 Upper bound by two-level branching construction

In this section we will provide a construction which satisfies the upper bound from Theorem 1. As mentioned
in the introduction, an optimal microstructure for € = 0 is a rank-two laminate with coarse material strips
along one principal stress direction (at a 45° angle with the Euclidean axes) and fine material strips connecting
the coarse strips in the orthogonal direction (Figure2). Up to the symmetry of swapping the roles of the
two diagonal directions, this rank-two laminate is known to be the unique optimal microstructure for a shear
load (as proven in a periodic setting in [2]), and our construction of a near-optimal geometry will thus have
to approach this microstructure as ¢ — 0. Hence, we will also need two different length scales in the two
principal stress directions that both become finer and finer as ¢ — 0, but whose scale difference also becomes
larger and larger. Also, in order to save perimeter, we will replace the simple material strips by branching
constructions similar to the uniaxial case in Section 1.2.

The basic idea of the construction is sketched in Figure 5. As a preparation, we first introduce a variation
of the construction from Section 1.2 for the uniaxial load case (Section 2.1) as well as an alternative construc-
tion for small domain heights (Section 2.2). Those structures will then finally be used inside the construction
of near-optimal geometries for the shear load case (Section 2.3). Note that during our construction we will
also track the dependence of the resulting upper energy bound on the parameters £ and F, which allows to
derive how the constant C' in Theorem 1 scales in those parameters.

2.1 Construction for a uniaxial load in a non-rectangular domain

Here we consider a variation of the geometry from Section 1.2 in which the upper and lower boundary are
not straight, but given as the graph of two Lipschitz-continuous functions ¢, ¢s : [0,¢] — R with Lipschitz



constants Lq,, Ly, < 1 (see Figure6, left). We will use the same notation as in Section 1.2, only keeping in
mind that this time € is no longer rectangular. We show the following;:

Proposition 5 (Upper bound for uniaxial load in non-rectangular domain). Let Ly and L_ denote the
mazimum and minimum of q1 — qa, respectively. In the regime |F| < %, e <min(¢*|F|/L2, Ly |F|*, {5|F|L-)
there exists C > 0 with )
" L1z
glclg Jiﬁ‘;yé,qu% [O} _ Jojfrfﬂhtm < CfL}r‘F‘ ics

for Jplbante = 2|F| ng q1(z1) — q2(z1) doy.

0,uni

Proof. We have to provide a geometry and corresponding stress field satisfying the upper bound. We shall
use a variation of the construction from Section 1.2. For a better overview, we proceed in steps.

1. Segment domain into vertical slabs. We recursively define the position 27 and height H,, of the
n*h slab’s left side as well as the slab width W,, by

xi =0, H,=qa})—qa}), W,=/Hzc/4|F] x’f“ =zl + W,,

where the width of last slab may be chosen slightly larger so as to fully segment the domain (Figure 6,
middle). Note that W, is chosen as the coarsest unit cell width obtained in Section 1.2 for a domain
height of H, /2. The reason is that each slab will contain exactly one single tree of a branching
construction similar to that of Section 1.2.

2. Adapt old branching construction. Due to the constraints we have W,, < %Hn so that the domain
height q;(21) — g2(1) in the n'! slab lies uniformly between H,, —2W,, > %Hn and H,, +2W, < %Hn
In this slab we now insert one tree of height %Hn and width W,, from Section 1.2 (Figure6, right).
The tree does not yet reach the upper or lower boundary. This is remedied by introducing additional
vertical struts as indicated in Figure 6, right. These struts are introduced at the root of each unit cell,
first at the coarsest level and successively at the finer levels. Each strut is made long enough so that
at least one of its subtrees reaches the domain boundary at some point.

3. Compute excess energy in the bulk. Each slab is now tiled by rectangular unit cells (each
containing a triangle truss) and rectangles containing only a vertical truss. Here, the vertical truss
width is chosen as w|F'| so as to achieve a uniform longitudinal stress of magnitude 1 inside. The excess
energy AdJcelluni Of the unit cells is identical to the excess energy computed in Section 1.2, while the
excess energy of a vertical truss cell € of width w and height h is given by

AJe,uni = Compg i + Vole uni + ePere uni — 2|F|wh = 2eh

and thus is of at most the same order as the excess energy of the attached unit cell (note that the
height always satisfies h < w and the width w > IETV cf. Section 1.2). Hence, the total bulk excess
energy in the n'! slab is of the same order as the excess energy of the construction from Section 1.2 in
a rectangular domain of width W,, and height H,,/2, and the accumulated bulk excess energy is given
by
#slabs 1 102 1 1 2
AJputcani ~ > WoHi |P|5e5 SULY|F|5¢5 .

n=1

4. Add a boundary layer. From Section 1.2 we know that the finest unit cells at the top and bottom
boundary have width ~ ¢/|F|. At the top and bottom boundary, we now introduce a material layer
of thickness £/|F| as shown in Figure 6, right. Its volume scales like ﬁﬁ, its perimeter like /e, and its

compliance is smaller than the volume since the stress never exceeds magnitude 1. The overall energy

scaling thus is not impaired.

O
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Figure 6: Left: Load geometry considered in Section2.1. Middle: Domain decomposition into vertical slabs.
Right: Optimal geometry: Each slab is replaced by a truss structure of triangular unit cells; a vertical strut
is introduced in between some cells (e.g. in the gray box). Furthermore, a thick material layer is added at

it

Figure 7: Left: Load geometry considered in Section 2.2. Right: The proposed geometry consists of vertical
struts and a thick material layer at the boundary.

2.2 Construction for a uniaxial load in a wedge

This time consider a wedge-shaped domain as in Figure 7, left. Again using the same notation as in Sec-
tion 1.2, only exchanging the domain ) by a wedge, we show the following.

Proposition 6 (Upper bound for uniaxial load in wedge domain). For ¢? > ¢L there exists C > 0 with

. F.¢L F.¢,L
min Jo 0] = Jon < Vel

*, F.0, L
forJ =20L|F|.

0,uni

Proof. We take the following ansatz: We traverse the region between the two load boundaries by N equi-
spaced strips of width F¢/N and add a boundary layer of thickness % at the load boundaries (Figure?7,

right). The volume and compliance of the boundary layer behave like ¢ %, the volume and compliance of the
* F 0L

strips accumulate to Jg7 7

* F L L
JO,uni

, and the total perimeter behaves like NL. Altogether, the excess energy over

scales like E% + eNL, which is minimized by N ~ \/% > 1, yielding the desired bound. O

10



@l

r 1 v

.=

Figure 8: Sketch Bf the unit cell for the upper bound in Theorem 1. The left sketch indicates the geometric
parameters, the right sketch the regions of constant stress. The white regions are full material, the gray
regions represent a fine scale branching construction according to Section 2.1 (A) or Section2.2 (B,C), all
rotated counter-clockwise by 7. The size of the wedges (B,C) is chosen such that their side parallel to (’11)
has length ~ ﬁ

2.3 A two-scale, unit cell based construction for a shear load

Now we return to the construction of a geometry satisfying the upper bound in Theorem 1. The construction
is based on the unit cell of width w and height h sketched in Figure8. Ignoring the left and right boundary
of 2 for the time being, the construction uses multiple levels, each of which consists of an array of unit cells
whose width halves from level to level (Figure5).

As in the construction from Section 1.2, we shall proceed in steps. Without loss of generality let us
assume F' > 0 (changing the sign of F' only implies a sign change of the equilibrium stress and thus has no
influence on the compliance or the energy scaling).

Specify unit cell and compute its energy. The unit cell is given in Figure8. The white material
strips correspond to the coarse strips in the rank-two laminate from Figure 2, hence we choose the geometric
parameters

— _F w — —1(3w —d — _d
d= 1575, o=tan (57), a=g5tana, b= 5-—.
Abbreviating v; = % (1), v2 = % (7'), and ¢ = —Fvy ® vy (a uniform compressive stress of magnitude

F in direction v9), the stresses in regions 1 to 5 are then given by
o1 = (1 — F) (C?S(gia)) ® (:i:g%:z))) 4+ 6—7 09 = —(1 — F)UQ X Vo -’-6—7

o3=01-F)y®v+6, o4=(1—-F)id+5, o5=(1—F)cosa(5ne %) +5.

cosa —sina

The gray regions in Figure8 all exhibit a uniaxial boundary stress of 6n on all of their boundaries so that
the constructions from Sections 1.2 to 2.2 can be applied after a rotation by 7. Note that while the wedges
of type B always have a fixed aspect ratio, the wedges of type C may be very elongated.

A lengthy but straightforward calculation, using Propositions 3 and 4, now yields the excess energy

AlJcen = Comp,y + Voleen + ePercen — wh2F (2 — F) ~ hws Fics + %26 + % + (F% +e(w+h)),
where the summands correspond to the contributions from the regions A, B, C, and the white region,
respectively. Assuming w 2>

2 1oz (which we will later ensure), the dominant terms are hwiFics + F “’73
Minimizing in h now yields the optimal unit cell height and excess energy,

h(w) ~ ma AJCCH(U}) ~ W

11



Determine coarsest unit cell width and compute total bulk energy. Numbering the refinement
levels from 1 (coarsest) to N (finest), the sum of all level heights must equal the total domain height 1, thus

N N
1~ Zh(wi) = Zh(wl/Zi_l) ~ {/Fuwi/e.
i=1 i=1
From this we obtain that the coarsest unit cell width scales like

wy ~ \4/€/F.

Finally, the total bulk excess energy is given by

N
AJputc ~ > £ AJeen(w;) ~ £ Adeen(wi) ~ (VFe .
i=1

Introduce boundary layer. The branching has to stop before the unit cell height becomes comparable
to the unit cell width. We shall stop a little earlier, as soon as wy ~ 4577 The final branching level is
connected to 9 via a material layer of thickness 577, introducing an additional volume, compliance, and
perimeter term of ~ 5. If ¢ < F21/2  this is smaller than the bulk energy and thus does not interfere
with the overall energy scaling.

Treat left and right end domain ends. At the left and right end of €2, the coarse level branching trees
no longer reach the same height as at the center, since they hit the left or right side of 2. Using an approach
analogous to Section 2.1, in which the left and right end are divided into diagonal slabs, each containing one
coarse level branching tree, it is straightforward to show that the scaling is not impaired.

Remark 7. In the previous calculation we have shown

min JS70] — I3 < 0y/[Fle,

oca
where the feasibility constraints for the construction are ¢ < |F|?'/2 (so that the boundary layer contribution
scales like the bulk energy), ¢ < |F|¢* (so that w; < £), and ¢ < |F|% (so that there is at least one layer of
unit cells, i.e. wy > wy). Of course, if F' and ¢ are taken as constants which are fixed a priori, this result
immediately implies the upper bound in Theorem 1.

Remark 8. The previous construction is relatively simple to describe, but imposes relatively strong con-
straints on the relation between ¢ and F, if one does not consider F' as fixed. One can weaken those
feasibility constraints by slightly improving the construction in a way that is no longer based on true unit
cells, but looks more like actually shown in Figure 5. In detail, the changes are the following.

1. The coarse-scale branching construction (black in Figure 5) stays the same as above, but the fine-scale
construction (gray) in between no longer respects the unit cell boundaries. Instead, the gray branching
construction extends from one black material strip to the next so that wedges of type B are no longer
needed.

2. In the construction based on Figure 8 the gray branching construction of type A refines towards the unit
cell boundary as well as towards the white regions, and it is coated on either side with a thin material
layer of thickness & which serves to evenly distribute the stress. In the new refined construction,
these material layers are removed so that the finest layer of the branching construction in the gray
regions directly touches the white region (in which the stress then distributes evenly over a length
scale of ‘—;‘) In effect, this changes the constraints of Proposition 3, since in its proof the boundary
layer contribution to the excess energy no longer scales like /%, but instead (due to Corollary 19 in

the appendix) like ¢¢|F|log ﬁ so that the bulk energy scaling is not impaired even for ¢ < W
(instead of ¢ < L |F|%).
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3. As aresult of the previous step, the base length of the wedges of type C can now be chosen as & instead
of ﬁ Furthermore, also in those wedges the thin boundary material layer from the construction in
Proposition 4 is removed (so that the material strips across the wedge directly touch the white region
in Figure8). This changes the energy scaling in Proposition4: The perimeter term is still e N L, but
the excess energy contribution from the boundary layer becomes %|F |2 log |17‘ (due to Corollary 19)

so that the optimal N now is given by ¢Fy/ _I%L‘F‘ and the excess energy of a wedge scales like
¢F\/eL|log|F||.

Summarizing, in essence, the new construction has the same effect as if we had changed the excess energy
per unit cell from Figure8 to

Aleen ~ L2/ “LF‘F” +hwiFses 4 (F%3 +ew +¢eh),

where the summands correspond to the contributions from region C, all other gray regions, and the white
region, respectively. This time, the condition w > % suffices to achieve AJcen(w) ~ vwdF2e. Hence, the
branching can now be stopped at wxy ~ & with a boundary material layer of width & and energy contribution
~ (%, which does not impair the overall scaling as long as ¢ < F' 3. The other two constraints (w; < ¢ and
wy > wy) turn into ¢ < F¢* and e < F.

3 Lower bound by refinement of Hashin—Shtrikman bounds

The Hashin—Shtrikman bounds are bounds on effective elastic moduli of composite materials [13]. In par-
ticular they can also be used to bound the compliance of a mixture of void and material under a given
macroscopic stress field. A derivation in Fourier space is nicely presented in [2], where the authors show
that a rank-two laminate is the only optimal microstructure supporting a shear load. We will refine that
caclulation to obtain quantitative estimates of

e the cost associated with a misalignment of the geometry with the two principal stress directions
(Lemma 7),

e the cost associated with a non-optimal material fraction (Lemma7),

e the cost associated with a non-equal distribution of material between the structural parts supporting
either of the two principal stresses (Lemma8), and

e the cost associated with an unbalanced spatial distribution of the structural parts supporting either of
the two principal stresses (Lemma9).

These estimates will be complemented with
e a Fourier estimate of the geometry perimeter (Lemma 11) and

e a Fourier estimate that accounts for the finite size of the geometry and the fact that a uniform shear
load has to be fully supported at the domain boundary (Lemma 10).

Finally, the non-convexity of the space of possible geometries enters via the simple fact x - x = x for the
characteristic function of the optimal geometry. The preceding points will be combined into a proof of the
lower bound using an argument by contradiction.

Note that the lower bound for the uniaxial load case from Section 1.2 can be performed in a similar way
[15]. However, that case is much simpler since there is only one principal stress direction instead of two so
that the estimates concerning the balance between both principal directions are not needed.
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3.1 Fourier estimates on compliance, volume, and perimeter

We shall first collect the basic estimates and then combine them into the desired proof. Let x : @ — {0,1}
denote the characteristic function of the optimal geometry O, and let § = fQ x dz denote the corresponding
material fraction. We adapt the derivation of the Hashin—Shtrikman bounds from [2] for our purposes.
Since we have Neumann rather than periodic boundary conditions for the equilibrium displacement, we will
perform the calculation in continuous rather than discrete Fourier space, for which purpose we also require
the function

y=x-0,
extended to R? \ Q by zero. Note that the L?-norms of y and + can be explicitly computed,

HX||2L2(Q) =10, H“Y”QL?(W) =10(1-0).

For a function f: R? — R denote by
f = [ pw)e s
R2

its Fourier transform (the inverse transform is given by g(k) = [s. g(x)e*™**dz). Finally, for k € R?

abbreviate k = \% and introduce the set B = {v1, —v1, v2, —va} for the two principal directions v; = % (),
-1

Vg = % ( 1 ) of the imposed shear stress. k+ shall stand for the counter-clockwise rotation of k by 5
We decompose the stress field into the constant 6 and a perturbation 1 which has zero normal component
on 0N (and which for convenience we extend by zero outside ). Introducing

Egd:{77:R2%ngxrﬂdivn:OinRz,n:OinRQ\Q},
we can thus rewrite the structure compliance and volume as follows,
Comp™(0) 4 Vol(0)

= min / |6 +n)* 4+ xdz
nesdy Q
(64m)(1—x)=0 on Q

> limsup min / 6 +n*+x+ (1 —x)K "6 +n|*de
K—0 ne€Xl Jo

= lim sup min / 6 +n>+x+(1—x) max_[2(6+n):7— K|7|*] dz
K—0 n€Xl Jo TERZXZ

> Vol(@)(o +6) + min [P+ =026+ ) 7] da (3)

using Fenchel duality in the second last step and restricting to a fixed, bounded test field 7 in the last step.
Note that we have also exploited the fact

/Qndsz for all n € X9, . (4)

All estimates for the elastic compliance and material volume are now derived by testing (1) with different
choices of 7. Note that the test field 7 plays a role dual to the stress field, similarly to a strain. However, we
are not restricted to choosing 7 as the strain of a deformation, and we will later make use of this freedom.
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Estimates for material fraction and structure orientation. The simplest choice of 7 is a constant.
In that case (1) can be further simplified to

Comp™(0) 4 Vol(0)

>Vol(Q2)(|6]? +2(1 — 0)é : 7+ 6) + min / In|> —2yn : rda

n€EXy JR

SU(G2 +2(1— )6 7+ 0)+ min / A2 — 257 - 7 dk
A(k)ERZXZ and 7)(k)k=0 for all k€R? JR2

=0(|6]> +2(1 = 0)6 : 7+ 0) — / 312 1k: - Tkt ? dk
RZ

L 712
=0(|6]> +2(1 = 0)6 : 7+ 0 — 0(1 — 0) max(77, 75)) + max({, 7'22)/ 7] {1 - n‘fa#%] dk, (5)
R2 ’
where in the second step we used Parseval’s identity and in the third step we chose the minimizing 7 =
A(k* - Tkt)kt ® k. Here, 71 and 75 are the eigenvalues of 7. To obtain a tight bound, one can maximize
in 7 (ignoring the non-negative integral), which leads to an estimate for the elastic excess energy
AJEL (0) = Comp(0) + Vol(0) — JpF*

elast
with J3 T = 20| F|(2 — | F)).

Lemma 9 (Material volume and orientation). For B = {v1, —v1,ve, —v2} with v; = % (1), ve = 12 (7H)
we have
—0 2 2 R . ~
AJEL (0) > ¢BEZO o AF7 /R AP dist® (k, B) dk.

elast

Proof. Upon inserting 7 = % into (3) and subtracting JS’F’é on both sides, we obtain

elast

AJLL(0) > (20" +%/R A2 [1 = 1t - (9 5) k2] k.

Now 1 — |kt - (9 1) kL2 > dist?(k, B), from which the result follows. O

This estimate expresses how much excess energy is paid if the volume fraction 6 deviates from 6 = 2|F|
or if the Fourier transform of the characteristic function has support away from the preferred directions
:|:’U1, :|:1)2.

Separating the two principal directions. Next let us separate the structural components which mainly
support stress in direction v; or vy. Let s : S' — {0,1} be the characteristic function on the unit circle of
the upper right and lower left quadrant. We define

filk) = s(k)y(k),  fa(k) = (1 — s(k))7(k)

and take the inverse Fourier transform to obtain fi, fo : R? — R. We would like to show that f; and f>
approximately have the same L?-mass. To this end, we test (3) with a constant 7 that slightly prefers one
direction, i.e., we will perturb 7 from Lemma7 by a strain that cannot be supported by the struts encoded
in fo or fi, respectively.

Lemma 10 (Material distribution between orientations). For i = 1,2 we have

2
F.l 4F? 2. £6(1-6)
AJelast(O) 2 02 lnax(HleQ Hf2”i2) (”fz”]ﬂ 5 ) .

2’
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Proof. Assume first || f1|3. > w. This time we use (3) with

26 4aF
T:7+7’U2®’U2

0 0

for some o € [0, 3]. We obtain

elast l-a «

2_ 2_8a(1— 2 ~ 7 «
AJEL (O) > 4F 4\F|9+9€ Ba(1=0)F? 40%2/2 142 {1 R ( )kL|2} dk
R

1aa

> (GO0 ag? [ [ it (2, 10 ]

Sa(1—0)F? 202
> 8O | 1612 7112, (a — o?).

1 £6(1-0)
2T AN,

Picking the maximizing o = (which satisfies 0 < o < %), we obtain

elast - 92 |f1”2

2 _ 2
AILL0) > it (1111 — 242

m, the relation

In the alternative case | f1[|3. < =5

£z + 1F2lZ2 = alTe + 1 2ll7e = 172 = IVlZ = 00(1 - 6)

20(179)

implies || fg||2L2 > . We repeat the above calculation with 7 = % — %vl ® v; and in the end arrive
at AJg:st((’)) > 92\|f2|\2 (I1f21122 M) Combining both cases yields the desired result. O

So far we have estimates expressing that the structure should be composed of struts aligned with the
preferred directions v; and wo, that the struts in both directions should have equal material fraction, and
that the total material fraction should be 2|F|. This does not yet rule out a structure in which the domain
Q is e. g. split into a left and a right half and all the struts in the left are aligned with v; while all struts in
the right are aligned with vy. An estimate about the spatial distribution of the struts in the two directions
can be obtained by taking 7 piecewise constant. In particular, we will partition €2 into two regions and take
the first and second test field from Lemma 8 in the first and second region, respectively.

Lemma 11 (Spatial distribution of orientations) Let x1, X2 be the characteristic functions of 1,y with
QN =0, UQ =Q, and let v; = —1)x; — fQ 1)x; dz, extended outside Q1 by zero. For any
a € R we have

AT (0) > (4R (L —1)(1 - 20)

elast
) _ . 2
—3 | i+ -kt - (Y5 k4 (Gh —A2)a| dk
R2
Proof. This time we test (1) with
T = % — %(Xﬁj + x272) Wwith 71 = —v9 ® va, T2 = v1 ® v; and some « € R.
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Subtracting J5 "¢ = 2/|F|(2 — |F|) on both sides of (1), we arrive at

elast

AJEE (O) > Vol(Q)(4F% — 4|F| + 0) + nréliijrgld /Q I+ (1—x)[2(6+n):7]dx
Z€4F2(1_é)+nlélg?:d/9|77|2+2(1—X)517'+2[(1—X)X1(%_%W)+(1—X)X2(W)]iﬁdi’?
=P (-3 + P -0 =4 [ (-0 [e (25 (D —a G h): (4 7)] o

+ min [ ol 4+ 210 () + (a2 nda

= (4F*(5 — 1)(1 — 2a) + min / In|? — (2240l ) gy (20=00E )] g da
nEE

Passing to Fourier space we obtain

ATLE(0) > t4F2 (L — 1)(1 - 20)

elast

+ min Af? = 271 (22=4pLm) 4 5 (2=l )] i dk
A(k)ERZS2 and 7(k)k=0 for all k€R2 JR2

N R n N R n 2
:154F2(5_1)(1_2a)—/ Skt (204aFr L | B (20-dabn Ll g
R2

where we chose the minimizing 7(k) = kL [A 20— 490‘F71 + A 20= ?F”] ket okt Reordering the different
terms we arrive at the desired result. O

We will later employ this result for a very particular partition of the domain. In essence, we will use
f1 and f5 to identify regions €7 and €2 in which mainly structures along the first and along the second
principal direction occur, respectively; €1 and €5 will then serve as the domain partition.

Accounting for compactness of @. Next we employ a continuous Fourier version of a lemma from [10],
which captures the fact that the geometry is confined to 2. For g : R — R with support in the unit interval
and a monotonically increasing function p : [0,00) — [0, 00), [10] observes that

/RP(|k|)|§(k)|2dk>/kl>4 Gk Pp(Ikl) dk > p() (/ 912 dks — / §}|2dk>
o) (/ 9 dk — 3 sup |g (k)| )Zé i/IQIQdk

where in the last step we have used |g|> < ||g||3- 20,1 = |l |13 (r) by Holder’s inequality. Essentially, this

NH

estimate shows that the Fourier transform of a function with bounded support has a major part of its L?-mass
beyond a frequency k of order 1. In our adapted version, the role of g is played by

Fiylkr, ) = / (Yo day
R

the Fourier transform of v in the x;-direction (whose support lies in o € [0,1]), and the function p is
replaced by an approximation of dist?(k, B). Our result is the following:

Lemma 12 (Compact domain estimate). For any b > 0 and i = 1,2 we have

2 Sk phvg <y il? AR
0% 1 + 32”7“%2/@‘[%!\kvvi\g%} |fl|2 dk)2

AJEE (0) >

elast
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Proof. For any a,b > 0 we have

2 . ~ N 2 ) 2 ~
AIEL ()2 4 [ it (b DA ab> 45 [ G
R2 R2

4F? 1 £2
> ?m// ‘f1| dka dky
R J{ky: [kva|> 4 [kv1|<$}

%m/ / |f1‘2d]€2 — Qf‘{isup |f1(k1,]€2)|2 dkl .
R {kQ‘k)’Ul‘S%} k2

Now we would like to estimate the square-bracketed term by [ | fi|? dky in a similar manner as in the
previous estimate from [10]. However, unlike v, the support of f; is not necessarily bounded so that the
supremum in the square-bracketed term cannot be bounded above by the L2-type term. Hence, let us divide

the above inequality by
¢ = | a2 dk /|3
{k:|kv1]<g}

to obtain
AJFE (o 5 . .
e e %—1+a12/b2/ [/ 142 iy — g{fsgpfl(kl,kz)ﬂ dky .
R R 2

. sup.fk,k 2 sup y(k1,k 2 F k,-z
Choosing a = sup,, 4£M e by WRLRI 43 IFor (s avE  opoe

AP dks =G SUPk T IR AR S G WPk R, = G
the last step follows from the bounded support of F;7y(k1,-), we finally arrive at

2F?  Gyllv|3.
A F > o7 o _ooeninez
Terast (0) 2 62 14 32/(bCy)2"°

which after inserting Cj, yields the desired inequality for f;. The analogous calculation can be performed for
2. O

Intuitively, if b is chosen small, the above estimate basically turns into a bound on | (k: [kvs| <1} | f1|2 dk
ke | <2
of the form [, 1y [fil2dk < {/ATEL (0)/82.
kv | < 1

Perimeter estimate. The perimeter can be estimated in Fourier space as in [14, Lemma 3]. We reproduce
the brief argument for the sake of completeness.

Lemma 13 (Perimeter estimate). For any L > 0 we have

1
Per(0) > 7/ 412 dk .
L Jiwikzny

Proof. For any L > 0,

1 1
Per(0) > —— / Ly =2+ 912 de
2L Jop, (o) Il L2

1 / . 2mic-ky |2
- ()1 — TR R dkde
27TL2 E)BL(O) R2

1 / R 2 2mick |2
> 15 (k)] 11— e %2 dedk,
2rL? Jipk>1y 9B1(0)

where the integral [, © |1 — e?™iek|2 dc is greater than L due to L|k| > 1 [14]. O
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k2 .
AN /7

Figure 9: Left: Zoom into the optimal geometry from Figure5. Right: Corresponding idealized sketch of
the optimal geometry in Fourier space; the black dots are where we expect the major mass to be. The gray
trapezoids indicate the regions outside which the support is shown to be negligible.

3.2 Proof of lower bound by contradiction

As a guidance, we may think of the construction from the previous section. Figure9 shows a sketch of its
major features and of what this implies for the Fourier transform of ~.

Before proceeding to the details, let us introduce some notation. Throughout this section, O denotes the
optimal geometry and is understood to depend on € without explicitly indicating this dependence. Likewise,
the characteristic function x of O and its variants such as v, f1, f2 also depend on €. We will use the small
O notation f(e) = o(g(e)) to indicate 5 8 —¢—0 0. Furthermore, ~ shall denote equality up to a constant

factor independent of ¢ (but potentially depending on ¢ and F'), and similarly, <, > shall denote less than
or greater than up to a constant factor.
We shall prove the lower bound by contradiction; assume the excess energy to be o(+/¢),

JERO] — 3ot = AJEL (O) 4 ePer(0) = o(v/E) . (6)

elast

A short sketch of the argument is as follows. Using the estimates from the previous section, we will first
show that fz-, 1 = 1,2, essentially lie within the wedges of Figure9 (Proposition 13). From this and the fact
{ = {* X (which roughly means that (fi + f2) approximately equals (fi + f2)* (f1 + f2)) we infer that f; * fo
or equivalently fi fo has negligible L?-norm (Lemma 15; for technical reasons, f; and f, are replaced here by
approximations g; and g2). Finally, based on f; and f, we decompose the domain € into the region where
material struts are more or less aligned with v; and the region where struts are aligned with v,. Using these
domains in Lemma9 and also the estimate that f;fo ~ 0 then finally yields a contradiction.

Specifying all volume fractions. Lemmas?7 and 8 now provide the L?-mass of y, f1, and fs.
Proposition 14 (Volume fractions). Under assumption (4) and for i = 1,2 we have
0 = 2|F| +o(Ve),
19lI72 = €2[F|(1 = 2| F|) + o(Ve),
1£illZ2 = €FI(1 = 2|F]) + o(Ve) .

Proof. Lemma 7 yields the estimate

AJEL (0) > (EIEO gy (AFL 1)1~ ),

elast = |
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which can be solved for % to yield % = 1+ o(/¢) and thus the desired estimate for . The second

estimate now is a direct consequence of |v[|2, = ¢6(1 — 6).
Likewise, the estimate from Lemma§,

AJGL(0) > i s (15 - 200)°

elast = 02 max(||f1]17 2,11 f2]I7

together with max(|| f1]|2., || f2]|72) < [|]|32 = €6(1 — 6) ~ 1 and 6 ~ 2|F| implies

2
”ftL‘LZ — 9(1;9) + O(\‘l/g),

which produces the final estimate. O

Localizing the Fourier support of 7. We now use Lemmas7, 10, and 11 to show that the Fourier
support of f; and fo (and thus of v) is restricted to the wedges shown in Figure9 (right).

Proposition 15 (Fourier support of ). Under assumption (4) and for i = 1,2 we have
[ 1frdr=o)
R2\W;

W; = {k; € R? : dist(k, {+v;}) < V&, [k < L2, k- vi] > %} .

for the wedge

Proof. The estimate from Lemma 7 together with Proposition 12 implies

a0 = 4 [ ppastBrakz Y Va2 dk
im1.0 Y {dist(k,{£v;})> ¥e}

so that the L2-mass of f1 and fg outside a wedge of angle /¢ around the preferred directions must be
negligible. Also, Lemma 11l for the choice L = \E implies that the L?-mass of 4 and thus f1 and fg
beyond the frequency 1//¢ is negligible. Finally, ¥, fl, and f2 have neghglble L?-mass at frequencies with
|kl1 = |k1]+|ke| < 4/+/e. Indeed, assume the opposite, i.e. f{\k|1<517} | /1|2 dk > 1, then the choice b = {/z/4

in Lemma 10 yields AJelaSt((’)) = 2912 1/[1 + 32||y||72/b%] ~ v/, a contradiction. The analogous result holds
for fo. 0

Note that each bound in the definition of W; may actually be multiplied by an arbitrary constant, since
only the asymptotic behavior for € — 0 is considered. The above choice, in particular the factor 4 in the last
bound, will become clear in the proof of Lemma 15, where it leads to a disjoint Fourier support of a number
of functions.

For later purposes it is convenient to replace fl and fg by approximations g; and g» whose support
completely lies in W7 and Whs, respectively. If chosen properly, these functions enjoy useful boundedness
properties as summarized in the subsequent proposition. For a compact notation, we also introduce the
characteristic function of 2,

X(z) = {1 if v e,

0 else,

with X (k) = pe2miak (] )sinc(klf)sinc(kg).

Proposition 16 (Decomposition of 7). Under assumption (4), there exist functions g1, g2, and g satisfying,
for any p € (1,00) and a constant C > 0,

X=0X+gi+g2+g9,
SuppgiCWi7 7::172’
If1 = gillz2, [1f2 = g2llzes lgllze = o(1),
lg1llze, [lg2llze, lgllzs < C.
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Proof. Tt is easy to see that the proof of Proposition 13 can be modified to show that f1 and fg have negligible
L2?-mass outside the wedges

W, = {k €R? ¢ dist(k, {£v;}) < 1VE, [k < 5z, |k vi] > if} .

We will define §; and g» by restricting f1 and f2 to subsets of W7 and Ws. In order to still have boundedness
of the g; in LP, we will thus have to apply a multiplier theorem. To this end, for ¢ = 1,2 and m,n € Z
consider the sets

Qunn = (=271, =2"JU ™, 27H) x (=2, 27 U 27,2+
Qm,n - % (_11 %)Qm,ny
Vi= U @

Qm,nnWi5é0

We have V; C W;. Let us now define ¢1, g2, and g via
(k) ifkeV;
(k) = {f’( ) kel
0 else

and v = x — 0X = g1 + g2 + g. By the Marcinkiewicz Multiplier Theorem [11, Theorem 5.2.4], for any
p € (1,00) we have

lg1llzes lg2llzes llglle < Cmax(p, -25) 2 (|yl|e = Cmax(p, 715)" /(1 - 0)67 + 6(1 - O)7

for a fixed C' > 0 (note that the coordinate system has to be rotated by 7 to apply [11, Theorem 5.2.4]).
Furthermore, by definition, the L?-norms of f; — g1, f2 — g2, and ¢ or equivalently the L?-norms of their
Fourier transforms are bounded above by ||| 12 g2\ (1, uii,)) = 0(1)- O

In the next paragraph we will try to obtain a more explicit characterization of the functions g; and gs,
using the fact that they essentially represent a decomposition of the characteristic function x (or rather of

7)-

Exploiting the properties of characteristic functions to characterize the decomposition of ~.
Now we will exploit the fact that y is a characteristic function, i.e. x = x-x. By inserting x = 0 X +g¢g1+g2+g
and comparing the supports of the different terms on either side of y = x*x, we will see that g; g» is negligible,
a fact which should be wrong intuitively: it is easily conceivable that non-negligible §; and g, with support
as in Figure 9 will not produce negligible §; * gs. This will ultimately lead to the desired contradiction.

Lemma 17 (Characterization of Fourier decomposition). Under assumption (4) and for g1, g2 from Propo-
sitton 14 we have

9192/ 22 = o(1),
g1 =(1—-20)g1 + %X-F&,
g3 = (1—20)g, + 2Lz x 1 ¢,
for two functions & and & satisfying, with i = 1,2,
161+ &2llr2 = o(1),
§ider =0,
R2

/{k : max(|k-v1|7|k'v2‘)24%/g}
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Proof. The relation x = x * x implies
X=R#R=20%X —§#§+20X x X = 0°X x X —20X % g+ (31 + G) * (91 + G2) -
Using X # X = X, X« % = %, |3 * ®llz2 = llgxllzz < llgllz2, 19 % Xllz2 = 19X |22 < [lgllz2, and g% gllr2 =

921z < \/llgllzzllgll}s < V/llgllzzs we arrive at
(1—20)% + 602X = g1 %G1 + Go * §o + 201 % g2 + 7

or equivalently .
01 =X+ (1-20)(g1+92+9) =g1 %G1 + G2 * g2+ 291 % G2 + 7,
where the remainder # is o(1) in L2?. The basic idea now is the following: All terms involving g or 7 can be
neglected. Among the remaining terms in the equation, none intersects the support of §; * g2, hence no term
balances ¢; * go. This implies that §; * go must also be negligible. Let us proceed to the details:
The supports of §;, g; * §;, and g * §» do not intersect for ¢ # j. In particular, supp(g: * g2) C {k :
|k - v1], |k - va| > %ﬁ} only intersects the support of 7, §, and X so that the above equality implies

a1 % gelit= < & [ (1= 20)3 +0(1 — )X — #[2dk = o(1).
{h: ks Jova > 22}

To better characterize g, * g1 and §o * go, define the two residual functions &1, & via
2.
g1+ g1 = (1—-20)0 +%X+§17
5112 ~ ~
Gox g = (1200 + 1202 % 1+ &5
The residuals &1, &> satisfy

Gido= [ g - (=200~ X do = ~(1-26) [ gido = (1~ 20):(0) =0,
R2 R2 R2

~ ~ 2 2
61+ &2llre = 1191 * g1 + G2 % g2 — (1 — 20) (g1 + G2) — WXHH
p— 2 ~
— |11 = 20)§ — 7 — 241 % g2 + (01 — 0) — =2y %)) 1 = o(1)

as well as

/ |éz|2d33 :0(1)a
{k:max(|k-v1|7|k'v2‘)2§}

since in the region max(|k - v1], |k - va|) >

%7 the only terms with non-negligible L?-mass are §; * §; and
(1 —20)g;, i = 1,2, so that in this region g; * §; — (1 — 20)g; = 0 up to an L? negligible error. O

Remark 18. Note that the above information can be used to see that the L*- and L?-mass of g1 and g
outside €2 are negligible. Indeed, for ¢ = 1,2 we have

o(1) = llg192/Z2(ze) = / 9193 dzx =/
R2\Q

R2\

92(g? + 299 + ¢*) da
Q

— 0t ey + / 622010 + ¢) Az > [|galfagmmncr) +2 / Ggde,
R2\Q R2\Q

where the integral is bounded in absolute value via Holder’s inequality by 2[|g|/12(|g:[|36 < Cllgllr2 = o(1),
using Proposition 14. Also,

19il172@2\0) < lgill co@arey l9il 4 oy ) = 0(1)

again using Proposition 14 for the L5-norm.
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Deriving a contradicting spatial separation of g; and go. We would like to better understand &
and &. We first change g; and go slightly to make ||g1 * ga||r2 exactly zero. To this end, introduce the
characteristic functions

1 ifzeQand |ga2(x)] < |g1(z)],
Xgl( ): XQQZX_Xgl'
0 else,

Intuitively, x4, indicates the region in which the struts are roughly aligned with vo and x4, the region in
which the struts are aligned with v;. Now we can define

Gi =Yg, G2="Xg, Z1=+9 -G, E2=&+g2— G2,
and we obtain the following characterizations.

Lemma 19 (Characterization of domain decomposition). Under assumption (4), letting ~ denote equality
up to a remainder with L?-norm of o(1) we have, for i = 1,2,

Gi~ giXg, = gi = gi X = f;
as well as

X:G1+G2+9Xa
G1G, =0,
Ei"N“gi7
=1+ 2, =0,
~ 1 =
Xgi = 53X — 9(1 0=

Proof. g; =~ g; X follows from Remark 16. Note that for : = 1,2 and j # ¢ we have
lov 32 < [ @ < [ lgigalde < VT 192l = of)
{z€Q : |gi(x)|<]g; (2)[} Q

from Lemma 15. This directly implies

l9: — gixg: 22 < lgi — Xgillzz + 1X9: — gixg: 22 = ll9i — Xgillzz + gixg, Iz = o(1),

from which we finally obtain

19: — GillLe < [lgi — giXg:ll2 + 1195 Xg. |2 + [lgxg: 22 = o(1)

and thus Z; ~ & as well as Z1 + 25 ~ & + & ~ 0 via Lemma 15.

The relations x = G; + G2 + X and G1G5 = 0 follow directly from the definition of the G;. This now
implies G;(z) € {—6,0,1 — 6} for almost all z as well as {x € R? : x,,(z) =0} = {z € R? : G;(x) =0} or
equivalently (G; +6X)(z) € {0,0,1} with {z € R? : x,,(z) =0} = {z € R? : (G; +60X)(x) = 0}. Thus, for
J#1,

(Gi+6X)—(Gi+6X)* _ — X+ G:—G?-20G,

Xg; = 0(1-0) 6(1-06)
| GHE-E—GPo20G: v, 6P+200i—llgil2, X/(—5i—G2—20G;
=X+ 9(1-0) =X+ e
_ llgall3 20(9:i=Gi)+97 =G} 1
= (1 - gat5)X - 0(1 gy T 9(1-0) 3 X — 9(1 ) -

using [|G; — gillz2 = o(1), gillZ. = ||fz||Lz +o(1) = P52 o(1), and [|GF = g1 = [ |Gi — 0:[2|Gi +
gi> dz < ||Gi—gill12||Gi— gil| L6 | Gi+ g:]|2 6 (where G; is bounded and g; is bounded in L® by Proposition 14).
O
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The previous lemma shows that Z; and Z5 or equivalently &; and & are intimately connected with the
characteristic functions x,4, and x4,. Recall that 51 and 52 are supported at frequencies smaller than 1//e.
In other words, the predominant length scales of {; and & and thus of x4, and x4, are larger than /e,
which itself is the largest significant length scale occuring in x. This would mean that the regions with
struts supporting stress in direction v; and struts supporting stress in direction vy are spatially separated,
which cannot be optimal. To quantify the suboptimality, we now finally apply Lemma9 for the two regions
indicated by x4, and xg,. To this end, let ; =% — X , 3 da for 7, = (x — 1)xg, = Gi — (1 — 0)xg, (recall
x(xz) =0 and x4 (z) =1 < G;(x) = —0) and observe

X
v =Gy — (1 _ H)ngz _ M%WX ~ g — (1 B H)ng, . Jo gi—(l—@(gl(g) 9(1 9))da;X
£i+(9,—G;) .
= 9= (1= 0)0p = ¥) ~ G X~ g+ (1= 0(F —xa) ~ 0+ 5

where ~ stands for equality up to a function with L?-norm of o(1). Inserting this relation in Lemma9 now
yields

AT (0) > (4R (L —1)(1 - 20)

elast
2
— A , Qlkl (1aa a )]‘CL "‘9214/’L (1 — 170?> it + + (1 = 0)a(Xg, — >A(gl) dk +o(1).

02

Note that [|Xg, — Xg. 1172 = [IXg: — Xg2|72 = £ and furthermore that g1, g2, and
Ro — s Ei-5  4-&
AT —6) (1 —0)
all have different support (up to an L2-negligible overlap, see the definition of g; and Lemma 15). Hence,
assuming 0 < « < =, we obtain

AJQ£40>>K4F% 1)(1 - 20)
S [P () Rl (7 ) E

2 ~
A2 (1= 0)202]%gs — X132 + (1)

> 4F? (5 —1)(1 - 20) — / 1£112(1 = 20)% + | fo]*(1 — 2a)2 dk
— 22201 - 0)%a% + o(1)
4F? 2 2 2
:EG—Q [0(1=0)[(1—20) — (1 —20)%] — (1= 6)*c”] 4+ o(1)
~ (F?*(1—2|F|)

after maximizing over 0 < a < % (note that for @ = 0 the square bracket is zero with positive derivative of

order one). This yields the desired contradiction so that we must have J&F4[0] — J5 5 > (/2 as e — 0.

So far we have shown that for fixed F and ¢ there are an g5 > 0 and a constant C' > 0 such that
minpcg JOFO] =I5 > Oz for all e < g9. However, minpcgq J=F¢[0]—J5* is monotonously increasing
in € so that minpcq J&F[0] — JS’F’Z > C,/gq for all € > g5. Combining both inequalities we arrive at
minpcgq J&7[0] - J(’;’F’e > Cy/eo/|F|v/e for all € < |F|, the desired result.

4 Appendix

4.1 Compliance associated with diffusing a uniaxial stress

Consider a rectangular piece of material with side lengths w and %, respectively, loaded as shown in Figure 10,
left. This load geometry can be interpreted as a segment of a larger rectangular domain at both sides of
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Figure 10: The load geometry considered in Proposition 18 (left) can be interpreted as a segment of a larger
rectangular geometry over which the tensile stress diffuses (center left). The same holds for the load geometry
from Corollary 19 (center right and right).

which a tensile stress is applied in a small region of width d (Figure 10, center left). The tensile stress then
diffuses over the whole width of the rectangle. Let X,q4 denote the set of admissible stresses, i.e. those
symmetric tensor fields which are divergence-free and satisfy the given boundary conditions.

Proposition 20 (Compliance of stress diffusion). The compliance minges,, [, |o]* dz of the configuration

in Figure 10, left, is bounded above by “’22F2 (1+5InYy).

—021¢6 O11¢
corresponding Airy stress function ¢. Note that for d = w, the equilibrium stress is described by the Airy
stress function

Proof. Tt suffices to provide an admissible stress field o or, via the identification o = ( 022 _612¢>7 a

w z?
(b (J)hxg) = F71
Similarly, an Airy stress function describing a uniform tensile stress within a vertical strip of width d < w is
given by
2
- Fur if < d
b(x1,22) = Fd 2 if [z1] < 5,
Fuw _d 1
5 (o] — §)  else.

Now an Airy stress function admissible for the load configuration in Figure 10 left can be constructed (ab-

breviating r = /2% + z3) as

d o o(r,0) — ¢¥(r,0) ifr< ¥,
@1, 22) = 9% (o1, 22) + {QNS(%}70) — o™ (%,0) else.
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This yields the stress field

F(%—-1)I ifr <4,
Ud($1,9€2)=(82~)+ 7F1+%(Ifef®ef:) if%grgg,
0 else,

25



with e;- = (—sin ¢, cos ¢), where (21, z2) = (rcos ¢, 7sing). We can thus bound the compliance above by
L R =5 - 1P () + (5 - 33
—w Ju o

T F4+L£w (1—sin? ) Lw qlnapcosga 2
+ / / ‘ ( b 237;1’1 cos l‘g“’ W (1—cos? @) ) ‘ r dSOdT
r=2 J om0 @cos g @

2

=3P -+ () + (w? - 5(3)°)F”
w/2 ™
+ {( w)2 4 2w oo go} rdedr
r=d/2 Jp=0

O

The previous proposition says that if the load at the bottom is concentrated in a region of width d,

then the excess compliance over the situation of a uniform stress distribution (i.e. d = w) is bounded by

w?F?1n 7+ This stays true even if an additional horizontal load is applied on the left and right boundary
as in Figure 10 right.

Corollary 21. The compliance minyex,, fQ |o|? da of the configuration in Figure 10, right, is bounded above
by 5 (F2+F2+F2’Tln ).

Proof. We decompose the equilibrium stress field according to 6 + o with 6 = (lg 8) so that o must be the

equilibrium stress field for the configuration from Proposition 18. Now the compliance is given by

/|&+0|2dx:/ |&\2dx+/ |0|2dx+2/tr(aT&)dx.
Q Q Q Q

The first term is w;ﬁ' 2. the second is bounded by Proposition 18, and the third is zero since o satisfies

f—w/z (1‘1,.%'2) ((1)) dz; = (Fow) Vay € [0, %]7
S o(@y, ) (§) daa = (§) Vi € [-%, 5]
so that [, o dz = Vol(Q) () 2)- O

References

[1] Grégoire Allaire. Shape optimization by the homogenization method, volume 146 of Applied Mathematical
Sciences. Springer-Verlag, New York, 2002.

[2] Grégoire Allaire and Sylvie Aubry. On optimal microstructures for a plane shape optimization problem.
Structural Optimization, 17:86-94, 1999.

[3] Grégoire Allaire, Francois Jouve, and Anca-Maria Toader. Structural optimization using sensitivity
analysis and a level-set method. Journal of Computational Physics, 194:363-393, 2004.

[4] Luigi Ambrosio and Giuseppe Buttazzo. An optimal design problem with perimeter penalization. Cal-
culus of Variations and Partial Differential Equations, 1(1):55-69, 1993.

[5] M. P. Bendsge and O. Sigmund. Topology optimization: theory, methods and applications. Springer-
Verlag, Berlin, 2003.

26



[6]

[7]

8]

[9]

[16]

[17]

[18]

[21]

[22]

B. Bourdin and A. Chambolle. Design-dependent loads in topology optimization. ESAIM Control
Optim. Calc. Var., 9:19-48, 2003.

Antonin Chambolle. A density result in two-dimensional linearized elasticity, and applications. Archive
for Rational Mechanics and Analysis, 167(3):211-233, 2003.

Allan Chan and Sergio Conti. Energy scaling and branched microstructures in a model for shape-memory
alloys with SO(2) invariance. arXiv:1403.6242, 2014.

Rustum Choksi, Sergio Conti, Robert V. Kohn, and Felix Otto. Ground state energy scaling laws
during the onset and destruction of the intermediate state in a type I superconductor. Comm. Pure
Appl. Math., 61(5):595-626, 2008.

Rustum Choksi, Robert V. Kohn, and Felix Otto. Domain branching in uniaxial ferromagnets: a scaling
law for the minimum energy. Comm. Math. Phys., 201(1):61-79, 1999.

Loukas Grafakos. Classical Fourier analysis, volume 249 of Graduate Texts in Mathematics. Springer,
New York, second edition, 2008.

RB Haber, CS Jog, and Martin P Bendsge. A new approach to variable-topology shape design using a
constraint on perimeter. Structural Optimization, 11(1-2):1-12, 1996.

Z. Hashin and S. Shtrikman. A variational approach to the theory of the elastic behaviour of multiphase
materials. J. Mech. Phys. Solids, 11:127-140, 1963.

Hans Kniipfer, Robert V. Kohn, and Felix Otto. Nucleation barriers for the cubic-to-tetragonal phase
transformation. Comm. Pure Appl. Math., 66(6):867-904, 2013.

Robert Kohn and Benedikt Wirth. Optimal microstructures in compliance minimization for a uniaxial
load. Preprint, 2014.

Robert V. Kohn and Stefan Miiller. Surface energy and microstructure in coherent phase transitions.
Comm. Pure Appl. Math., 47(4):405-435, 1994.

Robert V. Kohn and Gilbert Strang. Optimal design and relaxation of variational problems. I. Comm.
Pure Appl. Math., 39(1):113-137, 1986.

Robert V. Kohn and Gilbert Strang. Optimal design and relaxation of variational problems. II. Comm.
Pure Appl. Math., 39(2):139-182, 1986.

Robert V. Kohn and Gilbert Strang. Optimal design and relaxation of variational problems. III. Comm.
Pure Appl. Math., 39(3):353-377, 1986.

Patrick Penzler, Martin Rumpf, and Benedikt Wirth. A phase-field model for compliance shape opti-
mization in nonlinear elasticity. ESAIM: Control, Optimisation and Calculus of Variations, 18(1):229—
258, 2012.

Gilbert Strang and Robert V. Kohn. Optimal design in elasticity and plasticity. International Journal
for Numerical Methods in Engineering, 22(1):183-188, 1986.

Shiwei Zhou and Michael Yu Wang. Multimaterial structural topology optimization with a generalized
Cahn—Hilliard model of multiphase transition. Structural and Multidisciplinary Optimization, 33:89-111,
2007.

27



